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One of the remedies for patients suffering from severe heart failure is heart transplantation. Lack of donors and problems with rejection of the graft have inspired
many investigators to find alternatives for heart transplantation. The use of grafts
constructed by the patients own muscle material overcomes the problem of tissue
rejection. In Maastricht investigations are currently performed to explore the possibility to use the latissimus dorsi muscle to support the failing heart.
For the so-called cardiomyoplasty procedure (2) the patients latissimus dorsi
muscle is mobilized from its surrounding tissue, leaving its origo near the scapula
intact, thus leaving vascular and nerve structures intact. Subsequently the muscle is
transposed into the thorax, wrapped around the heart and electrically stimulated by
means of a pacemaker, to augment the function of the failing heart. Some details of
these studies are described in the thesis of Lucas (46). It can be expected that the
use of the predominantly white (type II, fast) latissimus dorsi muscle encounters
some problems. For instance fatigue is likely to occur in this muscle, that is only
used for incidental contractions, when it is forced to do continuous work. Also the
metabolic properties of the heart muscle (as well as red skeletal muscles) are different from that of the latissimus dorsi muscle, which has a predominantly glycolytic
metabolism. Several measures are taken to adjust the muscle to the changed
demands, such as a gradual adaptation of the stimulation protocol of the wrapped
muscle. Beginning with only brief contractions (1 pulse), synchronized to every third
or second heart beat, then two weeks later 2 pulses, ending with a burst of 6 pulses,
synchronized to every heart beat. The whole 'training period' takes 6-12 weeks.
Since cardiac function of the patients is already depressed at the moment of
operation it is important to shorten this 'training' period, or at least have an optimal
strength of the muscle during this period. In other words we would like to stimulate
the muscle not only electrically but also biochemically. Because red fibres derive a
large part of their energy from fatty acid oxidation, and because carnitine is a key
substance in fatty acid oxidation we decided to investigate the role of carnitine in
latissimus dorsi muscle performance. In this thesis the acute effect of carnitine on
electrically stimulated (paced) skeletal muscle has been investigated as part of the
cardiomyoplasty project. Since basic knowledge of the basic properties of skeletal
and cardiac muscle and of carnitine is required to be able to improve adaptation of
m. latissimus dorsi to the altered circumstances, some aspects of muscle physiology
and carnitine chemistry will be discussed below.
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Following the Introduction, information regarding specific parts of the studies
performed in this thesis is presented in the form of published papers.
SKELETAL MUSCLE
Striated muscles are generally classified into two types:
1) Skeletal muscle
2) Cardiac muscle
Smooth muscle, which occurs for instance in the walls of blood vessels and in
various abdominal organs, will not be discussed in this Introduction.
Both skeletal and cardiac muscle have a striated appearance in the light microscope, caused by the organization of the contractile proteins. Skeletal muscle is
under voluntary nervous control, whereas heart muscle is not. Smooth muscle lacks
the striated appearance under the light microscope and is not under voluntary control.
The striated fibres of skeletal muscle are very long, up to 10 cm. Some run from
the origin of a muscle to its insertion. The diameter of these cylindrical cells varies
from 30 to 60 (im, and each may contain thousands of nuclei, which usually lie near
the surface of the cell. Striated muscles are composed of myofilaments, containing
four important proteins for contraction: actin, myosin, troponin and tropomyosin. The
interaction is described in the 'sliding filament theory' (for a extensive description of
muscle contraction see (71)). During contraction neither actin nor myosin filaments
themselves shorten, there are crossbridges formed between the proteins, this is an
energy dependent process. Hence, fast muscles consume more ATP per unit time
than slow muscles. For maintenance work we therefore use the slow tonic 'red'
muscles, rich in myoglobin, whereas the myoglobin-poor muscles are used for rapid
movements (38).
Heart muscle has fibres that are much shorter than those in skeletal muscles.
Individual cells are connected to their neighbours and so the whole muscle consists
of a network. The points of adhesion between adjacent cells are called intercalated
discs. The cross striations are similar to those in skeletal muscle cells. There are,
however, one or two nuclei in each cell, lying near the centre of the cell.
ENERGY PRODUCTION IN RED AND WHITE MUSCLES
The colour difference between red (type I) and white (type II) muscles is mainly
based on a higher content of myoglobin and blood vessels in red than in white muscles. Red fibres usually have a smaller diameter than white fibres, they are rich in
sarcoplasm and contain more lipids. The amount of glycogen varies and does not
relate to the fibre type. Red fibres contain more mitochondria than white fibres.
Red muscles are also 'slow' muscles, their contraction and relaxation times are
longer than in white muscles. A white, or fast muscle is able to generate fast contractions, but is easily fatigued. The classification used here will be type I (slow
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twitch) and type II (fast twitch) fibres and is based on the presence of heavy chain
myosin in type I fibres. The classification Type l/ll is originally based on the sensitivity of myosin for retaining or losing ATPase activity after exposure to either high or
low pH. Type I fibres show a loss of ATPase activity after preincubation of the
muscle sections at pH 10.3. Type II fibres stain intensely after alkaline preincubation.
Preincubation at pH 4.3 results in a loss of ATPase staining in a majority of the type
II whereas type I fibres stain intensely.
The fast twitch fibres can be subdivided: Type lla is considered intermediate in
that its fast contraction speed is combined with a moderately well developed capacity
for both aerobic and anaerobic energy transfer. These fibres are also called fastoxidative glycolytic or FOG fibres. Another subdivision type lib possesses the
greatest anaerobic potential and is the true fast-glycolytic fibre (or FG fibre). Type lie
is normally a rare and undifferentiated fibre that may be involved in re-innervation or
motor unit transformation.
Biochemically, red muscles show a high level of enzymes that are involved in the
aerobic part of carbohydrate metabolism and have a higher capacity for oxidation of
lipids. White muscles, however, show a higher activity of enzymes involved in
glycolysis and glycogenolysis. The combination of high myoglobin levels, high capacity of aerobic metabolism, a dense capillary distribution and a slow contraction pattern, is favourable for a continuous aerobic ATP resynthesis, that is required for the
maintenance of long term contractions. White muscles are dependent on
glyco(geno)lysis for ATP synthesis. The contraction time of a white muscle is therefore limited by the amount of glycogen present in the muscle. An additional source of
energy can be glucose, extracted from the extracellular space.

PACING OF SKELETAL MUSCLE
Delivering electrical pulses to a muscle by means of electrodes either placed around
a nerve, or directly in the muscle tissue, is called pacing. The electrical pulses can
either be generated from a pulse generator, or as in this study from an implanted
pacemaker. The pulse amplitude, pulse frequency, interpulse intervals and other
characteristics of the pulse(s) can be programmed with an extracorporeal programmer. This combination of implanted pacemaker and (muscle) electrodes allows us to
measure contractile characteristics and fatigue of in situ paced latissimus dorsi muscle in vivo (76).
Fatigue is the decrease in contractile strength that occurs in a contracting
muscle. Failure of the inward spread of action potential, deficient release of calcium
from intracellular stores and lowered sensitivity of the contractile system to calcium
due to lowered pH are mechanisms that have been proposed to explain fatigue. Also
a specific change of the actin-myosin interaction has been suggested to cause fatigue. Metabolic changes that occur in muscle fatigue lead to, among others, reduced
concentrations of phosphocreatine and ATP and to accumulation of ADP, H\ lactate
and Pi. The review of Fitts and Metzger (27) discusses several aspects of fatigue in
high intensity exercise of short duration and in endurance exercise. They described a
lower affinity of Ca^* to contractile proteins during acidosis as part of the fatigue
process.
15
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It has been demonstrated that skeletal muscle will adapt to increased functional
demands, such as those imposed by chronic electrical stimulation and muscle that
has been conditioned in this way shows an increased resistance to fatigue. Pette
(59,60) has shown that chronic nerve stimulation with a frequency resembling that of
a slow motor neuron transforms fast-twitch into slow-twitch muscle and results into a
uniform histochemical appearance in all fibres (59,60).
Especially in the light of the latissimus dorsi muscle as a potential functional
replacement for the failing myocardium, this muscle must be able to perform sustained work without fatiguing. The adaptation of latissimus dorsi muscle to these
increased demands has been studied by several groups (compare 1,39,50,76).
Lucas (46) discussed extensively the findings of our group with regards to muscle
training, adaptation and functional aspects of cardiomyoplasty.

CARNITINE
Carnitine was discovered by Krimberg in 1905 in a bovine muscle extract (31). Carnitine is one of the most widely and naturally occurring constituents of many biological systems, from micro-organisms to mammals (17,24,29). The review of Fraenkel
and Friedman (30) as early as 1957 evoked a series of investigations carried out in
order to elucidate the biosynthesis and physiological function of carnitine.

\
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Figure 1.1.Structural formula of carnitine, the arrow indicates the site of fatty acid
(FA) esterification.
Chemically, carnitine is beta-hydroxy-gamma-trimethylamino-butyric acid. The Lisomer is the naturally occurring compound. In the studies described in this thesis
only the L-isomers of carnitine and its derivatives are used. A number of studies on
the biosynthesis of carnitine in both animals and microorganisms has resulted in the
establishment of a general pathway for its synthesis.
It is generally agreed that the precursor of carnitine is e-n-trimethyl-L-lysine,
which can be formed from lysyl residues in proteins (10,17). Wolf and Berger (80)
and Bremer (10) demonstrated "in vivo" the transfer of methyl groups from
methionine to carnitine. Later studies indicated that carnitine is synthesized by the
liver and distributed from the liver to other tissues. (7,24).
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One of the remedies for patients suffering from severe heart failure is heart transplantation. Lack of donors and problems with rejection of the graft have inspired
many investigators to find alternatives for heart transplantation. The use of grafts
constructed by the patients own muscle material overcomes the problem of tissue
rejection. In Maastricht investigations are currently performed to explore the possibility to use the latissimus dorsi muscle to support the failing heart.
For the so-called cardiomyoplasty procedure (2) the patients latissimus dorsi
muscle is mobilized from its surrounding tissue, leaving its origo near the scapula
intact, thus leaving vascular and nerve structures intact. Subsequently the muscle is
transposed into the thorax, wrapped around the heart and electrically stimulated by
means of a pacemaker, to augment the function of the failing heart. Some details of
these studies are described in the thesis of Lucas (46). It can be expected that the
use of the predominantly white (type II, fast) latissimus dorsi muscle encounters
some problems. For instance fatigue is likely to occur in this muscle, that is only
used for incidental contractions, when it is forced to do continuous work. Also the
metabolic properties of the heart muscle (as well as red skeletal muscles) are different from that of the latissimus dorsi muscle, which has a predominantly glycolytic
metabolism. Several measures are taken to adjust the muscle to the changed
demands, such as a gradual adaptation of the stimulation protocol of the wrapped
muscle. Beginning with only brief contractions (1 pulse), synchronized to every third
or second heart beat, then two weeks later 2 pulses, ending with a burst of 6 pulses,
synchronized to every heart beat. The whole 'training period' takes 6-12 weeks.
Since cardiac function of the patients is already depressed at the moment of
operation it is important to shorten this 'training' period, or at least have an optimal
strength of the muscle during this period. In other words we would like to stimulate
the muscle not only electrically but also biochemically. Because red fibres derive a
large part of their energy from fatty acid oxidation, and because carnitine is a key
substance in fatty acid oxidation we decided to investigate the role of carnitine in
latissimus dorsi muscle performance. In this thesis the acute effect of carnitine on
electrically stimulated (paced) skeletal muscle has been investigated as part of the
cardiomyoplasty project. Since basic knowledge of the basic properties of skeletal
and cardiac muscle and of carnitine is required to be able to improve adaptation of
m. latissimus dorsi to the altered circumstances, some aspects of muscle physiology
and carnitine chemistry will be discussed below.
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Following the Introduction, information regarding specific parts of the studies
performed in this thesis is presented in the form of published papers.
SKELETAL MUSCLE
Striated muscles are generally classified into two types:
1) Skeletal muscle
2) Cardiac muscle
Smooth muscle, which occurs for instance in the walls of blood vessels and in
various abdominal organs, will not be discussed in this Introduction.
Both skeletal and cardiac muscle have a striated appearance in the light microscope, caused by the organization of the contractile proteins. Skeletal muscle is
under voluntary nervous control, whereas heart muscle is not. Smooth muscle lacks
the striated appearance under the light microscope and is not under voluntary control.
The striated fibres of skeletal muscle are very long, up to 10 cm. Some run from
the origin of a muscle to its insertion. The diameter of these cylindrical cells varies
from 30 to 60 (im, and each may contain thousands of nuclei, which usually lie near
the surface of the cell. Striated muscles are composed of myofilaments, containing
four important proteins for contraction: actin, myosin, troponin and tropomyosin. The
interaction is described in the 'sliding filament theory' (for a extensive description of
muscle contraction see (71)). During contraction neither actin nor myosin filaments
themselves shorten, there are crossbridges formed between the proteins, this is an
energy dependent process. Hence, fast muscles consume more ATP per unit time
than slow muscles. For maintenance work we therefore use the slow tonic 'red'
muscles, rich in myoglobin, whereas the myoglobin-poor muscles are used for rapid
movements (38).
Heart muscle has fibres that are much shorter than those in skeletal muscles.
Individual cells are connected to their neighbours and so the whole muscle consists
of a network. The points of adhesion between adjacent cells are called intercalated
discs. The cross striations are similar to those in skeletal muscle cells. There are,
however, one or two nuclei in each cell, lying near the centre of the cell.
ENERGY PRODUCTION IN RED AND WHITE MUSCLES
The colour difference between red (type I) and white (type II) muscles is mainly
based on a higher content of myoglobin and blood vessels in red than in white muscles. Red fibres usually have a smaller diameter than white fibres, they are rich in
sarcoplasm and contain more lipids. The amount of glycogen varies and does not
relate to the fibre type. Red fibres contain more mitochondria than white fibres.
Red muscles are also 'slow' muscles, their contraction and relaxation times are
longer than in white muscles. A white, or fast muscle is able to generate fast contractions, but is easily fatigued. The classification used here will be type I (slow
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twitch) and type II (fast twitch) fibres and is based on the presence of heavy chain
myosin in type I fibres. The classification Type l/ll is originally based on the sensitivity of myosin for retaining or losing ATPase activity after exposure to either high or
low pH. Type I fibres show a loss of ATPase activity after preincubation of the
muscle sections at pH 10.3. Type II fibres stain intensely after alkaline preincubation.
Preincubation at pH 4.3 results in a loss of ATPase staining in a majority of the type
II whereas type I fibres stain intensely.
The fast twitch fibres can be subdivided: Type lla is considered intermediate in
that its fast contraction speed is combined with a moderately well developed capacity
for both aerobic and anaerobic energy transfer. These fibres are also called fastoxidative glycolytic or FOG fibres. Another subdivision type lib possesses the
greatest anaerobic potential and is the true fast-glycolytic fibre (or FG fibre). Type lie
is normally a rare and undifferentiated fibre that may be involved in re-innervation or
motor unit transformation.
Biochemically, red muscles show a high level of enzymes that are involved in the
aerobic part of carbohydrate metabolism and have a higher capacity for oxidation of
lipids. White muscles, however, show a higher activity of enzymes involved in
glycolysis and glycogenolysis. The combination of high myoglobin levels, high capacity of aerobic metabolism, a dense capillary distribution and a slow contraction pattern, is favourable for a continuous aerobic ATP resynthesis, that is required for the
maintenance of long term contractions. White muscles are dependent on
glyco(geno)lysis for ATP synthesis. The contraction time of a white muscle is therefore limited by the amount of glycogen present in the muscle. An additional source of
energy can be glucose, extracted from the extracellular space.

PACING OF SKELETAL MUSCLE
Delivering electrical pulses to a muscle by means of electrodes either placed around
a nerve, or directly in the muscle tissue, is called pacing. The electrical pulses can
either be generated from a pulse generator, or as in this study from an implanted
pacemaker. The pulse amplitude, pulse frequency, interpulse intervals and other
characteristics of the pulse(s) can be programmed with an extracorporeal programmer. This combination of implanted pacemaker and (muscle) electrodes allows us to
measure contractile characteristics and fatigue of in situ paced latissimus dorsi muscle in vivo (76).
Fatigue is the decrease in contractile strength that occurs in a contracting
muscle. Failure of the inward spread of action potential, deficient release of calcium
from intracellular stores and lowered sensitivity of the contractile system to calcium
due to lowered pH are mechanisms that have been proposed to explain fatigue. Also
a specific change of the actin-myosin interaction has been suggested to cause fatigue. Metabolic changes that occur in muscle fatigue lead to, among others, reduced
concentrations of phosphocreatine and ATP and to accumulation of ADP, H\ lactate
and Pi. The review of Fitts and Metzger (27) discusses several aspects of fatigue in
high intensity exercise of short duration and in endurance exercise. They described a
lower affinity of Ca^* to contractile proteins during acidosis as part of the fatigue
process.
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It has been demonstrated that skeletal muscle will adapt to increased functional
demands, such as those imposed by chronic electrical stimulation and muscle that
has been conditioned in this way shows an increased resistance to fatigue. Pette
(59,60) has shown that chronic nerve stimulation with a frequency resembling that of
a slow motor neuron transforms fast-twitch into slow-twitch muscle and results into a
uniform histochemical appearance in all fibres (59,60).
Especially in the light of the latissimus dorsi muscle as a potential functional
replacement for the failing myocardium, this muscle must be able to perform sustained work without fatiguing. The adaptation of latissimus dorsi muscle to these
increased demands has been studied by several groups (compare 1,39,50,76).
Lucas (46) discussed extensively the findings of our group with regards to muscle
training, adaptation and functional aspects of cardiomyoplasty.

CARNITINE
Carnitine was discovered by Krimberg in 1905 in a bovine muscle extract (31). Carnitine is one of the most widely and naturally occurring constituents of many biological systems, from micro-organisms to mammals (17,24,29). The review of Fraenkel
and Friedman (30) as early as 1957 evoked a series of investigations carried out in
order to elucidate the biosynthesis and physiological function of carnitine.
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Figure 1.1.Structural formula of carnitine, the arrow indicates the site of fatty acid
(FA) esterification.
Chemically, carnitine is beta-hydroxy-gamma-trimethylamino-butyric acid. The Lisomer is the naturally occurring compound. In the studies described in this thesis
only the L-isomers of carnitine and its derivatives are used. A number of studies on
the biosynthesis of carnitine in both animals and microorganisms has resulted in the
establishment of a general pathway for its synthesis.
It is generally agreed that the precursor of carnitine is e-n-trimethyl-L-lysine,
which can be formed from lysyl residues in proteins (10,17). Wolf and Berger (80)
and Bremer (10) demonstrated "in vivo" the transfer of methyl groups from
methionine to carnitine. Later studies indicated that carnitine is synthesized by the
liver and distributed from the liver to other tissues. (7,24).

16

1

I

Carnitine and paced
'muscles
Improvement of vascular
metabolism

Marie-Louise Dubelaar

CARNITINE AND PACED MUSCLES
Improvement of vascular metabolism

'" >->,

CARNITINE AND PACED MUSCLES
Improvement of vascular metabolism

^

PROEFSCHRIFT
ter verkrijging van de graad van doctor
aan de Rijksuniversiteit Limburg te Maastricht,
op gezag van de Rector Magnificus, Prof. Mr. M.J. Cohen,
volgens het besluit van het College van Dekanen,
in het openbaar te verdedigen op donderdag, 8 oktober 1992 om 16.00 uur
door
MARIA LOUISA DUBELAAR
geboren te Amsterdam

UPM
UNIVERSITAIRE PERS MAASTRICHT

Promotores:
Prof. Dr. W.C. Hulsmann
Prof. Dr. G.J. van der Vusse
Beoordelingscommissie:
Prof. Dr. R.S. Reneman, voorzitter
Prof. Dr. A. Huson
.
.; rProf. Dr. H.J.J. Wellens
Prof. Dr. H.R. Scholte
(Erasmus Universiteit Rotterdam)
Prof. Dr. P. Verdouw
(Erasmus Universiteit Rotterdam)

CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG
Dubelaar, Maria Louisa
Carnitine and paced muscles. Improvement of vascular
metabolism / Maria Louisa Dubelaar. - Maastricht :
Universitaire Pers Maastricht. -III.
Thesis Maastricht. - With ref. - With summary in Dutch.
ISBN 90-5278-037-4
NUGI 743
Subject headings: carnitine / muscles / vascular
metabolism.

©1992 M-L Dubelaar, Holtum

T

Weef/e

LIST OF ABBREVIATIONS

CoA
CPT I
CPT II
DNA
EDRF
FFA
FPK
LD
m.
£
Pj
SOD
SPM
TG

: Coenzyme A
: Carnitine palmitoyltransferase I
: Carnitine palmitoyltransferase II
: Deoxyribonucleic acid
: Endothelium derived relaxing factor
: Free Fatty Acids
: Fructose-6-phosphate kinase (PFK)
: Latissimus Dorsi
: musculus
: Probability
: inorganic posphate
: Superoxide dismutase
: Standard perfusion medium
: Triglycerides

COA/TEA/7S

CONTENTS

Abbreviations
CHAPTER 1

Introduction

Skeletal muscle
Energy production in red and white muscles
Pacing of skeletal muscle
Carnitine
Function of carnitine
Carnitine in muscle of several species
Aim of the thesis
..
References

6
r7

74
74
75
76
77
78
20
2I2

CHAPTER 2

Acute effect of L-camitine upon skeletal muscle force
27
tests in the dog
Abstract
, 28
Introduction
29
Material and Methods
29
Results
32
Discussion
33
References
37

CHAPTER 3

The effect of L-carnitine on force development of the
latissimus dorsi muscle in dogs
Abstract
Introduction
Material and Methods
Results
Discussion
References

39
40
4/
47
43
44
45

COWTHA/TS

CHAPTER

4

CHAPTER 5

CHAPTER

CHAPTER

6

7

Carnitine in metabolism of paced cardiac and skeletal
muscles; prevention of acidosis and improvement of
vascular flow
Abstract
Introduction
Effect of carnitine on lactic acidosis in Langendorff
heart
Acute effect of carnitine on skeletal muscle force in
vivo
Carnitine and energy supply in blood vessels
Examples of improved function by carnitine in preischemic muscles
Mechanisms by which carnitine may improve blood
flow
Long-chain acylcarnitine and loss of coronary flow
Carnitine and acute cholinomimetic effects on muscle
References
Carnitine requirement of vascular endothelial and
smooth muscle cells in imminent ischemia
Abstract
Introduction
Material and Methods
Results
Discussion
References
Chronic L-carnitine administration combined with minimal electrical stimulation promotes transformation of
canine latissimus dorsi muscle
Abstract
Introduction
Material and Methods
Results
Discussion
References
On the mechanism of fat accumulation in wrapped
latissimus dorsi muscle (cardiomyoplasty), and the
effect of chronic L-carnitine administration
Abstract
Introduction
Material and Methods
Results
Discussion
References

47
48
49
50
57
53
54
54
55
56
57
5d
60
67
67
62
64
67
69
70
77
77
74
77
80
67
62
83
84
85
86
89

CONTENTS

CHAPTER

8

General Discussion
References

9?
96

Summary

97

Samenvatting

99

List of Publications

707

Nawoord

705

Curriculum Vitae

707

10

/N7HODUC77OA/

CHAPTER 1

INTRODUCTION
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One of the remedies for patients suffering from severe heart failure is heart transplantation. Lack of donors and problems with rejection of the graft have inspired
many investigators to find alternatives for heart transplantation. The use of grafts
constructed by the patients own muscle material overcomes the problem of tissue
rejection. In Maastricht investigations are currently performed to explore the possibility to use the latissimus dorsi muscle to support the failing heart.
For the so-called cardiomyoplasty procedure (2) the patients latissimus dorsi
muscle is mobilized from its surrounding tissue, leaving its origo near the scapula
intact, thus leaving vascular and nerve structures intact. Subsequently the muscle is
transposed into the thorax, wrapped around the heart and electrically stimulated by
means of a pacemaker, to augment the function of the failing heart. Some details of
these studies are described in the thesis of Lucas (46). It can be expected that the
use of the predominantly white (type II, fast) latissimus dorsi muscle encounters
some problems. For instance fatigue is likely to occur in this muscle, that is only
used for incidental contractions, when it is forced to do continuous work. Also the
metabolic properties of the heart muscle (as well as red skeletal muscles) are different from that of the latissimus dorsi muscle, which has a predominantly glycolytic
metabolism. Several measures are taken to adjust the muscle to the changed
demands, such as a gradual adaptation of the stimulation protocol of the wrapped
muscle. Beginning with only brief contractions (1 pulse), synchronized to every third
or second heart beat, then two weeks later 2 pulses, ending with a burst of 6 pulses,
synchronized to every heart beat. The whole 'training period' takes 6-12 weeks.
Since cardiac function of the patients is already depressed at the moment of
operation it is important to shorten this 'training' period, or at least have an optimal
strength of the muscle during this period. In other words we would like to stimulate
the muscle not only electrically but also biochemically. Because red fibres derive a
large part of their energy from fatty acid oxidation, and because carnitine is a key
substance in fatty acid oxidation we decided to investigate the role of carnitine in
latissimus dorsi muscle performance. In this thesis the acute effect of carnitine on
electrically stimulated (paced) skeletal muscle has been investigated as part of the
cardiomyoplasty project. Since basic knowledge of the basic properties of skeletal
and cardiac muscle and of carnitine is required to be able to improve adaptation of
m. latissimus dorsi to the altered circumstances, some aspects of muscle physiology
and carnitine chemistry will be discussed below.
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Following the Introduction, information regarding specific parts of the studies
performed in this thesis is presented in the form of published papers.
SKELETAL MUSCLE
Striated muscles are generally classified into two types:
1) Skeletal muscle
2) Cardiac muscle
Smooth muscle, which occurs for instance in the walls of blood vessels and in
various abdominal organs, will not be discussed in this Introduction.
Both skeletal and cardiac muscle have a striated appearance in the light microscope, caused by the organization of the contractile proteins. Skeletal muscle is
under voluntary nervous control, whereas heart muscle is not. Smooth muscle lacks
the striated appearance under the light microscope and is not under voluntary control.
The striated fibres of skeletal muscle are very long, up to 10 cm. Some run from
the origin of a muscle to its insertion. The diameter of these cylindrical cells varies
from 30 to 60 (im, and each may contain thousands of nuclei, which usually lie near
the surface of the cell. Striated muscles are composed of myofilaments, containing
four important proteins for contraction: actin, myosin, troponin and tropomyosin. The
interaction is described in the 'sliding filament theory' (for a extensive description of
muscle contraction see (71)). During contraction neither actin nor myosin filaments
themselves shorten, there are crossbridges formed between the proteins, this is an
energy dependent process. Hence, fast muscles consume more ATP per unit time
than slow muscles. For maintenance work we therefore use the slow tonic 'red'
muscles, rich in myoglobin, whereas the myoglobin-poor muscles are used for rapid
movements (38).
Heart muscle has fibres that are much shorter than those in skeletal muscles.
Individual cells are connected to their neighbours and so the whole muscle consists
of a network. The points of adhesion between adjacent cells are called intercalated
discs. The cross striations are similar to those in skeletal muscle cells. There are,
however, one or two nuclei in each cell, lying near the centre of the cell.
ENERGY PRODUCTION IN RED AND WHITE MUSCLES
The colour difference between red (type I) and white (type II) muscles is mainly
based on a higher content of myoglobin and blood vessels in red than in white muscles. Red fibres usually have a smaller diameter than white fibres, they are rich in
sarcoplasm and contain more lipids. The amount of glycogen varies and does not
relate to the fibre type. Red fibres contain more mitochondria than white fibres.
Red muscles are also 'slow' muscles, their contraction and relaxation times are
longer than in white muscles. A white, or fast muscle is able to generate fast contractions, but is easily fatigued. The classification used here will be type I (slow
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twitch) and type II (fast twitch) fibres and is based on the presence of heavy chain
myosin in type I fibres. The classification Type l/ll is originally based on the sensitivity of myosin for retaining or losing ATPase activity after exposure to either high or
low pH. Type I fibres show a loss of ATPase activity after preincubation of the
muscle sections at pH 10.3. Type II fibres stain intensely after alkaline preincubation.
Preincubation at pH 4.3 results in a loss of ATPase staining in a majority of the type
II whereas type I fibres stain intensely.
The fast twitch fibres can be subdivided: Type lla is considered intermediate in
that its fast contraction speed is combined with a moderately well developed capacity
for both aerobic and anaerobic energy transfer. These fibres are also called fastoxidative glycolytic or FOG fibres. Another subdivision type lib possesses the
greatest anaerobic potential and is the true fast-glycolytic fibre (or FG fibre). Type lie
is normally a rare and undifferentiated fibre that may be involved in re-innervation or
motor unit transformation.
Biochemically, red muscles show a high level of enzymes that are involved in the
aerobic part of carbohydrate metabolism and have a higher capacity for oxidation of
lipids. White muscles, however, show a higher activity of enzymes involved in
glycolysis and glycogenolysis. The combination of high myoglobin levels, high capacity of aerobic metabolism, a dense capillary distribution and a slow contraction pattern, is favourable for a continuous aerobic ATP resynthesis, that is required for the
maintenance of long term contractions. White muscles are dependent on
glyco(geno)lysis for ATP synthesis. The contraction time of a white muscle is therefore limited by the amount of glycogen present in the muscle. An additional source of
energy can be glucose, extracted from the extracellular space.

PACING OF SKELETAL MUSCLE
Delivering electrical pulses to a muscle by means of electrodes either placed around
a nerve, or directly in the muscle tissue, is called pacing. The electrical pulses can
either be generated from a pulse generator, or as in this study from an implanted
pacemaker. The pulse amplitude, pulse frequency, interpulse intervals and other
characteristics of the pulse(s) can be programmed with an extracorporeal programmer. This combination of implanted pacemaker and (muscle) electrodes allows us to
measure contractile characteristics and fatigue of in situ paced latissimus dorsi muscle in vivo (76).
Fatigue is the decrease in contractile strength that occurs in a contracting
muscle. Failure of the inward spread of action potential, deficient release of calcium
from intracellular stores and lowered sensitivity of the contractile system to calcium
due to lowered pH are mechanisms that have been proposed to explain fatigue. Also
a specific change of the actin-myosin interaction has been suggested to cause fatigue. Metabolic changes that occur in muscle fatigue lead to, among others, reduced
concentrations of phosphocreatine and ATP and to accumulation of ADP, H\ lactate
and Pi. The review of Fitts and Metzger (27) discusses several aspects of fatigue in
high intensity exercise of short duration and in endurance exercise. They described a
lower affinity of Ca^* to contractile proteins during acidosis as part of the fatigue
process.
15
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It has been demonstrated that skeletal muscle will adapt to increased functional
demands, such as those imposed by chronic electrical stimulation and muscle that
has been conditioned in this way shows an increased resistance to fatigue. Pette
(59,60) has shown that chronic nerve stimulation with a frequency resembling that of
a slow motor neuron transforms fast-twitch into slow-twitch muscle and results into a
uniform histochemical appearance in all fibres (59,60).
Especially in the light of the latissimus dorsi muscle as a potential functional
replacement for the failing myocardium, this muscle must be able to perform sustained work without fatiguing. The adaptation of latissimus dorsi muscle to these
increased demands has been studied by several groups (compare 1,39,50,76).
Lucas (46) discussed extensively the findings of our group with regards to muscle
training, adaptation and functional aspects of cardiomyoplasty.

CARNITINE
Carnitine was discovered by Krimberg in 1905 in a bovine muscle extract (31). Carnitine is one of the most widely and naturally occurring constituents of many biological systems, from micro-organisms to mammals (17,24,29). The review of Fraenkel
and Friedman (30) as early as 1957 evoked a series of investigations carried out in
order to elucidate the biosynthesis and physiological function of carnitine.

\

•

H

H

FA
Figure 1.1.Structural formula of carnitine, the arrow indicates the site of fatty acid
(FA) esterification.
Chemically, carnitine is beta-hydroxy-gamma-trimethylamino-butyric acid. The Lisomer is the naturally occurring compound. In the studies described in this thesis
only the L-isomers of carnitine and its derivatives are used. A number of studies on
the biosynthesis of carnitine in both animals and microorganisms has resulted in the
establishment of a general pathway for its synthesis.
It is generally agreed that the precursor of carnitine is e-n-trimethyl-L-lysine,
which can be formed from lysyl residues in proteins (10,17). Wolf and Berger (80)
and Bremer (10) demonstrated "in vivo" the transfer of methyl groups from
methionine to carnitine. Later studies indicated that carnitine is synthesized by the
liver and distributed from the liver to other tissues. (7,24).
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The physiological role of carnitine was soon acknowledged as intermediate in
lipid metabolism. It was found that carnitine serves as a carrier of fatty acyl groups
across the mitochondrial membrane (11,13,14,34,43,55,80).
Muscles are particularly rich in carnitine as will be discussed below, while in
some other tissues, such as epididymis, high carnitine levels are found as well (8).
FUNCTION OF CARNITINE
Carnitine has a fundamental role as long chain fatty acid carrier across the
mitochondrial membrane and in ketone body formation. In 1955 Fritz (33) reported
that carnitine stimulates the oxidation of fatty acids in liver homogenates. In the
same year Friedman and Fraenkel (32) showed that carnitine can undergo reversible
acetylation. It has been shown that carnitine can be acylated with carboxylic acids
with chain lengths varying from 2 (acetate) to 22 (erucate) carbon atoms.
The crucial role of carnitine in fatty acid oxidation can be explained by its role in
the transport of fatty acids across the mitochondrial membranes to the mitochondrial
matrix, where beta-oxidation occurs. This process consists of the following steps:
First, fatty acids are activated to their CoA derivatives by acylCoA synthetases (E.C.
6.2.1.3) at the cytoplasmic site of the outer mitochondrial and endoplasmic reticular
membrane. At the outer mitochondrial membrane the enzyme Carnitine Palmitoyl
Transferase I (E.C. 2.3.1.21) facilitates the transfer of the acylgroup from CoA to
carnitine. The acylcarnitine thus formed, permeates the mitochondrial inner membrane via Carnitine translocase. At the inner site of the innermitochondrial membrane
Carnitine Palmitoyl Transferase II (E.C. 2.3.1.21) transfers the acylgroup to CoA,
present in the mitochondrial matrix. The carnitine residue is transferred back to the
outer membrane through the action of the Carnitine translocase in exchange for
acylcarnitine (21). This process is also illustrated in figure 4.1.
Separate carnitine acyltransferases exist with chain length specificities that overlap. Six acyltransferases have been isolated from mitochondria; three from the innerand three from the outer-mitochondrial membrane (12). These are: acetyltransferase,
utilizing fatty acyl groups of two to three carbons in length, octanoyl transferase
using fatty acyl groups from six to 10 carbons, and palmitoyl transferase utilizing
fatty acyl groups of more than 12 carbons in length. Within each group isoenzymes
may be present (4,78). It should be noted that the transport of medium chain fatty
acids into the mitochondrion can also take place in a carnitine-independent manner
(12). Also extramitochondrial carnitine palmitoyltransferases exist, apparently serving
other functions. Peroxisomes contain acyltransferases, microsomes contain an isoenzyme of carnitine palmitoyltransferase (78) and also plasmamembranes of erythrocytes have a malonyl-CoA sensitive carnitine palmitoyltransferase (61,67).
Carnitine levels required for optimal activity of the different carnitine
acyltransferases are found to vary appreciably. Low muscle and liver carnitine levels
are associated with low blood plasma carnitine levels. In primary and secondary
carnitine deficiency syndromes multiple phenomena are often observed: tissue lipidosis, cardiomyopathy, muscle weakness, hepatic encephalopathy by hypoglycaemia
and hypoketonemia (68). Hypoglycaemia can occur during a carnitine deficient state
due to increased glucose utilization by carnitine deficient tissues and impaired
17

gluconeogenesis which requires the product of fatty acid oxidation: acetyl-CoA, for
stimulation of pyruvate carboxylase (5,72). A few other suggested functions of
carnitine are:

•

Stimulation of the activity of pyruvate dehydrogenase by decreasing the acetyl
Co A/Co A ratio.
Carnitine, by accepting acyl groups from acyl-CoA, makes more free CoA available for the conversion of a-ketoglutarate into succinyl-CoA in the tricarboxylic
acid cycle, thereby enhancing the metabolic flux through this cycle (38).
Prevention of adenylate translocase inhibition by long chain acyl-CoA and subsequent activation of the transport of adenine nucleotides across the inner
mitochondrial membrane (73).
Stimulation of the oxidation of branched chain amino acids during exercise. This
probably occurs through conversion of branched chain acyl-CoA esters to
branched chain acyl-carnitines, thus removing the feedback inhibition on the
branched chain 2VDXO acid dehydrogenase complex. In addition, CoA once liberated becomes available for other metabolic processes (56,77,79).

Since blood plasma and urine are easy to obtain, these biological fluids are often
used for assessment of carnitine status and carnitine excretion, respectively. The
concentration of total carnitine in human plasma at rest varies between 20 and 60
uM. Free carnitine represents between 70 and 85% of the total amount (3,16,44,51).
The remaining esterified fraction contains, at rest, mainly acetylcarnitine. The total
carnitine store of an average sized adult male (30 kg of muscle mass) can be estimated at 20-25 g. The daily (urinary) excretion of carnitine is 100-300 umol, or 15-50
mg (12).
The actual tissue carnitine concentration is the resultant of a variety of metabolic
processes, i.e. carnitine uptake, synthesis, transport of carnitine and carnitine excretion. Because most tissues have a carnitine concentration that is one order of magnitude higher than that of plasma, an active uptake of carnitine by the cells must
take place.

CARNITINE IN MUSCLE OF SEVERAL SPECIES
The concentration of carnitine in different species and in different tissues varies over
a wide range . It is found to vary between 0.6-1.4 mM in rat muscles, 3-6 mM in
human skeletal muscle and even higher levels (3-7mM) in horse gluteal muscle
(28,70) and 15 mM in sheep skeletal muscle (74)).
It is assumed that the level of carnitine is high in cells with a high oxidative capacity, especially in cells that have a preferential fatty acid oxidation.
In tables 1.1-1.3 the distribution of carnitine in several muscles of the rat (table
1.1), the dog (table 1.2) and in man (table 1.3) is shown.
In several species it can be found that the carnitine level is of the same order in
various muscles within an animal.
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TABLE 1.1. The content of total carnitine in several rat muscle tissues. The values are all calculated
from the values in the cited reference to give values in ^mol per g wet weight.
references

white

mixed

red

heart

8

0.8

1.1

18

0.5

0.8

23

2.1

2.8

25

0.9

26

0.7

0.3

35

0.6

0.7

42

0.7

1.1

45

0.8

0.8

0.7

48

0.7

0.7

1.2

0.8
1.0

47

1.0

53

0.7

54

0.6

57

0.9

1.3

63

0.7

1.1

mean

0.8

0.9

1.3

0.7

1.2

The conclusion can be drawn that only in rat a higher carnitine content is found in
heart than in skeletal muscles, whereas the amount in red, white or mixed skeletal
muscles is approximately the same (table 1.1). Only the study of Lennon & Mance
(45) shows a higher level of carnitine in the (white) superficial vastus lateralis than in
the (red) deep vastus lateralis or the (mixed type) gastrocnemius of the rat.
TABLE 1.2. The content of total carnitine in several dog muscle tissues. The values are all calculated
from the values in the cited reference to give values in nmol per g wet weight.
references

white

mixed

red

36

3.7

3.4

2.4

1.7

62

3.7

4.7

2.5

1.4

2

2.3

64

3.8

75
mean

heart

1.7
3.7

4.0

2.4

1.8

In rabbit the highest carnitine level is also found in muscle and not in heart (58),
despite its higher rate of p-oxidation of fatty acids. In cow (68) the level in heart is
only one third of that in skeletal muscle. The level of carnitine in sheep muscle is
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extremely high 13 nmol/g wet weight (68). In humans (table 1.3) there is some controversy. Cederblad (19) and Mitchell (52) state that carnitine is generally lower in
heart than in skeletal muscle while others (8,65) found the highest level in heart.
TABLE 1.3. The content of total carnitine in several human muscle tissues. The values are all calculated from the values in the cited reference to give values in nmol per g wet weight.
references

white

mixed

red

heart

4

3.6

8

2.0

4.8

9

2.0

1.1

15

2.8

19

1.3

20

3.2

37

5.5

40

4.3

44

4.4

3.0

49

0.9

0.9

52

3.3

0.9

65

4.0

4.8

66

3.3

69

4.0

mean

3.3

3.0

2.4

Maybe the carnitine level is not (or not only) related to the (fatty acid) oxidative
capacity of the muscle, but to the overall oxidative (both fatty acids and glucose)
capacity of the cell. It is also possible that skeletal muscle mainly serves as an
intracellular storage site for carnitine. In line with this hypothesis is the observation
that in blowfly (pharmia regina) the muscle does not use fats in flight, but nevertheless has an abundance of carnitine and a very active carnitine transferase (comp
6,22).

AIM OF THE THESIS
It was the objective of this study to evaluate the possibilities to use carnitine to improve m. latissimus dorsi adaptation to changed functional demands. Changing muscle fibre typing by training muscles through electrical stimulation is time consuming.
We would like to be able to shorten the time needed to reach complete adaptation,
or at least have an optimal performance of the muscle during the training (adaptation) period. Both heart and red (type I, slow) skeletal muscle highly depend on
20
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fatty acid metabolism to provide energy for contraction, in contrast to white (type II)
muscle. The latissimus dorsi consists for 60 % of white (type II, fast) muscle, this
fact combined with the knowledge, that carnitine plays a crucial role in fatty acid
metabolism led us to attempt to improve muscle transformation not only through
electrical stimulation but also by generating circumstances favourable for "red (type I,
slow) metabolism", i.e. by supplying carnitine.
Our first aim was to investigate whether L-carnitine had an influence on muscle
performance. This was inspired by the wish to have an optimal latissimus dorsi muscle force in the initial period after the cardiomyoplasty operation, when there are
just a few assisted heart beats. A simple model to investigate the strength of the m.
latissimus dorsi, is the in situ latissimus dorsi that can be stimulated through muscle
electrodes connected to an implanted pacemaker. In chapter 2 attention has been
focused on the influence of L-carnitine on latissimus dorsi force. In chapter 3 the
same in situ model is used to investigate the effect of two carnitine derivatives. This
chapter also demonstrates the effect of carnitine on muscle blood flow during
contraction. The possible mechanism of the acute effect of L-carnitine on muscle
force is discussed in the next two chapters. Chapter 4 discusses also the role of
carnitine in heart muscle and the relation between the effects in heart and skeletal
muscle. We propose an important role of carnitine in the metabolism of endothelial
and smooth muscle cells. In chapter 5 experiments that illustrate this role are
presented. We subsequently studied the long term effects of L-carnitine administration. An effect of carnitine on muscle fibre typing has been described and
therefore we studied the effect of chronic L-carnitine administration on the fibre typing of the in situ m. latissimus dorsi (chapter 6). One of the complications we saw in
m. latissimus dorsi several months after wrapping it around the heart
(cardiomyoplasty) was an extensive lipidosis in the muscle. In chapter 7 the effect of
chronic L-carnitine on fat accumulation in the wrapped latissimus dorsi muscle is
described.
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CHAPTER 2

ABSTRACT
Using the mixed type musculus latissimus dorsi of the dog in the present work, we
show the effect of carnitine on an in situ fatigue test. L-carnitine appears to improve
force of this muscle by 34 % while stimulated in situ. This effect of carnitine is acute,
and (stereo)specific, since neither D-carnitine nor the structural analogue choline
(also a tertiary amine) has a positive effect on contractile force. Because skeletal
muscle is rich in carnitine and because carnitine transport is slow, its effect must be
exerted outside the striated muscle cells. Insulin (with glucose) administration
abolished the carnitine effect. It is speculated that facilitation of fatty acid oxidation in
the blood vessel wall is the basis for this positive effect of carnitine.
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INTRODUCTION

Carnitine administration has been shown earlier to have a positive influence upon
skeletal muscle function (3). This effect may be of importance to overcome the problem of muscle fatigue, also known to occur in early stages of cardiomyoplasty, whereby a skeletal muscle is used to assist the pump function of the failing heart (1). For
this purpose the musculus latissimus dorsi has generally been used. Continuous
stimulation of untrained muscle may be expected to induce fatigue, which is partly
due to accumulation of lactic acid. Our aim is to support muscle force in the first
period after cardiomyoplasty. During this period the optimal pacing rates can not be
administered, which makes stimulation of force most important. Therefore, we
studied the effects of carnitine on the latissimus dorsi muscle. L-carnitine is known to
stimulate fatty acid oxidation (10) and the oxidative removal of pyruvate (8), both
leading to increased ATP generation and limited lactate production. It is important to
study the basis of the relation between carnitine and exercise, now that carnitine is
being used as a therapeutic agent to improve exercise (3,5). We investigated the
effect of carnitine administration in an in situ test, using a pacemaker stimulated
musculus latissimus dorsi. Because chronic stimulation converts the mixed fibre type
latissimus dorsi to a muscle made up mainly of type I fatigue resistant fibres (6,11),
we also investigated the effect of carnitine upon the muscle in the trained state. To
get more insight into the mechanism of action of carnitine, we investigated the effect
of euglycemic insulin and a combination of euglycemic insulin and carnitine upon
contractile force of the musculus latissimus dorsi, as insulin not only affects glucose
metabolism but also lipid metabolism in the muscle.
MATERIAL AND METHODS
Ten mongrel dogs, ranging in weight from 25 to 35 kg, were used on different days,
with at least one week interval, for a control experiment followed by a test with the
substances indicated. The two tests were separated by a rest period during which
either a placebo or the substance to be tested was infused. Four weeks before the
first measurement, two electrodes were implanted in the proximal part of the left
latissimus dorsi muscle near the main branches of the nervus thoracodorsalis. These
electrodes were connected to an Itrel pacemaker ( Medtronic SP7420) (22).
The pacemaker was used for delivering pulses for force measurements and
outside these measurement sections switched off. Only to obtain trained latissimus
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dorsi the pacemaker was programmed for continuous stimulation with a frequency
that was increased every 2 wk until a frequency of 60 contractions/min was reached,
as described earlier (22). In these dogs (n=4) there was a period of 16 weeks between pacemaker implantation and force measurements.
Both enzyme-histochemical (myosin-adenosinetriphosphatase (ATPase) activity
at pH 4.1) and immunohistochemical methods (mouse monoclonal antibodies against
B myosin heavy chain) were used to monitor changes in fibre type composition of the
latissimus dorsi muscle during training (11).
For force measurements, the dogs were premedicated with a drug mixture (0.2
ml/kg) intramuscularly (1 ml containing 10 mg oxycodon hydrochloride, 1 mg
acepromazine and 0.5 mg atropinesulfate. Subsequently, anaesthesia was induced
by intravenous administration of 5-7 mg/kg body weight of pentobarbital sodium
(Narcovet) and maintained by infusion of 2 mg.kg \hr" of pentobarbital sodium. The
dogs were intubated and ventilated with a mixture of Oj and Nj (1:2 by volume).
Force measurements were performed after positioning of the dog on its right side on
the operating table. In trained latissimus dorsi the continuous stimulation programme
of the pacemaker was temporarily switched of to allow programming of the
measurement protocol. Subsequently, the left forefoot was connected with straps to
a force-displacement transducer (Grass FT 10, Grass Instruments, Quincy, MA) in a
position in line with the paw and the latissimus dorsi to allow measurement of the
isolated force of the latissimus dorsi. The optimal positioning of the paw was tested
by administering twitch contractions at varying length of the latissimus dorsi muscle,
and the length which yielded maximal force was used for further testing. To restrict
compensatory movements of the dog during contraction of the left latissimus dorsi
muscle, the dog was fixed against two vertical bars, one in front of the thorax, the
other at the back of the animal against the scapulae. With this test protocol, the
contractions of the muscle can be considered isometric. All force measurements
were recorded on a multichannel Schwarzer recorder at a speed of 25 mm/sec.
An 8-min test was performed by programming the pacemaker with the following
parameters: pulse width, 210 us; burst frequency, 85 Hz; time on, 0.25 s; time off,
0.375 s (=100 contractions/min). Supramaximal voltage was used. The test was
repeated after a rest period of 30 min during which the drug to be investigated was
infused. The drugs used were either saline or 0.15 mmol/kg of L- or D- carnitine or
choline, as indicated. They were infused at a rate of 0.15 mmol/min. Only one drug
was tested in each experiment.
In another experiment, we investigated the response time; after the first test and
a subsequent 30-min rest period, we administered L-carnitine as a bolus injection,
immediately followed by the second test.
In the insulin experiments, after the first test, a continuous infusion of 5%
glucose with 6 U insulin/I was started at a rate of 300 ml/h to obtain a euglycemic
insulinemia (8). Plasma glucose levels were measured and were found to be maintained between 4 and 6 mM. After 30 min, a second test was performed, followed by
another 30-min rest period in which also 0.15 mmol/kg L-carnitine was infused. A
third test was performed after the 30-min rest period.
In the L-carnitine experiments, blood samples were taken before and
immediately after each test, and biopsies of =200 mg were taken from the left
latissimus dorsi muscle after the experimental protocol. The samples were rapidly
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Figure 2.1 Repeated force tests in musculus latissimus dorsi of the dogs. Shown is developed force of 2
tests of 8 min. Between tests, there was a 30-min rest period during which (top) saline (placebo.n - 7
dogs) or 0.15 mmol/kg L-carnitine was infused (m/dd/e,oortom). M/dd/e: effects in untrained dogs (n - 10),
boffo/n: effect in trained dogs (n =6). Values significantly different from appropriate control values.

frozen in liquid N^ and stored at -80°C until carnitine determination. Carnitine in
blood was determined by a radioisotope method (4). Tissue carnitine was measured
exactly as described (16).
Fatty acids were determined after activation and oxidation of acyl-CoA (21). A
test combination from Wako pure chemical Industries Ltd (Osaka.Japan) was used.
Glucose was determined enzymatically (24). Triacylglycerols were determined en-
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zymatically (23) using a commercially available test combination from BoehringerMannheim (FRG). Lactate was measured exactly as described (7).
All chemicals were of the highest purity grade available and obtained from Merck
(Darmstadt, FRG). Insulin (Actrapid HM) was from Novo Industries (Bagsvaerd,
Denmark).
L- and D-carnitine were kindly donated by Sigma-Tau (Rome, Italy).
Statistics
Values are given as means ± SE. Differences between the control tests were
evaluated for statistical significance using analysis of variance (ANOVA), showing no
significant difference between the individual control tests so that a paired f test could
be used to evaluate each set of measurements. The experiments with both insulin
and carnitine were evaluated with ANOVA. £ values < 0.05 were considered to be
statistically significant.

RESULTS
When two control tests were repeated at a 30-min interval during which only saline
was infused, no significant change in force occurred (Figure 2.1). Also, a third test
after another 30-min rest period showed a superimposable pattern. Administration of
L-carnitine however resulted in a significant increase in force in the second test
(Figure 2.1). L-Camitine improved muscle force throughout the entire test, resulting
in a significantly higher amount of work carried out by the muscle. As depicted in the
bottom part of Figure 2.1, the effect of L-carnitine on contractile force was less
pronounced in animals in which the latissimus dorsi muscle was conditioned for 12
wk. During this training period, the percentage of type I muscle fibers, which are
characterized by a high myosin ATPase activity and by the presence of 13-myosin
heavy-chain, dramatically increased from 23 ± 3 to 69 ± 16 % (n=6). Moreover, the
contraction characteristics (decreased ripple) and biochemical paramaters also confirmed that the muscle was now converted to a muscle made up mainly of type I
fibers (reference 46 of chapter 1).
After intravenous administration of carnitine plasma total carnitine levels rose
from 23 ± 0.6 to 322 ± 61 nmol/ml (n = 4). The concentration of total carnitine in
latissimus dorsi biopsies however was not significantly different between the control
(4,670 ± 690 nmol/g wet wt, n = 9) and L-carnitine treated (4,880 ± 830 nmol/g wet
wt, n = 4) animals.
To investigate the response time, we administered carnitine after the control test and
a subsequent 30-min rest period as a bolus, immediately followed by a second test.
As can be seen from Figure 2.2, a significant rise in force was seen already after 60
s in the test.
Neither D-carnitine (Figure 2.3, bottom pane/), nor the structural analogue
choline (Figure 2.3, top pane/) improved force. On the contrary, D-carnitine
decreased the contraction force significantly during the last minutes of the test
(Figure 2.3, dorfom pane/). This indicates the (stereo)- specificity of the carnitine
effect.
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Figure 2.2. Acute effect of L-carnitine upon contractile force of musculus latissimus dorsi of dogs. Values
are given as means + SE. Figure shows force compared with first fatigue test and a 30-min rest period,
after which a bolus injection of 0.03 mmol/kg L-carnitine was given, immediately followed by the second
fatigue test (n=5). 'Values significantly different from control test.

To study the possible involvement of fatty acids in the carnitine effect, we
measured the effect of carnitine in the presence of a high (euglycemic) insulin level
(known to inhibit fatty acid oxidation).It can be seen from Figure 2.4 that insulin itself
had no significant effect on contractile force. The stimulation of force by carnitine
however was no longer seen in the presence of insulin and glucose. Why there is a
significant decrease in force in the last minutes of the test is not known.
Insulin lowered plasma fatty acid levels (Table 2.1) from 0.4 to 0.2 ± 0.1 mmol/l
(n=4).
Neither plasma triglyceride, free fatty acid glucose levels changed significantly
during exertion or by carnitine administration, as can be seen from Table 2.1. Lactate levels show a small but insignificant increase due to exertion, and there is no
difference between the control and the carnitine-treated test.

DISCUSSION
Effects of carnitine administration on both skeletal muscle and heart performance
have been described by a number of authors (cf. 3,8). Carnitine is mainly known for
its effect upon fatty acid oxidation (10), but cholinergic effects of acetylcarnitine have
also been described (10). The present paper shows the positive effect of carnitine
upon contractile force of the musculus latissimus dorsi. This effect is more
pronounced in the untrained than in the trained state (Figure 2.1). This acute effect
of carnitine on skeletal muscle performance is rather unexpected, considering the
absence of carnitine deficiency. In untreated dogs, the plasma value of total carnitine
was 23 nmol/ml and the skeletal muscle carnitine concentrations were 4,700 nmol/g
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Figure 2.3. Effect of choline (top panel) and D-carnitine (bottom pane/) on contractile force of musculus
latissimus dorsi. Values are given as means ± SE. Shown is force of 2 tests. Between tests there was a
30-min rest period in which either choline (n = 4) or D-carnitine (n=5) was infused (0.15 mmol/kg i.v.). *
Values significantly different from control test.

wet wt, which are normal values (19,20). Although the infusion of L-carnitine resulted
in a drastic increase in blood levels of carnitine, it cannot be expected to give rise to
a rapid and significant increase in carnitine levels within the muscle cells, as carnitine transport across the plasmalemma is known to be slow (2,19). Indeed, no
significantly increased levels of total carnitine in latissimus dorsi biopsies were found
(see RESULTS). Therefore, we have to consider an extramyocytal effect of carnitine.
Whether this is a direct effect of L-carnitine remains to be determined. In this
respect, it is important to realize that the effect of carnitine observed can only be
obtained by L-carnitine and not by D-carnitine (Figure 2.3). Also, choline instead of
L-carnitine had no effect. This excludes the possibility that there is a nonspecific
tertiary amine effect of carnitine upon force development.
Because D-carnitine inhibits muscle force, the explanation of the effect of L-carnitine may be stimulation of oxidative phosphorylation, as D-carnitine is known to
inhibit the activity of carnitine palmitoyltransferase I (10). Moreover, insulin, which is
known to inhibit fatty acid oxidation, abolishes the L-carnitine effect. The decrease in
the last few minutes of the third test is probably due to low plasma fatty acid levels
at the end of the test .(0.1 ± 0.1 mM, n = 4). The question arises whether there is a
compartment in muscle, other than the striated muscle cells, from which carnitine
can be lost during muscle performance. The question could be rephrased, Do endothelial and/ or vascular smooth muscle cells loose carnitine during muscle
stimulation? We (13) have described that ischemia of a Langendorff perfused rat
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Figure 2.4. Effect of carnitine in the presence of insulin on contractile force of musculus latissimus dorsi.
Values are given as means ± SE. (n = 5). Shown is control test and test after a 30-min rest period in
which (euglycemic) insulin was infused, followed by a test after a 30-min rest period during which insulin +
carnitine (0.15mmol/kg) were infused. 'Values significantly different from appropriate control values.

heart results in the preferential loss of soluble components from the vascular wall.
Therefore, also a loss of carnitine is to be expected from vascular cells. These cells
use fat as respiratory substrate (17). We have shown that, in cultured endothelial
cells, the bulk of ATP may come from carnitine-dependent fatty acid oxidation (14).
This also holds for cultured rat aorta smooth muscle cells (chapter 5). Therefore it is
possible that cells of the vascular wall loose carnitine due to relative ischemia during
latissimus dorsi stimulation. This might endanger energy metabolism. Carnitine
stimulates fatty acid oxidation, which contributes to ATP generation and limits lactate
production (15,18).
The lesser effect of carnitine in the trained muscle is in line with this hypothesis,
since the number of capillaries is known to increase by training. We also observed
this same response in the present experiments in which a 40% increase in the number of capillaries was found in trained muscle. This will lead to a better oxygenation,
which may be expected to prevent functional decompensation of the relatively vulnerable vascular cells. Also in accordance with our hypothesis is the observation that
during acidosis of the Langendorff rat heart, coronary flow is impaired. This decrease
in flow is prevented when fluorocarbons are present in the perfusion medium
(leading to a better tissue oxygenation) (12). The possible effect of carnitine on blood
flow in the musculus latissimus dorsi is presently under investigation. Preliminary
results indeed show an increased flow in the presence of carnitine.
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TABLE 2.1 Plasma values of some metabolites
Values are mean ± SE for n, no of dogs. FFA, free fatty acid; TG, triglyceride. No values are significantly different from the control (ANOVA). Control sample (untrained dogs) was taken before first test,
exercise sample was taken immediately after 8 minutes stimulation of the latissimus dorsi muscle,
carnitine sample was taken at 30 min into the rest period, during which L-carnitine was infused, and
carnitine + exercise sample was taken immediately after 2nd period of stimulation.
Trlglycerldes
(mH)

Fatty acids
(mM)

Glucose
(mM)

Lactato

control

0.42±0.06
(n = 10)

0.39±0.07
(n = 10)

5.16±0.27
(n = 5)

309±61
(n = 6)

exercise

0.38±0.05
(n = 5)

0.23±0.04
(n = 5)

5.45±0.44
(n = 3)

336±35
(n = 4)

carnitine

0.43±0.05
(n-6)

0.47±0.17
(n-6)

5.38±0.06
(n = 3)

306137
(n = 4)

carnitine
+ exercise

0.46±0.06
(n = 9)

0.45±0.16
(n-9)

5.36±0.05
(n = 3)

375143
(n = 4)
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ABSTRACT
Using the latissimus dorsi (LD) muscle of the dog in situ, the effect of carnitine was
tested for increase of force in the first period after stimulation. Carnitine administration resulted in an increase of force of 31 ± 6% (mean ± SEM). It is hypothesized
that, during muscle stimulation, a relative carnitine deficiency occurs in cells of the
vascular compartment. The previously observed lesser effect of carnitine in the
trained muscle than in the untrained muscle is in line with this hypothesis, since the
number of capillaries is known to increase by training. Also in agreement with this
hypothesis is the observation that carnitine increased flow during exercise of the
muscle.
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INTRODUCTION

Carnitine is a cofactor for the transport of long chain fatty acids across the
mitochondrial membrane and thus is essential for the mitochondrial p-oxidation of
fatty acids. It is known that carnitine deficiency leads to decreased muscle force
(4,17). Exercise or electrical stimulation can cause a decrease of muscle carnitine
levels (8,11). These phenomena are of interest in the light of the fatigue that occurs
in untrained latissimus dorsi (LD) muscle, when this muscle is used for a
cardiomyoplasty procedure. In a previous paper we have shown a positive effect of
carnitine on skeletal muscle force development in the dog (3).
It is the aim of the present study to further elucidate the mechanism of action of
this effect of carnitine. In a previous article we speculated that facilitation of fatty acid
metabolism of vascular cells of the muscle could be the basis for this phenomenon,
resulting in stimulation of capillary blood flow, thereby increasing oxygenation of the
tissue and subsequently oxidative metabolism. Another mechanism could be an
(acetyl) cholinergic effect of carnitine (although choline itself had no effect (3)). It has
been observed earlier that certain carnitine derivatives have cholinomimetic properties on cortical neurons (5). To test these hypotheses we studied the effect of acetylcarnitine as well as of tensilon™ (Roche, Mijdrecht, The Netherlands), a choline
esterase inhibitor, on force development of the LD muscle. We also studied the
effect of carnitine on LD blood flow.
MATERIAL AND METHODS
Ten mongrel dogs, ranging in weight from 25-35 kg, were used on different days
(with at least one week interval) for a control experiment followed by a test with the
substances indicated. Pacemaker and electrode implantation as well as force
measurements were performed exactly as described before (3,19). No stimulation of
the muscle occurred other than during the measurement sessions. An eight minute
test was performed by programming the pacemaker with the following parameters:
pulse width 210 |isec, burst frequency 85 Hz, time on 0.25 sec, time off 0.375 sec
(about 100 contractions per minute), supra maximal voltage was used. The test was
repeated after a rest period of 30 minutes during which the drug to be investigated
was infused. The drugs used were either L-carnitine, L-propionylcamitine, L-acetylcarnitine or Tensilon™, or a combination of Tensilon™ and carnitine, as indicated.
Carnitine or its derivatives were infused at a rate of 0.15 mmol/min. Only one drug
was tested in each experiment. The blood flow in different regions of the in situ
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Figure 3.1. The effect of L-carnitine on latissimus dorsi (LD) force tests. Open bars represent the control
test, hatched bars show force of the same muscle after a rest period of 30 minutes, during wich 1 g of Lcarnitine was infused intravenously. The experiment was carried out in ten dogs (n = 10). 'Represents
values significantly different from control values.

latissimus dorsi muscle was measured using 15 urn radioactive microspheres as
described earlier (12,15). The microspheres were labelled with Nb*\Ru'°*,Sn"*,Ce^
(NEN Research Products, Boston USA). At each determination 3x10® microspheres
were injected into the left atrium. In a final experiment the same protocol as
described above was used with the following extensions: Five minutes before the
start of the stimulation protocol isotope 1 was injected (rest); one minute after commencing stimulation isotope 2 was injected (exercise). After infusion of carnitine
isotope 3 was injected (carnitine rest), and one minute after commencing the second
stimulation protocol isotope 4 was injected (carnitine exercise). A reference sample
was taken from the femoral artery. After the experiment the animals were killed with
an overdose of pentobarbital. Both the left (which is the muscle with the pacemaker)
and the right LD muscles were prepared free of surrounding tissue and excised,
rinsed and stored in 5% formaldehyde. Before dissection, nonmuscle structures were
removed (fat, vessels, electrodes). Subsequently the muscle was cut in 50 pieces
with an average weight of approximately 3 g. The tissue samples were weighed and
subsequently counted in a gamma counter (Packard Multichannel analyzer, Packard
Instrument Co, Meriden, CT). L-carnitine and derivatives were kindly donated by
Sigma-Tau (Pomezia, Rome, Italy). Tensilon™ (edrophonium chloride 10 mg/ml) was
from Roche, Mijdrecht, The Netherlands.
Statistics
Values are given as mean ± SEM. Differences between the control tests were
evaluated for statistical significance using ANOVA. £ values < 0.05 were considered
to be statistically significant.
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Figure 3.2. Shows the effect of L-propionyl (upper panel) and L -acetyl carnitine (lower panel) upon LD
force tests. Open bars represent the control test, hatched bars show the force of the same muscle after
a rest period of 30 minutes, during which 1 g of the mentioned substance was infused intravenously (n 4). * Represents values significantly different from control values.

RESULTS
In a previous article (3) we described that L-carnitine has a positive effect on LD
force (approximately 30 % increase in force). This can also be seen in Figure 3.1. Lpropionylcarnitine failed to exert a comparable effect on LD force. In contrast, Lacetylcarnitine has a stimulatory effect (Figure 3.2) similar to that of L-carnitine.
Tensilon™ also has a positive effect upon LD force (Figure 3.3), which is of the
same magnitude as the carnitine effect. When carnitine was combined with tensilon
no additional effect of carnitine was observed.
Table 3.1 shows the results of the experiments with microspheres (n = 4) to
assess flow in the muscle in several situations. The central part of the muscle is in
line with the a. thoracodorsalis, the other regions are more peripheral. As can be
seen L-carnitine has a positive effect on the blood flow in exercising muscle. This
effect is most pronounced in the central part of the muscle.
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Tabol 3.1. Flow in several regions of the latissimus dorsi muscle, during rest or exercise. * = Significantly different from exercise values. Shown is the mean ± SEM of 4 experiments.
CENTRAL

INTERMEDIATE

PERIPHERAL

Flow n ml per min per g wet weight
Rest

0.07 + 0.01

0.09 ± 0.01

0.10 ±0.02

Rest +
carnitine

0.06 ± 0.01

0.07 ± 0.01

0.08 ± 0.01

Exercise

0.61 ± 0.04

0.89 ± 0.04

0.94 ± 0.05

Exercise +
carnitine

0.66 ± 0.04

1.04 ±0.05'

1.18 ±0.05'
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Figure 3.3. The effects of Tensilon™ (in the absence or presence of L-carnitine) upon LD force. Open
bars show the control experiment, dotted bars the experiment in the presence of Tensilon™ (2 mg
i.v.bolus) and the hatched bars the experiment with both Tensilon™ and carnitine. The experiment was
carried out in five dogs. ' Represents values significantly different from control.

DISCUSSION
One of the complications with cardiomyoplasty is fatigue of the untrained LD used.
To overcome fatigue a scheduled adaptation program is required. Especially in the
initial period after cardiomyoplasty, when a full stimulation protocol is impossible it is
important to obtain maximal support from the few assisted beats. In order to obtain
maximal benefit, we attempted to increase force of the muscle contractions. As can
be seen from figure 1 this was accomplished in dog LD muscle in situ by using car44
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nitine. Carnitine administration results in a 30 % increase in force compared to the
control (Table 1).
Carnitine, a key substance in fatty acid oxidation (7), also influences glycolysis
(6). Preferential fatty acid oxidation not only occurs in striated muscle but also in
blood vessels (14). A relative deficiency of unesterified carnitine in ischemia not only
applies to muscular, but also to vascular tissue. The carnitine level may decrease in
ischemia (18), strenuous exercise (8), or after electrical stimulation (11) partly due to
the accumulation of acyl-carnitines. The target for the administered carnitine may be
myocytes or vascular cells (endothelial and/or smooth muscle cells). Since carnitine
administration did not increase carnitine levels in the muscle biopsies (3), and since
the effect of carnitine is acute (3), we favour the vascular compartment as the target
for carnitine.
Cholinomimetic effects of carnitine and its derivatives have been described (7,1).
The fact that acetylcarnitine, in contrast to propionylcarnitine, also showed a positive
effect could be in line with a cholinergic effect. Further investigations into the
mechanism of action of carnitine showed that tensilon, a choline esterase inhibitor
(13), had an effect similar to that of carnitine. Moreover, the carnitine effect was
abolished in the presence of tensilon. This points to a mutual component in the
mechanism of action. Since carnitine is not a choline esterase inhibitor, the common
component may be blood supply (2,20).
It has been shown in pH 7.0 perfused, stimulated, rat hearts that fatty acid
oxidation in muscle delays reduction of flow (9). The factor responsible for flow
reduction preceding complete ischemia is metabolic acidosis (9). Limitation of tissue
acidosis by fatty acid oxidation is known to be due to limitation of anaerobic
glycolysis. This not only results in a lower rate of lactate formation but also in
inhibition of the glucose/fatty acid cycle, as the level of glycerol-3-phosphate
decreases as well (9,10). A low level of fatty acid recycling will result in a higher
availability of fatty acids for oxidative phosphorylation, contributing to ATP
generation. This will increase the ATP/ADP ratio, which together with a lower [H+],
will influence the phosphorylation state and activity of ion channels (16), possibly
leading to more efficient tissue perfusion. Indeed, as can be seen from figure 4,
more microspheres enter the LD muscle during exercise in the presence of carnitine.
The fact that the effect of carnitine upon the LD muscle is more pronounced in
the untrained than in the trained state (3), is in agreement with our hypothesis of
improved flow, since the amount of capillaries increases during training. A better
blood supply offers the possibility to meet a higher imposed work load.
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ABSTRACT
During pacing of muscles, a considerable lowering of interstitial pH may occur. This
is mainly due to secretion of lactic acid from pre-ischemic, striated muscle cells.
Local acidosis influences plasmalemmal changes, resulting in alteration of cellular
ion fluxes, including Ca^*. The resulting positive inotropy and limitation of vascular
flow aggravates local acidosis. Continued pacing leads to further decline of flow and
finally results in fully developed ischemia. Administration of L-carnitine in the preischemic state, has been shown to have a positive effect on muscle function, due to
limitation of lactic acidosis. The mechanism cannot only be the decline of the cellular
acetylcoA/CoA ratio, due to export of acetylcarnitine from the cells, but must be
largely explained by inhibition of glyco(geno)lysis, as fatty acids or acetylcarnitine
have been shown to delay loss of function during pacing as well.

48

L-C/WA//T7/VE /WD /MPROVEMSVr OF FLCW

INTRODUCTION

This chapter discusses the acute effects of L-carnitine on pre-ischemic cardiac and
skeletal muscles. The effects of carnitine on training will not be reported, as changes
of muscle type and of altered hormonal states may be involved. A comprehensive
review of literature has not been attempted.
In 1959 Fritz (16) reported that carnitine stimulates fatty acid oxidation.
Acetylcarnitine and fatty acid esters of carnitine are rapidly oxidized in isolated
mitochondria. These carnitine derivatives can be transported through the
mitochondrial inner membrane and oxidized after conversion to their coenzyme A
(CoA) derivatives (for classical reviews see Fritz (17) and Bremer (4)). Figure 4.1
shows the involvement of carnitine in mitochondrial (3-oxidation. The acyltransferase
involved in the synthesis of long-chain acylcarnitine from fatty acyl-coenzyme A,
carnitine palmitoyl-CoA transferase-1 (CPT-1), is located in the outer membrane
(36). CPT-2, the inner membrane isoenzyme, converts long-chain acyl carnitine back
to long-chain acylCoA, then present in the inner membrane-matrix compartment,
where beta-oxidation of fatty acids takes place. This compartment also contains
pyruvate dehydrogenase and the citric acid cycle activity. It is relatively rich in CoA,
compared to the extra-mitochondrial cytosol, whereas the latter contains the bulk of
cellular carnitine (30). Mitochondrial carnitine acetyltransferase is localized in the
innermembrane, probably facing the matrix. Hence carnitine may liberate CoA from
acetyl-CoA by exporting acetylcarnitine from the mitochondria. In this way it would
stimulate citric acid cycle activity, which would be inhibited by a high acetyl-CoA/CoA
ratio (23). This situation could occur during a shortage of cellular oxygen, as a
decline in respiratory chain activity would limit citric acid cycle velocity and thus limit
the use of respiratory substrates (such as pyruvate, ketone bodies and fatty acids).
Fatty acids may be stored in the cytosol as triglycerides, whereas pyruvate
(mostly after reduction to lactate) may diffuse out of the cell. Hence, if carnitine
administration were able to delay metabolic disruption, by lowering the acetylCoA/CoA ratio in the cell, it would probably be in a hypoxic or pre-ischemic state.
Carnitine could diminish lactic acidosis of tissues if it could stimulate citric acid
cycle activity, as the resulting increased rate of ATP synthesis is known to inhibit
glycolysis (cf. 40). In addition, stimulation of pyruvate removal by acetylcarnitine
formation may be expected. It must be stressed that this can only happen if at least
some oxygen is available for pyruvate dehydrogenase plus oxidative phosphorylation. Therefore, carnitine could operate in conditions of imminent ischemia, but not
once it was fully developed. To verify this assumption in vitro, the erythrocyte-free
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Figure 4.1. Mitochondrial beta-oxidation.
Long-chain fatty acids are activated by palmitoyl-CoA synthetase (PCS). The CoA-ester passes through
pores in the outer membranes, is converted into a carnitine ester by the action of carnitine palmitoyl
transferase I (CPT-I), moves through the inner membrane via the carnitine carrier, and is reconverted into
a CoA-ester by carnitine palmitoyl transferase II (CPT-II). Acyl-CoA is oxidized by enzymes of betaoxidation and the respiratory chain to acetyl-CoA, which is further oxidized by enzymes of the citric acid
cycle and the respiratory chain. From: H.R. Scholte et al. Neurology 38(1988)1659-1660.

perfused and paced Langendorff heart is suitable. This preparation is borderline
hypoxic, as judged by the continuous production of lactate from glucose or glycogen,
particularly when the hearts are subjected to increased cellular C a ^ turnover (20,27,28). The latter can be accomplished by including glucagon in the perfusion medium (35) or by brief acidification, known to cause release of plasmalemmal-bound
Ca * into the cytosol (27,48), and the release of noradrenaline (norepinephrine) into
the interstitial space.
Before citing examples that indicate inhibition of lactic acidosis by carnitine
administration, two types of experiment will be described, one with the paced
Langendorff rat heart, as mentioned above, and one with paced dog skeletal muscle
in vivo. The term lactic acidosis refers to acidosis caused by endogenous lactic acid
production. This is different from lactate formed from added pyruvate, which may not
be accompanied by acidosis (by contrast, the lactate dehydrogenase reaction per se
may consume protons, while forming lactate from pyruvate).
Effect of carnitine on lactic acidosis in langendorff heart
Induction of acidosis by changing the pH of the perfusion medium during pacing from
7.5 to 7.0 results in dramatic alterations in the heart. After an initial increase of car50
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diac contractility (indicating transiently increased cytosolic Ca^* ), accompanied by
the release of Ca^* from the cytosolic side of the plasmalemma, contractility
decreased progressively (20,27). In approximately 60% of cases contractility ceased
completely. The coronary flow initially increased after switching to pH 7.0 perfusion,
but gradually decreased after contractility started to fall. This frequently resulted in
complete cardiac arrest and strongly reduced flow after about 6 min of perfusion at
pH 7.0 perfusion. The addition of oleate to the perfusion medium minimized these
phenomena and prevented irreversible changes, as judged by complete restoration
of cardiac functions upon reperfusion with pH 7.5 medium (27). Perfusion with 5 mM
L-carnitine instead of oleate did not protect against the pH 7.0 induced deterioration
(n = 3). In these experiments we used hearts with normal (low) endogenous
triglyceride content and no fatty acid in the perfusion medium. Therefore, no stimulation of fatty acid metabolism could have taken place.
The addition of 5 mM L-carnitine not only failed to improve cardiac function, but
also failed to influence metabolism. In the absence or presence of added carnitine,
lactate and acetylcarnitine levels in the hearts after 10 min pH 7.0 perfusion were 8.9
± 1.8 and 0.20 ± 0.03 nmol per g wet weight respectively (mean ± SEM, n = 3). In
the presence of 5 mM L- carnitine, lactate and acetyl carnitine levels were 10.9 + 1.9
and 0.25 ± 0.03 |imol per g wet weight respectively (mean ± SEM, n = 3). Hence,
under the conditions of this test, there was no effect of carnitine in Langendorff
perfused hearts subjected to acidosis. The absence of a positive effect of carnitine at
low fatty acid supply has also been observed in skeletal muscle (see below).
Hiilsmann et al (26) demonstrated that 5 mM carnitine prevented triglyceride accumulation during Intralipid perfusion of rat Langendorff hearts. Thus, carnitine might
only be effective when fatty acids are present in high concentrations.
Acute effect of carnitine on skeletal muscle force in vivo
We have studied the effect of carnitine administration in an in situ fatigue test in the
dog, using a pacemaker-stimulated latissimus dorsi muscle connected to a forcedisplacement transducer (10,11). Intravenous carnitine injection increased muscular
force by about one third in untrained dogs (n = 10). After training, the effect on the
muscle was less pronounced. The acute effect of carnitine administration was unexpected as none of the dogs was carnitine deficient and had average plasma levels of
23 nmol ml'^ prior to injection. The skeletal muscle concentrations were about 4700
nmol per g wet weight and not increased by carnitine administration. We explained
the effect of L-carnitine as stimulation of oxidative phosphorylation. The effect of Lcarnitine could not be mimicked by choline or by D-carnitine, which even inhibited
force to some extent. Also, injection of insulin (while maintaining glycaemia) inhibited
force production. Both D-carnitine (an inhibitor of carnitine palmitoyltransferase I) and
hyperinsulinemia are known inhibitors of (J-oxidation. L-carnitine not only increased
force of the stimulated muscle, but also improved vascular flow, which was demonstrated after injection of microspheres (11). Hence the acute effect of carnitine may
be explained by increasing muscle aerobiosis by increasing flow (10,11). The lesser
effect of L-carnitine in trained muscle is in line with this hypothesis since the number
of capillaries increased by 40% as a result of training.
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These experiments did not reveal the mechanism by which carnitine injection
increased flow in stimulated, untrained muscle. Carnitine may have decreased local
acidosis, known also to be vasoconstrictive in skeletal muscle (46). That carnitine
probably does not act solely by accepting acetyl-groups in the pyruvate
dehydrogenase reaction is demonstrated during hyperinsulinemia. In this situation,
when pyruvate dehydrogenase may be expected to be activated, carnitine was found
to be ineffective in stimulating muscle force (10). The explanation for this phenomenon could have been the expected low rate of beta oxidation of fatty acids during
hyperinsulinemia. In addition, L-acetylcarnitine was as good a stimulator of force as
L-carnitine (11). Hence the carnitine effect must have a predominant catalytic char40
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Figure 4.2. Effects of carnitine or high plasma fatty acid levels on muscle performance. LEFT: The effect
of L-carnitine on latissimus dorsi (LD) force tests. Open bars represent the control test, hatched bars show
force of the same muscle after a rest period of 30 minutes, during which 1 g of L-carnitine was infused
intravenously. The experiment was carried out in ten dogs, (n = 10).
RIGHT: The effect of high plasma fatty acid levels on LD force tests. Open bars represent the control test,
dotted bars show force of the same muscle after a rest period of 30 minutes, during which 75 ml 20%
Intralipid® together with 200 IU heparin/kg (to increase lipolysis) was infused. The experiment was carried
out in 3 dogs. * represent values significantly different from control values.

acter and not be solely caused by the trapping of acetyl-groups in the pyruvate
dehydrogenase reaction.
Stimulation of ATP generation by carnitine could be most effective in preventing
local acidosis. This is substantiated by increasing fatty acid availability to the paced
skeletal muscle instead of increasing carnitine. Figure 4.2 shows that increasing the
circulating free fatty acid level (by infusion of Intralipid with heparin to stimulate
lipolysis ), results in a considerably higher force of the musculus latissimus dorsi
during pacing, similar to the effect we observed after elevating the circulating
carnitine concentration. During increased fatty acid supply, carnitine had no additional stimulatory effect in these experiments. Therefore we can conclude that Lcarnitine or fatty acid supply may inhibit lactic acidosis and as such limit acidification
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of the interstitium, which is responsible for vascular flow decline, as we have shown
in the heart (20,28).
The beneficial effect of carnitine raised the question: Is there a carnitine-deficient
compartment in muscle under the conditions of the tests? As the muscle cells are
stores of carnitine in the body, it is unlikely that the sites of storage could be
carnitine deficient. Perhaps subsarcolemmal or vascular sites could easily lose
carnitine during local acidosis? In skeletal muscle and in heart two types of
mitochondria can be distinguished (19,24,25): M., (superficial) and Mg (interfibrillar)
mitochondria. The M., mitochondria have a relatively loose coupling of
phosphorylation to oxidation, perhaps a reflection of higher vulnerability of the
muscle compartment involved. This could also apply to mitochondria in cells of the
bloodvessels.
Carnitine and energy supply in blood vessels
Both vascular endothelial and smooth muscle cells contain carnitine
palmitoyltransferases, as judged by the presence of (carnitine-dependent) fatty acid
oxidation (22,37). Van Hinsbergh et al (47) observed that cultured endothelial cells
occasionally contain lipid droplets, that disappear after carnitine addition. We
observed that adding carnitine to endothelial cells in a glucose-containing culture
medium strongly stimulates oxidation of oleate (22). By comparing the rates of oleate
oxidation and lactate formation, we have been able to calculate that fatty acid oxidation may contribute much more than glycolysis to aerobic ATP synthesis. This conclusion is at variance with that of others (34), who may have omitted carnitine from
the culture medium.
In some species vascular endothelial cells may not be particularly sensitive to
ischemia (6). In hypoperfused rat Langendorff hearts, however, we noted early leakage of the endothelial enzyme xanthine oxidase into the cardiac interstitium (21).
The production of oxygen radicals, in the interstitial space, may have been partly
responsible for the observed loss of cardiac contractility, as acute improvement of
contractility was seen after addition of superoxide dismutase to the medium (21).
Also, the addition of vasoxin, a strong alpha-adrenergic vasoconstrictor, increased
cardiac contractility (21), which suggests increased cardiac performance by an
increase of the perfusion pressure during perfusion by constant (low) flow instead of
constant pressure.
High vascular vulnerability in dog hearts subjected to ischemia, has recently
been observed by Dauber et al. (9). They noticed increased microvascular permeability and impaired endothelium-dependent vasodilation. Early involvement of vascular endothelium in ischemia has also been noted in humans as increased prostacyclin biosynthesis in obstructive arterial disease (15). Therefore, in certain species,
there is early vascular involvement in oxygen deficient muscles which might lead to a
lower carnitine concentration in endothelial cells. Whether vascular smooth muscle
cells are as sensitive to ischemia remains to be seen. They probably contain
carnitine under normal conditions, as human arterial smooth muscle cells in culture
oxidize added oleate, a process completely inhibited by the carnitine palmitoyl
transferase II inhibitor aminocarnitine (table 5.2). Even if smooth muscle cells in vitro
are as sensitive to ischemia as endothelial cells, it need not be so in situ. Capillary
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endothelial cells may be more directly exposed to lactic acid (and perhaps also to
long-chain acylcarnitine) produced by the bulk of striated muscle cells.
"
Examples of improved function by carnitine in pre-ischemic muscles
Local deficiency of carnitine might occur in ischemia followed by reperfusion. High
intensity exercise has been shown to lead to a considerable loss of carnitine from
skeletal muscle (5,13,18,44). This also occurs in heart due to pacing or infarction
(45). Carnitine could be lost from muscles by leakage through plasma membranes,
together with other cytosolic compounds, as has been demonstrated after damage
caused by the calcium-paradox (42). Conversion of carnitine to acylcamitines is
another way to produce deficiency. Overall carnitine levels in muscle are high, both
in white and red muscle fibres (31), but localized areas might be deficient under
certain circumstances.
Brevetti et al (5) showed a positive effect of carnitine administration on skeletal
muscle function in humans, suffering from peripheral vascular disease. Walking
distance improved, together with vascular flow. Ferrari et al (14) observed, in
patients with angina pectoris, a decline of lactate output during pacing, indicative of
improved oxygenation of cardiac tissue. We observed acute improvement of force in
stimulated musculus latissimus dorsi of the dog, in situ, by carnitine injection, as has
been discussed above. Siliprandi et al (44) recently showed that in seven out of ten
humans subjected to physical exercise, a greater amount of work was carried out
when exercise was started one hour after an oral dose of L-camitine. The explanation given for this observation was stimulation of pyruvate removal in the form of
acetylcarnitine, a phenomenon also observed by Ferrannini et al.(13).
Mechanisms by which carnitine may improve blood flow
The vascular system appears to be vulnerable in the pre-ischemic state of muscle
(9,21). One possibility is a loss of carnitine, and another is altered signal
transduction, during acidification of interstitial spaces. This may result from
glyco(geno)lysis, instead of fatty acid oxidation being the major source of ATP and
from a increase in noradrenaline release. Inhibition of glycolysis may be
accomplished by stimulation of respiratory chain phosphorylation. Both limitation of
metabolic acidosis and increased ATP synthesis might result from carnitine
suppletion, particularly when it concerns a muscle compartment relatively deficient in
carnitine. This need not be the vascular compartment itself, but may be an area of
striated muscle cells. Limitation of local acidosis may be expected to increase flow,
as pH lowering has been shown to cause the release of bound Ca^* not only in
striated, but also in vascular smooth muscle cells (32). In addition to this important
phenomenon, other factors may be involved, such as alteration of intracellular ATP
levels. High concentrations of ATP may stimulate the closure of plasmalemmal, ATPdependent, K* channels (12,33,39), and limit the loss of cellular K*, generally seen
in hypoxia/ischemia. Both vascular smooth muscle and endothelial cells contain
ATP-sensitive K* channels (12). Blocking these K* channels caused depolarization
and reduction of Ca^* influx, so that the cellular Ca^* level decreases. Cytosolic
Ca^* increase in endothelial cells not only enhances endothelial derived relaxing
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factor (EDRF), but also PGIg release (33). Both autacoids are vasodilators and inhibition of their secretion may result in increased perfusion pressure. Acidosis may
also affect plasmalemmal Na*-Ca^* exchange, as the exchanger may be strongly
inhibited at pH 6 and stimulated at pH 9 (39). The exchanger is present in arterial
smooth muscle cells (2) and may cause a rapid efflux of Ca^* after increasing
cytosolic Ca^*.
From the above considerations we concluded that in the pre-ischemic state protons play a central role in the mechanism of (Ca^* dependent) vasoconstriction.
Proton excess may affect plasmalemmal signal transduction, increased noradrenaline release and stimulation of the phosphatidyl inositol cycle (3) could play an
important role, in the observed release of Ca^* from the cytosolic side of plasma
membranes (20,27,48).
Acidosis may be prevented by inhibition of glyco(geno)lysis and by the stimulation of oxidative removal of pyruvate. Promotion of capillary flow is most important to
remove metabolic products. Long-chain acylcarnitine can also flood the interstitium in
the pre-ischemic state. It might affect both vascular smooth muscle and endothelial
cells (8), as will be discussed below.
Long-chain acylcarnitine and loss of coronary flow
From unpublished experiments we concluded, that in lipid-enriched Langendorff rat
hearts, inhibition of beta-oxidation by aminocarnitine does not lead to accumulation
of long-chain acylcarnitine as long as glycogen is present. Apparently, fatty acid
levels are kept low by the operation of the glucose/fatty acid cycle (41). This takes
place at the surface of the endoplasmic reticulum, so that only small amounts of fatty
acids can be converted to their carnitine derivatives in the mitochondrial CPT-1 reaction. In ischemia, however, glycogen has disappeared and long-chain acylcarnitine
can accumulate (30,43). In pre-ischemia, the retardation of acidosis by carnitine
addition could delay the loss of flow, and as such limit long-chain acyl carnitine accumulation.
An acute effect of carnitine administration could only be visualized if it had to act
in a carnitine-deficient compartment. The bulk of the muscle mass, which must be
mainly responsible for interstitial flooding with long-chain acylcarnitine accumulation
in pre-ischemia, probably contains sufficient carnitine already. Therefore, it is not
likely to ascribe the observed beneficial effect of carnitine addition to increase of
myocytal long-chain acylcarnitine production. However, by promoting flow, carnitine
addition may be expected to lower interstitial long-chain acylcarnitine levels.
When in the experiments mentioned above, the lipid-enriched rat hearts, were
depleted of glycogen by preperfusion with glucagon, prior to 60 min perfusion with
glucagon and aminocarnitine, they were found to accumulate an large amount of
long-chain acylcarnitine (0.3 nmol per g wet weight), while considerable amounts of
long chain acylcarnitine were secreted by the heart during perfusion. These hearts,
paced at a rate of 300 beats/min, remained intact as judged by continued beating.
There was no loss of myoglobin and coronary flow remained unaltered during constant pressure perfusion. These experiments, to be published elsewhere (29), indicate that cardiac membranes are not adversely affected by long-chain acylcarnitine
during pH 7.5 perfusion as long as flow continues. Although long-chain acylcarnitine
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cannot be the initiator of metabolic and functional disruption, its occurrence during
acidosis, resulting in a progressive decline of flow as in pre-ischemia, may contribute
to damage. We consider the beneficial effect of carnitine supplementation to be due
to prevention of local acidosis and not to primary avoidance of interstitial flooding by
long-chain acylcarnitine.
Finally, a possible cholinomimetic effect of carnitine requires discussion (although choline is not able to replace carnitine in stimulating force of paced dog latissimus dorsi muscle) (10).
Carnitine and acute cholinomimetic effects on muscle
Cholinomimetic effects of (acetyl)carnitine have been described by a number of
authors (1, cf 16). We have observed that edrophonium chloride (Tensilon), a
cholinesterase inhibitor, stimulated the force of the paced latissimus muscle of the
dog in situ (11), as discussed above for carnitine. In the presence of Tensilon,
carnitine did not have an additional effect. Both drugs may have promoted blood
supply to the muscle, but cannot have the same mechanism of action. Carnitine is
not an acetylcholine-esterase inhibitor, and carnitine has no cholinergic action in the
absence of ischemia, whereas vasodilatory properties of true cholinergic agents may
also be observed in the absence of ischemia (7,49). It may be of interest to note that
ischemia impairs endothelium-dependent relaxation to acetylcholine (9), which could
be due to local acidosis and/or changes of membrane fluidity, caused by the accumulation of detergents (like long-chain acylcarnitine, and lysophospholipids).
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CHAPTER 5

CARNITINE REQUIREMENT OF VASCULAR
ENDOTHELIAL AND SMOOTH MUSCLE CELLS IN
IMMINENT ISCHEMIA
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ABSTRACT
Vascular endothelial and -smooth muscle cells have been shown to use fatty acids
as substrates for oxidative phosphorylation. Endothelial cells are more vulnerable to
oxidative stress than muscle cells and are prone to loose carnitine early during
hypoperfusion. This has been suggested by two observations. The first is that incubation of isolated endothelial cells in a low carnitine medium leads to oleate oxidation, dependent upon carnitine addition, whereas smooth muscle cells do not depend
on carnitine addition during in vitro incubation, although aminocarnitine, a specific
inner-membrane carnitine palmitoyltransferase inhibitor, inhibits fatty acid oxidation.
The second observation is that rat hearts labelled in vivo with ^C-carnitine loose,
as paced Langendorff heart, only 4% of their carnitine in 20 min perfusion, following
60 min global ischemia. The carnitine released had a much higher specific radioactivity than the carnitine that was not released. It indicates compartmentation of carnitine in heart. As earlier and presently discussed work shows endothelial vulnerability, it is to be expected that this cell type may become carnitine deficient during
pacing and ischemia. Endothelial incompetence in flow regulation could be delayed
by the presence of carnitine and fatty acids in pre-ischemia. It is speculated how
activated fatty acids could protect endothelium.
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INTRODUCTION

We have observed acute stimulation of function of paced muscle by intravenous
administration of L-carnitine (6,7). This was accompanied by the increase of flow, as
determined by microsphere injection (7). The effect of carnitine is probably due to
stimulation of fatty acid metabolism (6,7). Earlier we observed (14) that during
hypoperfusion of heart endothelial cells are most vulnerable, judged by the early
release of xanthine oxidase, an endothelial marker enzyme. This enzyme was probably involved in the production of oxygen free radicals in the interstitium, as the rapid
loss of cardiac function due to hypoperfusion, could acutely be diminished by
superoxide dismutase (SOD) administration. As we have observed that fatty acids
are vasodilators (11) and delay acidosis-induced decrease in vascular flow (12), we
decided to investigate fatty acid metabolism in vascular cells.
Fatty acid oxidation in vascular endothelium, has recently been demonstrated by
us (15). Fatty acid oxidation in vascular smooth muscle cells will be reported in the
present communication. We will also discuss the particular sensitivity of vascular
endothelial cells to ischemia and the possible mechanisms by which fatty acids and
(acyl)carnitines delay the loss of flow in pre-ischemia.
MATERIAL AND METHODS
Cell culture
Human umbilical artery smooth muscle cells were provided by Mr. A Verkerk,
Department Cell Biology, Erasmus University, Rotterdam. They were isolated from
pieces of arterial wall and cultured in a fibronectin coated 24 well plate (Costar) in
medium M199 supplemented with 10% fetal calf serum, 10% human serum ,100
I.U./ml penicillin, 0.1 mg/ml streptomycin. The muscle cells were positively identified
with a monoclonal antibody against smooth muscle alpha-actin (Sigma clone no 1
A4) and subcultivated by 1:3 splits when the culture reached confluency. A 7h incubation was carried out in (carnitine-free) Waymouth MB 721/1 medium supplemented
with 2% fatty acid free bovine serum albumin and O.9 mM (9,10-^H)oleate. After
incubation the ^HgO formed was determined as described (15). The carnitine and
aminocarnitine used were gifts from Dr. F Maccari (Sigma Tau, Pomezia, Italy).
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Rat heart perfusions
were carried out according to the Langendorff technique with a modified Tyrode
solution, containing 11 mM glucose as substrate, as described before (11). Ischemia
was produced by completely interrupting flow and keeping the heart at 37°C in
medium saturated with 95% Ng and 5% COg. After 60 min of ischemia, reperfusion
was started and effluent were collected over 20 min. The radioactivity in the effluents
and of the residual activity in the heart were determined. The percentual release of
carnitine was calculated, based on radioactivity measurements, to include loss of
acylcarnitines. The specific activities of carnitine in hearts and effluents were determined. Carnitine was measured by the method of Cederblad (1).
Isolation of mitochondria; assay of mitochondrial components
Rat hearts were finely minced with scissors and homogenized in a Potter-Elvehjem,
teflon-glass homogenizer. Debris and nuclei were removed at 5 min 600xg and the
supernatant spun for 10 min at 6000 x g. to sediment the mitochondria. The isolation
medium contained O.1 M KCI, 0.05 M Tris-HCI (pH 7.4), 1 mM EDTA, 5 mM MgCL,,
1mM ATP, 0.8 mg/ml BSA. After isolation, the mitochondria were frozen in batches
for analysis. Protein was determined by the biuret method. Carnitine
acetyltransferase (26) and propionyl-CoA carboxylase (29) were measured as
described.

RESULTS
Fatty acid oxidation in vascular smooth muscle
From Table 5.1 it can be seen that in cultured smooth muscle cells the addition of Lcarnitine to carnitine-free incubation medium slightly stimulated oxidation of Hlabelled oleate. The carnitine content of the culture medium (present in serum) was 6
HM and apparently enough to obtain an optimal intracellular carnitine level that
remained high during the subsequent 7 h incubation. The strong inhibition by
aminocarnitine, a specific inhibitor of carnitine palmitoyl transferase II (17), indicated
the requirement of carnitine-dependent transport of (activated) fatty acid into the
mitochondrial matrix space.
Table 5.1. Oleate oxidation in cultured smooth nuscle cells.
The cells were incubated for 7 h in Waymouth medium,
enriched with 2% bovine serum albumin and 0.9 mM ^Holeate. Values are mean + SD of 4 experiments.
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Addition

nmoi oJeate/mg
protein per h

None

13.4 ± 1.6

Carnitine 60 nM

16.0 ±4.9

Aminocarnitine 30 |iM

0.5 ±0.6

/A/ MSCUMf? /WD SMOOTH MUSCLE CELLS

Aminocarnitine also inhibited oleate oxidation in adventitia- and endothelium-free rat
aorta (Table 5.2). This effect of carnitine addition was also small. The low dependence of fatty acid oxidation in smooth muscle on carnitine addition (Tables 5.1 and
5.2), compared to that in endothelial cells (15) during in vitro incubation, suggests a
higher rate of carnitine loss from the latter cell type during in vitro incubation. More
experiments are required to settle this point.
Tabel 5.2. Oleate oxidation in adventitia and endothelium free
rat aorta. Rat aortas, cleaned in saline at room temperature,
were cut in small pieces and incubated in standard perfusion
medium with 11 mM glucose, 2% bovine serum albumin and
1.7 mM ^H-oleate (1 nmol = 0.835 nCi). After 4 h of incubation
at 37 °C in siliconized scintilation vials (under 95 % Og + 5 %
COj). we determined DNA contents as well as the amount of
" ^ O formed (for details see reference 6). Values are mean ±
SD for 3 deterinations.
Addition

nmol/h/mg DNA

None

11.3 ±0.1

L-carnitine 80 nM

14.7 ± 1.4

Aminocarnitine 40 |iM

7.8 ± 0.4

Relative resistance of muscle cells against ischemia
During hypoperfusion of Langendorff rat hearts, we observed that xanthine oxidase
leaked through endothelial plasmalemma, while smooth muscle cells were functionally still intact as judged by prompt responses to vasodilator (nitroprusside) and
vasoconstrictor (vasoxin). As there was no loss of myoglobin, we concluded that
vascular endothelium is most vulnerable to ischemia (14).
After overnight in vivo labeling of rats with ^C-L-carnitine, Langendorff perfusion
of the electrically stimulated heart led to no measurable loss of label after the
removal of blood (not shown). After one hour of global ischemia at 37°C the loss of
carnitine was still low and the specific activity of the released carnitine much higher
than that of the residual cardiac carnitine (Table 5.3). It suggests leakage of a
carnitine containing cell compartment.

Table 5.3. Specific activity and loss of carnitine from in vivo '*C-carnitine labelled rat hearts. Fifteen
hours after in vivo labelinng with 5 nCi '*C-carnitine by intraperitoneal injection of each rat of about
250 g, perfusions were carried out as described in the methods section. Shown are the values (mean
t SD) of 4 experiments.
Specific activity in effluent

Specific activity In heart

Amount of label removed
after Ischemia

(pCi/nmol)

(pCi/nmol)

percent (%) of total

2710 + 730

22.4 ± 2.3

4.4 ± 1.6

From the early leakage of enzymes from endothelium (14) it is most likely that
leakage of carnitine after brief ischemia of muscle, is also predominantly from
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endothelial origin. Also the mitochondrial inner membrane of cardiomyocytes is relatively resistant to ischemia.
From Table 5.4 we can conclude that 30 min. global ischemia of rat heart at
37°C, followed by the isolation of mitochondria, at 0-5°C, resulted in preservation of
matrix components. That carnitine acetyl transferase is not lost, might be due to its
firm binding to the innermembrane, but propionyl-CoA carboxylase is a looselybound matrix protein (34) and could be lost easily if mitochondrial leakage would
occur. This also holds for low molecular compounds, like carnitine (Table 5.4). The
latter compound increased in concentration in the mitochondria, a phenomenon
observed already by Idell-Wenger et al (18), who found that carnitine shifts from the
cytosol to the mitochondria due to ischemia. They also found retention of coenzyme
A in the matrix mitochondrialis (18).
Table 5.4. Mitochondrial matrix components in control and ischemic hearts. Control and ischemic hearts
(30 minutes at 37°C), were rapidly cooled in ice-cold isolation medium and mitochondria were isolated
(see Methods). Values are mean ± SD of 4 experiments.
carnitine acetyl
transterase

propionyl-CoA
carboxylase

L-carnitlne

Mitochondrial source

mU/mg protein

mU/mg protein

nmol/mg protein

control hearts

290 ± 15

21+2

1.3 ± 0.2

ischemic hearts

308 ± 32

20 + 2

2.6 ± 0.3

The observed loss of carnitine from heart- or skeletal muscle during pacing or
strenuous exercise (8,10,30,31) may be expected to be at least partly due to its loss
from endothelial cells. This leads to our hypothesis that observed acute beneficial
effects of intravascular carnitine administration, during pacing or exercise (6,7,9),
may be due to restoration of regulatory functions of endothelium on muscle flow.
DISCUSSION
Endothelial cells possess a large capacity for anaerobic glycolytic energy production
(5,22). In aerobiosis they also oxidize fatty acids (15). Vascular smooth muscle cells
also catalyse fatty acid oxidation (Tables 5.1 and 5.2), as may have been expected
(24). Vascular fatty acid oxidation might still proceed in imminent ischemia, as vascular mitochondria may still have access to some oxygen when mitochondria within the
muscle tissue are already fully anaerobic, due to the presence of an oxygen concentration gradient. Perhaps this situation makes the endothelium most suitable for
oxygen free radical formation in imminent ischemia. That endothelial cells can be
damaged by oxygen radicals has been known for some time (27). Indeed, an early
indication of endothelial alteration is its failure to regulate flow (3,32). We have been
able to show (14), that the loss of cardiac function during hypoperfusion of rat
Langendorff hearts, could partly be overcome by the addition of superoxide
dismutase to the perfusion medium. This indicates that at least part of the damaging
free radicals are present extracellularly, probably in the interstitium. Intracellularly,
the radicals may be formed by various subcellular fractions (2), many cell types are
equipped with superoxide dismutase. For endothelium, this may be illustrated by the
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observation of MCigge et al (23), that endothelium derived relaxing factor (EDRF)
cannot be secreted from rabbit aorta after inhibition of intracellular superoxide
dismutase. In our study (15), the beneficial effect of added, extracellular, superoxide
dismutase indicates neutralization of the negative effect of Og" resulting in increased
capillary flow. The addition of a vasoconstrictor instead of super oxide dismutase had
a similar effect on heart function, which may be explained by improved perfusion
pressure during flow limitation. The targets of the interstitial free radicals under our
conditions of hypopeiiusion have not been studied. It could be the endothelial cell
itself, affecting its vasoregulatory messengers (endothelins, endothelium derived
relaxing factor, prostacyclin or other autacoids), or their receptors on smooth muscle
cells. It is probably not the smooth muscle alpha-adrenergic receptor or guanylate
cyclase of smooth muscle cells, as judged by prompt reactions upon vasoxin or
nitroprusside addition (15). The observed effect of fatty acids on delaying imminent
ischemia, as induced by acidosis (12), is probably located in endothelial cells, the
most likely source of O j " in preischemia (14,19,32). Our experience that fatty acid
and carnitine are both needed to improve force of the paced Iatissimus dorsi muscle
(6), suggests that fatty acids must be activated in order to be effective. Activated
fatty acid can protect being a substrate of oxidative phosphorylation. A high rate of
ATP generation limits glycolysis and prevents lactic acidosis. More efficient ATP
generation may be expected to lower free radical formation, as low cytosolic AMP
limits the extracellular generation of substrates for xanthine oxidase, as discussed
above. It might help the regulation of intracellular Ca^* and the reacylation of membrane lysophospholipids, formed by endogenous phospholipase action, and perhaps
by membrane stabilization by long-chain acylcarnitine (13,16).
Acute effects of carnitine on stimulated muscle have been discussed above and
may well be based on improved flow (cf 16). Carnitine derivatives, such as acetylcarnitine and propionylcarnitine have also been shown to be effective in the prevention
of disorders related to hypoperfusion (20,25). Sassen et al (28) observed that
propionylcarnitine improved transmural cardiac flow in pigs subjected to ischemic
conditions. Acetylcarnitine and propionylcarnitine might be efficient carnitine donors
(25). Propionylcarnitine could have an additional advantage over carnitine and
acetylcarnitine as after carboxylation, it could generate citric acid cycle intermediates
(4). However, the beneficial effect of acetylcarnitine (20), would then require a different explanation as it is not an anaplerotic agent and could lead to further increase
the acetyl-CoA/CoA ratio in the mitochondrial matrix. Another possibility is the protection of mitochondria from depletion of CoASH by its conversion to short-chain
acyl-CoA, before CoASH is oxidized to CoASSCoA (inactive, oxidized-coenzyme A)
by free radicals, known to affect the sulfhydryl status of mitochondria (2). The fate of
added carnitine and their short-chain derivatives in imminent ischemia should be
studied in endothelial cells, as muscle cell mitochondria are relatively resistant
towards ischemia (Table 4 and ref.21). Both propionylcarnitine and acetylcarnitine
have been shown to decrease cytoplasmic C a ^ levels in endothelial cells, subjected
to oxidative stress (33). Recent experiments indicate that carnitine addition to fatty
acid and glucose containing media increases NADPH in endothelial cells. This is
required for EDRF and GSH generation and maybe largely responsible for the
observed improvement of flow during oxidative stress.
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CHAPTER 6

CHRONIC L-CARNITINE ADMINISTRATION
COMBINED WITH MINIMAL ELECTRICAL
STIMULATION PROMOTES TRANSFORMATION OF
CANINE LATISSIMUS DORSI MUSCLE
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ABSTRACT
In this study dogs received 1 g of L-carnitine intravenously (three times weekly) for 8
weeks. The left latissimus dorsi muscle was equipped with electrodes and a
pacemaker to perform in vivo contraction measurements weekly, while the right
latissimus dorsi muscle served as control. We were surprised to find that only in the
left latissimus dorsi carnitine administration caused the percentage of type I fibres
(measured with an antibody (R11D10) against type I, heavy chain myosin) to
increase from 30% to 55%. Also in the left muscle only, the contraction speed
(measured as percentage ripple) decreased from 75% to 30%, and cytochrome c
oxidase activity increased from 113 ± 11 to 179 ± 16 nmol/min/g wet weight (n = 4,
mean ± SEM). None of these changes occurred in the right muscle.
Our experiments led to the following conclusions:
Taking biopsies does not influence the fibre typing of the muscle. Without carnitine
administration, a weekly measurements session, does not lead to a change in fibre
type. Administration of carnitine, combined with a weekly measurements session of
this muscle, consisting of several stimulation patterns lasting, in total, approximately
1 hour, leads to a significant shift in muscle fibre type composition towards a muscle
with an increased content of type I fibres.
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INTRODUCTION

In previous studies our group has shown that continuous electrical stimulation
induces an adaptation of canine latissimus dorsi muscle from a mainly white, fast
muscle (70 % type II fibres, 30 % type I fibres) to a muscle consisting of almost 100
% type I fibres (6,12). The ability of the latissimus dorsi muscle to transform to a
muscle composed of almost 100 % type I fibres is important for its application to
support a failing heart, i.e. dynamic cardiomyoplasty (2,3,13,14). Adaptations of the
latissimus dorsi muscle were seen on histological and biochemical levels, whereas
the complete transformation was found to require approximately 12 weeks of training
(6,12). It is of clinical interest to minimize this adaptation time, since during the first
period after such an operation the expected support of the muscle to the failing heart
cannot be optimal, due to fatigue that occurs in the untrained, non-transformed
muscle. Conditioning of the muscle, prior to cardiomyoplasty has also been suggested, but this has some obvious practical disadvantages. To obtain maximal benefit
for the cardiomyoplasty procedure (2) it is our aim to shorten the time required for
muscle transformation, quickly allowing an optimal stimulation to support the failing
heart.
Previous experiments with L-carnitine showed that administration of this cofactor
for fatty acid oxidation to dogs resulted in an acute increase of latissimus dorsi force
(4), most likely due to an increase in blood flow (5). Spagnoli et al. (15) recently
described an increase in type I fibres in deltoid muscle of patients undergoing regular haemodialysis, when this dialysis was accompanied by a intravenous dose of 2
g of L-carnitine after each dialysis session (three times weekly). This increase was
based mainly on hypertrophy and predominance of type I fibres (15).
These acute (4,5) and chronic (15) effects of L-carnitine led us to perform a
study with four dogs which were treated chronically with high doses of L-carnitine.
The aim of the present study was to investigate the effect of chronic L-carnitine
administration on mechanical, biochemical and immunochemical parameters. To our
surprise a difference between the latissimi dorsi occurred.
MATERIAL AND METHODS
Experimental design
The experiment was divided in two periods, one prior to carnitine administration, the
control period. Then in the second period chronic L-carnitine administration was
started. Throughout both periods biopsies for biochemical and immunochemical
evaluation were taken from both muscles at -8, 0, 4 and 8 weeks. The left latissimus
dorsi was chosen to be used for contraction measurements, for which electrodes and
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a pacemaker had to be implanted so as to allow stimulation of this muscle. Contraction measurements were performed weekly.
Animals and mechanical measurements
Four adult, male mongrel dogs, ranging in weight from 25-35 kg, were used. Two
weeks prior to the first measurements, two electrodes were implanted. Under general
anaesthesia an incision of approximately 8 cm was made behind the dogs left scapula. The firs electrode (negative) was sewn into the proximal part of the left
latissimus dorsi muscle near the main branches of the nervus thoracodorsalis, a
second electrode (positive) was sewn into the muscle 6 cm more distally. Any
unnecessary tissue damage was avoided. The electrodes were connected to an
ITREL™ myostimulator (Medtronic SP7420).
Two weeks were allowed for wound healing, before commencing force measurements. Force measurements were performed under general anaesthesia after positioning of the dog on its right side on the operating table. Subsequently the left forefoot was connected with straps to a force transducer (Grass FT 10, Grass Instruments, Quincy, Mass. USA) in a position in line with the paw and the latissimus
dorsi, so as to allow measurement of the isolated force of the latissimus dorsi. The
optimal positioning of the paw was tested by administering twitch contractions at
varying length of the latissimus dorsi muscle. The length which yielded maximal
force was used for further testing. To restrict compensatory movements of the dog
during contraction of the left LD muscle, the dog was fixed during the measurement
session against two vertical bars, one in front of the thorax, the other at the back of
the animal against the scapulae. With this test protocol the contractions of the
muscle can be considered isometric. All force measurements were recorded at a
speed of 25 mm/sec on a multichannel Schwarzer recorder, with a frequency
response of 300 Hz, measured for 3 dB points.
Every week a standard protocol of measurements was performed to assess
muscle function. Ripple measurements (i.e. ratio between interpulse amplitude and
burst amplitude) were performed to assess contraction speed (12). Ripples were
measured by programming the pacemaker with the following parameters: time on 1
sec, time off 10 sec. The frequency of the burst was 10 Hz, and was tested for 3
subsequent contractions. The total contraction measurement session lasted about 1
hour.
Six weeks after starting the contraction measurements, the administration of Lcarnitine was started, while the weekly measurements continued. The dogs received
1 g of L-carnitine (Carnitene™, Sigma Tau, Rome, Italy) intravenously three times
weekly, for 8 weeks.
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Figure 6.1. Ripple measurements in the left latissimus dorsi. Presented is the ripple value before and
due to carnitine treatment (striped area). Values are mean ± sem (n = 4). * depicts values significantly
different from pre carnitine values.

Biopsies and measurements
At the time of pacemaker implantation, before starting the carnitine injections and
after 4 and 8 weeks of carnitine administration, biopsy specimen were taken from the
midportions of both the left and right latissimus dorsi muscle, exactly as described
before (6).
The techniques used for assay of the palmitate oxidation capacity, pyruvate
dehydrogenase complex activity, citrate synthase and fructose-6-pnosphate kinase
(FPK) were exactly as described before (6). Cytochrome c oxidase activity was determined by the method of Gohill (8). The determination of muscle total L-carnitine
was also described before (7). The values of total carnitine in dog soleus and
gastronemius muscles and in heart were determined in samples taken from dogs not
participating in this protocol.
The procedure for immunohistochemical fibre typing, using an antibody
(R11D10) against heavy chain myosin, which occurs in type I fibres, has been
described in detail elsewhere (12).
Statistics
Values are given as mean ± SEM. The data were evaluated for statistical significance using ANOVA, when appropriate a (paired) t-test was used as indicated. P
values smaller than or equal to 0.05 were considered to be statistically significant.
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RESULTS
The dogs maintained a good condition during the entire experimental period, showed
no loss or gain of weight. Their behaviour was not changed and gait or other movements were unaffected. They did not show signs of discomfort due to either the
implanted pacemaker, the repeated mechanical measurements or the biopsies.
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Figure 6.2. Immunochemical evaluation before and during carnitine treatment (dotted area) of the right
(top) and left (bottom) latissimus dorsi muscle biopsies using a monoclonal antibody (R11D10) against
myosin-heavy chain. The figure represents the percentual area occupied by either type I, intermediate or
type II fibres. Values are mean ± sem (n = 4). * depicts values significantly different from pre-carnitine
values.

Mechanical measurements
The ripple is a mechanical measure to illustrate the contraction pattern of a muscle
at a given electrical stimulation with a known burst frequency. The ripple can be
calculated from a contraction record by dividing the height of the individual peaks by
the total height of the pulse. When expressed as a percentage ripple this value is
multiplied with 100. In the insert of Figure 6.1 representative records of ripple
measurements made at the beginning (-8 weeks) and at the end (8 weeks of
carnitine treatment) of the experimental protocol are shown. Figure 6.1 further illustrates the measurements performed with the left latissimus dorsi (with a pacemaker).
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Figure 6.3. Representative pattern of R11D10 staining of left muscle before (A) and after (B) 8 weeks of
carnitine administration, and of right latissimus dorsi muscle after (C) 8 weeks of carnitine administration.
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It can be seen that a weekly measurement session of 1 hour does not induce a
change in ripple at a 10 Hz burst. However, after chronic L-carnitine is injected intravenously 3 times weekly, combined with a weekly measurement session of 1 hour, a
decrease in ripple towards a slow (type I) contraction is observed. The 50 %
decrease in ripple after 8 weeks is comparable to the 50 % in ripple decrease found
earlier as a result of continuous progressive stimulation protocol applied for 4 weeks
(12).
Immunochemical observations
Immunochemical evaluation, using an antibody against heavy chain myosin
(R11D10) (12), showed no change in fibre type composition in the right latissimus
dorsi muscle, during the entire experimental period (Figure 6.2). In the left latissimus
dorsi there is also no change in fibre type composition between -8 and 0 weeks, but
during subsequent L-carnitine administration the proportion of type I fibres increases
significantly at the expense of type II fibres (Figure 6.2). Figure 6.3 illustrates the
immunochemical changes the left latissimus dorsi of one of the dogs at 0 (A) and 8
(B) weeks of carnitine treatment, and also shows the right latissimus dorsi of the
same dog after 8 weeks carnitine treatment (C).
Biochemical measurements
Figure 6.4 shows carnitine levels in both the right and left latissimus dorsi muscles at
0, 4, and 8 weeks carnitine treatment. As can be seen, carnitine decreased in the
left latissimus dorsi while the level in the right muscle increased slightly. During Lcarnitine treatment serum carnitine levels were elevated from 22.6 ± 1.4 to 37.5 ±
1.1 (iM (mean ±SEM, n = 4). In control dog hearts the level of carnitine amounted to
1.7 ± 0.2 in dog heart, in soleus to 3.4 ± 1.6 and in (white) gastrocnemius muscle to
3.7 ± 1.8 (imol/g wet wt (n = 5, mean ± SEM).
Data on biochemical measurements are given in Table 6.1. Between 4 and 8
weeks of L-carnitine treatment both the palmitate oxidation capacity and the activity
of the respiratory chain enzyme cytochrome c oxidase remained unchanged in the
right muscle. Cytochrome C oxidase increased, however, about 50 % in the left
latissimus dorsi muscle. The activities of the pyruvate dehydrogenase complex and
of citrate synthase did not change. FPK showed a significant increase in the right
latissimus dorsi muscle, while its activity remained unchanged in the left muscle.
The resting levels of energy-rich phosphates and endogenous substrates were
also measured, they were found to be in accordance with previous measurements
(6,7), and did not change during the entire protocol (data not shown).
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Table 6.1. Biochemical measurements in right and left latissimus dorsi muscles after 4 and 8 weeks of
L-carnitine administration. Values are mean ± sem for 4 dogs. * significantly different value from that
of the right muscle at 4 weeks. # significantly different from value of the left muscle at 4 weeks.
muscle:

right

left

4 weeks L-carnitine
Palmitate oxidation capacity,
(nmol/min/g wet weight)

right

left

8 weeks L-carnitine

32 ± 7

29 ±7

35 ±9

44 ±4

1.7 ±0.1

1.4 + 0.2

1.3 ± 0.2

1.5 ±0.2

Citrate synthase activity
(nmol/min/g wet weight)

20 ± 4

19±2

18± 1

18±2

Cytochrome c
oxidase activity
(|imol/min/g wet weight)

89 ±14

113 ± 11

114± 11

179 ± 16*

40 ± 4

45±3

67 ± 1'

44 ± 2

Pyruvate dehydrogenase activity
(jxmol/min/g wet weight)

Fructose-6- phosphate kinase
activity
(nmol/min/g wet weight)

DISCUSSION
It was observed that chronic administration of L-carnitine leads to changes in muscle
fibre type distribution, as judged by immunochemical evaluation (figures 6.2, 6.3) and
ripple measurements (figure 6.1) in the left latissimus dorsi only. It is rather astonishing that these changes occur only in the left muscle and not in the right muscle. The
only difference between these muscles is the presence of the pacemaker and its
electrodes, for the weekly minimal electrical stimulation for measurement of ripple
characteristics. This leads us to the following conclusions:
1. The taking of biopsies did not influence the fibre typing of the muscle from which
the biopsies are taken. This is based on the observation that the fibre composition of the right muscle is unchanged.
2. A weekly measurement session, without carnitine administration, in the left
latissimus dorsi does not lead to a change in ripple, or fibre type. This can be
concluded from the unchanged ripple during this period (figure 6.1), and from the
unchanged histology of biopsies taken at -8 and 0 weeks from the left muscle
(figure 6.2).
3. The administration of carnitine doesn't necessarily lead to a change in fibre composition of muscles. This is based on the observation that no changes occur in
histological fibre typing in the right muscle after chronic L-carnitine
administration.
4. Administration of carnitine, combined with minimal stimulation of this muscle
leads to a significant shift in muscle fibre type composition towards a muscle
composed of more type I fibres, than the original muscle.
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The significant increase in cytochrome C oxidase activity in the left muscle suggests
an increased amount of mitochondria/g wet wt. The reason for the fact that
phosphofructokinase showed a significant increase in the right muscle is not known.
It suggests maintenance of anaerobic metabolic capacity in the left muscle.
The observation (figure 6.4) that in dogs the white (non-oxidative) muscles show
a higher carnitine level than the red muscles which produce energy mainly from fatty
acid oxidation, leads us to hypothesize that white muscle serves as a store of
carnitine and only a small part is actually involved in fatty acid oxidation.
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Figure 6.4. Carnitine concentration in right (top) and left (bottom) latissimus dorsi muscle, before and
during carnitine treatment (dotted area). ' depicts value significantly different from control value.

Blood vessels require carnitine (9). Endothelial cells might require fatty acid oxidation not only for flow regulation (9), but also as initiators of neovascularization. It
has been shown that vascular endothelial cells prefer (carnitine dependent) fatty acid
oxidation for the generation of ATP (11). An adequate supply of carnitine to these
cells, which are extremely vulnerable to oxidative stress (10), may be essential for
maintenance of vascular flow regulation during bursts of high intensity exercise, or
electrical stimulation.
In conclusion it appears that L-carnitine combined with minimal electrical stimulation induces muscle changes that are beneficial for the adaptation of latissimus dorsi
for cardiomyoplasty. Moreover, the conservation of anaerobic capacity combined with
increased oxidative metabolic capacity is superior to the adaptations found due to
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chronic electrical stimulation. Although the suitability of canine muscle as a model for
human muscle is uncertain, the beneficial effect of L-carnitine on the latissimus dorsi
muscle in dogs will stimulate further research into the use of carnitine (combined
with minimal stimulation) in the preoperative period for patients waiting for a
cardiomyoplasty operation.
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CHAPTER 7

ON THE MECHANISM OF FAT ACCUMULATION IN
WRAPPED LATISSIMUS DORSI MUSCLE
(CARDIOMYOPLASTY), AND THE EFFECT OF
CHRONIC L-CARNITINE ADMINISTRATION

Marie - Lou/se Dube/aar
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IV/Y/e/n C Hii/s/nann
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ABSTRACT
It has been shown that skeletal muscle has a great ability to adapt to several circumstances. For instance transformation of muscle fibre typing due to electrical stimulation.
It is the aim of the present study to investigate the adaptations that occur in fat
metabolism of the goat latissimus dorsi muscle, after it has been used for a so-called
cardiomyoplasty (2,3).
It is found that cardiomyoplasty causes complete transformation of the mixed
type latissimus dorsi muscle (30% type I and 70 % type II fibres) towards a muscle
composed of solely type I fibres. A complication that occurs in these 'wrapped'
muscles is an increase of fat in the muscle tissue from less than 1% to 23%. Chronic intravenous administration of 1g of L-carnitine three times weekly during the
postoperative (training) period diminishes this fat accumulation to only 7%.
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Cardiomyoplasty
Earlier experiments from our group showed adaptation of the latissimus dorsi muscle
to continuous electrical stimulation of this muscle (7,14). For the cardiomyoplasty
procedure (3) the patients latissimus dorsi muscle is mobilized from its surrounding
tissue, leaving its origo near the scapula intact, thus leaving vascular and nerve
structures intact. Subsequently the muscle is transposed into the thorax, wrapped
around the heart and electrically stimulated by means of a pacemaker, to augment
the function of the failing heart. We showed that also under these circumstances
('wrapped' latissimus dorsi muscle) adaptation of the muscle occurred. The adaptations were seen on histological and biochemical levels. One of the effects of the
wrapping procedure appeared to be an increase in fat in the wrapped muscle.
Another observation was the decrease in muscle carnitine levels (7,8). This led us to
the hypothesis that the increased fat content in 'wrapped' latissimus dorsi muscles is
due to a discrepancy between fatty acid supply and oxidation.
Lipoprotein lipase
Lipoprotein lipase (LPL) is synthesized in red muscle cells (and adipocytes),
subsequently externalized and bound to the endothelium of the capillaries (19). This
enzyme does not occur in white muscle fibres, therefore it may be expected that, if
stimulation of the mixed latissimus dorsi muscle (3,14) leads to an increase of red
muscle fibres, this will be accompanied by an increase of lipoprotein lipase activity. A
consequence of an increased lipoprotein lipase activity is a higher availability of fatty
acids, derived from the circulating triglyceride rich lipoproteins (VLDL and
chylomicrons) to the muscle cell. This could lead to lipid accumulation in the cells,
when the endogenous rate of fatty acid utilization does not increase to a similar
extent, for instance due to insufficient oxygen supply (22). This might occur if the
oxygen supply to the muscle cells of the transposed latissimus dorsi muscle is endangered either due to damage of the circulation during preparation or wrapping of
the muscle or due to impairment of flow regulation by endothelial cells during stimulation of the untrained muscle.
Earlier experiments with carnitine (4,5,12) led us to conclude that the most probable locus of action of the beneficial effect of carnitine administration during imminent ischemia (12) and latissimus dorsi stimulation (4,5) is not in muscle cells per se,
but in the vascular compartment. This effect is probably based on the effect of
carnitine on endothelial metabolism, and thus on flow-regulatory properties of
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endothelium during imminent ischemia or acidosis. This led us to study changes of
carnitine levels and lipoprotein lipase activity in wrapped latissimus dorsi muscles, in
relation to muscle lipid content. We also studied the effect of chronic intravenous
carnitine administration on this process.
MATERIAL AND METHODS
Animals and operations
Eight female domestic goats were used. Their body weight ranged from 35 to 65 kg.
All experiments were carried out in accordance with the 'Guide for Care and Use of
Laboratory Animals.' (16).
Anaesthesia and ventilation were exactly as described before (14).
The preparation of the latissimus dorsi muscle and the procedure of wrapping
the muscle around the heart were performed according to the method of Chachques
et al (2), using a SP1005 pacemaker (Medtronic Inc, Minneapolis, MN USA). The
whole procedure was performed under strict aseptic circumstances. Antibiotic coverage was obtained by a pre-operative intravenous injection of Amfipen® 1000 mg
followed by a postoperative intramuscular injection of Amfipen® 1000 mg.Postoperative analgesia was given by means of intramuscular injections of Temgesic®' (buprenorfine 0.6mg) twice a day for 4 days.
The animals were kept under close observation in an inside stable for 2 weeks,
then they were moved to a stable with meadow for 14 weeks.
At the moment of operation the animals were randomly assigned to either the
control group or the carnitine treatment group (each n = 4). The control group
received no further treatment, while the carnitine treatment group received intravenous injections of 25mg/kg L-carnitine (carnitene™, Sigma Tau, Rome, Italy) 3
times weekly.
After 2 weeks, for wound healing, stimulation of the wrapped muscle was started
with a standard training protocol, as currently used for human cardiomyoplasty
patients (2). After 8 weeks the synchronisation rate to the heart frequency was 1:1 ,
with 6 pulses in a burst, the maximum contraction rate was fixed at 100 contractions
per minute.
Biopsies
16 weeks after the operation the goats were evaluated (under general anaesthesia
(14) for cardiac function and latissimus dorsi assist of the heart, before and after
inducing acute heart failure. The results of these hemodynamic experiments will be
published elsewhere. At the end of these experiments biopsies were taken from
both the right (control) and left (wrapped) latissimus dorsi muscle. One biopsy
(approximately 2 x 100 mg.) was frozen in liquid Ng and stored at -80 °C, until determination of enzymes and carnitine. The second biopsy, used for histologic measurements was positioned for cross sectioning in tissue-tek and subsequently frozen in
isopentane cooled in dry ice.
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Biochemical measurements
Lipoprotein lipase (LPL) was measured in homogenate after crushing the frozen
biopsy in a mortar in liquid NL, the frozen powder was transferred to a tube (at 4°C)
with a buffer consisting of TRIS and ethyleneglycol (0.05, 1 mol/l, respectively) at pH
8.2 to which 5U/I heparin (Thromboliquine®, Organon, Oss, The Netherlands) was
added. The contents were homogenized with a Polytron homogenizer for 30 seconds. This homogenate was then used undiluted for determination of LPL activity by
the method of Nilsson-Ehle and Schotz (18), exactly as described before (19), using
[9,10(n)^H] Oleic-acid labelled trioleate (Amersham International PLC, Amersham,
U.K.) as a substrate.
Histology
Using an antibody against myosin heavy chain, R11D10 (14), combined with an
alkaline phosphatase staining to identify capillaries, the distribution of fibre types, fat
droplets and of fat cells (not staining for myosin), was determined as described
before (14). The fibre type and fat cell distribution was measured in 7 control goats.
The area of type I, type II fibres and fat is expressed as percent of the total area,
these values were measured, with a computerized system, in at least 300 fibres,
exactly as described before (14).
Statistics
Values are given as mean ± SD. The data are evaluated for statistical significance
differences using the unpaired two-tailed student t-test, for differences between control and carnitine groups and a paired student t test for differences between control
and wrapped muscles in each group. .P values smaller than or equal to 0.05 were
considered to be statistically significant.

RESULTS
Histology
The fibre type composition of the right (control) and left (wrapped) latissimus dorsi
muscles can be seen from table 7.1. It can also be seen from table 7.1 that the
percentual area of the latissimus dorsi, occupied by fat increased from less than 1%
of fat in control latissimus dorsi, to 23% fat in wrapped latissimus dorsi. Table 7.1
also illustrates that chronic administration of L-carnitine diminished the lipid percentage of the wrapped latissimus dorsi to 7%. The number of capillaries expressed as
a ratio over the total number of type I + type II fibres remained unchanged after
wrapping, however, when the ratio is expressed over the total number of type I, type
II and fatty tissue, there is a significant decrease of capillaries, due to the wrapping
procedure (table 7.1). Chronic carnitine treatment prevents this decrease (table 7.1).
When the ratio of capillaries over only type I + type II fibres is used, there is even a
significant increase in capillaries, as is to be expected in trained muscle.
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Table 7.1. Effect of wrapping and or carnitine on fibre type composition, amount of fatcells, capillary
over fibre ratio, carnitine and LPL content. Using a monoclonal antibody against myosin heavy chain
the amount of fibres and fat is expressed as % of occupied area per total area, for each sample at
least 300 fibres were measured. The fat is defined as area (or cells) that do not show myosin staining. Values are mean ± sd, measured in the right and left (wrapped around the heart) Latissimus
dorsi in both control and carnitine treated animals. * significantly different from control or carnitine
value. # significantly different from wrapped value.
right latissimus dorsl
control muscle

left latissimus dorsi
wrapped muscle

treatment

control

carnitine

control

carnitine

type I
% of Zarea

26.6 ±
5.8(7)

33.5 ±
8.5(4)

64.9 ±.
18.3(7)'

90.7 ±
7.1(4)'-*

type II
% of larea

72.9 ±
6.2(7)

66.4 ±
8.5(4)

11.5 ±
14.9(7)*

1.6 ±
3.3(4)

fat
% of larea

0.11 ±
0.21(7)

0.44 ±
0.87(4)

23.6 ±
10.9(7)'

6.9 ±
4.1 (4)'-*

capillaries/
Itypel.ll

1.19±
0.15(4)

1.15 +
0.25(4)

1.16 ±
0.05(4)

1.39 +
0.14(4)'-*

capillaries/
Zl.ll.fat

1.18 ±
0.15(4)

1.15 ±
0.25(4)

0.90 ±.
0.07(4)'

1.24 ±
0.24(4)*

carnitine
nmol/g wetweight

8.6 ±
0.6(4)

8.7 ±
2-0(4)

3.5 +
0.7(4)'

3.2 ±.
0.9(4)'

LPL
pmol/mg protein

68±
33(4)

62 ±
36(4)

320 ±
102(4)'

396 +
86(4)'

Biochemistry
From table 7.1 it can be seen that in wrapped goat latissimus dorsi muscles a
decrease in carnitine levels occurs. The decrease in carnitine in the wrapped muscle
(-56%) is more pronounced than that found (7) in the in situ trained muscle (-30%).
The decrease in total carnitine levels is not prevented by chronic administration of Lcarnitine (table 7.1), despite the doubling of the plasma total carnitine levels from 62
± 5 (n = 4) to 115 ± 12 (n = 4) ^mol/l.
The lipoprotein lipase activity increased five fold in the wrapped muscle. The
lipoprotein lipase activity remains unaffected by chronic carnitine treatment.
DISCUSSION
The observed transformation towards a muscle consisting mainly of type 1 fibres is
in accordance with previous observations of our laboratory (14,7). Also the decrease
in carnitine has been observed before (7). The effect of carnitine on the amount of
fat in the tissue (table 7.1) is important because it illustrates a protective effect
against lipidosis. Fat accumulation in muscle has been observed in carnitine deficiency (6) and other conditions of hampered fatty acid oxidation, like hypoxia/ischemia in for instance claudicatio intermittens (15,21). In both examples carnitine admin-
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istration led not only to improvement of muscle function, but also to decrease of lipid
accumulation, as is also seen in table 7.1.
Table 7.2. Total carnitine levels measured in different goat (also ref.2) and dog muscles, compared to
carnitine levels from the literature in human (1), and rat (13,17) muscles.
muscle type

heart

red

white

dog

1.7 nmol/g wet
weight

2.4 jimol/g wet
weight

3.7 nmol/g wet
weight

goat

2.0 jimol/g wet
weight

4.8 nmol/g wet
weight

5.3 (imol/g wet
weight

human

4.5 nmol/g dry
weight

13.7nmol/g dry
weight

17.9 timol/g dry
weight

rat
(13)

0.80 |imol/g wet weight

0.67 nmol/g wet
weight

0.81 nmol/g wet
weight

rat
(17)

1.32 |imol/g wet
weight

0.65 ^imol/g wet
weight

-

(D

The observation that chronic administration of high doses of L-carnitine did not
lead to prevention of the decreased muscle carnitine levels was rather unexpected,
since it is assumed that muscles with a high capacity for beta-oxidation of fatty acids
contain a high amount of carnitine. To verify this hypothesis we determined the
carnitine content of several muscles in dog and goat (table 7.2). We observed that,
generally speaking, the content of carnitine is higher in 'white' than in 'red' muscles
or heart. This apparently also applies to human muscle (1 and table 7.3). Only in rat
(see also table 7.3) a higher content is seen in heart and red muscles, compared to
white muscles (13,17). This leads to the conclusion that the decrease seen in
muscle carnitine levels in the present study reflects adaptation rather than damage.
The mechanism by which carnitine prevents lipidosis in the wrapped muscle, as
was hypothesized in the introduction, requires further investigation. Presumably the
effect is not exerted in the muscle cells, but in an peri or extramyocytal
compartment. In acute experiments with carnitine in dogs, we arrived at the same
conclusion (4,5,12). Experiments with microspheres revealed (table 3.1) that the
acute effect of carnitine is reflected by an increase in flow during muscle contraction
(5).
It can be seen from table 7.1 that carnitine-treated animals showed a higher
capillary over fibre ratio, than untreated animals. This could imply that here also the
main effect of carnitine is maintenance of flow regulation, by means of conservation
of endothelial metabolism in imminent ischemia (4).
It has been observed that vascular cells are relatively sensitive to ischemia and
acidosis, resulting in impaired vascular function, this can be favourably affected by
carnitine supply (4). Endothelial cells, that are indispensable for neovascularization
(20) probably prefer (carnitine dependent) fatty acid oxidation over glucose utilization
for ATP generation (11). Adequate supply of carnitine to these cells, which are also
extremely vulnerable to oxidative stress (10) may be essential for maintenance of
vascular competence.
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The main effect of carnitine then is the maintenance of optimal tissue oxygenation in the peri and postoperative period, when the danger of ischemia is significant
due to damage and stimulation of the untrained muscle resulting in acidosis and thus
impairment of vascular flow regulation.
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GENERAL DISCUSSION
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The studies described in this thesis revolved around the latissimus dorsi muscle, and
its potential use for improvement of the function of the failing heart (cardiomyoplasty). For the cardiomyoplasty procedure (3) the patients latissimus dorsi
muscle is dissected from its surrounding tissue, leaving its origo, and hence the
vascular and nerve structures near the scapula intact. Subsequently the muscle is
transposed into the thorax, wrapped around the heart and stimulated electrically by
means of a pacemaker, to support the function of the failing heart.
Although it is known that muscle has a high capacity for adaptation (compare
12,13), it can be expected that the use of the predominantly white (fast-twitch or type
II) latissimus dorsi muscle at the high and continuous rate of heart contractions encounters some specific problems.
The present thesis focusses on the possibility of using carnitine to augment
muscular function during the period immediately following the cardiomyoplasty operation, when due to fatigue the latissimus dorsi muscle cannot function at an optimal
rate to support the failing heart. It was also investigated as to whether prolonged
optimal muscle metabolism, due to chronic L-carnitine administration during training
(of either the in situ muscle or the muscle after wrapping it around the heart
(cardiomyoplasty)) will improve muscle adaptation. In chapter 6 the results of chronic
L-carnitine administration, combined with minimal electrical stimulation of the in situ
latissimus dorsi muscle are presented. The effects of carnitine long term administration on wrapped latissimus dorsi muscle is described in chapter 7.
The thesis of Lucas (14) describes transformation in muscle typing, optimal training protocol, influence on heart performance and other aspects directly related to the
cardiomyoplasty.
Effects of carnitine administration on both skeletal muscle (2) and heart performance (6) have been described by a number of authors. Ferrari et al (6) described
increased exercise tolerance in angina pectoris patients following L-carnitine treatment. Brevetti et al (2) showed that L-carnitine treatment improved the walking ability
of patients suffering from peripheral vascular disease (claudicatio intermittens).
In chapter 2 the acute effect of L-carnitine on m. latissimus dorsi force tests has
been described. Because of the promptness of stimulation by carnitine (Figure 2.2),
combined with the knowledge that carnitine transport across the plasmalemma of
muscle cells is slow, an extramyocytal effect of carnitine was proposed. Since
choline (Figure 2.3) failed to exert an effect similar to that of L-carnitine, a
nonspecific tertiary amine effect on force development can be excluded. D-carnitine
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did not stimulate m. latissimus dorsi force, in contrast it showed a slight inhibitory
effect. Since D-carnitine inhibits carnitine palmitoyl transferase activity (16), it is likely
that stimulation of oxidative phosphorylation by L-carnitine does occur. Moreover,
insulin, which is known to inhibit fatty acid mobilization, abolishes the L-carnitine
effect. This observation suggests involvement of a compartment, other than the
striated muscle. The observation in previous experiments that vascular cells are
relatively vulnerable during ischemia (10) made us to propose that the latter cells are
the target for L-carnitine. The lesser effect of carnitine in the trained muscle compared to the untrained muscle is in line with this hypothesis, since the number of
capillaries is known to increase by training. During 12 weeks in situ training of the
latissimus dorsi muscle, we found a 40 % increase in capillaries (15), which will lead
to a better tissue oxygenation. This effect is thought to prevent functional
decompensation of the relatively vulnerable vascular cells. The importance of sufficient oxygen supply to muscle cells, especially during acidosis, is illustrated by the
fact that Langendorff perfusion of rat harts with fluorocarbons (to maintain optimal
tissue oxygenation) prevents the decline in flow that occurs during acidosis (9).
Cholinomimetic effects of carnitine and its derivatives have been described (1,7).
The observation that acetyl-carnitine in contrast to propionyl-carnitine had a positive
effect on muscle force (figure 3.2) is in line with a cholinergic effect. Tensilon, a
choline esterase inhibitor had an effect similar to that of carnitine, while carnitine had
no additional effect in the presence of tensilon (figure 3.3). This points to a common
mode of action. Since carnitine lacks cholinesterase inhibitory properties itself, the
effect could be improved supply of blood (4,21). Indeed it was found (table 3.1) that
pacing of latissimus dorsi muscle after intravenous L-carnitine administration,
resulted in the presence of more microspheres in the muscle (reflecting a better
tissue perfusion) than during pacing in the absence of carnitine.
The vulnerability of vascular cells in ischemia was illustrated in Langendorff
perfused rat hearts (10). Moreover the observation that fatty acids can cause
vasodilation in rat hearts (8) and the fact that infusion of Intralipid, combined with
heparin also had a positive effect on force of paced latissimus dorsi muscle (figure
4.2) points to the vascular compartment as target for the administered L-carnitine.
Vascular endothelial cells have a carnitine dependent fatty acid oxidation (11), as
have vascular smooth muscle cells (table 5.1). It is hypothesized that the vascular
endothelial cells, which are relatively vulnerable in ischemia, continuously lose small
amounts of carnitine resulting in a carnitine deficient state in these cells. We hypothesize that this results in impaired fatty acid oxidation in these cells, and worsens the
cell condition in imminent ischemia. Rat hearts labelled in vivo with ^C-Carnitine
lose only 4% of their carnitine in 20 min reperfusion following 60 min global ischemia
(table 5.3). The carnitine released had a higher specific activity than the total
carnitine pool in the heart. It indicates compartmentation of carnitine in heart, which
is in accordance with release of carnitine from the relatively vulnerable endothelial
cells.
Vascular fatty acid oxidation might still proceed in imminent ischemia, as vascular
mitochondria may still have access to some oxygen, while muscle mitochondria are
already fully anaerobic, due to the presence of a oxygen concentration gradient.
Perhaps this situation makes the endothelium most suitable for oxygen radical for-
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mation in imminent ischemia. Endothelial cells can be damaged by oxygen radicals
(18), and their dysfunction is known to result in their failure to regulate flow (5,20).
Our experience that fatty acids and carnitine are both needed to improve force of
the latissimus dorsi (figure 2.4) suggests that fatty acids must be activated to be
effective. A high rate of ATP generation from oxidative phosphorylation limits
glycolysis and prevents lactic acidosis. High ATP levels, and thus low cytoplasmic
AMP will limit the extracellular generation of substrates for xanthine oxidase and thus
formation of free radicals. The fact that part of the damage is due to extracellular
(oxygen) radicals is illustrated by the improvement of the function of the low-flow
ischemic heart when superoxide dismutase is included in the perfusion medium (10).
Moreover, a higher redoxstate of the endothelial cell results in increased NADPH
level, enabling (re)generation of reduced gluthation and NO.
The significant increase in cytochrome c oxidase activity in a latissimus dorsi
muscle of carnitine treated dogs (table 6.1), combined with minimal electrical stimulation, suggests an increased amount of mitochondria in the muscle cells. The fact that
phopshofructokinase did not decrease in this muscle suggests maintenance of the
anaerobic metabolic capacity. Maintenance of flow regulation during bursts of high
intensity exercise by preservation of endothelial metabolism is probably the basis for
the positive effect of carnitine on muscle transformation under these circumstances.
Also ischemia in the muscle can occur due to vascular damage during the
operation, or as result of the fact that the muscle is wrapped around the heart. In the
initial period after a cardiomyoplasty procedure, ischemic circumstances can also
occur during pacing (training) of the predominantly white latissimus dorsi muscle.
The observed lipidosis in wrapped latissimus dorsi muscles (table 7.1), combined
with the failure of the wrapped muscle to develop a higher capillary over fibre ratio
(table 7.1 and (14)) indicate ischemic damage to this muscle. The observed lipidosis
in wrapped latissimus dorsi muscles in goats (table 7.1) probably results from
impaired fatty acid oxidation in muscle cells due to lack of flow regulation by (probably carnitine deficient) vascular endothelium. For instance also in claudicatio
intermittens the phenomenon of fat accumulation in muscle is known (17,19). Administration of L-carnitine to these patients not only improved muscle function but also
prevented lipid accumulation. Also in chapter 7 the inhibitory effect of carnitine on
lipid accumulation was seen. The higher capillary over fibre ratio seen in the
carnitine treated situation suggests that also in this situation the vascular
endothelium with its regulatory functions on flow and angiogenesis is the main target
for the intravenously administered L-carnitine.
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SUMMARY

One of the remedies for patients suffering from severe heart failure is heart transplantation. Lack of donors and problems with rejection of the graft have inspired
many investigators to find alternatives for heart transplantation. The use of grafts
constructed from the patients own muscle tissue overcomes the problem of tissue
rejection. In Maastricht, investigations are currently performed to explore the possibility to use the latissimus dorsi muscle to support the failing heart. It can be expected
that the use of the predominantly white (type II, fast) latissimus dorsi muscle encounters some problems. For instance fatigue is likely to occur in this muscle, which is
generally used for incidental contractions. Red muscles are able to perform continuously and do not suffer from fatigue. Red (type I, slow) and white muscles have
different metabolic properties. To work in a continuous fashion, a type II skeletal
muscle has to be changed into a type I skeletal muscle, which can be achieved by
training. For this purpose the stimulation of the muscle by the implanted pacemaker
must be gradually adapted to continuous contractions. A full 'training period' takes 612 weeks. Since cardiac function of the patients is already depressed at the moment
of operation it is important to shorten this 'training' period, or at least have an optimal
strength of the muscle during this period. Because red fibres derive a large part of
their energy from fatty acid oxidation, and because carnitine is a key substance in
fatty acid oxidation we decided to investigate the role of carnitine in latissimus dorsi
muscle performance.
In this thesis the acute effect of carnitine on electrically stimulated (paced) skeletal muscle has been investigated as part of the cardiomyoplasty project. Two main
aspects are studied in this thesis. Firstly the acute effects of L-carnitine on latissimus
dorsi function, using in situ stimulated latissimi dorsi. Secondly the chronic effects of
L-carnitine are studied in in situ and in wrapped latissimus dorsi muscles. Chapters 2
to 7 have been published as full papers. General conclusions reached from this work
are presented below.
Chapter 2 shows that L-carnitine improves force of the in situ stimulated
latissimus dorsi muscle by 34 %. This effect of carnitine is acute, and (stereo)specific, since neither D-carnitine nor the structural analogue choline (also a tertiary
amine) have a positive effect on contractile force. Insulin (with glucose) administration abolished the carnitine effect, probably by lowering the supply of fatty acids.
Chapter 3 adds two aspects to these observations, firstly the fact that L-carnitine
increases blood flow in the paced latissimus dorsi. Secondly the observation that
Tensilon, a choline esterase inhibitor, induces a similar effect. The combination of
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Tensilon and carnitine does not lead to an additional effect. Tensilon is also able to
stimulate blood flow in skeletal muscle.
The acute positive effect of carnitine is rather unexpected, since no change in overall
muscle carnitine levels occurred. Therefore there must be another compartment
involved in the carnitine effect besides the striated muscle cells. During pacing of
muscles, a considerable lowering of interstitial pH may occur. This is mainly due to
secretion of lactic acid from pre-ischemic, striated muscle cells. Chapter 4 discusses
that continued pacing may lead to local acidosis which influences plasmalemmal
changes, resulting in alteration of cellular ion fluxes, including Ca^. Another consequence of hypoperfusion of the muscle is the increase of oxygen free radicals, as
has been discussed as well.
Endothelial cells are more vulnerable to oxidative stress than muscle cells and
are prone to loose carnitine early during hypoperfusion. This is illustrated by the
observation that rat hearts labelled in vivo with '''C-carnitine loose, as paced Langendorff heart, only 4% of their carnitine in 20 min perfusion, following 60 min global ischemia. The carnitine released had a much higher specific radioactivity than the
carnitine that was not released (chapter 5). This indicates compartmentation of carnitine in heart. Endothelial incompetence in flow regulation could be delayed by the
addition of carnitine and fatty acids in pre-ischemia.
Chapter 6 shows the results of a study in which dogs received 1 g of L-carnitine
intravenously (three times weekly) for 8 weeks. The left latissimus dorsi muscle was
equipped with electrodes and a pacemaker to perform in vivo contraction measurements weekly, while the right latissimus dorsi muscle served as control. Only in the left
latissimus dorsi carnitine administration caused the percentage of type I fibres to
increase from 30% to 55%. Also only in the left muscle the contraction speed
(measured as percentage ripple) decreased from 75% to 30%, and cytochrome c
oxidase activity increased from 113 to 179 nmol/min/g wet weight.
It is found that cardiomyoplasty causes complete transformation of the mixed
type latissimus dorsi muscle towards a muscle composed of solely type I fibres. A
complication that occurs in these 'wrapped' muscles is an increase of fat in the muscle tissue from less than 1% to 23%. Intravenous administration of 1g of L-carnitine
three times weekly during the postoperative (training) period diminishes this fat accumulation to 7%, as is described in chapter 7.
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Hart en vaatziekten komen in Nederland veel voor, soms is de enig overgebleven
remedie een harttransplantatie. Een gebrek aan donoren en afstotingsproblemen
hebben in de hele wereld al veel mensen ge'inspireerd tot het zoeken van
alternatieven. Een van de mogelijkheden om zowel het donor probleem als de afstoting te omzeiien is het gebruik van een eigen spier van de patient om de het faiende
hart te ondersteunen. In Maastricht wordt op het ogenblik de mogelijkheid onderzocht de latissimus dorsi spier te gebruiken als ondersteuning van het faiende hart.
Voor de "wikkelhart" of "cardiomyoplastiek" operatie wordt de latissimus dorsi spier
vrijgeprepareerd van de omringende spieren. Hierbij wordt de oorsprong van de
spier ongemoeid gelaten, waardoor de zenuw- en bloed-voorziening behouden blijft.
Vervolgens wordt de spier in de thorax gebracht en om het hart gewikkeld. Door
middel van twee electroden in de spier wordt deze, met behulp van een pacemaker,
synchroon met het hart tot contractie gebracht.
Men kan zich nu voorstellen dat intensief gebruik van deze houdingsspier specifieke problemen met zich meebrengt. De latissimus dorsi wordt gewoonlijk slechts
gebruikt voor incidentele contracties. De metabole eigenschappen van de rode skeletspier en de hartspier zijn heel anders dan van de voornamelijk witte latissimus
dorsi spier. Langzame aanpassing van de latissimus dorsi spier wordt bereikt door
een weloverwogen trainingsprogramma. In het begin wordt de spier slechts kort
geprikkeld, bovendien niet bij elke hartslag. ledere twee weken wordt de prikkelduur
en frequentie iets aangepast totdat na ongeveer 6 - 1 2 weken een optimale prikkel
aan de latissimus dorsi spier bij elke (of bij een hoge hartfrequentie, elke tweede)
hartslag kan worden toegevoegd.
Een aantal basale vragen rond het wikkelhart wordt nog steeds op dierexperimenteel nivo onderzocht. Een van de aspecten is de metabole aanpassing van de
gewikkelde (of getrainde) latissimus dorsi, en de beinvloeding daarvan. Omdat rode
spieren hun energie vooral afleiden uit de verbranding van vetzuren, en omdat carnitine een belangrijke rol speelt bij de verbranding van vetzuren hebben we het effect
van L-carnitine op de functie van de latissimus dorsi spier bestudeerd. Het onderzoek valt uiteen in twee delen. Ten eerste worden de acute effecten van L-carnitine
bestudeerd, hiervoor werd de in situ gestimuleerde latissimus dorsi gebruikt. Ten
tweede werden een aantal chronische effecten van L-carnitine bestudeerd, hiervoor
werd zowel de in situ spier als de gewikkelde latissimus dorsi als model gebruikt.
In hoofdstuk 1 wordt een inleiding gegeven over skeletspier metabolisme en
over de functie van carnitine. De hoofdstukken 2 tot en met 7 zijn wetenschappelijke
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artikelen over dit onderwerp. In het kort volgen hier een aantal conclusies uit deze
hoofdstukken. Hoofdstuk 2 laat zien dat de kracht van de geprikkelde latissimus
dorsi spier in situ met 34 % toeneemt door inspuiting van L-carnitine ten opzichte
van de kracht in afwezigheid van camitine. Dit is een (stereo)specifiek effect van
carnitine daar noch D-carnitine, noch de structuur analoog choline een soortgelijk
effect kunnen bewerkstelligen. Bovendien bleek dat de aanwezigheid van vetzuren
essentieel is, daar een hoog insuline gehalte het effect van carnitine voorkwam.
Hoofdstuk 3 voegt twee nieuwe aspecten aan deze waarnemingen toe, namenlijk
het feit dat L-carnitine de flow in de geprikkelde spier verhoogt. Ten tweede het feit
dat Tensilon, een choline-esterase remmer, een soortgelijk effect te zien geeft, terwijl
tensilon plus carnitine niet leidt tot een extra verhoging van de kracht van de latissimmus dorsi. Ook Tensilon is in staat de bloedvoorziening van de skeletspier te
bevorderen.
Het acute positieve effect van carnitine is overwacht, daar het totaal carnitine
gehalte van de spier niet bemvloed wordt. Er moet dus een ander compartiment dan
de gestreepte spiervezels betrokken zijn bij het effect van carnitine.
Hoofdstuk 4 gaat in op een aantal gevolgen van het prikkelen van de hart of
skeletspier. Bij het prikkelen van spieren kan locaal een acidose ontstaan, die door
verstoring van het metabolisme van de endotheelcel tot een verlaging van de flow in
de spier kan leiden. Een ander gevolg van van hypoperfusie van de spier is de toename van de hoevo»<iheid zuurstof radicalen. In hoofdstuk 5 wordt de kwetsbaarheid van endotheelcelllen tijdens ischemie besproken in relatie tot het carnitine afhankelijke vetzuurmetabolisme van deze cellen. Bij perfusies werd gebruik gemaakt
van ratteharten met een radioactief gelabelde carnitine voorraad. Met deze perfusies
werd ge'illustreerd dat bij ischemie in Langendorff geperfundeerde en geprikkelde
ratteharten slechts 4% van de totale carnitine pool verloren gaat, en dat de specifieke activiteit van het uitgescheiden L-carnitine veel hoger is dan die in het hart.
Hoofdstuk 6 beschrijft de resultaten van chronische L-carnitine toediening aan
honden. Het blijkt dat L-carnitine in combinatie met het wekelijks gedurende korte tijd
prikkelen van de spier leidt tot een toename van type I vezels van 30% naar 55%.
De contractie snelheid van de spier, gemeten als ripple, nam af van 75% naar 30 %.
Cytochroom c oxidase activiteit nam toe van 113% naar 179%.
Een van de problemen die bij post-mortem onderzoek van gewikkelde spieren
waarneembaar was, is het vervetten van de gewikkelde spier. In een normale latissimus dorsi is minder dan 1% vet aanwezig, 16 weken na wikkelen en stimuleren van
de spier is dit percentage 23%. Intraveneuze toediening van L-carnitine aan een deel
van deze geiten, bleek het vetpercentage te beperken tot 7%, hetgeen beschreven
staat in hoofdstuk 7.

100

PUBLICATIONS

1

Van Eijk HG, van Noort WL, Dubelaar M-L, Van der Heul C. The
microheterogeneity of human transferrins in biological fluids. Clin Chim Acta
(1983)132:167-171.

2

Hulsmann WC, Dubelaar M-L, Stam H, Janssen H, Lamers JMJ. Effect of stress
hormones on (phospho)lipase activity of vascular endotheliai plasmamembranes;
a role in the initiation of atherosclerosis. In: Pathogenesis of stress-induced heart
disease (R.E. Beamish, V.Panagia, N.S. Dhalla, eds) Martinus Nijhoff Publishing,
Boston, Dordrecht, Lancaster (1985) pp 369-379.

3

Hulsmann WC, Dubelaar M-L, Lamers JMJ, Macari F. Protection by acylcarnitines and phenyl-methyl-sulfonyl-fluoride of rat heart subjected to ischemia
and reperfusion. Biochim Biophys Acta (1985)847:62-66.

4

Hulsmann WC, Dubelaar ML. Lipoprotein lipases and stress hormones: studies
with glucocorticoids and choleratoxin. Biochim Biophys Acta (1986)875:69-75.

5

Scholte HR, Luyt-Houwen IEM, Dubelaar ML, Hulsmann WC. The source of
malonyl-CoA in rat heart. The calcium paradox releases acetyl-CoA carboxylase
and not propionyl-CoA carboxylase. FEBS lett (1986)198:47-50.

6

Hulsmann WC, De Wit LEA, Dubelaar M-L, Stam H. Substrates for energy metabolism in the heart: the role of the interstitial compartment. Basic Res Cardiol
(1987)82 suppl.1:3-10.

7

Hulsmann WC, Dubelaar M-L. Early damage of vascular endothelium during
cardiac ischemia. Cardiovasc Res (1987)21:674-677.

8

Hulsmann WC, Dubelaar ML. Aspects of fatty acid metabolism in vascular
endotheliai cells. Biochimie (1988)70:681-686.

8a Hulsmann WC, Dubelaar M-L. Aspects du metabolisme des acides gras dans les
cellules endotheliales vasculaires. Biochemie (1988)70,suppl.

101

PU8i./C/477O/VS

9

Hulsmann WC, Dubelaar M-L, De Wit LEA, Persoon NLM. Cardiac lipoprotein
lipase: effects of lipopolysaccaride and tumor necrosis factor. Mol Cell Biochem
(1988)79:137-145.

10 Hulsmann WCH, Dubelaar M-L. Effects of tumor necrosis factor (TNF) on
lipolytic activities of heart. Mol Cell Biochem (1988)79:147-151.
11 Groot PHE, Hartog JM, Dubelaar ML, Scheek LW, Verdouw PD, Lamers JMJ.
The effects of diets supplemented with lard fat or mackerel oil on plasma
lipoprotein lipid concentrations in domestic swine. Atherosclerosis (1989)77:1-6.
12 Dubelaar M-L, Lucas CMHB, Hulsmann WC. Acute effect of l-carnitine upon
skeletal muscle force tests in the dog. Am J Physiol (1991)260:E189-E193.
13 Dubelaar M-L, Lucas CMHB, Hulsmann WC. The effect of l-carnitine on force
development of the latissimus dorsi muscle in dogs. J Cardiac Surgery (1991)6suppl 1:270-275.
14 Hulsmann WC, Dubelaar M-L. Carnitine in metabolism of paced cardiac and
skeletal muscles; prevention of acidosis and improvement of vascular flow. In: Lcarnitine and its role in medicine, from function to therapy. R. Ferrari, S.
DiMauro, G. Sherwood, eds. Academic Press (1992)pp 345-358.
15 Lorusso R, Lucas C, Van der Veen FH, Van der Nagel Th, Dubelaar M-L,
Wellens HJJ, Penn OC. Fibrin Sealant application during dynamic
cardiomyoplasty surgery. In: Heart surgery. d'Alessandro (ed), (1991)pp 579584.
16 Dubelaar M-L, Glatz JFC, De Jong YF, Hulsmann WC. Chronic L-carnitine
administration combined with minimal electrical stimulation promotes transformation of canine latissimus dorsi muscle. Summitted J Appl Physiol (1992).
17 Dubelaar M-L, Lucas CMHB, Hulsmann WC. On the mechanism of fat accumulation in wrapped latissimus dorsi muscle (cardiomyoplasty), and the effect of
chronic L-carnitine administration. Basic Appl Myol. (1991)1:305-310.
18 Hulsmann WC, Dubelaar ML. Carnitine requirement of vascular endothelial and
smooth muscle cells. Accepted Mol Cell Biochem (1992).
19 Lucas CM, Lorusso RC, Dubelaar ML, Van Der Veen FH, Vos MA, Habets J,
Van Der Nagel Th, Penn OC, Wellens HJ. Hemodynamic study following
cardiomyoplasty: Comparison of different stimulation protocols. Submitted for
publication.
20 Lucas CM, Dubelaar ML, Van der Veen FH, Kloosterman - Castro-Ravelo E,
Havenith M, Habets J, Van Der Nagel Th, Penn OC, Wellens HJ. Submitted for
publication.

102

ABSTRACTS

1

Lucas CMHB, Van der Veen FH, Dubelaar ML, Koks C, Van der Nagel T,
Wellens HJJ, Hiilsmann WC. The acute effect of L-carnitine on skeletal muscle
fatigue tests in the dog. In: 2nd international symposium on lipid metabolism in
the normoxic and ischemic heart. ( GJ van der Vusse, JFC Glatz, H Stam eds.)
RUL 1988, p50.

2

Dubelaar M-L, Lucas CMHB, Van der Veen FH, Wellens HJJ, HOIsmann WC.
The acute effect of L-Carnitine on skeletal muscle force tests in the dog.
Pflugers Archiv (1990)416:3.

3

Dubelaar ML, Lucas CMHB, Van der Veen FH, Wellens HJJ, Hulsmann WC.
The acute effect of L-carnitine on skeletal muscle force tests in the dog. In:
Abstractbook 4 * World Symposium on transformed skeletal muscle for cardiac
assist, Palm Springs, 1990.

4

Lucas C, Dubelaar M-L, Van der Veen FH, Terpstra B, Wellens H. Optimal stimulation of the goat latissimus dorsi muscle using the "Prometheus" pacemaker
system. PACE (1991)14:735;A469.

5

Lucas C, Dubelaar M-L, Van der Veen FH, Terpstra B, Wellens H. A Comparison of two conditioning protocols on goat latissimus dorsi muscle. PACE 14
(1991)691.

6

Lorusso R, Lucas C, Van Der Veen FH, Van Der Nagel T, Habets J, Dubelaar
M-L, Wellens H, Penn O. Observations during early muscle stimulation following
dynamic cardiomyoplasty. PACE 14 (1991) 669; A205.

7

Hulsmann WC, Verkerk A, Dubelaar ML. Carnitine requirement of vascular
endothelial and smooth muscle cells. Abstract 3^. International Symposium on
Lipid Metabolism in the normoxic and ischemic heart. (1991)

8

Dubelaar M-L, Hulsmann WC. Carnitine effect on paced skeletal muscle; prevention of acidosis and improvement of flow. Pflugers Arch (1991)418:R146.

103

104

NAWOORD

De invoering van de 'twee fasen structuur voor wetenschappelijk onderwijs' is door
velen als negatieve ontwikkeling ervaren. Voor mij als 'HBO-er' kwam deze invoering
precies op het juiste moment: in het vooruitzicht een verhuizing van Rotterdam naar
Limburg met de noodzaak een zeer leuke vaste baan op te geven. In de periode op
de afdeling Biochemie van de Erasmus Universiteit was een ding heel duidelijk geworden: onderzoek is leuk! Het stellen van vragen binnen een project, het verzinnen
van een proefopzet en de hoop een antwoord op de vraag te vinden bleek een plezierige bezigheid. De (eindeloze?) discussies binnen onze groep provoceerden de
wil om zelf een inbreng, of eigenlijk liever de inbreng in de volgende experimenten te
hebben. Hoewel mijn collega's Ina Kalkman, Elly de Wit, Sietske Broekhoven, Hans
Stam, Kees Schoonderwoerd en Niek Persoon hier een rol in speelden, was U, toen
vooral Professor Hulsmann de belangrijkste persoon in het tot stand komen van de
wens meer eigen inbreng te hebben. Deze wens ontstond niet door een gebrek aan
inspraak, maar juist door de stimulatie van een eigen mening.
De mogelijkheid tot het verkrijgen van een AlO-plaats op de afdeling Fysiologie
van de Universiteit Limburg was dan ook meer dan welkom. Ik ben dan ook blij dat
de vakgroep Cardiologie haar AIO plaats voor dit project beschikbaar heeft gesteld.
Toen werd U, professor, vooral U, Wim, en bovendien mijn promotor. Deze plaats
lijkt mij zeer geschikt om U te bedanken voor beide fases in de tot standkoming van
dit proefschrift.
Ook Prof van der Vusse wil ik bedanken voor zijn rol als begeleider en promotor.
Ondanks mijn, vaak vergaande, eigenwijzigheid blijf je altijd geduldig andere
gezichtspunten en verbeteringen aanvoeren.
De leden van de beoordelingscommissie: Prof. Dr. RS Reneman, Prof. Dr. HJJ
Wellens, Prof. Dr. A Huson, Prof. Dr. PD Verdouw, Prof. Dr. HR Scholte wil ik
bedanken voor het beoordelen van het manuscript.
Mijn kamergenoten Michael Vork en Appie Kleine wil ik bedanken voor
waardevolle discussies en suggesties en niet te vergeten hun bereidheid af en toe
onze kamer te verlaten als de belangen van Tara en Kieran weer eens behartigd
moesten worden, dit geldt ook voor Frans van Nieuwenhoven en Berry Jansen,
mede- bewoners van kamer 3.160, UN50.
Jo Habets, Theo van der Nagel, Jet Leunissen, Ruud Kruger, Frans Slangen en
Peter Franssen hebben een belangrijke rol gespeeld bij de operaties, metingen en
verzorging van de honden en geiten die aan dit proefschrift hebben bijgedragen. De
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vele tochtjes op te grote laarzen door de weilanden van net BMC hebben een ander
perspectief aan het AlO-schap gegeven.
Carolien Lucas is altijd mijn maatje geweest in dit onderzoek, de vele
gezamelijke operaties, experimenten en discussies rond de data verwerking zijn een
wezenlijk deel van dit promotie onderzoek, waarvoor dank!
Jan Glatz jij was altijd aanspreekbaar voor het spuien van ideeen, frustrates of
zomaar. Bovendien heeft jou analytische kijk op zaken menig artikel (en de vele
voorlopers) in goede banen geleid.
Eric van der Veen zorgde voor alle organisatorische aspecten en speelde ook een
belangrijke rol in de rest van het onderzoek.
Mede AlO's vormen een groep apart, niet alleen tijdens het AIO onderwijs, maar
vooral binnen onze eigen vakgroep wil ik hen bedanken voor hun plezierige samenwerking, steun en discussies.
Yvonne de Jong heeft veel biochemische bepalingen in de latissimus dorsi biopten verricht, gelukkig werd ze nooit boos of ongeduldig als de experimenten weer
eens uit liepen of verplaatst werden. Peter Willemsen, Theo Roemen en Will
Coumans zijn als bemanning van het chemisch lab vaak tot steun geweest en zorgden altijd voor een gezellige sfeer op het lab.
Frans van Nieuwenhoven heeft een de milieu aspecten van dit onderzoek
behartigd, in de recente enquete over het woon werk verkeer konden we beiden
"carpooler" invullen dankzij jouw bereidheid mij dagelijks met grote stiptheid van en
naar Maastricht te vervoeren. Daarbij kwam het voordeel dat de reistijd een
uitstekende kans bood voor het bediscussieren van proeven en ideeen. Ik vraag me
nog steeds af of het feit dat we nu op dezelfde kamer zitten toeval is of een poging
van de overheid (kamerindeler) om dit carpool gedrag te bevorderen.
Een onderzoek wordt niet verricht door een persoon of door een paar personen
maar is het resultaat van een samenspel van mensen (en in dit onderzoek ook dieren), al degenen die hier niet met name genoemd zijn worden hierbij bedankt voor
hun rol in dit samenspel.
De paranimfen, Michael Vork en Niek Persoon wil ik bedanken voor het feit dat
ze deze rol op zich hebben willen nemen.
Mijn ouders hebben een belangrijke rol gespeeld in het tot standkomen van dit
proefschrift, hun bereidheid om samen met mijn schoonouders veelvuldig op de
kinderen te passen is maar een klein aspect van deze rol, maar het toont wel de
grenzeloosheid aan.
Tenslotte wil ik ook Denis, Tara en Kieran noemen die omwille van dit
proefschrift menigmaal even 'niet aan de beurt waren'.
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De schrijfster van dit proefschrift werd geboren op 15 januari 1960 te Amsterdam.
Na het eindexamen HAVO aan het Mgr. Frencken College te Oosterhout (NBr)
werd in 1978 met de studie Hoger Natuurwetenschappelijk Onderwijs begonnen aan
het Dr. Struycken Instituut te Etten Leur. Tijdens deze studie werd als afstudeer
opdracht onderzoek gedaan naar het voorkomen van transferrinen in liquor
cerebrospinalis bij de mens, op de afdeling Chemische Pathologie (Prof. Dr H.G.
Van Eijk) van de Erasmus Universiteit Rotterdam.
Na het voltooien van de studie werd van 1983-1988 onderzoek verricht aan de
Erasmus Universiteit Rotterdam in de functie van analiste bij de afdeling Biochemie
(Prof. Dr. W.C. Hulsmann).
Van 1988 - 1992 werd, als AIO cardiologie, het onderzoek beschreven in dit
proefschrift verricht bij de afdeling fysiologie van de Rijksuniversiteit Limburg te
Maastricht.
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