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ABSTRACT 

Lung transplant (LTx) recipients have poor exercise tolerance, which persists in spite of the 

restoration of near normal lung function. This suggests that the exercise limitation is related to 

defects in skeletal muscle. In Study 1 (Chapter 4), mitochondrial function and metabolism in 

resting skeletal muscle were examined for 7 LTx recipients, 3-24 months post operation. 

Exercise performance for patients with lung transplantation was also investigated. The results 

demonstrated that the average VOjpeak, peak workrate and the average duration of exercise 

in the LTx patients was ~5l%, 41% and -60% of the control level and {P < 0.05), 

respectively. The lactate threshold (LT), determined during incremental exercise tests, was 

significantly lower in the LTx patients (P < 0.05). Compared with the controls, the skeletal 

muscle in LTx recipients exhibited: 

(1) lower proportion of type l(P < 0.01). 

(2) higher lactate {P < 0.01) and higher inosine monophosphate (IMP) (P < 0.01) and lower 

adenosine triphosphate (ATP) (P < O.Ol) contents at rest; 

(3) lower activity of mitochondrial enzymes (GDH, CS, OGDH and HAD; P < 0.005), but no 

difference in the activity of glycolytic and glycogenolytic enzymes (HK, PK and 

PHOSPH), except for phosphofructokinase (PFK) which was higher (P < 0.05); 

(4) lower mitochondrial ATP production rate (MAPR) with all substrate combinations (P < 

0.05) including pyruvate + malate (P + M), palmitoyl-L-carnitine + malate (PC + M), 

succinate + rotenone (S + R), a-ketoglutarate (a-KG) and pyruvate + palmitoyl-L-

camitine + a-ketoglutarate + malate (PPKM). 

These differences demonstrate that LTx patients have a low oxidative and mitochondrial 

capacity in skeletal muscle. These results also indicate that skeletal muscles in these patients 

have a high reliance on the anaerobic metabolism at rest and during exercise. Accordingly, 

these abnormalities may play important roles in the limitation of exercise capacity in LTx 



patients. 

Cyclosporine A (CyA) has been considered as a factor impairing skeletal muscle function in 

organ transplant recipients. To determine the effect of CyA on oxidative capacity in skeletal 

muscle, three concentrations of CyA, 50 pg ml"', 25 pg ml'', and I pg ml'', were employed to 

examine the effect of CyA on mitochondrial ATP production rate (MAPR) in vitro in Study 11 

(Chapter 5). In this study, 8 female Sprague-Dawley rats were sacrificed and the red 

gastrocnemius muscle used for isolation of mitochondria. Four groups of substrates were used 

as P + M, PC + M, S + R and PPKM. MAPR in the presence of all groups of substrates was 

significantly inhibited by 50 pg ml'', 25 pg ml"', and 1 pg ml"' concentration of CyA {P 

<0.05). The extents of decline in MAPR with various substrates were similar. These findings 

indicate that CyA could be a factor impairing mitochondrial function in skeletal muscle even 

at low concentrations, similar to those be found in lung transplantation recipients. 

Resistance training is an effective exercise mode for improving muscle bulk and strength in 

sports and medical rehabilitation. Recently, resistance training has become a popular exercise 

mode to improve muscular function and enhance exercise performance in patients with 

cardiopulmonary diseases. In Study 111 (Chapter 6), sixteen male volunteers participated in a 

study on the effects of resistance training on mitochondrial oxidative capacity in skeletal 

muscle. The subjects included eight untrained controls (UT) and eight long-term resistance-

trained subjects (RT). The results of this study exhibited that long-term resistance-trained 

subjects have a significantly larger thigh cross-sectional area {P < 0.01) and lower skinfold 

thickness in the thigh of the RT subjects {P < 0.05) than the UT controls. During knee 

extension exercise, the levels of leg muscle peak torque at angular velocities of 60° to 360° 

sec'' were significantly higher in the RT compared with the controls {P < 0.05). The levels of 

leg muscle peak torque at angular velocities of 60° to 360° sec"' were significantly correlated 

VI 



with the CSA of thigh muscle (P < 0.05). Fatigue index determined during 50 consecutive 

knee extensions, however, was not different in resistance trained subjects compared with 

controls. Glycolytic enzymes HK and PK activities expressed per unit muscle weight were 

significantly higher in RT group than the UT group (P < 0.05). The resting muscles in the RT 

subjects contained higher amounts of PCr and TCr than the UT controls (P < 0.05) indicating 

the resistance training increased phosphagen storage in muscle. During the intensive leg 

exercise the concentrations of ATP, PCr and glycogen were significantly reduced in fatigued 

muscle compared with the resting muscles in both the groups (P < 0.05). In contrast, the IMP, 

Cr and lactate significantly accumulated in fatigued muscle in both the groups (P < 0.05). The 

muscle metabolites were not different in fatigued muscles between the two groups. The 

muscle fibre type proportions, oxidative enzyme activities and MAPR in present of various 

substrates in the resistance-trained subjects were not significantly different compared with the 

controls. Consequently, resistance trained subjects have a higher total mitochondrial capacity 

in skeletal muscle because the RT subjects have a larger thigh muscle mass compared with the 

controls. This form of training, therefore, may be usefiil in the rehabilitation for the patients 

with heart and lung diseases. 
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CHAPTER 1. INTRODUCTION 

It is now widely recognised that mitochondria are organelles vital for life and have a central 

function in energy supply in cells. Energy is the life source of living organisms and cells and 

activates growth, reproduction and activity. Mitochondria use fuels, such as carbohydrate, 

fatty acids and amino acids, to provide energy for cellular processes. Usually, these fuels are 

used to synthesise molecules of adenosine triphosphate (ATP) which are the chemical form of 

energy used in cells. ATP is referred to as a "high-energy phosphate compound" a term 

derived from the fact that hydrolysis of ATP to adenosine diphosphate (ADP) results in a large 

free energy change. Free energy resulting from this reaction is used to drive numerous 

processes, such as cell motility, muscle contraction and the specific transport of substances 

across membranes. The process of ATP production in mitochondria is termed oxidative 

phosphorylation and it involves transferring electrons along a chain of carriers, the so-called 

the electron transfer chain (ETC). The components of the ETC transfer electrons to oxygen 

from compounds, such as the reduced form of the coenzymes nicotinamide adenine 

dinucleotide (NADH + H"̂ ) and flavin adenine dinucleotide (FADH2). Simultaneously, protons 

are actively transported across the inner mitochondrial membranes creating a proton gradient. 

The processes of electron transport and proton pumping ultimately lead to the synthesis of 

ATP and H2O. 

Mitochondrial studies have been widespread in biology, physiology, pharmacology, and 

clinical medicine. It has been demonstrated that alterations in mitochondrial structure, 

function and mutation of mitochondrial deoxyribonucleic acid (mtDNA) influence the normal 

functions of cells (Holt et al 1989). Many disease states are also associated with, or due to, 

alteration of mitochondrial function (Luft 1995). 

Impaired oxidative capacity has long been held to be a main limiting factor in patients with 

severe respiratory disease, and usually attributed to impaired pulmonary O2 exchange with a 



consequence depressed muscle O2 delivery. Over the past two decades, heart-lung 

transplantation (HLTx) and lung transplantation (LTx) have been successful in treating end-

stage pulmonary diseases. These treatments have not only improved the survival rate of 

recipients but also their quality of life (Williams and Snell 1997). The recipients of HLTx and 

LTx, however, have a poor exercise capacity. These patients have low endurance exercise 

tolerance, a low maximal oxygen consumption (VOjmax) or peak oxygen uptake 

(VOjpeak) and an early increase in lactate concentration in blood during incremental 

exercise tests (Miyoshi et al 1990; Williams et al 1992a; 1992b; Levy et al 1993; Orens et al 

1995). Post transplantation pulmonary spirometry measurements indicate recovery of lung 

function to near normal levels (Madden et al 1992; Bando et al 1995), but exercise capacity in 

these patients remains lower than predicted levels for their age and sex. Therefore, it has been 

suggested that skeletal muscle dysfunction may be a major contributing factor to the exercise 

limitation in LTx patients (Williams and Snell 1997). Mitochondria may be impaired in 

skeletal muscle in these patients, and this may lead to alteration of the muscle metabolism 

during exercise (Howard et al 1994; Williams and Snell 1997). This decrease in mitochondrial 

capacity may arise as a result of numerous factors, including muscle deconditioning cause by 

prolonged inactivity, hypoxaemia and anaemia, imunosuppressive drugs. However, few 

studies have examined mitochondrial function of skeletal muscle in LTx patients. 

Cyclosporine A (CyA) is an effective immunosuppressive agent, which is widely used in anti-

rejection treatment for transplantation patients (Oyer et al 1983; Andreone et al 1986; 

Fragomeni and Kaye 1988). CyA, however, inhibits mitochondrial oxygen consumption of 

renal cell of rats (Jung and Pergande 1985) and humans (Jung and Reinholdt 1987). CyA at 

relatively high concentration also inhibits mitochondrial O2 consumption of skeletal muscle in 

rats (Hokanson et al 1995). It has been demonstrated, in rats, that CyA induced skeletal 

muscle mitochondrial dysfunction is correlated with the limitation of exercise endurance 

performance (Mercier et al 1995). There are no studies, however, have examined the effect of 



CyA at concentration likely be found in the muscle tissue of transplant recipients. In addition, 

there are no studies that have been examined the effects of CyA on mitochondrial ATP 

production rate (MAPR) in skeletal muscle. 

Resistance training is an effective exercise mode to enhance muscle mass and muscle strength 

in healthy subjects (MacDougall et al 1980). Previous studies have demonstrated that a period 

of resistance training results in skeletal muscle fibre hypertrophy, associated with an improved 

muscle fiinction, such as peak torque (MacDougall et al 1982; Houston et al 1983; Narici et al 

1996). There are reports that resistance training can also improve endurance performance 

(Hickson et al 1980, 1988; Rube & Secher 1990). Increased VOj peak and capillary supply in 

skeletal muscle has also been reported after resistance training in young (23-35 years-old; 

Gettman et al 1979; Hickson et al 1980) and older (65-75 years-old; Hepple et al 1997) 

subjects. Resistance training is especially effective on those subjects who have experienced 

bed rest (Ferrando et al 1997) and muscle disuse due to immobilisation (MacDougall et al 

1980; Ingemarm-Hansen and Halkjaer-Kristensen 1985a; 1985b; 1985c). It has also been 

widely used in rehabilitation programs for aged subjects (Sipila and Suominen 1995; Tracy et 

al 1999). Recently, resistance training has been demonstrated as a safe and effective exercise 

mode to improve the exercise capacity in patients with cardiovascular disease (Magnusson et 

al 1996; McCartney and McKelvie 1996; Maiorana et al 1997; McCartney 1998). As a result, 

resistance training has also become particularly popular in rehabilitation programs for patients 

with cardiopulmonary diseases (Verrill and Ribisl 1996). Resistance training may be also a 

safe and effective exercise mode for lung transplantation patients. 

Previous studies have shown that resistance training decreased (MacDougall et al 1979; 

1982), increased (Staron et al 1984) or had no effect (Liithi et al 1986) on mitochondrial 

volume density. Similarly, oxidative enzyme activity in skeletal muscle was decreased (Tesch 

et al 1987), increased (Costill et al 1979) and not changed (Schantz and Kallman 1989; Green 

et al 1999) after resistance training. There have been no studies examining the effects of 



resistance training on MAPR in human skeletal muscle. Therefore, it is necessary to 

determine the effects of resistance training on oxidative capacity or mitochondrial capacity in 

skeletal muscle. 

The general aim of this thesis is to help in the understanding of the mechanisms underlying 

exercise limitation after lung transplantation and to evaluate the effects of resistance training 

on skeletal muscle mitochondria, which may assist in the design of rehabilitation programs 

following long-term immobilisation or heart and lung diseases. Accordingly, this thesis will 

examine: 

(I). Muscle fibre type proportions, resting muscle metabolism, muscle mitochondrial enzyme 

activities and MAPR in a group of LTx patients (Chapter 4). 

(2). The effects of CyA in vitro on MAPR in rat skeletal muscle (Chapter 5). 

(3). Metabolism and performance during intense one leg exercise and incremental cycling 

exercise, muscle fibre type proportions, resting and fatigued muscle metabolism, muscle 

mitochondrial enzyme activities and MAPR in a group of resistance-trained subjects (Chapter 

6). 



CHAPTER 2. LITERATURE REVIEW 

Skeletal muscle contractions depend upon energy which is supplied from two broad processes 

of energy metabolism in skeletal muscle. Those processes requiring oxygen are termed 

aerobic metabolism and those not requiring oxygen are termed anaerobic metabolism. Each of 

these processes plays an important role during exercise. Mitochondria are the locations of 

aerobic metabolism in cells. In skeletal muscle, mitochondrial capacity can be affected by a 

numbers of factors, such as the age, muscle fibre type, and physical activity. Patients with 

long-term heart and lung diseases have a low level of exercise capacity, associated with a low 

type 1 fibre proportion, low mitochondrial enzyme activity and metabolites abnormalities in 

skeletal muscle: Although heart and lung transplantation can restore the cardiopulmonary 

function in these patients, the endurance exercise tolerance and maximal oxygen uptake in 

exercise are still lower than predicted levels. Potential reasons for exercise limitation in these 

transplant patients include central organ (heart and lung) function incompetence, peripheral 

skeletal muscle deconditioning and toxicity caused by the immunosuppressant drugs. 

Accordingly, the following review will discuss: 

• Skeletal muscle metabolism in exercise. 

• Mitochondrial structure and function. 

• Factors affecting mitochondrial capacity. 

• Post HLTx and LTx outcomes, exercise limitation and its potential causes. 

2.1. SKELETAL MUSCLE METABOLISM IN EXERCISE 

2.1.1. ATP Resynthesis in Exercise 

ATP is a molecule with a structure allowing for capture, storage and transport of free energy 



in all living cells. During exercise, ATP is the immediate donor of energy for skeletal muscle 

contraction (Cain et al 1962). The amount of ATP stored in muscle, however, is very limited 

[-24 mmol kg'' dry wt. of ATP (Hultman 1967)], sufficient only for a few seconds of high 

intensity exercise. Therefore, ATP resynthesis is an important metabolic process in order to 

maintain cellular ATP and thereby provide the energy required for muscle contraction during 

exercise. 

During exercise, skeletal muscle ATP resynthesis occurs via both aerobic and anaerobic 

metabolism. The proportional contribution to ATP production from aerobic and anaerobic 

processes is dependent upon the duration and intensity of exercise. For example, Bangsbo et 

al 1990 examined exercise metabolism during knee-extensor intense exercise to exhaustion 

(65 W). They found that, in the first 30 seconds of exercise, -80% of the total ATP is derived 

from anaerobic sources, but this figure declined to 30% after 3.2 minutes exercise. During the 

prolonged exercise the ATP production comes predominantly through aerobic metabolism 

(Sahlin et al 1990). Low intensity exercise over 120 minutes approximately 99%) of ATP 

production is derived from aerobic sources (Astrand and Rodahl 1977). 

2.1.2. Anaerobic Metabolism 

Anaerobic metabolism consists of three pathways, the creatine phosphokinase pathway 

(Hultman 1967), adenylate kinase or myokinase pathway (Sahlin and Broberg 1990), and 

glycogenolysis and glycolysis which involve the breakdown of glucose or glycogen (Katz and 

Sahlin 1990). Anaerobic metabolism supplies a limited amount of ATP. For instance, 

glycolysis produces a net 2 ATP from glucose and 3 ATP from a glucosyl unit derived from 

glycogen.-This compares with 36 net ATP from glucose oxidation and 37 net ATP from 

glucosyl unit oxidation in most tissues while oxygen supply is adequate. In certain 

circumstances, however, anaerobic metabolism is the dominant energy producing pathway. 



Examples of such circumstances include the commencement of exercise and short-term high 

intensity exercise (Hultman 1967; Saltin 1973; Bangsbo et al 1990). It is also known that 

there is a greater capacity of anaerobic metabolism in muscle type II fibres, especially in types 

lib fibres (Saltin et al 1977). In addition, the contribution of anaerobic metabolism to ATP 

supply in skeletal muscle can increase under conditions of hypoxia (Sahlin and Katz 1989), 

muscle ischaemia (Welsh and Lindinger 1997) and during exercise in the heat (Febbraio et al 

1994). 

2.1.2.1. Phosphocreatine Kinase Reactions 

When skeletal muscle contraction begins, the muscle fibre obtains its immediate energy by 

splitting ATP to form adenosine diphosphate (ADP), protons (H^) and inorganic phosphate 

(Pi). The process, termed ATP hydrolysis, is described in equation (I). 

ATPase 

ATP >ADP + Pi + H^ (1). 

Three major ATPases in skeletal muscle are Na'-K"^-ATPase, actinomyosin -ATPase and Câ "̂ -

ATPase which hydrolyse ATP to supply energy for muscle membrane excitation (Nielsen and 

Clausen 1997), force development (Matsunaga et al 1999) and relaxation (Hasselbach 1964), 

respectively. Following ATP hydrolysis, skeletal muscles can resynthesise ATP from 

phosphocreatine (PCr) stored in muscle (Hirvonen et al 1987), through a reaction catalysed by 

creatine phosphokinase (CPK) (Altschuld and Brierley 1977). This reaction is described in 

equation (2). 

CPK 

ADP + PCr + H^ )>ATP + Cr (creatine) (2). 



This process occurs immediately, at the onset of contraction (Gaitanos et al 1993). Muscle 

biopsy studies have demonstrated that muscle PCr content is largely degraded after 6 seconds 

intense cycling exercise before ATP content is depleted (Boobis et al 1982). Hence, 

phosphocreatine buffers ATP concentrations early in exercise (Sahlin et al 1998), but only a 

limited amount of PCr (67.8 mmol kg'' dry wt) is stored in skeletal muscle (Hultman 1967). 

2.1.2.2. Adenylate Kinase or Myokinase Reactions 

When the rate of ATP hydrolysis exceeds the rate of ATP synthesis, ADP concentration in the 

muscle cell will rise. This increased ADP will lead to the activation of the adenylate kinase 

(AK) or myokinase reaction (Sahlin and Broberg 1990). In this process, two molecules of 

ADP are converted to one of ATP and one of adenosine monophosphate (AMP) (Aragon and 

Lowenstein 1980). This process is described in equation (3). 

AK 

ADP + ADP < > ATP + AMP (3). 

The increase in concentration of AMP and the decrease in the ratio of ATP/ADP activate the 

activity of AMP deaminase (Newsholme and Start 1973). AMP deaminase can convert AMP 

to inosine monophosphate (IMP) and ammonia (NH3) (Jansson et al 1987; Sahlin et al 1989). 

This reaction is summarised in equation (4). 

AMP deaminase 

AMP + H^ > IMP + N H / (4). 

IMP accumulation is an indicator of disturbed balance of energy metabolism (Norman 1994). 

IMP is further convered to inosine and hypoxanthine which can be released from skeletal 

muscle into blood. (Hellsten-Westing et al 1994). During intense exercise, IMP accumulation 
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in muscle may reach 7.4 mmol min'' kg"' w.w. or about 90-fold increase resting level (Stathis 

etall994). 

2.1.2.3. Anaerobic Glycogenolysis and Glycolysis Reactions 

Glycogenolysis is the process of the breakdown of glycogen to glucose-1-phosphate. In this 

process, glucosyl units from glycogen are converted to glucose-1-phosphate by glycogen 

phosphorylase (PHOSPH). Glucose-1-phosphate is further converted to glucose-6-phosphate. 

The latter compound is ultimately metabolised to pyruvate in a series of reactions referred to 

as glycolysis. Glucose-6-phosphate can also be produced by phosphorylation of glucose, a 

reaction which is catalysed by the enzyme hexokinase (HK). These processes occur in the 

cytoplasm. The main reactions and enzymes in glycogenolysis or glycolysis are shown in 

Figure 2.1. The rate limiting step in glycolysis is thought to be the conversion of frucose-6-

phosphate to frucose-l,6-bisphosphate via the enzyme phosphofructokinase (PFK) (Campbell 

et al 1987). The enzymes PHOSPH, HK, PFK, along with pyruvate kinase (PK) which 

catalyses the conversion of phosphoenolpyruvate to pyruvate, are the so-called "non-

equilibrium" enzymes of the glycogenolytic and glycolytic reactions (Newsholme 1980). 

These enzymes provide direction in these pathways, are allosterically regulated and are 

considered quantitative indices of the maximum capacities of glycogenolytic and glycolytic 

metabolism. 

In anaerobic metabolism, pyruvate is converted to lactate by lactate dehydrogenase. Lactate 

accumulates in skeletal muscle and is also released into the interstitium and blood stream 

during exercise (Karlsson and Saltin 1970). Elevated lactate production reflects an increased 

glycolytic rate (Wasserman et al 1973; Dodd et al 1993). An increase in lactate production, 

however, js also caused by other factors, such as an elevated adrenaline concentration in 

blood, which stimulates glycolytic reactions (Ren and Hultman 1989; Greenhaff et al 1991). 

Muscle fibre type composition influences lactate production. Lactate dehydrogenase (LDH) 



activity (Essen and Henrikson 1980) and lactate production during exercise (Ball-Burnett et al 

1991) are much higher in type U fibres compared with type I fibres. 

10 



Glucose 

Hexokinase (HK) 

Glycogen 
ATP 

ADP 

Glucose 6-phosphate 

Phosphorylase 
(PHOSPH) 

-Glucose I-phosphate 

IT Phosphoglucoisomerase 

Phosphofructokinase 
(PFK) 

Fructose 6-phosphate 

ATP ^ ^ 

ADP 
Fructose-1,6-bisphosphatase 

Fructose 1,6-bisphosphate 

Aldolase 

Triosephosphate 
isomerase 

V ^ Dihydroxyacetone phosphate 

2 X 3-phosphoglyceraldehyde 

2NAD^ Glyceraldehyde 
> 3-phosphate 

2NADH + H^ ( = ^ dehydrogenase 

^ 2NAD" 

2NADH + H 
2 X 1,3-phosphoglycerate 

2ATP 
t 

To 
electron 
transport 

chain 

n 
2ADP 1=̂  Phosphoglycerate ^ 2ADP 

Kinase ^ 
2ATP 

2 X 3-phosphoglyceric acid 

1 Phospho-
glyceromutase t 

H,0 

Pyruvate 
Kinase (PK) 

2 X 2-phosphoglyceric acid 
A 

Enolase 
\ 

H,0 

2 X phosphoenolpyruvate 

2ADP (̂ ^̂  

2ATP 
T 

2 X Pyruvate 

Lactate 
dehydrogenase 

Lactate 

Figure 2.1. Pathway of Anaerobic Glycogenolysis and Glycolysis 

11 



2.1.3. Aerobic Metabolism 

Aerobic metabolism occurs in mitochondria, where carbohydrate, fatty acid and amino acids 

are used as fuels to produce ATP. Oxidation of lipids in mitochondria is the main energy 

source at rest and during prolonged exercise (Costill et al 1977; Hurley et al 1986; Sahlin et al 

1990). Carbohydrate oxidation is also important during prolonged exercise (Spencer et al 

1991; Wagenmakers et al 1991). It has been demonstrated that carbohydrate depletion may 

impair aerobic energy production via reducing tricarboxylic acid (TCA) cycle intermediates 

during prolonged exercise (Sahlin et al 1990). Oxidation of amino acids in skeletal muscle 

makes a lesser contribution to energy supply during exercise (Hood and Terjung 1990). 

Amino acids, however, become important energy substrates when muscle glycogen 

(Blomstrand and Saltin 1999) and blood glucose concentrations (MacLean et al 1991) are low 

during prolonged exercise. The reactions of aerobic metabolism will be discussed in the 

section of mitochondrial function subsequently (see Section 2.2.2). 

2.1.4. Summary 

During exercise, ATP is the immediate source of energy for skeletal muscle contraction, but 

ATP storage in muscle is very limited. Therefore, ATP resynthesis is crucial metabolic 

process. Generally, resynthesis of ATP involves both anaerobic metabolism and aerobic 

metabolism. There are three anaerobic pathways responsible for ATP resynthesis: the 

phosphocreatine pathway, the adenylate kinase (AK) or myokinase pathway and glycolysis. 

ATP resynthesis via anaerobic metabolism is a very important source of energy during the 

initial part of exercise and for short and high intensity exercise. Aerobic ATP synthesis occurs 

in the mitochondria. Mitochondria produce most of the cells ATP requirements via aerobic 

metabolism. During exercise lasting for more than one minute or longer duration, most of 
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ATP resynthesis occurs in the mitochondria. Therefore, mitochondria are essential organelles 

to produce energy requirement for exercise. 

2.2. Mitochondrial Structure and Function 

Mitochondria are most commonly observed (Palade 1953) as oval-shaped organelles, 

typically about 1-2 pm in length and 0.5-1.0 pm in diameter (Figure 2.2, the mitochondrial 

membranes and structures will be discussed in the next Section). In skeletal muscle, 

mitochondria are arranged in rows located predominantly either just below the sarcolemma or 

between the myofibrils. Hence, some investigators have divided skeletal muscle mitochondria 

into two populations; subsarcolemmal and intermyofibrillar mitochondria (Hoppeler et al 

1973; Krieger et al 1980). This traditional concept, however, has been challenged by another 

model. Bakeeva (1978) and Kirkwood et al (1986) suggested that mitochondrion is like an 

elaborate network or reticulum in skeletal muscle (Figure 2.3), rather than individual, capsule-

shaped organelles. Each mitochondrion contains its own DNA and ribosomes, but most 

proteins are imported and target suitable positions (Hartl et al 1988). Division of mitochondria 

is the process for reproduction of new mitochondria (Fawcett 1994). 
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2.2.1. Mitochondrial Structure 

Electron microscopy reveals that there are two membranes enclosing the entire mitochondrial 

structure, the outer membrane and the inner membrane (Palade 1953). The space between the 

two membranes is the intermembrane space. The compartment enclosed by the inner 

membrane is called the matrix. Mitochondrial membranes are similar to other biological 

membranes and are composed of proteins and polar lipids with only a small amount of 

carbohydrate present as part of glycoproteins or glycolipids (Parsons et al 1967). The fluid 

mosaic model (Singer and Nicolson 1972) for the structure of plasma membrane may also be 

suitable for mitochondrial membranes. Gellerfors and Linden (1981) found that the outer 

mitochondrial membranes fragments to vesicles which have similar density and morphology 

to plasma membranes. In the fluid mosaic model of membrane structure, globular proteins of 

various sizes and with different orientations are embedded in the lipid bilayer (Singer and 

Nicolson 1972). Proteins which penetrate through the membrane are referred to as integral 

proteins. Other proteins, which are located on the surface of the membrane, are called 

peripheral proteins. The individual lipid and protein subunits in the membrane are free to 

move laterally. 

The outer mitochondrial membrane is -6-7 nm thick with -50 different types of polypeptide 

components (Tyler 1995). Many of these polypeptides are parts of proteins which form 

special 2-4 nm diameter pores through the membrane. These pores allow most molecules of 

molecular weight less than 5,000 Dalton to pass easily (Lehninger et al 1993). The outer 

membrane also contains a number of enzymes (Ernster and Kuylenstierna 1970; Tyler 1995) 

including redox enzymes and enzymes of lipid metabolism. 

The inner membrane is also about 6nm thick with infolds, the cristae, giving a very large 

surface area. The irmer membrane has at least 100 distinct types of polypeptides and a high 

content of protein (Tyler 1995). Generally, this membrane is impermeable to most water-
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soluble molecules and ions, including protons (H"̂ ), but O2, H2O, CO2, NH3 and some lipid 

soluble molecules can diffuse directly across the membrane (Sherratt 1991). The inner 

membrane contains the components of the ETC which comprises complexes, 1, II, III, IV and 

ATP synthase (Hatefi 1985). The membrane also contains a series of carriers for the transport 

of ions, substrates, and nucleotides (Sherratt 1991). Most of the carriers are integral 

membrane proteins which are buried within the membrane but are exposed on both faces of 

membrane. Examples of carriers include ADP-ATP translocase (Tyler 1995). The inner 

membrane of a single liver mitochondrion may have over 10,000 sets of the ETC. A heart 

mitochondrion contains over three times the number of sets of respiratory chains compared 

with a liver mitochondrion, due to the profusion of cristae which creates a much larger area of 

the inner membrane (Lehninger et al 1993). 

The intermembrane space contains some enzymes such as adenylate kinase (AK), nucleoside 

diphosphate kinase and nucleoside monophosphokinase (Ernster and Kuylenstierna 1970). 

The matrix is the inner compartment of the mitochondrion. It contains many enzymes and 

chemical intermediaries involved in energy-yielding metabolism. There are at least 200 

different types of polypeptides in the matrix space (Tyler 1995). Enzymes of significance are 

as follows: pyruvate dehydrogenase, the TCA enzymes, fatty acid oxidation system enzymes, 

amino acid oxidation enzymes, various aminoacyl transferases, DNA polymerase and 

ribonucleic acid (RNA) polymerase, protein synthesis, some heme synthesis, superoxide 

dismutase. The function of these enzymes or enzyme systems relevant to this thesis will be 

discussed subsequently. 

16 



2.2.2. Mitochondrial Function 

2.2.2.1. Overview of Oxidation in Mitochondria 

The oxidative processes in mitochondria comprise three major stages (Figure 2.4) as below: 

• Oxidation of fatty acids, some amino acids and pyruvate derived from carbohydrate, to 

form the acetyl group of acetyl-CoA. 

• Enzymatic oxidation of acetyl-CoA to CO2 with the formation of reduced electron carriers 

NADH and FADH2 via the TCA cycle. 

• NADH + H^ and FADH2 carry electrons into the mitochondrial ETC, ultimately forming 

H2O as well as producing ATP by chemiosmotic oxidative phosphorylation. 

2.2.2.2. Oxidation of Fuels 

Carbohydrate Oxidation 

Cells degrade carbohydrates to form pyruvate in the cytosol without requiring O2. The 

pyruvate is carried by the monocarboxylate carrier into the mitochondrial matrix where it is 

pyruvate oxidation to acetyl-coenzyme A (Acetyl-CoA), NADH + H"̂  and CO2 The 

monocarboxylate carrier is a specific carrier protein located in the irmer membrane of 

mitochondria (Tyler 1995). The reaction is catalysed by the pyruvate dehydrogenase (PDH) 

complex (Denton and Halestrap 1979) as indicated in equation (5): 

PDH 

Pyruvate + CoA-SH + NAD"" ' Acetyl-CoA + NADH + H^ + CO2 (5). 

Acetyl-CoA is the form in which the TCA cycle accepts its fuel input (McGarry and Foster 

1980). 
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Fatty Acid Oxidation 

Fatty acid oxidation consists of two main processes, fatty-acid activation and (i-oxidation 

(Schulz 1991). In the activation process fatty acids react with ATP and CoA to form acyl-CoA 

and AMP in equation (6): 

Fatty acids + ATP + CoA < > Acyl-CoA + AMP + PPj (6). 

Long chain fatty acids (Ci6 to C20) are activated by long-chain fatty acyl-CoA synthetase 

which is located in the outer membrane (Tanaka et al 1979). The transport of activated long-

chain fatty acid across the mitochondrial inner membrane requires carnitine 

palmitoyltransferase (CPTI) situated in the outer membrane of mitochondria and a second 

camitine palmitoyltransferase (CPTll) located in the inner membrane of mitochondria 

(McGarry and Foster 1980). Because the mitochondrial inner membrane is impermeable to 

long-chain acyl-CoA molecules. Medium (C4 to Cn) and short-chain-length fatty acids, 

however, can cross the inner membrane and are activated by short-chain and medium-chain 

acyl-CoA synthetase which are located in the mitochondrial matrix (Groot et al 1976). 

The process of fatty acid oxidation is termed y^oxidation since it occurs through the 

sequential removal of 2-carbon units by oxidation at the P-carbon position of the fatty acyl-

CoA molecule, /^-oxidation comprises four reaction steps (Schulz 1991, see Figure 2.5). The 

enzyme y^hydroxyacyl CoA dehydrogenase or L-3-hydroxyacyl CoA dehydrogenase (HAD) 

is involved /^oxidation and catalyzes L-3-hydroxyacyl-CoA to 3-oxoacyl-CoA (Osumi and 

Hashimoto 1980, see Figure 2.5). The y^oxidation of one molecular of long chain fatty acids 

can produce more acetyl-CoA, NADH + H"̂  and FADH2 than oxidation of glucose (see 

Section 2.2.2.4). For example, the complete oxidation of one palmitate molecule (C16) can 

produce 8 acetyl-CoA, 7 NADH + H^ and 7 FADH2 and gives total net 129 molecules of ATP 

Obviously, fatty acid oxidation can supply a large amount of ATP. The process of the long-
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chain saturated fatty acid activation and P-oxidation is shown in Figure 2.5. 

Amino Acid Oxidation 

As showing in Figure 2.6a, amino acids are also converted to acetyl-CoA, succinyl-CoA, 

oxaloacetate, fumarate and a-ketoglutarate, which then become substrates of the TCA cycle 

reactions (Felig 1975). In the metabolism of amino acids, the coupled action of the 

aminotransferase and glutamate dehydrogenase (GDH) (called transamination), provides one 

of major routes for the conversion of amino acids into oxyacids and ammonia (Goodman and 

Lowenstein 1977). Most of the aminotransferase reactions occur in the cytosol, but GDH is 

located in the mitochondrial matrix (Figure 2.6b). For example, the amino acid glutamine can 

be converted by aminotransferase to glutamate in the cytosol. The glutamate is transported by 

glutamate carrier (Glu carrier), which located in the irmer membrane, into the mitochondrial 

matrix and is converted by GDH into a-ketoglutarate, ammonia and NADH + H"̂  (Tyler 

1995). The a-ketoglutarate, produced in this reaction, can be transported by a-ketoglutarate 

carrier to the cytosol to continue this process (Figure 2.6b) or used as an intermediate in the 

TCA cycle (Figure 2.6a). 
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2.2.2.3. The Tricarboxylic Acid Cycle 

Enzymes in the tricarboxylic acid cycle (TCA cycle), also termed citric acid cycle or Krebs 

cycle, are located in the mitochondria (Krebs and Johnson 1937; Green et al 1948). There are 

eight reaction steps in the TCA and each of the steps is catalyzed by a specific enzyme or 

enzyme complex as shown in Figure 2.7. The enzyme citrate synthase (CS) catalyzes the first 

step of TCA in which oxaloacetate combines with acetyl-CoA to produce citrate and CoA-SH 

(Shepherd and Garland 1969). The enzyme a-ketoglutarate dehydrogenase (KGDH) catalyzes 

the fourth step of TCA cycle in which a-ketoglutarate combine with CoA-SH to produce 

succinyl-CoA, NADH+H"^ and CO2 (Yeaman 1989). These are two key nonequilibrium 

enzymes in the TCA cycle (Newsholme 1983) and they can, therefore, provide information 

about the maximum capacity of the cycle. Although the TCA cycle itself directly generates 

only one molecule of ATP or GTP per turn, the four oxidation steps produce 3 molecules 

NADH + H^ and 1 molecule FADH2, The NADH + H^ and FADH2 act as electron carriers to 

the respiratory chain. Consequently, a large number of ATP molecules are ultimately produced 

as a result of the TCA cycle. 
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Figure 2.7. The Tricarboxylic Acid (TCA) Cycle 

1. Formation of citrate. 2a and 2b. Formation of isocitrate via cis-aconitate. 3. Oxidation of 

isocitrate to a-ketoglutarate and CO2. 4. Oxidative a-ketoglutarate to succinyl-CoA and CO2. 

5. Conversion of succinyl-CoA to succinate. 6. Oxidation of succinate to fumarate. 7. 

Hydration of fiimarate to produce malate. 8. Oxidation of malate to oxaloacetate. Diagram is 

redrawn from Lehninger et al (1993). 
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2.2.2.4. Oxidative Phosphorylation and Mitochondrial Electron Transfer Chain 

Transferring electrons to oxygen to drive ATP synthesis is termed oxidative phosphorylation 

(Chance and Williams 1955). This process involves the reduction of O2 to H2O with electrons 

supplied by NADH + H^ and FADH2. These electrons are transfer through a chain of 

complexes termed the mitochondrial respiratory chain (Chance and Williams 1956) or 

mitochondrial electron transfer chain (ETC) (Green and Tzagoloff 1966). This system 

contains a number of redox cofactors or electron carriers, such as, nicotinamide adenine 

dinucleotide (NAD), flavin, haem iron, sulfur iron, copper ions, cytochrome and ubiquinone 

(UQ) or coenzyme Q (Hatefi et al 1962a; 1962b; Hatefl 1985; Babcock and Wikstrom. 1992). 

These carriers which are shown in Figure 2.8, are bound into proteins in the ETC and form the 

four respiratory chain components, known as Complexes 1, II, 111, and IV (Hatefi 1985). There 

is another complex called ATP synthase for ATP formation (Racker et al 1965). Some 

researchers refer to ATP synthase as Complex V in the ETC (Capaldi 1982). The main 

characteristics of the ETC complexes are described below: 

Complex 1, or NADH dehydrogenase, or NADH: ubiquinone oxidoreductase, has a molecular 

weight of-850 kDa in mammalian mitochondria (Capaldi 1982). This complex is a L-shaped 

single holoenzyme molecule (Hofhaus et al 1991) and receives electrons from NADH -i- H^. 

Complex 1 transfers a pair of electrons through its flavin mononucleotide (FMN) and iron-

sulfur centres (Fe-S) to UQ to form reduced ubiquinone (UQH2) (Weiss et al 1991). The 

reaction sequence of Complex I is summarised in equation (7). 

NADH+ - ^ ^ FMN < \ ^ 2 Reduced Fe-S " ^ / ^ UQ 

NAD"" ^ - - ^ ^ FMNH2 - ^ V . Oxidized Fe-S . 4 ^ ^ UQH2 (7). 
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This reaction of Complex I in ETC can be inhibited by rotenone which is called site I inhibitor 

(Vanden Hoek et al 1997). As previously indicated that the oxidation of carbohydrate, fatty 

acids and zunino acids produces NADH + H* via the TCA cycle and P-oxidation in 

mitochondria. The NADH + H* enter the ETC through Complex I (Figure 2.8). 

Intermembrane 
space 

H^ 

NADH-hH Succinate K)2-^-2H+ H2O 

Matrix 

Figure 2.8. The Components of the Mitochondrial Electron Transfer Chain 

Diaphragm is from Lehninger et al (1993) Pp 554,1, Complex I (NADH-CoQ reductase); II, 

Complex II (Succinate-CoQ reductase); III, Complex III (ubiquinol-cytochrome-c reductase); 

IV, Cytochrome-c oxidase; UQ, ubiquinone (coenzyme Q). 
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Complex 11 is also named succinate-Q reductase complex or succinate: ubiquinone 

oxidoreductase. This complex has molecular weight ~120 kDa (Capaldi 1982) and is located 

on the matrix side of the inner membrane. Complex 11 contains one flavin adenine 

dinucleotide (FAD), three Fe-S centres and one cytochrome b (Hatefi 1985). It can be divided 

into two fractions: the hydrophobic peptide with cytochrome hsm and the enzyme succinate 

dehydrogenase (SDH) (Hatefi and Galante 1980). The latter is the major component of 

Complex 11. As showed in Figure 2.8, Complex II catalyses electrons transfer from succinate 

to FAD and subsequently, the electrons are transferred to UQ (Hatefi 1985). Since succinate 

oxidation occurs via Complex II, it has been used as substrate to determine the function of this 

Complex in vitro (Figure 2.9). The reaction sequence of Complex 11 is summarised in 

equation (8). 

Succinate " \ ^ FAD - 4 ^ ^^ 2 Reduced Fe-S —\ x— UQ 

Fumarate < - ^ ^ FADH2 - ^ ^ Oxidised Fe-S < - ^ ^ > UQH2 (8). 

Complex 111, also known as cytochrome c reductase, cytochrome bci complex and 

ubiquinone-cytochrome-c reductase, has a molecular weight of-280 kDa and -10-11 peptide 

subunits (Capaldi 1982). There are four redox centres including two haems bw and 6L in 

cytochrome b, a 2Fe-2S center in the iron-sulfiir protein centre, and a haem in cytochrome c/. 

A pair of electrons is transferred from UQH2 to two molecules of cytochrome c (Trumpower 

1990). Antimycin A can block electron transfer from cytochrome b to cytochrome c/ in this 

complex (Hatefi et al 1962a). Therefore, antimycin A is termed a site II inhibitor (Vanden 

Hoek et al 1997). The reaction sequence of Complex III is summarised in equation (9). 

UQ < ^ Cyt b'^ ^ UQH- ^ Fe-S^^ Cyt c/^ ^ Cyt c'^ 

UQH ^ Cyt 6^" ^ UQH2 ^ Fe-S^" < ^ C y t c ; ^ " ^ Cyt c^" (9). 
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Cytochrome c is located in the intermembrane space and is a relatively small water-soluble 

protein (-13 kDa) comprising a single polypeptide chain (Capaldi 1982). The main function 

of cytochrome c is to transfer electrons from Complex III to Complex IV. 

Complex IV, or cytochrome c oxidase has a molecular weight of -200 kDa and spans the 

inner membrane (Capaldi 1982). This complex has 6-13 polypeptides, contains cytochromes a 

and aj, and comprises two haem groups bound to different regions of the same large protein. 

It also has two copper ions, designated CuA and CuB (Babcock and Wikstrom 1992). This 

complex directs the electron flow from cytochrome c to O2 to form H2O (Babcock and 

Wikstrom 1992). The origin of the hydrogen ions involved in reaction (10) will be discussed 

subsequently. Cyanide inhibits complex IV and is termed a site 111 inhibitor (Vanden Hoek et 

al 1997). The reaction sequence of Complex IV is shown in equation (10). 

4Cyt c^^ + 4H^ + O2 > 4Cyt c'^ + 2H2O (10). 

ATP synthase, also named FQFI-ATPase, has a molecular weight of 370-378 kDa and is 

approximately 8.5 nm in diameter and contains -13-14 different polypeptide subunits (Walker 

et al 1991). ATP synthase is a large membrane protein complex and is located in the matrix 

side of the inner mitochondrial membrane (Racker et al 1965). There are two major 

components of this membrane complex, Fo and the roughly spherical complex Fi A stalk 

connects the Fo and the Fi components of ATP synthase (Depierre and Ernster 1977). The 

component Fo functions like the proton-specific channels of the complex in ATP synthase 

(Hatefi 1985). The biological role of Fi is to catalyse condensation of ADP and Pj to form 

ATP (Figure 2.10). 
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Figure 2.9. Oxidative Pathways of the substrates by the electron transfer chain in 

mitochondria. 

TCA cycle, tricarboxylic acid cycle; UQ, ubiquinone (coenzyme Q); ETFP, the electron-

transferring flavoprotein (ETFP); Coupling sites 1, 2 and 3 are the location where ATP 

synthesis is coupled to oxidoreduction steps and the free energy liberated at these sites. 

Complex V, ATP synthase. 
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2.2.2.5. The Chemiosmotic Theory and ATP Synthesis 

The mechanism of ATP synthesis, is best explained by the chemiosmotic theory that was 

advanced by Mitchell (1961) (see Section 2.2.2.5). '"This theory has been accepted as one of 

the great unifying principles of twentieth century biology"' (Lehninger et al 1993). The 

chemiosmotic theory is generally accepted as the mechanism for mitochondrial oxidative 

phosphorylation. Transmembrane differences in proton concentration are central to energy 

transduction in this theory (Mitchell 1979). According to the chemiosmotic theory, ATP 

formation in mitochondria comprises several steps. Electron donors, such as, NADH + H^ and 

FADH2, supply electrons which as previously indicated are transferred along the respiratory 

chain. This process of electron transfer is associated with pumping protons across the inner 

mitochondrial membrane into the intermembrane space by Complexes 1, 111, and IV (Mitchell 

and Moyle 1967). Transferring electrons in the mitochondrial complexes occurs via a series of 

the oxidation-reduction reactions. It is the free energy change from these reactions which 

supplies energy for proton pumping in mitochondrial complexes (Mitchell 1961). With the 

release of protons into the intermembrane space a difference in proton concentration and 

hence electrical gradient across the inner mitochondrial membrane are produced. The negative 

membrane electrical potential in the matrix and the chemical gradient (pH) contribute to the 

formation of the proton-motive force. Subsequently, the proton-motive force drives the 

protons back into the mitochondrial matrix through ATP synthase. This movement provides 

the energy for the synthesis of ATP by the ATP synthase (Figure 2.10) and the process 

provides the link which couples the transfer of electrons to ATP synthesis (Mitchell 1961). As 

shown in Figure 2.9, the ECT complexes 1, 111 and IV are the coupling sites. When one 

molecule of NADH + H"̂  and one molecule FADH2 are oxidized through the ETC and ATP 

synthase, 3 and 2 molecules of ATP are synthesized, respectively (Figure 2.9). 
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Figure 2.10. Schematic Diagram of the Chemiosmotic Theory 

Electron flow is accompanied by proton transfer across the mitochondrial membrane, 

producing both a chemical (A pH) and an elecfrical (Av|;) gradient. The inner mitochondrial 

membrane is impermeable to protons; protons can re-enter the matrix only through a proton-

specific channel (Fo). The proton-motive force that drives protons back into the matrix 

provides the energy for ATP synthesis, catalysed by the Fi complex associated with Fo 

(Lehninger et al 1993, Pp.559). 
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2.2.3. Assessment of Mitochondrial Function 

A number of methods have been used to assess mitochondrial function. Examples of these 

methods include the determination of individual mitochondrial enzyme activity and the 

determination of mitochondrial oxygen consumption. Mitochondrial ATP synthesis by 

oxidative phosphorylation can be estimated in vitro through measuring the uptake rates of O2 

and calculating the ratio of number of molecules of inorganic phosphate (Pi) taken up to 

phosphorylate ADP per atom of oxygen consumed (P/O ratio or ADP/0 ratio). Direct 

measurement of mitochondrial ATP production rate (MAPR) can be achieved in vitro. This 

method employed the luciferase enzyme which hydrolyzes ATP produced by mitochondria 

with luminometric detection of the light produced (Lundin et al 1976; Wibom et al 1990). In 

recent years, P nuclear magnetic resonance (NMR) has also been employed in vivo to assess 

phosphate-containing muscle metabolites (Mancini et al 1989; Kutsuzawa et al 1992; 1995, 

Walker et al 1998). The basic mechanisms of the methods are described below. 

2.2.3.L Determination of oxidative enzyme activity 

The different mitochondrial enzyme activities which have been used to assess mitochondrial 

function and aerobic capacity in skeletal muscle include: 

• TCA cycle enzymes, such as SDH, CS (Essen and Henrikson 1980) and KGDH (Yeaman 

1989). 

• Fatty acid oxidative enzymes, such as HAD (Green et al 1984) and CPT 1 and CPT II 

(Moleetal 1971). 

• GDH which is involved amino acid oxidation (Wibom et al 1992). 

• The ETC enzymes, such as cytochrome b5 reductase (Schantz and Kallman 1989) 

cytochrome c oxidase (Soussi et al 1990). 

Published data of enzyme activities including mitochondrial enzymes are highly variable. 
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This variability may be related to the different methods employed for determining enzyme 

activity, but may also be related the subjects age, sex and training status of subjects. Examples 

of the published CS and HAD activities data listed in Table 2.1. However, determination of 

muscle enzymes is still a common method and is accepted extensively to assay mitochondrial 

capacity or aerobic metabolism capacity. 

Table 2.1. Variation of Enzyme Activities in Vastus Lateralis Muscle of Healthy 

Untrained Individuals 

Reference 

Svedenhag et al 1984 

Unit 

pmol min" kg" w.w. 

Age (year)/Sex 

23/M 

CS 

100 

HAD 

225 

Green etal 1984 pmol min" g' w.w. 

Essen-Gustavsson & pmol min"' g"' w.w. 

Borges 1986 

Tesch etal 1990 

Wang etal 1993 

Maltaisetal 1996 

Green etal 1991 

Jakobsson et al 1995 

pmol min"' g' w.w. 

pmol min"' g"' w. w. 

pmol min' g" w.w. 

pmol min"' g"' pro* 

pmol min"' g" pro. 

MacDougall et al 1998 pmol kg"' pro h" 

21/M 

20/F 

20/M 

50/M 

20/F 

50/F 

27/M 

20/F 

54/M 

Young/M 

67/4M&2F 

23/M 

28±3 

26+9 

27+3 

19±5 

9.5±2 

7.41±1.4 

36.8±8.6 

4.4+0.7 

4.5±0.9 

22±3 

22+5 

23±4 

20±4 

2.3±0.5 

13.8±3 

5.5±1.4 

48.9±4.4 40.8±3.6 

120.7119* 59.419.3* 

3.5+2 2.99+1.3 

Values are expressed as mean ± SD. *Values are expressed as mean + SEM. M, male; F, 

female; CS, citrate synthase; HAD, (3-hydroxyacyl CoA dehydrogenase or L-3-hydroxyacyl 

CoA dehydrogenase, w.w., wet weight; m, muscle weight; pro, protein; h, hour. 

33 



2.2.3.2. Determination of Mitochondrial O2 Consumption 

Polargraphic determination of mitochondrial O2 consumption is a common method to assess 

the oxidative capacity of mitochondria in vitro. The most common method employs the Clark 

electrode, which comprises a platinum cathode maintained at -0.8 V with respect to a silver 

anode by a polarizing voltage. This electrode is immersed in a solution of potassium chloride 

(KCl). An 02-permeable Teflon membrane separates the KCl solution and a test medium. 

Therefore, the oxygen concentration in the KCl solution follows the alteration of oxygen 

concentration in the test medium. In this method, a small amount change of 0.5% O2 

concentration in test medium can be detected (Sherratt et al 1988). This method uses isolated 

mitochondria to measure mitochondrial oxygen consumption in the presence of substrates 

such as pyruvate, malate, succinate, and glutamate. The roles of these substrates in assessing 

mitochondrial function will be discussed in Section 2.2.3.3. 

The mitochondrial respiratory chain utilises oxygen to synthesise ATP from ADP and Pi. The 

ratio of P/O quantitatively reflects the coupling of ATP production to electron transport 

(Kingsley-Hickman et al 1987). The number of moles of Pj or ADP consumed is equal to the 

number of moles of ATP synthesised. As indicated in Figure 2.8 and shown in equation 11, 

oxidation of one mole NADH gives a P/O ratio of 3. Similarly, FADH2 gives a P/O of 2 in 

theory (see equation 11). 

NADH + '/2O2 + H^ + 3ADP + 3Pi ^ NAD^ + H2O + 3ATP. (11). 

Practically, however, electron transfer is not completely coupled to ATP synthesis because 

protons in-the mitochondrial intermembrane space may leak back into the matrix across the 

inner membrane directly, rather than though the ATP synthase (Mitchell 1961). Proton leak in 

mitochondria has been demonstrated in a number of tissues including skeletal muscle (Rolfe 

34 



and Brand 1996). Therefore, the number of ATP molecule synthesised may be less than the 

number of the theoretical P/O ratio. Lee et al (1996) have demonstrated that the P/O ratio 

which obtained from isolated rat liver mitochondria was 1.5 with succinate and 2.5 with 

NAD-linked substrates. The P/O ratio in vitro with pyruvate oxidation in skeletal muscle 

mitochondria was only -0.83 (Rolfe and Brand 1996) indicating substantial proton leak. In 

mitochondria of brown adipose tissue, the protons leak into mitochondrial matrix via the 

uncoupling protein (UCP) or thermogenin and result in producing heat without ATP synthesis 

(Palou et al 1998). The UCP has also been found from other tissue mitochondria, for instance, 

UCP2 is widely expressed in adult human tissues, such as white adipose tissue (Fleury et al 

1997) and UCP3 is found in skeletal muscle (Vidal-Puig 1997). Brand et al (1994), however, 

suggested that proton leak in mitochondria isolated from muscle tissue may not mediated by 

UCP 

Chance and Williams (1955) examined the kinetics of oxygen utilisation in a mitochondrial 

suspension using simultaneous measurements of oxygen consumption and NADH in the 

medium. They identified five states of respiration in mitochondria. Accordingly, State I is the 

initial optical density of the suspension. State 2 follows the addition of ADP to State 1. In this 

state the oxidation of NADH is produced by mitochondria utilising the endogenous substrate 

in the medium to oxidative phosphorylation of ADP. State 3 is the state of oxidative 

phosphorylation of ADP following the addition of substrate, such as -P-hydroxybutyrate. 

State 4 corresponds to the exhaustion of ADP and is verified by the coincident decrease in 

respiration as measured by a platinum microelectrode. State 5 occurs when the mitochondrial 

suspension becomes anaerobic. Therefore, mitochondrial ATP production by oxidative 

phosphorylation is undertaken in State 3. This state has been traditionally used in the 

assessment of mitochondrial oxidative function. The ratio of the respiratory rates in State 3 

and State 4, so called the respiratory control ratio (RCR) or index (RCI), has been used as a 

standard for assessing the quality of suspensions of isolated mitochondria. The higher the 
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RCI, the better quality of the mitochondrial preparation (Wilson 1994). Generally, from good 

preparations of skeletal muscle, the values of RCI are 2.5 to 4 (Sherratt et al 1988). 

Measuring mitochondrial O2 consumption usually requires a large (0.5 to 5 g) muscle mass 

(Makinen and Lee 1968; Max et al 1972; Barth et al 1983). Recentiy, however, Madsen et al 

(1996) have developed a method using a small muscle sample (100-200 mg) obtained from a 

muscle needle biopsy, to measure mitochondrial O2 consumption. Tonkonogi and Sahlin 

(1997) have demonstrated that this technique can quantitatively assess isolated mitochondrial 

respiration. The mitochondrial oxygen consumption was closely correlated to whole-body 

V02max. This method, however, dose not directiy measure ATP production because O2 

consumption in mitochondria is uncoupled to ATP formation due to the mitochondrial proton 

leak. Rolfe et al (1999) demonstrated that the mitochondrial proton leak accounted for 34% of 

the respiration rate of the preparation of maximal tetanic contractions of the left 

gastrocnemius-soleus-plantaris muscle group in rats. Cortright et al (1999) demonstrated that 

the level of UCP-3/18s rRNA was significantly increased by 63% and 252%) in red and white 

gastrocnemius, respectively, after acute exercise in rats. The UCP-3 gene expression was also 

increased by 331% in wither gastrocnemius of sedentary rats after muscle denervation. These 

indicated that the mitochondrial proton leak in skeletal muscle may increase after exercise and 

immobilisation. Other factors may also increase the mitochondrial proton leak, such as 

ischaemia (Borutaite et al 1995) and age (Harper et al 1998). Consequently, the mitochondrial 

oxygen consumption, in certain situations, may not completely reflect the total ATP formation 

in mitochondria. 

2.2.3.3. Measurement of Mitochondrial ATP Production Rate (MAPR) 

Mitochondrial ATP production rate (MAPR) is a method used for the assessment of 

mitochondrial function which employs a mitochondrial suspension. This method is based on 

the enzyme luciferase which hydrolyses ATP in the presence of its substrate luciferin. Isolated 
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mitochondria are incubated in a medium containing ADP, Pi, substrates, along with luciferin 

and luciferase (Wibom et al 1990). Luciferase catalyses the reaction of luciferin, O2 and ATP, 

which is produced from mitochondria, to produce luminescence. The rate of light production 

is proportional to the ATP concentration over the range 10'" to 10"̂  mol L''. (Lundin et al 

1976). This method directly determines mitochondrial ATP production (Wibom et al 1990). 

The reaction for the measurement of ATP using the luminescence method is shown in 

equation 12. 

Luciferase 

ATP + Luciferin + O2 > Oxyluciferin + AMP + PP, + CO2 + light (12). 

Consistent with the measurement of mitochondrial O2 consumption, the analysis of MAPR 

need ADP, Pj and oxidative substrates. The use of various substrates can indicate the 

mitochondrial capacity for different metabolic functions. For example, substrates which are 

intermediates of carbohydrate and amino acid oxidation, such as pyruvate, malate, a-

ketoglutarate and glutamate, can be used to determine the metabolic capacity of Complex 1 in 

the ETC of mitochondria. Palmitoyl-carnitine is used as a substrate to assess the oxidation of 

fatty acids in mitochondria. It is used to measure the capacity of CPTI, CPTll, P-oxidation 

and Complex 111, but may also, at least in part, measured the function of Complex I (Figure 

2.9). The reason for this is that fatty acid oxidation via P-oxidation produces FADH2, which 

contributes a pair of electrons to the electron-transferring flavoprotein (ETFP). The ETFP is 

an inner membrane protein and is the immediate electron acceptor for all reduced acyl-CoA 

dehydrogenases in mitochondria which transfer the electrons to UQ (Frerman and Goodman 

1985, Herrick et al 1994, see Figure 2.9). The process of fatty acid oxidation also produces 

NADH +~H^ which enters the ETC via Complex I for further oxidation. To determine 

mitochondrial Complex II function, succinate and rotenone are usually used together. As an 

ETC inhibitor, rotenone blocks the electron transfer from Complex I to UQ such that only 
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Complex 11 transfers electrons from succinate to UQ (see Figure 2.9). The combination of 

pyruvate, palmitoyl-carnitine, a-ketoglutarate and malate as substrates, used to measure 

MAPR, represent a combined capacity for fatty acid and carbohydrate utilization (Wibom et 

al 1992). Measurement of MAPR requires a much smaller sample of muscle (30-40 mg 

muscle) (Wibom et al 1990) than that which is required for measuring mitochondrial O2 

consumption (Madsen et al 1996). Therefore, measurement of MAPR is easily achieved using 

samples which are obtained by needle biopsy for studies of human skeletal muscle (WibOm 

and Hultman 1990; Wibom et al 1992; Berthon et al 1995). However, a disadvantage of both 

methods of MAPR and mitochondrial oxygen consumption are that they are performed in 

vitro. 

2.2.3.4. Nuclei Magnetic Resonance (NMR) Spectroscopy 

The nuclei of certain atoms such as hydrogen ( 'H) , carbon ('•̂ C) and phosphorus (^'P) have 

net magnetic spin. Molecules containing such atoms can be observed using the process of 

NMR spectroscopy which can be used, therefore, in studies of phosphate-containing 

metabolites such as ATP, PCr and Pj in skeletal muscle (Walker et al 1998). Measurement of 

PCr and Pj in muscle can allow for calculation of the phosphocreatine ratio [PCr/(PCr + Pi)], 

which is an index of PCr concentration ([PCr]) (Stratton et al 1994). During recovery from 

exercise, the PCr resynthesis rate (d[PCr]/dt) reflects the rate of mitochondrial ATP synthesis 

(Stratton et al 1994). The ratio of PCr/Pj (Evans et al 1997) or ratio of Pj/PCr (Mancini et al 

1989) is also used as indication of phosphorylation potential. NMR can be used to determine 

muscle pH and via muscle pH can estimate lactate accumulation in muscle (Massie et al 1988; 

Evan et al 1997). Measurement of muscle oxidative capacity or mitochondrial function using 

NMR is performed in vivo. The NMR method should be more objective, and more accurate as 

there are fewer factors to affect measurement compared with the methods of mitochondrial O2 

consumption and MAPR. This method, however, can not directly measure the absolute 
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amount of ATP production per unit muscle mass. 

2.2.4. Summary 

Mitochondrion in skeletal muscle consists of five functional components which are the outer 

membrane, the inner membrane, the intermembrane space, the cristae and the matrix. The 

main function of mitochondria is to use carbohydrate, fatty acid and amino acid as energy 

fuels to produce ATP. Through the TCA, p-oxidation and amino acid transamination, the 

energy fuels are degenerated into NADH + H^ and FADH2. The chemiosmotic theory for ATP 

synthesis is the best explanation of the process of ATP synthesis. According the theory, 

NADH and FADH2 carry the electrons to the mitochondrial ETC. The electrons are 

transferred from Complexes I to IV associated with the oxidation-reduction reactions in these 

components of ETC. These reactions produce free energy changes which provided energy for 

proton pumping from the mitochondrial matrix into the mitochondrial intermembrane space. 

Following the proton pumping an electrical gradient and a chemical gradient (pH) across the 

inner mitochondrial membrane are produced. Subsequently, the protons across the inner 

mitochondrial membrane into the matrix and coupling ATP synthesis via ATP synthase. 

Several methods allow assessment of mitochondrial function, including measurement of 

mitochondrial enzyme activity, determination of mitochondrial O2 consumption, 

determination of MAPR, and the ^'P NMR spectroscopy method. 

2.3. FACTORS AFFECTING MITOCHONDRIAL CAPACITY 

Skeletal muscle occupies about 30%) of total body weight and utilises 40%) of total oxygen in 

a resting state. Under certain kinds of physical activity, however, oxygen consumed by 

skeletal muscle may reach -90% of total body oxygen consumption. Therefore, mitochondria, 
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play a pivotal role in the metabolism of energy in skeletal muscle. Mitochondria in skeletal 

muscle appear to be affected by a number of factors, for example, genders, age, muscle fibre 

type, physical activity, oxidants and calcium. 

2.3.1. Gender 

An ultrastructural study of the human vastus lateralis muscle has demonstrated gender 

differences in mitochondria between males and females (Hoppeler et al 1973). The volume 

density of the intermyofibrillar mitochondria was -1.44-fold higher in males than females. In 

terms of mitochondrial enzymes, Green et al (1984) and Nygaard (1981) demonstrated that 

the activity of SDH in the vastus lateralis muscle was higher in males than females. For other 

mitochondrial enzymes, however, including HAD (Green, et al 1984), MDH (Bass et al 1976) 

and CS (Nyaard 1981), there were no differences between the two genders. Essen-Gustavsson 

and Borges (1986) demonstrated that CS activity in vastus lateralis muscle was significantly 

higher in men than women in 30 and 40 years age groups, but was lower in a group of men 

aged 60 years compared with women at same age. The enzyme activity of HAD, HK and 

LDH were similar between the women and men of age from 20 to 70 years. Hence, gender is 

a factor potentially influencing mitochondrial capacity in skeletal muscle. 

2.3.2. Age 

Mitochondria are altered histologically, biochemically and genetically with ageing. Marked 

histological changes with ageing include mitochondrial enlargement, matrix vacuolisation, 

shortenedxristae and a loss in the density of granules (Wilson and Franks 1975; Miquel et al 

1980). Orlander et al (1978) demonstrated that mitochondrial volume fraction in skeletal 

muscle significantly decreased in older (66-76 years) compared with younger (16-18 years) 
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subjects. A decline in mitochondrial O2 consumption and the activity of Complexes 1 and IV 

has been demonstrated in aged groups (Cooper et al 1992). Trounce et al (1989) examined the 

State 111 mitochondrial respiration with various substrates in isolated muscle mitochondria in 

29 subjects aged 16-92 years. They found that mitochondrial respiratory rate with all 

substrates was significantly negatively correlated with age. Rooyackers et al (1996) 

demonstrated that the fractional rate of muscle mitochondrial protein synthesis was 

significantly lower in the middle aged group (mean 54 years) and in the older aged group 

(mean 73 years) compared with young individuals (mean 24 years). These changes in 

mitochondrial function may explain a decline in human maximal aerobic capacity of about 9-

15% per 10 years (Kasch 1976). Impaired capacity of oxidative phosphorylation in 

mitochondria of skeletal muscle with ageing has been linked to oxygen free radicals and other 

oxidants (Adelman et al 1988; Hayakawa et al 1991; Sohal and Dubey.1994; Ames et al 

1995). The effects of oxygen free radicals on mitochondria will be discussed in Section 2.3.5. 

2.3.3. Skeletal Muscle Fibre Types 

Human skeletal muscle comprises two major fibre types, type 1 and 11. Type II is further 

subclassified into type lla and lib when using histochemical procedures (Brooke and Kaiser 

1970; Sahin et al 1977). Further more, type Ic and lie and Ilab muscle fibres are also 

identified in humans using histochemical methods (Wang et al 1993; Staron 1994). 

Alternately, using immunochemical and electrophoretic techniques several different fibre 

types of myosin heavy chains (MHC) can be identified. The MHC are named type MHCI, 

MHClla, MHCllb, and MHCllc (Draeger et al 1987; Staron and Pette 1990). Recentiy, 

MHCllx (SantAna Pereira et al 1996; Pette and Staron 1997; Carroll et al 1998) or MHClld/x 

(Pette and Staron 1997) was identified, as a fast-twitch fibres, replacing to MCHb in human 

skeletal muscle. Fry et al (1994) demonstrated that the fibre 1, lla and lib proportions 
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(histochemical method) strong correlated with the proportion of MHCI, MCHlla and MCHllb 

in vastus lateralis muscle, respectively (r > 0.83, P < 0.05). Therefore, the MHCI, MHClla 

and MHCllb are equivalnt to type 1, Ila and lib fibres, respectively. Nevertheless, in the 

present study, since muscle fibre types were identified as type 1, lla and lib fibres using 

histochemical methods, this terminology is used subsequently in this thesis. 

In general, type 1 fibres exhibit high aerobic capacity by virtue of their rich mitochondrial 

content (Staron et al 1984, Wang et al 1993) and show high levels of oxidative enzyme 

activity (Essen et al 1975; Essen and Henrikson 1980). They also show a high content of 

myoglobin and lipid stores (Staron et al 1984). These fibres are known as slow twitch and as 

fatigue resistant fibres (Gamett et al 1978; Brooke and Kaiser 1970). They also have abundant 

capillarisation (Anderson 1975). Type 1 fibres are therefore slow-twitch oxidative fibres. Type 

lib fibres have fast contraction velocities and fewer mitochondria, and tend to be better suited 

for anaerobic metabolism because they have increased glycolytic capabilities (Lowry et al 

1978), and are hence called fast-twitch glycolytic fibres. Type lla fibres are termed fast-twitch 

oxidative fibres and intermediate in most respects between the type 1 and type lib fibres 

(Brooke and Kaiser 1970; Clamarm and Broecker 1979; Thompson 1994). The mitochondrial 

characteristics, mitochondrial enzyme activities, muscle fibre capillaries and glycolytic 

enzyme activities in the skeletal muscle fibre types in the human are shown in Table 2.2. 

It has been demonstrated that the muscle fibre type composition and area are different 

between the individuals with different physical training statues. Untrained healthy subjects 

have approximately 50%) of each muscle fibre type in vastus lateralis muscle (Costill et al 

1976). In the same muscle, endurance-trained athletes have a high proportion of type I fibres 

(up to 80%) (Baumann et al 1987) and sprint trained athletes, have a high proportion of type 

11 fibres (up to 73%) (Costill et al 1976). 

Endurance training can increase the proportion of type I fibres by 12% and reduce the 

proportion of type lib fibres by 24% (Howald et al 1985). Resistance-trained subjects show an 
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increase in the cross-sectional areas in all fibres (type 1 & 11) of muscle (McCall et al 1996), 

which is more pronounced in type 11 fibres (Green et al 1998). In addition, resistance-trained 

subjects have shown a lower proportion of type lib fibres (-33 to -90%) (Schantz and Kallman 

1989; Staron et al 1991; Wang et al 1993; Staron et al 1994; Kraemer et al 1995; Green et al 

1998) and an highter (27%) to 74%)) proportion of type lla fibres (Staron et al 1991; Kraemer 

et al 1995) in an number of different skeletal muscles. Studies of myosin heavy chain isoform 

contents have also demonstrated that resistance training induces muscle fibre transformation 

from type lib to lla fibres (Adams et al 1993; Fry et al 1993; Carroll et al 1998). 

Table 2.2. Mitochondrial and Glycolytic Capacities and Capillarity in Fibre Types of 

Human Vastus Lateralis Muscle 

Type I Type Ila Type lib Ref. 

Oxidative capacity 

Mitochondrial volume percentage 

Mitochondrial Size (pm ) 

Mitochondrial number/pm 

Number of capillaries around fibre 

Number of capillaries around fibre 

type per fibre type area 10" (pm)' 

3-Hydroxyacyl-CoA 

dehydrogenase (HAD) 

Succinate dehydrogenase (SDH) 

Citrate synthase (CS) 

Phosphorylase (PHOSPH) 

Phosphofructokinase (PFK) 

Lactate dehydrogenase (LDH) 

High 

3.04+0.94 

7.77+0.27 

L133+0.003 

0.5010.02 

4.910.3 

1.010.03 

moderate 

2.2510.75 

5.8910.29 

0.12610.004 

0.4010.01 

4.510.3 

0.7910.02 

low 

1.6210.55. 

5.3510.35 

0.11910.004 

0.3810.02 

3.510.4 

0.7610.03 

4 * * a 

5*a 

5*a 

5*a 

J * * ' ' 

1 * * b 

14.8 11.6 7.1 

2.5 

7.1 

10.8 

2.8 

3.9 

59 

1.9 

4.8 

8.6 

5.8 

5.6 

221 

1.0 

2.5 

6.5 

8.8 

6.9 

293 

2*a 

3*a 

3*a 

3*a 

2*b 

3*a 

Values are expressed by mean and mean 1 SD. Data source: (1) Andersen (1975). (2). Essen 

et al 1975. (3) Essen and Henrikson (1980). (4) Staron et al (1984). (5) Wang et al (1993). 

Enzyme activity value expressed by pmol min"' g"' w.w. * F < 0.05 ** P < 0.01. a, different 

among the three fibre types; b, different between the type lib and type 1 or type 11. 
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Muscle immobilisation, however, can induce muscle fibre atrophy in type I fibres, and 

decrease the proportion of type I fibres from 42.3%) to 37.2%) (Halkjasr-Kristensen and 

Ingemarm-Hansen 1985a). Similarly, certain diseases are associated with changes in muscle 

fibre type proportions. For example, Sullivan et al (1990) reported that the proportion of type 

I fibres of vastus lateralis was 36% in a group of patients with congestive heart failure (CHF). 

Jakobsson et al (1990) also foimd that a group of patients with chronic obstructive pulmonary 

disease (COPD) had only 17% of type I fibre proportion in the vastus lateralis. 

2.3.4. Physical Activity 

The effects of different types of physical activity on the mitochondrial capacity of skeletal 

muscle have been widely investigated. Muscle immobilisation, disuse and detraining result in 

a reduction of mitochondrial function. Endurance training results in enhanced mitochondrial 

capacity. The effects of resistance training on mitochondrial capacity, however, are imcertain. 

2.3.4.1. Muscle Disuse, Immobilisation and Detraining 

Most studies have demonstrated that immobilisation or disuse in both animals and humans 

can impair skeletal muscle mitochondria. In cats for example, mitochondrial morphological 

degeneration in skeletal muscle was observed after 6 weeks of immobilisation (Cooper and 

Iowa 1972). Muscle mitochondrial O2 consumption in rats was reduced after only one day 

(Max 1972) or two days of hindlimb immobilisation (Krieger et al 1980). Similarly, 

Rifenberick and Max (1974) reported that the capacity of muscle mitochondria to oxidise 

glucose, pyruvate, palmitate, and p-hydroxybutyrate was reduced with immobilisation in rats' 

limbs. Yajid et al (1998) demonstrated that the gastrocnemius muscle mitochondrial State 3 

respiration of intermyofibrillar mitochondria and subsarcolemmal mitochondria, with 

pyruvate + malate, was decreased by 59%) and 18%), respectively, after 4 weeks hindlimb 
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Cote et al (1988) demonstrated that the activity of the enzymes MDH, HAD, and KGDH were 

significantly increased after repeated concentric isokinetic strength training for ten weeks. 

Wang et al (1993) also showed that 20 weeks resistance training resulted in an increase in the 

activity of cytochrome c oxidase. They, however, demonstrate there were no changes in the 

enzyme activity of CK, CS, HAD and PFK & PHOSPH. Similarly, Schantz and Kallman 

(1989) found that there were no differences in enzyme activity of CS, MDH, HAD, glycerol-

3-phosphate dehydrogenase (GPDH), aspartate aminotrasferase (ASAT), cytochrome bs 

reductase, and PFK in skeletal muscles between the subjects, who had been strength trained, 

for 8.6 years, and the untrained controls. In contrast, Tesch et al (1987) demonstrated that the 

activity of CS and other metabolic enzymes including PFK, HK, creatine kinase (CK), 

myokinase (MK), and myofibrillar ATPase in skeletal muscle all decreased after 6 months of 

strength training. Examples of effects of resistance training on muscle mitochondrial enzyme 

are showing in Table 2.3. Enzyme activity in different muscle fibres of resistance-trained 

subjects has a similar pattern as the endurance-trained (Essen-Gustavsson and Henriksson 

1984) and untrained subjects (Essen et al 1975). That is a higher activity of oxidative enzymes 

(CS and HAD) in type I fibres and higher activity of LDH in type II fibres (Tesch et al 1989). 

Effects of Muscle Mass on Mitochondrial Volume Density and Oxidative Enzyme Activities 

These conflicting findings in mitochondrial capacity after resistance training may be due to 

differences in training styles, with varied workloads, training intensity and duration of 

resistance training. Details of the effects of resistance training on skeletal muscle size, 

mitochondrial volume and enzyme activities from previous studies are listed in Table 2.3. 

Where resistance training induces muscle fibre hypertrophy this may be an important factor 

influencing the assessment of mitochondrial capacity when these values of mitochondrial 

respiration and enzyme activity are expressed per unit muscle weight. In some instance, 

therefore, changes in mitochondrial volume and/or mitochondrial enzyme activities could be 

masked by greater increase in muscle mass (hypertrophy). For example, in a 12 weeks 
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resistance training study by Komi et al (1978) and 7 weeks study by Costill et al (1979) no 

evidence of muscle hypertrophy observed. In both of the studies, however, significant 

increases in muscle mitochondrial enzymes MDH and SDH were reported. By contrast, the 

studies by MacDougllas et al (1979; 1982) involving 6 months heavy resistance upper body 

training showed increased the CSA of all muscle fibre types reported. In both these studies, 

however, both the mitochondrial volume density and ratio of mitochondrial volume density to 

myofibrilar volume density were decreased. In general, it can be seen from Table 2.3, where 

resistance training results in muscle hypertrophy muscle mitochondrial volume density and 

oxidative enzyme activities are either unchanged or decreased. 
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2.3.4.4. Effect of Muscle Fatigue on Mitochondria 

Muscle fatigue has been defined by the National Heart, Lung, and Blood Institute (NHLBl) in 

1990, as an inability to maintain the required or expected force or power output, resulting 

from muscle activity under load, reversible by rest. Little is known about mitochondrial 

changes in muscle fatigue. Gollnick and King (1969) found marked swelling of muscle 

mitochondria isolated from rats which were run to exhaustion. Nimmo and Snow (1982) 

confirmed the swollen mitochondria following fatigue exercise. In horses exercised to fatigue, 

the muscle mitochondrial area increased 3-4 fold at exercise intensities from 40% to 100% of 

the V02max (McCutcheon et al 1992). A depression in the respiratory capacity of 

mitochondria has also been reported after high-intensity exercise to exhaustion in rats (Dohm 

et al 1972; 1975) and horses (Gollnick et al 1990). 

The mechanism by which mitochondrial respiration was depressed in muscle fatigue is 

unknown. Muscle acidosis may impair oxidative metabolism (Gollnick et al 1990). During 

exercise, increased muscle temperature could disrupt mitochondrial structure and impair 

mitochondrial function (Brooks et al 1971; Willis and Jackman 1994). The over production of 

free radicals in muscle during exercise also showed a capacity to damage mitochondrial lipid 

membranes and impair their function (Davies et al 1982; Barclay and Hansel 1991). In 

contrast, Tonkonogi et al (1999) demonstrated that mitochondrial ATP production and 

respiratory index were not changed in human muscle biopsies during higher-intensity 

intermittent cycling exercise (130% of V02max). They also shown that the maximal ADP -

stinulated respiration in skirmed fibre was increased by 23% from rest to exhaustion and 

remained higher at 110 minutes recovery samples. The study of Tonkonogi et al (1999) 

indicated 4hat mitochondrial function is not impaired, but improved during high intense 

fatigue exercise. Endurance training may reduce the mitochondrial damage of skeletal muscle 

in fatigue. Terjung et al (1972) found that endurance-trained rats exercised to exhaustion 
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showed no change in the capacity of rat mitochondria to oxidise substrates (pyruvate plus 

malate) and generate ATP. Madsen et al (1996) demonstrated that the skeletal muscle 

mitochondrial RCI in moderately endurance trained men was elevated, with a slightly 

increased mitochondrial State 3 and decreased State 4 respiration after prolonged exhaustive 

exercise. The effects of resistance training and strength training on mitochondrial function in 

fatigue is unknown. 

2.3.5. Effects of Oxidants and Antioxidants on Mitochondria 

2.3.5.1. Free Radicals, Oxidants and Reactive Oxygen Species 

Free radicals contain an unpaired electron or several unpaired electrons in the outer electron 

orbit of an atom or molecule. The unpaired electron is exchangeable. The main free radicals 

include superoxide anion (O2*), hydroperoxyl radical (HO2*), and hydroxyl radical ('OH). The 

term, reactive oxygen species (ROS) is not synonymous with free radicals. ROS represent a 

broader spectrum of species including nonradicals derivatives of oxygen (Sen 1995), for 

example, hydrogen peroxide (H2O2). In addition to the above free radicals, ROS also include 

alkyl radical (R») (R» an abbreviation for organic molecules in general), peroxyl radical 

(R00») and hydroperoxide (ROOH) (Karlsson 1997). The term of oxidants may have the 

same meaning as ROS (Feher et al 1987; Packer 1997), and is also including products of lipid 

peroxidation, protein oxidation and nucleic acids oxidation (Packer 1997). Examples of 

oxidants are lipid oxidant malondialdehyde (MDA) from lipid hydroperoxide (Janero 1990), 

protein carbonyl compounds from protein oxidation (Stadtman and Oliver 1991) and 8-

hydroxy-2!-deoxyguanosine, a marker of DNA damage (Shigenaga et al 1989) . In addition, 

nitric oxide (NO) is also an inorganic free-radical gaseous molecule because NO contains an 

unpaired electron in an outer orbital (Jenkins 1988). Oxidants, such as oxygen-derived free 
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radicals, lipid peroxidation products, oxidation products of protein and nucleic acids have 

been recognised as important adverse products on strenuous physical exercise (Davies et al 

1982; Barclay and Hansel 1991; Sen et al 1994) as well as being impUcated in pathological 

conditions recentiy, such as CyA-induced oxidative stress, resulting in liver cytotoxicity (Wolf 

et al 1997) and renal failure (Baliga et al 1997). 

Under physiological conditions the mitochondrial ETC generates minimal free radicals and 

the cellular antioxidant systems control the oxidants well (Ji 1995). In certain circumstances, 

such as strenuous exercise (Davies et al 1982; Barclay and Hansel 1991; Sen 1994), 

ischaemia-reperfusion (Kawasaki et al 1993; Novelli et al 1997) or hypoxia-reoxygenation 

(Damerau et al 1993), however, oxidants are increased significantly. Packer (1997) proposed a 

number of possibilities for production of oxidants during strenuous exercise. One possibility 

is electron 'leak' in mitochondrial ETC to produce superoxide radicals. Since whole-body 

oxygen consumption and oxygen flux in muscle fibres increases during exercise, the electron 

leak in ETC may also increase to produce more free radicals. Another possibility is 

ischaemia-reperfusion in organs and tissues. During exercise some organs and tissues, such as 

kidneys, may experience hypoxia due to blood flow being shunted away from these organs to 

the working muscle. It is possible also that working muscle may become hypoxia when 

working muscle energy demands are beyond the O2 supply. Once exercise cease, these organs 

and tissues obtain blood via reperfusion and re-oxygenation which may lead to a burst of ROS 

production. Vanden Hoek et al (1997) exposed cardiomyocytes to the mitochondrial ETC 

inhibitors rotenone, antimycin and cyanide which are known to act at sites 1, II and III, of the 

ETC, respectively (see Section 2.2.2.4). These cells were treated with a regime designed to 

imitate ischaemia-reperfusion. They demonstrated that these inhibitors significantiy increased 

H2O2 and hydroxyl radicals with the order of cyanide > antimycin > rotenone > controls. This 

experiment indicates the inhibitors acting at the more distal ETC carriers resulted in more 

oxidant generation. They also showed that antioxidants (2-mercaptopropionylglycine, 
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phenanthroline) and lowering O2 levels in the reperfusion which is a 'antioxidant' strategy can 

improve the cells viability, contractility and reduced rate of cells death during the cyanide 

exposure. Accordingly, Vanden Hoek et al (1997) concluded that mitochondrial that the ETC 

is the source of oxidant injury which is greatest when the mitochondrial ETC reaches a fully 

reduced redox state and is exposed to oxygen. 

2.3.5.2. Effect of Free Radicals and Oxidants on Mitochondria 

Zhang et al (1990) have demonstrated that the free radicals *0H, and O2* alone or in 

combination can rapidly inactivate enzymes of the mitochondrial ETC in bovine heart 

submitochondrial particles. These enzymes included NADH dehydrogenase, NADH oxidase, 

succinate dehydrogenase, succinate oxidase, and ATPase. Soussi et al (1990) observed that a 

-40% reduction of cytochrome c oxidase activity occurred in rat skeletal muscle after 

ischaemia and reperfusion. A number of studies investigating oxidant inactivation of 

mitochondrial functions have demonstrated that oxidants may damage the inner mitochondrial 

membrane (Chia et al 1983; De Groot et al 1985). Lipid peroxidation may impair 

mitochondrial membrane electrochemical potential and lead to ATP depletion (Carini et al 

1992). Oxidants may also disturb the mitochondrial metabolism of proteins (Stadtman 1992; 

Sohal and Dubey 1994), cellular DNA and mtDNA (Adelman et al 1988; Cortopassi and 

Arnheim 1990; Fraga 1990), and lipids (Ames et al 1995). 

2.3.5.3. Antioxidant Protection of Mitochondria 

Antioxidants include endogenous physiological defence systems and exogenous antioxidants. 

The endogenous defence systems serve to remove ROS. The exogenous antioxidants, such as 

vitamin E-(Sumida et al 1989) can detoxify the ROS. The major endogenous antioxidants are 

the enzymes superoxide dismutase (SOD), catalase (Cat), and glutathione peroxidase (GPX). 

SOD converts O2* into O2 and H2O2. The enzymes, Cat and GPX, then convert H2O2 to form 
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H2O and O2 (Sen 1995). Antioxidants, such as vitamin E, may have a protective effect against 

exercise-induced skeletal muscle oxidative damage (Sumida et al 1989; Ji 1995). It has also 

been observed that vitamin E can protect human skeletal muscle ischaemia-reperfusion 

damage. Novelli et al (1997) demonstrated that vitamin E significantly reduced the content of 

malondialdehyde (MDA) which is a catabolite of the polyunsaturated fatty acid peroxidation, 

the mitochondrial swelling and intermyofibrillar oedema in human skeletal muscle after 

surgical ischaemia-reperfusion. Coenzyme Qio is also thought to act as an antioxidant (Frei et 

al 1990). Coenzyme Qio may be a recycler of vitamin E (Kagan et al 1990) and be able to 

prevent oxidative damage of membranes by hydroperoxide-induced lipid peroxidation 

(Leibovitz et al 1990). The *0H scavenger mannitol and SOD (Zhang et al 1990) can inhibit 

the *0H and 02*-dependent inactivation of mitochondrial electron transport components and 

ATPase in vitro. 

2.3.6. Effect of Calcium on Mitochondria 

Calcium is an intracellular messenger in many eukaryotic signal-transferring processes, for 

example, vision and the regulation of muscle contraction. It is also deeply involved with 

physiological function in mitochondria and the pathological alteration of mitochondria such as 

in ischaemic heart disease (Ferrari 1996). 

2.3.6.1. Physiological Effects of Calcium on Mitochondria 

When Câ "̂  concentration ([Ca2^]) is elevated in the cytosol, Ca^^ can be transferred through 

the inner mitochondrial membrane into the matrix. Following an increase of [Câ "̂ ] in the 

matrix, the multiple Ca^"^-dependent oxidative enzymes, which are located in the 

mitochondria, can be activated. There are at least four important dehydrogenases dependent 

on [Ca^ ]̂ in mitochondria. They are PDH (Denton et al 1972), the NAD+-linked isocitranate 
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dehydrogenase (Denton et al 1978), a-ketoglutarate-dehydrogenase or 2-oxoglutarate-

dehydrogenase complex (KGDH or OGDH) (McCormack and Denton 1979) and the HAD 

(Hansford and Chappell 1967). Consequentiy, these enzymes may enhance rates of 

mitochondrial NADH formation and ATP synthesis (Denton and McCormack 1985; McMillin 

and Madden 1989). Ca "̂  may act as a regulator of the adenine nucleotide translocator function 

and directly activates ATP/ADP carrier Ca also regulates the mitochondrial oxidative 

phosphorylation during muscle contraction (Madsen et al 1996; Korzeniewski 1998). In 

addition, mitochondrial can contribute to the buffering of extra-mitochondrial Câ "̂  

concentration at 1-3 pmol L" , to regulate the [Ca ] in cytoplasm (Nicholls 1978). 

2.3.6.2. Functional Damage of Mitochondria Induced by Calcium Overload 

Damage from hypoxia-reoxygenation and ischemia-reperfusion has been related to Ca 

overload in the cell and mitochondria (Lochner et al 1987; Darley-Usmar et al 1990). This 

may involve an impaired mitochondrial ATP production during either ischaemia or 

reperfusion situations (Ferrari 1996). Damage to mitochondrial function associated with 

mitochondrial Ca overload has been linked to impairment of the ETC components (Darley-

Usmar et al 1990; Veitch et al 1992) and decreased mitochondrial oxidative phosphorylation 

(Tuena De Gomes-Puvou et al 1980; Ferrari 1996). The reperfusion of isolated heart 90 

minutes of ischaemia, results in increased free radicals, severe disruption of oxidative 

phosphorylation capacity and mitochondrial Ca^^ accumulation (Ferrari 1996). These changes 

may be the result of an opening of the mitochondrial permeability transition pore (MPTP) in 

the inner mitochondrial membrane (Hunter and Haworth 1979). 

The MPTP is a minimal ~2 to 2.8 nm in diameter (Massari and Azzone 1972; Crompton and 

Costi 1990), and allows diffusion of solutes with molecular masses up to 1200 daltons 

(Gunter and Pfeiffer 1990). Ca^^ at 0.5 pmol L"' (Altschuld et al 1992), P, at 0.5 mmol L"' 

(Petronilli et al 1993), adenine nucleotide depletion and oxidative stress can open the pore 
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(Crompton and Costi 1988; Gunter and Pfeiffer 1990; Savage et al 1991). Any breakdown of 

inner membrane potential of the mitochondria also promotes the pore opening (Bemardi 

1992). The pore opening, however, is reversible with the removal of Ca^^ (Crompton and 

Costi 1990). ATP and ADP can block the pore (Haworth and Hunter 1980; Richter et al 

1990). Complete pore blockade may require more than 1 mmol L"' ATP (Duchen et al 1993). 

Cyclosporine A (CyA) has also been used as the mitochondrial pore blocker (Ahschuld et al 

1992). Recentiy, Fontaine et al (1998) reveal that skeletal muscle mitochondria also have 

MPTP, but the pore open is related to the rate of electron flow through Complex 1 rather than 

0-4-

regulated by membrane potential, matrix pH, Ca uptake and production of H2O2. Their 

study indicated that the MPTP in skeletal muscle may be different to the MPTP in other 

organs, such as heart and liver 

It has been demonstrated that cellular cytosolic [Ca^^] and mitochondrial matrix [Câ "̂ ] 

increases are one of the key features in cellular damage and necrosis under many non-

physiological conditions. Examples of these conditions include oxidant stress/oxygen free 

radical damage (Richter et al 1995), hypoxia-reoxygenation (Darley-Usmar et al 1990; 

Tanaka et al 1998) or ischaemia-reperfusion injury (Crompton 1990; Steenbergen et al 1990). 

When [Ca '*'] increased in mitochondria, the MPTP in the irmer mitochondrial membrane is 

opened and results in massive swelling of mitochondria (Crompton 1990) associated with a 

reduction of ATP production (Tanaka et al 1998). Mitochondrial damage caused by Câ "̂  

overload also induces activation of protease and endonuclease, the oxidation of protein thiols, 

ionic disturbances, preoxidation of the membrane, the hydrolysis of phospholipid, and the 

ultimate disruption of the mitochondrial membrane and DNA fragmentation (Orrenius et al 

1989, see Figure 2.11). 
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Figure 2.11. Proposed Relations of Oxygen Stress, Anoxia & Ischaemia and 

Reperfusion, and Pore Opening 

Scheme is modified based on Halestrap (1994). CyA, Cyclosporine A; c, cytoplasma; mit, 

mitochondria; MPT, mitochondrial permeability transition; [Ca '̂̂ jc, cytoplasm calcium 

concentration; [Ca'̂ ĵm, mitochondrial calcium concentration; [ATP], ATP concentration. 
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2.3.7. Summary 

Mitochondrial function in skeletal muscle can be affected by a number of factors. Skeletal 

muscle type I fibres have a much higher mitochondrial capacity compared with type 11 fibres. 

Mitochondrial volumes in males' muscle are higher than in females, but most mitochondrial 

enzyme activities are the same between the both genders. Ageing, not only appears to reduce 

the mitochondrial capacity of oxidative phosphorylation in human skeletal muscle, but also 

produces mitochondrial morphological degeneration. The depression of mitochondrial 

function, associated with ageing, has been linked to mitochondrial damage caused by free 

radicals and oxidants. Different levels of physical activity as shown in exercise training and 

immobilisation also affect mitochondrial capacity. Skeletal muscle disuse, immobilisation, 

long term bed rest and detraining can all reduce mitochondrial oxidative phosphorylation 

capacity and enzyme activities. Mitochondrial morphological degeneration also occurs after a 

period of immobilisation. In contrast, endurance training enhances mitochondrial capacity in 

skeletal muscle. The effects of resistance training on mitochondrial capacity in muscle is 

unclear. Previous studies have shown conflicting results, in which mitochondrial volume and 

mitochondrial enzymes have been shown to be increased, decreased and to remain unchanged. 

During exercise, muscle fatigue may reduce muscle mitochondrial function which may be 

caused by acidosis, heat and increased oxidant production. The increased oxidants and free 

radicals can inactivate enzymes in the mitochondrial ETC and can damage the mitochondrial 

membrane as well. These oxidants can also disturb mitochondrial protein and DNA 

metabolism. On the other hand, the endogenous (e.g. SOD and Cat) and exogenous (e.g. 

vitamin E) antioxidants can remove oxidants and protect mitochondria. Calcium has a 

significant effects on mitochondria. Increase in mitochondrial [Ca^^] can activate some 

mitochondrial enzymes to enhance mitochondrial function, whereas Ca^^ overload in the 

matrix of mitochondria can induce mitochondrial damage both morphologically and 

functionally. 
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2.4. OUTCOMES, EXERCISE LIMITATION AND POTENTIAL CAUSES 

POST HEART-LUNG AND LUNG TRANSPLANTATION 

During the last 15 years, heart-lung transplantation (HLTx) and lung transplantation (LTx) 

have become an established modes of treatment for many end-stage heart-lung and pulmonary 

diseases. Techniques presently utilised include HLTx (Reitz et al 1982), SLTx (Toronto lung 

transplant group 1986), bilateral lung transplantation (BLTx) or DLTx (Patterson et al 1988). 

The BLTx or DLTx is either performed as bilateral sequential lung transplantation or 

infrequently en-block double lung with bronchial revascularisation (Svendsen et al 1995). 

More recentiy, live donor bilateral lobar transplantation has been reported (Couetil et al 1997). 

2.4.L Heart-Lung and Lung Transplantation Indications 

According to the 1997, the Registry of the International Society for Heart and Lung 

Transplantation (RISHLT) official report (Hosenpud et al 1997), the three most common 

operative indications for HLTx are congenital heart diseases (CHD) (29.8%)), primary 

pulmonary hypertension (PPH) (26.9%) and cystic fibrosis (CF) (15.6%). The two most 

common indications for DLTx are CF (33.8%) and emphysema (17.2%). The top two 

indications of SLTx are emphysema (44.3%)) and idiopathic pulmonary fibrosis (IPF) (20.1%). 

Hence, chronic obstructive pulmonary diseases (COPD) are the dominant lung transplant 

operative indications. 

2.4.2. Post-transplantation Outcomes and Exercise Limitation 

For the recipients, HLTx and LTx result in improvement of survival, lung function, quality of 

life and exercise capacity following successful transplantation (Dawkins et al 1985; Williams 
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et al 1990; 1992a; Cooper et al 1994a). After transplantation, the capacity for physical activity 

in these patients improves dramatically during the first few months, but the exercise capacity 

remains lower than normal or predicted levels when they recovered from their operation 

without clinical complications (Williams and Snell 1997). Incremental exercise tests on these 

recipients are characterized by low peak exercise workrate, low V02peak or VO^max 

(Banner et al 1989; Orens et al 1995; Williams 1992a; Levine et al 1994) and an low lactate 

threshold (LT) (Levy et al 1993; Ross et al 1993). 

2.4.2.1. Survival 

Candidates for HLTx and LTx have experienced irreversible, progressive, end-stage cardiac 

and pulmonary disease. The life expectancy of these patients is estimated to be less than 12 to 

18 months (Davis and Pasque 1995). Generally, actuarial survival post-transplantation in 

HLTx is -60% in I year, and the half-life expectancy for those survivors after the first year 

(also called the conditional half-life) is 8.3 years (Hosenpud et al 1997). The survival rate 

during the first year post-transplantation in DLTx and SLTx is similar at -60%. The half-life 

expectancy in DLTx and SLTx is 4.5 and 3.7 years, respectively (Hosenpud et al 1997). 

Therefore, HLTx and LTx significantiy improve of the survival rate of patients with end-stage 

heart and lung diseases. 

2.4.2.2. Quality of Life 

The quality of life (QOL) of long-term survivors of post HLTx and LTx shows significant 

improvement (Dennis et al 1993; Spray 1993; Busschbach et al 1994; Cooper et al 1994b). 

Gross et al (1995) used a self-report questionnaire which included the Medical Outcomes of 

Health Survey (MOS-20) to compared a group of adult lung transplant candidates and a group 

of adult lung transplant recipients. MOS-20 is used to assess a number of dimensions of QOL 

including the physical, role and social function, mental health, health perceptions and bodily 
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pain. The results demonstrated that adult recipients of LTx reported higher levels of 

happiness, more satisfaction with their life (79%) and health (76%) compared with adult LTx 

candidates. According to the follow-up information of LTx in the USA (Hosenpud et al 1997), 

approximately 78.9%) and 85.7%) LTx patients experienced no limitation in physical activity 

during the first year and in the first two years post-transplantation, respectively. Around 

23.1% and 10.4% of LTx patients in the first year and about 30.2% and 10.6% of LTx patients 

in the first two years engaged in full-time and part-time work, respectively. There were about 

45.9% and 57.8% of LTx recipients that were hospitalised during the first year of follow-up 

and the first two years follow-up, respectively. 

2.4.2.3. Pulmonary Haemodynamic Change 

The reduction of pulmonary hypertension and improvement of right ventricular function are 

important for the recovery of cardiovascular function in SLTx recipients. A number of follow-

up studies in SLTx have demonstrated a dramatic decrease in pulmonary hypertension and 

pulmonary vascular resistance post-transplantation (De Hoyos et al 1992; Bando et al 1994; 

Kramer et al 1994; Pasque et al 1995; Bjortuft et al 1996). These changes have also-been 

associated with a remarkable improvement in right ventricular function (Carere et al 1991) 

and a reduction of right ventricular hypertrophic mass (Ritchie et al 1993; Kramer et al 1994; 

Frist et al 1995). The pulmonary hemodynaemic and cardiac disorders may persist in some 

LTx patients (Pasque et al 1995) and these may be the central factor which limit exercise 

capacity in these patients (see Section 2.4.3.1). 

2.4.2.4. Pulmonary Function 

Lung transplantation markedly enhances pulmonary function in the recipients. Spirometry 

indicates that each of the forced expiratory volume in one second (FEVi), forced vital 

capacity (FVC), minute ventilation (VE), diffusion capacity (DLco) and arterial O2 partial 
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pressure (Pa02) are significantly improved, after HLTx (Theodore et al 1992), DLTx and 

SLTx (Wilhams et al 1990; 1992a; Levy et all993; Ross et al 1993; Levine et al 1994; Bando 

et al 1995). In the first few months after operation, HLTx and DLTx recipients have only 

shown mild to moderate restrictive ventilatory defects during spirometry tests. Spirometry 

testing in HLTx recipients gradually improved to normal after the first few months (Morrison 

et al 1992). In DLTx, however, a mild restriction ventilation persisted when these recipients 

were free of clinical complications (Bando et al 1995). SLTx recipients have shown persistent 

abnormalities of ventilation in spirometry tests because the native lung of SLTx recipients still 

functioned with the lung allograft. The native lung in SLTx patients often presents with 

impairment of function due to previous disease. This results in an FEVi, FVC and DLco in 

SLTx patients that only are a level of-50%, -60% and -60%) of predicted values, respectively 

(Williams et al 1990; Levy et al 1993; Bando et al 1995). Ventilation and perfusion lung scans 

in SLTx demonstrated that lung ventilation/perfusion was mismatched due to the dead space 

ventilation in the native lung (Grossman et al 1990; Bando et al 1995; Pasque et al 1995). The 

mild impaired pulmonary function seems not the factor to limit exercise capacity in HLTx and 

DLTx recipients. Pulmonary ventilation/perfusion mismatch, however, may be a factor of 

exercise limitation in SLTx (see Section 2.4.3.1). 

2.4.2.5. Exercise Performance 

The exercise performance in HLTx and LTx patients has been assessed by a number of tests. 

These include the 6-minute walk test (Williams et al 1990), modified Bruce protocol treadmill 

test or Stage 1 exercise test (Williams et al 1992), and formal cardiopulmonary exercise test 

(Orens et all993). The exercise performance is significantly improved within the first 3 to 6 

months after operation in patients with HLTx (Ambrosino et al 1996), DLTx (Williams et al 

1990; Cooper et al 1994a) and SLTx (Williams et al 1990; Orens et al 1995). Recovery 

exercise performance in these patients has reached a plateaus after 6 to 12 months in HLTx 
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and LTx patients. In the second year, the capacity of exercise only improved slightly in HLTx 

and LTx patients (Williams et al 1990; 1992). In incremental maximal exercise testing, both 

HLTx and LTx (DLTx and SLTx) recipients demonstrated a low peak workrate associated 

with lower V02peak, lower HRpeak and lower LT compared with normal controls or 

predicted values (William et al 1992; Levy 1993; Howard et al 1994). Peak oxygen uptake 

(V02max) in these patients moderately decreased ranging from 45 to 60% of the predicted 

value (Miyoshi 1990; Theodore et al 1992; Williams 1992a; 1992b; Levy et al 1993). This 

result was remarkably similar among HLTx, DLTx and SLTx recipients (Howard et al 1994; 

Orens et al 1995; Williams and Snell 1997). The abnormality of exercise performance also 

appears in those patients in which pulmonary ventilation and cardiovascular function had 

been improved to near normal levels after transplantation (Madden et al 1992; Bando et al 

1995). In addition, Ambrosino et al (1996) investigated the peak torque of isokinetic 

contractions in flexor (hamstring) and extensor (quadriceps) muscles of the thigh in a group of 

HLTx patients. They demonstrated a significant improvement in the peak torque of isokinetic 

contraction in both the hamstring quadriceps muscles of leg at 6 months post-operation. These 

muscle functions were improved with the time but were still less than the normal after 18 

months. 

2.4.2.6. Abnormalities in Exercise Metabolism 

Post-transplant, most HLTx and DLTx recipients have normal arterial blood gases with 

normal pulmonary arterial and alveolar O2 gradients (PA-a02 gradients) (Burke et al 1986; 

Williams et al 1990; 1992a; Bando et al 1995). These patients do not exhibit blood oxygen 

desaturation during exercise (Williams et al 1992a; 1992b). The SLTx receptions, however, 

experience- mild blood oxygen denaturation, with normocapnoea and a widened PA-a02 

gradients during intense exercise near their VOjpeak (Bando et al 1995; Mai et al 1994). 

During incremental exercise, both HLTx and LTx have an early rise in blood lactate 
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concentration (Williams et al 1992a; Ross et al 1993; Levy et al 1993; Howard et al 1994). 

More recentiy, Evans et al (1997) used ^'P MRS to investigate oxidative capacity of the 

quadriceps muscle in LTx patients. They demonstrated that the resting muscle pH was 

significantly lower in LTx than the controls. This study also showed that the lactate threshold 

in LTx was lower during submaximal exercise compared with the controls. Information 

relating to skeletal muscle metabolism in LTx, however, remains inadequate. 

2.4.3. Potential Causes of Exercise Limitation In LTx 

The exercise limitation in HLTx and LTx patients may be potentially caused by central defects 

in heart and lung or by peripheral defects in skeletal muscle, which are indicated below. 

2.4.3.1. Central Defects 

Heart and lung function abnormalities are the central defects, for example, heart failure, 

pulmonary inflammation and pulmonary ventilation and circulation disturbances (Howard et 

al 1994). A number of causes result in central defects and these are discussed below. 

Denervated Allograft 

HLTx recipients have a denervated heart and lung allografts. There has been in considerable 

debate over the last decade regarding the adequacy of the response in cardiac allograft to 

exercise (Savin et al 1980; Kavanagh et al 1988; Rudas et al 1992). Jensen et al (1991) 

demonstrated that heart transplant recipients had a normal function of allografts and an 

adequate oxygen delivery during incremental exercise testing. Kimoff et al (1990) 

investigated the ventilatory response in HLTx patients in progressive incremental exercise. 

They found that CO2 output (VCO2) in HLTx patients was higher than controls, because the 

ventilatory frequency was slightly increased in HLTx patients. Otherwise, all parameters of 

pulmonary function in HLTx were similar to controls. These patients also had similar 
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ventilation at peak exercise compared with the controls. Sciurba et al (1988) demonstrated 

that exercise capacity and pulmonary function in HLTx patients were similar with heart 

transplant patients. The two group patients have a appropriate levels of ventilation during rest 

and maximal exercise. Accordingly, these mild ventilation alterations in HLTx patients do not 

appear to limit exercise capacity in HLTx and DLTx (Sciurba et al 1988; Levy et al 1993). 

Acute Rejection and Infection 

Most acute allograft rejection occurs in the first three months. Organ biopsy confirmed a 

rejection rate of 60% to 70% in the first month post HLTx and LTx (De Hoyos et al 1992; 

Cooper et al 1994a). Bacterial and other fungal and viral infections are the most common 

complication and cause of death after the first month up to the twelfth month post HLTx and 

LTx (Hosenpud et al 1997). Acute lung rejection and pulmonary infection results in lung 

inflammatory infiltration which leads to a reduction of the gas diffusive capacity in the 

allograft. This would reduce exercise capacity significantly, since the pathological changes of 

pulmonary infection, such as fever and hypoxaemia are inevitable outcomes in these patients. 

Once sepsis occurs, one of the most severe metabolic consequences is loss of body protein. 

The main source of the lost protein is from skeletal muscle protein breakdown, especially, 

degradation of myofibrillar protein (Hasselgren et al 1989; Hasselgren and Fischer 1997). A 

reduction of skeletal muscle protein synthesis and inhibited uptake of amino acids also occurs 

in sepsis (Hasselgren et al 1986). These would potentially cause skeletal muscle wasting with 

a loss of muscle mass and increased susceptibility to fatigue. 

Chronic Rejection and Obliterans Bronchiolitis 

The development of chronic allograft dysfunction is the main central defect post-lung 

transplantation. This has been characterised by decreased FEVi (Cooper et al 1993) and 

inflammation and occlusion of airways (Snell et al 1997). The latter pathological changes in 

bronchioles is so called obliterans bronchiolitis (OB). In chronic allograft dysfunction, OB is 

the most common histological finding (Cooper et al 1993), but the physiological 
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manifestation of chronic allograft dysfunction often does not correlate with the histological 

findings of lung biopsy (Davis and Pasque 1995). One year after transplantation, OB is the 

most common cause of mortality in HLTx and LTx (Sarris et al 1994; Hosenpud et al 1997). 

There are a number of possible etiologies for OB. Chronic rejection and bacterial or a variety 

of other infections, such as cytomegalovirus (CMV) and the influenza virus are thought to be 

possible etiological causes on the small airways (Burke et al 1984; Winter et al 1994; Kramer 

et al 1996; Kroshus et al 1997). Burke et al (1984) suggested that lung denervation and loss of 

bronchial circulation might play a role in damaging the small airway resulting in bronchiolitis. 

Immunologically mediated responses targeted at the small airways may be another potential 

cause (Reichenspurner et al 1995). Human lymphocyte antigen (HLA) mismatch and 

autoimmune diseases may also be important factors (Burke et al 1987; Kroshus et al 1997). 

Patients with primary pulmonary hypertension before transplantation have been found to be 

more susceptible to OB (Kshettry et al 1996). The transplant patients with OB have a 

progressive deterioration in pulmonary function (Patterson et al 1996) and they may be 

associated with abnormalities in skeletal muscle and limit the exercise capacity, but there are 

no reports so far. 

Lung Ventilation/Perfusion Mismatching 

As mentioned in Section 2.4.2, pulmonary ventilation/perfusion mismatching is another 

central defect affecting pulmonary oxygen exchange particularly in SLTx (Grossman 1990). 

Ventilation/perfusion mismatching in HLTx and DLTx, may suggest subtle abnormalities in 

the allograft such as acute rejection, subclinical rejection, and the alteration of pulmonary 

circulation by drugs, inducing systemic vascular contraction and chronic rejection or OB 

(Howard 1994). Ventilation/perfusion mismatching in lung can produce hypoxaemia which is 

a potential factor to limit exercise capacity in LTx patients. 

Cardiac Defects 

DLTx, and SLTx recipients had a similar cardiac performance response to the exercise tests 
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revealing a low HRpeak compared with controls or predicted values in maximal exercise 

(Howard et al 1994; Levy et al 1993). Ross et al (1993) reported that the maximal heart rate 

response to peak exercise between pre and post LTx was similar, but the cardiac index (CI) 

(CI = cardiac output per unit body surface area, L min"' m'^) significantly improved post­

transplantation. Williams and Snell (1997) indicate that cardiac function is not the 

predominant factor limiting exercise if the cardiac function is normal. On the other hand, 

some patients may have pulmonary hypertension, left and right ventricular function 

incompetence, specially in the SLTx patients with pulmonary hypertension (HP) (Pasque et al 

1995). In these patients cardiac incompetence may reduce exercise capacity (Ross et al 1993). 

Similarly, cardiac incompetence may also occur in some long-term survivors of HLTx 

because chronic heart rejection may cause coronary vascular occlusive disease (Scott et al 

1992). 

2.4.3.2. Peripheral Defect in Skeletal Muscle 

Since skeletal muscle is the biggest peripheral tissue and its function is vital for physical 

activity in humans. In recent years, peripheral skeletal muscle defect has been regarded as the 

most important factor limiting exercise performance in LTx patients (Howard et al 1994; 

Williams and Snell 1997). The aetiology of peripheral defect in skeletal muscle is multi­

factorial and can occur either pre-operation or post-operation. 

Pre-Transplant Skeletal Muscle Injury 

Patients who require HLTx and LTx have all suffered with severe chronic pulmonary and/or 

heart disease, which are so called end-stage lung and/or heart diseases. The response of 

skeletal muscle to long-term bed rest, severe respiratory dysfunction and congestive heart 

failure mast often leads to muscle deconditioning because muscle disuse, hypoxaemia and/or 

an inadequate blood circulation in peripheral skeletal muscle can result in muscle debilitation. 

Skeletal Muscle Deconditioning As previously indicated, long-term bed rest, muscle disuse, 
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and immobilisation are all associated with loss of skeletal muscle mass, strength and reduced 

skeletal muscle mitochondrial mass or volume. These individuals have muscle atrophy and 

fibre type alteration, and a low VOjmax and limited exercise performance (see Section 

2.3.1). This alteration in muscle is commonly referred to as physical deconditioning. Skeletal 

muscle deconditioning in certain diseases, such as CHF and pulmonary disease, may also 

involve a series of pathological processes. However, it is difficult to distinguish between 

physical and pathological deconditioning in these patients because patients with pathological 

disorders are also potentially susceptible to physical deconditioning. Therefore, this sort of 

muscle deconditioning may have both physical and pathological causes. The pathological 

changes of deconditioning in cardiac and pulmonary disease are discussed below. Kayanakis 

(1989) has defined that muscle deconditioning syndrome in heart failure patients has two 

causes: reduction of the nutritive blood flow in skeletal muscle and specific alteration of 

mitochondrial oxidative metabolism. 

Skeletal Muscle alterations in Cardiovascular Diseases. A large number of studies have 

shown skeletal muscle impairment in CHF. The major alterations in skeletal muscle histology 

is muscle fibres atrophy associated with a significantly lower proportion of muscle type 1 

fibres (-22%)—45%) and a higher proportion of type 11 (-55% to -78%) or type lib (-22%-

-33%) fibres compared with normal controls (Mancini et al 1989, Sullivan et al 1990; Massie 

et al 1996). In the muscle fibres, capillary length density (Drexler et al 1992) and number of 

capillaries (Sullivan et al 1990) are significantly lower by -20% and -18% (type 1) to -24% 

(type Ila) in CHF patients than in the normal controls, respectively. The capillary reduction 

may result in diminished blood flow in muscle (Wilson et al 1984). Drexler et al (1992) also 

demonstrated that the patients with CHF have significantly lower mitochondria volume 

density (-j8%)) and lower surface density of cristae mitochondria (-17%) in muscle fibre 

compared with the controls. Reduction in mitochondrial function is also evidence by lower 

oxidative enzyme activity (Massie et al 1988; Chati et al 1994; 1996; Massie et al 1996; 
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Hambrecht et al 1997). For instance, CS activity in skeletal muscle was 26.7 pmol L"' in 

patients with CHF and 43 pmol L"' in controls (Sullivan et al 1990). More important, patients 

with CHF have a poor exercise performance (Minotti et al 1992; Chati et al 1994; 1996; 

Massie etal 1996). 

Skeletal Muscle Alteration in Pulmonary Disease. Respiratory function dysfunction in lung 

diseases can affect skeletal muscle. Hamilton et al (1995) measured peripheral muscle 

strength in 4,617 subjects. Peripheral muscle strength was lower in patients with angina and 

cardiac disease compared with the healthy controls {P < 0.001), such as, work of knee 

extension was 46 kg in angina patients, 45.2 kg in patients with cardiac disease and 50 kg in 

controls. The muscle strength in patients with pulmonary disease and patients with combined 

pulmonary and cardiac diseases was significantly lower than controls, angina patients and 

patients with cardiac disease {P < 0.001). For example, work of knee extension was 41 kg in 

patients with pulmonary disease and was 40.5 kg in patients with combined pulmonary and 

cardiac diseases. The patients with angina, cardiac disease, pulmonary disease and with 

combined pulmonary and cardiac diseases also had a lower maximal work capacity compared 

with normal controls (971 kpm min"' or 102% of predicted value) by 77.3%, 84%, 72% and 

70% of predicted levels, respectively. Therefore, impaired cardiao-pulmonary fianctionsare an 

important factor leading to reduction of muscle function. 

Skeletal muscle fibre types were also changed in patients with pulmonary disease. Jakobsson 

et al (1990) showed that skeletal muscle fibre-type changes in COPD. The COPD patients 

with respiratory failure had only 17% of type I fibres and patients without respiratory failure 

had 22.3% of type 1 fibres. The proportion of type I fibre had a positive correlation with 

arterial partial oxygen pressure (PO2) in these patients. Whittom et al (1998) also found that a 

group of patients with COPD had a lesser proportion of type 1 fibres (34% in COPD vs. -58% 

in controls), higher proportion of type lib fibres (15% in COPD vs. 5% in controls). The 

muscle area was smaller in type I (-40%) and type lla fibres (-29%) in vastus lateralis muscle 
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compared with controls. 

Patients with COPD also exhibited low activity of mitochondrial enzymes. Maltais et al 

(1996) showed that patients with COPD had a lower muscle CS activity (22.8 V5. 36.8 pmol 

min"' g"') and HAD activities (3.1 vs. 5.5 pmol min"' g"') compared with controls. Jakobsson 

et al (1995) also showed that patients with COPD had a 29% lower CS activity in skeletal 

muscle compared with the normal control subjects (85.3 vs. 120.7 pmol min"' g"' protein). 

Payen et al (1993) have demonstrated that the capacity of oxidative phosphorylation in 

skeletal muscle was low in patients with COPD and chronic hypoxaemia. The muscle 

oxidative capacity of these patients was measured in calf muscle by ^'P-NMR before and after 

foot exercise. In resting muscle, COPD patients had 14% lower level of ratio of ATP/(PCr + 

Pi + phosphomonoesters) compared with controls indicating reduced mitochondrial function 

in the patients. Patients also exhibited a lower intracellular pH (-5%) and higher Pi/PCr ratio 

(870%) at end of exercise. The half time for PCr resynthesis during recovery was greater by 

122% in the patients compared with controls. These data reflect a reduced oxidative capacity 

and greater reliance on anaerobic metabolism during exercise. It is significant, therefore, 

Jakobsson et al (1995) demonstrated that COPD patients had 34% greater level of the 

glycolytic enzyme PFK compared with controls. 

Fiaccadori et al (1987) demonstrated that a group patients with COPD had a lower 

intracellular pH (6.77 in COPD vs. 7.03 in controls, P < 0.05). These patients also had lower 

ATP (16.8 vs. 23.8 mmol L"'), PCr (49 vs.76.9 mmol L"'), ATP/ADP ratio (5.14 vs. 8.36) and 

increased Cr (66.5 vs. 51.8 mmol L"') and lactate concentration (15.4 vs. 8.6 mmol kg"') in 

resting quadriceps femoris muscle compared with healthy controls. The study of Jakobsson 

and Jorfefdt (1995) also showed that muscle ATP and ratio of PCr/(PCr + Cr) were 

significantly lower in COPD patients than in healthy controls by -15% (16.3 vs. 19.1 mmol 

kg"') and -24% (0.39 vs. 0.51), respectively In addition, Pouw et al (1998) investigated 
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skeletal muscle metabolism in two group patients with COPD. One group patients had lower 

(56% of predicted value) lung diffusion capacity for carbon monoxide (DLco) and other 

group COPD patients had a near normal lung DLco (76% of predicted value). Muscle IMP 

concentration in the patients with low DLco, was significantiy increased (0.18 mmol kg''dw), 

but muscle IMP did not change in the COPD patients with near normal DLco lung function 

(0.06 mmol kg"'). The DLco between the two groups was significantly different {P < 0.05). 

The ratio of PCr/Cr in resting muscle in this group of COPD patients was 10% lower than the 

control patients. Hypoxaemia may be an important factor leading to metabolic deterioration in 

patients with pulmonary disease because long-term oxygen therapy or oxygen 

supplementation improved muscle metabolism (Payen 1993; Jakobsson et al 1995). Hence, in 

heart and lung transplant candidates, cardiovascular system failure or pulmonary system 

dysfunction can result in skeletal muscle deconditioning which consists of alteration of 

muscle fibre, reduction of mitochondrial oxidative capacity and metabolic abnormalities in 

skeletal muscle. 

Post-Operative Factors 

After transplantation, heart-lung and LTx patients may still exist skeletal muscle 

deconditioning. The immunosuppressive drugs taken may also result in peripheral defects, 

especially, corticosteroids and CyA. 

Persistent Deconditioning in Skeletal Muscle. Previous studies have suggested that exercise 

intolerance associated with low VO2 peak in HLTx and LTx recipients during exercise may be 

caused by persistent deconditioning post-transplantation (Miyoshi et al 1990; Williams 1992a; 

Ross et al 1993; Levine et al 1994). A number of studies have demonstrated the low exercise 

capacity persistence after heart-lung and lung transplantation (Ross et al 1993; Ambrosino et 

al 1996).-Skeletal muscle abnormalities in HLTx and LTx patients may also persist after 

operation, in spite of the fact that cardiopulmonary diseases have been relieved or partially 

relieved by successful organ transplantation. Ambrosino et al (1996) demonstrated that HLTx 
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recipients have a low peak torque during isokinetic knee contractions in the leg flexor-

hamstring muscle (IFX) and in the extensor-quadriceps muscle (LEX). LFX and LEX peak 

torques in these HLTx patients were 28 and 48 Newton-meter (Nm), respectively, when they 

were admitted to hospital for heart-lung transplantation. These patients also associated with a 

low V02peak (-40% of predicted value) at that time. Post-transplantation, the LFX and LEX 

peak torques were significantly increased to 35 and 86 Nm, respectively, after 6 months 

rehabilitation training. These parameters were still lower than predicted values (LFX - 60% 

and LEX - 70% predicted values). V02peak, however, did not significantiy alter during the 

18 months observation. The maximal level of V02peak in these patients was -56% of 

predicted value at 6 months post operation. Evans et al (1997) confirmed in ^'P-MRS study 

that there is an abnormal oxidative capacity in skeletal muscle of LTx recipients 5 to 38 

months after transplantation. Patients in this study showed a greater level of acidosis in 

muscle at rest (intracellular pH 7.07 vs. 7.12 unit) compared with the controls. During 

incremental quadriceps exercise test, the patients exercise for 5.4 minutes compared with 7.8 

minutes for controls. Muscle pH fell during exercise, at a mean oxygen consumption level of 

282 ml min"' compared with a a significantly higher level of 577 ml min"' in the controls". The 

aherations in muscle metabolism in the lung transplant recipients observed by Evans et al 

(1997), are indicative of a lower skeletal muscle oxidative capacity and a greater reliance on 

anaerobic metabolism in muscle at rest and during exercise. Bussieres et al (1997) 

investigated skeletal muscle morphology and biochemistry for cardiac transplant recipients. 

They found that the proportion of type II fibres was 66% pre-operation and this did not alter 

one year after operation. The cross-sectional area of three type muscle fibres significantly 

increased (from type 1 -3,119 to -4,250, lla -2,770 to -3,700 and lib -2,256 to -2,900 pm^ 

P < 0.05)^fter operation 12 months. These muscle fibre areas, however, were still lower than 

published normal values (type 1 -4,980 - -6,800, lla -5,000 - -6,400 and lib -3.200 - -5.700 

pm ;̂ Andersen 1975; Sullivan et al 1990; Whittom et al 1998). The activity of muscle 
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enzymes PFK, CS and HAD increased by 26%, 47% and 63%, respectively, 12 months after 

operation. The patients in the sttidy by Bussieres et al (1997), however, still had low peak 

VO2 uptake (46%) and 60%) predicted value in post operation 3 and 12 months, respectively) 

during incremental exercise tests. There deficiencies were still evident, even if these patients 

participated in a physical rehabilitation program in the first 3 months and further continue 

exercise training at home post-operation. Therefore, the skeletal muscle deconditioning which 

occurred before operation in heart transplantation persists post-transplantation. It is possible, 

therefore, a similar outcome may occur in LTx patients. 

Immunosuppressive Treatment. Post-transplantation, patients undertake long-term 

immunosuppressive drug treatment. These drugs have different side effects which may impact 

adversely on skeletal muscle and exercise intolerance. 

Corticosteroids. Animal studies have shown that corticosteroids can inhibit protein synthesis 

in rat skeletal muscle (Odedra et al 1983). Severe wasting of respiratory muscle and limb 

muscle with a corresponding loss of body weight and muscle weight have been shown in 

triamcinolone and methylprednisolone (synthetic glucocorticoid) treated rats (both 80 mg kg' 

day X 5 days injection) (Nava et al 1996). These two steroids significantly induced type lib 

fibre atrophy in the diaphragm, scalenus medius and gastrocnemius muscle. Prednisolone 

(PNL) at 5mg kg"' dosage, however, did not cause muscle fibre atrophy (Dekhuijzen et al 

1995). Type Ila fibre atrophy in the diaphragm was only observed in the triamcinolone group 

(Nava et al 1996). Consistentiy, Wilcox et al (1989) demonstrated that corticosteroids mainly 

target skeletal muscle type 11 fibres (atrophy) rather than type 1 fibres. Letteron et al (1997) 

investigated the effect of dexamethasone, one of glucocorticoids (20 pmol L"), on hepatic 

mitochondrial function and lipid metabolism in mice. They have demonstrated that 

dexamethasone can inhibit mitochondrial matrix fatty acid enzyme activity in vitro and in 

vivo. They also demonstrated that the steroid can significantly inhibit isolated mice hepatic 

mitochondrial State III respiration indicated by a lower RCR and lower ADP/O ratio in 

74 



presence of the substrates malate plus glutamate. A reduction of RCR and ADP/O ratio in 

presence of succinate as substrate were also demonstrated in the study of Letteron et al 

(1997). Their study indicates that glucocorticoids can inhibit the function of Complex I and 

Complex 11 in mitochondrial ETC and reduce mitochondrial ATP production capacity in vitro. 

Similarly, Simon et al (1997) have also demonstrated that PNL (I pmol L"') decreased the 

respiratory control ratio (-13.4%) with succinate and rotenone showing impairment of the 

ATP synthesis in rat kidney mitochondria. In contrast, Peter et al (1970) injected 

triamcinolone (5mg kg' day) to group of rats for ten days, then isolated mitochondria form 

gastrocnemius muscle for determining mitochondrial oxidative function. Their study did not 

shown any effect of triamcinolone in vitro on the mitochondrial respiration in presence of 

substrate combination of pyruvate + malate, succinate + rotenone and ascorbate + NNNN'-

tetramethyl-p-phenylenediamine (TMPD). 

Acute myopathy has been reported following high doses of corticosteroids or long-term 

steroid therapy (Panegyres et al 1993; Al-Lozi et al 1994; Decramer et al 1996; Hanson et al 

1997). Van Balkom et al (1997) demonstrated that corticosteroid-treated (6 mg kg"' PNL for 3 

weeks) rat diaphragm muscle reduced the maximal isometric force and slowed the maximal 

shortening velocity by -20%. Peak power output of the corticosteroid-treated diaphragm 

muscle was only 60% of controls. Decramer et al (1996) observed a group of steroid-induced 

myopathy in COPD patients. The steroid-induced quadriceps myopathy was characterized by 

increased variation in diameter of fibres, with several angular atrophic fibres, diffuse necrotic 

and basophilic fibres. Between the fibres, connective tissue was increased. These patients had 

severe peripheral muscle weakness and lower quadriceps force than the control COPD 

patients. Hence, large doses of corticosteroid or long-term steroid therapy could result in 

skeletal muscle impairment, limiting exercise capacity in patients. 

Azathioprine (AZA). Until recently, it was generally accepted that AZA had no side effects 

on skeletal muscle. Simon et al (1997), however, showed that 1 pmol L"' AZA in vitro 
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inhibited the respiratory control ratio by -10.5% in rat kidney mitochondria. There is no 

evidence to demonstrate exercise limitation caused by AZA. 

Cyclosporine A. CyA is the most effective immunosuppressant contributing to the survival 

rate of all organ fransplantation recipients. CyA, however, has significant side effects after 

HLTx and LTx. The major adverse effects are systemic hypertension and nephrotoxicity. 

Cyclosporine A-lnduced Systemic Hypertension and Nephrotoxicity. Hosenpud et al (1997) 

concluded that the prevalence of systemic hypertension and of renal dysfunction in LTx was 

44.2% and 7.9% in the first year and 56.9% and 9.4%, in second years after operation, 

respecfively. Studies in both animals (L'Azou et al 1994; Takeda et al 1995) and humans 

(Myers et al 1988; Pei et al 1995) have been documented that CyA is a major toxic agent 

contributing to these complications. CyA can cause small artery general constriction in organs 

and peripheral tissue (Bartholomeusz et al 1996). It may be the primary pathological change 

in CyA-induced nephrotoxicity and systemic hypertension. There are numerous of 

explanations for CyA-induced vasoconstriction. Firstly, CyA may cause an increase in the 

synthesis and release of endothelin or an increase in endothelin type A receptors of the 

arteries (Bartholomeusz et al 1996; Takeda et al 1995). The endothelin is a potent 

vasoconstrictor of the peripheral vascular system. Secondly, CyA increases the Câ "̂  influx to 

vasoconstrictor hormones in smooth muscle cells, which likely increases vasoconstriction 

(Lo-Russo, et al 1996). Thirdly, CyA can impair mitochondrial function (Jung and Reinholdt 

1987) which may over-produce oxidants leading to renal and systemic vasoconstriction and 

resulting in nephrotoxicity and systemic hypertension (Wolf et al 1994; Assis et al 1997; 

Baliga et al 1997; Krysztopik et al 1997). 

Studies for hypertension have revealed histological and biochemical alterations in skeletal 

muscle oflhese patients. Hypertensive individuals have been found to exhibit a lower (35% 

vs. 40%, P < 0.05) proportion of type 1 fibres and a higher proportion of type II fibres (Juhlin-

Dannfelt et al 1979). Ben Bachir-Lamrini et al (1990) demonstrated that a group of 
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spontaneously hypertensive rats (SHR) displayed a significantly decreased proportion of 

slow-twitch fibres in slow muscle (soleus) from 4 weeks age compared with normotensive 

rats. They suggested that muscle fibre transition may be caused by an increased level of 

plasma catecholamines in SHR. In terms of muscle metabolism, both muscle biopsy and 

NMR studies demonstrated an -30%) decrease in PCr content in resting muscle and slower 

PCr regeneration during post exercise recovery in a group of hypertensive patients (Ronquist 

et al 1995). Hypertensive patients have an impaired exercise tolerance which is -30% less 

than age matched controls (Lim et al 1996). Rieder et al (1996) demonstrated that 

hypertension reduced skeletal muscle force generation, decreased muscle performance and 

increased muscle fatigue in renal hypertensive rats. Consequently, CyA induced hypertension 

may aggravate the muscle deficiencies and reduce exercise tolerance. 

CyA induced myopathy. CyA induced myopathy is rare, but there have been some cases 

reported (Noppen 1987; Goy et al 1989; Fernandez-Sola et al 1990; Arellano and Krupp 

1991). The characteristics of this myopathy include myalgia, weakness, muscle cramps and 

rhabdomyolysis in clinical manifestations and type II fibre atrophy, segmentary necrosis, Z-

line streaming, disruption of myofibrils and abnormal mitochondria. CyA-induced myopathy 

may also be related to other drugs and agents used after cardiac transplantation, such as, 

HMGRIs, the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor and 

the newer antilipemic drugs (Corpier et al 1988; East et al 1988; Smith et al 1991; Alejandro 

and Petersen. 1994). CyA hypomagnesaemia, which may cause skeletal muscle mitochondrial 

dysfunction and myopathy (Lamer et al 1994). 

CyA and Mitochondrial function. Jung and Pergande (1985) and Zenatti et al (1988) 

demonstrated that CyA can inhibit mitochondrial respiration in the isolated mitochondria of 

rats. Jung_and Reinholdt (1987) have also shown that CyA depressed mitochondrial function 

of human kidneys in a dose dependent manner. In addition, CyA can significantly decrease 

mitochondrial function in the liver (Samuta et al 1993) and cardiac myocytes (Altschuld et al 
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1992). The effect of CyA on mitochondrial O2 consumption in skeletal muscle has been 

demonstrated both in vivo and in vitro. Hokanson et al (1995) examined O2 consumption in 

isolated mitochondria from rat skeletal muscle. The resuhs showed that addition of CyA (25 

pg ml'') into the test chamber reduced O2 consumption significantly. Mercier et al (1995) 

found a reduction in the O2 consumption of skeletal muscle in isolated mitochondria of rats 

that had been fed a high dosage of CyA (20 mg kg"' day for 14 days). The study also showed a 

significant linear correlation between endurance exercise time and State 3 respiration of 

mitochondria. 

Previous studies have shown that oxidants, including free radicals and lipid peroxidation 

(Wolf et al 1994, 1997), could be induced by CyA. It has been documented that oxidants 

damage membrane lipids (Ames et al 1995), protein (Sohal and Dubey 1994), electron chain 

components and ATPase (Zhang et al 1990), and DNA metabolism (Fraga 1990). There were 

reports, however, that CyA may act as a mitochondrial permeability transition pore (MPTP) 

blocker to reduce the ischemia-reperfusion damage in rat heart mitochondria (Griffiths and 

Halestrap 1993) and prevented the mitochondrial injury by anoxia-reoxygenation in rat liver 

mitochondria (Tanaka et al 1998). CyA blocks mitochondrial Ca release resulting i n€a + 

storage increased in mitochondria (Crompton et al 1988, Richter et al 1990). The 

consequences of Câ "*" overload in mitochondria have been discussed in Section 2.3.6.2. 

2.4.4. Summary 

During the past 15 years HLTx and LTx have become established modes of treatment for 

many forms of end-stage heart-lung and pulmonary disease. Post LTx, the survival rate and 

quality of life of recipients have shown dramatic improvement followed by improved cardiac 

and pulmonary function. The exercise capacity for these organ transplant recipients, however, 

is still lower than the predicted levels. The exercise limitation is characterised by poor 

exercise tolerance, lower VOj peak and an early rise in blood lactate. Potential causes may be 
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related to preoperative cardiopulmonary disease and long-term reduction of physical activity 

which lead to skeletal muscle deconditioning, either physical, pathological or both. Exercise 

limitation may also be affected by several post-transplant factors. Muscle fibre atrophy, a 

lower proportion of type I fibre, and lower aerobic metabolic capacity may limit exercise 

tolerance. Immunosuppressive medications can also impair skeletal muscle, especially CyA 

and corticosteroids. CyA not only causes renal failure and system hypertension but may also 

impair mitochondrial function in skeletal muscle in lung transplant patients. 
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CHAPTER 3. GENERAL METHODS 

3.1 OVERVIEW 

This thesis comprises three studies as follows: 

• Study I. Mitochondrial capacity and metabolism in skeletal muscle post lung 

transplantation (chapter 4). 

The first study investigates mitochondrial ATP production rate (MAPR), metabolic enzyme 

activity, muscle fibre type and resting muscle metabolites in a group of LTx recipients and age 

and sex-matched controls. The study also examined the response to incremental exercise in 

these groups. 

• Study II. The effects of cyclosporine on in vitro MAPR in rat skeletal muscle (Chapter 5). 

The second study used a rat model to examine whether MAPR in skeletal muscle is 

suppressed by cyclosporine A at 50 pg ml"', 25 pg ml"' and 1 pg ml"' concentrations. This 

part of the study provided further evidence of the CyA toxicity on skeletal muscle 

mitochondrial function and may help to understand the cause of exercise limitation in patients 

post lung transplantation (Chapter 4). 

• Study 111. Mitochondrial capacity and exercise metabolism in the skeletal muscle of 

resistance-trained individuals (Chapter 6). 

The third study examines the skeletal mitochondrial capacity in resistance-trained subjects 

and untrained controls including the proportion of muscle fibre types, metabolic enzyme 

activities, metabolites in resting and fatigued muscles during intense fatiguing exercise and 

MAPR with various substrates. Exercise capacity and function of quadriceps skeletal muscle 

were also tested in the third study. 

A total of 30 human subjects participated in Study 1 and III and they performed a variety of 
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exercise tests. These tests included assessment of V02peak (Studies I and III), and tests to 

assess muscle strength, power and fatigability (Study 111). Arterialised venous blood samples 

were obtained from a superficial dorsal vein of a hand at rest and during the exercise tests in 

Studies I and III. Muscle samples were obtained from the vastus lateralis at rest in Smdy 1 as 

well as at rest and immediately after exercise to fatigue in Study 111. For Study II, red 

gastrocnemius muscle samples were obtained from rats after euthanasia. 

Blood samples were analysed for plasma lactate and blood gases (Studies 1 and III). Muscle 

samples were analysed for MAPR (Studies 1,11 and 111), fibre type composition (Studies 1 and 

III), metabolic enzyme activities, resting muscle metabolites (Studies I and III) and 

metabolites in both resting and fatigued muscle (Study 111). 

Full details of exercise tests and subjects (or animals) are given in the relevant chapters. This 

chapter describes the measurement of maximal aerobic power and the general methods 

employed to analyse blood and muscle samples. 

In both Study 1 and III, subjects were required to complete a detailed medical questionnaire 

and gave written informed consent (Appendix I) before commencing the study. The Human 

Research Ethics Committee of Victoria University of Technology approved all protocols and 

procedures conducted at Victoria University. The Hospitals Ethics Committee of the Alfred 

Group approved all protocols and procedures conducted at the Alfred Hospital. The Animal 

Experimentation Ethics Committee, Victoria University of Technology, approved all 

procedures in Study 11. 

3.2. LUNG FUNCTION TESTING 

All subjects performed spirometry to determine their vital capacity (VC) and forced-expired 

volume in one second, (FEVj). Healthy subjects were tested on a spirometer (Minato Osaka, 



Japan) whilst transplant patients were tested at the Alfred Hospital on a Jaeger Masterlab 3.30 

spirometer (Wuerzburg, West Germany). 

3.3. MEASUREMENT OF MAXIMAL AEROBIC POWER 

The subjects refrained from exercise, alcohol and caffeine consumption for 24 hours prior to 

the test. On the testing day, subjects had a light breakfast. When they arrived at the laboratory, 

they were weighed and a catheter was inserted into a superficial vein in the dorsum of the 

right hand for arterialised venous blood sampling (see 3.4.1). Maximal aerobic power was 

determined using an incremental exercise test on an electrically braked cycle ergometer This 

measurement included VOj peak, peak carbon dioxide output (VC02peak), minute ventilation 

at peak exercise (VEpeak), peak workrate, maximal exercise duration and HRpeak. The 

protocol details of measurements see the relevant Chapter During the incremental exercise 

test, blood samples were obtained for determination of blood gas and plasma lactate (see 

blow). 

3.4. BLOOD ANALYSES 

3.4.L Blood Sampling 

Prior to commencement of the exercise test, a 20 G indwelling catheter was inserted into a 

superficial vein in the dorsum of the right hand. The catheter was attached to an extending 

line, with a three-way tap allowing multiple samples to be taken. A plastic cover (Tegaderm 

) and a common surgical glove protected the hand with a venous catheter. The hand was 

placed in a hot water bath at 45 °C for 10 minutes to achieve arterialisation of venous blood. 
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Arterialised venous blood samples were drawn at rest, every minute during the increment 

exercise test to voluntary exhaustion. Two syringes of blood were drawn at each sampling 

time, the first one for plasma gases and the second for lactate measurements. Heparinised 

saline was flushed (1-2 ml) intermittently to maintain patency. Arterialisation of the venous 

blood was maintained by persistent immersion of the hand in the hot water bath throughout 

exercise (-45 °C). Regular blood gas analysis was used to confirm successful arterialisation 

indicated by oxygen saturation greater than 90%. 

3.4.2. Blood Processing 

The blood gas syringe was capped tightly and placed on ice for plasma oxygen partial 

pressure (PO2), and partial pressure of carbon dioxide (PCO2) analyses (865 Ciba Coming, 

Medfield, MA, USA) for healthy subjects. The blood gas samples in the LTx patients in Study 

I used an automated blood gas analyses (Radiometer, Copenhagen, Denmark). While blood 

samples from the second syringe were centrifuged and 250 pi of aliquot of plasma was 

deproteinised in 500 pi of 3.0 mmol L'' perchloric acid. After centrifugation the supernatant 

was drawn off and stored in a freezer at -75 °C for later lactate analysis. Plasma lactate was 

determined in triplicate, using an enzymatic technique with spectrophotometric detection 

according to the method of Lowry and Passonneau (1972). The lactate threshold was assessed 

from a plot of plasma lactate concentration against workrate and VO2 using the log-log 

transformation model that was described by Beaver et al. (1985). 

3.5 MUSCLE SAMPLES AND ANALYSES 

3.5.1 Vastus Lateralis Muscle Needle Biopsies 

Muscle biopsy samples were obtained from the vastus lateralis muscles using the needle 
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biopsy technique as described by Bergstrom (1962). Briefly, with the subject resting supine, 

the skin was prepared with iodine solution (Betadine). Lignocaine (2%) local anaesthetic was 

infiltrated into the skin, subcutaneous tissue and fascia. Three small incisions for Study III 

and two incisions for Study I were made into the skin. A 5-mm muscle biopsy needle was 

used to obtain 70-100 mg of skeletal muscle. One portion of muscle (15-20 mg), for fibre type 

analysis, was embedded in the mounting medium, immediately immersed in isopentane 

cooled in liquid nitrogen (LN2) and subsequentiy stored in LN2. Two pieces of muscle (15 mg 

and 20 mg) were immediately frozen in liquid nitrogen and stored in liquid nitrogen for 

enzyme activity and metabolite analyses. The remaining piece of fresh muscle (25-40 mg) 

was placed on ice and used for the determination of MAPR. 

3.5.2. Muscle Analyses 

All muscle analyses were conducted in the Exercise Metabolism Unit Laboratory, School of 

Life Sciences and Technology, Victory University of Technology. 

3.5.2.1 Muscle Fibre Types 

Muscle fibre types were determined using the myofibrillar ATPase method as described by 

Dubowitz and Brookes (1985). The muscle cross-section about 10 pm thick was cut on a 

cryostat at -20 °C (Microm GMBH D-6900 500, Heidelberg, Germany). The sections were 

preincubated at pH 10.35, 4.6 and 4.3, and after staining for myosin ATPase, were visually 

counted to determine the percentage of each type. Fibres were classified into type I (slow-

twitch) and types Ila and lib (fast-twitch) according to myofibrillar ATPase staining patterns. 

3.5.2.2. Muscle Metabolite Analyses 

Muscle freeze-drying and extraction 

Previously stored muscle samples (15-20 mg) for analysis of metabolites were weighed at 
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minus 20 °C and freeze-dried (Edwards, Modulyo) for 48 hours, re-weighed and powdered. 

Approximately Img of dry muscle powder was apportioned for glycogen determination. 

Portions of approximately 2 mg of dry muscle powder were used for the analysis muscle of 

metabolites. 

The samples for glycogen determination (-1 mg dry muscle powder) were hydrolysed in 250 

pi aliquot of 2 nunol L'' hydrochloric acid (HCL) at 100 °C for 2 hours. After hydrolysis with 

periodic mixing, the samples were neutralized by the addition of 0.75 ml of 0.667 mmol L'' 

sodium hydroxide (NaOH), and then stored at -80 °C to be analysed. 

The samples for muscle metabolite analyses (~2mg of dry muscle powder) were extracted in a 

5 step procedure according to the method of Harris et al (1974). (I). A 250 pi aliquot of 0.5 

mmol L'' perchloric acid (PCA) with 1 mmol L"' methylenediaminetetra-acetic acid (EDTA) 

was added to the tubes containing the muscle powder, then mixed on a vortex for 10 minutes. 

The tubes containing muscle samples were placed on ice. PCA-EDTA solution was pre-

cooled on ice. (2). After mixing, the samples were centrifuged (Heraeus Sepatech Biofuge 

28RS, USA) at 28,000 RPM (51,000 G) at 0°C for two minutes. (3). A 200 pi aliquot 

supernatant was transferred to a pre-cooled and appropriately labeled eppendorf tube. The 

supematant was neutralized with 50 pi aliquot of 2.1 mmol L"' ice-cold KHCO3, then mixed 

and put on ice for 5 minutes to complete precipitation of perchlorate ions. (4). Again, the 

samples were mixed and spun on a centrifuge as before. (5) Finally, the supernatant was 

transferred to a pre-cooled, labeled cryule then stored at -80 °C until analysis. 

Analyses of Metabolites 

The PCA extract was used to determine metabolites. Muscle adenine nucleotides, ATP, ADP, 

AMP and their degradation product IMP, were analysed in a single measurement by a reverse 

phase high^performance liquid chromatography (HPLC) (ICI Instruments, Australia) using the 

method of Wynants and VanBell (1985). ATP, PCr and lactate were determined enzymatically 

in triplicate, and Cr in dulplicate, using fluorometric detection (Turner Fluorometer Model 
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112. California USA) according to the methods of Lowry and Passoneau (1972). The 

hydrolysis of glucose derived from glycogen was analysed in duplicate according to the 

procedure of Lowry and Passonneau (1972). 

3.5.2.3. Enzyme Analyses 

Metabolic enzymes measured were the TCA enzymes CS and KGDH, the fatty acid p-

oxidative enzyme HAD, the glycogenolytic enzyme PHOSPH and the glycolytic enzymes 

PFK, PK and HK. The muscle samples for analysis of PHOSPH, PFK, PK, HK and HAD 

were homogenized with homogenising solution containing 0.17 mmol L"' KH2PO4, 0.02% 

BSA and 5 mmol L"' mercaptoethanol and pH 7.4 (1:100 wt/vol) for 1 minute at maximal 

speed using an electric homogeniser (OMNI International S/N TH-1276, Warrenton, USA). 

The activity of enzymes was determined on tissue homogenate using fluorometric methods of 

Green et al. (1984). The same homogenising solution was used for KGDH. The reaction 

medium for analysis of KGDH as described by Read et al. (1977) and analysis used modified 

fluorometric method. The muscle samples for assays of CS were homogenised with 

homogenising solution containing Triton X-100 (0.05% vol/vol), 50 mmol L"' KH2PO4 and 1 

mmol L"' EDTA, pH 7.5 (1:100 wt/vol) for one minute at maximal speed using an electric 

homogeniser as above. The activity of CS was determined using the spectrophotometric 

method as described by Srere (1969). Activity of enzyme is expressed by muscle weight 

(mmol min'' kg'' wet weight of muscle) and is also expressed by muscle protein (mmol min" 

g'' protein of muscle). The protein content in the muscle sample was determined from muscle 

sample for enzyme activity measurement according to the method of Lowry et al. (1951). All 

enzyme activity measurement was made duplicate at 25 °C temperature. 
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3.5.2.4. Measurement of Mitochondrial ATP Production Rate (MAPR) 

Mitochondrial Preparation 

Homogenising solutions for the preparation of isolated mitochondria and the isolation 

procedures are described by Wibom et al. (1990). Fresh muscle was placed on a petri-dish 

over ice, dissected free of fat and connective tissue, cut into small pieces and weighed. The 

muscle sample was put into 1 ml of pre-cooled homogenising solution (solution A) then twice 

homogenised for 5 seconds using an electric homogeniser (OMNI International S/N TH-1276, 

Warrenton, CA. USA). Solution A contained tris (hydroxymethyl) amino methan (50 mmol L' 

'), KCl (100 mmol L''), MgCl2 (5 mmol L"'), ATP (1.8 mmol L"'), EDTA (1 mmol L"'), pH 

7.2 with HCL Homogenisation was performed at the lowest operating speed of the instrument. 

The homogenate was centrifuged for 3 minutes at 650 g and the supematant was centrifuged 

at 15,000 g for 3 minutes. The pellet was then re-suspended in 1ml of solution A and again 

centrifuged at 15,000 g for 3 minutes. 

The pellet was suspended in 200 pi of solution B. The solution B contained sucrose (180 

mmol L"'), KH2PO4 (35 mmol L"'), Mg acetate (5 mmol L"'), EDTA (1 mmol L-1) and pH 7.5 

with KOH. A 100 pi of aliquot of this mitochondrial suspension was diluted with 400 pi of 

solution B (1:5 diluted mitochondrial suspension). Next 10 pi of the 1:5 diluted mitochondrial 

suspension was further diluted with 490 pi (1:250 diluted mitochondrial suspension) of the 

ATP-monitoring reagent (AMR) solution. AMR was prepared by diluting the commercially 

provided solution (FL-MXB, Sigma) 12.5-fold with solution C. Solution C contained 

inorganic pyrophosphate (0.05 mmol L"'), Mg acetate (0.5 mmol L"'), BSA (1 mg ml"'), 

sucrose (180 mmol L"'), KH2PO4 (35 mmol L''), EDTA (1 mmol L"'), pH 7.5 with KOH. 

Therefore, the final mitochondrial suspension used for MAPR was a 1:250 dilution of the 

origenial suspension. This suspension was placed on ice ready for MAPR analysis. The 

remaining 1:5 diluted mitochondrial suspension was used for measurement of protein content 

in the mitochondrial suspension according to the method of Lowry et al. (1951). The 
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remaining 100 pi of the undiluted mitochondrial suspension was used for determination of 

GDH. The steps of mitochondrial preparation are shown in the Figure 3.1. 

Measurement of MAPR 

MAPR was determined at 25 °C, using the method and substrate concentrations described by 

Wibom and Hultman (1990). Aliquots of mitochondrial suspension were added to cuvettes 

containing purified ADP, AMR (FL-MXB, Sigma) and a variety of substrates. The ADP 

(Boehringer mannheim, Germany) was purified using the ion-exchange chromatography 

method as described by Lundin (1978). The substrate combinations utilised in the present 

study were as follows: 1.0 mmol L"' pyruvate + 1.0 mmol L"' malate (P + M), 0.005 mmol L"' 

palmitoyl-L-camitine +1.0 mmol L"' malate (PC + M), 20 mmol L"' succinate + O.l mmol L'' 

rotenone (S + R), 10.0 mmol L'' a-ketoglutarate (a-KG) and l.O mmol L'' pyruvate + 0.005 

mmol L'' palmitoyl-L-camitine + 10 mmol L'' a-ketoglutarate + 1.0 mmol L'' malate 

(PPKM). A blank was prepared containing purified ADP (30 pmol L'') and mitochondrial 

suspension (10 pi of 1:250 diluted mitochondrial suspension solution in human studies, see 

Figure 3.1), but no substrates, in which ATP production may be due to adenylate kinase 

reaction and other nonspecific reactions (Wibom et al. 1990). The final volume in the cuvette 

for MAPR was 1 ml. MAPR was determined by the rate of light production, which was 

measured on a custom designed luminometer comprising a photomultiplier tube attached to a 

luminescence spectrometer (Aminco Bowman AB2, Urbana, USA). Cuvettes containing the 

various substrates in the five combinations mentioned above and a blank with 10 pi of 1: 250 

diluted mitochondrial suspension were incubated in a 25 °C water bath for 5 minutes after 

adding ADP. After incubation, light emission in the cuvettes was measured in the 

luminescence spectrometer chamber (25 °C). During 30 seconds between measurement, the 

cuvettes were incubated in a 25 °C water bath. At the end of the MAPR assay, 10 pi of a 190 

nmol L"'ATP standard (FL-AAS, Sigma) was added to the test cuvette as an internal ATP 

standard, to allow for calculation of MAPR. Rates are expressed as mmol min"' g"' 
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mitochondrial protein and mmol min'' kg'' muscle, referring to the protein content in the 

mitochondrial suspension and the muscle wet weight, respectively. All measurements were 

made in duplicate and were completed within 4 hours after biopsy Mitochondrial suspension 

protein was measured in triplicate used the method described by Lowry et al. (1951). 

3.5.2.5. Measurement of Glutamate Dehydrogenase 

GDH, a glutamate oxidative deamination enzyme, is specific as a mitochondrial marker 

enzyme and was used to determine mitochondrial yield in the suspensions. Mitochondrial 

GDH activity was determined on the mitochondrial suspension before and after disruption of 

the mitochondrial membrane with Triton X-IOO. A 30 pi aliquot of the original mitochondrial 

suspension (see Figure 3.1) was diluted with 170 pi of solution containing 50 mmol L"' 

KH2PO4 and 1 mmol L"' EDTA, pH 7.5 for the measurement of GDH activity in the 

mitochondrial suspension prior to rupture of the mitochondrial membrane (GDHmb). For the 

measurement of GDH activity in the mitochondrial suspension after rupture of the 

mitochondrial membrane (GDHma) assay, a 15 pi of same mitochondrial suspension was 

diluted using 185 pi of the solution containing Triton X-100 (0.05% vol/vol), 50 mmol L"' 

KH2PO4 and I mmol L'' EDTA, pH 7.5. From these measurements, the activity of GDH in 

intact mitochondria (GDHim = GDHma-GDHmb) can be determined. The total GDH (GDHt) 

activity was measured on another piece of muscle. This muscle sample was homogenised for 

1 minute at maximal speed of the electric homogeniser (OMNI International S/N TH-1276, 

USA). The homogenising solution employed was the same as that used in the determination 

GDHma. GDH activity in all homogenates was determined at 35 °C, according to the method 

of Schmidt (1974) and modified for fluorometric detection (Aminco Bowman AB2, Urbana, 

USA). GDHt values are shown in Appendix III. The ratio of GDHim and GDHt can be used 

for the calculation of MAPR per vmit muscle mass and mitochondrial yield according to the 

method of Wibom and Hultman (1990). Details of this method are shown in Appendix III. 
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Biopsy Sample of Skeletal Muscle 

i 

Weighed and dissected free of fat and connective tissue 

i 

Muscle homogenised using solution A 

i 

Centrifuge at 650 g for 3 minutes 

; 

Re-centrifuge the supematant at 15,000 g for 3 minutes 

i 

Re-suspend the pellet using solution A 

i 

Centrifuge the re-suspended-pellet at 15,000 g for 3 minutes 

i 

Suspend the mitochondrial pellet in 200 pi solution B.(Mitochondrial suspension) 

Dilute 100 ul of the Determining Determining GDHmb & 
Mitochondrial suspension ^ Mitochondrial GDHma 
with 400pl of solution B protein 
1:5 diluted mitochondrial 
suspension 

10 pi of 1:5 diluted T-> + • • A^ADD 

•̂  r , . , . ^ Determining MAPR 
mitochondrial suspension • diluted with 490 pi of AMR 

Figure 3.1. Methods of Mitochondrial Preparation 

AMR, the ATP-monitoring reagent solution; GDHmb, GDH activity before disrupture 

mitochondrial membrane; GDHma, GDH activity before disrupture mitochondrial membrane. 
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3.6. CYCLOSPORINE A STUDY 

Eight female Sprague-Dawley rats were used in this study. The details of the methods in this 

study are described in Chapter 5. 

3.7. STATISTICAL ANALYSES 

The statistical analyses are described separately in each chapter. 
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CHAPTER 4. MITOCHONDRIAL CAPACITY AND 

METABOLISM IN SKELETAL MUSCLE POST LUNG 

TRANSPLANTATION 

4.1. INTRODUCTION 

Lung transplantation (LTx) has become an established mode of treatment for many end-stage 

pulmonary diseases. Procedure presently in the LTx have recentiy been reviewed (Williams 

and Snell 1997). Lung transplantation includes heart-lung transplantation (HLTx), double or 

bilateral lung transplantation (DLTx or BLTx) and single lung transplantation (SLTx). DLTx 

is either performed as bilateral sequential lung transplantation or infrequently en-block double 

lung with bronchial revascularisation. Recently, live donor bilateral lobar transplantation has 

been reported (Starnes et al 1994). In the period 3 to 6 months after operation, HLTx and 

DLTx recipients typically have near normal spirometry (Madden et al 1992; Bando et al 1995) 

with mildly impaired diffusion capacity (Williams et al 1990). SLTx typically results in 

persistent abnormal spirometry, which may be caused by the reduced diffusion capacity in the 

remaining native lung (Grossman et al 1990, Williams et al 1990, Maurer et al 1991, Levy et 

al 1993). 

After the first several months recovery, HLTx, DLTx and SLTx recipients are remarkably 

similar in the terms of the peak oxygen uptake, with values of (V02peak during exercise 

41% to 57% of the predicted levels (Miyoshi et al 1990; Theodore et al 1992; Williams et al 

1992a; 1992b; Levy et al 1993). During incremental exercise testing these patients have a low 

peak workrate and an early rise in blood or plasma lactate (Madden et al 1992; Levy et al 

1993; Orens et al 1995). A number of potential causes for exercise limitation in LTx patients 

have been considered. These include poor motivation, reduced cardiac output, low 
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haemoglobin (Hb) levels, and peripheral skeletal muscle defects resulting in reduced 

uptake/utilisation of delivered oxygen (Miyoshi et al 1990; Theodore et al 1987; Howard et al 

1994). 

The defects in skeletal muscle may be the result of a pre-transplant skeletal muscle injury, 

perhaps due to physical deconditioning or muscle disuse. Peripheral muscle deconditioning 

caused by immobilisation in human is characterised by a reduced muscle strength (Imms et al 

1977) and reduced muscle function as indicated by isoknetic peak torque (Halkjoer-Kristensen 

and Ingemann-Hansen 1985c). Deconditioned skeletal muscle exhibits muscle fibre atrophy 

(Halkjoer-Kristensen and Ingemann-Hansen 1985a; Bloomfield 1997) and is associated with a 

low (from 42% decreased to 37%); P < 0.001) proportion of type I fibres (Halkjoer-Kristensen 

and Ingemarm-Hansen 1985a). The activity of muscle oxidative enzymes is also low in the 

subjects with muscle immobilisation (Haggmark et al 1981; Halkjoer-Kristensen and 

Ingemann-Hansen 1985b; Jansson et al 1988; Blakemore et al 1996). Similar skeletal muscle 

fibre type changes have been reported in cardiopulmonary diseases, such as chronic 

obstrucfive pulmonary diseases (COPD) (Jakobsson et al 1990, Whittom et al 1998), chronic 

pulmonary emphysema (Sato et al 1997) and congestive heart failure (CHF) (Sullivan.et al 

1990). Reduction in the oxidative enzyme activity and abnormalities of metabolism in skeletal 

muscle have also been reported in CHF (Chati et al 1994), COPD (Jakobsson et al 1995; 

Maltais et al 1996; Pouw et al 1998) and cystic fibrosis (CF) patients (De Meer et al 1995). 

Post transplant, the potential factors resulting in skeletal muscle defects include increased 

protein catabolism, particularly in response to sepsis (Hasselgren et al 1989; Hasselgren and 

Fischer 1997), muscle persistence in deconditioning and the effects of medications, especially 

corticosteroids and CyA (see Section 2.4.3.2). Evans et al (1997) demonstrated a low pH in 

skeletal muscle at rest and an eariier decline in muscle pH during submaximal exercise in LTx 

patients. This study indicates the oxidative capacity and/or mitochondrial capacity in skeletal 

muscle is impaired in LTx recipients. The authors speculated that the reduced oxidative 
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capacity of peripheral skeletal muscle may have been the cause of exercise limitation. 

Accordingly, the hypothesis of this study is that LTx patients have a reduced oxidative 

capacity in peripheral skeletal muscle. Hence, this study investigates oxidative capacity in the 

skeletal muscle of LTx patients through an examination of measurement of fibre-type 

composition, resting muscle metabolites, muscle metabolic enzyme activities and the 

measurement of mitochondrial ATP production rate. An incremental exercise test is also 

employed in this study to determine endurance exercise performance indicated by the duration 

of exercise and V02peak. 

4.2. METHODS 

4.2.1. Subjects 

Seven LTx recipients, 4 women and 3 men, ranging in age from 25 to 53 years, 3 to 24 

months post transplant, and 7 age (sex)-matched control subjects (MC) volunteered to 

participate in this study. Subject characteristics and spirometry are listed in Table 4.1. The 

transplant recipients had stable lung function and showed no evidence of recent infection or 

rejection, as they had fully rehabilitated following lung transplant procedures. The respective 

diagnoses and operative procedures are shown in Table 4.2. Determination of vital capacity 

(VC) and forced-expired volume in one second (FEVi) were described in Section 3.2. 

Predicted values of VC and FEVi were calculated according to the equations in Crapo et al 

(1981) which are listed in Appendix II. The predicted value of pulmonary diffusing capacity 

for carbon monoxide (TLCO) was calculated in LTx patients only using equations from Crapo 

& Morris fl98l) which are also listed in Appendix II. 

All the LTx recipients received immunosuppressive medications including cyclosporine A 

(CyA) and prednisolone (PNL). Six of the seven patients also received azathioprine (AZA) 
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(Table 4.2). Other major medications included calcium blockers, angiotension converting 

enzyme (ACE) inhibitors, antiviral antibiotics and calcium, potassium and magnesium 

supplements (Appendix 11). The controls were sedentary and did not exercise regularly. The 

study of transplantation patients involved a collaboration with the Department of Respiratory 

Medicine, and the Heart and Lung Transplantation Medical Team of the Alfred Healthcare 

Group. The Victoria University of Technology Human Research Ethics Committee and the 

Alfred Group of Hospitals Ethics Committee approved all protocols and procedures. Written 

informed consent was obtained from all participants. 

Table 4.1. Characteristics of LTx Patients and MC Subjects 

• LTx MC 

4/3 

37 ± 4 

170 ± 3 

66.4 ±3.9 

2.64 ±0.3* 

75 ±9^ 

3.46 ±0.3* 

79 ±7^ 

77.2 ± 6.8 

4/3 

37 ±4 

172 ±4 

69.4 ±4.4 

3.87 ±0.2 

109 ± 7 

4.78 ±0.2 

112±8 

81.1 ±2.0 

Female/Male 

Age (year) 

Height (cm) 

Weight (kg) 

FEV, (L) 

% predicted 

VC(L) 

% predicted 

FEV,/VC (%) 

% predicted 96 ± 8 98 ± 3 

TLCO (ml min"' mmHg) 18.0 ± 2 N/A 

% predicted 62 ± 5̂  

Values are mean ± SEM. n = 7. FEV|, forced expiratory volume in one second; VC, vital 

capacity; TLCO, diffusing capacity for carbon monoxide; LTx, lung transplantation; MC; age 

(sex)-matched controls. *P < 0.05. Values compared with controls. ^P < 0.05, and ^P < 0.01. 

Values compared with predicted values. 
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4.2.2. Incremental Exercise Tests 

At least 2 hours after a light breakfast, each subject performed an incremental exercise test on 

an electronically braked cycle ergometer. The LTx patients performed this test on a 

Sensormedics 2900 system (Sensormedics Co., Yorba Linda, USA) in the Respiratory 

Medicine Laboratory of the Alfred Hospital. The controls were tested on a system that 

included a Lode N. V. cycle ergometer (Groningen, Netherlands). After 5 minutes resting on 

the cycle ergometer, subjects cycled at 60-80 revolutions per minute (rpm). Workrate for 

controls was increased by 25 watts each minute until volitional exhaustion. Volitional 

exhaustion was defined as the inability to maintain pedal cadence of 50 rpm. During the test 

expired gases were directed into a mixing chamber through a Hans-Rudolph 2-way non-

rebreathing valve. The expired volume was measured using a flow transducer (KL 

Engineering, Sunnydale, California, USA) and mixed expired oxygen and carbon dioxide 

were analysed by rapidly responding gas analysers (Amtek S-3A, Pittsburg, USA). The 

composition of the expired air was calculated over 15 seconds using gas analysers (TurboFit, 

California, USA.). The flow transducer was calibrated, both before and after each test, using a 

3-litre syringe. The gas analysers were calibrated immediately prior to each test, and 

rechecked after the test, using commercially prepared gas mixtures of known composition. 

Heart rate and rhythm were monitored by an electrocardiogram (ECG) (Mortara, X-Scibe, 

Milwaukee Wl, USA). These tests measured VO, peak, VCOipeak, peak workrate (workrate-

peak), maximal exercise duration and HRpeak. Predicted values of VOjpeak and HRpeak 

were calculated using the equations described by Jones et al (1985) and Spiro (1977), 

respectively, which are listed in Appendix 11. Maximum voluntary ventilation (MVV) was 

calculatedfrom following equation: MVV = FEVi x 35 (Gandevia and Hugh-Jones 1957). 

The protocol of the incremental exercise tests for LTx patients was the same as the controls, 

but workrate was increased by 16.3 watts per minute. The ventilatory function of the LTx 
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patients and the controls was determined on the day of the incremental exercise test. 

The two systems, which were used to determine the incremental exercise tests for LTx in 

Alfred hospital and for MC in VUT, were compared in 3 untrained subjects. Linear 

regressions of average VOjpeak, VCOipeak and VEpeak values were used to compared the 

two systems. There were no statistical differences between the two systems {P > 0.05; see 

Appendix V). 

4.2.3. Blood Sampling 

The methods of catheterisation and arterialisation of the venous blood for blood sampling are 

described in Section 3.4.1. 

4.2.4. Muscle Biopsy and Muscle Analysis 

Within 2 to 7 days after the incremental exercise test a resting muscle biopsy was obtained 

from the vastus lateralis muscle. In the transplant group this procedure was performed whilst 

the patients were sedated with pethidine and midazolam for a routine bronchoscopy. With the 

subject resting supine, 2% lignocaine local anaesthetic was infiltrated into the skin, 

subcutaneous tissue and fascia overlying the belly of the vastus lateralis. Two small incisions 

(~5 mm) were made on the leg of each subject for resting muscle biopsies. Procedure, 

technique and muscle samples management are described in Section 3.5.1. 

The muscle samples from LTx patients and controls were analysed for fibre types, 

metabolites, metabolic enzymes and MAPR. The details of methods have described in Section 

3.5.2. 
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4.2.5. Statistical Analysis 

Data is expressed as mean ± SEM. Data from patients and control subjects were compared for 

independent variables using two-tailed Student's t- test using Microsoft Excel software 

package. P value < 0.05 was considered to indicate a significant difference. Linear regressions 

were determined from the pooled data of the two groups and calculated using Microsoft Excel 

software package. 

4.3. RESULTS 

4.3.1. Exercise Performance and Pulmonary Function 

Based on predicted values, lung function tests revealed mild mixed obstructive and restrictive 

ventilation defects in LTx and normal spirometry in controls (Table 4.1). Despite a lower 

workrate increment in the exercise tests, the duration of exercise in LTx was significantly 

shorter {P < 0.05) than the controls. The plasma lactate in LTx patients increased earlier in 

exercise (Figure 4.1), which indicated a lower LT compared with controls. Plasma lactate 

elevation occurred at a workrate of 30.8 ± 2.8 watts in LTx compared with 79.2 ± 10.7 watts 

in control subjects {P < 0.025; Figure 4.2), or at 8.34 ± 0.7 ml"' kg"'min'' of VOjpeak in LTx 

and 16.7 ± 1.2 ml min"' kg"' in controls (P < 0.005; Figure 4.3). LTx patients exhibited a low 

peak workrate, low V02peak and low HRpeak (P < 0.05; Table 4.3). Ventilatory limitation 

appeared to occur during exercise in one LTx patient with a measured ratio of maximal 

ventilation (VEmax or VEpeak) to predicted maximal voluntary ventilation (MVV) of 110% 

of predicted value. In the remainder, LTx patients VEmax/MVV was < 82% of predicted 

value. The ratio of VEmax/MVV over 100% also occurred in 2 subjects in MC (105 and 

116%; see Appendix IV). No patients or controls exhibited desaturation of blood oxygen at 
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the termination of exercise. In 6 of 7 patients leg fatigue was a predominant symptom at the 

termination of exercise whilst the remaining patient reported that leg fatigue and shortness of 

breath were equally severe when exercise ceased. 
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Figure 4.2. Lactate Threshold (Log plasma [Lactate]—^Log workrate model)'' 

• LTx - lung transplantation (n=7); • MC - age (sex)-matched controls («=7); 

mean value; [Lactate], lactate concentration (mmol L"'). * P < 0.01. 
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Figure 4.3. Lactate Threshold (log plasma [lactate]— l̂og VO2 model)*. 

LTx - lung transplantation {n=7); A MC - age (sex)-matched controls (n=7). 

~ Mean value; [Lactate], lactate concentration (mmol L"'); * P < 0.01. 

102 



Table 4.3. Lung Function and Exercise Performance 

Exercise duration (min) 

Peak workrate (W) 

^Epeak (L min"') 

MVV (L min') 

VE/MVV(%) 

VO2 peak (ml kg"'min"') 

% predicted. 

VCOzpeak (ml kg''min"') 

HR peak (bpm) 

% predicted 

LT (workrate, W) 

LT(V02,mlkg"'min"') 

Sa02rest (mmHg) 

Sa02min (mmHg) 

LTx 

5.4 ±0.6^ 

88.5 ±10§ 

64.1 ±7.1^ 

92.4 ±10.4^ 

72 ± 8 

18.7 ±1.5^ 

56 ±3^ 

22.9 ±2.8^ 

137 ±6*" 

74 ±2^ 

30.6±2.8§ 

8.34 ±0.7^ 

97.9 ±0.3 

96.7 ±0.7 

MC 

9 ± 1 

217.9±29.7 

118.6 ±12.9 

135.5 ±5.34 

87 ± 7 

36.9 ±2.4 

l l l ± 3 

44.7 ± 2.3 

177 + 5 

95 ±2 

79.2 ±10.7 

16.7±0.1.2 

96.4 ± 0.4 

94.5 ±0.9 

Values are mean ± SEM.. LTx, lung transplantation (n = 7); MC, age (sex)-matched controls 

(n = 7); VOjpeak, peak oxygen uptake; HR, heart rate; VEpeak, minute ventilation at peak 

exercise; MVV, predicted maximum voluntary ventilation; LT, lactate threshold (log-log 

transformation of plasma lactate-workrate and plasma lactate-VO3 peak); SaOirest resting 

oxygen saturation in blood gas; SaOimin, minimum oxygen saturation in VOj test; *P < 

0.05, ^ P < 0.01, compared with predicted values; ^P < 0.05, § P < 0.01, compared with age-

matched controls. 
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4.3.2. Muscle Fibre T^pes 

The average number of muscle fibre counted was 243 ± 29 versus 276 ±34 (mean ± SEM) in 

LTx and controls, respectively. LTx recipients exhibited a lower proportion of type I muscle 

fibres (mean ± SEM; 24.9 ± 5.9% vs. 56A ± 2.4%, P < 0.01) (Figure 4.4). 

^ 

90.00 

80.00 

70.00 J 

60.00 

& 50.00 

S 40.00 
u 
u 

e^ 30.00 

LTx 
Controls 

Type I Typen 

Figure 4.4. Proportion of Muscle Fibre Types 

LTx, lung transplantation (n = 7); MC, age (sex)-matched controls (n = 7); mean ± SEM. 

*P<0.01. 
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4.3.3. Resting Muscle Metabolites 

In resting skeletal muscle, lactate and IMP concentrations were significantly higher, and ATP 

was significantly lower in LTx compared with controls {P < 0.01). The concentrations of 

muscle Cr, PCr, ADP, AMP and total creatine (TCR, Cr + PCr) did not differ significantly 

between the two groups. The total adenine nucleotides (TAN, ATP + ADP + AMP) and the 

ratio of ATP/ADP were significantiy lower in LTx than controls (P < 0.01; Table 4.4). 

Table. 4.4. Resting Skeletal Muscle Metabolites 

Metabolites LTx MC 

ATP (HPLQ 21.4 ±1.2** 26.0 ± 1.3 

ATP (E) 22.5 ± 0.8 * 25.2 ±0.9 

ADP 2.81 ± 0.19 2.41 ±0.14 

AMP 0.12 ± 0.02 0.24 ±0.06 

TAN 24.3 ±1.3** 28.6 ±1.4 

Cr 55.0 ±4.5 46.9 ± 4.0 

PCr 96.8 ±5.0 93.2 ±2.7 

TCR 152 ±7.5 140 ±5.3 

Glycogen 461 ±72 462 ±35 

IMP 0.26 ±0.04** 0.05 ±0.01 

Lactate 16.3 ±10** 8.4 ±0.9 

ATP/ADP 7.67 ±0.3** 10.9 ±0.7 

Values are mean ± SEM, expressed as mmol kg" dry weight of muscle, except ATP/ADP (%). 

LTx, lung transplantation (n = 7); MC, age (sex)-matched controls (n = 7); ATP (HPLC), 

measured by HPLC; ATP (E), ATP measured enzymaticly; TCR, total creatine (PCr + Cr); 

TAN (determined by HPLC), total adenine nucleotides (ATP + ADP + AMP). The ATP/ADP 

ration was calculated from HPLC determined ATP and ADP * P < 0.05; ** P < 0.01. 
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4.3.4. Enzyme Activity 

LTx recipients demonstrated lower activity of the mitochondrial enzymes CS, GDH, KGDH 

and HAD per muscle weight (P < 0.005) and higher activity in the glycolytic enzyme, PFK, 

per muscle weight compared with controls (P < 0.05). There were no differences in the 

activity of PHOSPH, HK and PK per muscle weight between the two groups (Table 4.5). The 

average value of muscle protein percentage in the LTx patients was as the controls (15% ± 1% 

vs. 15% ± Wo). When the activity of enzymes was expressed per umt muscle protein, the 

mitochondrial enzyme activities were still higher than LTx patients (P < 0.005). The activity 

of PHOSPH, HK and PK was still not different between the two groups. The activity of PFK, 

however, tended to be higher than LTx group (P = 0.0628). These results are listed in Table 

4.6. 

Table 4.5. Muscle Enzyme Activity Expressed Per Unit Muscle Weight 

Enzyme LTx MC % difference 

GDH 0.56 ±0.04** 0.97 ±0.06 -42 

CS 10.2 ±1.5** 18.7 ±1.5 -45 

KGDH 0.39 ±0.07** 1.0l±0.08 -61 

HAD 2.66 ±0.2** 4.7 ±0.3 -43 

PFK 36.2 ±2.9* 28.1 ± 1.6 +29 

PHOSPH 15.9 ±1.9 14.3 ±1.0 +11 

HK 1.66 ±0.2 1.64 + 0.2 +1 

PK 234 ±29.8 262 ± 13.2 -11 

Values are mean ± SEM, expressed as pmol min"' g"' wet weight of muscle. LTx, lung 

transplantation {n = 7); MC, age (sex)-matched controls (n = 7); % difference, [(LTx-

MC)/MC % ] . * P< 0.05; **P < 0.005. 
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Table 4.6. Muscle Enzyme Activity Expressed Per Unit Muscle Protein 

Enzyme LTx MC % difference 

" G D H 3^96^0^38** 6777 ± 0.55 ^42 

CS 71.7 ±10.8** 130.6 ±13.2 -46 

KGDH 2.68 ±0.5** 6.99 ± 0.6 -62 

HAD 18.5 ±1.5** 33.1 ±3.1 -44 

PFK 251 ±20.0 196 ±17.8 +28 

PHOSPH 108 + 9.8 101 ±10.5 +9 

HK 11.3+1.2 11.4±1.0 -0.8 

PK 1600+186 1864 + 224 -14 

Values are mean + SEM, expressed as rmnol min" g' protein of muscle. LTx, lung 

transplantation (n = 7); MC, age (sex)-matched controls (n = 7); % difference, (LTx-MC)/MC 

% . * ? < 0.05; **P< 0.005. 

4.3.5. MAPR 

Mitochondrial suspension protein yield (mitochondrial suspension protein content/muscle 

weight, g protein kg"') was significantiy lower (-43%) in LTx compared with controls (P < 

0.05). Protein concentration (mg ml"') in mitochondrial suspension, mitochondrial protein in 

the assay cuvette (ng ml"') and the yield of mitochondria were not statistical different between 

the two groups {P > 0.05, Table 4.7). MAPR in the presence of P + M, PC + M, and a-KG 

were significantly lower in LTx than controls when MAPR expressed per unit mitochondrial 

suspension protein {P <0.05, Table 4.8). There was a tendency for a lower MAPR in the 

presence of PPKM expressed per unit protein of mitochondrial suspension in the LTx (P = 

0.053). MAPR in the presence of S + R was similar in the two groups. When expressed per 

unit muscle weight, MAPR, in the presence of all substrates, were significantly lower in LTx 

than controls (P < 0.05, Table 4.9). 
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Table 4.7. Mitochondrial Suspension Protein and Mitochondrial Yield 

LTx MC 

Muscle weight.(mg) 37.0 ±3.1 32.3 ±1.2 

Protein concentration of mit. suspension 0.42 ± 0.1 0.62 ± 0.1 

(mgml"'). 

Mit. protein in assays (ng ml"'). 16.9 ±3.7 24.9 ±3.4 

Yield of mit. suspension protein in 2.26 ± 0.4* 3.94 ± 0.4 

muscle (g kg'). 

Yield ofmit. from GDHim/GDHt (%) 21.5 ±3.3 22.7 ±2.2 

Values are mean ± SEM. LTx, lung transplantation {n = 7); MC, age (sex)-matched controls 

(n = 7); mit., mitochondria; GDHim, intact mitochondrial GDH activity; GDHt, total GDH 

activity. * P< 0.025. 

Table 4.8. MAPR Expressed Per Unit Protein of Mitochondrial Suspension 

Substrates LTx MC % difference 

P + M 0.24 ±0.04** 0.37 ±0.02 -35 

PC + M 0.16 ±0.02** 0.30 ±0.02 -47 

S + R 0.32 ±0.05 0.37 ±0.04 -14 

A-KG 0.21 ±0.05* 0.4 ±0.03 148 

PPKM 0.40 ±0.09 0.63 ±0.03 -37 

Values are mean ± SEM, expressed as mmol min" g" protein of mitochondrial suspension. 

LTx, lung transplantation (n = 7); MC, age (sex)-matched controls (n = 7). % difference, 

(LTx-MC)/MC %. * P < 0.05. ** P < 0.005. 
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Table 4.9. MAPR Expressed Per Unit Muscle Weight 

Substrates 

P + M 

PC + M 

S + R 

A-KG 

PPKM 

LTx 

2.63 ±0.56** 

1.71 ±0.27** 

3.45 ±0.7* 

2.3 ±0.59** 

4.42 ±1.12** 

MC 

6.29 ±0.53 

4.97 ±0.31 

6.25 ±0.71 

6.72 ± 0.65 

10.6 ±0.73 

% difference 

-58 

-66 

-45 

-66 

-58 

Values are mean ± SEM, expressed as mmol min" g' weight of muscle. LTx, lung 

transplantation (n = 7); MC, age (sex)-matched controls (n = 7). % difference, (LTx-MC)/MC 

%. * P < 0.05. ** P< 0.005. 

4.3.6. Regressions 

When the data of LTx patients and controls were pooled together, MAPR in the presence of 

all substrates showed significant positive linear regressions with VOjpeak, the proportion of 

type 1 fibre, oxidative enzymes and ratio of ATP/ADP (P < 0.05). Examples of regressions are 

shown in Figure 4.5a-d. There were significant positive regressions between the proportion of 

type I fibres and V02peak, oxidative enzymes and the ATP/ADP ratio (P < 0.05). The 

resting muscle IMP and lactate concentrations, in contrast, showed significant negative 

regressions with MAPR in the presence of various combinations of substrates, the ratio of 

ATP/ADP and the proportion of type 1 fibres {P < 0.05, Table 4.10). Examples are shown in 

Figure 4.6a-d. Examples of R values for these regressions are listed in Table 4.10. 
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4.4. DISCUSSION 

4.4.1. Main Findings in this Study 

The major findings of this study were that LTx recipients had a lower exercise capacity 

indicated by a shorter duration exercise and a lower VO2 peak during the incremental exercise 

test compared to normal matched controls. They also exhibited an earlier rise in plasnia 

lactate during these tests. Although the LTx recipients demonstrated a mild mixed 

obstructive/restrictive ventilatory defect, only 1 of 7 LTx recipients experienced ventilation 

limitation during exercise and none showed any desaturation in blood oxygen. Secondly, LTx 

patients had a lower proportion of type 1 fibres, lower ATP content and higher lactate and IMP 

in the vastus lateralis muscle at rest compared with the controls. Thirdly, LTx patients had a 

lower activity of oxidative enzymes and higher activity of PFK in skeletal muscle than the 

controls. Finally, the LTx recipients had reduced skeletal muscle MAPR in the presence of a 

range of substrates, both when expressed per unit muscle mass and per unit protein of 

mitochondrial suspension. 

4.4.2. Muscle Fibre Type 

The marked alteration in muscle fibre type proportion is likely to be a major contributor to the 

reduction of muscle oxidative capacity and exercise tolerance in LTx. In general, type I fibres 

are fatigue resistant, and rich in mitochondria with high levels of oxidative enzymes. Type II 

fibres (particularly type lib fibres) have fewer mitochondria and tend to be better suited to 

anaerobic metabolism possessing increased glycolytic capabilities (see Section 2.3.1). In 

addition, the mitochondria present in different muscle fibre types may have different oxidative 

function. Jackman and Willis (1996) demonstrated that mitochondrial State 3 respiration rates 
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in the presence of P + M and PC + M were higher in the mitochondria from rabbit soleus 

muscle, which is composed of 98% type I fibres, compared with the mitochondria from 

gracilis muscle (99%o type lib fibres). Therefore, in LTx recipients, a shift of type I to type II 

fibres would reduce the oxidative capacity in skeletal muscle, and may be associated with an 

increased reliance upon anaerobic metabolism. 

The alteration of muscle types in LTx recipients may have occurred pre-transplantation. This 

possibility is supported by the observation that patients with COPD who may be candidates 

for lung transplantation, have a low proportion of type 1 fibres in skeletal muscle (Jakobsson 

et al 1990; Maltails et al 1996; Whittom et al 1998). The cause of this fibre type alteration is 

not known, but is possibly due to the muscle deconditioning after prolonged bed-rest, 

inactivity (see Section 2.3.4.1) and/or hypoxaemia. Morton et al (1997) demonstrated that 

patients with COPD had a low proportion of type 1 fibres in vastus lateralis muscle (36%; 

normal -50%) and high proportion type 1 fibres in the diaphragm (68%) and the intercostal 

(70%) muscles. Generally, diaphragm and intercostal muscles in humans consist of- 50% and 

60% type I fibres, respectively (Mizuno 1991). This study suggested that muscle activity play 

a key role for changes in the proportions of muscle fibre types in skeletal muscles. Whittom et 

al (1998), however, demonstrated that a period exercise training (12 weeks) increased the 

cross-sectional area in all muscle fibre, but did not change the proportion of muscle type 

fibres. This indicates that the inactivity may not be the only cause for muscle fibre proportion 

alteration. Jakobsson et al (1990) and Hildebrand et al (1991) demonstrated that the COPD 

patients the lower arterial PO2 the lower proportion of muscle type 1 fibres, indicating that 

hypoxaemia may be one cause for fibre type alteration. The long-term bed rest, physical 

inactivity and hypoxaemia would have been the conditions common to all LTx patients in this 

study prior to transplant. Thus, the low proportion of type 1 fibres in LTx patients may has 

occurred pre-transplant and persist post ttansplantation in the present study. There are no 

longitudinal studies of the alteration in muscle fibre types in LTx patients. Such a longitudinal 



study has been conducted in cardiac transplant patients (Bussieres et al 1997). The patients in 

that sttidy, had a low proportion of the type 1 fibres and this situation was not reversed after 12 

months successful heart transplantation. 

4.4.3. Muscle Metabolism 

Accumulation of lactate in the resting skeletal muscle of LTx reflects a high tendency for 

glycolysis and/or reduced muscle mitochondrial oxidative phosphorylation. The high 

proportion of type 11 fibres may also contribute to an increase in lactate concentration in the 

resting muscle of LTx because type 11 fibres have high LDH activity (Essen and Henrikson 

1980) and high glycolytic capacity (Lowry et al 1978). The present group of transplant 

recipients had a low ATP concentration with a normal level of muscle PCr in resting muscle. 

Low muscle ATP levels have also been observed in patients with COPD (Jakobsson and 

Jorfeldt 1995). The patients in the previous study have hypoxaemia which potentially could 

be a cause of the low ATP in muscle. The patients in this study, however, did not have 

hypoxaemia when they participated in exercise tests, despite having lower FEVi and VC than 

predicted values and, hence the low ATP must have some other cause. Muscle fibre alteration 

in the present study was not consistent with the change of ATP in resting muscle because the 

ATP concentration in type 11 fibres is usually 10% higher than in type 1 fibres (Sant'Ana 

Pereira et al 1996). Therefore, low ATP in the resting muscle of the LTx patients in the 

present study may resutt from a low capacity for mitochondrial ATP synthesis. The contention 

that mitochondrial dysfunction is responsible for the reduced ATP level in resting muscle is 

also supported by the PCr levels. The PCr concentration in resting human skeletal muscle is 

15%-20% higher in type II fibres compared with type 1 fibres (Soderiund and Hultman 1991, 

Sahlin et al 1997). Hence, normal muscle PCr levels in LTx group, despite elevated 

proportion of type II fibres, may also indicate impaired mitochondrial function. 
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The LTx patients in the present study also exhibited a low ATP/ADP ratio. The ratio of 

ATP/ADP is viewed as an indicator of the efficiency of the transfer from energy producing 

processes to utilising processes in cells (Wilson 1994). A low ATP concentration and a 

decreased ratio of ATP/ADP can activate the enzyme AMP deaminase (Newsholme and Start 

1973), which catalyses the conversion of AMP to IMP and ammonia (NH3) (Lowenstein 

1972; Jansson et al 1987). Normally, IMP content of resting muscle is very low, but increases 

significantly in skeletal muscle during high intensity exercise (Stathis et al 1994), at rest in 

ischaemia (Norman et ai 1991) and in patients with severe impairment of lung function (Pouw 

et al 1998). It is generally believed that elevated IMP indicates a disturbed balance of energy 

metabolism in muscle (Norman 1994). Hence, mildly but significantly elevated IMP in the 

resting muscle of LTx may be due to decreased ATP regeneration from oxidative 

phosphorylation in mitochondria. 

This study has shown that there are significant negative regressions between muscle IMP, 

lactate and MAPR. Muscle IMP and lactate also negatively correlated with the proportion of 

type I fibres (Table 4.10). These findings suggest that the metabolic abnormalities observed in 

skeletal muscle of LTx patients are most likely to be secondary to impaired mitochondrial 

function and the increased proportion of type 11 fibres. 

4.4.4. Metabolic Enzyme Activities 

Low activity of oxidative enzymes has been demonstrated in LTx patients in the present study. 

The oxidative enzymes CS and KGDH (or 2-oxoglutarate dehydrogenase) catalyse reactions 

in the mitochondrial TCA cycle (see Section 2.2.2.3 and Figure 2.8). Lower acfivity of CS 

and KGDH may limit metabolism in the TCA cycle in the LTx patients. A low activity of the 

/^-oxidation enzyme HAD in LTx patients, indicates a reduced mitochondrial capacity for 

fatty acid oxidation. The enzyme GDH catalyses the conversion of glutamate to a-

118 



ketoglutarate in the mitochondrial matrix (see Section 2.2.2.2 and Figure 2.7). A lower 

activity of GDH at least partially indicates that the metabolic capacity for amino acid 

metabolism in mitochondria was lower in LTx than in controls. 

The reduced levels of CS and HAD activities in LTx observed in the present study are similar 

to the observations of Jakobsson et al (1995) and Maltais et al (1996) in patients with COPD. 

In addition, a decreased activity of muscle KGDH in LTx was similar to the study for skeletal 

muscle KGDH in CHF patients (Naveri et al 1997). The GDH activity, however, has been 

reported in neither LTx patients nor in heart and lung disease patients. The increased 

glycolytic enzyme (PFK) activity indicates that skeletal muscle in LTx patients is adapted to 

anaerobic metabolism when mitochondrial oxidation is impaired. The LTx patients in the 

present study had a 29% higher activity of PFK than the controls. This is similar to a 34% 

higher activity of PFK in skeletal muscle of patients with COPD compared with controls 

reported by Jakobsson et al (1995). The higher muscle PFK activity in LTx patients may help 

to explain the increased lactate concentration in resting muscle in the present study. The 

reduced oxidative enzyme activity and elevated PFK activity in LTx patients are partially 

related to the alteration in muscle fibres (see Section 2.3.1). 

4.4.5. MAPR 

As mentioned in Section 2.2.3.3, MAPR in the presence of pyruvate, malate and a-

ketoglutarate is an indication of the capacity for carbohydrate metabolism in mitochondria 

and the functional integrity of Complex I. MAPR using succinate and rotenone (S + R) 

indicates the capacity of Complex 11. Palmitoyl-carnitine, as substrate in MAPR 

determination, reflects the capacity for fatty acid oxidation in mitochondria. This substrate 

may also indicate the function of Complex 1 and Complex III (see Section 2.2.2.4). Compared 

to normal matched controls, LTx recipients exhibited an impaired in vitro MAPR in the 
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presence of all substrates. Therefore, the LTx patients have lower mitochondrial metabolic 

capacity for carbohydrate and fatty acid oxidation in skeletal muscle. These low values for 

MAPR indicated the LTx patients have impaired functions in Complexes I, 11 and III of the 

mitochondrial electron transfer chain in skeletal muscle. The low muscle mitochondrial 

function in the LTx may be one of key factors resulting in alteration of skeletal muscle 

metabolism and exercise limitation in the LTx patients. 

4.4.6. Potential Causes of Reduction in Mitochondrial Capacity in LTx 

Patients 

A low mitochondrial volume or reduced mitochondrial numbers may be the cause of reduced 

mitochondrial function in the LTx patients as indicated by MAPR expressed per unit muscle 

weight. The present study, however, did not investigate the mitochondrial volume and 

numbers in skeletal muscle. Nevertheless, the lower level of protein in the mitochondrial 

suspension in LTx compared with controls indicates, albeit indirectly, a reduction in 

mitochondrial volume and/or numbers in skeletal muscle in the LTx patients. Mitochondrial 

function in the LTx may also due to the impairment of individual mitochondrial function. The 

functional impairment of the individual mitochondria is indicated by low MAPR in vitro 

expressed per unit mitochondrial suspension protein in this study. It is possible, therefore, that 

the LTx patients have a reduced mitochondrial volume or numbers and impaired function of 

individual mitochondria in skeletal muscle. As previously indicated, transformation from type 

I to type II muscle fibre is an important factor which will contribute to the reduced the 

mitochondrial capacity in LTx patients. The low activity of oxidative enzymes will also affect 

mitochondrial fimction in the LTx patients. 

The causes of reduced MAPR and oxidative enzyme activity in the LTx patients, observed in 

the present study, are not clear. Previous studies have demonstrated that altered mitochondrial 
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capacity in skeletal muscle is caused by a numbers of factors including muscle disuse (Max 

1972; Yajid et al 1998), immobilisation (Kauhanen et al 1993) and physical deconditioning 

(Ferretti et al 1997). Reduction of mitochondrial capacity in skeletal muscle, as indicated by 

low oxidative enzyme activity, is also observed in severe chronic pulmonary disease 

(Jakobsson et al 1995). Subsequentiy, it has been demonstrated that supplementary oxygen for 

patients with COPD significantiy increased the skeletal muscle PCr/(PCr + Cr) ratio 

indicating improved oxidative metabolism (Jakobsson and Jorfeldt 1995). Examination of 

skeletal muscle metabolism in patients with COPD using ^'P NMR has also shown that 

oxygen supplementation significantly reduced the calf muscle intracellular acidosis and 

Pi/PCr ratio at the end of exercise of performance 360 flexions of foot again indicating 

improved oxidative metabolism (Payen et al 1993). This would support the contention, 

therefore, that hypoxaemia might be an important factor causing the reduction of skeletal 

muscle mitochondrial function in COPD. In the present study, hypoxaemia can not account 

for the similar reduction in the LTx patients because the blood oxygen saturation was normal 

in these patients. Hence, other factors must be the cause of impaired mitochondrial function in 

skeletal muscle of the LTx patients. 

Long-term treatment with immunosuppressive drugs, such as PNL, can cause skeletal muscle 

histological abnormalities and reduce mitochondrial function post transplantation (see Section 

2.4.3.2). Previous studies have demonstrated corticosteroids cause muscle wasting (Nava et al 

1996) and muscle type II fibre atrophy in rats (Wilcox et al 1989; Nava et al 1996). These 

steroids also induce acute and chronic corticosteroid myopathy in humans (Bowyer et al 1985; 

Williams et al 1988; Shee 1990; Decramer et al 1996). In terms of mitochondrial function, 

these agents can inhibit mitochondrial oxygen consumption (Letteron et al 1997; Simon et al 

1997) and reduce the activity of mitochondrial fatty acid enzymes in mice (Letteron et al 

1997). The main effects of corticosteroids on skeletal muscle changes and on mitochondrial 

function have been described in Section 2.4.3.2. 
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It has been demonstrated that CyA inhibits kidney mitochondria respiration in human (Jung 

and Reinholdt 1987) in a dose-dependent manner. Inhibition of O2 consumption in 

mitochondria isolated from rat skeletal muscle has been reported in response to a high 

concentration of CyA (25 pg ml"') added to the test chamber (Hokanson et al 1995). In 

addition, mitochondria isolated from the skeletal muscle of rats fed high dosages of CyA (20 

mg kg'' per day for 14 days) were similarly affected (Mercier et al 1995). The latter report 

showed a significant linear regression between endurance exercise time in rats and impaired 

mitochondrial State 3 respiration. The study by Hokanson et al 1995, however, demonstrating 

in vitro CyA inhibition of skeletal muscle mitochondrial function, used far higher 

concentrations of CyA (25 pg ml"') than clinically maintained plasma CyA levels 

(Baumgartner et al 1987). The effect of low concentration of CyA (1 pg ml"') on 

mitochondrial ATP production rate will be examined in Chapter 5 of this thesis. 

Recentiy, Simon et al (1997) have demonstrated that a combination of PNL and AZA along 

with CyA had a more severe impact on renal mitochondrial function than that induced by 

CyA alone. Since 6/7 LTx patients were receiving the combination of CyA, PNL and AZA 

therapy, it is possible that these drugs contribute significantly to the impaired mitochondrial 

function observed in this study. 

The mechanism by which CyA inhibits mitochondrial function are still not known. Hokanson 

et al (1995) have suggested that CyA may have no direct affect on the components of the 

ECT. These authors proposed that CyA may influence mitochondrial function through its 

effects on the membrane permeability transition pore (MPTP) in the inner mitochondria 

membrane. CyA may block this pore which controls Câ "̂  passage across the inner 

mitochondrial membrane, but the consequences of this effect on mitochondrial function are 

not clear.^ome reports have indicated that CyA inhibits Ca^^ efflux via the MPTP leading to 

increased mitochondrial Câ "̂  concentration and decreased mitochondrial function (Salducci et 

al 1996). In contrast, other data has demonstrated beneficial or protective effects of CyA 
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inhibition of the MPTP by reducing the damage caused by anoxia and oxidant stress injury or 

ischaemia reperfusion damage (Griffiths and Halestrap. 1993). These possible beneficial 

effect, however, is not consistent with observation of that CyA has been shown to enhance the 

generation of the ROS in vitro from cell cultures (Zamzami et al 1995; Wolf et al 1997) and 

lipid peroxidation in vivo (Walker et al 1990), both of which may damage mitochondrial 

membrane lipids, (Ames et al 1995), deactivate mitochondrial ETC components and ATPase 

(Zhang etal 1990). 

CyA causes renal and peripheral vasoconstriction inducing nephrotoxicity and systemic 

hypertension (Myers et al 1988; L'Azou et al 1994; Bartholomeusz et al 1996). In CyA-

induced nephrotoxicity, renal vasoconstriction causes a reduction of glomerular filtration rate, 

which stimulates antidiuretic hormone (ADH) release and production of renin and angiotensin 

II (Barros et al 1987). The latter two vasoactive substances can induce fiirther peripheral 

vasoconstriction, therefore, resulting in further impairment of glomerular function and 

aggravating hypertension (Siegel et al 1983). ADH enhances re-adsorption of H2O in the renal 

tubules increasing blood volume, which also aggravates high blood pressure. Long-term 

vasoconstriction reduced capillary collateral circulation and finally results in a reduction of 

capillary network in muscle. It has been demonstrated that patients with systemic 

hypertension had a capillary rarefaction in skeletal muscle (Henrich et al 1988). Biring et al 

(1998) also found that CyA in vivo significantly reduced capillary-to fibre ratio and capillary 

density in rat extensor digitorum longus (EDL) muscle type 1 and type lib fibres. The reduced 

capillarity in skeletal muscle may increase peripheral resistance, aggravating hypertension. 

With a reduction in muscle capillarity, the muscle oxidative capacity may also decline due to 

limitation to oxygen supply. Consequently, muscle energy metabolism may be reduced in 

skeletal muscle of hypertensive patients. Reduction of resting muscle PCr concentration and 

PCr regeneration during post exercise recovery have been reported in a group of hypertensive 

patients (Ronquist et al 1995). A low proportion of type I fibres (35% in patients with 
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hypertension vs. 40% in controls, P < 0.05) in skeletal muscle were found in the hypertensive 

patients (Juhlin-Dannfelt et al 1979). Once again, low proportion of type I fibres indicated the 

muscle oxidative capacity would be reduced since type I fibres have high oxidative potential 

(see Section 2.3.3). It is possible, therefore, that CyA induced hypertension contribute to the 

limitation of mitochondrial function in skeletal muscle. In the present study, 5 LTx recipients 

had mild hypertension even with medication. Unfortunately, the muscle capillary in these 

patients was not examined. Consequentiy, the present study can not proved any evidence 

related to muscle capillarity post-lung transplantation. 

4.4.7. Anaemia 

Finally, reduced exercise performance has been related to acute and chronic anaemia 

(Woodson 1978). In this study the average haemoglobin count of patients was 115.5 g L"', 

which is just in a low level of normal region. Consequently, deficiencies in physical performance 

and mitochondrial injury in the LTx group are unlikely to be linked to anaemia 

4.5. Conclusion 

In conclusion, this study has demonstrated that LTx recipients have a low exercise capacity, 

characterised by shorter exercise duration at they ceased exercise at a lower workrate during 

incremental exercise and a lower V02peak, and lower LT during exercise compared with 

controls. Comparing with the controls, the resting skeletal muscles in LTx patients exhibited: 

(1) A lower proportions of muscle type 1 fibre. (2) Abnormal metabolism in resting muscle 

including a lower ATP concentration associated with higher levels of lactate and IMP. (3) 

Lower mitochondrial enzyme activities and higher PFK activity. (4) Low MAPR with various 

substrates. Low activity of mitochondrial enzymes was consistent with the impaired function 
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of mitochondrial ATP production. The metabolic alterations in LTx may be a result of lov\ 

MAPR and a low proportion of type 1 muscle fibres. The abnormal alterations of skeletal 

muscle in LTx most likely occurred preoperatively and persist after transplantation. In terms 

of the causes, cardiac-pulmonary disease induced chronic hypoxemia and/or physical muscle 

disuse may be the cause of peripheral skeletal muscle deconditioning. In addition, CyA, 

perhaps PNL and AZA may impair mitochondrial capacity in LTx patients. Although there are 

many potential causes of exercise limitation in LTx recipients, impaired oxidative capacity of 

the peripheral skeletal muscle shown in this study may prove the most significant and the 

most prevalent. 
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CHAPTER 5. THE EFFECT OF CYCLOSPORINE ON IN 

VITRO MITOCHONDRIAL ATP PRODUCTION RATE IN RAT 

SKELETAL MUSCLE 

5.1. INTRODUCTION 

Cyclosporine A (CyA) (Sandimmune ™) is a cyclic polypeptide consisting of 11 amino acids 

and is a metabolite of the fungus species Tolypocladium Inflatum Gams (Dreyfuss et al 1976). 

The CyA immunosuppressive effect is the result of CyA binding to intracellular receptors 

(cyclophilins) and decreasing T-lymphocyte function (Cyert 1992). CyA is a potent 

immunosuppressive agent and has been widely used in organ transplantation. In combination 

with prednisone and azathioprine (triple-drug immunotherapy) CyA significantly decreases 

the frequency of infections and graft rejection (Andreone et al 1986). CyA also improved the 

survival rate of organ tranplantation (Oyer et al 1983; Fragomeni and Kaye 1988) and has 

been regarded as a major contributor to the improved survival of patients with organ 

transplantation (Fragomeni and Kaye 1988). However, CyA has a number of side effects. The 

most common and severe of these are nephrotoxicity (Salaman 1984; Bennett et al 1994) and 

systemic hypertension (Morrison et al 1993; Textor et al 1994). There are a few reports of 

CyA-induced skeletal muscle myopathy (Goy et al 1989; Fernandez-Sola et al 1990). 

Previous studies have shown that CyA can inhibit the O2 consumption of isolated kidney 

cortical mitochondria in rats (Jung and Pergande 1985; Simon et al 1997) and humans (Jung 

and Reinholdt 1987) in a dose-dependent manner. It has also been demonstrated that CyA 

significantly depresses mitochondrial function in the liver (Broekemeijer et al 1989; Samuta 

et al 1993), cardiac myocytes (Altschuld 1992) and in rat skeletal muscle (Hokanson et al 

1995; Mercier et al 1995). The latter observations are most relevant to the present study. The 
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CyA concentration employed by Hokanson et al (1995) and Mercier et al (1995), however, 

was much higher than the level of CyA which is required (150 to 400 ng ml"') in whole blood 

to provide adequate immunosuppression in the eariy postoperative phase as suggested by 

Baumgartner et al (1987). It is not clear, therefore, that CyA will inhibit skeletal muscle 

mitochondria at a concentration in the clinical range. 

It is possible that the low MAPR observed in LTx recipients is due to the effect of CyA. No 

studies, however, have examined the effects of CyA on MAPR in skeletal muscle. 

Accordingly, the purpose of this study is to examine the effects of high and low CyA 

concentrations on MAPR of skeletal muscle in rats. High CyA concentrations were 50 pg ml"' 

and 25 pg ml''. The latter was chosen as Hokanson et al (1995) utilised this concentration in 

their study of the effect of CyA on mitochondrial O2 consumption. Choosing a low 

concentration of CsA (I pg mf') was based on clinical considerations. Post-operatively, most 

patients with organ transplantation take maintenance dosages of CyA. In these patients blood 

CyA concentrations were usually maintained at 150-400 ng ml"' during the first 6 months 

(Keown et al 1982; Baumgartner et al 1987; Kahan 1987). As indicated in the previous 

Chapter, the average whole blood CyA concentration in the LTx patients was 266 ± 30 ng ml"' 

(from 198 ng mf' to 412 ng ml"'). There is, however, limited data available for skeletal 

muscle CyA concentration in patients on maintenance dosages of CyA. Lensmeyer et al 

(1988) have reported that deposits of CyA and a CyA metabolite (Ml7 hydroxycyclosporine) 

were found in the skeletal muscle of three of the patients post-mortem. This group included a 

heart transplant recipient, a bone marrow transplant recipient and a liver transplant recipient. 

The heart transplant recipient was treated with CyA for 3 days (CyA concentration not given), 

but received 82 mg of CyA intravenous (iv) one day before death. The bone marrow 

transplant recipient took a maintenance dose of CyA for 3 months with a final dose of 50gm 

via intravenous injection 3 days before death. The liver transplantation patient received CyA 

for 3 months with 900 mg of CyA (oral) on the day of death. This study showed that the 
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muscle concentration of the CyA metabolite, Ml 7, in the three patients was -2-3 fold higher 

than the blood level indicating that the sum of CyA and metabolites was greater in skeletal 

muscle than the blood. Dowling et al (1990) provided further evidence that CyA 

concentrations are higher in muscle than blood. They examined the distribution of CyA one 

hour after giving aerosolised CyA to canine lung transplant recipients. The whole blood CyA 

level was 185 ± 116 ng ml' and in two separate measures, skeletal muscle CyA levels were 

414 and 435 ng mf'. Wagner et al (1987) observed the tissue distribution and metabolism of 

CyA in rats. They administered single-dose ^H-cyclosporine with an oral dose of 10 mg kg"' 

or intravenous dose 3 mg kg' to rats. The ratio of muscle ^H-cyclosporine and blood 

radioactivity (muscle/blood) was 7 and 6.7 after 24 hours oral and 8 hours intravenous 

administration of the drug, respectively. They also administered multiple oral doses of ^H-

cyclosporine at 10 mg kg"' per day to rats for 21 days. After 21 days, the rats were sacrificed 

and the ^H-cyclosporine radioactivity was 5-fold and 8-fold higher in muscle compared with 

the •^H-cyclosporine radioactivity in blood at 8 hours and 24 hours, respectively, after the last 

dose of drug. The administration of multiple doses CyA mimics the situation of LTx patients 

taking maintain does CyA after transplantation. It is likely, therefore, that in patients 

undertaking CyA therapy, the concentration of CyA in the muscle would be at least 1 pg ml" 

if the blood CyA level is at 300-400 ng ml"'. 

This study will investigate the effects of CyA on in vitro MAPR in skeletal muscle of rats. 

Especially low concentration (1 pg ml"') CyA have not been previously examined for MAPR 

in skeletal muscle. The low concentration CyA may be close to the muscle CyA concentration 

in skeletal muscle in clinical situations. The hypotheses in the present study is: CyA may 

significantly inhibit in vitro MAPR in presence of various substrate combinations in both high 

concentration CyA (50 & 25 pg ml"') and low concentration (1 pg ml" ). 
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5.2. METHODS 

5.2.1. Animals and Skeletal Muscle Sampling 

5.2.1.1. Animals 

Eight female Sprague-Dawley rats, aged 57 ± 4.5 days (mean ± SEM) and weighing 200 ± 7.9 

g (mean ± SEM) were sacrificed for this study. 

5.2.1.2. Muscle sampling 

The animals were euthanased with an overdose of halothane anaesthetic. The red 

gastrocnemius muscles were excised (-125-230 mg) to determine the MAPR. The muscle 

management, homogenisation and isolation of mitochondria were performed using the same 

techniques as those used in the human studies, except that mitochondrial suspensions were a 

1:500 dilution for the final MAPR analyses. The average values of muscle weight, isolated 

mitochondrial protein concentration and the final mitochondrial protein in each cuvette are 

shown in Table 5.1. 

Table 5.1. Muscle Weight and Mitochondrial Protein Contents of Rats 

Mitochondria] Preparation Average Values 

Muscle weight (mg) 148.2 + 11.9 

Protein concentration in mitochondrial 3.44 ±0.43 

suspension (mg ml"') 

Mitochondrial suspension protein content in 68.1 ±8.5 

each cuvette (ng ml''). 

Values are mean ± SEM (n = 8). 
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5.2.2. Cyclosporine A Preparation 

Cyclosporine A, which was kindly provided by Sandoz Australia, was dissolved in 50% 

ethanol at room temperature. Stock solutions of CyA (10 mg ml"', 5 mg mf' and 0.2 mg ml"') 

were prepared. A 50%) ethanol solution was used as blank. To each cuvette, 0.005 ml of blank 

or a stock solution of CyA was added to produce a final concentration of 50 pg ml'', 25 pg 

ml'', and I pg ml'' of CyA. The blank (0 pg ml'') was used to add an equal volume of 50% 

ethanol as in the other two testing situations. The content of ADP and volume of 

mitochondrial suspension added to each cuvette was the same as in the previous study 

(Chapter 4). Hence MAPR was examined in the presence of 50 pg ml"', 25 pg ml"', and 1 pg 

mf' and 0 pg mf' of CyA. 

5.2.3. MAPR Measurement 

This study employed the same technique used to measure the MAPR in the human studies. 

Before adding ADP the isolated mitochondria were incubated with CyA at three different 

concentrations CyA (50 pg ml"', 25 pg ml"', and 1 pg ml"') and 50% ethanol (CyA 0 pg mf') 

for 5 minutes at 25 °C. After adding ADP, MAPR with each substrate combination at different 

CyA concentrations was measured at same time. MAPR is expressed as mmol min'' g"' 

protein of the mitochondrial suspension. The combinations of substrates or substrate and 

inhibitor used in this study were P + M, PC + M, PPKM and S + R. The methods were as 

described in Chapter 3. 

5.2.4. Statistical Analyses 

A two-factor analysis of variance (ANOVA) (Microsoft Excel statistical package) was used to 

130 



analyse data of MAPR from the three different concentrations of CyA and the blank. When a 

significant F-value was obtained Newman-Kuels post-hoc analysis was employed to 

determine the differences. A level of P < 0.05 was accepted as a significant difference. The 

data are presented as mean ± standard error of the mean (SEM). 

5.3. RESULTS 

The effects of different concentrations of CyA on the MAPR of rat skeletal muscle are shown 

in Table 5.2 and Figure 5.1. MAPR in the presence of the four combinations of substrates or 

substrates and inhibitor (S + R) was depressed by CyA at a concentration of I pg ml"' 

compared with the blank (P < 0.01). The MAPR in the presence of a CyA concentration of 1 

pg ml'' was reduced by 10% to 12% compared with the blank. Similarly, MAPR in each 

circumstance was also lower in the presence of CyA at a concentration of 50 pg ml'' and 25 

pg ml"' compared with a CyA concentration of 1 pg ml'' and blank (P < 0.05 & P < 0.01, 

respectively). The levels of MAPR with various substrates were very similar between the 50 

pg ml"' and 25 pg ml"' CyA groups. MAPR in the prescence of 25 pg ml" of CyA was 

reduced by 21% to 25% compared with the blank. There were no differences when comparing 

the reduction of MAPR with various substrate combinations and the same CyA concentration 

(P > 0.05). The decline of MAPR in the presence of various substrates is shown in Table 5.3. 
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Table 5.2. Effect of Cyclosporine A on MAPR 

Substrates 0 pg mf' 1 pg mf* 25 pg mf' 50 pg mf" 

•pPKM 0.69 ± 0.07 0.60 ±0.05* 0.54 ±0.04*^ 0.55 ±0.04*^ 

P + M 0.57 ±0.07 0.51 ±0.08* 0.45 ±0.05*^ 0.42 ± 0.06*^ 

PC + M 0.36 ±0.03 0.32 ±0.02* 0.28 ±0.01*^ 0.29 ±0.01*^ 

S + R 0.29 ± 0.05 0.25 ±0.04* 0.21 ± 0.03 *̂  0.21 ± 0.03 *̂  

• -1 -1 Values are mean ± SEM, expressed in mmol min' g' protein of mitochondrial suspension {n 

•1 t j 5).* P < 0.01 compared with 0 pg ml' . ' ? <0.01 compared with 1 pg ml 

Table 5.3. Percentage Reduction in MAPR at Different Concentrations of CyA 

Substrates l iOpgml' 25:1 pgmf' 25:0 pg ml'* 50:0 pg ml* 

PPKM 12 ±3 10 ±4 21 ±4 18 ±5 

P + M 11 ± 3 10 ±3 20 ±5 25 ±6 

PC + M 10±3 11±4 2 0 ± 4 19±6 

S + R 12±2 14±2 25±3 28±4 

Values are mean ± SEM, expressed in percentage [(a-b)/b%] %. n - 8. 
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5.4. DISCUSSION 

The present study demonstrates that CyA inhibits in vitro MAPR in rat skeletal muscle 

mitochondria. This observation was made with both low (1 pg mf') and high (25 pg ml ') 

concentrations of CyA. Significantiy, MAPR in the presence of 1 pg ml'' CyA concentration 

at a level of declined by -10%) to 12%. This result is similar in magnitude to the findings of 

Simon et al (1997) in rat kidney. They reported that RCR of rat kidney mitochondria using 

substrate and inhibitor S + R was reduced by 10% in the presence of 1 pM CyA (1 pmmol L"' 

CyA - 1.03 pg ml''). The results of the present study are also consistent with the study of 

Hokanson et al (1995), in which 25 pg ml'' CyA concentration significantly reduced isolated 

mitochondrial respiratory function in the skeletal muscle of rats. In the present study MAPR 

in the presence of 25 pg ml"' CyA was reduced by 20 ± 5% with P + M and 25 ± 3% with S + 

R. By comparison, Hokanson et al (1995) found that State 3 mitochondrial respiration in the 

presence of P + M and S + R were reduced by the 34.7% and 18.3%, respectively. Jung and 

Pergande (1985) demonstrated that CyA significantly reduced the rat kidney mitochondrial 

State 3 respiration in a dose-dependent manner over a range of CyA concentrations from 10 

Jig ml'' to 75 pg ml"', but CyA at 5 and 1 pg ml"' concentration did not affect mitochondrial 

respiration. The data in the present study is also consistent with a dose-dependent affect on 

mitochondrial function in skeletal muscle mitochondria. 

It is clear from the present study that the CyA concentration (Ipg ml"') likely to be present in 

the skeletal muscles of LTx recipients potentially reduces mitochondrial function. In the 

previous the MAPR with various substrates in terms of mitochondrial suspension protein was 

lower by about -16 to 45% in the LTx patients compared with the controls. In the present 

study, Ipg ml"' CyA, however, only depressed MAPR by -10 to 12%. The high CyA 

concentrations (50 pg ml'' and 25 pg ml'') used are not implicated in a clinical situation, 

because the skeletal muscle CyA concentration may never reach to 50 pg ml" and 25 pg ml 
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in the heart and lung transplantation patients who undertake CyA. Therefore, the results in 

this study sfrongly suggest that CyA is a factor, but not the only factor, which contributes to 

the reduction of MAPR and exercise limitation in the LTx patients. 

The cause of CyA-toxicity on mitochondria is still unclear. A number of explanations have 

been suggested previously. CyA may directiy inhibit one or all enzyme complexes in the 

ETC. Lemmi et al (1990) demonstrated that CyA inhibited in vitro Complex II of rat renal 

cortical mitochondria. In the present study, however, this does not appear to be the case as 

CyA depressed MAPR to similar levels using combinations of various substrates. As 

previously indicated, succinate enters the ETC via Complex II and rotenone inhibits electron 

transfer from Complex I to UQ. Hence, if CyA reduced the activity of Complex 1 alone, then 

MAPR in the presence of S + R would have been unaffected. As described in Section 2.2.3.3, 

most electrons carried by FADH2 enter Complex 111 directly from fatty acid y^oxidation 

directly to UQ by electron-transferring flavoprotein (ETFP). Hence, if CyA reduced the 

activity of Complex II and I alone, MAPR in the presence of PC + M would have reduced to a 

less extent than that observed with P + M and S + R as substrates. Therefore, these results 

indicate that CyA did not specifically effect Complex I, 11 or III. Hokanson et al (1995) have 

pointed out that inhibition of mitochondrial respiration by CyA is possibly due to the effects 

of CyA on mitochondrial membrane, rather than its direct affect on the specific protein 

complex in the ECT of mitochondria. They also suggested that CyA might affect the electron 

flux through the ETC in muscle mitochondria. The data presented here, however, does not 

negate the possibility that CyA could have a deleterious affect on other protein complexes or 

components in the ETC, such as Complex IV, ATP synthase and other enzymes. 

It is also possible that the inhibitory effect of CyA on mitochondrial function could be due to 

changes m permeability of Ca^^in the mitochondrial membrane. Cyclosporine A can block 

MPTP to decrease Ca^^ efflux from the matrix of mitochondrion into the cytosol and this may 

result in an accumulation of excess Ca^* in the mitochondrial matrix (Altschuld et al 1992; 
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Richter et al 1990). Mitochondrial Ca^^ overioad has been linked to mitochondrial damage, 

both morphologically and functionally (Lochner et al 1987, Darley-Usmar et al 1990). 

Salducci et al (1996) used CyA to produce a Ca^^ overload in liver mitochondria. This process 

resulted in impairment of respiration in the mitochondria. The authors then utilised 

trimetazidine (TMZ), an antianginal drug, to increase Ca^^ release from mitochondria, which 

reversed the detrimental effects of CyA on mitochondrial respiration. Accordingly, Câ "̂  

overload in mitochondria can result in impairment of mitochondria function. Foumier et al 

(1987) and Crompton et al (1992) have suggested that decreased Câ "̂  efflux may reduce the 

proton gradient across the inner mitochondrial membrane leading to a reduction in ATP 

synthesis. In support of this hypothesis, Zamzami et al (1995) have demonstrated that CyA 

reduces the electrochemical potential of the mitochondrial membrane. When the membrane 

potential drops, ROS could be generated. The over-production of ROS can impair 

mitochondrial function, which will be discussed subsequently. 

As mentioned in Chapter 4, a number of studies have shown that CyA can protect 

mitochondria via blockage of the MPTP, reducing ischaemic-reperfusion damage on the 

cardiomyocyte mitochondria (Griffiths and Halestrap. 1993) and improving ATP recovery in 

hepatocytes after anoxic-reoxygenation (Qian et al 1997). The protective effect of CyA, 

however, is not clear. Elimadi et al (1997) found that CyA was only transientiy protected the 

liver mitochondrial swelling induced by Câ "̂  plus tert-butylhydroperoxide. After the initial 

protection, CyA increased the mitochondrial swelling. Griffiths and Halestrap. (1993) 

demonstrated that 0.2 pM CyA restored the ATP/ADP ratio and AMP contents to pre-

ischaemic levels and after rat heart reperfusion. The protective effect, however, was reversed 

by 1 pM CyA. There is very limited information about MPTP in mitochondria of skeletal 

muscle. Recently, Fontaine et al (1998) found that the skeletal muscle mitochondria have the 

permeability transition pore. Similar to the pore in heart and liver mitochondria, Ca can be 

accumulated in mitochondria via the pore and the pore can be blocked by cyclosporine A in 
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skeletal muscle. 

The another possibility for CyA reduced mitochondrial function may involve production of 

the oxidants as previously described in section 2.3.5.2. ft has been documented that CyA can 

induce oxidative stress in rat hepatocytes (Wolf et al 1997). This oxidative stress is 

characterised by overproduction of ROS, lipid peroxidation, loss of protein thiols and a 

decrease in the molar ratios of glutathione and glutathione disulfide (GSH/GSSG). In 

addition, the oxidative stress was also associated with an increase in the release of lactate 

dehydrogenases which indicates cell damage. Zhang et al (1990) demonstrated that ROS 

deactivates ETC complexes and inhibits the activity of oxidative enzymes. Brudvig et al 

(1980) and Cooper and Brown (1995) have also demonstrated that nitric oxide (NO) inhibits 

mitochondrial cytochrome oxidase. Peroxynitrite (ONOO*), which is produced from NO, can 

also reduce mitochondrial respiration at Complexes I, II, III (Cassina and Radi 1996) and 

possibly IV (Lizasoain et al 1996). Furthermore, CyA can induce in vitro lipid peroxidation in 

renal cortical mitochondria (Walker et al 1986) and increase in vivo lipid peroxidation in rat 

mitochondria (Walker et al 1990). Peroxidation of mitochondrial membrane lipids impairs the 

electrochemical potential of the organelle membrane and leads to depletion of ATP, finally 

causing irreversible cell injury (Carini et al 1992). Following impairment of mitochondrial 

membrane, proton leakage cross the mitochondrial inner membrane may increase and 

uncoupling the ATP production in ATP synthase. 

Tsuchiya et al (1990) have demonstrated reported that halothane, a volatile anaesthetic, can 

impair isolated rat liver mitochondrial oxygen consumption (State 3 respiration) in the 

presence of a-ketoglutarate in vitro, but unaffected the mitochondrial function with succinate. 

Recently, Miro et al (1999) have also reported that halothane can decrease human skeletal 

muscle mitochondrial oxidation of glutamate, succinate and ascorbate. Although halothane 

was used for rats in the present study, the results of the present study still indicate the negative 

effects of CyA on MAPR in vitro. Because the sample used for the blank was the same 
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sample used for the three CyA groups. Consequently, if halothane affects MAPR in this study, 

all groups would be affected to the same extent. Nevertheless the combined effect of CyA and 

Halothane might result in an amplified inhibition attributed to CyA alone. Therefore, further 

study is required to determine the magnitude of inhibition produced by CyA alone. 

5.5. CONCLUSION 

In conclusion, this study has shown that CyA at 50 pg ml"', 25 pg ml"' and I pg ml'' 

concentrations significantly reduces the MAPR in the presence of various combinations of 

substrates including substrate and inhibitor (S + R). It is significant that CyA concentration is 

likely to exist in muscle of LTx patients (1 pg ml"') produced a decline in MAPR of 10 to 

12%. This reduction, however, was less than observed difference in MAPR between the LTx 

patients and controls (16 to 45%). Therefore, these results indicated CyA could reduce 

mitochondrial function in skeletal muscle post lung transplantation contributing to limitation 

of exercise performance. 

138 



CHAPTER 6. MITOCHONDRIAL CAPACITY IN SKELETAL 

MUSCLE OF RESISTANCE-TRAINED SUBJECTS 

6.1. INTRODUCTION 

Resistance training is an effective exercise mode for enlargement of skeletal muscle mass, 

enhancement of muscle strength and force generation in healthy subjects (MacDougall et al 

1977; Komi et al 1978; McDonagh and Davies 1984; Jones and Rutherford 1987; Alway et al 

1992; Starkey et al 1996). Recently, it has been demonstrated that resistance training also 

effectively improves the ageing-induced muscle degeneration or muscle atrophy in elderly 

people (Fielding 1995; Sipila and Suominen 1995; Skelton et al 1995; Evans 1997). This 

exercise mode has been adopted in many programs for improving muscle bulk and strength in 

aspects of sports medicine or medical rehabilitation. It has been demonstrated that resistance 

training improves the muscle weakness and muscle atrophy which result from muscle 

immobilisation and disuse (MacDougall et al 1977; 1980, Sale et al 1982; Ingemaim-Hansen 

and Halkjaer-Kristensen 1985b). Patients with severe heart and lung disease typically 

experience long-term physical inactivity and bed rest combined with the pathological 

processes, such as heart failure or hypoxaemia, which may result in skeletal muscle 

deficiencies (see Section 2.3.4). 

In the patients with severe heart and lung diseases, these muscle deficiencies are characterised 

by a low proportion of muscle type 1 fibres, muscle fibre atrophy, muscle metabolite 

abnormalities and low mitochondrial capacity including low mitochondrial volume and low 

oxidative enzyme activity in skeletal muscle (see Section 2.3.4). It has been demonstrated that 

the skeletal muscle deficiencies can be partially reversed by exercise training via both 

endurance training (Chati et al 1996; Hambrecht et al 1997) and resistance training (Gosselink 

and Decramer 1998). Previous studies have demonstrated that the major benefits of endurance 
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training are improving oxidative or mitochondrial capacity (Wibom et al 1992) and enhancing 

exercise endurance. Patients with severe cardiopulmonary disease, however, may be too weak 

to undertake aerobic exercise. Resistance training of some types, such as isotonic and circuit 

weight ttaining, can be safely employed in these patients. Resistance training has been 

recommended that only involves a few repetitions per session (Feigenhaum and Pollock 1999) 

and this should have a low impact on the cardiovascular system. Verrill and Ribisl (1996) 

have reviewed previous studies and summarised the advantage and consequences of resistance 

training for cardiac rehabilitation. Resistance training has become a popular exercise mode in 

rehabilitation programs for patients with cardiopulmonary diseases in recent years (Verrill and 

Ribisl 1996). As previously indicated, the main effects of resistance training are increases in 

muscle bulk and improves muscle strength and force. Undertaking resistance training to 

increase skeletal muscle mass and improve muscle function, may allow patients with severe 

cardiopulmonary disease to perform the aerobic exercise training more adequately. It has been 

demonstrated that an exercise training program combining endurance training and resistance 

training can more effectively improve the exercise performance and oxidative capacity in 

healthy aged subjects (Ferketich et al 1998). 

Skeletal muscle hypertrophy of both type II and I fibres is a well-accepted characteristic of 

muscle in resistance-trained subjects (Dons et al 1979; Liithi et al 1986; Alway et al 1988; 

Jurimae et al 1996). However, the effects of resistance training on many other muscle 

characteristics remains controversial. For example, it has been demonstrated that the activity 

of glycolytic enzymes in resistance training is increased (Costill et al 1979), unchanged 

(Houston et al 1983), or even decreased (Tesch et al 1987). Similariy, the effect of resistance 

training on mitochondrial capacity in the hypertrophied muscle is also not clear. Previous 

studies have shown various results for skeletal muscle mitochondrial volume density as well 

as oxidafive enzyme activity of mitochondria following resistance training or strength training 

(see Chapter 2.2.2.3). No studies, however, have investigated MAPR in skeletal muscle after 
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resistance training. In addition, the effect of resistance training on muscle metabolism is also 

unclear, ft was reported that resistance training increased the levels of ATP, PCr and Cr in 

resting muscle (MacDougall et al 1977). However, the information about the effects of 

resistance training on muscle metabolites is limited. 

Although resistance training (or strength training) increases muscle maximal force, reports of 

the effects on fatigue resistance with muscle hypertrophy, found in previous studies, are 

equivocal. There are reports that resistance training improves (Hickson et al 1980; 1988) or 

has no effect on endurance performance during exercise (Bishop and Jenkins 1996). In view 

of these findings, the hypotheses in the present study are: 

(I). Resistance-trained subjects have a greater muscle bulk and higher muscle power output 

during one-legged exercise compared with controls. 

(2). Resistance trained subjects have increased total muscle oxidative capacity indicated by 

MAPR and oxidative enzyme activities in skeletal muscle. 

Therefore, this study was designed to examine: 

(a). Muscle mass, power output and fatigue during intense exercise in resistance-trained 

subjects. 

(b).The mitochondrial capacity in skeletal muscle of resistance-trained subjects. 

(c). The effects of long-term resistance training on exercise endurance and metabolism in 

skeletal muscle during fatiguing exercise. 
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6.2. METHODS 

6.2.1. Subjects 

Sixteen volunteers participated in this study. They included 8 untrained male controls (UT) 

and 8 male resistance-trained (RT) subjects. The UT subjects did not regularly participate in 

sporting activities, but were recreationally active in some instances. The RT subjects were 

recruited through the university, local competitive clubs and representative teams and had 

been training continuously for at least two years. The RT subjects were selected on the basis 

of being able to lift at least 1 to 1 'A times their body weight during squatting exercise with 

free weights. The RT group had typically trained 4-5 times per week at -1 hour per session. 

The height and body mass of subjects were measured using a stadiometer (Novel Inc, Addison 

lUinois, USA) and an electronic scale (Sauter El200, West Germany) with a sensitivity of 

0.005 kg, respectively. Subcutaneous skinfold thickness was measured at the following eight 

sites, triceps muscle, biceps muscle, subscapular, mid-axilla, suprailiac, abdominal, anterior 

thigh and medial calf using Harpenden calipers (British Indicators, W. Sussex, Great Britain). 

The sum of these of 8 sites average values (Sum of 8) was used to calculate body fat 

percentage (% BF) (Siri, 1956) from body density using equations, which are listed in 

Appendix II (Siri 1956; Jackson & Pollock 1978; Jackson et al 1980). Estimation of the 

subjects' body fat was also determined by underwater densitometry (Brozek et al 1963). Total 

thigh volume was determined by water displacement. Thigh volume was obtained by 

subtracting the volume of the lower leg (at the lateral and medial epicondyles of the femur) 

from the volume of the whole leg (up to the gluteal furrow in the horizontal plane). The 

results for all subject skinfolds and limb volume measurement equation is shown in Appendix 

II: Cross-secfional area (CSA) of the whole thigh muscle including quadriceps and hamstring 

muscles was determined by anthropometric techniques according to the method of Housh et al 
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(1995). The thigh CSA was calculated using the following equation: 

Total thigh muscle CSA = (4.68 x mid-thigh circumference in cm) - (2.09 x anterior thigh 

skinfold in mm) - 80.99. 

6.2.2. Exercise Tests 

All subjects performed separate tests to measure maximal aerobic power, as well as muscle 

function and fatigue in the knee extensor muscle of one leg. 

6.2.2.1. Measurement of Maximal Aerobic Power 

When the subjects arrived at the laboratory on the test day, they were weighed and had a 

catheter inserted into a superficial vein in the dorsum of the right hand for arterialised venous 

blood samples (see Section 3.4.1). Maximal aerobic power was determined through an 

incremental exercise test (25 watts per min) on an electrically braked cycle ergometer (Lode 

N. V. Groningen, Netherlands). The measurements and protocol have been described in 

Section 4.2.2. 

6.2.2.2. Assessment of Muscle Function 

Subjects were also weighed when they arrived at the laboratory for this test, but no invasive 

measures were performed. Maximal muscle strength and fatigability of the knee extensor 

muscle group was determined on an isokinetic dynamometer (Biodex Medical System, 

Shiriey, New York, USA). Briefly, after a 3-minute warm-up on a cycle ergometer at 50 watts 

(W), subjects were strapped to the Biodex chair using belts across the hip, knee, ankle and 

chest, to restrict upper body movement. The knee extension repetitions were then performed 

in two separate tests to determine muscle function of the knee extensors. These tests were 
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measuring muscle torque-velocity relationship and leg muscle fatigability. 

Muscle Torque-Velocity Relationship. 

The first test measured peak muscle torque in the right leg only at a series of limb velocities. 

Subjects performed 2 practice maximal repetitions, followed by one-minute rest. Then 3 

maximal repetitions at each velocity of 0, 60, 120, 180, 240, 300 and 360 degrees per second 

(° s''), each separated by a 2 minute rest. Data from these tests was used to build a torque-

velocity relationship of the right knee extensor muscle group. Peak torque was expressed in 

Newton-meters (Nm). 

Biodex Muscle Fatigue Test 

After a recovery period of 30 minutes, the second test was performed on Biodex 

dynamometer Subjects completed a standard test designed to rapidly induce muscular fatigue 

of the knee extensor muscles. This involved 50 repeated maximal knee extensions (180°s, 

0.5Hz), modified from the procedure described by Thorstensson et al (1976a). The peak 

torque during the test was calculated as the mean of the 5 strongest of the first 10 

contractions. The final torque during the test was calculated as the mean of the 5 weakest in 

the final 10 contractions. The total work was summed from the values of 50 repeated knee 

extensions. The fatigue index, expressed in terms of a percentage, was calculated using the 

following equation: 

Fatigue Index (FI) % = [(peak torque-final torque)/peak torque] x 100. 

Cybex Muscle Fatigue Test with Invasive Measures 

The second muscle fatigue test was performed with invasive measurements using an 

isokinetic dynamometer (Cybex II Lumex Inc. Ronkoukowany, New York USA). Separate 

ergometers were used for practical reasons. A Biodex dynamometer was preferred for 

characterisation of muscle function of the different subject groups, but was located at a 

different campus to the Exercise Physiology Laboratory, where the invasive testing took 

place. Therefore, a Cybex dynamometer was used for the invasive muscle fatigue test, with 
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collection of muscle biopsies and blood samples, in the Exercise Physiology Laboratory, 

Footscray campus, Victoria University of Technology. 

Before this test, subjects were also weighed and catheterised with a venous line for 

arterialised blood samples (see 3.2.1). Subjects were strapped to the Cybex chair, using seat 

belts to restrict upper body movement, and required to perform 50 repeated maximal knee 

extensions (180° 0.5Hz). Muscle torque in Newton-meters was determined for each knee 

extension. A fatigue index was also determined in this test by the manner described above. 

Muscle biopsies were taken at rest and immediately after exercise. Blood samples were 

collected at rest, at 25 and 50 knee repetitions during the fatigue test as well as at I, 2, 5, 10, 

20 and 30 minutes after exercise test for blood gas and plasma lactate analyses. The test 

protocol is shown in Figure 6.1. 
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6.2.3. Blood analyses 

The techniques for analyses of blood gases and plasma lactate have been described in Section 

3.4.2. 
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6.2.4. Muscle Biopsy and Muscle Analyses 

Muscle samples were obtained from the vastus lateralis muscle, at rest and immediately after 

the 50 knee extensions. The procedure and techniques of biopsy and muscle samples 

management have been described in Section 3.5.1. The muscle samples were analysed for 

muscle fibre type proportion, activity of metabolic enzymes, resting and fatigue muscle 

metabolism and MAPR. A insufficiency of muscle sample prevented MAPR measurement in 

one resistance-trained subject and the determination of the enzymes KGDH, HAD, PFK HK, 

PK and PHOSPH activities in another RT subject. Likewise, KGDH and HAD were not 

measured in one untrained subject. The methods for muscle analyses have been described in 

Section 3.5.2. 

6.2.5. Statistical Analyses 

All data are presented as mean ± standard error of the mean (SEM). Muscle peak torque at 

different velocities, plasma lactate concentration during maximal aerobic tests and fatiguing 

tests using the Cybex dynamometer, as well as metabolites between the two groups and within 

each group, were compared using a two-factor analysis of variance (ANOVA) with repeated-

measures (SPSS package). When a significant F-ratio was obtained, a Newman-Kuels post-

hoc analysis was used to compare the variances between the two groups or between resting 

and fatigue muscles within each group. The data of MAPR, enzyme activities, lactate 

threshold during exercise between the two groups were compared by two-tailed Student's t-

test (Microsoft Excel software package). A P value < 0.05 was considered to indicate a 

significant difference. Linear regressions were determined from the pooled data of the two 

groups and calculated using Microsoft Excel software package. 
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6.3. RESULTS 

6.3.1. Anthropometric Measurement 

Subjects' characteristics including those obtained using anthropometric measurement, are 

shown in Table 6.1. The thigh muscle cross-sectional area (CSA) in the RT group was higher 

than the UT group (P < 0.01) (Figure 6.2). The average values for the sum of 8 skinfolds and 

body fat calculated from skinfolds (%BF) were not different between the two groups. The leg 

thigh volume of the two groups were similar, but the anterior thigh skinfold was less in the RT 

subjects compared with the UT (P < 0.05). The results indicate that RT had less fat and larger 

muscle mass in the thigh. The UT subjects were slightly taller than the RT subjects (P < 

0.05). There were no differences in other variables between the RT and UT groups. 

250 

200 

t/3 
U 
ii 
<J 
1/1 
3 

Ji 
6X) 

Si 
H 

150 

100 

50 

0 

* 
T 

1 

UT 

2 

RT 

Figure 6.2. Cross-Sectional Area of Thigh Muscle 

RT, resistance-trained subjects (« = 8); UT, untrained subjects {n = 8); mean ± SEM; 

* * P < 0 . 0 1 . 
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Table 6.1. Subjects Characteristics and Results of Anthropometric Measurements 

UT RT 

Male 8 8 

Age (year) 26.4 ± 1.4 25.6 ± 2.9 

Height (cm) 183 ±2 . 176 ±2* 

Body Mass (kg) 80.4 ± 2.4 83.9 ±2.4 

Skinfolds [Sum of 8 (mm)] 99.4 ± 10.4 82.3 ± 7.5 

Anterior thigh skinfold (mm) 15.0±1.1 l l . 0 ± l . 2 * 

BF%(Sumof8) 13.9+1.5 11.5 ±1.0 

BF%(UWW) 17.5 ±1.5 15.8 ±1.8 

Thigh volume (L) 5.78 ± 0.32 5.6 ±0.18. 

C.S.A. of thigh muscle (cm^) 201.8 ±7.0 233.5 ±7.4** 

Values are mean ± SEM. RT, resistance-trained subjects (n = 8); UT, untrained subjects (n = 

8); Sum of 8, sum of 8 site skinfolds; BF, body fat; UWW, underwater weigh % body fat; 

CSA, cross-sectional area. * P< 0.05. ** P < 0.01. 

6.3.2. Pulmonary Function, Incremental Exercise Test and Muscle Function 

Assessment 

There were no differences in pulmonary function, including vital capacity (VC) and FEV) 

between the two groups (Table 6.2). The results of the incremental exercise test, including 

VOjpeak, HRpeak, peak workrate and the duration of the test also showed no differences 

between the RT and the UT groups (Table 6.2). The value of LT, obtained during the 

measurement of maximal aerobic power, did not differ between RT and UT groups whether 

expressed in terms of absolute workrate or VOj (Table 6.2). 
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In the Biodex dynamometer test, the leg muscle peak torque, at angular velocities of 60 

through to 360° s'\ were 12% to 22% higher in the RT than the UT group (P < 0.05, Table 

6.3). The torque-velocity relationship is shown in Figure 6.3. Total work during the knee 

repetitions was higher in RT than UT (P < 0.01, Table 6.4). The peak work and the fatigue 

index (FI) in Biodex dynamometer fatiguing test were not different between the two groups 

(Table 6.4). The leg muscle peak torque, at angular velocities of 60 to 360° s'' and total work 

had positive linear regressions with the CSA (0.55 < r <0.72; P < 0.05). The regression of 

total work and CSA is shown in Figure 6.4. 

The fatigue tests conducted on the Cybex dynamometer also showed that both the peak torque 

and FI did not differ between RT and UT (Table 6.4). The plasma lactate concentrations were 

not different in the RT group compared with the UT during the intense leg exercise and in 

recovery (Cybex test. Figure 6.5). 
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Table 6.2. Pulmonary Function and Incremental Exercise Test Results 

UT RT 

FEV,(L) 4.35 ±0.18 4.42 ± 0.34 

VC(L) 5.35 ±0.28 5.35 ±0.41 

V02peak(mlkg''min'') 44.4 ±1.8 44.6 ±3.2 

HRpeak (bpm) 190 ± 3 185 ± 3 

Peak workrate (W) 325 ± 8 334 ± 16 

Duration of exercise (min) 13.0 ±0.3 13.4 ±0.7 

LT (Workrate, W) 101 ± 10 139 ± 21 

LT(V02. mlmin 'kg ' ' ) 19±1.5 20±3.2 

Values are mean ± SEM. RT, resistance-trained subjects (n = 8); UT, untrained subjects (n = 

8); FEVi, forced expiratory volume in one second; VC, vital capacity; LT, lactate threshold; 

W, watts. * P < 0.05. 

Table 6.3. Muscle Peak Torque (Nm) in Biodex Isokinetic Dynamometer Test Results 

Angular 

0 

60 

120 

180 

240 

300 

360 

velocity ("s) UT 

197.0 ±8.6 

193.0 ±6.7 

159.7 ±4.1 

134.6 ±3.7 

115.9±4.1 

106.8 ±4.8 

93.5 ±4.2 

RT 

210.8 ±9.1 

216.9 ±8.6* 

186.3 ±8.1* 

159 ±8.6* 

139.6 ±7.5* 

127.1 ±7.9* 

114.0±6.3* 

% difference 

+7 

+ 12 

+ 17 

+18 

+20 

+ 19 

+22 

Values are mean ± SEM. RT, resistance-trained subjects (n = 8); UT, untrained controls (n 

8); % difference, (RT-UT)/UT%. * P < 0.05. 
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Figure 6.3. Torque-Velocity Relationship 

Resistance-trained subjects (n = 8); A- Untrained controls (n = 8); Mean ± SEM; 
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Table 6.4. Fatigue Test Results in Biodex and Cybex Isokinetic Dynamometers 

— 1^ RT 

Biodex tests 

Peak work (J) 143 ±7.1 157 ±5.4 

Peak power (W) 164 ±16 178 ±18 

FIwork(%) 53.7 ±5.0 46.4 ±3.5 

FIpower(%) 51.2 ±3.8 47.3 ±2.7 

Total work (J) 4992 ±93 6058 ±301* 

Cybex tests 

Peak torque (Nm) 120 ± 3.5 119 ± 6.6 

FI(%) 46.9 ±3.2 42.3 + 5.7 

Values are mean ± SEM. RT, resistance-trained subjects (n = 8); UT, untrained controls (n 

8); W. watts; J, joules; *P < 0.01. 
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Figure 6.5. Plasma Lactate Concentration during Intense Fatiguing Exercise (Cybex). 

• Resistance-trained subjects (n = 8); A Untrained controls subjects (n = 8); mean ± SEM; 

R, resting; El, 25 leg repetitions; E2, 50 leg repetitions; +1 to +30, time (min) of recovery. 

6.3.3. Muscle Fibre Type 

Resistance-trained subjects had similar proportions of type 1 and type II muscle fibres to the 

untrained controls (RT, 50.1 ± 4.5% versus UT, 52.7 ± 3.4%). The proportions of type lla (RT, 

40.9 ± 3.4% versus UT, 36.8 ± 1.73%) and type lib (RT, 9.0 ± 2.7% versus UT, 10.5 ± 3.4%) 

muscle fibres were also similar between the two groups. 

6.3.4. Metabolic Enzyme Activities 

When enzyme activity is expressed per unit muscle weight, the activity of mitochondrial 

enzymes including GDH, CS, KGDH, and HAD, were similar in the RT and the UT groups 

(Table 6.5). PK and HK activities, however, were significantly higher in the RT group than in 
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the UT group {P < 0.05). PFK (16%; P = 0.13) and PHOSPH (20%; P = 0.14) activities 

tended to be higher in the RT group than in the UT group, but were not significantly different 

between the two groups (Table 6.6). When the activity of the enzymes was expressed in terms 

of muscle protein content, enzyme activities were not significantly different between the two 

groups. 

Table 6.5. Activity of Muscle Enzymes Expressed Per Unit Muscle Weight 

Enzyme UT RT 

_ _ 31.2±0.9 36.3 ±2.8 

PHOSPH 15.6 ±1.0 18.7 ±1.7 

HK 1.9 ±0.1 2.4 ±0.2* 

PK 214 ±16.5 264 ±16.3* 

GDH 0.94 ±0.06 1.04 ±0.06 

CS 19.4 ±0.7 18.4 ±1.0 

KGDH 0.78 ±0.1 0.81 ±0.1 

HAD 4.43 ±0.3 4.12 ±0.3 

Values are mean ± SEM, expressed as mmol min'' kg'' muscle weight. RT, resistance-trained 

subjects {n = 7; CS & GDH n = 8); UT, untrained subjects {n = 8; KGDH & HAD n^T). 

*P<0.05. 

155 



Table 6.6. Activity of Muscle Enzymes Expressed Per Unit Muscle Protein 

Enzyme UT R T 

PFK 184.2 ±7.5 201.6 ±13.3 

PHOSPH 90.7 ±3.7 104.2 ±9.6 

HK 11.4 ±1.0 13.1 ±0.7 

PK 1281 ±136 1478 ±106 

GDH 5.7 ± 0.6 6.2 ± 0.6 

CS 115.3 ±7.3 108.5 ±9.8 

KGDH 4.7 ± 0.7 4.5 ± 0.8 

HAD 26.5 ±1.7 22.9 ±1.6 

Values are mean ± SEM, expressed as mmol min' g' muscle protein. RT, resistance-trained 

subjects (« = 7\CS& GDHn = 8);VT, untrained subjects (n = 8; KGDH & HAD n = 7). 

6.3.5. Muscle Metabolites 

The results of metabolite analyses are listed in Table 6.7. With the exception lactate and 

glycogen, all muscle metabolite concentrations were adjusted to the peak total creatine 

concentration for each subject. The average correction to muscle metabolites made in this way 

were 9% in RT subjects and 5% in UT controls. The concentration of ATP measured using 

HPLC in fatigued muscle compared with rest in samples was reduced in the UT group. The 

ATP concentiation of fatigued samples was not statistically different compared with resting 

muscle in the RT group (P > 0.05). However, the ATP concentration determined by the 

enzymatic method in fatigued muscle was decreased in both UT and RT groups compared 

with rest muscle samples {P < 0.01). There were no differences between the two groups in 

both the resting muscle and the fatigue muscle samples. 

A lower PCr concentration (P < 0.01) and a higher Cr concentrafion (P < 0.01) were present 
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in fatigued muscle compared with the resting muscles in both groups. The PCr concentration 

of the resting muscle in RT group was higher than UT group {P < 0.01). The total creatine 

(TCR) was also higher in the RT than UT group (P < 0.05). The concentration of muscle IMP 

at fatigue was increased in the UT (P < 0.01) and in the RT group (P < 0.05). Fatiguing 

exercise also induced that muscle lactate concentration was increased in the two groups (P < 

0.01). Muscle glycogen concentration in fatigued muscles was reduced in UT group (P < 

0.01) and in the RT group (P < 0.05). However, the concentration of Cr, IMP, lactate and 

glycogen were not different either at rest or at fatigue when comparing the two groups. The 

remaining metabolites ADP and AMP were not significantiy different in the fatigued muscle 

samples compared with the resting muscles in the two groups. There were also no differences 

in ADP and AMP between the two groups. The ratio of ATP/ADP, TAN and TAN+IMP in the 

RT and UT groups were also similar in the resting and fatigue conditions. 
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Table 6.7. Resting and Fatigued Skeletal Muscle Metabolites 

Metabolites 

ATP (HPLC) 

ATP (Enz.) 

ADP 

AMP 

IMP 

PCr 

Cr 

TCR 

Glycogen 

Lactate 

ATP/ADP 

TAN 

TAN+IMP 

UT 

Resting 

24.7 ± 0.9 

25.7 ±0.9 

2.8 ±0.2 

0.13 ±0.02 

0.08 ±0.01 

93.3 ±2.3 

42.0 ± 2.6 

135±3.9 

468 ± 34 

8.04 ±0.8 

9.3 ±0.8 

27.6 ±0.8 

27.7 ±0.8 

Fatigue 

21.4 ±1.4** 

19.5 ±1.7** 

2.9 ±0.5 

0.14 ±0.02 

3.26 ±0.84** 

35.8 ±3.5** 

99.5 ±4.6** 

135 ±3.9 

356±31** 

91.6 ±10.0** 

8.5 ±1.2 

24.5 ±1.8 

27.7 ±1.8 

RT 

Resting 

25.9 ±1.6 

26.6 ±0.8 

3.2 ±0.3 

O.l 1 ±0.03 

0.10 ±0.02 

105 ±2.7^ 

44.8 ±3.3 

150 ±3.7^ 

478 ± 27 

10.1 ±0.8 

8.4 ±0.7 

29.2 ±1.7 

29.3 ±1.7 

Fatigue 

22.5 ±1.4 

20.3 ±2.0** 

3.3 ±0.3 

0.15 ±0.03 

2.09 ±0.74* 

42.6 ±3.1** 

107 ±3.0** 

150 ±3.7^ 

358 ±24* 

85.1 ±8.9** 

7.2 ±0.7 

26.0 ±1.5 

28.0 ±1.3 

resistance-trained subjects (n = 8); UT, untrained subjects (n = 8); ATP (HPLC), measured by 

HPLC; ATP (E), ATP measured enzymaticly; TCR, total creatine (PCr + Cr); TAN, total 

adenine nucleotides (ATP + ADP + AMP) were determined by HPLC; The ATP/ADP ration 

was calculated from HPLC determined ATP and ADP TCR, total Creatine (PCr + Cr); * P < 

0.05, ** P < 0.01 comparing the rest and the fatigue muscle samples; '̂ P < 0.05, P < 0.01 

comparing the two groups. 
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6.3.6. MAPR 

Comparing the two groups, there was no difference in the muscle sample weight, 

mitochondrial suspension protein concentration, the yield of mitochondrial suspension protein 

in muscle and the amounts of mitochondrial suspension protein used for the MAPR assays. 

The proportions of intact mitochondria were also similar between the two groups. These 

results are listed in Table 6.8. There were no differences in the MAPR in the presence of 

various substrate combinations between the UT and the RT groups, irrespective of whether 

the MAPR was expressed per unit mitochondrial suspension protein (Table 6.9) or per unit 

muscle weight (Table 6.10). 

Table 6.8. Mitochondrial Protein and Mitochondrial Yield 

Mitochondrial Preparation UT RT 

Muscle sample wet weight (mg) 31.3 ± 2.2 29.6 ± 3.1 

Protein concentration of mit. 0.59 ± 0.08 0.66 ± 0.08 

Suspension (mg ml'') 

Mit. Suspension protein in assay 23.5 ±3.2 26.9 ±3.1 

(ngml"') 

Yield of mit suspension protein 3.64 ±0.3 4.72 ±0.7 

in muscle (g. protein kg'' 

muscle) 

Yield of Mit from 19.49±1.8 26.9 ±4.0 

GDHim/GDHt (%) 

Values are mean ± SEM. RT, resistance-trained subjects {n = 7); UT, untrained subjects (n -

8); Mit, mitochondria; GDHim. intact mitochondrial GDH activity; GDHt, total GDH activity. 
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Table 6.9. MAPR Expressed Per Unit Mitochondrial Suspension Protein 

Substrates UT RT 

P + M 0.37 ±0.04 0.37 ±0.04 

PC + M 0.27 ± 0.03 0.26 ± 0.03 

S + R 0.38 ±0.05 0.37 ±0.02 

A-KG 0.40 ± 0.05 0.39± 0.05 

PPKM 0.59 ± 0.06 0.59 ± 0.07 

Values are mean ± SEM, expressed as mmol min'' g'' protein of mitochondrial suspension. 

RT, resistance-trained subjects (n = 7); UT, untrained controls (n = 8). 

Table 6.10. MAPR Expressed Per unit Muscle Weight 

Substrates UT RT 

P + M 6.86 ±0.53 6.56 ±0.68 

PC + M 4.95 ± 0.46 4.62 ± 0.43 

S + R 7.01 ±0.72 6.61 ±0.34 

A-KG 7.36 ±0.71 6.76 ±0.51 

PPKM 10.86 ±0.82 10.17 ±0.65 

Values are mean ± SEM, expressed as mmol min"' kg'' muscle weight. RT, resistance-trained 

subjects {n = 7); UT, untrained controls (n = 8). 

6.4. DISCUSSION 

6.4.1. Major Findings 

The present study demonstrated the long-term resistance-trained subjects have a larger thigh 

muscle mass compared with the UT controls. The thigh muscle peak torques at angular 

velocities of 60 through to 360 ° s"' and total work measured by the Biodex dynamometer 
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were significantly higher in the RT than the UT group. The resistance-trained subjects, 

however, had the same exercise endurance (fatigue index) as the controls. Resistance-trained 

subjects exhibited a higher concentration of PCr and higher activities of the enzymes HK and 

PK in resting muscle samples compared with the controls. The proportion of muscle fibres, 

oxidative enzyme activities, and MAPR were similar in the RT group and the UT group. 

Muscle metabolites in fatigued muscle samples exhibited lower ATP, PCr, and glycogen and 

higher IMP, Cr and Lactate concentrations, but were not different between the two groups. 

6.4.2. Muscle Function 

In the present study, the peak isokinetic torques at angular velocities of 60 through to 360 ° s"', 

were significantly higher in the RT subjects than in the UT group. The total work in 50 

repeated maximal knee extensions, measured on the Biodex dynamometer, was also higher in 

the RT than the UT group. These parameters indicated that the skeletal muscle contractile 

funcfion was superior in the RT group compared with the UT because the torque-velocity 

relation is the best method to characterise the contractile behaviour of intact muscle (Giilch 

1994). Increased muscle strength and force output are the most common features of long-term 

resistance-trained subjects (Thorstensson et al 1976b; Houston et al 1983; Alway et al 1988; 

McCall et al 1996; Moss et al 1997; Goreham et al 1999). Improvement of skeletal muscle 

function by resistance training may be related to neuromuscular adaptation (Komi 1978; 

Houston et al 1983; Hakkinen et al 1985; Housh and Housh 1993; Moss et al 1997) and 

enlarged muscle mass or muscle fibre area (MacDougall et al 1979; Tesch et al 1990; 

Kj-aemer et al 1995; Narici et al 1996; Moss 1997). Repented metabolic adaptations include 

enhanced activity of metabolic enzymes (Komi et al 1978; Costill et al 1979; Cote et al 1988) 

and increased ATP, PCr and glycogen concentrations in resting muscle (MacDouall et al 

1977). Resistance training also reduced the substrates (PCr and glycogen) utilisation and 
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decreased the accumulation of IMP and lactate during submaximal exercise (Goreham et al 

1999). Examples of training details, muscle function and muscle histological alterations in 

healthy subjects after resistance training and strength training were listed in Table 6.11. In the 

present study, the thigh CSA was positively correlated with the muscle torque at 60 through to 

360° s'' velocities and positively correlated with total work output during intense knee 

exercise (Biodex). These observations are consistent with suggestions that resistance training-

induced thigh muscle enlargement may be one of key factors improving muscle function in 

the leg. In the present study, muscle PCr concentration and enzyme HK and PK activities in 

resting muscle were also higher in the RT group compared with the UT group. These 

alterations may also contribute to the improvement of muscle function and their physiological 

significance will be discussed subsequently. 
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6.4.3. Muscle Endurance Performance 

Resistance training increases muscle strength and force output, but it may not increase the 

resistance to muscle fatigue during exercise. In the present study, the RT subjects did not 

achieve a longer duration of exercise or higher VOjpeak in the incremental bicycle test, nor 

did they achieve a lower fatigue index during the 50 knee extension intense exercise tests. 

These results indicate that exercise fatigability was not different between the two groups. 

A number of previous studies have reported that V02peak was not affected (Hickson et al 

1988; Marcinik et al 1991; Rube and Secher 1991; Kraemer et al 1995; Goreham et al 1999) 

or only increased about 4% (Hickson et al 1980) to 10% (Gettman et al 1979), by a period (12 

to 16 weeks) of resistance training and strength training. Bishop and Jenkins (1996) 

demonstrated that 6 weeks resistance training did not improve indices of endurance ability as 

measured by exercise time to exhaustion and V02peak. In contrast, Hickson et al (1980) 

examined the effect of 10 weeks of strength training on endurance performance during 

exercise bouts of 4 to 8 min duration against progressively increasing workloads. They found 

that exercise endurance time to exhaustion was significantly increased by about 47% while 

cycling and 12% while running. In the subsequent study, Hickson et al (1988) also 

demonstrated that 10 weeks resistance training significantly increased endurance performance 

as measured by exercise time to exhaustion during cycling at 80%) VOjmax. Similarly, 

Marcinik et al (1991) observed the effects of 12 weeks strength training on cycling time to 

exhaustion at 75%) of VO2 max exercise intensity. They found that the strength training result 

in no change in VOjpeak, but enhanced cycling endurance by -33%) in a group of subjects. 

They also demonstrated that VO^ at LT was 12% higher in these trained subjects during 

exercise. 

Resistance training induced exercise endurance increase may be related to increased muscle 
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strength and muscle mass (Hickson et al 1980; 1988), increased muscle fibre capillarisation 

(Green et al 1998) or increased muscle glycogen concentration (MacDougall et al 1977). It is 

also possible that resistance training improves muscle mitochondrial function, as indicated by 

increased mitochondrial enzyme activities (Komi et al 1978; Costill et al 1979). These 

changes may resuh in an increase in lactate threshold (Marcinik et al 1991) and a reduction of 

lactate production during submaximal exercise (Goreham et al 1999). In the present study, the 

resistance-trained subjects did not show lesser fatigue index levels in intense exercise 

compared with the untrained controls. These results, however, have do not mean that long-

term resistance training may not be implicated in endurance capacity in intense exercise. The 

individual variances may affect the observations in the present study due to the cross-sectional 

study mode that was used. Consequentiy, the effects of long-term resistance training on 

exercise endurance in high intense exercise need to be investigated using a longitudinal study 

mode in future. 

6.4.4. Muscle Cross-Sectiona! Area and Fibre Type Proportion 

Enlarged muscle bulk, indicated by the CSA of muscle, is one of the common characteristics 

in resistance-trained subjects (Tesch et al 1987; Tesch 1988; Narici et al 1996; see Table 2.3). 

Resistance training enhances muscle mass which may be related to the fact that training 

stimulates skeletal muscle protein synthesis (MacDougall et al 1995; Ferrando et al 1997). 

The hypertrophied muscles display greater cross-sectional area in the two main types of fibres 

(MacDougall et al 1980; Staron et al 1990; Hather et al 1991; Wang et al 1993; McComas 

1994; McCall et al 1996; Green et al 1998). This muscle fibre hypertrophy improved the 

muscle funcfion (see Table 6.11). Although the muscle fibre area was not measured in the 

present study, there is indirect evidence that muscle mass was greater in the RT group than 

UT As indicated in Table 6.1, the thigh CSA (excluding the thigh skinfold) was 16% greater 
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in RT compared with UT, since thigh CSA represents, at least, 96% of the muscle cross-

section area and bone area only ~ 4% if excluding the subcutaneous fat (Kanehisa et al 1994) 

In the present study, the proportions of type I, 11 and lib fibres in the resistance-trained 

subjects were the same as the UT controls. The same results were also reported by a number 

of previous studies for both short (7 to 12 weeks) resistance training (Costill et al 1979; 

Houston et al 1983; McCall et al 1996) and long-term (~10 years) strength-trained subjects 

(Alway et al 1988). In contrast, it has been reported that strength trained (average 8.6 years) 

subjects (Schantz and Kallman 1989) have a higher (P < 0.05) proportion of type I fibres 

(-67% vs. 59% in controls) in the deltoid muscle compared with the controls. Staron et al 

(1984) demonstrated that weight lifters (> 3 year trained) also had significantly higher 

proportion of type I fibres in vastus lateralis muscle (-38%) vs. 23%o in controls). It should be 

point out, however, that the proportion of type 1 fibres (23%)) in the vastus lateralis muscle in 

normal subjects is around 50% (Costill et al 1975; see Section 2.3.3). Hence, the proportion of 

type I fibres reported in the study by Staron et al (1984) is very much lower than the typical 

value for this type fibre in that muscle. In most reports, resistance training and strength 

training did not affect the proportion of type I fibres, but the proportion of type Ila fibres was 

increased (MacDougall et al 1980; Staron et al 1991; Fry et al 1994; Kraemer et al 1995; 

Carroll 1998; Green et al 1998). Numenous studies have shown that 6 to 12 week resistance 

and strength training induces muscle fibre transformation from type lib (decrease from ~15%-

25% to 8% - 0%) to Ila fibres (decrease from 23% - 45% to 33% - 60%) in studies utilising 

muscle histochemistry (Hather et al 1991; Staron et al 1990; 1991; 1994; Kraemer et al 1995; 

Green et al 1998). Adams et al (1993) demonstrated that heavy resistance training for 19 

weeks significantly reduced myosin heavy chain isoform lib contents by -12%) and increased 

Ha by 12% in vastus lateralis muscle. Fry et al (1994) also demonstrated that muscle MHClla 

fibre increased by 12% and MHCllb fibre proportion decreased by 61% after 9 weeks high 

intensity resistance training. Resistance training-induced reduction in the proportion of type 
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lib muscle fibre became statistically different as early as 2 weeks in women and 4 weeks in 

men after commencement of training (Staron et al 1994). 

The cross-sectional design used in the present study, is not the best method to investigate the 

alteration in muscle fibre types. The reason is that the proportion alterations in type lla and lib 

fibres are usually about 12 to 15%) after a period training, but the individual variance of the 

proportion of fibre types may beyond these ranges in human muscle. For example, the 

reported type lla fibre proportions in the vastus lateralis muscle ranged from 28% to 44% in 

untrained men from 19 to 33 years of age (Hather et al 1991; Green et al 1998). The type lib 

fibre proportions were from 6.3%Q (Rube and Secher 1990) to 43%) (Staron et al 1984) in 30-

year-old untrained men. Therefore, a longitudinal study is preferable for observation of 

muscle fibre changes following resistance training. 

6.4.5. Muscle Glycogenolytic and Glycolytic Enzyme Activities 

In the present study, the activities of enzymes HK and PK per unit muscle weight were 

significantly higher in the RT group than the UT group. The high (17%) HK activity in 

resistance trained subjects in the present study was consistent with the increase of 10% to 

-25% of HK activity in other studies (Komi et al 1978; Cote et al 1988; Wang et al 1993). 

The activity of HK in muscle has also been reported to be unchanged (Houston et al 1983; 

Tesch et al 1990; Green 1999) and decreased (Tesch et al 1987) after resistance or strength 

training. HK is the first "non-equilibrium" enzyme in glycolysis (excluding glycogenolysis -

PHOSPH) and it catalyses the conversion of glucose to glucose 6 phosphate (see Figure 2.2). 

The role of HK in heavy resistance exercise is considered to be of minor importance by Tesch 

et al (1987), since glycogenolysis is the main source of glycolytic flux in this form exercise. 

Consequently, the effect of HK on exercise performance is not clear 

The present study also found that the activity of PK was -23% higher in RT than UT. PK is 
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also a "non-equilibrium" enzyme in glycolysis and it catalyses the conversion of 

phosphoenolpyruvate to pyruvate. High PK activity should increase the glycolytic rate thus 

producing more pyruvate which will provide for an expansion of the pool of TCA cycle 

intermediates in muscle or alternately, generate increased lactate production. 

Increased PHOSPH activity in muscle by 8%o to 16% after 7 to 12 weeks resistance training 

were also reported by Costill et al (1979) and Green et al (1999), respectively. As a "non-

equilibrium" enzyme, PHOSPH catalyses the conversion of glycogen to glucose-1-phosphate, 

therefore, high activity of PHOSPH would enhance the glycogenolytic pathway in muscle of 

resistance-trained subjects. This adaptation would enhance metabolism and muscle 

performance during maximal exercise. In the present study, however, the activity of PHOSPH 

was not higher in the resistance-trained subjects compared with the controls. 

It is known that PFK is a key rate limiting "non-equilibrium" enzyme for the regulation of 

glycolysis (Campbell et al 1987). In the present study, the PFK activity expressed per unit 

muscle weight was 16%) higher {P = 0.13) in the RT group compared with the UT group. 

Although not significant, these results suggest a tendency for higher PFK activity in the RT 

than the UT. The low subject numbers plus normal assay variability suggest the possibility of 

a type II error This higher PFK activity would be consistent with the increased glycolytic 

capacity reported in this study. Nevertheless, unchanged activity of PFK in skeletal muscle 

has been reported in short-term (12 to 18 weeks) resistance training (Houston et al 1983; 

Wang et al 1993; Green et al 1999) and in long-term resistance-trained subjects (Schantz and 

Kallman 1989). 

The result of enzyme activities in the present study suggests that the rate of glycogenolytic 

and glycolytic reactions may be partially accelerated in the long-term resistance-trained 

subjects. -
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6.4.6. Resting Muscle Metabolism 

In the present study, resistance trained subjects have shown a higher PCr and therefore higher 

TCr content in the resting muscle compared with the controls, which suggests that resistance 

training increased the level of phosphagen storage in resting muscle. The levels of ATP, Cr 

and glycogen in resting muscle were not significantly different between the two groups in the 

present study. The results are somewhat inconsistent with the study of MacDougall et al 

(1977). They reported that 5 months of heavy resistance training led to significant increases in 

concentrations of ATP, PCr and glycogen in the resting triceps brachii muscle (see Table 

6.11). The different results may be due to the fact that the triceps brachii muscle and vastus 

lateralis muscle are very different muscle groups and have different muscle characteristics. 

The leg muscles, like vastus lateralis, are weight-bearing muscles which are frequently active, 

but arm muscle are used less for endurance activity in most people. Therefore, the arm 

muscles may respond more readily to exercise training than leg muscle (Turner et al 1997). 

On the other hand, the triceps brachii muscle has higher proportion (-68% to -71%)) of 

muscle type II fibre (MacDougall et al 1980; 1982) compared with type II fibre (-37% to 

~55%) of vastus lateralis muscle (Costill et al 1979; Essen-Gustavsson and Borges 1986). It 

has been demonstrated that resistance training is more effective in increasing type II fibre area 

(Staron et al 1984; Schantz and Kallman 1989). Consequentiy, this form of training is likely to 

produce more substantial changes in muscle metabolites in arm muscle. 

The mechanism that enabled the metabolic adaptation in resistance-trained subjects is still not 

completely explained. MacDougall et al (1977) suggested that muscle repeated bouts of PCr 

depletion-repletion might lead to muscle increasing uptake of creatine. The higher PCr 

concentration may be one of the factors enhancing exercise performance of leg muscles in the 

RT subjecfs in the present study. Vandenberghe et al (1997) demonstrated that long-term (5 & 

10 weeks) creatine supplementation for resistance training subjects significantly increased 

PCr concentration by 6% and the isokinetic dynamic torque by > 60% in arm muscle during 
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maximal intermittent exercise. Their study also showed that creatine supplementation for ten 

week significantly increased leg maximal muscle strength. Maganaris and Maughan (1998) 

also reported that short-term (5 days) creatine supplementation increased MVC by -10%) and 

isometric endurance of intensities at 20%) through to 80%) of MVC. It is apparent, therefore, 

that increased intramuscular PCr content may improve muscle exercise performance. 

6.4.7. Muscle Metabolism in Fatigue 

A comparison of the muscle metabolites between the resting and fatigued muscles in the 

present study has shown that intense leg exercise significantiy reduced ATP, PCr and 

glycogen concentrations and that IMP, lactate and Cr accumulated in both groups. Except for 

IMP, Tesch et al (1986) also reported similar metabolite changes in muscle after intense 

resistance exercise. Cellular mechanisms of muscle fatigue have been studied extensively and 

there are numerous reviews in this area (Westerblad et al 1991; Fitts 1994). Cellular 

mechanisms which have been implicated in muscle fatigue include alterations to excitation-

contraction coupling (Westerblad et al 1991; Sahlin 1992; Fitts 1994), membrane Na^-K^ 

ATPase (Green 1998), alterations of cell ultrastructure (Armstrong et al 1991) and 

disturbances in metabolism (Sahlin 1992; Fitts 1994; Sahlin et al 1998). 

Muscle cell excitation and contraction require ATP to support Na"*'-K'̂ ATPase, Câ "̂ ATPase 

and acfinomyosin ATPase. Therefore, muscle cells have to maintain adequate ATP levels in 

order to maintain normal function. It is well known that skeletal muscle ATP and PCr storage 

are very limited and oxygen delivery to muscle is also initially inadequate to meet the energy 

demands of muscle contraction in intense exercise. In these situations, three processes of 

anaerobic- metabolism (phosphocreatine kinase, adenylate kinase and anaerobic 

glycogenolysis and glycolysis) become the main sources of maintenance of ATP levels in 

muscle (see Section 2.1.2). With intense muscle contraction, ATP utilisafion rate is greater 
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than ATP production rate and these anaerobic reactions are no longer able to supply enough 

ATP for muscle activities, ATP reduction occurs and this is followed by muscle fatigue. The 

muscle ATP is usually decreased by -10 to -40% at fatigue (Sahlin 1992) and this is 

associated with decreased glycogen and accumulation of Cr, H ,̂ IMP and lactate in muscle 

(Sahlin et al 1990). However, the role of ATP in muscle fatigue is still not clear, because the 

ATP is not decreased at fatigue to the levels which have been considered to limit muscle 

contractions (Fitts 1994). Reduced ATP has been linked with reduced Câ "̂  release from the 

sarcoplasmic reticulum in mouse muscle (Allen et al 1996). However, Fitts (1994) has pointed 

out that as an important energy store, PCr acts to buffer cellular ATP and has suggested that 

PCr is likely to be one of the limitations to muscle performance during intense, fatiguing, 

short-lasting muscle contractions (Meyer et al 1986). 

Accumulation of lactate in muscle is also associated with intracellular acidosis (Sahlin et al 

1978) which can inhibit force (Metzger and Fitts 1987) and is a possible cause of muscle 

fatigue (Hermansen and Osnes 1972; Cooke et al 1988). These studies were performed at 

room temperature and showed a substantial decrease in muscle force of 30%. More recent 

study, however, found that acidification did not significantly affect on maximum shortening 

velocity in single muscle fibre of mouse at 32C (Westerblad et al 1997). Lactate accumulation 

per se has been reported to decrease muscle force (Spangenburg et al 1998) and Ca release 

from the sarcoplasmic reticulum (Favero et al 1997). 

Elevation of IMP in fatigued muscle indicates an imbalance of energy metabolism during 

exercise. It has been suggested that IMP accumulation might be result in the impairment of 

contractile process (Sahlin et al 1990). There is, however, no evidence in that IMP directly 

induces muscle fatigue. 

Glycogen tiepletion occurs in fatigue muscle after repeated high intense exercise (Bangsbo et 

al 1992a; Blomstrand and Saltin 1999). The role of glycogen in muscle exercise to fatigue is 

dependent on the exercise intensity and duration. In intense exercise, comparable to that 
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performed in the present study, glycogen availability does not appear to be a limitation to 

performance (Bangsbo et al 1992a; Hargreaves et al 1997). More recently, a study by Balsom 

et al (1999) demonstrated that low muscle glycogen levels (180 mmol L'' kg"' dw) reduced 

exercise performance during both short-term and more prolonged high intensity intermittent 

exercise. In the present study, however, the mean muscle glycogen levels were 478 vs. 470 

mmol L'' kg"' dw before and 358 vs. 368 mmol L"' kg"' dw after exercise in the RT and UT, 

respectively. On this bases it would appear that muscle glycogen levels were not likely to 

relate to the exercise fatigue. 

In addition, aerobic metabolism also is important in intense exercise (MedbO and Tabata 

1989). The role of mitochondrial capacity in fatigue, however, is not clear and previous 

studies have been reviewed in Section 2.3.4.4. 

6.4.8. Mitochondrial Functions in Muscle 

In the present study, the activity of four regulatory mitochondrial enzymes was not 

statistically different between the two groups. These results are consistent with the lack of 

alterafion in activity of enzyme CS and HAD in subjects after short-term (18 weeks) training 

(Wang et al 1993) and long-term (8 years) training (Schantz and Kallman 1989). The activity 

of KGDH in the RT subjects in the present study was inconsistent with the study of Cote et al 

(1988). They showed that repeated concentric isokinetic strength training significantiy 

increased the activity of KGDH in muscle. The effect of resistance training on activity of 

GDH in muscle has not been reported previously. In addition to measuring activity of 

oxidative enzymes, the present study, however, through the measurement of MAPR is able to 

assess the total functional capacity of mitochondria in skeletal muscle. 

Similar to the oxidative enzyme activities, in the present study, the values of MAPR with 

various substrates in terms of mitochondrial suspension protein were the same between the 

two groups. The values of MAPR with various substrates per unit muscle weight were not 
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different in the RT group compared with the UT controls. These results, however, can not 

exclude the possibility that resistance training improves mitochondrial capacity in skeletal 

muscle. Once again, the present study was a cross-sectional study, therefore, the individual 

variations may offset the alterations. A longitudinal study may reduce this kind of error to 

demonstrate the alteration in muscle mitochondrial capacity after resistance training. 

Longitudinal studies are readily conducted for investigating the effects of a short-term 

training programs, but are more difficult for long-term (years) training programs. Therefore, 

cross-sectional studies, such as the present study and these conducted by Staron et al (1984), 

Luthi et al (1986), and Alway et al (1988), may still a useful method for investigating 

resistance training. 

Previous studies have given an unclear picture of the effects of resistance training on 

mitochondria in muscle (see Section 2.3.4.3). It is possible, however, that change in muscle 

mass which occurs as a result of resistance training may mask any changes in mitochondrial 

enzyme activity and mitochondrial volume density (see Table 2.3). In most studies, increases 

in muscle fibre area and muscle CSA were associated with a decreased or unchanged 

mitochondrial enzyme activities and/or mitochondrial volume density (MacDougall et al 

1979; Luthi et al 1986; Tesch et al 1987; Alway et al 1988; Schantz & Kallman 1989; Wang et 

al 1993; Green et al 1999). In contrast, the mitochondrial volume density and enzyme 

activities were increased when the muscle fibre cross-sectional area or CSA was unchanged 

(Kimo et al 1978; Costill et al 1979; Cote et al 1988). Wang et al (1993) have demonstrated 

that the absolute volume of mitochondria significantly increased in type I and Ila muscle 

fibres by 18% and 25%), respectively, after 18 weeks high-repetition resistance training. The 

percentage volume of mitochondria after training, however, remained the same as before the 

training due to a 20%o increase in the volume of myofibrils in type I fibres and a 26%) increase 

in type II fibres. The volume of mitochondria in type lib fibres increased by 6% and was 

associated with 6% increase in the volume of myofibrils in those subjects. In the present 
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study, the thigh muscle mass was greater in the RT subjects. MAPR and mitochondrial 

enzyme activities were the same in RT and UT groups. Hence, the total mitochondrial 

capacity of the value labialisation (mass x activity) would be greater in resistance-trained 

subjects. 

It has been demonstrated that endurance training increases mitochondrial capacity in skeletal 

muscle (see Section 2.3.4.2). In the present study as result of long-term resistance training, 

mitochondrial enzyme activities and function appear to have increased to the same extent as 

muscle mass. It should be noted that the control subjects in the present study were not 

physical inactive. Previous studies by Ingemann-Hansen and Halkjaer-Kristensen. (1983; 

1985b) have demonstrated resistance training significantly increased in the activity of 

mitochondrial enzymes in patients whose muscle had been wasted as result of long-term bed 

rest. Consequentiy, resistance training is likely to be more effective in improving the muscle 

oxidative capacity for hypotrophic muscle. Mechanisms by which resistance training 

influence mitochondrial capacity are unknown and need to be investigated. 

6.5. CONCLUSION 

In conclusion, compared with untrained subjects, this study demonstrated that resistance-

trained subjects have a significantiy larger thigh cross-sectional area (CSA) which indicates 

that their thigh muscles are larger than controls. The resistance-trained subjects also exhibited 

higher glycolytic enzyme HK and PK activities per unit muscle weight and higher PCr (and 

total creafine — TCR) concentration in leg muscle compared with the controls. These factors 

may contribute to the high leg muscle torque output in the RT subjects. During intense 

resistance "exercise muscle ATP, PCr and glycogen decreased and muscle Cr, lactate and IMP 

increased in both groups and there were no differences between the two groups. 

Mitochondrial oxidative enzyme activities and MAPR in skeletal muscle were also not 
174 



different between the two groups. Since the muscle mass was significantly enlarged in 

resistance-trained subjects, the total muscle mitochondrial capacity in resistance-trained 

subjects would be greater. 
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CHAPTER 7. SUMMARY, CONCLUSIONS AND 

RECOMMENDATION FOR FUTURE RESEARCH 

7.1. SUMMARY 

This thesis comprises three studies. The first study examined the skeletal muscle fibre type 

distribution, resting muscle metabolites, activities of muscle mitochondrial enzymes, 

glycolytic enzymes and glycogenolytic enzyme and mitochondrial ATP production rate 

(MAPR) in vitro in a group of lung transplant (LTx) recipients and a group age and sex 

matched control subjects. Exercise performance was tested in these subjects as well. The 

second study determined the effect of the immunosuppressive drug, cyclosporine A (CyA), on 

MAPR in vitro. The final study examined the thigh muscle fibre type proportions, muscle 

metabolic enzyme activities, resting and fatigue muscle metabolites and MAPR in 8 long-

term resistance trained (RT) subjects and 8 untrained (UR) subjects. The exercise 

performance and thigh muscle functions were also examined in RT and UT subjects. The 

major findings in these studies as summarised below. 

7.1.L Major Findings in Lung Transplant Study 

Chapter 4 is the first study aimed to examine comprehensively factors in skeletal muscle in 

lung transplant patients impacting up on endurance exercise performance. The major findings 

in this study were: 

• Lung transplant recipients showed a significantiy lower exercise performance indicated by 

shorter exercise duration with a lower peak workrate compared with the controls. During 

exercise test, VOj peak in the LTx patients was lower than controls and predicted value 
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(51%) of control value and - 56%) of predicted value). Lactate threshold in these patterns 

was also significantly lower than the controls. 

• Histology of skeletal muscle in the LTx patients was characterised by a significantiy lower 

proportion of type I muscle fibres and a significantiy higher proportion of type II muscle 

fibres compared with the controls. 

• The resting muscle of LTx patients exhibited a significant lower level of ATP, total 

adenine nucleotides (TAN) and the ratio of ATP/ADP and a significantiy higher level of 

IMP and lactate compared with the UT controls. 

• Mitochondrial enzyme activities, GDH, CS, KGDH and HAD in skeletal muscle of the 

LTx were significantly lower compared with the controls. In contrast, the muscle 

glycolytic enzyme PFK activity expressed per unit muscle weight was significantly higher 

in the LTx patients than the controls. The activity of glycolytic enzyme PK and HK and 

glycogenlytic enzyme PHOSPH was not different between the two groups. 

• Mitochondrial ATP production rate with various substrates in LTx patients was 

significantly lower than the controls. The low MAPR was apparent either expressed per 

unit mitochondrial suspension protein content or per unit muscle weight. These indicate 

there were low Complex 1, II and III activities in the LTx patients in the present study. 

Lower proportion of type 1 and higher proportion of type II muscle fibres in the LTx 

potentially can responsible for the lower oxidative capacity in their skeletal muscle (see 

Section 2.3.1) and decrease endurance exercise performance. Low activity of oxidative 

enzymes in muscle of the LTx patients reflects is indicate reduced of the muscle aerobic 

energy metabolism in these patients. The high IMP and low ATP concentrations in resting 

muscle in the LTx patients demonstrated an imbalance in energy metabolism. The low 

mitochondrial ATP production rates in the presence of various substrates reflect a tow 

capacity for oxidation of carbohydrates and fatty acids in muscle mitochondria of the LTx 

patients. Changes in muscle fibre types, low MAPR and low oxidative enzyme activity in the 

LTx patients may be the causes of metabolic abnormalities in resting muscle. It has been 
177 



demonstiated that the muscle oxidative capacity can affect on endurance exercise 

performance. Consequently, the low mitochondrial fianction and muscle fibre changes may be 

the key factors limiting exercise tolerance in the LTx patients. 

The reduction of type 1 fibre proportion, decreased oxidative enzyme activity and 

abnormalities of metabolism in skeletal muscle of the LTx patients are similar to the skeletal 

muscle alteration in patients with chronic pulmonary obstructive disease (Jakobsson et al. 

1990; Whittom et al. 1996). The low activity of oxidative enzymes (Jakobsson et al. 1995; 

Maltais et al. 1996) and abnormal metabolites (Payen et al. 1993; Jakobsson and Jorfeldt 

1995; Pouw et al. 1998) are also similar to patients with COPD. This observation suggests 

that LTx patients may have muscle defects before the operation. The causes of muscle defects 

in lung transplant candidates may be the muscle immobilisation or disuse due to long-term 

physical inactivity and/or bed rest (Bloomfield 1997; Ferretti et al. 1997). Hypoxaemia in 

these patients with end-stage lung disease may be another cause for muscle deconditioning 

(Jakobsson and Jorfeldt 1995; Payen et al. 1993). After transplantation, pre-existing injury of 

skeletal muscle which may persist despite successful lung transplantation. It has been 

previously demonstrated that the LTx patients have a low V02max and low exercise 

performance pre-operation, which are not completely recovered to normal levels post 

operation (Williams et al. 1990; 1992a; 1992b). It is possible that the immunosuppressive 

drugs, such as steroids (Wilcox et al. 1989; Decramer et al. 1996; Letteron et al. 1997) and 

cyclosporine A (CyA) (Fernandez-Sola et al. 1990; Hokanson et al. 1995) may damage the 

skeletal muscle during post operation recovery. Therefore, the causes of skeletal muscle 

defects in the LTx patients are complex, probably include the factors occurring pre-operation 

and post-operative medications. 
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7.L2. Major Findings in Cyclosporine A Study 

Chapter 5 examined the effect of low (I pg ml"') and high (50 pg ml"' & 25 pg ml'') CyA 

concentrations on MAPR in skeletal muscles from 8 rats. The major findings in this study are: 

• CyA significantly inhibited MAPR in rats skeletal muscle in vitro at low CyA (1 pg ml"') 

and high (50 pg ml"' and 25 pg ml"') concentrations. 

• MAPR was depressed by -18%) to -28%) in the presence of CyA at 50 pg ml"' which was a 

similar extent with CyA at 25 pg ml"' concentration (-20%) to -25%)). 

• Although four different combinations of substrates were employed, the extent of reduction 

of MAPR was very similar in each combination of substrates. This indicates that CyA 

inhibition of mitochondrial function is not specific to any particular complex of ETC. 

The significantly depressed MAPR in vitro at low concentration of CyA (I pg ml"') indicates 

that CyA could be the cause of injury to skeletal muscle mitochondrial function in the LTx 

patients since the LTx patients have taken CyA for long period post operation. The high CyA 

concentration in this study may be not related to the clinical situation, because the levels of 

the drugs in the muscle probability never reach to the levels of 50 and 25 pg ml" in the LTx 

patients. The low CyA concentration has shown produced of MAPR of-10 to 12%. The LTx 

pafients, however, had 16 to 46%) lower MAPR compared with the normal subjects. This 

indicates that CyA may not be the only factor reducing the mitochondrial function and 

causing limitation of exercise capacity in the LTx patients. Even it is not primary cause of 

reduced exercise performance, CyA may prevent recovery post operation. Although the 

mechanism of CyA inhibition of mitochondrial function is unclear, this study demonstrated, 

however, the effects of CyA on mitochondrial function in vitro are not restricted to a single 

enzyme complex. 
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7.1.3. Major Findings in the Resistance Training Study 

The major findings in this study are: 

t There was a significantiy larger muscle mass [indicated by the larger average value of the 

cross-sectional area (CSA)] and less fat (indicated by the small anterior thigh skinfold) in 

the thigh of resistance-trained subjects compared with the UT controls. 

• The thigh muscle peak torques were significantly higher in the RT than the UT group at 

limb velocities of 60, 120, 180, 240, 300 and 360 (° sec"') measured by the Biodex 

dynamometer. The total work of 50 knee extensions in the Biodex dynamometer tests was 

also higher in the RT than UT. The CSA of thigh muscle was correlated with the thigh 

muscle peak torque at limb shortening velocities of 60, 120, 180, 240, 300 and 360° sec''. 

• The fatigue indexes measured on the Biodex and Cybex dynamometers were no different 

between the two groups. 

• The resistance-trained subjects had similar proportions of muscle type 1, type lla and type 

lib fibres to the untrained controls. 

• The glycolytic enzymes PK and HK activities per unit muscle weight were significantly 

higher in the RT group than in the UT group., in terms of muscle protein content, was 

significantiy higher in the RT subjects compared with the UT controls. The glycolytic 

enzyme PFK and The glycogenlytic enzyme PHOSPH activities were not different 

between the two groups. 

• Resistance-trained subjects had a significantiy higher PCr and TCr contents in resting 

muscles compared with the UT controls. After high intensity exercise, the fatigued muscle 

exhibited a significant reduction of ATP, PCr and glycogen content and a significant 

accumulation of IMP, Cr and lactate, but not different in RT group compared with UT 

controls. 
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• Muscle oxidative enzymes GDH, CS, KGDH and HAD activities in the resistance trained 

subjects were not different from the UT controls. Similarly, MAPR with various 

substrates in the RT subjects were also not different compared with the UT controls. 

This study has indicated that long-term resistance-trained subjects had a larger thigh muscle 

CSA and improved the muscle function. These trained subjects also had a higher activity of 

HK and PK in skeletal muscle. However, the physical significance of these enzymes on 

exercise performance is not clear. The resting muscles in the RT subjects contained higher 

amounts of PCr and TCr than the UT controls indicating the resistance training increased 

substrate storage in muscle. Since the muscle mass was significantly lager in the RT group 

than the UT controls, the total mitochondrial capacity would be greater in the resistance-

trained subjects compared with untrained subjects. 

In the present study, resistance trained subjects did not show in an improvement of either 

VO2 max or exercise endurance performance during maximal exercise. Nor did demonstrated 

a reduction of fatigue index during intense leg exercise in the present study. For the resistance 

training studies, the cross-sectional study mode may be unable to revealing these alterations, 

including the changes in mitochondrial enzyme activities and MAPR. 

7.2. RECOMMENDATIONS FOR FURTHER RESEARCH. 

The aetiology of muscle deficiencies and the time course of skeletal muscle alteration in lung 

transplantation patients are still unclear. The issues raised from this thesis have indicated that 

the major skeletal muscle defects in the LTx patients may occur pre-operatively and persist 

post-operation. The thesis also showed that the immunosuppressive medication, CyA inhibits 

mitochondrial function in vitro in rat muscle at I pg ml"' concentration. This concentration, 

based on calculations from other data, as described in Chapter 5, is likely to be the level found 

in the muscle of LTx patients on long-term CyA therapy. Therefore, CyA may be a factor in 
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the reduction the exercise capacity for the LTx patients. The study of resistance trained 

subjects in this thesis demonstrated that resistance training maintain the oxidative capacit\ in 

hypertrophied skeletal muscle. Accordingly, the recommendations for fiirther investigations 

as below: 

• A longitudinal model should be employed to investigate the skeletal muscle deficiencies 

which are found in the present study in the LTx patients pre-operation and post­

transplantation. This study may reveal the time course of the alteration of skeletal muscle 

in the LTx patients. Effects of different mode of training on the relationships between 

exercise performance, skeletal muscle function and mitochondrial capacity in LTx 

recipients should be investigated in the future. Future studies should also examine 

alterations to mitochondrial DNA in these patients, which may provide important 

information for these patient therapy and their rehabilitation. 

• The skeletal muscle CyA and metabolites of CyA levels should be determined in the LTx 

patients in order to more precisely quantify whether CyA is at a concentration which will 

inhibit the mitochondrial function in skeletal muscle. The effects of other 

immunosuppressive medications, such as FK506, on in vitro and in vivo the mitochondrial 

ATP production rates in rats and the LTx patients should be also investigated. 

• A longitudinal study of skeletal muscle mitochondrial capacity in resistance-trained 

subjects may more clearly show the effect of resistance training on mitochondrial capacity 

for skeletal muscle. Therefore, the effect of resistance training on mitochondrial enzyme 

activities and MAPR in skeletal muscle should be examined before and after a period of 

resistance training. Previous studies have shown that resistance training is most effective 

in improving muscle oxidative capacity in patients with severely wasted muscle. It would 

be most valuable, therefore, to examine this form of training in patients who have had 

lung transplantation. 
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• The mitochondrial morphological alteration during the resistance training period should 

be investigated. The time course for resistance training induced genetic changes, such as, 

mRNA for oxidative enzyme synthesis should also be investigated. 

• Resistance training is an effective exercise-training mode to enhance muscle mass, 

strength and power output. Combining resistance training and endurance training has been 

demonstrated to result in greater improvements in exercise endurance time and muscle 

strength in a group healthy elderly woman (Ferketich et al. 1998). Accordingly, the effects 

of a combination resistance and endurance training on the muscle mitochondrial capacity, 

the muscle function and the exercise capacity for lung transplantation patients should be 

investigated in the future. 
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APPENDIX 

APPENDIX I. INFORMATION CONSENT 

VICTORIA UNIVERSITY OF TECHNOLOGY STANDARD CONSENT FORM FOR SUBJECTS 
INVOLVED IN EXPERIMENTS 

CERTIFICATION BY SUBJECT 
I,—. of 
certify that I have the legal ability to give valid consent and that I am voluntarily giving my consent to 
participate in the experiment entitled : 
"Effects of Resistance Training on Human Skeletal Muscle Ionic Regulation and Mitochondrial 
Function." 
being conducted at Victoria University of Technology by : 
Associate Professor Michael F. Carey, Dr Michael J. McKenna 
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: 
Anthropometric measurements, including underwater weighing 
Lung fiinction measurements 
Maximal incremental exercise test on a cycle ergometer 
Venous catheterisation and blood sampling during incremental exercise test 
Biodex muscle function tests 
Muscle biopsies at rest and following fatiguing knee extensor exercise on Cybex. 
Venous catheterisation and blood sampling during Cybex fatigue test 
I certify that I have had the opportunity to have my questions answered and that I understand that I can withdraw 
from the experiment at any time and that this withdrawal will not jeopardise me in any way. 
I have been informed that the confidentiality of the information I provide will be safeguarded. 

Signed: Witness other than the experimenter Darte : / / 
(day/month/year) 

VICTORIA UNIVERSITY OF TECHNOLOGY 

Subject Information Sheet 
"Effects of Resistance Training on Human Skeletal Muscle Ionic Regulation and Mitochondrial Function." 

CHIEF INVESTIGATORS: 
Dr Michael J. McKenna, Assoc. Prof Michael F. Carey, 
Department of Physical Education & Recreation, Department of Chemistry & Biology, Victoria University of 
Technology, Footscray, VIC. 
Aim of the study: 
This study will compare muscle size, biochemistry, maximal strength and the development of fatigue during 
repeated contractions, between strength-trained an untrained individuals. 
Subject participation: 
As a volunteer to participate as a control subject, you are fi^ee to withdraw from the study at any time, without 
any adverse effects, reactions or discrimination. 
Exercise Testing and Lung Function Testing Procedures: 
You will be required to attend the Exercise Physiology Laboratory (Room L329, Building L), at the Footscray 
Campus of Victoria University of Technology on two occasions. On the first visit to the laboratory you will be 
required to perform a maximal incremental exercise test on a cycle ergometer to evaluate your maximal aerobic 
exercise characteristics. Blood samples will be taken from a hand vein at rest, during and following exercise to 
indicate your metabolic response to exercise. During this visit we will also measure the capacity of your lungs 
and the rate at which you can breath air in and out, by getting you to blow air in/out of a special instrument. We 
will also determine the size of your leg muscles by measuring the girth, length and volume of your leg and your 
lean . 
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Muscle Function Testing 
Your maximal thigh muscle strength will be determined using a Biodex isokinetic dynamometer located in the 
C.R.E.S.S. biomechanics laboratory at 300 Flinders Street, City Campus. The test will require you to perform 
several maximal contractions at different speeds of contraction. This will be followed by a test to fatigue your 
thigh muscles, involving 50 repeated contractions of your leg muscles. 
Blood Samples: 
Blood samples (each 5 ml) will be drawn from a catheter inserted into a vein on the back of your hand. A 
catheter is a thin, flexible, sterile piece of tubing which sits inside your vein. With the use of a small tap, blood 
samples can be drawn from the catheter at specific times. A total of around fifty (50) ml of blood will be taken 
during the test. (Normally 400 ml is taken when you donate at the Blood Bank). Blood samples will be analysed 
for haemoglobin, haematocrit, plasma pH, gases, ions, lactate and other metabolites. 
The catheters used for drawing blood are routinely used for clinical purposes and exercise testing; however, 
slight bruising may occur at the site of catheter insertion. On very rare occasions, blood clots may form. 
Emergency equipment will be present at all tests. To avoid any risk of blood borne diseases all catheters, 
syringes and disposable items will be sterile, not previously used and discarded immediately following use. 
Muscle Biopsies and Muscle Fatigue Testing: 
On the second visit to the Human Performance Laboratory, Footscray Campus, a muscle biopsy will be taken 
from your thigh muscle whilst you are lying on a couch. You will then be asked to perform the muscle fatigue 
test involving 50 repeated contractions of your thigh muscle, on the Cybex dynamometer. A muscle biopsy will 
be taken immediately after exercise finishes. Muscle biopsies are routinely carried out in our laboratory, with no 
adverse effects. The three possible complications with a muscle biopsy are pain, infection and internal bleeding. 
To prevent you from suffering pain, a local anaesthetic (needle) will be given in the skin overlying your thigh 
muscle. To prevent infection, only sterilised instruments will be used. To prevent excessive bleeding, pressure 
will be manually applied after biopsies have been taken and maintained through use of a pressure bandage. In 
addition, no major nerves or blood vessels are located in the vastus lateralis muscle that we biopsy. 

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. 

CARDIOVASCULAR RISK FACTOR QUESTIONNAIRE 
In order to be eligible to participate in the experiment investigating: 
"Effect of Resistance Training on Human Skeletal Muscle 
Ionic Regulation and Mitochondrial Function" 
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 which you know 

of which you think may prevent you from participating in strenuous exercise? No 
Yes, please elaborate 

I, , believe that the answers to these questions are true and 
correct. 

Signed: Date: 

MUSCLE BIOPSY QUESTIONNAIRE 
NAME: 
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ADDRESS: 
DATE: _ ^ AGE: years 
1. 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 truthfiilly. 
Signature: Date: 

MUSCLE BIOPSY PROCEDURE 
The muscle biopsy is a relafively painless procedure that is used to obtain small samples of skeletal muscle tissue 
for metabolic analysis. A small incision is made in the skin overlying the muscle, under local anaesthetic. The 
biopsy needle is then inserted into the muscle and a small piece of tissue removed from the muscle. During this 
part of the procedure you may feel some pressure and a tendency for the muscle to cramp, however, this only 
persists for a few seconds. Following the biopsy the incision will be closed using a steri-strip and a pressure 
bandage will be applied which should be maintained for 24-48 hours. Steri-sfrip closure should be maintained for 
a few days. You should not exercise for 24-48 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. In some rare cases mild haematomas have been reported, but these symptoms 
disappear within a week. The whole procedure will be preformed under sterile conditions by a qualified medical 
practitioner. 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. 

CATHETERISATION 
At specific intervals throughout the exercise test a small blood sample will be taken via a catheter placed into a 
hand vein. 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 the flow of blood along 
the tubing can be altered at will. This procedure allows the taking of mulfiple blood samples without the need for 
multiple venepunctures (puncturing of the vein). Each time a blood sample is taken, a small volume of sterile 
heparinised saline will be injected to clear the catheter and keep it patent. Catheterisation of subjects is slightly 
discomforting and can lead to the possibility of bruising and infection. 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 infecfion and significant bruising is quite small, if by 
chance it does eventuate, inform us immediately and then consult your doctor. 

VICTORIA UNIVERSITY OF TECHNOLOGY 

STANDARD CONSENT FORM FOR SUBJECTS 
INVOLVED IN EXPERIMENTS 

CERTIFICATION BY SUBJECT 
1, of certify that I have the legal ability to 
give valid consent and that I am voluntarily giving my consent to participate in the experiment entitled : 
"Skeletal muscle analysis post thoracic transplantation: control subjects" being conducted at Victoria University 
of Technology by : 
Dr Michael J. McKenna, Assoc. Prof Michael F. Carey, Dr Trevor Williams, Dr Michael Hall 
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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 

^^P'^'" and that I freely consent to participation involving the use on me 
of these procedures. 

Procedures 
I certify that I have had the opportunity to have my questions answered and that I understand that I can withdraw 
from the experiment at any time and that this withdrawal will not jeopardise me in any way. 

I have been informed that the confidentiality of the information I provide will be safeguarded. 

Signed : Witness other than the experimenter : Date : 

VICTORIA UNIVERSITY OF TECHNOLOGY 

SUBJECT INFORMATION SHEET 
"Skeletal muscle analysis post thoracic fransplantation: control subjects" 
INVESTIGATORS: 
Dr Michael J. McKenna, Assoc. Prof Michael F. Carey, 
Department of Physical Education & Recreation, Department of Chemistry & Biology, Victoria University of 
Technology, Footscray, Vic. 

Dr Trevor Williams, Dr Michael Hall 
Department of Respiratory Medicine, The Alfred Hospital, Prahran, Vic. 

Aim of the study: 
This study will compare your muscle composition and metabolism, as well as maximal exercise performance, 
with that of patients that have undergone heart, lung or heart and lung transplants. The study is designed to 
determine why these transplant patients have a reduced exercise performance. 
Subject participation: 
As a volunteer to participate as a control subject, you are free to withdraw from the study at any time, without 
any adverse effects, reactions or discrimination. 
Exercise Testing Lung Function Testing Procedures: 
On two occasions, separated by a four week time period, you will be required to attend the Exercise Physiology 
Laboratory (Room L329, Building L), at the Footscray Campus of Victoria University of Technology. On the 
first visit to the laboratory you will be required to perform a maximal incremental exercise test on a cycle 
ergometer to evaluate your maximal aerobic exercise characteristics. Blood samples will be taken from a hand 
vein at rest, during and following exercise to indicate your metabolic response to exercise. 
We will measure the capacity of your lungs and the rate at which you can breath air in and out, by getting you to 
blow air in/out of a special instrument. This carries no additional risk. 
Blood samples: 
Blood samples (each 5ml) will be drawn from a catheter inserted into a distal forearm vein. A catheter is a thin, 
flexible, sterile piece of tubing which sits inside your vein. With the use of a small tap, blood samples can be 
drawn from the catheter at specific times. A total of around fifty (50) ml of blood will be taken during the test. 
Blood samples will be analysed for haemoglobin, haematocrit, plasma pH, gases, ions, lactate and other 
metabolites. 
The catheters used for drawing blood are routinely used for clinical purposes and exercise testing; however, 
slight bruising may occur at the site of catheter insertion. On very rare occasions, blood clots may form. 
Emergency equipment will be present at all tests. To avoid any risk of blood borne diseases all catheters, 
syringes and disposable items will be sterile, not previously used and discarded immediately following use. 
Muscle Biopsies: 
On the second visit to the laboratory, a muscle biopsy will be taken from your thigh muscle whilst you are lying 
on a couch. Muscle biopsies are routinely carried out in our laboratory, with no adverse effects. The three 
possible complications with a muscle biopsy are pain, infection and internal bleeding. To prevent you from 
suffering pain, a local anaesthetic (needle) will be given in the skin overlying your thigh muscle. To prevent 
infection, only sterilised instruments will be used. To prevent excessive bleeding, pressure will be manually 
applied after biopsies have been taken and maintained through use of a pressure bandage. In addition, no major 
nerves or blood vessels are located in the vastus lateralis muscle that we biopsy. 

By signing the informed consent form you are indicating that the tests and proceduî es 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. 
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APPENDIX II. EQUATIONS FOR PREDICTED VALUES, 
CHARACTERISTICS OF SUBJECTS AND EXERCISE 

PERFORMANCE 
Characteristics of subjects, results of spirometry and anthropometric measurements and exercise performance. 
The methods of spirometric and anthropometric measurements have been described in relevance chapter. 

Equations for predicted values of VC and FEVi (Crapo et al 1981), TLCO (Crapo & Morris 1981), V O , peak 
(Jones et al 1985) and HRpeak (Spiro 1977) are listed as below: 

VC equation for males 
VC equation for female 

FEV J equation for males 
FEV] equation for Females 

TLco peak equation for males 
TLcopeak equation for females 

VC(L) = 0.06 X high (cm) - 0.0214 x age - 4.65. 
VC(L) = 0.0491 X high (cm) - 0.0216 x age - 3.59. 

FEVi = 0.0414 X high (cm) - 0.0244 x age -2.19. 
FEV, = 0.0342 X high (cm) - 0.0255 x age -1.578. 

TLCO = 0.416 X high (cm) - 0.219 x age - 26.34. 
TLCO = 0.256 X high (cm) - 0.1444 x age - 8.36. 

V02peak equation for males V02peak = 3.45xhigh (cm) - 0.028xage + 0.022xweight (kg) - 3.76L 
min"'. 

• • 
V 02peak equation for females: V02peak = 2.49xhigh (cm) - O.OlSxage + O.OlOxweight (kg) - 2.26L 
min" . 

HRpeak equation for male and females HRpeak = 210 - 0.65 x age (year). 

Body fat percentage (% BF) was calculated according to sum of 8 skinfold thicknesses using the following 
regression equations for males (Jackson & Pollock 1978) and females (Jackson et al.l980). 
Regression equation for males BD = 1.112000 - 0.0004399 (X,) + 5.5 10"\x,)^ - 0.00028826(X2). 
BD = body density, X, = sum of tricep, bleep, subscapular, mid-axilla, suprailiac, abdominal, anterior thigh and 
medial calf (Sum of 8), Xa = age (years). 
Regression equation for females BD = 1.096095 - 0.0006952 (X,) + 1.1 * 10'^(X,)^ - 0.0000714(X2). 
BD = body density, Xi = sum of tricep, bleep, subscapular, mid-axilla, suprailiac, abdominal, anterior thigh and 
medial calf X2 = age (years) 

The % body fat was calculated for both males and females using the following equation % BF = [(4.95/BD) -
4.50] X 100 (Siri 1956). 

Estimation of body fat was also determined by underwater densitometry based on equation 6.3. (Brozek et al. 
1963). Thigh volume was determined by water displacement. 

Equation - underwater densitometry method 

Body density = BM 

BM-UWM -RLV 

DH2O 
V. J 

BM = body mass (kg), UWM = underwater mass, DH2O = density of water (at submersion temperature) and 
RLV = residual lung volume estimated from Forced Vital Capacity. Estimation of percentage body fat was 
calculated from the body density determination (Brozek, 1963). 
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Subjects 

LTxl 

LTx2 

LTx3 

LTx4 

LTx5 

LTx6 

LTx7 

MCI 

MC2 

MC3 

MC4 

MC5 

MC6 

MC7 

Sex 

M 

F 

F 

F 

F 

M 

M 

M 

F 

M 

F 

F 

F 

M 

Age 
(year) 

53 

49 

43 

34 

26 

29 

25 

53 

46 

26 

43 

35 

28 

27 

Height 
(cm) 
176 

167 

161 

172 

159 

178 

175 

165 

167 

182 

171 

167 

160 

190 

Weight 
(kE) 
86.5 

56.4 

64.4 

62.6 

73.6 

59.4 

61.7 

65.74 

64.03 

84.6 

65.46 

62.88 

56.17 

87.2 

VC 
(L) 
4,51 

2.22 

2.46 

4.23 

3.82 

3.6 

3.38 

4.22 

4.69 

5.2 

4.22 

5.52 

4.61 

5 

Pred 
(L) 
5 

3.61 

3.47 

4.17 

3.79 

5,63 

5.58 

4.12 

3.62 

5.71 

3.88 

3.85 

3.66 

6.23 

% 

90 

61 

71 

101 

101 

64 

61 

103 

130 

91 

109 

143 

126 

80 

FEVI 
(L) 
2.08 

1.36 

2.36 

3.48 

3.24 

3.4 

2.56 

3.79 

3.55 

4 

3.27 

4.37 

3.77 

4.35 

Pred. 
(L) 
3.6 

2.75 

2.75 

3.35 

3.32 

4.54 

4.61 

3.35 

2.96 

4.71 

3.17 

3.24 

3.18 

5.06 

% 

58 

49 

86 

104 

98 

75 

56 

113 

120 

85 

103 

135 

119 

86 

TLCO 
ml min' 

16.1 

10.2 

17.4 

20 

18.2 

25.2 

• 18.7 

-

-

. 

-

-

-

-

Pred. 
mmHg 

29 

24 9 

24.5 

28 

268 

34.4 

34.5 

-

. 

. 

-

-

-

-

% 

55.5 

41.0 

71.0 

71 4 

67.9 

73,3 

54,2 

. 

_ 

_ 

. 

_ 

. 

-

FEV, = forced expiratory volume in one second. VC = vital capacity. Pred. = predicted value. % = measured value / predicted value %. 
TLCO = diffusion capacity for carbon monoxide. 

Medications used in addition to immunosuppressants in LTx 
LTxl 
LTx2 
LTx3 
LTx4 
LTx5 
LTx6 
LTx7 

cardizem 

Renitec 
Renitec 

Bactrim 
Gangclovir Pentamidine 
Bactrim Minocycline 
Bactrim 
Bactrim 
itraconazole 
Bactrim 

Losec 
Zentac 

Zantac 
Zantac 
Losec 

Provera 
Deseril 

lasix 
Magmin 
Magmin 

Magmin 

Magmin 
SlowK 

Quinine 
Calcium 
Calcium 
caltrate 

Prothiaden 
Triphasil 
Zestril 
Rocaicitrol 
Cotazyme 
Cotazyme 

Characteristics of subjects, results of spirometry and anthropometric measurements in RT and 
UT 

Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

UTl 

UT2 

UT3 

UT4 

UTS 

UT6 

UT7 

UT8 

Sex 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

Age 
(year) 

20 

37 

25 

20 

18 

39 

20 

26 

24 

20 

26 

27 

27 

27 

26 

34 

Height 
(cm) 
171 

174 

176 

183 

173 

173 

173 

184 

186 

172 

182 

185 

191 

189 

181 

181 

Weight 
(kg) 
82 

88 

77 

79 

82 

81 

99 

83 

83 

65 

85 

83 

87 

81 

81 

79 

VC 
(L) 
5.2 

3.7 

5.5 

4.8 

6.1 

5.2 

4.7 

7.7 

5.0 

5.1 

5.2 

5.8 

5.0 

7.1 

4.4 

5.2 

FEV, 
(L) 
4.0 

3.0 

4.5 

4.0 

5.1 

4.3 

4.2 

6.3 

4.7 

4.4 

4.0 

4.1 

4.4 

5.3 

3.6 

4.3 

Thigh 
Volume(L) 

5.57 

5.78 

5.32 

5.41 

4.87 

6.19 

6.4 

5.57 

5.51 

4.17 

7.22 

6.09 

5.47 

5.46 

5.83 

6.53 

M+B 
Volume (L) 

5.05 

5.05 

4.64 

4.81 

4.12 

5.50 

5.27 

4.99 

4.48 

3.51 

5.81 

4.96 

4.31 

4.75 

4.61 

5.61 

Water 
Displace 

(L) 
6.34 

5.54 

5.05 

5.54 

5.10 

6.34 

6.86 

6.34 

5.94 

4.26 

6.93 

5.94 

5.45 

5.94 

5.84 

6.78 

Thigh M. C.S.A 
(cm )̂ 
229,33 

255,81 

214.00 

204.88 

226.27 

242.01 

268.3 

227.18 

210.99 

169.23 

234.45 

204.48 

186.24 

198.70 

193.71 

216,40 

BF% 
(UWW) 
21,28 

14.24 

21.16 

8.23 

9.46 

16.82 

20.89 

14.24 

16.24 

8.40 

20.69 

20.61 

18.71 

21.53 

18,70 

15.05 

BF% 
(SumofS) 

14.4 

11.2 

10.1 

8,4 

10,8 

11.6 

17 

12.7 

13.9 

8.3 

16.1 

14.0 

15.1 

15.4 

21.2 

12,1 

BF% (Sum of 8) = body fat calculation based on skinfolds, BF%(U.W.W).̂  
cross-sectional area. 

• body fat calculation based on under water weight. M.= muscle. C.S.A.= muscle 
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Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

UTl 

UT2 

UT3 

UT4 

UTS 

UT6 

UT7 

UT8 

Tricep 

6.30 

3.80 

4.30 

5.50 

7.85 

8.05 

10.4 

4.85 

10.93 

7.00 

11.50 

12,10 

10.35 

6.20 

15.50 

7.95 

Bicep 

7.03 

2.80 

11.50 

3.30 

4.10 

2.85 

3.1 

3.20 

5.65 

3.37 

5.70 

3.60 

5.80 

5.10 

8.60 

3.10 

Subscap 

16.37 

10,90 

9.70 

8.33 

8.60 

9.60 

16.60 

12.60 

9.90 

6,87 

12.90 

8.67 

11.45 

11.10 

25.27 

11.90 

Mid axilla 

12.50 

11.15 

8.20 

7.10 

6.85 

7.30 

15.0 

8.40 

7.90 

5.33 

10.87 

6.97 

7.20 

9.40 

17.60 

9.05 

Suprailiac 

20.40 

12.05 

11.50 

9.25 

11.95 

16.30 

24.2 

20.00 

12.10 

7.10 

23.30 

10.15 

15.20 

22.25 

27.30 

9.75 

Abdominal 

22.20 

14.45 

13.70 

9.00 

13.45 

12.65 

21.5 

19.80 

23.13 

7.13 

22.10 

22,50 

22.40 

31.50 

32.30 

15.20 

Anterior thigh 

7.60 

11.20 

10.70 

8.90 

13.30 

9.85 

18,0 

8,40 

16.30 

11.73 

17.80 

15.87 

18.20 

10.93 

17.50 

11.70 

Medial calf 

11.10 

3.90 

6.70 

4.95 

7.75 

5.30 

14.3 

6.10 

8.20 

7.03 

12.50 

8.00 

18.65 

7.10 

9.45 

5.80 

Sum of 8 

103.50 

70.25 

76.30 

56.33 

73.85 

71.90 

123.0 

83.35 

94.12 

55.57 

116.67 

87.85 

109.25 

103.58 

153.52 

74.45 

Sum of 8 = summary of 8 location skinfolds. 
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APPENDIX III. FORMULA FOR MAPR CALCULATION 

Mitochondrial ATP production rate was calculated using following formula which were obtained from Rolf 
Wibom's. 
(1). Mitochondrial ATP production rate in cuvette (MAPRc). 

MAPRc (nmol min"' L'') = A light (arbifrary unit-AU) ^ A time (minutes-min) x |ATP) (nmol ATP L"') /A 
St (AU). 
A light and A time = Increase in light emission (A light) during a certain time (A time) as a result of 
'mitochondrial ATP production. [ATP] = Increase in ATP concentration in cuvette as a result of the addition 
of ATP standard. A St = Increase in light emission as a result of the addition of ATP standard. 

(2). Mitochondrial ATP production rate in suspension (MAPRs). 
MAPRs (mmol min"' L'') = MAPRc x FV (final volume in cuvette, (il) x D (dilution factor for 
mitochondrial suspension before addition to cuvette) ^ SV (Volume of diluted mitochondrial suspension 
added to cuvette, |il) x 10"*. 

(3) Mitochondrial ATP production rate expressed per kg muscle (MAPRm) 
MAPRm (mmol min"' kg"') = MAPRs H- F (see formula 6) 

(4) Mitochondrial ATP production rate expressed per gram mitochondrial protein (MAPRp). 
MAPRp (mmol min"' g'' protein) = MAPRs -̂  prot (protein concentration in mitochondrial suspension—g 
protein L"') 

(5). Intact mitochondrial GDH activity in suspension (GDHim) 
GDHim (mmol min"' L"') = GDHma (mmol min"' L'') - GDHmb (mmol min"' L"'). 

GDHma = GDH activity in mitochondrial suspension after disruption of mitochondrial 

membranes with Triton X-100). GDHmb = GDH activity in mitochondrial suspension before 

disruption of mitochondrial membranes with Triton X-100). 

(6). Ratio between intramitochondrial GDH activity in suspension and in muscle (F). 
F (kg L"') = GDHim (mmol min"' L"') ^ GDHt (total GDH activity in muscle, mmol min"' kg"'). 

(7). Yield of intact mitochondrial in the preparation of mitochondria (Y). 
Y (%) = F X Susp (volume of the mitochondrial suspension, L"') ^ m (muscle mass used in the preparetion 
of mitochondria, kg) x 100. 
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APPENDIX IV. RESULTS 

Subjects 

LTxl 

LTx2 

LTx3 

LTx4 

LTx5 

LTx6 

LTx7 

MCI 

MC2 

MC3 

MC4 

MC5 

MC6 

MC7 

VOipeak 

16 

14.3 

16.1 

21.6 

15.9 

23.8 

23.1 

32.10 

33.42 

44.33 

31.78 

36.42 

33.11 

47.36 

Pred. 

31.57 

28.02 

24.94 

32.34 

26.56 

48.41 

48.13 

28.82 

26.72 

43.17 

28.70 

30.17 

31.72 

45.38 

• 
V02/pred. % 

51 

51 

65 

67 

60 

49 

48 

111 

125 

102 

110 

120 

104 

104 

HRpeak 

118 

121 

132 

159 

137 

139 

153 

166 

189 

183 

159 

164 

185 

195 

Pred. 

176 

178 

182 

188 

193 

191 

194 

176 

180 

193 

182 

187 

192 

192 

HR/pred. 
% 
67 

68 

73 

85 

71 

73 

79 

95 

105 

95 

87 

88 

96 

101 

V Epeak 
(Lmin') 

81 

39 

39 

80 

81 

64 

65 

105 

90 

148 

95 

129 

86 • 

177 

MVV 

73 

48 

83 

122 

113 

119 

90 

133 

124 

140 

115 

153 

132 

152 

VE/MVV 

111 

82 

47 

66 

71 

54 

73 

79 

72 

105 

82 

84 

65 

116 

V02peak= peak oxygen uptake; HR = heart rats. VEpeak = minute ventilation at peak exercise; MVV =. predicted maximum voluntary ventilation (FEVi X 
35). Pred. = predicted value. % = measured value / predicted value %. 

Incremental exercise tests in LTx and MC (2) 
Subjects Exercise duration (min) Workrate 

Peak (watts) 
Rest 

Sa02(%) 
Lowest SaOi 

(%) 
De-SaOi 

(%) 
Reasons for 
Termination 

exercise 
LTxl 

LTx2 

LTx3 

LTx4 

LTx5 

LTx6 

LTx7 

MCI 

MC2 

MC3 

MC4 

MC5 

MC6 

MC7 

7 

5 

3 

5 

5 

7 

6 

9 

6 

13 

7 

14 

114 

81 

49 

81 

81 

114 

98 

225 

150 

325 

200 

200 

175 

350 

98 

97 

99 

97 

97 

98 

99 

97.4 

94.9 

96.05 

95.1 

97.45 

97 

96.85 

95 

94 

98 

97 

96 

99 

98 

96.75 

94.9 

93.7 

95.4 

97.45 

96.45 

96.7 

-3.06 

-3.09 

-1.01 

0 

-1.03 

1.02 

-1.01 

-0.65 

0 

-2.35 

+0.3 

0 

-0.55 

-0.15 

AL&SOB. 

AL 

AL 

AL 

AL 

AL&SOB 

AL 

SaO; = blood oxygen saturation. De-SaO; = blood oxygen desaturation. LT = lactate threshold. AL = aching leg. SOB = short of breath. LF = leg fatigue. 

Incremental exercise tests in RT and UT 

Subjects 

UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UT8 

VOipeak 
(ml min'kg'') 

44.82 

50.51 

44.30 

33.18 

47.32 

47.61 

43.99 

43.58 

HRpeak 
(bpm) 

179 

200 

183 

186 

195 

192 

200 

182 

Exercise 
Duration (min) 

14 

12 

13 

12 

14 

14 

12 

13 

Workrate 
Peak (watts) 

350 

300 

325 

300 

350 

350 

300 

325 

Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

• 
VOipeak 

(ml min''kg"') 
39.26 

28.95 

45.27 

52.74 

58.2 

47.04 

38.05 

47.47 

HRpeak 
(bpm) 

189 

176 

189 

189 

186 

171 

190 

188 

Exercise 
Duration (min) 

14 

10 

13 

14 

16 

13 

13 

15 

Workrate 
Peak (watts) 

350 

250 

325 

350 

400 

325 

325 

375 

240 



Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 
UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UTS 

Isometric 0° 

216.3 

229.7 

194.6 

218.6 

231.6 

187.5 

244.5 

263.2 
213.2 

186.6 

213.2 

180.1 

253 

, 211.4 

203.3 

220.8 

0 

207,0 

217.0 

180.0 

205.0 

207.0 

179.0 

237 

254.0 
201 

167 

194 

172 

245 

191 

193 

213 

60 

230.4 

233.6 

215.3 

199.3 

192.7 

178.4 

240.7 

244.6 
181.3 

171.9 

228.5 

198.1 

208.4 

175.9 

183.6 

195.9 

120 

185.1 

198.5 

185.0 

167.5 

163.1 

158.1 

219.8 

213.2 
169.1 

156.5 

176.7 

159.9 

165.2 

150.9 

138.6 

161 

180 

161.6 

167.6 

151.3 

147.5 

129.8 

130.7 

194.3 

189.4 
149.4 

129.5 

148.2 

137.9 

130.7 

134.5 

117.3 

129.5 

240 

137.4 

143.9 

134.8 

137.9 

113.4 

113.8 

175.5 

160.1 
120.3 

120.3 

135.2 

115 

111.9 

109.6 

94.1 

120.4 

300 

125.7 

126.7 

118.2 

126.5 

99.8 

101.8 

160.1 

157.8 
109.4 

114 

131.3 

112 

92.5 

106.7 

88.3 

100.1 

360 

109.2 

103.9 

104.0 

110.8 

102.1 

98.9 

I486 

134.1 
93.8 

93.4 

116.1 

93.6 

100.3 

92.2 

77.7 

80.5 

Total work (W) 

5760 

5739 

5185 

6025 

5806 

5494 

7932 

6519 
4905 

4975 

5590 

4784 

4872 

4801 

5124 

4883 

Peak torque, fatigue index and plasma lactate concentration in Cybex dynamometer test in RT 
and UT. 

Subjects 

RTl 
RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 
UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UTS 

Cybex Peak-
Tordue (Nm) 

123 
109.3 

123 

129.9 

97.6 

97.6 

154.7 

113.7 
132.8 

121.1 

128.9 

106.4 

105.4 

118.6 

121.1 

127.4 

Cybex FI (%) 

51 
54 

41 

53 

56 

13 

49 

22 
39 

58 

42 

35 

42 

57 

47 

56 

PL Rest 

2.44 
1.77 

1.63 

1.33 

-
1.31 

1.25 

1.73 
1.27 

0.84 

1.23 

1.53 

0.41 

1.10 

1.26 

0.91 

PL25-E. 

3.94 
1.54 

3.S7 

3.49 

-
2.21 

2.08 

2.61 
2.25 

3.18 

2.18 

2.47 

2.57 

2.79 

1.34 

2.07 

PL 50-E 

4.63 
2.06 

4.44 

4.91 

-
2.66 

2.83 

3.94 
3.62 

3.91 

3.65 

5.62 

4.27 

6.01 

2.71 

3.91 

PLRl 

6.78 
2.99 

4.44 

8.64 

-
2.75 

4.23 

5.19 
5.83 

8.49 

5.15 

6.93 

5.68 

8.78 

3.02 

6.47 

PLR2 

7.58 
4.30 

4.44 

10.40 

-
3.03 

5.78 

5.19 
5.32 

8.63 

5.79 

7.72 

6.64 

9.40 

3.92 

7.22 

PLR5 

7.76 
5.94 

4.41 

6.69 

-
3.49 

8.35 

6.10 
4.54 

7.12 

5.10 

7.57 

6.33 

11.93 

3.49 

4.98 

PLRIO 

6.62 
5.33 

4.24 

7.98 

-
3.93 

5.19 

4.37 
3.57 

8.08 

4.67 

5.05 

3 18 

11.18 

3.28 

2.68 

PLR30 

3.41 
2.48 

1.40 

2.54 

-
1.47 

2.73 

1.61 
1.53 

2.16 

2.65 

2.22 

0.87 

3.86 

1.37 

2.00 

FI = fatigue index. PL = Plasma lactate concentration (mmol L'). E = leg exercise. R = recovery. 

Plasma lactate concentration (mmol L ) in LTx and MC during incremental exercise. 
Time R El E2 E3 E4 E5 E6 E7 E8 E9 ElO Ell E12 £13 E14 
LTxl 0.7 0.9 1.1 1.6 2.1 2.9 3.8 5.4 
LTx2 1.3 1.4 1.7 2.7 3.8 5.5 
LTx3 1.6 1.9 2.7 3.9 
LTx4 1.3 1.5 2.1 3.1 4.3 6.4 
LTx5 2.3 2.7 3.6 5 5.6 6.1 
LTx6 0.8 1 1.5 2.2 3.4 4.4 5.8 8.4 
LTx7 2.4 2.4 2.8 3.4 4.5 5.6 8.4 
MCI 1.2 1.3 1.3 1.6 2.0 2.8 4.2 5.4 7.7 8.7 
MC2 0.9 1.2 1.7 2.6 3.7 4.6 7.9 
MC3 0.8 1.0 1.0 1.0 1.3 1.6 1.9 2.2 2.9 3.7 55 6.9 9.3 11 
MC4 0.9 0.9 1.0 1.3 1.8 2,4 3.9 6.0 8.8 
MC5 1,2 2,0 2,1 2,7 3,9 4,7 6,2 7,7 
MC6 0,9 0,9 1,6 2,2 2,9 3,6 4,3 6,6 9,2 
MC7 0 8 0,8 0,9 1,1 1,2 1,5 1,9 2,5 3,1 4,5 5,9 7,9 7,9 96 12,5 
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Lactate threshold (LT) during incremental exercise test in LTx and MC 

S"bjects Workrate (watts) V02peak(ml kg 'min ' ) 
LTxl 33,11 6 9 
LTx2 28,18 7 8 
LTx3 39.81 10 0 
LTx4 23.82 g 3 
LTx5 23.39 10 1 
LTx6 25.7 5 1 
LTx7 41.21 10 1 
MCI 81.47 17 0 
MC2 31,62 112 
MC3 104,7 20 0 
MC4 56,23 15 0 
MC5 70,79 15 9 
MC6 83,8 17 5 
MC7 mj 20 0 

Plasma lactate concentration (mmol L"') in RT and untrained UT. 
El E2 E3 E4 E5 E6 E7 E8 E9 ElO Ell E 12 E 13 E 14 E 15 E16 

RTl 
RT2 
RT3 
RT4 
RT5 
RT6 
RT7 
RT8 
UTl 
UT2 
UT3 
UT4 
UT5 
UT6 
UT7 
UTS 

1,1 
1,3 
1,1 
0,5 
0,8 
1,5 
1,0 
0,3 
0,8 
0.8 
0.8 
0.7 
OS 
1.0 
1.2 
0.6 

1.1 
1.4 
1.8 
0.8 
1.1 
1.6 
1.3 
2.1 
0.9 
0.9 
1.0 
0.8 
O.S 
0.9 
1.5 
0.6 

1,2 
2,1 
2,4 
1,4 
1,1 
1,3 
1,5 
2,2 
0,9 
1,0 
1,0 
1,0 
0,9 
1,2 
1,9 
0,8 

1,4 
2,2 
2,6 
1,8 
1,5 
1,6 
1,8 
2,6 
1,0 
1,2 
1,0 
1,9 
1,1 
1,3 
1,8 
0,9 

1,5 
3,1 
2,9 
2,2 
1.6 
2.4 
2.6 
3.0 
1.2 
1.7 
1.3 
2.7 
1.2 
1.4 
2.7 
1.1 

2.1 
4.1 
3.0 
3.2 
1.7 
2.4 
3.1 
3.1 
1.4 
3.1 
1.6 
4.1 
1.5 
1.8 
3.2 
1.4 

2.1 
5.1 
3.6 
3.9 
1.7 
3.6 
3.6 
3.4 
1.4 
4.4 
1.9 
3.1 
1.9 
2.7 
3.9 
1.9 

2.7 
6.2 
4.7 
4.9 
1.7 
3.5 
5.1 
3.5 
2.0 
6.0 
2.2 
4.2 
2.5 
3.2 
4.5 
2.5 

3.1 
7.4 
5.6 
6.0 
I.S 
4.5 
6.2 
4.0 
2.3 
8.0 
2.9 
5.3 
3.1 
3.7 
6.4 
3.5 

3.4 
10 
6.6 
6.4 
1.9 
5,8 
9,1 
4,5 
3,0 
9,4 
3,7 
6,5 
4.5 
5.1 
8.4 
4.7 

5.2 
11.4 
7.7 
8.6 
1.9 
7.4 
10.4 
5.6 
4.2 
lO.S 
5.5 
S.5 
5.9 
5.5 
10.4 
6.2 

6.6 

11 
8.7 
2.9 
9.9 

6.9 
6.1 
16 
6.9 
12 
7.7 
7.7 
13 
8.1 

8.2 

14.4 
11.3 
2.8 
11.4 

8.4 
8.2 

9.3 
13.9 
7.9 
9.6 
16 
11.4 

11 

17 
13 
3.3 
29 

11 
11 

11 

13 
11 

15 

15 

15 
4.4 

14 
12 

17 

7.0 

Lactate threshold (LT) in RT and UT. 

Subjects Workrate (watts) V02peak(mr' kg'' min) 
RTl 122.8 19.28 
RT2 75,6 10,19 
RT3 199,04 25,97 
RT4 72,9 11,41 
RT5 222,88 35,76 
RT6 97,5 16,59 
RT7 123,99 13,27 
RT8 199,91 28,34 
UTl 122,9 18,79 
UT2 75,6 24,83 
UT3 104,7 20,0 
UT4 49.15 10.54 
UTS 104.7 20,0 
UT6 122,8 16,66 
UT7 97 23,36 
UTS 133,99 18^7 

Skeletal muscle fibre types in LTx and MC 
Subjects Total Fibers No, Type I No, % Type II No, % 

LTxl 288 91 31,60 197 68,40 

LTx2 245 85 34,69 160 65,31 

LTx3 274 43 15,69 231 84,31 

LTx4 177 89 50,28 88 49,72 

LTx5 348 53 15,23 295 84,77 

LTx6 250 8 3,20 242 96,80 

LTx7 120 28 23,33 92 76,67 

MCI 225 129 57,33 96 42,67 

MC2 178 108 60,67 70 39,33 

MC3 376 236 62,77 140 37,23 

MC4 304 153 50,33 151 49,67 

MC5 188 113 60,11 75 35,89 

MC6 258 . 123 45,21 135 54,79 

MC7 404 228 56,44 176 43,56 

No. = numbres of muscle fibres. % = percentage for one type fibres / total fibres. 

242 



Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UTS 

Total Fibers No, 

133 

193 

222 

161 

214 

165 

224 

128 

308 

212 

376 

193 

404 

226 

112 

399 

Type I No, 

44 

94 

132 

70 

144 

107 

108 

46 

147 

77 

236 

94 

228 

134 

52 

256 

% 

33,08 

48,70 

59.46 

43.48 

67.29 

64.85 

48.21 

35.94 

47.73 

36.32 

62.77 

48.70 

56.44 

59.29 

46.43 

64.16 

Type 11 No. 

89 

99 

90 

91 

70 

58 

116 

82 

161 

135 

140 

99 

176 

92 

60 

143 

% 
66.92 

51.30 

40.54 

56.52 

32.71 

35.15 

51.79 

64.06 

52.27 

63.68 

37.23 

51.30 

43.56 

40.71 

53.57 

35.84 

Type lla No. 

71 

54 

87 

72 

70 

53 

98 

68 

121 

83 

131 

54 

176 

SI 

45 

134 

% 
53.38 

27.98 

39.19 

44.72 

32.71 

32.12 

43.75 

53.13 

39.29 

39.15 

34.84 

27.98 

43.56 

35.84 

40.18 

33.58 

Type lib No, 

18 

45 

3 

19 

0 

5 

IS 

14 

40 

52 

9 

45 

0 

11 

15 

9 

% 
13.54 

23.32 

1.35 

11.80 

0.00 

3.03 

8.04 

10.93 

12.98 

24.53 

2.39 

23.32 

0.00 

4.87 

13.39 

2.26 

No. = numbers of muscle fibres. % = percentage for one type fibres / total fibres. 

Resting muscle metabolites measured by HPLC (H) and by enzymatic analyses (E) in LTx and 
MC 

Subjects ATP(H) ATP(E) ADP AMP IMP PCr Cr Lactate Glycogen 

LTX I 

LTX2 

LTx3 

LTx4 

LTx5 

LTx6 

LTx7 

MCI 

MC2 

MC3 

MC4 

MC5 

MC6 

MC7 

27,52 

19,88 

18,41 

18,70 

21,51 

22,32 

21,50 

33,33 

24,74 

26,54 

26,05 

23,50 

24,00 

23,63 

20,73 

22,83 

20,99 

20,37 

21,94 

24,64 

25,72 

29,26 

23,82 

27,35 

24,82 

23,13 

22,13 

25,87 

3,84 

2,76 

2,32 

2,76 

2.82 

2.74 

2.43 

2.49 

2.34 

2.06 

2.41 

2.15 

2.29 

3.16 

0.13 

0.07 

0.05 

0.06 

0.14 

0.17 

0.20 

0.47 

0.37 

0.11 

0.14 

0,07 

0,29 

0,20 

0.31 

0.17 

0.28 

0.15 

0.50 

0.23 

0.23 

0.07 

0.10 

0.04 

0.02 

0.06 

0.03 

0.04 

118.47 

106.31 

92.54 

97.02 

98.32 

77.77 

87.27 

98.90 

79.18 

93.94 

96.28 

92.71 

100.52 

90,76 

51.74 

74.19 

37.16 

56.45 

54.36 

47.17 

64.09 

58.49 

48.72 

34.54 

39.34 

55.17 

57.32 

34.59 

17.22 

15.84 

14.74 

12,83 

14,48 

19,99 

18,74 

4,55 

10,82 

9,42 

6,70 

8,51 

10,87 

7,93 

291,54 

394,23 

711,34 

320,61 

281,71 

510,90 

718,33 

392,43 

427.08 

578.61 

421.07 

479.33 

590.66 

344.17 

Values are expressed as mmol k g ' dw. ATP(H), ADP, AMP and IMP 
enzymaticly. 

measured by HPLC. ATP(E), PCr, Cr, lactate and glycogen measured 

Subjects 

Muscle metabolites measured by HPLC (H) analyses in RT and UT subjects 
ATP(H) ADP 

Rest Fatifue Rest F)atigu 
AMP 
Rest F)atigue 

IMP 
Rest Fatigue 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UTS 

31.20 

30.10 

23.08 

28.12 

24.32 

27,43 

17,43 

25,71 

24,22 

27,71 

24,74 

29.16 

23.63 

22.80 

22.31 

23.12 

23.16 

24.21 

23.56 

25.27 

26.81 

20.48 

13,97 

22,79 

27,03 

20,08 

21,81 

27,42 

22,08 

17,15 

18.42 

17.31 

3,05 

2.80 

2,57 

2,89 

3,75 

3,99 

1.99 

4,57 

3,16 

2,30 

2,06 

2,74 

2,15 

3.19 

3.34 

2.22 

3.30 

2.63 

2.91 

2.53 

4.77 

2,46 

3,06 

4,53 

5,47 

2.30 

2.44 

2.92 

3.95 

1.07 

2.87 

2.14 

0.07 

0,09 

0,06 

0.07 

0.19 

0.08 

0.03 

0.29 

0.16 

0.07 

0 11 

0.11 

0.20 

0.22 

0.11 

0.09 

0.09 

0.12 

0.06 

0.10 

0.26 

0.19 

0.12 

0.24 

0.22 

0.08 

0.09 

0.11 

0.20 

0.22 

0.14 

0.11 

0.15 

0.03 

0.15 

0.21 

0.05 

0,04 

0,08 

0,10 

0,09 

0,07 

0,10 

0,11 

0,04 

0,09 

0,03 

0,09 

5,70 

0,86 

0.75 

1.07 

0.79 

0.90 

5.21 

1.45 

1.29 

2.30 

2.54 

292 

4.15 

1.92 

8.79 

2.14 

Values are expressed as mmol kg-1 dw 
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Muscle metabolites measured enzymatically in RT and UT subjects 
Subjects 

RTl 

RT2 

RT3 

RT4 

RT5 

RT6 

RT7 

RT8 

UTl 

UT2 

UT3 

UT4 

UT5 

UT6 

UT7 

UTS 

ATP(E) 
Rest 
28.51 

26.88 

26.77 

27,16 

30,07 

24,64 

22,37 

26,69 

26,31 

29.42 

27.21 

25.35 

25.87 

22.29 

22.35 

26,61 

Fatigue 
20,9 

20,69 

23,96 

23.3 

29 19 

13.21 

12.15 

19.09 

27.12 

19.49 

21,72 

21,99 

20,52 

12,50 

12,83 

19,90 

PCr, 
Rest 

108,481 

109,36 

101,314 

104,397 

118.655 

101.18 

92.79 

105,64 

91,72 

105,41 

93,94 

99,23 

90,76 

90,14 

83,22 

91,84 

Cr, 
Rest 

49.66 

38,74 

34,62 

42,03 

43,27 

63,45 

50,22 

36.22 

32.51 

43.97 

34.54 

53.00 

34,59 

45,43 

44,35 

47,86 

TCr, 
Rest 

158,14 

148,10 

135,93 

146,43 

161,93 

164.63 

143.01 

141.86 

124.23 

149.37 

128.48 

152.23 

125.35 

135.57 

127.57 

139.70 

PCr. 
Fatigue 
36.27 

43.02 

30.69 

54.7 

48.15 

53.35 

36.02 

38.41 

22.31 

37.18 

46.39 

41.29 

47,61 

27.5 

24.61 

39.33 

Cr. 
Fatigue 
121.87 

105.08 

105.24 

91.73 

113.77 

111.28 

106.99 

103.45 

101.92 

112.20 

82.09 

110.94 

77.74 

108.07 

102.96 

100.37 

TCr. 
Fatigue 
158.14 

148.10 

135.93 

146.43 

161.92 

164.63 

143.01 

141.86 

124.23 

149.37 

128.48 

152.23 

125.35 

135.57 

127.57 

139.70 

Glycogen 
Rest 

554.82 

562.96 

513.39 

336.99 

403.68 

520.47 

464.56 

470.57 

446.13 

450.76 

578.61 

445.10 

344.17 

433.46 

644.63 

409.01 

Fatigue 
483.19 

387.44 

370.74 

314.71 

311.06 

407.94 

263.78 

323.85 

309,06 

336,32 

550,37 

350,92 

250,62 

371,18 

359,22 

321,21 

Lactate 
Rest 
10,64 

6,64 

12,19 

11,26 

7,98 

9,63 

9,05 

13,20 

10,99 

5,02 

10,82 

7,13 

7.93 

9,82 

6,53 

6,07 

Fatigue 
103.13 

59.57 

59.11 

67.87 

64.36 

115.64 

92.58 

118.42 

82.74 

92.60 

72.53 

76.13 

71.25 

128.04 

142.44 

66.74 

Values are expressed as mmol kg dw. ATP(E)= ATP measured enzymatically. 

Activity of muscle enzymes in LTx and MC (mmol min'kg"' w. w) 
Subjects CS KGDH HAD PFK PK HK PHOSPH 
LTxl 
LTx2 
LTx3 
LTx4 
LTx5 
LTx6 
LTx7 
MCI 
MC2 
MC3 
MC4 
MC5 
MC6 
MC7 

5.48 
6.98 
15.06 
7.20 
10.5 
11.14 
14,99 
21,93 
12,49 
19,53 
14,79 
18,13 
20,86 
22,94 

0,24 
0,15 
0,46 
0,32 
0.65 
0.31 
0,63 
1,28 
0,79 
1,05 
0,83 
0,85 
0.93 
1.33 

2.49 
2.54 
2.47 
3.81 
2.145 
2,06 
3,13 
5,83 
4,14 
4,23 
5,62 
4.2 
4.02 
4.89 

42.82 
30.70 
40.59 
34.115 
44.85 

37.7531 
22.785 
22.02 
25.23 
31.19 
27.49 
27.58 
35.34 
27.48 

300.33 
130.32 
245.52 
252,12 
317,32 
274,36 
119,79 
299,70 
217,74 
251,19 
218.34 
302.69 
273.45 
272.25 

1.34 
0.94 
1.43 
1.99 
2.84 
1.62 
1.45 
1.35 
1.48 
1.49 
1.42 
1.39 
2.06 
2.34 

20.21 
14.01 
20.81 
13.09 
18.03 
18.33 
6.86 
12.08 
14.53 
14.09 
12.60 
14.60 
19.76 
12,73 

Subjects 

-1„-1 Activity of muscle enzymes in RT and UT (mmol min" g" muscle protein) 
CS GDH KGDH HAD PFK PK HK PHOSPH 

RTl 
RT2 
RT3 
RT4 
RT5 
RT6 
RT7 
RT8 
UTl 
UT2 
UT3 
UT4 
UT5 
UT6 
UT7 
UTS 

101.9 
84.9 
102.6 
84.3 
137.8 
101.5 
92.3 
162.9 
114.5 
108.8 
108.4 
88.0 
128.7 
146.4 
136.0 
92.0 

6.13 
5.29 
4.18 
6.13 
6.39 
5.58 
5.76 
9.76 
5.22 
5.05 
4.89 
4.67 
7.88 
7.59 
6.57 
3,39 

3.74 
0,99 
4,84 
4,25 
8,10 
4,94 
4,80 

7,37 
3,43 
4,83 
2,41 
3.72 
6.30 
4.89 

21.03 
19.57 
28.37 
22.28 
28.58 
23.41 
17.23 

30.81 
24.77 
20.89 
22.55 
30.54 
31.62 
24.59 

223.5 
223.2 
199.4 
238.0 
164.3 
143,0 
219,5 

174,9 
161,2 
183,7 
172,3 
171.6 
222.1 
211.1 
176.5 

1587.0 
1494.2 
1437.0 
1470.6 
1890.7 
1525,7 
942,4 

765,9 
1083,4 
1315.2 
861.2 
1699.8 
1677.6 
1717.3 
1124.9 

14.25 
11.84 
13.91 
10.61 
12.50 
16.45 
12.11 

6.68 
10.60 
10.68 
9.50 
14.58 
14.94 
13.77 
10.05 

117.6 
141.6 
113.4 
118.6 
78.6 
70.5 
89.1 

83.0 
100.5 
75.7 
95.6 
79.5 
102.7 
88.4 
100.1 

MAPR in LTx and MC 
(mmol min"' g"' protein in mitochondrial suspension) 

Subjects 
LTx 1 
LTx 2 
LTx 3 
LTx 4 
LTx 5 
LTx 6 
LTx 7 
MCI 
MC2 
MC3 
MC4 
MC5 
MC6 
MC7 

PPKM 
0,25 
0,25 
0,80 
0,69 
0,25 
0,19 
0,40 
0.57 
0,58 
0,74 
0,61 
0,53 
0,64 
0,72 

S + R 
0,27 
0,27 
0,44 
0,57 
0,18 
0,19 
0,30 
0,39 
0,32 
0,54 
0,30 
0,21 
0,45 
0,38 

A-KG 
0,20 
0,11 
0,38 
0,42 
0,12 
0,09 
0,18 
0,42 
0,39 
0,42 
0,34 
0,23 
0,61 
0,38 

PC-M 
0,20 
0,09 
0.24 
0.24 
0.10 
0.15 
0.13 
0.30 
0.29 
0.24 
0.32 
0.24 
0.37 
0.31 

P + M 
0.18 
0.19 
0.35 
0.28 
0.20 
0.10 
0.36 
0.41 
0.34 
0.33 
0,41 
0,28 
0,37 
0,45 

PPKM 
2,11 
3,25 
8,79 
7.72 
2.06 
1.45 
5.56 
10.21 
11.32 
12.54 
10.22 
7.72 
9.01 
13.19 

(mmol min ' kg"' muscle weight) 
C J. D A LTl o r S + R 
2.27 
3.54 
4.79 
6.38 
1.45 
1.47 
4.24 
7.00 
6.18 
9.18 
4.96 
3 12 
6.32 
6.96 

A-KG 
1.73 
1.49 
4.11 
4.66 
0.94 
0.66 
2.52 
7.45 
7.71 
7.15 
5.70 
3.42 
8.68 
691 

PC-M 
1.72 
1.25 
2.64 
2.64 
0.81 
1.13 
1,75 
5.30 
5.64 
4,12 
5,26 
3,56 
5,24 
5,68 

P + M 
1,56 
2,51 
387 
3,17 
1.59 
0,76 
4,99 
7.31 
6.74 
5.63 
6.76 
4.08 
5.23 
8.27 
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Subjects 
RTl 
RT2 
RT3 
RT4 
RT5 
RT6 
RT8 
UTl 
UT2 
UT3 
UT4 
UT5 
UT6 
UT7 
UTS 

(mmol min"' 
P P K M 

0,43 
0,43 
0,88 
0,40 
0,82 
0,64 
0,55 
0,59 
0,43 
0,74 
0,62 
0,72 
0,49 
0,79 
0,32 

i' protein in mitochondrial 

S + R A-KG 
0,39 0,24 
0,37 0,42 
0,48 0,66 
0,29 0,26 
0,38 0,37 
0,34 0,43 
0.36 0,37 
0,38 0,29 
0,33 0,33 
0,54 0.42 
0.41 0.52 
0.38 0.38 
0.32 0.36 
0,55 0,67 
0.13 0,23 

MAPR in 
suspension) 

PC + M 
0.16 
0.23 
0.40 
0.26 
0.20 
0.30 
0.29 
0,30 
0,19 
0,24 
0,30 
0,31 
0,26 
0,40 
0.13 

RT and UT 

P + M 
0,24 
0,25 
0,40 
0,37 
0,48 
0,43 
0,42 
0,21 
0,33 
0,33 
0,45 
0,45 
0,32 
0,53 
0,34 

PPKM 
8,19 
9,08 
10.53 
9,53 
13,53 
9,64 
10,69 
11,72 
8,50 
12,54 
10,81 
13,19 
10.37 
13.13 
6,60 

(mmol min' 
S + R 
7,43 
7,68 
5.77 
6.85 
6.31 
5.15 
7.04 
7.61 
6.64 
9.18 
7.13 
6.96 
6.78 
9.14 
2.61 

k g ' muscle 

A-KG 
4.58 
8.74 
7.91 
6.21 
6.14 
6.50 
7.20 
5.86 
6.56 
7.15 
8.96 
6.91 
7.67 
11.21 
4.59 

weight) 

PC + M 

3.13 
4.76 
4.78 
6.13 
3.25 
4.55 
5.72 
5.91 
3.83 
4.12 
5.21 
5.68 
5.53 
6.66 
2.66 

P + M 

4.52 
5 14 
4.76 
8.93 
7.98 
6.55 
8.07 
4.10 
6.51 
5.63 
7.75 
8.27 
684 
8.79 
6.96 

MAPR in the presence of various substrates and different concentrations of cyclosporine A (CyA) 
Subjstrates 50 (imol of ISjimol of Ijimol of OnmolofCyA Substrates/ 50 nmol of 25nmol of Ijimol of Oitmol of 
/rats CyA ml"' CyA m l ' CyA m l ' mT^ rats CyA ml"' CyA ml"' CyA ml"' CyA m l ' 

P + M S + R 

No. 1 
No.2 
No.3 
No.4 
No.5 
No.6 
No,7 
No,8 

PC + M 

No.l 
NQ.2 

No.3 
No 4 
No.5 
No.6 
No.7 
No.S 

0.23 
0.44 
0.31 
0.53 
0.27 
0.72 
0.53 
0,34 

0.27 
0.3 

0.31 
0.33 
0.23 
0.34 
0,24 
0,27 

0,23 
0,44 
0,34 
0,52 
0,35 
0,7 

0,57 
0,43 

0,27 
0,28 
0,34 
0,3 

0,26 
0,32 
0,24 
0,26 

0,25 
0,44 
0,36 
0,53 
0,43 
0,9 

0,75 
0,44 

0,26 
0.26 
0.38 
0.36 
0.32 
0.43 
0.31 
0.27 

0.28 
0.43 
0.39 
0.64 
0.57 
0.9 

0.79 
0.56 

0.29 
0,26 
0,39 
0,43 
0,35 
0,48 
0,34 
0,35 

No, I 
No.2 
No.3 

. No.4 
No.S 
No.6 
No.7 
No.8 

PPKM 

No.l 
No.2 
No.3 
No.4 
No.5 
No.6 
No.7 
No.S 

0.19 
0.19 
0.19 
0.4 
0.16 
0.25 
0.11 
0.17 

0.41 
0.56 
0.44 
0,63 
0,44 
0,71 
0,64 
0,56 

0,21 
0,2 

0,21 
0.4 
0.16 
0.23 
0.14 
0.16 

0.35 
0.53 
0.52 
0.61 
0.47 
0.79 
0.53 
0.49 

0.24 
0.23 
028 
0.47 
0.17 
0.29 
0.17 
0.17 

0.39 
0.46 
0.6 

0.68 
0.56 
0.87 
0.7 
0.56 

0.28 
0.26 
0.31 
0.6 
0.18 
0.33 
0.18 

0.2 

0.39 
0.59 
0.61 
0.73 
0.63 

1 
0.89 
0.69 

Values are expressed as mmol min"' g"' protein. 

Subjects 

Activity of GDH, muscle and mitochondrial suspension protein in LTx and MC 
GDHim GDHt GDHim/GDHt Mit. Sus. Pro. Mit.Sus. Pro/mw Mit. Sus. Pro. in Muscle Protein/mw 

(mg ml") (g kg"') assay (ng ml" ) (%) 
LTxl 
LTx2 
LTx3 
LTx4 
LTx5 
LTx6 
LTx7 
MCI 
MC2 
MC3 
MC4 

MC5 
MC6 
MC7 

0,015 
0.014 
0.026 
0.019 
0.010 
0,028 
0,047 
0,068 
0,030 
0,028 
0,021 

0,040 
0.031 
0.037 

0.42 
0.52 
0.74 
0.52 
0.53 
0.51 
0.71 
1,10 
0.82 
0.97 
0.86 

0.96 
0.85 
1.26 

0.036 
0,027 
0,036 
0,036 
0,020 
0,054 
0,067 
0,062 
0,036 
0,029 
0,024 

0.042 
0.037 
0.030 

0.30 
0.36 
0.39 
0.40 
0.16 
0.41 
0,93 
1,10 
0,71 
0,49 
0,41 

0,61 
0,52 
0,54 

1,22 
2,29 
1,95 
2,37 
1,09 
2,79 
4,14 
5,78 
4,37 
3,42 
2,35 

4,03 
3,18 
3,60 

12,10 
14,36 
15.62 
16.10 
6.33 
16.54 
37.27 
43.28 
16.25 
24.20 
28.41 

20.68 
19.40 
21.71 

16.52 
11.05 
15.33 
16.81 
16.58 
11.71 
14.15 
14.46 
16.09 
17.9 
13.5 

9.8 
15,1 

16,01 

GDHim = activity of GDH of intact mitochondria (mmoLmin" 
concentration, Mw = muscle weight 

'L''), GDHt = total GDH (mmol,min"'kg"'), Mit, Sus, Pro.= mitochondrial suspension protein 

Activity of GDH, muscle and 
Subjects GDHim GDHt GDHim/GDHt 

mitochondrial suspension protein in RT and UT 
Mit. sus. pro. 

(mg ml"') 

Mif.sus. pro/mw 
(RkR"') 

Mit. sus. pro. In 
assay (ng ml"') 

Muscle protein/mw 

RTl 
RT2 
RT3 
RT4 
RT5 
RT6 
RT7 
RTS 
UTl 
UT2 
UT3 
UT4 
UT5 
UT6 
UT7 
UTS 

0.02 
0.03 
0.06 
0,03 
0,03 
0,04 

0,07 
0,024 
0,037 
0,028 
0,013 
0,037 
0,042 
0,049 
0,012 

1,10 
0,84 
0,81 
1,19 
1,01 
1,05 

1,29 
0,92 
1.01 
0,97 
0,89 
1,26 
0,96 
0,95 
0,64 

0,020 
0,034 
0,073 
0,028 
0,030 
0,036 

0,051 
0,026 
0,036 
0,029 
0,015 
0.030 
0.043 
0.051 
0.019 

0.38 
0.70 
0.87 
0.67 
0.50 
0.50 

0.98 
0.53 
0.73 
0.49 
0.26 
0.54 
0.92 
0.85 
0.39 

4.90 
5.27 
4.82 
3.34 
3.32 
3.20 

8.19 
3.49 
4.28 
3.42 
2,20 
3.61 
4,21 
4,96 
2,99 

16,00 
28.14 
34,80 
28,00 
19,90 
21,79 

39,33 
21,10 
29,02 
19,40 
10,38 
21,71 
36,91 
34,12 
15,56 

17,9 
15,84 
19,3 
19,4 
15,8 

18,82 
18,75 
13,19 
17,56 
19,96 
19,24 
18,67 
16,01 
12,62 
14.52 
18.82 

GDHim = activity of GDH of intact mitochondria (mmol.min 
concentration, mw = muscle weight 

' L ' ) . GDHt = total GDH (mmol.min"'kg-'). Mit. Sus. Pro.= mitochondrial suspension protein 
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APPENDIX V. COMPARING THE TWO SYSTEMS FOR EXERCISE 
TESTING USED IN CHAPTER 4. 

The systems for exercise testing at The Alfred Hospital (AH) and Victoria University of Technology (VUT) 
were compared for 3 untrained subjects. 

Results of increment exercise tests conducted in Alfred hospital and Victoria University of Technology 
VUT AH 

Time (min) Workmate Sample VO2 VCO2 VO2 VE VO2 VCO2 VO2 VE 
(watts) (L min') (L min"') (ml min"' kg"') (L min"') (L min') (L min"') (ml min'kg"') (L min"') 

0.47 0.65 5.22 26.9 
0.77 0.91 8.55 31.87 
0.88 0.97 9.82 35.83 

Subject 1 
0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Subject 2 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Subject 3 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 

Rest 
EI 
E2 
E3 
E4 
E5 
E6 
E7 
ES 
E9 
ElO 
Ell 
E12 
E13 
E14 

Rest 
El 
E2 
E3 
E4 
E5 
E6 
E7 
ES 
E9 
ElO 
EII 
E12 

Rest 
El 
E2 
E3 
E4 
E5 
E6 
E7 
ES 
E9 
ElO 
Ell 
E12 
E13 

0.55 
0.97 
0.88 
1.04 
1.31 
1,49 
1,89 
2,21 
2,38 
2,88 
3,09 
3,3 
3,36 

0.41 
0.56 
0.84 
1.03 
1.3 
1.55 
1.84 
2.06 
2.46 
2.73 
3.01 
3.06 

0.3 
0.63 
0.88 
1.08 
1,38 
1,6 
1,91 
2,25 
2,57 
2.91 
3,07 
3,56 

0,49 
1.13 
1.42 
1.25 
1.49 
1.57 
1.6 
2.14 
2.23 
3.1 
3.58 
4.16 
4.34 

0.35 
0.46 
0.65 
0.86 
1.14 
1.5 
1.92 
2.25 
2.72 
3.16 
3.68 
4.16 

0.31 
0.48 
0.67 
0.86 
1.13 
1.4 
1.76 
2.2 
2.63 
3.07 
3.44 
4.38 

6.06 
10.68 
9.68 
11.51 
14.45 
16.49 
20.92 
24.39 
26.26 
31.81 
34.17 
36.43 
37.16 

5.16 
7.04 
10.6 
13.06 
16.43 
19.55 
23.18 
26.06 
31.11 
34.46 
37.95 
38.58 

2.92 
6.18 
8.58 
10.61 
13.52 
15.69 
18.77 
22.01 
25.22 
28.52 
30.07 

34.94 

20.78 
43.36 
58.22 
50.87 
59.37 
59.24 
54.93 
70.52 
70.84 
93.97 
110.04 
144.1 
191.1 

13.33 
16,15 
20,16 
24,77 
31,17 
40,02 
51,27 
60,75 
75,48 
92,94 
114,24 
153,34 

15,42 
17,55 
21,95 
26,62 
33,54 
38.73 
45.27 
55.63 
65.83 
76.97 
89.65 
124.28 

1.09 
1.17 
1.54 
1.57 
1.87 
2.03 
2.26 
2.51 
2.73 
3,09 
3.52 
3.89 

1.16 
1.14 
1.49 
1.53 
1.81 
1.9 
2.11 
2.46 
2.9 
3.35 
3.98 
4.25 

1.13 
1.35 
1.51 
1.86 
2.12 
2.29 
2.84 
2.92 
3.41 

0.3 
0,68 
0,88 
1,09 
1,27 
1,54 
1.72 
2,01 
2.24 
2.46 
2.78 

3.1 
173 
177 

0.94 
0.8 
0.148 
1.91 
2.22 
2.51 
3.15 
3.43 
4.17 

0.28 
0.51 
0.7 
0.89 
1.07 
0.88 
1.54 
1.91 
2.21 
2.46 
2.85 
3.31 
91.6 
100 

12.07 
13.03 
17.08 
17.48 
20.8 
22.53 
25.07 
27.85 
30.37 
34.36 
39.07 
43.18 

43.83 
42.53 
55.67 
56.17 
65.23 
63.97 
64.37 
73.23 
88.47 
104.37 
144.43 
193.35 

0.37 0.28 4.63 10.5 
0.62 0.48 7.77 16.73 
0.65 0.5 8.21 16.17 
0.93 0.74 11.76 21.8 

14.26 
17.05 
19.07 
23.54 
26.73 
28,95 
35,82 
36,89 
42,99 

2,92 
6,68 
8.6 
10.71 
12.42 
15.08 
16.82 
19.67 
22.01 
24.1 
27.27 

30.43 
3.71 
3.97 

26.8 
33,2 
39.43 
51.17 
61.2 
72,87 
92,9 
113.23 
156.7 

12.6 
17.8 
21.63 
25.9 
29.73 
35.23 
40.5 
49.83 
57.27 
63.37 
74.5 
87.6 
1,1 
1.09 
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APPENDIX V. COMPARING THE TWO SYSTEMS FOR EXERCISE 
TESTING USED IN CHAPTER 4. 

The systems for exercise testing at The Alfred Hospital (AH) and Victoria University of Technology (VUT) 
were compared for 3 untrained subjects. 

Results of increment exercise tests conducted in Alfred hospital and Victoria University of Technology 
VUT AH 

Time (min) Workmate Sample VO2 VCO2 VO2 VE VO2 VCO2 VO2 VE 
(watts) (L min"') (L min"') (ml min"' kg"') (L min"') (L min"') (L min"') (ml min'kg"') (L min"') 

0.47 0.65 
Subject 1 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Subject 2 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Subject 3 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 
350 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 

0 
25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 
325 

Rest 
El 
E2 
E3 
E4 
E5 
E6 
E7 
E8 
E9 
ElO 
Ell 
E12 
E13 
E14 

Rest 
El 
E2 
E3 
E4 
E5 
E6 
E7 
E8 
E9 
ElO 
Ell 
E12 

Rest 
El 
E2 
E3 
E4 
E5 
E6 
E7 
E8 
E9 
ElO 
Ell 
E12 
E13 

0.55 
0.97 
0.88 
1.04 
1.3! 
1.49 
1.89 
2.21 
2.38 
2.88 
3.09 
3.3 
3.36 

0.41 
0.56 
0.84 
1.03 
1.3 
1.55 
1.84 
2.06 
2.46 
2.73 
3.01 
3.06 

0,3 
0,63 
0,88 
1,08 
1,38 
1,6 
1,91 
2,25 
2,57 
2,91 
3,07 

3,56 

0,49 
1,13 
1,42 
1,25 
1,49 
1,57 
1.6 
2,14 
2,23 
3,1 
3,58 
4,16 
4,34 

0,35 
0,46 
0,65 
0,86 
1,14 
1,5 
1,92 
2,25 
2,72 
3,16 
3.68 
4.16 

0.31 
0.48 
0.67 
0.86 
1.13 
1.4 
1.76 
2.2 
2.63 
3.07 
3.44 
4.38 

6.06 
10.68 
9.68 
11.51 
14.45 
16.49 
20.92 
24.39 
26.26 
31.81 
34.17 
36.43 
37.16 

5.16 
7.04 
10.6 
13.06 
16.43 
19.55 
23.18 
26.06 
31.11 
34.46 
37.95 
38.58 

2.92 
6.18 
8.58 
10.61 
13.52 
15,69 
18,77 
22,01 
25,22 
28,52 
30,07 
34,94 

20,78 
43,36 
58,22 
50,87 
59,37 
59,24 
54,93 
70,52 
70,84 
93,97 
110,04 
144,1 
191,1 

13,33 
16,15 
20,16 
24,77 
31,17 
40,02 
51,27 
60,75 
75,48 
92,94 
114,24 
153.34 

15,42 
17,55 
21,95 
26,62 
33,54 
38,73 
45,27 
55,63 
65,83 
76,97 
89,65 
124,28 

0,77 
0,88 
1,09 
1,17 
1.54 
1,57 
1,87 
2,03 
2,26 
2,51 
2,73 
3,09 
3,52 
3,89 

0,37 
0,62 
0,65 
0,93 
1,13 
1.35 
1,51 
1,86 
2,12 
2,29 
2,84 
2,92 
3,41 

0,3 
0,68 
0.88 
1.09 
1.27 
1.54 
1.72 
2.01 
2.24 
2.46 
2.78 

3.1 
173 
177 

0.91 
0.97 
1.16 
1.14 
1.49 
1.53 
1.81 
1.9 
2.11 
2.46 
2,9 
3.35 
3.98 
4.25 

0.28 
0.48 
0.5 
0.74 
0.94 
0.8 
0.148 
1.91 
2.22 
2,51 
3,15 
3,43 
4,17 

0,28 
0,51 
0,7 
0,89 
1,07 
0.88 
1.54 
1.91 
2.21 
2.46 
2.85 
3,31 
91,6 
100 

5,22 
8,55 
9,82 
12,07 
13,03 
17,08 
17,48 
20,8 
22,53 
25,07 
27,85 
30.37 
34,36 
39,07 
43,18 

4,63 
7,77 
8,21 
11,76 
14,26 
17,05 
19.07 
23,54 
26,73 
28,95 
35,82 
36,89 
42,99 

2,92 
6,68 
8,6 
10,71 
12,42 
15,08 
16,82 
19,67 
22,01 
24,1 
27,27 
30,43 
3,71 
3,97 

26,9 
31,87 
35.83 
43 83 
42,53 
55,67 
56,17 
65,23 
63,97 
64,37 
73,23 
88,47 
104,37 
14443 
193,35 

10,5 
16,73 
16,17 
21.8 
26.8 
33.2 
39,43 
51.17 
61.2 
72.87 
92.9 
113.23 
156.7 

12.6 
17.8 
21.63 
25.9 
29.73 
35.23 
40.5 
49.83 
57.27 
63.37 
74.5 
87.6 

1.1 
1.09 
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