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ABSTRACT

The incorporation of radioactivity from palmitate-l—l4c
into the expired 002 and into the fatty acid and cholesterol from
liver, kidney, brain and muscle of normal and dystrophic mice Bar
Harbour strain 129) was determined 60 minutes after intraperitoneal
injection of the isotope. A decreased incorporation into the cholesterd&l
from kidney, liver and muscle, together with an increased incorporation
into the fatty acids from muscle and a reduction into the expired CQZ
were observed in the dystrophic animals. Similar experiments carried
out using glucose-U—14C as isotope showed (as the most significant
change) an increased incorporation of radioactivity into ﬁﬁe neutral
lipids of muscle. The increase was seen in both the fatty acid and
glycerol moieties. No differences were observed in the phospholipid
content of muscle or in the radioactivity incorporated into this
fraction.

The activity of the hexose-monophosphate shunt for the
metabolism of glucose was determinéd using, as enzyme source, high-speed
( 90,000 x g) supernatant obtained from muscle homogenates of both
normal and dystrophic mice. In separate experiments the fprmation of
pentoses and 14CO2 from glucose-U—14C and the utilization of ribose-5-
phosphate were studied. In the former experiments the use of phenazine
methosulfate stimulated the reaction nine-fold. Both metabolic path-

ways were found to be elevated in dystrophic animals.
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The metabolism of triglyceride, (both anabolic and cata-
bolic), was studied in homogenates obtained from normal and dystrophic
mice. The incorporation of palmitate-1-14c was found to be increased
in the dysﬁrophic muscle but no differencés were observed using sn-

C-glycerol-3-phosphate as substrate. The cofactor requirements were
found to be.different for both substrates: the former is stimulated
by glucose, NAD and inhibited by F (1.2 x 10-3M), while the latter is
nptzgﬁfected by these compounds. The results suggested that the
ipqqrporation of sn-14C-g1ycerol-3-phosphate may represent the de novo
synthesis of triglyceride while the in;orporation of palmitate-l-lAC
may be more indicative of exchange reactions between the fatty acids
of thg preformed triglyceride, with the exchanges being mediated by
aqtidn of lipases. The hydrolysis of triglycerides by muscle homo-
genates was studied manometrically or by an isétopic method, using as
substrates, tributyrin or tripalmitin, respectively. The enzyme systems
responsible for the hydrolysis of one or other of.these substrates
appear to be different. Thus, the "long-chain triglyceride lipase"
was released by treatment of muscle homogenatgs with the detergent
"Cutscum". The enzyme showed a maximum of activity at pH_6.8, was mnot
stimulated by epinephrine, Na-taurocholate or albumin and was inhibited
by F-,,DTNB,_EDTA and N-ethyl-maleimide. On the othef hand the short-
chginﬁtriglyceride lipase was inhibited by F- and‘Mg-!-+ and nqt affected
by eserine, Nu 683, Nu 1250, EDTA or N-ethyl-maleimide.

The analysis of the lipids from muscle of normal and dys-
trophic muscle showed an increase in triglyceride and free fatty acids

in the affected muscle, but no differences in the total phospholipid



content. Analyéis of the fatty acid composition of different lipid
fractions was made by gas-liquid chromatography. No differences were
observed in the fatty acid distribution of the triglycerides, phdspho-
lipids or free fatty acid pool.

The activities of different enzymes have been determined
in isolated muscle mitochondria and muscle homogenates from both normal.
and dystrophic mice. In mitochondria no differences were found for the
enzymes of the tricarboxylic acid cycle or for the enzymatic systems
of the electron transport chain but a reduction of about 35% was found
for the enzyme, carnitine acetyltransferase, in dystrophic mice to-
gether with an increased activity for monoaminoxid&se. The latter
enzyme was also found to be increased in the isolated "microsomal"
fraction (pellet obtained after centrifugation at 90,000 x g for 100
minutes) and in the whole homogenate. Succinate dehydrogenase was
foun& to be elevated in homogenates from muscle of dystrophic mice,
indicating an increased mitochondrial content.

The most relevant finding was a reduction of about 60% in
the intramitochondrial pool of acid-soluble CoA (free CoA plus acetyl
CoA) in the isolated muscle mitochondrié from dystrophic mice. No
differences were found for the carnitine content between normal and
dystrophic muscle,

The activities of monoaminoxidase and short-chain triglyceride
lipase were determined in muscle from mice undetgoing atrophy after
denervation. Monoaminoxidase remained unaltered in activity up to the
14th day after demervation. Lipase activity incfeased by 30% one day

after denervation, and reached 175% after 7 days.



vi

Cytochromé oxidase, monoaminoxidase ;nd short-chain
triglyceride lipase were also determined in musclelﬁiobsies obtained
from patients with different myopathies and in some normal controls.
Decreases in the values of monoaminoxidase were found in 8 patients
affected with Duchenne Muscular Dystrophy, in two with congenital
myopathia and in two ﬁith limb-girdle muscular dystrophy, but normal
values were observed in two patients with a myopathy'of late onset and
in one carrier of Duchemne Muscular Dystrophy. No differences in the
activity éf cytochrome oxidase were observed. In regard to short-chain
triglyce;ide'lipaSe some tendency towards an increased activity waé
seen in the cases of Duchernne facioscapulohumeral.and limb-girdle MD
and congenital myopathia and normal values were obtained in one carriér
of Duchenne MD and in two patients with myopathy of late omset.-

From the results obtained it seems that one of the most
logical éxPlanations for the phenomenon of lipid accumulation in dys-
trophic muscle is that of a decreased utilization of fatty acid by
muscle mitochondria. It was concluded that the reduced content of CoA
observed in mitochondria from dystrophic muscle could contribute to or
be the primary factor responsible for such a deficient utilization of

fatty acids.
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"...Esta faena es la ciencia; como sé Ve consiste
en dos operaciones distintas. Una puramente
imaginativa, creadora, que el hombre pone de su
propia y libérrima substancia; otra confrontadora
con lo que no es el hombre, con lo que le rodea,
con los hechos, con los datos. La realidad no
es dato, algo dado, regaladosino que es construccidn
que el hombre hace con el material dado...."

J. ORTEGA Y GASSET

(In: En torno a Galileo)
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CHAPTER 1

INTRODUCTION

. The Muscular Dystrophies are defined as a group Qf.genetically
determined, progressive myopathic diseases. From the time of Duchenne,
who first described this disease over a century ago (1, 2) an enormcus
amount of research has been carried out in order to elucidate its
cause and pathogenesis. Unfortunately, most of the data obtained,
rather than helping, have often cast further doubts on the definition
of the disease in respect to its myopathic characteristics. At present
it is still not clear whether the muscular dystrophies are a group of
primary muscular diseases or if the muscle alterations are secondary to
defects elsewhere.

Of the many investigations undertaken a number of observations
are of practical interest. These include the increases noted in certain
serum enzymes of muscular origin and the accumulation of fat in the
dystrophic muscle. Whether any interrelationship exists between these
changes is uncertain. However, studies from this laboratory have begun
to provide some insight into the problem of fat accumulation. Recently
Lin et al. (135) have shown that muscle mitochondria isolated from
dystrophic mice exhibit a decreased capacity to oxidize palmitic-l-lac
acid.

Because of these findings several aspects of fatty acid meta-

bolism have been investigated using dystrophic mice and their litter-



mates controls (Strain 129), Jackson Memorial Laboratory). Initially,
in vivo studies were carried out in order to elucidate the metabolism
of palmitic-1-14c acid and g1ucose-U-14C. Radioactivity incorporated
into the lipids of brain, kidney, liver and muscle and into the
expired 002 were determined and a comparison was made between the
normal and the myopathic animal.

Since the main bulk of fat accumulated in the muscle from
dystrophic patients or animals is in the form of triglyceride, its
synthesis and hydrolysis have been studied in vitro, using muscle homo-
genates. Synthesis has been determined by observing the incorporation
of palmitic?1-14c acid and sn-140-g1ycerol-3-phospﬁate into both
triglycerides and phospholipids. At the same time the activities of two
types of triglyceride lipase were studied, the first using tributyrin
as substrate and the second using tripalmitin.

The hexose-monophosphate shunt for glucose metabolism has
been evaluated mainly because of its potential relationship to the
fatty acid synthesis pathway as a source of NADPH. In this study the
formation of pentoses and 14CO2 from glucose-U-}4C, when incubated
with a high-speed supernatant of muscle homogenate were determined, as
well as the disappearance of ribose-5-phosphate from the medium.

Studies carried out in this laboratory during the past several
yvears have concentrated on analyzing in more detail the metabolism of
palmitic-l—14c acid by muscle mitochondria isolated from dystrophic
muscle in order to localize the primary defect responsible for its low
utilization. As a result of these studies it waz found that the defect

1

mentioned above is not specific for palmitic-l- C acid since similar

decreases also occurred for pyruvate (135) and acetylcarnitine (253).



Because of these findings the main emphasis in our work has been the
investigation of several factors that are common to the metabolism of
the above three substrates. In this respect, several enzymes have
been studied in isolated muscle mitochondria from normal and'dystrophic
mice. These include the determination of the activities of the enzymes
of the tricarboxylic acid cycle, the electron transport chain and
acetylcarnitine transferase. In addition the intramitochondrial pool
of acid-soluble CoA (acetyl CoA plus free CoA) has been determined.

At the same time determinations of carnitine in homogenates of musclé
have been carried out.

Some of the techniques used in the work carried out on mice
were also applied to the study of some enzymes from muscle of patients
with difféfgnt types of myopathy, and also in the muscle of mice under-
going atrophy after denervation. These enzymes include short-chain:
triglyceride lipase, monoaminoxidase and cytochrome oxidase activities
in homogenates of the denervated muscle and non-denervated contralateral

muscle.



CHAPTER II

REVIEW OF LITERATURE

A. Muscular Dystrophy - Definition of the Disease

In 1868 Duchenne (1, 2) described a muscle disease that was
characterized by weakness of movements which gradually worsened and
spread in an ascending way over the affected muscles. An increase in
volume of all, or part, of the affected muscles was associated with
these changes. Duchenne proposed to call this disease "Pseudohypertrophic
Muscular ?aralysis". With the help of the "histological punch', a
forerunner of the more modern methods of muscle biopsy, Duchenne per-
formed an histological study of the affected muscles and concluded that
the fundamental lesion in the muscle is hyperplasiavof the interstitial
connective tissue with the development of numerous fatty vesicles. These
features, he explained, would produce both the weakness and the increase
in muscle volume.

In the century that has elapsed since the publication of
these papers by Duchenne a large number of observations have been made
on this disease but the pathogenesis is not yet known. The "Pseudohyper-
trophic Muscular Paralysis" of Duchenne forms part of a larger group of
genetically determined muscle diseases now listed under the name, pro-
posed first by Erb, of Muscular Dystrophy (MD). The word "Dystrophy"
as applied to muscle indicates some defect in the nutrition of muscle of
unknown origin or etiology. Because of our lack of understanding of

the primary cause of muscle disease of this kind, the term (Muscular



Dystrophy), even though unsatisfactory, hag remained; At present the
clinical appearance, genetics, and course of the disease form the only
bases for both definition and classification.

The muscular dystrophies are now defined as a group of
genetically determined, progressive myopathic diseésesa "Myopathic"
disease includes all diseases of muscle, exclusive of those that are
secondary to diseases of the nervous system (i.e. neurogenic atrophy).
This definition is somewhat paradoxical since, in any of the muscular
dystrophies, it is not known whether the primary defect is muscular,
Indeed, any one of these disorders may be a more generalized disease
with manifestations mainly in muscle. Since the description of the
disease By Duchenne, Aran.and Charcot, controversy has continued betweén
supporters of a myogenic and a neurogenic origin for the Muscular Dysfro-
phies. Furthermore many authors have pointed to the involvement of
other organs, especially in the Duchenne type.

Some authors (3), including Duchenne (1, 2) have reported
mental abnormality in patients with MD, but there is disagreement on.
whether the mental deficiency arises from some basic metabolic defect
responsible for the dystrophic process (4) or from environmental depri-
vation (5). Neuropathological findings in several patients have shown
extensive demyelinative lesions (6) or microscopic abnormalities in the
cerebrum which are interpreted to result from the arrest of cortical
migration of neurons during early development of the brain (7), but the
results are not conclusive inasmuch as the findings are not present in
all cases. Electroencephalographic (EEG) studies have also yielded var-
iable results. Borderline or frankly abnormal EEG patterns have been

described in about 507 of the patients with Duchenne dystrophy (8), but



the significance of these findings is largely invalidated by similar
findings being observed in children with roughly the same motor handicap
following denervation atrophy (9).

Other systems or ofgans also have been reported to be
involved in Duchenne dystrophy. Because of the similarities between
skeletal muscle and cardiac muscle, this organ has been among the first
to be examined and several reports suggest that there is a constant
involvement of the heart in Duchenne dystrophy. The main electrocardio-
graphic findings are sinus arrhythmia, abnormally tall R-waves in the
right precordial leads, and depression of the ST-segment with flat or
negative T-waves in the right precordial leads (10). Also an analysis
of the QRS vector loop shows an increase in the velocity of depolarization
in the heart of muscular dystrophy patients suggesting either pathological
éhanges in the myocardium or ventricular hypertrophy (11). Some defects
in intestinal absorption have also been observed in the Duchenne type
of muscular dystrophy due possibly to involvement of the smooth muscle
of the intestine by the dystrophic process (12).

The classification of the muscular dystrophies based on
clinical-anatomical data has proved to be unsatisfactory and to-day they
are classified upon clinical and genetic criteria (13), as shown in
Table I.

Basic biochemical research such as that undertaken in this
study is difficult to do on human muscular dystrophy primarily because
of the difficulty of obtaining good comparable biopsy material from both
normal and affected muscle,. Research.on muscular dystrophy has been
greatly aided during the last fifteen years by the occurrence of myopathy,

either as an inherited or induced condition, in several animals (e.g.
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TABLE I

CLASSIFICATION OF MUSCULAR DYSTROPHIES

Duchenne-type muscular dystrophy
a) Sex-linked recessive variety

1) Severe
2) Benign

b) Autoébmal récessive variety
Limb-girdle muscular dystrophy
a) Autosomal recessive
b) Sporadic
Facioscapulo~humeral muscular dystrophy
Autosomal dominant
Distal muscular dystrophy
Ocular myopathy, including oculo pharyngeal

Congenital muscular dystrophy



mouse, Syrian hamster, white Pekin duck and chicken). In the studies
reported in this thésis, mice suffering from muscular dystrophy are
the main experimental animals used.

Mice with muscular dystrophy (strain 129/Re) first became
‘available in 1955 (14). Three genetic types occur in litters of fhe
dystrophic (dy) stock: affected animals (dydy), non-affected heter-
zygous carriers (Dydy) and non-affected homozygous animals (DyDy). The.
affected mice show a number of clinical, histological, biochemical and
physiological similarities to the Duchenne type of muscular dystrophy,
but there are significant differences (for example, in mice the disease
is autosomal recessive whereas in Duchenne dystrophy it is sex-linked).

B. Skeletal Muscle Involvement. Morphological, Physiological
and Biochemical Aspects.

a) Introduction

Skeletal muscle constitutes two fifths of the total body
weight and over half of the weight of the soft body tissues. The main
property of muscle is its contractibility which allows it to function as
the moving force throughout the animal kingdom. Muscle also helps to
carry on other functions such as that of participating in thermoregulation
in warm-blooded animals. In studying the role of skeletal muscle in
the body it is necessary to consider that, because of its bulk and the
constant exchange of substances between different body compartments, any
change in the ability of muscle to function could cause considerable
alteration in the dynamic equilibrium of the body..

The main characteristic of muscle structure is its myofibrillar
nature which is responsible for the transverse striations of t'.e fiber.

Seen under the light microscope in a transverse section (Figure 1, A)



Figure 1 =~

Skeletal muscle structure.

A = transverse section as seen under the light

microscope: (1) Bundles of myofibrils are

séparated from one another by a layer of
connective tissue. (2) shows a larger
magnification of an isolated myofibril.

B = scheme showing both longitudinal and trans-
verse arrangements of the different filaments

of the myofibril.



e,
11
L,

fur (108 Lol :{ .
fusittop 28 diy

S & SARCOPLASH
@: Y . ':’

/i
A
I3
%
)

n":;,:: '.'{ ? = .x?_ff 3 a I;. !,fx.
e 7 SARCOLEMMA

e Y Y.

10



10

f
) hHi
iz st Ml 14 -
18 w0, $ g
2IcEI e, f1a0 i
S S SARCOPLASM
ety
“r 7]
—" ’V A
5 ) vl
A
§ h

TR Y SARCOLEMMA




11

muscle appear§ as a package of primary units called myofibrils with a
nearby polygonal outline, separated one from another by a thin layef of
sarcoplasm. These myofibrils are arranged in groﬁps very close to one
another with each group clearly separated from another group by a
thicker sarcoplasmic layer.

Amongst each of these groups several additional structures
can be seen. The nucleus usually is in a peripheral position and the
nucleolus is readily visible. Small granules, which are the mitochondria
or sarcosomes, can be seen between the myofibrils. Also it is possible
to see small lines that form the sarcoplasmic reticulum. In the following
pages the present knowledge available on these different subcellular
structures will be reviewed. Brief consideration will be given to the
morphological and physiological aspects. The biochemical aspects, partic-
ularly those relevant to the study reported here, will be described in
greater detail. The main changes discovered in patients will be commented
upon in the appropriate sections.

b) The Sarcolemma

The sarcolemma or muscle membrane can be resolved into two
components: a plasma membrane, and a basement membrane. There is also
a delicate net of collagen filaments which some authors consider as the
third membrane. The plasma membrane is about 100 X thick and in muscle
fixed with osmium tetroxide it can be resolved into three layers. The
basement membrane is a uniform, structureless lamellae of 300-500 X in
width and gives a positive periodic acid-Schiff reaction suggestive of
mucopolysaccharides (15).

It has been suggested that the basement membrane plays an

important role in determining the shapes of individual cells. The resist-
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ance of this membrane to trauma and ischemia allows it to survive muscle
injury and form an intact "sarcolemmal tube" that guides the growth of
the regenerating fiber. Because the new fiber develops with its own
basement membrane, it will form a fiber with two basement membranes (16).

Several functions are attributed to the muscle membrane in.
addition to its role in fiber regeneration. The most important are its
participation in the conduction of the electrical impulses and its role
as a permeability barrier between the intracellular and extracellular
spaces. It is because of this latter function that many substances are
not lost from or accumulate in muscle and that differences in concentration
of electrolytes can exist between both spaces.

Even though dystrophic muscle (Duchenne) does not appear to-
show any deficiency in the conduction of electrical impulses (17), its
permeability properties may be impaired. The first evidence of such
impairment came from studies in which it was shown that i;creases in
certain serum enzymes (particularly those peculiar to skeletal muscle)
occur in pafients with muscular dystrophy. Further support has come from
observed changes in the concentration of Na+ and xt ions.

Na+ and K+ are among the ions found in greater quantity in
muscle tissue. The proper maintenance of intracellular concentration in
relation to extracellular concentration is most important in m2intaining
the membrane electrical potential, Potassium ion is also particularly
important because of its relation to protein metabolism (18) and to the
contractile mechanism in skeletal muscle (19).

The first studies done to determine the concentration of
these ions in muscle from dystrophic patients have shown a decreased

+
intracellular K (20), This finding which has been related to an increase
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in the chronaxie observed in these muscles (21), has been later confirmed
‘in studies using 4ZK (22) . These results have been found for Duchenne
muscular dystrophy and myotonia dystrophica (23), and also in dystrophic
mice (24).

Biochemical studies with isolated membranes from muscle
have been carried out in order to elucidate the stéte of the components
concerned in the active transport of these ions. The characteristic
response of membrane-bound ATPase to ouabain is a lowered rate of ATP
hydrolysis. Instead, in membranes from muscle of dystrophic mice ATPase
was found to be stimulated by ouabain, suggesting some defect in the
membrane-transport mechanism (25).

In addition to the genetic§ and clinical description of
the disease the most useful tool in the diagnosis of Muscular Dystrophy
is the biochemical determination of certain serum enzymes. Transaminases
(GOT and GPT) (26, 27, 28), aldolase (26, 27, 28, 29),lactic dehydro-
genase (26, 27),malate dehydrogenase’ (26, 27) and creatine phosphokinase
(CPK) (27, 28, 30) have been found to be elevated in the serum of
patients affected with MD. The measurement of CPK (which is widely used
today) not only assists in the diagnosis of the disease (important in
the differential diagnosis with myopathies of neural origin where only transient
elevation occurs(30)) but also in the detection of carriers and subsequent
eugenic counselling (28). The elevation in serum enzymes is more
clearly manifested in young patients. As the disease progresses the
elevations observed may decrease to normal values. This is often evident
when the patiemt ceases to be ambulatory (31) and probaﬁly reflects the

assoclated diminution of muscle mass. A number of studied £32-35) point
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to the fact that the above elevation of serum enzymes and an associated
increase in sensitivity to acetylcholine result from an increase in
the membrane permeability of affected muscles.

Despite the physiological and biochemical signs pointing
to an abnormality of the sarcolemma, in patients with Duchenne type MD
no alteration in ultrastructure either in the plasma or basement mem-
brane has been found when studied by electron microscopy (17). Only
in advanced stages of the disease has sarcolemma bfeakdown béen reéported
to occur (36). On the contrary, studies done on dystrophic mice have
shown an absence of intact sarcolemma around affected fibers even in a
preclinical stage, suggesting that this defect could be the initial
alteration of injury to the muscle cell (37). However these results
have not been confirmed and other authors have not been able to find
any defect in the sarcolemma of the dystrophic mice during its clinical
phase (38, 39).
c) Sarcoplasmic Reticulum (SR) and Transverse Tubular System (T)

Among the different kinds of structures that are contained
in the interfibrillar space, are the sarcoplasmic reticulum (SR) and
the transverse tubular (T) system.

The T system can be considered to be part of the sarco-
lemmal membrane. In a longitudinal section of muscle it appears as a
transverse tubule with a localization that changes from species to
species. Evidence for the continuity of the T system with the sarcolemma
has been provided by immersing the muscle in a solution of ferritin
and observing its penetration into the muscle. Penetration was confined
to the interior space of the T system (40) and showed that no connection

exists between the T system and the SR system even though some bridge-



like structures seem to exist (41).

The available evidence strongly'suggests that the T system
1s the structure responsible for the conduction of the impulses in-
wards (42). With the use of microelectrodes (43) it was possiblé to
demonstrate that striated muscle from pig muscles could bé activated
only in the region of the Z band. This observation has been inter-
preted to indicate propagation‘of the excitation through the T system
(44). The relationship between the T system and propagation of the
excitation is supported by the fact that slow "tonus" fibers of frog
skeletal muscle do not have the T system (45) and that muscles with fast
contraction are rich in elements of the T system and also of the SR
system (46).

The SR system is located along the sarcomere. Elements of
the SR system surround the myofibrillar component, and f£ill the inter-
fibrillar space giving it a complex structure. The SR forms in con-
junctionwith the T system the so-called "triad" (41). Studies carriad
out on frog striated muscle suggest that the T system and SR system
are different since the former, together with the myofibrils ; is
glycerol stable while the SR system 1s glycerol gxtractable 7).

Several functions havé been attributed to the SR system.
Because of its close relationship with mitochondria, lipid droplets
and glycogen, the SR probably partié¢ipates in the exchange of metabolites
between tﬁe myofibrils and the sarcoplasm (48). About twglve years
ago another function was‘assigned to it, namely, that of coupling exci-

tation to the contraction mechanism which is now briefly described.
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A relaxing factor hés been described that can prevént the
ATP-induced contraction of actin and myosin and can even produce re-
laxation in a previously contracted muscle. This factor has been
localized to the sarcotubular system (49). A relationship was very
soon established between Ca++ and the relaxing factor; it was already
known that Ca++ was able to originate contraction of the skeletal muscle
and that the phenomenon of superprecipitation and ATPase activity of
actomyosin were maximum in the presence of Ca++. Furthermore, a cor=-
relation does exist between the abilities of chelating agents to bind

+H +
Ca in the presence of Mg and their function as relaxing agents.

When the Ca++ -binding capacity of the vesicles obtained from the SR
system was studied, they were found to have an affinity comparable to
that of chelating agents (50). This property was shown to be dependent
on ATP, since in the presence of Ca++ (10- M) phosphate was liberated
from ATP (51).

At present the process of transition from contraction to
relaxation is thought to be originated by a shift in the equilibrium
Ca++ -Actomyosin-pActomyosin + Ca++, followed by a dropping of the
concentration of Ca++ in the cytoplasm during relaxation through active
accumulation into the sarcoplasmic reticulum (52). In Figure 2, are
shown the main events taking place in the transition from excitation
to contraction.

Kinetic studies on muscular contraction carried out in nor-
mal and dystrophic mice have shown the existence in dystrophic animals
of a longer relaxation period (53). Because of the relatively normal

contraction period, attention was directed to the study of the relaxation

system. Fragments of sarcoplasmic reticulum from dystrophic and normal

‘
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FIGURE 2

SUMMARY OF EVENTS IN MUSCLE CONTRACTION

Excitation to contraction Relaxation

Excitation

Depolarization of cell membrane @eee—— Active restoration of
ions (repolarization)

Impulse propagated to T system

SR system activated Lo
++ ++
Liberation of Ca to the cytoplasm Ca .sequestered by ATPase
of SR (i.e. active transport
Activation of myosin ATPase of Ca'*"")_J :

Contraction



mice were examined and a decrease in Ca++ uptake was found without any
change in ATPase activity (54). Even though no differences were found
in the amino acid and phospholipid composition of the fragmgnted sarco-
plasmic reticulum preparation f;om dystrophic mice when compared with
that of normal mice however, the rates of hydrolysis.on treatment with
phospholipase C or protease were increased for dystrophic muscle (55).
Also an abnormal structure of the isolated sarcoplasmic reticulum from
dystrophic mice has been observed with the electron microscope using

the negative staining technique (56).
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The sarcoplasmic reticulum of children affected with Duchenne

MD has also been investigated. Both Ca++ uptake and ATPase activity
have been found to be reduced: normal values were found in cases of
myotonic dystrophy studied at the same time (57). No differences were
found in the lipid composition of the sarcoplasmic reticulum from
patients with MD. As observed for normal children, 547 of the lipids
were phospholipids. Fifty per cent of the latter consisted of phospha-
tidylcholine (58). These authors also confirmed the decrease in Ca++
uptake and in ATPase activity mentioned previously (57).

Several abnormalities in the ultrastructure of the sarco-

plasmic reticulum of children affected with MD (Duchenne) have been

observed, however no agreement exists regarding their pathogenetic

importance: while some authors (59) consider these changes are a primary

manifestation of the disease, others consider them to be secondary to
mitochondrial changes (17) or to alterations in the myofibrils (36).

In dystrophic mice a marked swelling and vacuolization in

the cells of dystrophic muscle has been observed (38) but the outstanding
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degenerative change appears to be a loss of the contractile elements
within the affected cell. One possible important finding that has been
reported in dystrophic mice is the fact that in parts of the muscle
where the phenomenon of "nuclear rowing'" (long chain of nuclei centrallyy
located within the éell) is very promineht,there is also prominence of
granular endoplasmic reticulum together with an increase of free ribosomes.
This suggests an activation of protein synthesis related to the regen-
erative process (39). This increase in free ribosomes might prove to be
one criterion of help in the difficult problem of differentiating between
degenerating and regenerating regions. Both processes must go on at

the same time in the affected muscle, with the relative contribution of
each dependent upon the course 6f the disease.

d) Myofibrils (Contractile proteins and contraction)

The structures directly responsible for muscular contraction
are the filaments. As shown in Figure 1, B, two different kinds of
filaments are observed., The thick filaments (160 Z diameter) in the center'
of the sarcomere form the A band and the thin filaments (50-70 X dia-~
meter), which interdigitate with the thick filaments and are inserted
in the Z line, form the I band. This interdigitation gives rise (a) to
the bands (A'and I), zones (H) and lines (Z) shown, and (b) the regular
arrays seen in transverse sections.

It was considered for a long time that both filaments were
composed of the same substance and the word "myosin' was used to desig-
nate the globulin extracted from muscle by slightly alkaline salt solu-
tions. However, in 1941 it was demonstrated that the properties of

"myosin" changed according to the length of extraction; the longer the



extraction the more viscous the preparation became. It was found that
this effect is due to the presence of another protein called actin (19).
Now at least six main protein fractions have been found related to the
filaments: myosin, actin, tropomyosin, troponin, o&-éctinin and

p -actinin. | |

The thick filaments of skeletal muscle are composed mainly
of myosin. It has been demonstrated that when myosin is selectively
extracted the A band disappears (61) and also that on polymerization
myosin forms filaments of identical shape to the thick filaments in the
A band (62). Two main properties of ﬁhe myosin molecule are its ATPase
activity and its ability to bind actin. After controlled tryptic dig-
estion of myosin two products appear that have been called meromyosins:
a slow sedimenting protein or light-meromyosin (IMM) that is responsible
for the solubility properties of myosin and a fast sedimenting protein
or heavy-meromyosin (HMM) that possesses the ATPase activity and actin-
binding capacity (63, 64) (see Figure 3, A).

Actin has been identified as the main component of the thin
filaments on the basis that its extraction produces a disappearance of
the I band (61). Actin exists in two forms: monomeric or G-actin
(globular) and polymerized or F-actin (fibrous). The G——F transform-
ation takes place on the addition of salts and is accompanied by an
increased viscosity of the solution (65). ATP is specifically required
for the polymerization of G-actin (66, 67, 68) to which it is loosely
bound since it can be easily extracted by charcoal; however during poly-
merization there is a release of phosphate (69) after which charcoal

treatment of F-actin has no effect in removing the bound ADP (70). The
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Figure 3-A. Diagrammatic representation of the molecule
of myosin.
IMN, light meromyosin
HMN, heavy meromyosin
B.. Scheme showing the action of cross-bridges in
the sliding theory of muscle contraction.

(After: H. E. Huxley - Proc. Roy. Soc. London B,
178, 131-149 (197))
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following scheme for the transformation G—»F—>G has been suggested

(71):
G + ATP —m—— G-ATP
G-ATP e m———————) F-ADP + Pi
F-ADP ————cre() G-ADP

G-ADP + ATP e ———") G-ATP + ADP

Tropomyosin is a fibrous protein first isolated in 1948 by
Bailey (72). The similarity of its structure to the appearance of the
Z line suggests that it is a main constituent of this structure (62).
1f tropomyosin labelled with a fluorescent dye is added to myofibrils
partially digested with trypsin, a very weak fluorescence appears in
the A band and strong fluorescence in the I band while the Z band is
only partially stained. Similar results obtained using antibodies point
to its localization in the thin filaments and partially in the Z line
(73).

Another protein related to the filaments is troponin. It
has been shown that this protein enhances the interaction of actin and
myosin in the presence of Ca++ during the excitation-contraction coup-
ling in living muscle. This property is related to its very high
affinity for ca't at concentrations comparable to the physio-
logical concentration of catt during contraction (74). Recently it has
been reported that troponin consists of two proteins: troponin A which
inhibits the Mg++- activated ATPase of synthetic actomyosin, and troponin
B which appears to be associated with the Ca++ sensitivity (75). Studies
done with fluorescent dye marked-troponin or with antibodies have
localized the troponin along the whole thin filament but not at the Z

band (76).
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ef “Actinin is a protein recently isolated from the crude
extracts of tropomyosin (76). If a certain amount of B ~actinin is
added to Ffactin it gelatinizes immediately at room temperature. Its
action seems to be to facilitate latent association of F-actin fila-
ments. - Its Iocélization has been made with the use of antibodies and
it appears to be confined to the Z-line region 7).

The last of the structural'proteins of the filaments studiéd
so far is P -actinin, isolated by Maruyama in 1965 (76) . It is an
actin-dispersing factor, that regulates the length of the polymers of
F-actin and inhibits the formation of a net-like structure (78).

Even though many mysteries remain to-day regarding the
mechanism of muscle contraction, it is explained on the basis that the
thin filaments slide inwards over the thick filaments (see scheme in
Figure 2, B)., The main evidence to support this hypothesis has been:
provided through measurements made on conﬁracted and relaxed muscle
using the contrast and interference microscope (79, 80). When muscle
contracts, the length of the A band remains constant, while the I band
diminishes until it disappears completely. At this stage (i.e., the
limit of physiological contraction) the fiber reaches 65%Mof the resting
length. Independently of the dynamic state of the fiber the distance
from the Z line to the edge of H remains constant. It has been found
that each thick filament is made up of a group of long L~shaped myosin
molecules whose side pieces can interact and form temporary cross-link-
ages with adjacent actin filaments (62). ouring activity these cross-
linkages appear to be broken and remade in rapid succession. Figure 3,B

shows a diagram of the possible action of these cross-bridges. The
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specific spatial structure and/or conformation changes of the proteins
are considered to allow and bring about the movement of one filament
towards the other which results in shortening or in the development of
active temnsion.

The interaction between mybsin and actin occurs in the
presence of ATP. One of the most important discoveries in muscle func-
tion was the finding by Engelhardt and Ljubimova (81)‘that myosin is an
active ATPase, In this way a link was established between the structural
basis of contraction and its energy requirements. So important is this
finding, that it has been said to mark the beginning of molecular
physiology (82). Also, this function of myosin links contraction with
the function of the SR system because the myosin-ATPase is strongly
stimulated by catt ions; MGT" ions have an inhibitory effect (83).

In cases of Duchenne MD abnormalities in the myofibrils
have been reported even in the early stages of the disease, but very
often myofibrils still existed in places where there were no traces of
sarcoplasmic reticulum. In the more advanced cases disruption of the
myofibrils appeared first at the A-I band '"boundary" and the thick fila-
ments were found to be more separated than the thin ones, with a
resultant increase in the interfibrillary space (59). Other authors
have observed that the myofibrillar disruption is preceded by changes
in the mitochondria (84).

Also in mice with muscular dystrophy,a general loss of
myofibrils has been considered to be the most prominent feature of the
diseased muscle when seen by electron microscopy. The remaining space

is occupied by a number of structures that could represent residues of
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the Z lines from pre-existing myofibrils (38). This loss of myofibrils
is at first localized in determined poinﬁs of the cellvbut it progresses
over the entire cell. These results are open to atvléast two interpre-
tations: (a) they reflecf the primary pathological change in dystrophic
muscle,in which case the myofibrils are degeneratipg, or they.reflect
attempts by the muscle to regenerate, in which case the myofibrils are
in a stage of new formation or regeneration.

Not too much work has been done so far on the properties
of the different contractile proteins isolated from muscle of dystrophic
patients or mice. The amounﬁ of myosin has been found to be greatly
reduced in the muscle of Duchenne dystrophic patients (85) and in mice
affected with muscular dystrophy (86) whereas the amount of actin has_‘
been reported to Be normal. This decrease in myosin c#n have its origin
in a defective synthesis, or an increased cataboliéﬁ due to extrinsic
factors to fhe myosin molecule, such as increased proteolytic enzymes,
or to intrinsic factors, such as some alteration in the molecule which
makes it less resistant to attack. Protein synthesis has been found to
be increased in muscle from dystrophic mice as shown by studies on the

14C (87) or 1eucine-14C (88) into the protein

incorporation of glycine-l-
fraction. On the other hand proteolytic activity over neutral and alka-
line ranges have been found to be very much increased in dystrophic
animals using proteins of normal and dystrophic muscle from mice as
substrate (89). Also depots with acid phosphataée activity were shown
by histochemical methods to be grouped in regions where the breakdown

of myofibrils occurred (90). It is important to notice here that a pro-

tease acting specifically on myofibrils has been reported to exist in
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normal rat muscle and it was found to be greatly increased in muscle
undergoing atrophy after denervation (91).

The various properties of myosin from dystrophic muscle‘
of mice have been studied. These were nqrmal with respect to ATPase
activity, ability to combine with F-actin and pattern of behaviour in
the ultracentrifuge. However, light-scattering meésurements seemed to
indicate a greater polydispersity for myosin from dystrophic muscle
(86) . The same authors have correlated the loss of myosin with differ-
ences fouﬁd in the distribution of lactic dehydrogenase isoenzymes and
alterations of myoglobin in these muscles. They interpret these results
to mean that there is a regression of muscle to the embryonic state in
myopathies.,

Using slightly younger mice other authors have reported a
similar myosin content in dystrophic mice (92). Hoﬁever, they found
some differencés in amino acid composition (higher content of alanine,
valine, isoleucine and lower content of glycine and histidine) and a
lower availability of SH groups to SH reagents. Myosin from dystrophic
muscle was found to be less stable on storage. About 257 of it appeared
as aggregates in conditions where it should have been monomeric.

Summarizing what has been said so far, it appears that the
decrease in myosin is not due to a decrease in its synthesis, but mainly
to an increase in its catabolism caused by an increased proteolytic
activity.

e) Extramitochondrial and Mitochondrial Reactions of Cellular Metabolism

(i) General Aspects

For many years it has been accepted that skeletal muscle

depends largely upon carbohydrate utilization as the primary "fuel" for



contraction. However, when it was demonstrated in 1913 (93) that cir-
culating lipids were removed from blood by skeletal muscle it was sus-
pected that lipids could also serve as energy source for muscle. This

became more ev1dent when determinations of the resplratory quotlent
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(RQ) of muscle in rest revealed that only 1/5 of the oxygen uptake could-

be attributed to the oxidation of carbohydrate. However, early attempts
to demonstrate an in vitro oxidation of long-chain fatty acids by skel-

etal muscle were unsuccessful until the cofactor carnitine was discove-

ered (94). Carnitine has been shown to stimulate the oxidation of long-

chain fatty acids in all tissues studied. In skeletal muscle this
dependance also applies since it has been shown that this tissue is
unable to catabolize long-chain fatty acids unless carnitine is present
(95). With the realization that long-chain fatty acids could be oxid-
ized by skeletal muscle, the former comcept that fatty acids could be
utilized by muscle only after they had been previously converted to
ketone bodies by liver, was rejected.

Even though uncertainty exists concerning the relative
utilization of each foodstuff, it is now known that both lipids and
carbohydrates can be used by muscle. This has reached the point where
doubt has been expressed as to whether dissimilation of muscle glycogen
occurs in intact man at rest. There are seve;al factors that make ﬁhe
resolution of this problem difficult. The first is the existence of,
at least, three different types of muscle fibers of which two, type I
or C (red and slow) and type II or A (white and fast) represent the
main types; the third type is intermediate in its properties (type B).

The criteria used to distinguish the fibres are morphological, based on
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differences in the mitochondrial content, shape of the sarcoplasmic
reticulum, size and shape of the myofibrils, and also cytochemical
criteria such as mitochondrial enzymatic activity, phosphorylase activity,
glycogen content and triglyceride content (96). These differences point
to a possible heterogeneity of fibres with respect to substrate require=-
ments.

Another factor which could determine preférences in the
utilization of one or another substrate is the stage of development of
muscle and the influence of the nervous system on muscle. Changes in
the distribution of fibers I and II have been observed when muscle
_ passes thfough different stages of development, and also after it is
deprived of its inmervation (97, 98). Increased amounts of iactic acid
in denervated muscle together with fat accumulation, decreased glycogen
content and several enzymatic changes suggest that thé role of carbohydrate
as substrate for energy increases after demervation (99, 100).

The third consideration concerns the differences in muscle
at rest and work, During exercise the RQ of muscle approximates 1 until
the glycogen content falls. This is followed by a decrease in the RQ,
indicative of utilization of other substrates (101). At rest there is
a decrease in the RQ with an increase in the glycogen content indicating
a greater utilization of fatty acid. It is possible that with prolonged
periods of work, fat is used as indicated by the disappearance of lipid
from fat depots of migratory birds in response to the considerable energy
demands of continuous flight (102).

When it was found that muscle was able to contract after

being poisoned by iodoacetic acid (103) (interferes with the formation
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of lactic acid) it was considered that contraétion and energy were
directly relatéd through the b?eakdown of creatine phbsphaté, a high-
energy compound that had been discovered in muscle (104). Confirmation
was provided when a relationship between the tension developed by

muscle and the breakdown of creatine phosphate was demonstrated aqd also
by the fact that much of the lactic acid production occurs“auring the
post-contraction period (105). With these findings lipid and carbo-

. hydrates were éonsidered to serve as suppliers of energy for the re-
synthesis of creatine phosphate.

Créatine, the precursor of creatine-phosphate is formed
mainly in the liver. The synthetic pathway requires as first step the
condensation of glycine and arginine to form glycocyamine (106)
followed by the transfer of a methyl group from methionine to glyco=-
cyamine to give creatine (107). Creatine is stored mainly in skeletal
muscie (over 90%) eithgr as the free form or as creatine phosphate,
and it is excreted in the urine under normal conditions only in the
form of its anhydride creatinine. The only source of creatinine is the
creatine from muscle and the rate of conversion is relatively constant.

After the discovery of ATP in muscle (108) and the obser-
vation that myosin has ATPase activity (81), the idea that creatine
phosphate was the immediate source of energy for muscle contraction was
changed in favor of one where carbohydrates, lipids and creatine phosphate
supply energy for the build up of ATP which on hydrolysis by the action
of the myosin ATPase could liberate the required energy for contraction.
Also it was found that ADP was necessary for the breakdown of creatine

phosphate, according to the reaction Sequence:
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ATP 5 ADP + Pi 3 ¢

Creatine Fhospho-

Creatine phosphate + ADP p» Creatine + ATP )
kinase | '
The last reaction, called Lohmann's reaction (109) is reversible, and
it can be used to synthesize creatine phosphate. The latter is stored
as part of the immediately available energy store for muscle. Another
pathway for the formation of creatine phosphate, without ATP being in-
volved, was later described (110). This pathway involves a reaction
between creatine and 1,3-diphosphog1§c$£ic acid:
g

Creatine + 1,3-diphosphoglycerate === 3, phosphoglycerate + creatine
phosphate 3)

Summarizing, from a physiological point of view, the mech-
anism leading to the release of energy in muscle can be div;ded into
three phases (a) the phase of energy liberation, including the meta-
bolism of fatty acid, glucose, pyruvate, etcC....; (b) the phase of energy
conservation in the form of creatine phosphate and ATP; and (c) the
phase of energy utilization which is related to the interaction between
actomyosin and ATP, From a structural point of view all these reactions
can be divided into extramitochondrial and mitochondrial reactioms.
Glycolysis and creatine phosphate metabolism are extramitochondrial reac-
tions, and fatty acid oxidation, citric acid cycle oxidations and oxid-
ative phosphorylation are mitochondrial.

(ii) Creatine and Creatinine
One of the first biochemical abnormalities observed in pa-

tients affected with uuscular dystrophy was creatinuria which occurred



32

..together w1th a reduction in the excretion of creatlnine in the urine.

Although the amount of creatinine in u*ine may be no greater than that

found in other diseases like myasthenia gravis or secondary to a lesion

in the nervous system, it appeared that the ability of muscle to retain

creatlne was usually more impaired in the. dystrophic patient as deduced

; by a more diminished creatine tolerance test. Also, after feeding

glycine to dystrophic patients an increase in the excretion of creatine
6utput and the abnormality in the creatine tolerance test would appear
to be expressions of an improperly functioning muscle mass per se, and
not an index of the amount of wasted muscle, or the primary lesion of
the disease (111).

More recent experiments were performed feeding patients
with 15N-_glycine and investigating the 15N in urinary creatine and crea-
tinine. Initially a far greater concentration of isotope was found in
creatine than in creatinine and the decline in isotope abundance with
time was more rapid in creatine than in creatinine. The conclusion made
from this experiment is that urinary creatine does not originate in
muscle but represents freshly synthesized creatine which has been denied
access to muscle (112). However, similar experiments carried out with

C-creatine have shown that the rate of disappearance of radioactivity
as urinary creatinine was more rapid in patients with muscular dystrophy.,
Parallel decreases in specific activities of urinary creatine and
creatinine were observed, pointing to a defect in the muscle of patients
with muscular dystrophy to retain the creatine rather than a decreased
rate of.entry'(113). It is possible that both mechanisms, (that is a

defect in uptake of creatine by muscle due to the decrease in functional
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muscle, and a defect in retaining the creatine dué to some abnormality
in the safcolemma or in.some intramuscular mechanism) may be acting
together. |
., An impaired ability to retain creatine was also observed

in muscle from dystrophic mice as shown by a decreased turnover time of
both'total body creatine and skeletal muscle creatine, determined after
injection of 14C-creatinine. The excretion of creatine plus creatinine
by dystrophic mice is similar to that observed for normal mice (114).

Besides the possible defect in the active transport mech-
anism of creatine, another»factor that could contribute to the lack of
retention of creatine by dystrophic muscle is a decrease in creatine
phosphokinase (85, 115). This defect could be very important considering
the relatively rapid reaction catalyzed by this enzyme and the imper-
meability of the cell membranes to high-energy-phosphorus compounds. |

(iii) Glycolysis - Extramitochondrial

Glycolysis is an extramitochondrial process in which the end
product is lactic acid. The glycolytic enzymes appear to be located in
the soluble part of the cell and (at least in part) in the sarcoplasmic
reticulum, an example of the latter being phospho-fructokinase (116).
The main characteristics of glycolysis in skeletal muscle are the lack of
the enzyme glucose-6-phosphatase, the almost complete absence of free
glucose in the muscle cell and the failure to utiliég lactic acid.

Glycogen, an important constituent of muscle, can be seen
with electron microscopy as small granules (of and B granules) in the
interfibrillar space. The amount of glycogen changes according to the
state of muscle., The enzyme responsible for its degradation is phosphor-

ylase, an enzyme, believed for many years to catalyze the reverse reaction
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until Leloif.and associates demonstrated the existence of the glycogen
synthetase system.

In patients affected with MD (117) or in dystrophic mice
(118) a decrease in the activity of both a and b phosphorylases was
observed, with a normal ratio of a/b. This decrease in activity'has
been found in dystrophic mice not only to occur in thé thigh muscle
where the pathological process is more visible, but also in the fore-
limb musclé and abdominal muscle, The normal a/b ratio is in contrast
to what happens in muscle undergoing atrophy after denervation where
there is a decrease in phosphorylase activity, together with a decrease
in the a/b ratio (119).

The level of glycogen in muscle from dystrophic mice was
found to be only 72% of that in the normal control (118).

Glycolysis has been studied in vitro by determining the
rate of fbrmation of lactic acid by muscle homogenétes incubated in the
presence of glycogen (120) as substrate. A marked reduction in the
ability to carry out glycolysis was observed in muscle from Duchenne MD
patients. In dystrophic mice, glycolysis has been assessed in a similar
way using fructose-l,6-diphosphate as substrate, and a small, but
statistically non-significant increase was observed when the results
were expressed in mg lactic acid formed/gm wet tissug (121).

It is not surprising to find a reduction in glycolysis in
dystrophic muscle when we consider that all the individual enzymes studied
so far, with the exception of hexokinase, have been found to be reduced,
as can be séen in Table II. Several authors have also reported the

existence in patients affected with Duchenne MD of an abnormal behaviour
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in blood glucose regulation as indicated by an abnormal response to
the glucose tolerance test, to the glucose-insulin test, or to the
tolbutamide test (126, 127, 128).

~(iv) Lipid Metabolism: Extramitochondrial and Mitochondrial

As we have seen before, lipids can be én important '"fuel"
for muscle contraction and most of the energy derived from them comes
from the oxidation of the fatty acid moiety. The catabolism of long
chain fatty acids takes Place in two different cellular compartménts:
an activafidn reaction that is extramitochondrial, and the 3-—oxidation
reactions that are mitochondrial. In between these two reactions the
transport of fatty acids through the mitochondrial membranes takes Place
and this process offers the special characteristic in muscle of being
completely carnitine-dependent. The enzyme carnitine-palmitylCoA
transferase Plays a fundamental role in this transport. Another function
of carnitine is to mediate in the trahsport of acetyl groups out of
the mitochondria, this reaction is catalyzed by the enzyme carnitine
acetyl CoA transferase. It has been suggested (129) that two different
pools of acetyl CoA exist in the mitochondria, and that exchange between
the two compartments may be facilitated by carnitine.

One of the more visible characteristics of dystrophic muscle
is its fat accumulation. In patients affected with Duchenne MD this
accumulation is mainly due to an increase in cholesterol, cholesterol-
ester, free fatty acids and triglycerides (130) which can reach up to
10 times the amount in the normal muscle (131). A small decrease in
the phospholipid fraction has been reported (130). With regard to the

distribution of the different fatty acids, only slight differences were
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reported, tﬁe.main one being in the phoépholipid fraction where de-
creases inlﬁalmitic, stearic and linoleic acid and increases in palmitic
and oleic acid were observed (130). Basically the same pattern was
observed invdystrophic mice, that is, an increase in cholesterol (132),.
fatty acid and triglycerides (133),but no differences were observed in
the phospholipid fraction as a whole. However, recently some differences
in the phospholipid composition of different subcellular structures of
‘muscle from dystrophic mice have beén found, such as an increased per-
centage of phosphatidyl ethanolaﬁine in the mitochondria, and less
lecithin but more.phosphatidylethanolamine and sphingomyelin in the
microsomes (134).

Mainly because of this excess of lipid found in dystrophic
muscle, studies have'been carried out in this laboratory to determine the
ability of muscle mitochondria to oxidize long-chain fatty acid. A
markéd reduction in the release of COp from long-chain fatty acid was
observed, and this together with an increase in the synthesis of fatty
acid from acetate by high-speed supernatant of dystrophic muscle from
mice could be contributing factors to the accumulation of fat in these
muscles (135). The exact localization of the defect in the degradation
of fatty acid has not been found. Some enzymes such as fatty acyl CoA
synthetase (136) and carnitine-palmitylCoA transferase (137) have been
reported to be normal.

In humans, cases of myopathy have been reported to be assoc-
iated with a possible defect in 1lipid metabolism, but in these cases
there was no famiiy history of myopathy (138, 139, 140). 1In patients

with Duchenne MD also there appears to be evidence of a marked decrease
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in fatty acid oxidétion by muscle mitochondria 141).

‘The main part of the ehergy utilized Ey muscle is formed in
the mitochqndria. In muscle the main localization of mitochondria is
between the contractile elements, the perinuclear region and in the
region of the motor end plate, Basically the mitochondria (or sarco-
somes) of muscle are similar in structure to those of other tissues,

Each mitochondrian has an outer membrane surrounding a folded internal
membrane, Stfuctufe and numbers of mitochondria are related to the
activity of the tissue; the greater the activity of the muscle tﬁe more
numerous are the cristae and the number of mitochondria. The mitochoﬁ-
dria contain the tricarboxylic acid cycle enzymes, enzymes for the

B -oxidation of fatty acids, the electron-transport chain system, and
the coupling process of oxidative phosphorylation., All these reactions
are interrelated and their main role is the synthesis of ATP,

Mitochondrial alterations have been reported in various
myopathic states. These alterations range from simple differences in
size and electron-density of the cristae (142, 143) to the appearance of
vacuoles, concentric lamellae resembling cristae, inclusions of glycogen=-
like granules surrounded by a membrane (144), quadruplicate lamellar
structure in the outer mitochondrial chamber (145) or mitochondria forme
ing aggregaﬁions (146). A review of these cases shows: (a) that no
family histéry of myopathy was associated with the appearance of inclusions;
(b) that in the hereditary myopathies (including Duchenne) only changes
in size (swelling and/or hypertophy) and cristae attenuation have been
observed and even these alterations have focal localization (144); (c) the

relation between these alterations and the etiology of the dystrophic
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process can not be established. Thus, while the above abnormalities in
the mitochondria could originate serious’metabolic defects affecting
the whole muscle, it may be that the abnbrmalities found are the con-
sequence and not the cause of the disease. Furthermofe, a lack of
specifity of these alterations has been demonstrated since similar
changes in the mitochondria occur after denervation of muscle (147) or
&fter acute ischemia by supression of local Blood supply. Thus, it seems
that abnormalities in mitochondria are only signs of an imbalance in
the dégeherative-regenerative processes which can arise from multiple
factors and are completely non-specific for the Muscular Dystrophies.'

| In dystrophic mice the same kind of alterations have been
reported, that is the swelling and differences in density of the cristae.
An important observation is the appearance of histological alterations
in a prec11n1cal state of the disease (37).

No differences have been found in the concentration of-
various mitochondrial enzymes in the dystrophic muscle. Although cyto-
chrome oxidase, "succinoxidase", fumarase, aconitase (120) and succinic
dehydrogenase (85) activities have been reported to be slightly decreased
in the muscle of patients affected with MD, the values given can be
considered normal if the wasting of muscle and its infiltration by non=-
muscular components are taken into consideration., Studies carried out.
on muscle homogenates of patients with Duchenne MD have shown that they
have a normal oxidative phosphorylation (indicated by a normal P : O
ratio), but with a depressed respiratory control, chéracteristic of a
loose coupling of oxidative phosphorylation (148). These results have

not been obtained in dystrophic mice where the different parameters of
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oxidative phosphérylation have been found to be normal (149). In
children affected with Duchenne MD an important reduction has been found
in the concentration of the end product of oxidative phosphorylation,
ATP (150). This reduction could result from an increase in ATPase activ-
ity or a defect in ATP synthesis. The real importance of this reduction
in ATP should be studied together with the concentration of the othef
nucleotides forming the adenylate system (AMP, ADP, ATP) recently dis=-
cussed under the concept of "Energy Charge'" (151). |

Oxidative phosphorylation is an aerobic proceés. One of
the important factors in giving an adeduate supply of oxygen to the
mitochondria is the myoglobin concentration inside the muscle cell. The
role of myoglobin is to facilitate the inward diffusion of oxygen into
muscle. This myoglobin-facilitated oxygen flux results from the movement
of oxymyoglobin molecules from the periphery to the center of the fiber
(152).

After the discovery by Pauling (153) of the alteration in
the molecule of hemoglobin as the cause of sickle cell anemia, a discovery
that marks the beginning of molecular pathology, it was thought that
a similar situation might occur in Muscular Dystrophy involving some
alteration in the myoglobin molecule, Studies in this field have éhown
that the amount of myoglobin is decreased in the muscle of these patients
(154). More recently (155) changes in the UV spectrum of the myoglobin
of affected children has been reported., An abnormal chromatographic,
electrophonetic and spectral behaviour has been found in the myoglobin
from heterozygote carriers of the Duchenne type MD (156); this behaviour
being intermediate between that of normal subjects and that of persons

with severe myodystrophy. Although some authors have reported normal
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ffingerprint" patterns and chromatographic, electrophoretic and spectral
behaviour identical with normal myoglobin, a decrease in adult myoglobin
and an increased amount of fetal myoglobin were found suggesting some
defect in its‘maturation (157) . An analogy has been traced between the
- etio~pathogenesis of progressive muscular dystrophy an& that of ob-
structive cardiomyopathy leading to the hypothesis that altered myoglobin
plays a fundémental pathogenetic role in both diseases (158).
(f) The Myoneural Junction

The myoneural junction is represented by a highly specialized
structure responsible for the transmission of impulses from nerve to
muscle. This st?ﬁcture is formed by the motor end plate and a modifi=
cation of theFSarcolemma that constitutes the post-synaptic membrane or
receptor site. The neural portion or motor end plate, covered by cyto-
plasm of the Schwann cells as a roof, lies in a depression of thé muscle
fiber éurface called the primary synaptic cleft. The sarcolemma of this
region extends inward to form a complicated system of infoldings that
are the secondary synaptic cleft. The number of the latter can vary in
different types of fiber. The plasma membranes bounding tﬁe axon and
muscle fiber are separated at all points along the primary synaptic
cleft by a single basal lamina which presumably represents a fusion of
basal lamina from the two cells. An extension of this structure enters
each secondary synaptic cleft as a single layer and continues along each
wall of the cleft.

The physiological concept of the motor end plate arose in
1850 with Claude Bernard as a result of his experiments with curare.
He observed that curare had no effect on muscle excitability or nerve

conductibility, but it blocked the passage of stimulus from nerve to



muscle. Later, it was shown that the transmission of the impulse from
nerve to muscle results from the release of an active substance ihat
has been identified as acetylcholine (AcCh) or an "acetylcholine-like"

substance. The whole process is believed to occur as follows:

Release of '"acetylcholine"
from nerve endings

Nerve impulse

&

Alteration of the ¢ Combination with a special
properties of the receptor substance in the
fiber junctional region of the

nmuscle fiber

Excitation of the » Contraction
muscle fiber

The role of the motor end plate as transmitter of imﬁulses responsible
for muscle contraction has been extensively studied and there are
recent reviews on this subject (159).

Another function related to the motor end plate about which
little is known is the '"neurotrophic effect” which presumably has a
major role in the regulation of the metabolism and differentiation of
muscle. Although there are many facts in favor of a neurotrophic in-
£fluence oh muscle no such factor has been found to date, The phenomenon
of amphibian 1imb regeneration gives the best model for study of the
trophic function of the neuron. It has been shown that the presence
of nerves in the amputation site in the salamander is a necessary cond-
ition for limb regeneration (160) with the nerves not only initiating
the process but also maintaining it (161),

As a special case of Cannon's law of denervation (162) it
is known that the muscle cell becomes more sensitive to acetylcholine

once it has been denervated, becoming in this respect like fetal muscle
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in which the entire length of the cell is sensitive to acetylcholine.
If this denervated muscle is reinervated the acetylcholine-sensitive
area is reduced until confined to the region of the motor end plate (163).

The influence of nerve on muscle differentiation has also
been demonstrated. As we have seen before (96), mﬁscle fibers héve
been classified into several groups. One of the characteristics of
each musele is its distribution of different fibers (e.g. slow versus
fast)., It ﬁas been demonstrated that after operative cross-union of
nerves between fast and slow muscles a change in the muscle fibers
takes place (164). Also it has been shown that in the morphological
and cytochemical maturation of infantile muscle the intact nerves are
important in regulating the trensformation from myotubes to the adult
differentiated fiber (165).

Tt is of general knowledge that muscle after denexvation
undergoes inactivity and atrophy. This atrophy is in part a consequence
of disuse, but also there is an intrinsic component in the denervation
itself. As already noted it has not been resolved whether atrophy is
due to the cessation of namotransmitter released at the myoneural junction
or to some other factor. There is evidence in favor of the latter
possibility., For example, it has been found that the length of the
muscle fiber sensitive to acetyl-choline returns to normal after rein-
nervation, but before transmission has been restored (163). It is note=-
worthy that hypersensitivity to acetylcholine was not abolished by pro-
longed application of acetylcholine (166). After a chronic complete
block of the sciatic nerve by lidocaine the EMG of the muscle affected

showed a complete electrical silence but the surgically denervated leg
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‘showed abnormal EMG potentials on the third day and widespread fibril-
lation on the fourth (167). These findings support the theéry of an
independence between trophic neural influence on muscle and acetyl=
choline release at the myoneufal junction. Flow of material down the
axon has been reported (168) and it could be related to this effect.

Normal muscle contains different types of fibers in a
mosaic-like structure., A pattern contrasting with this, consisting of
large groups of I and II fiber,called "type grouping", has been found
to be correlated with chronic denervation diseases in humans. A possible
new approach to the human 'neuromuscular" diseases is that based on the
study of selective or non-selective susceptibility of muscle fiber types.
The proposition is that in humans there are types I and II lower motor
neurons (inervating uniform units of type I and IT muscle fibers,
respectively) with different metabolic and physiological properties (169).
Several muscle diseases have been reported where there is a predominant
involvement of one of the fiber types, i.e., central core disease or
rod myopathy (169). In Duchenne muscular dystrophy, on the contrary,
there is no evidence of preferential fiber type involvement but both
types are affected and it is less easy to distinguish fiber types than
in normal muscle (170).

In mice affected with muscular dystrophy it was found
that some alterations, like the presence of "fibrillation potentials",
closely resemble those found in muscle of chronically denervated animals
(171). Pharmacological studies have shown that the isolated nerve-muscle
preparations of dystrophic mice are hypersensitive to inhibitors of
acetylcholinesterases; these preparations respond with a violent twitch

to physostigmine (172), and they show an increased resistance to drugs
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that compete with AcCh for receptor sites such as d-tubocurarine (173).
‘These experiments are suggestive of a defect existing at the myoneural
junction of dystrophic mice.

With electron microscopy it was found that some changes in
the intramuscular nerve endings are fairly constant in Duchenne MD,
depending upon the degree of atrophy and fibrosis of the ﬁuscle. In
slightly affected muscles the only observed changes weré abnormal varia-
tions in size of the motor end plate, corresponding to an abnormally
large spectrum of muscle fiber size. The méin changes observed are:

1) fine beaded fibers wandering in a thickened endomysium, 2) reduced
end-plates, 3) expanded irregular end-plates. However these changes
could be secondary to a muscular defect. But in some cases, the pictures
observed have suggested the possibility that a primary neural invﬁlve-
ment should play a part in the clinical picture, or that some diéease
processes could affect both nefvous and contractile elements (174).

The éossibility of an alteration of some trophic effect of
nerve on muscle in the etiopathogenesis of Mhscular Dystrophy cannot
vet be ruled out, and in general the statement of Erb in 1890 might still
be valid: "I cannot avoid the suspicion that after all the affection
may be dependent upon the nervous system. It is tempting to suppose,
as I formerly expressed it, that we have to do with a kind of tropho-
neurosis having its origin in the trophic centres of the cord - a dis-
turbance of the function of these centres which finds its expression

in the very complicated muscle changes of the disease".



CHAPTER III

METHODS

A, Tissue Sources

1) Animals

The experimental animals used in these experiments were
dystrophic mice (dydy) of strain 129 and littermate controls (either
non-affected heterozygous carriers (Dydy) or non-affected homozygous
animals (DyDy)) obtained from the Jackson Memorial Laboratory, B#r
Harbour, Maine. In most of the experiments the animals were fed ad
libitum wiﬁh standard Purina laboratory chow and allowed free access to
water. In some experiments they were fed a high-carbohydrate diet of
the composition indicated in Table III. Tissues (skeletal muscle,
liver, kidney and brain) were removed and used in a number of studies
as described in later sections. The age of mice ranged from 6-11 weeks.
2) Human muscle biopsies

Muscle biopsies from gastrocnemius muscle were obtained
under anaesthesia with pentothal and halothane by the attending surgeon,
The biopsies came from the following groups: 3 from normal controls;
9 from patients affected with Duchenne MD; 1 from a Duchenne MD carrier;
2 from patients with congenital myopathia; 2 from patients with facio-
scapulo-humeral MD; 2 from patients affected with limb-girdle MD and

2 from patients with a late onset myopathy.
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Composition of High

TABLE III

?Carbohydréte Diet for Mice

Casein: 15.8 %
Vitaminized casein:* 5.0 %
Sucrose: 73.7 %
Fat sol. vitamins mixg:¥®¥ 1.5 %
Salt mixture:#®¥%* 4.0 %
%
gm/ 4000 gm casein
Choline chloride 80
Inositol 8
Niacin 4
Calcium pantothenate 4
Thiamine~HC1 0.4
Riboflavin 0.4
Pyridoxine-HC1 0.4
Biotin 0.04
Folic acid 0.04
p-aminobenzoic acid 8.0
Menadione 0.4
Fo
Corn oil (Mazola) 950 ml
«~-Tocopherol 6 ml
Ostogen (Frosst) (Vit. A-D) 50 ml
%
gm / 1 ke
CaHPO4.2 H20 75
CoCl,. 6 H30 0.05
CuSOy,. 5 HyO 0.30
Fe(C6HSO7)2. 6 H20 27.5
MgSO4. 7 H,0 102
MnSO,.  H,0 3.82
KI 0.8
HPO, 322
§§C1 167
ZnC1l 0.25

2
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B. Reagents

1) Labelled compounds

D-glucose-U-14C (2.9 mc per mmole), and palmitic acid-l-
140 (44 .3 mc per mmole) were purchased from the Radiochemical Centre,
Amersham, Bucks. (England). Tryptamine-Z-140-bisuccinate (8.9 mc per
mmole) was obtainéd from the New England Nuclear Corporation, Boston,
Mass. Glycerol-tri-(Palmitate-1-14c) and Glycer01-1-14c were obtained
from Amersham-Searle Corporation, Arlington Heights, Illinois.
2) Other reagents and materials

The following chemicals were obtained commercially, as
follows: ribose-S-phosphate (Na+ ), phenazine methosulphate, hexokinase
from yeast (type III), cytochrome c (from horse heart type II), D,
L-carnitine, Na-succinate, Na-alpha-ketoglutarate, Na-deoxycholate,
malate dehydrogenase (from pig heart), citrate synthetase, glycerbkinase,
phosphotransacetylase, NADH, palmitic acid, D, 1-¢~-glycerophosphate
(Na+), standard cholesterol, acetyl CoA, L-ascorbic acid, albumin (BSA),
N-ethyl maleimide, and gum arabic were purchased from the SIGMA Chemical
Company, St. Louis, Missouri. CoA, ATP, ADP, NADP and NAD were obtained
from P-I Biochemicals, Inc., Milwaukee, Wisconsin. Malic acid and oxalo-
acetic acid came from Nutritional Bioéhemical Corporation, Cleveland,
Ohio. Na-citrate was supplied by the Mallinckrodt Chemical Works,
Montreal. Na-EDTA, florisil, glucose, digitonin, dioxane, anhydrous
ethyl ether, tripalmitin, tributyrin, propylene glycol, were purchased
from Fisher Scientific Company, Fairlawn, New Jersey. D, L-isocitric
acid and Na-fumarate were supplied by Calbiochem, Los Angeles, California,

and cysteine hydrochloride by Eastman Chemicals, Rochester, New York.
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Acetyl chloride, phenol reagent, petroleum ether, and Nonidet P-42 were
obtained from the British Drug Houses, Ltd., Poole, England. Rotenone
was kindly provided by Dr. Chefurka from the Agriculture Research

Institute, London, Ontario.

C. ' Chemical Preparation of Substrétes

1) Albumin-bound Palmitate-1-14c

The method of Milstein and Driscoll (175) was used in the
preparation of albumin-bound palmitate-1-14C. The molar ratio of
albumin to palmitate was 0.14.

2) D,L-acetylcarnitine

D,L-Acetylcarnitine was synthesized by a slight modification
of the method of Fraenkel and Friedman (176): D,L-carnitine hydro-
chloride was dissolved in the minimum amount of warm acetic acid re=-
quired and 1eff in contact with 10 volumes of acetyl chloride overnight
at 50o C with continuous shaking. The reaction mixture was then evap-
orated almost to dryness in a rotary evaporator and fhe acetylcarnitine
precipitated by successive additions of acetone. After standing over=-
night at 4° ¢ the crystals were collected, washed with acetone and re-
crystallized from n-butanol. The product thus obtained had the following
characteristics: (a) it gave a positive Hestrin reaction, indicating the
appearance of an ester bond, (b) it gave a single spot on paper chroma=-
tography using as solvent methyl ethyl ketone~- isopropyl alcohol-
0.1N HC1 (3:5:2) with an Rf of 0.7 for acetylcarnitine and 0.6 for carni-
tine, (c) by infrared analysis (Figures 4 and 5) a peak at 1750 cm-1

-1

charactéristic of the ester linkage was observed and the peak at 3300 cm

characteristic of the -OH group of carnitine was no longer present. The



Figure 4 - Infrared spectra of D,L-carnitine chloride,
made in Nujol phase. Peak A at 3300 emt
-1

represents the «OH group. Peak C at 1730 cm

represents the -COOH group.
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Figure 5 - Infrared spectra of acetyl-D,L-carnitine.

HCl, made in Nujol phase. Peak B at 1750

cm ~ represents the -C0-0- linkage.
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purity of the product was 997 when analyzed according to Hestrin (177).

14 +
3) sn- C-Glycerol-3-phosphate (Li )

sn-14C-G1ycerol-3-phosphate (Li+) was synthesized by the
method of Bubliﬁz and Kennedy (178) as modified by Possmayer (179).
In the method glycer0141-14C is phosphorylated by ATP in the presence
of the enzyme, glycerokinase. G1ycerol-1-14c was incubated in the

presence of enzyme and a slight excess of Mg++

and ATP in a glycine
buffer medium at pH 9.8. After two hours incubation at 37° C the
reaction was stopped by adding an equal volume of 10% TCA containing

200 mglcharcoal per ml. After centrifugation the supernatant was col-
1ected_and the precipitate washed once with TCA. The pooled supernatants
were washed with ether. The sn-14C-g1ycerol-3-phosphoric acid present

in the aqueoﬁs fraction was purified by the method of Chang and Kennedy
(180) which involves elution from a Dowex-l-8-X (formate), 200-400 mesh,
column with a formic acid gradient. After evaporation to dryness of -
the fractions containing the labelled glycerophosphate, the product ob-

tained was diluted in a small volume of water and neutralized to PH 7

with LiOH.

D. Analytical Methods

1) Protein determination

Protein was determined according to the method of Lowry
et al. (181) Bovine serum albumin, previously standardized against
ammonium sulfate, was used as standard.
2) Nitrogen determination

For the determination of nitrogen in tissues the method of
Koch and McMeekin (182) was used as follows: an aliquot of tissue homo-

genate (equivalent to approximately 10 mg wet weight tissue was digested
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with 1 ml 507 H2S04. 3 to 4 drops of 30% H202 were édded at successive
intervals until the digestion was complete (usually after 1 hour).
The clear digestion was transferred to a 10 ml volumetric flask and
made up to volume with distilled water. A sample of 1 ml was taken
for nitrogen determination using Nessler's reagent.
3) Non~-collagen nitrogen

Collagen was precipitated using dilute alkaline solution.
according to the method of Lilienthal, Jr. et al (183) in the following
way: 1 ml 10% muscle homogenate was mixed with 9 volumes 0.05N NaOH.
After standing overnight the mixture was centrifuged for 30 minutes at
90,000 x g. Then 1-2 ml of the supernatant were used for the nitrogen
determinatibn as outlined above (182).
4)  Cholesterol

Cholesterol was determined by the method of Schoenheimer
and Sperry (184) as follows: to the sample of cholesterol (in its
digitonide form) dissolved in 1 ml glacial acetic acid were added 4 ml
of a mixture of acetic anhydride and sulphuric acid (20 : 1 v/v). After
standing for 30 minutes the intensity of the blue colour was measured at
750 nm. A standard curve was done using a standard solution of cholesterol
(Sigma).
5) Ribose and Ribose-5-Phosphate

The method of Mejbaum (185) for pentose determination was
used to estimate ribose either in its free form or as ribose-5-phosphate.
The sample, in a volume of 3 ml, is heated in a boiling water bath for
30 minutes together with 3 mls of a solution of 1% orcinol and 0.1%

FeCl3 in concentrated HCl. After cooling, the intensity of the green
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colour formed is read at 660 nm. Solutions of ribose were used as

standard.
6) Phosphorus

Phosphorus was determined by the method of Ermster et al.
(186) which is based on the reaction between ammonium molybdate and
inbrganic phosphorus in an acid medium to form phosphomolybdic acid. The
latter is extracted into isobutanol-benzene and reduced by stannous
chloride to éive a blue colour which is measured at 730 nm. All measure-
ments were made relative to a water blank,

Samples of phospholipids were converted to inorganic phos=
phate by wet ashing using 1 ml 607 perchloric acid and boiling for about
30 minutes. Prior to ashing, care was taken to remove all organic sél-
vents from-tﬁe aliquot of phospholipids.

7) Free fatty acids

Free fatty acids were determined either by titration
against a dilute solution of NaOH or by a colorimetric method. These
methods were carried out as follows:

(a) Titrimetric method: To the fatty acid sample, dissolved in 2 mls

of methanol, were added 2 ml of 0.001% cresol red indicator in 90% methanol.
Then, the mixture was titrated with 0.05 N NaOH (in 90% methanol)
previously standardized against palmitic acid.

(b) Colorimetric method: The colorimetric method of Duncombe (187) was

used. This method is dependent on the reaction of fatty acids with
copper and subsequent extraction of the copper-fatty acid salt followed

by determination of the copper using diethyl-dithiocarbamate as reagent.
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8) Carnitine

The method used is based on that described by Friedman
(188), and depends on the complexing of carnitine with bromophenol
blue in alkaline solution and subsequent extraction of the coloured
complex into a mixture of ethylene dichloride and isoamyl alcohol.
Since other quaternary ammonium compounds such as choline also complex,
a preliminary separation of carnitine from choline is carried out using
a cation-exchange resin (IRC-50) at pH 7. The method was applied to
muscle as follows: hind leg muscle of two mice (normal or dystrophic)
are pooled and homogenized in 5 volumes 95% ethanol. After filtration
the precipitate is washed with 1 volume 95% ethanol. Proteins are then
precipitated from the combined ethanol extracts using Ba(OH), and
ZnSO4.7H20 according to Somogyi (189). The mixture is made up to 10
ml and centrifuged. Then 1 ml of the supernatant is mixed with 1 ml
0.1 M Na-phosphate buffer, pH 7. This mixture is applied to a column
of IRC-50 resin (about 100 mesh) and eluted with 15 ml of water. The
eluate is collected and dried on a water bath at 800 C. The residue is
redissolved in 10 ml absolute ethanol and the resulting solution is
acidified with 2 drops of concentrated HCl. After shaking slowly for
1 hour in a bath at 80o C, the acidified alcohol is evaporated with an
air jet. The residue is mixed with l.ml 607 K2HP04 and 300 mgs anhydrous
NagpCO3. After shaking for a few minutes to allow solution to take
place 0.5 ml bromophenol blue (75 mg per 100 ml 30% K2P04H) is added. The
mixture is shaken for 10 minutes and then 5 ml ethylene dichloride
(containing 4% isoamyl alcohol) are added. After further shaking for

10 minutes the upper layer is decanted and the absorption measured in a
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Beckman spectrophotometer at 602 nm, Solutions of D,L-carnitine.HCl
in 957 alcohol were used as standard. The recovery of carnitine ob-
tained was 807%.
9) Gas-Liquid Chromatography of Fatty Acids

Gas liquid chromatography of the fatty acids from the free
fatty acid pool triglycerides and phospholipids of muscle was carried
out using the corresponding methyl esters. The methyl esters were
obtained by transmethylation following essentially the method developed
in this laboratory by Dr. Sinclair (190). Samples of fatty acids dis-
solved in 5 mls 5% HZSO4 in methanol were placed in sealed tubes under
nitrogen and heated for 3 hours at 70° C. After cooling the tubes,; 3
ml of water were added and the methyl esters were extracted with 5 ml
petroleum ether, The latter extract was washed several times with water
S0,. After evaporating to dryness in a stréam

2

of nitrogen the esters were redissolved in 0.1 ml acetone. An aliquot

to remove all traces of H

of 10 Fl was used for gas-liquid chromatography separation. All the
solvents used contained the antioxidant butylated hydroxy toluene (BHT)
in a concentration of 10 mg/liter.

The determinations were carried out in a gas chromatograph,
Model 1609, (F & M Scientific Co., Avondale, Penn.). The columns used
(6 ft. x 1/4 in.) contained 20% ethyleneglycol succinate polyester on
acid-washed Diatoport W, 80-100 mesh. The columns were operated at 195o c.
A hydrogen flame ionization detector was used; the temperature of the
injection port was 230° C; that of the detector block was 250o C and

the carrier gas (Helium) flow was 150 ml./min, Péaks on the tracing were

identified by comparison of their retention time with those observed
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for known fatty acid methyl esters. Peak areas were estimated
according to Carroll (191) using the product retention time X peak
height.

10) Coenzyme A

The intramitochondrial pool of acid-soluble CoA was deter-
mined by the method of Allred and Guy (192) as modifiéd by Lee and
Fritz (193). Because of the small amount of muscle available from mice
each determination was carried out on the pooled mitochondria from the
hind leg muscle of three mice. Mitochondria, isolated as described
later, in a total volume of about 0.4 ml were treated with 0.15 ml 15%
perchloric acid followed by neutralization with KOH, The clear super-
natant was then made up to 1 ml and aliquots of it were taken for CoA
determination. The incubation mixture contained in a vdlume of 1 ml:
150 pmoles Tris-HC1 buffer pH 7.2; 13 pmoles Na-malate; 0.45 pmole NAD;
12 pmoles acetylphosphate (Li+); 15 pmoles KCl; 3 mg dithioerythritol;
4 units malic dehydfogenase and 2 units citrate synthetase. The reaction
was started after addition of 30 units phosphotransacetylase. The
reaction was carried out at room temperature and CoA was determined as
a function of the change in optical density at 340 nm, With this method
a linear response was observed for amounts of CoA per cuvette from 0.3
nmole to & nmole. The results are expressed in nmoles CoA per unit

succinate cytochrome c reductase.

E. Enzymatic Determinations

1) In muscle homogenates

(a) Short-chain triglyceride lipase (Tributyrinase): Tributyrinase

activity has been ‘determined by a slight modification of the method of
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Mértin and Peers (194) which is based on the measurement of CO2 re-
leased from a bicarbonate buffer system by the butyric acid liberated
from the hydrolysis of tributyrin. The determinations were done at
37°-C using a Warburg apparatus. A 57 homogenate of muscle was pre-
pared in distilled water. The reaction flask contained: 1.5 ml 0.025
M NaHCO3 previously gassed with NZ-CO2 (95:5) and 1 ml muscle homogenate
in the main chamber, and 0.5 ml of 0.06M tributyrin in 0.0148 M N’aHCO3
solution in the side arm. Before addifion to the side arm the tributyrin
was emulsified by sonication for 30 seconds in a Branson Sonic (Model
No. 5125) tuned to half the maximal output, in the presence oﬁ one

drop of 10% Nonidet. After gassing the system with the N2-C02 mixture
for 3 minutes, the flasks were placed in the water bath. After equili-
bration of the temperature for 10 minutes the substrate was tipped into
the main chamber and readings were taken every 10 minutes for 1 hour
after the first 5 minutes. The results are expressed in micromoles of
tributyrin hydrolysed (a) per g wet muscle, (b) per mg NZ, and (c) per
mg non-collagen nitrogen (NCN).

(b) Long-chain triglyceride lipase (Tripalmitinase): The isotopic

method of Kaplan (195) was used for the determination of Tripalmitinase
activity in muscle. A 20% muscle homogenate was prepared in water.
After treatment with Cutscum (1% final concentration) for 10 minutes at
0° C, the homogenate was centrifuged at 14,000 x g for 20 minutes.
Lipase activity in the supernatant was then determined as follows:
Incubation tubes were prepared containing a final volume of 1 ml: 60
pmoles Na-phosphate buffer, pH 6.5; 0.3 ml of supernatant fraction, and

3 Pmoles of glycerol-tri-(Palmitate-l-lac) with radioactivity corresponding
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to 120,000 d.p.m. After incubation at 37° ¢ for 30 minutes the reaction
was stopped by the addition of 5 ml isopropanol/heptane/l N H2804
(40: 10: 1). The extraction of the free palmitic acid and counting of

radioactivity was carried out as indicated by Kaplan (195).

(c)Monoaminoxidase r Monoaminoxidase was determined by the isotopic

method of Wurtman-Axelrod (196), using 14C-tryptamine-bisuccinate as
substrate. The incubation was carried out at 37° ¢ for 15 minutes. The
incubation mixture contained in a final volume of Q.S ml: K-phosphate
buffer, pH 7.4, 150 Pmoles; 14C-tryptamine-bisuccinate, 8 gmoles (con-
taining 150,000 dpm); 5% muscle homogenate in distilled water, 0.1 ml.
The incubation was stopped by addition of 0.2 ml 2N HC1 and then 6 ml

of toluene were added. The mixture was shaken and centrifuged. 3 ml
aliquots of the organic layer containing the deaminated matabolites of
14C-tryptamine were transferred to a vial containing 10 ml of counting
solution No. 1 described later. The results are expressed in mrmoles

of tryptamine oxidized per minute per mg NCN.

(d) Cytochrome oxidase: The activity of cytochrome oxidase in muscle

homogenates was determined by the manometric method of Pottér (197) as
described by Humoller et al. (198). Im this method oxygen uptake is
determined in a system where muscle homogenate is utilizing ascorbic

acid as substrate. The determinations were carried out at two different
concentratioﬁs of muscle and the results were corrected for autooxidation
of ascorbic acid. The incubation mixture contained in a final volume of
3 ml in the main chamber of the ﬁarburg flask; 200 anles Na-phosphate
buffer pH 7.4; 0.24 anles cytochrome c; 120 @moles of AlCl3; 0.1 ml

of 5-10% muscle homogenate in distilled water. The side arm contained

34,2 gmoles Na-ascorbate. The center well of the flask contained 0.2 ml
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207% KOH. After preincubation at 37° C for 10 minuteé, the Na-ascorbate
was tipped into the main chamber and the oxygen uptake was determined
at 10,‘20 and 30 minutes. The results are expressed in ﬁmples 02 up-
take per minute per gm w.w., or, per mg NCN, or, per mg N,

(e) Succinate dehydrogenase: The activity of succinate dehydrogenase

in muscle homogenates was determined by coupling the oxidation of suce
cinate through phenazine methosulfate to the reduction of 2, 6-dichloro-
phenolindophenol, and following the reaction at 600 nm. in a ‘Cary 15
spectrophotometer, as described by Alvarado and Blanchaer (199). 5%
muscle homogenate in 0.25 M sucrose pH 7.4 was treated with one-tenth
vol., of 17 Na-deoxycholate for 20 minutes at 4° C. An aliquot (0.1l ml)
of the treated homogenate was then added to a 3 ml cuvette containing
1.5 mM cyanide, 20 mM Na-succinate; 0.05 mM 2,6~dichlorophenolindophenol;
0.1% bovine serum albumin, and one of four concentrations of phenazine
methosulfate 1.80, 1.35, 0.90 and 0.45 mM. The curve obtained on
plotting the reciprocal of the phenazine methosulfate concentrations
against the reciprocal of the velocities is extrapolated to infinite
phenazine methosulfate concentration to give_the value for succinate
dehydrogenase.

2)  In subcellular fractions of muscle

(a) Preparation of subcellular fractions: Mice were kiiled by decapi-

tation, the hind leg muscles were removed and placed in a beaker com-
taining 0.15 M KC] precooled in an ice bucket. All of the steps con-
cerned in the isolation of subcellular fractions were carried out at
0-4° ¢. After removing comnective tissue, the muscle was minced and a

5% homogenate was prepared in 0,25 M sucrose pH 7.4, with 0,001 M Tris-
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buffer and 0.005 M Na-EDTA. The homogenate was centrifuged at 350 x g
for 10 minutes. The supernatant was removed and centrifuged at
9,000 x g for 10 minutes. The precipitate was resuspended in the
homogenization medium and centrifuged again at 11,000 x g for 10 min-
utes to yield a mitochondrial or sarcosomal pellet.

. The supernatant obtained after the 11,000 x g centrifugation
was then centrifuged at 90,000 x g for 100 minutes in a Spinco Model L
ultracentrifuge (No. 40 Head) to yield both a microsomal pellet and a

high-speed supernatant fraction.

Mitochondrial and microsomal fractions were tested for
NADH-cytochrome ¢ reductase and rotenone insensitive NADH-cytochrome c
reductase as described later. As measured, the latter enzyme represents
76.9% of the total cytochrome c reductase in the microsomal pellet and
only 8.6% of that found in the mitochondrial pellet. This distribution
is consistent with that expected for pellets which are predominantly
mitochondrial or microsomal (200). These fractions on examination by
electron microscopy yielded the pictures shown in Figures 6 and 7.
Experiments carried out in this laboratory gave a respiratory control
ratio for the mitochondrial fraction of 6.5, using pyruvate as substrate
(201).

(b) Determination of the enzymes of the Krebs cycle: For determination

of the activities of the enzymes of the Krebs cycle mitochondria were
extracted by treatment with ice-cold 0.1 M KoHPO,, pH 8 containing 0.001
M Na-EDTA and 0.1% Na-deoxycholate (6 ml per g muscle). Extraction was

allowed to take place for 30 minutes at 0-4° c. After centrifugation



Figure 6 - Mitochondrial fraction obtained Ffrom muscle homogenates
of mice as described in the Methods. The pellet was
fixed with glutaraldehyde and osmic acid and stained
with uranyl acetate and lead citrate. Magnification

x 20,335,
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" Figure 7 - Microsomal fraction obtained from muscle homogenates

of mice as described in the Methods. Fixation and
staining of the pellet was carried out as described

in Figure 6., Magnification x 51,300,



ot

(v
i e
SRty
A AN

-







69

at 13,000 x g for 30 minutes, aliquots of the supernatant were analyzed |
for enzymatic activity. Succinate dehydrogenase activity was deter-
mined on the deoxychblate-treated mitochondria without further centri-
fugation.

_ With the exception of fumarase, aconitese and succinate
dehydrogenase, all enzyme activities were measured following the change
in optical density at 340 nm due either to the oxidation or reduction of
NAD in different systems. Measurements for aconltase were made at
300 nm, for fumarase at 240 nm and in succinate dehydrogenase at 600 nm.
The changes in optical density at 300 nm and 240 nm are determined by
the synthesis of aconitate and fumarate, respectively. All the deter-
minations were done in a Cary-15 spectrophotometer using a total volume
of 3 ml (with the exception of citrate synthetase where 1 ml was used)
contained in 1 em (light-path) cuvettes thermostated at 25° ¢, The
different methods used were taken from the respective feferencee indi-
cated except for slight variations introduced to permit their application
to muscle mitochondria. The assays mixtures were as follows:

e{) Citrate synthetase (202): 50 pmoles Tris-HC1 buffer pH 7.6; 60

Pmoles Na-L-malate; 5 anles NAD; 0.25 @moles acetyl CoA; 2.5 Fmoles
EDTA; 0.1 units malic dehydrogenase, and mitochondrial protein equivalent
to 30-60 jie before extraction (b.e.).

p) Aconitase (203): 205 Pmoles K-phosphate buffer pH 7.4; 90 pmoles

K-citrate; 200-300 mg mitochondrial protein (b.e.).

g) NADP-Isocitrate: dehydrogenase (204): 150 pmoles Tris-buffer pH

7.63 0.45 Pmoles NADP; 2 Pmoles MnSO0, ; A-meles D,L-isocitrate (K salt),

40-100 {8 mitochondrial protein (b.e.).
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é) NAD-Isocitrate dehydrogenase (205): 150 gqmoles Tris-buffer pH 7.6;

+ .
1 gamole ADP; 32 ?mles D,L=-isocitrate (K salt); 1 g@mo_le NAD; 2 fsmoles

MnSO, ; 40-100 g)g mitochondrial protein (b.e.).

€) _A-Ketoglutarate dehzdfogenase (206): 150 gamoles‘ Tris-buffer pH
7.6; 0.15 Egmoles CoA; 1.5 gamoles NAD; 9 Femoles cysteine; 30 gamoles _
g~-ketoglutarate (K¥salt); 40-100 8 mitochondrial protein (b.e.).

?) Succinate dehydrogenase: It was determined as described for muscle

homogenates. The amount of mitochondrial protein used bin each determin-
ation was about 50 F8-

M) Fumarase (207): 250 rmoles K-phosphate buffer pH 7.4; 30 famles
Na-fumarate; 300-400 e mitochondrial protein (b.e.).

J) Malate. dehydrogenase (208): 225 iamoles Tris-HC1 buffer pH 7.6;
0.45 famole NADH; 0.80 famle Na-oxaloacetate; 20-25 gag mitochbnd'rial ‘
protein (b.e.).

The activity of each enzyme is expressed in units per mg
mitochondrial protein. One unit .is considered to be the amount of
enzyme which causes a change in optical density of 0.001 per minuée
under the specific conditions used in each individual assay.

(c) Activities of the enzyme complexes of the electron transport chain:

Non-extracted mitochondria were used for the determination of the activ=-
ities. These enzyme complexes were determined measuring the change in
optical density at 550 nm (at 220 C) essentially as described by Sotto-
cassa et al. (200). The total volume of the assay mixture was 3 ml .
contained in 41 cm (light-path) cuvettes. The substrate and KCN (when

used) were added after 15 minute preincubation. The different assay mixe

tures contained:



® ) Succinic-cytochrome ¢ reductase: 180 @amoles K-phosphate buffer,

PH 7.5; cytochrome c, 1 mg; 3 @amoles KCN; 48 Eﬂmoles Na-succinate; mito-
chondrial protein, about 50 pe-

P ) MNADH-cytochrome ¢ reductase: 150 Eamoles K-pﬁosphate buffer, PH

7.5; 0.3 &amole cytochrome c¢; 0.3 gamole NADH; 0.9 Eamoles KCN; mitochondrial

protein, about 50 rg.

g) Rotenone insensitive NADH cytochrome ¢ reductase: The assay mixe
ture is the same as in the assay for NAD&-I-cyEochrome ¢ reductase with
the exception that Rotenone was added in a final concentration of 1.3

&amoles o

é) Cytochrome oxidase: ISOFmoles K-;phosphate buffer pH 7.5; reduced
cytochrome c, 1.85 mg; mitochondrial protein, about 50 iag.

The activity of each enzyme is expressed as units per mg
mitochondrial protein. One unit is the amount of cytochrome ¢ (mFmoles)
reduced (or oxidized) per minute. This was calculated from an extinction

-1 -1

‘coefficient for cytochrome ¢ of 18.5 x 10 M cm .

(d) Monoaminoxidase: It was estimated by the same method used for

muscle homogenate. The amount of mitochondrial pellet used was about
100 ps-

(e) Carnitine .acetyltransferase (CAT) : Mitochondria were extracted as

for the Krebs cycle enzyme determinations. CAT activity in the extract
was studied by the method of Fritz (209). The NADH formed as a result
of the coupling of the reactious catalyzed by malic dehydrogenase and

citrate synthetase with that catalyzed by carnitine acetyltransferase.
The reaction mixture contained in a final volume of 1 ml the following

componen‘ts: 0.2 &qmole acetyl CoA: 10 Fmoles Na=-malate; 30 f:amoles acetyle .
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D,L-carnitiﬁe; 1 ﬁmole KCN; 0.1 ﬁnit citrate synthetase; 0.1 unit
malate'dehydfqgenase; 2.5 ﬁmoles NAD; 100 ?moles Tris-HC1 buffer, pH
7.8; and mitochondrial protein. 1 ml cuvettes were preincubated at

37° ¢ for 10 minutes with all of the components of the reaction present
excepﬁ for acetylcarnitine which was added last to start the reaction.
The measurement of NADH at 37o C was carried out in a Cary 15 spectro-

photometer, at 340 nm.

F. Incubations

1) . Incorporation of Palmitate-1-14c and sn-14C-G1ycerol-3-phosphate into
Triglycerides and Phospholipids of Muscle from Normal and Dystrophic
Mice
The incorporation of palmitate-1-14c into triglycerides
and phospholipids was studied in a system containing: 15 pmoles glucose;
0.3 Pmole NAD; 18 rmoles MgClz; 15 pmoles ATP, 0.15 rmole CoA; 0.6
Pmole of palmitate-1-14c (containing about 215,380 dpm) and 1 ml muscle
homogenate (107% homogenate in Krebs-Ringer II medium) in a final volume
of 3 ml. The incubation was carried out at 37° C for 20 minutes. When
sn-14C-g1ycerol-3-phosphate was used the incubation medium was: 6
rmoles L- o} -glycerophosphate (containing about 500,000 dpm); 30 ﬁmoles
ATP; 35 ﬁmoles MgClz; 60 Pmoles phosphate buffer pH 7.5;- 75 nmoles CoA
and 1 ml muscle homogenate (prepared as before). Incubation was carried
out at 37o C for 5 minutes. In both cases the reaction was stopped by
the addition of 20 ml chloroform~methanol (2 : 1) and 4 ml methanol.
The mixture was shaken, centrifuged and then the supernatant transferred
to new tubes. The residue was washed twice with 2 ml of the chloroform-

methanol mixture plus 0.4 ml methanol. The pooled supernatants were

washed twice with 5 and 3 ml of water respectively. The chloroform
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phase was taken to dryness in a rotary. evaporator and the residue ob-
tained was redissolved in a small amount of chloroform.

The 1lipids obtained in this way were passed through small

‘_ columns of 500 mg activated acid-treated Florisil (210) These columns

were‘prepared in the following way: Pasteur pipettes were sealed at

the tip and a small amount of glass wool was placed at the bottom of

the thicker portion of the pipette. The latter was filled with chloro-
form followed by Florisil. After application of the sample the tip of
the pipette was broken off and the neutral lipid fraction was eluted
‘with 12 ml chloroform. Then the phosphélipid fraction was eluted by

the addition of 12 ml methanol. The resolution of the columm to separate
these two groups was then checked by thin layer chromatography. Oﬁly
small traces of phospholipid were present in the neutral lipid or
chloroform fraction, and the phospholipid fraction Wés free of any
contamination by neutral lipids. The recovery of phospholipid was about
95% and that of triglyceride about 100%. For subsequent analyses both
fractions were evaporated to dryness.

When palmitate~1-14c was used the neutral 1ipid fraction
was freed of free fatty acids using a slight modification of the method
of Eatonvand Steinberg (211). The above residue was dissolved in 10 ml
isopropanol-isooctane (40 : 10, v/v). Then 15 ml ethanol-water-1 N
NaOH (50 : 44 : 5, v/v/v) were added and the mixture was shaken. After
centrifugation the iso-octane phase (upper) was removed and the lower
phase was washed twice with 5 ml iso-octane. The combined upper phases
obtained in this way were washed again with 10 ml alkaline ethanol.
After centrifugation the supernatant was collected, the lower phase was

washed twice with 3 ml iso-octane and all of the supernatants were
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pooled and made up to 10 ml. 2 ml were taken for radioactivity measure-
ment and the remainder was evaporated to dryness and redissolved in 2
ml petroleum ether.

The lipids obtained from the step above and the phospho-
lipids obtéined from the Florisil column were dissolved in 2 ml petro-
1eum-ether.‘.Then 0.25 ml was spotted on a silica gel G thin layer plate
and developed in Ehe solvent system, petroleum ether-ethyl ether- formic
acid-methanol (80 : 20 : 1.5 : 3 v/v/v/v). Standards of free fatty
acids and triglycerides were also applied to the plate. Aftef-developing,
the lipid areas were located using iodine vapour and they were removed
by scraping. The lipids in each area were extracted twice with 4.5 ml
chloroform-methanol-acetic acid-water (65 : 25 ¢ 4 : 1, v/v/V/v),-once
with 3 ml methanol, and once with 3 ml methanol-acetic adid:ﬁater (9% :
1:5, v/v/v). The extracts were pooled into a glass vial used for
counting and evaporated to dryness.l After the addition of 10 ml of"
counting solution no. 1 the radioactivity was then determined.

14
2) Formation of Pentoses and 1400 from = C-U-Glucose by high-speed
homogenates of muscle 2

High-speed homogenates of muscle were obtained as already
indicated. Incubation was carried out in Warburg flasks at 37o C'for
30 minutes using the following system contained in a final volume of
2 ml: potassium phosphate buffer, pﬁ.7.4, 375 moles; hexokinase, 1 mg;
ATP, 4 moles; NADP, 0.4. mole; Mg++ 8 moles; phenazine methosulfate,
0.4 moles; glucose-U—lac, 10 moles (containing 868,000 d.p.m.) and
high-speed supernatant of muscle, about 1 mg protein.

The 14002 released was:trapped in a Hyamine-impregnated

filter paper placed in the center well of the Warburg flask. After 30

minutes incubation, the reaction was stopped by the addition of 0,25 ml

50% trichloroacetic acid (TCA) contéined in the side arm. After allowing



10 minutes for the release of the CO2 and its absorption, the filter
paper was removed'and placed in counting vials together with 0.5 ml
methanol used to wash the center well. Radioactivity was determined
after adding 10 ml counting solution no. 1.

The above incubation mixture was centrifuged and the pro-
 tein-free supernatant was washed with ether in order to remove the TCA.
' The phosphoric esters were precipitated with barium acetate as described
by LePage (212). Pentoses were determined as described earlier. The
recovery‘of ribose-5-phosphate was determined to be about 85%.

3) Utilization of Ribose-5-phosphate by high-speed homogenates of
muscle -

This was studied using the same high-speed supernatant
fraction described in the previous section. Before incubation this
fraction wasAdialyzed against 0.01 M K-phosphate buffer, pH 7.4.
Incubation waé carried out for 0,15 and 30 minutes at 37° ¢ in Warburg
flasks contéining in a final volume of 2 ml: 375 pnmles potassium
phosphate buffer, pH 7.4; 8 Fmoles ribose-5-phosphate and high-speed
supernatant of muscle (about 1 mg) protein.

After 0,15 and 30 minutes, the amount of pentose in the
medium was determined as described before (185). The high-speed super-
natant of muscle was also tested for ribose-5-phosphatase activity.
Ribose-5-phosphate (final concentration 2 mM) was incubated with Tris-
HCL buffer pH 7.5 (0.133 M) and muscle high-speed supernatant (about 1
mg protein) for 60 minutes at 37o C. The incubation was stopped with
0.2 ml 507 TCA. After centrifugation inorganic phosphate was determined.
No phosphatase activity utilizing ribose-5-phosphate under the above

conditions was found.
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G, In vivo experiments

1) Incorporation of Glucose-U-lQC into the lipids of tissues of
dystrophic mice '

Dystrophic mice and their littermate controls were kept
in individual cages and fed a high-carbohydrate dieﬁ (TableAIII). ‘After
the mice became adjusted to the new diet (3-4 days), food-intake was
measured for seven days. Then, the mice were injecfed intraperitoneally.'
with 0.2 ji¢ Per g body weight glucose-U-14C, and after 1 hour they were
killed by decapitation. The tissues were removed, weighed and homo~
genized in 20 volumes chloroform-methanol (2 : 1). After centrifugation
the extract obtained was washed once with 4 volumes 0.9% NaCl and twice
with 4 volumes "uppef phase" solution as described by Folch et al. (213).
This procedure removes practically all of the water-soluble substances.
After filtratién and ;vaporation to dryness the lipids were redissolved
in 5 ml heptane. Then 1 ml of this volume was taken for measurement
of radioactivity using counting solution no. 1.

The remainder of the extract was evaporated to dryness. The
lipids from liver and muscle were redissolved in chloroform and run
through a column of acid-treated Florisil (5 gm), according to the
method of Carroll (210) in order to separate the phospholipids from the
other lipid fractions. Neutral lipids were eluted with 100 ml chloro-
form, and the phospholipids with 250 ml methanol. The recovery of
radioactivity was about 100%. Phosphorus was determined én the phospho-
lipid fraétion.

From each fraction (phospholipids and neutral lipids) an
aliquot was taken for radioactivity measurement. The remainder of the

o
fraction was taken to dryness, and saponified at 50 C for 1 hour following
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the addition of 0.3 ml 50% KOH in methanol. Cholesterol was extracted
with petroléum'ether, and after acidification with 1 N HCl1l, the fatty
acids were removed with 3 successivelextractions of 5 ml petroleum
ether. A portion of the fatty acid extract was used to determine
radioactivity and a second portion to determine the fatty acid content
by titration. Cholesterol was determined as described before.

The aqueous phase was washed two times with 2.5 ml ether
and an gliquot was taken for radioactiv;ty measurement using counting
solution no. 2.

In kidney and brain no fractiomation of 1ipids on Florisil
was carfied out. Except for this difference the procedure was identical
to that for liver and muscle.

14
2) Incorporation of C-Palmitii4acid into the lipids of tissues of
dystrophic mice and loss of “'C in the expired COp

Dystrophic and normal mice were fed ad libidum on‘a Purina
laboratory chow diet for about one week from the date of arrival. Prior
to the experiment they were fasted for 18 hours and then albumin-solu-
bilized palmitate-l-1 C was injected intraperitoneally, at a dose of
0.6 fc per g body weight. One hour after the administration, the mice
were sacrificed by decapitation and the tissues (brain, liver, kidney
and hind leg muscle) were removed as quickly as possible, dipped into
ice~cold normal saline, blotted and weighed. Then, 107 homogenates
were prepared at 0o C with water for each tissue. Lipids were extracted
at room temperature by the addition of 20 volumes of chloroform-methanol
(2 : 1 v/v)., After the addition of 4 ml methanol the precipitate was
centrifuged., The precipitate was extracted two more times with 2,0 ml.

chloroform-methanol (2 : 1). The combined extracts were mixed with 7.0
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ml of 1.5% NaCl and centrifuged., The lower phase was washed twice with
6 ml of the "upper phase" derived from the mixture chlorofofm-mefhanol-
0.5 M sodium acetate (8 : 4 : 3, v/v/v). The washed extract was evap=
orated to dryness under reduced pressure. The lipid residue was dis-
solved in 3 ml acetone-ethanol-ether mixture (4:4:1, v/v/v). Saponi-
fication and extraction of fatty acid and cholesterol was carried out

as indicated before. Cholesterol digitonide was formed by addition of

5 ml 0.5% digitonin solution to the cholesterol exfracted,followed by
heating at 700 C for 5 minutes and standing at room temperature over=-
night, After collection of the digitonide by centrifugation, it was
washéd twice with 10 ml of acetone-ether (1:2 v/v) miﬁtﬁre and once with
10 ml of ether before drying under an air stream. The amount of choles-
terol and fatty acid and the radioactivity present were determined as
already described.

In some experiments mice were injected intravenously
through the dorsal tail vein with albumin-palmitate-1-14c 0.4 Fc/g
body weight). In these experiments the specific activity of the palmi-
tate was 23;7 rc per ml. Mice were killed after 30 minutes and the
tissues were removed, extracted and analyzed as described above.

Radioactivity in plasma was determined as follows: after
1 hour injection of palmitate—l-14C the mice were anaesthetized with
ether and blood was removed from the heart, mixed with heparin and cent-
rifuged. Then 0.1 ml of plasma was added to a vial containing 1 ml
hydroxide of hyamine and heated in the oven at 60° ¢ for 2 hours. Radio-

activity was determined after adding 15 ml counting solution no. 2,
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 For the determination of 14C0 expired after the injection
of palmita£e41-14c, the animals were placej into a small metabolic
chamber (capacity 250 ml) and the 002 expired was trapped in 2 N NaOH.
The COy was released from the NaOH solution by acidification and trapped
in Hyamine using Conway vessels. A portion of the Hyaﬁine solution was

used for radioactivity measurement after adding 10 ml of counting solution

no. 1.

'H.__Determination of radiocactivity

Samples for counting were prepared in duplicate using one
of the solutions described in the next paragraph. ‘All samples were
countéd in a Model 6725 Nuclear Chicago Liquid Scintillation Counting
System. The counting efficiency was about 70%. Ail counts were cor:ectéd
for‘backgrouﬁd to give the net counting rate. Correction for quenching
was made by the channels ratio ﬁethod.

The following solutions were used for scintillation count-
ing: No. 1: 5 g PPO and 0.3 g POPOP per liter of scintillation grade
toluene.

No. 2: 100 g naphthalene, 10 g PPO and 0.25 g POPOP per liter of
dioxane,

No. 3: 45 g naphthalene, 9 PPO and 0.45 g POPOP dissolved in a

mixture of 750 ml dioxane and 150 ml ethylene glycol.

1. Evaluation of results by statistical methods

The statistical methods used in this study have been taken

from Croxton (214) and are outlined in the Appendix.



80

CHAPTER IV

A, In Vivo Incorporation of 1-14C-Pa1mitic Acid into Lipid
Fractions of Tissues of Normal and Dystrophic Mice

1) Introduction

. The increased fat content in the muscle from dystrophic
mice has been related to an increased lipogenesis (215) based on the
findings of an enhancement in the incorporation of acetate—2-14C into
cholesterol and fatty acid of several tissues from dystrophic mice.
However, what could prove to be of a more quantitative importance in the
explanation of fat accumulation is the finding that muscle mitochondria
from dystrophic mice shows a reduction in its ability to oxidize palmitate-

14
1-"C. This possibility has resulted in the present study on the in

vivo metabolism of palmitate-l-lac. Its incorporation into cholesterol
and fatty acid of several tissues (brain, liver, kidney and muscle)
and into the expired CO by normal and dystrophic mice hés been deter-
mined. The results obtiined are described in this chapter.
2) Results

The fatty acid and cholesterol contents of tissues from
dystrophic and normal mice expressed in terms of ﬁmoles/g and mg/g wet
tissues, respectively, are shown in Table IV. No differences were ob-
served in brain, kidney and liver, but a large increase in both choles-
terol and fatty acid was observed in dystrophic muscle.

In Table V are expressed the total radioactivity (d.p.m. per

g wet tissue) and specific activity (d.p.m. per vmole fatty acid) found
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for the fatty acid of different tissues. The greatest radioactivity 
was found to be in liver, followed by kidney, muscl; and brain. No
differences were found for brain, liver and kidney but a greater incorp-
oration was Qbserved in dystrophic muscle (P{0.005) Whére, however,
_there‘is a decrease in the specific activity (P§0.01). When the tofél
lipids from muscle or liver were fractionated into its different
fractions by column chroﬁatographyéon Florisil (216), it was found that
nearly all the radioactivity was in the triglyceride fraction and only
a small amount could be recovered as free fatty acid. In Figure 8 is
shown the general pattern of distribution of radiocactivity, obtained in
this casé, for the lipids of normal muscle,

The total.radioactivity and specific activity (d.p.m. per
mg cholestefol) for cholesterol of different tissues are listed in
Table VI. A significant reduction in both parameters were found for
liver, kidney and muscle of dystrophic mice. No differences were ob-
served in brain.

Trial experiments were carried out to determine if the pat-
tern of incorporation was the same when the isotope was injected intra-
venously. The results seemed to confirm the similarity in the incorp-
oration, however because of the difficulties involved these experiments
were only performed in three pair of mice.

The 14002 expifed by normal and dystrophic mice after in-
jection of palmitate-l- C is shown in Figures9 and 10, The determinations
were made at 10, 30 and 60 minutes after injection. The average recov-
ery of radioactivity as 14002 in 60 min., was about 20% of the injeéted

dose., The results correspond to the average values of 5 experiments.

When the output of 14CO2 is expressed in terms of d.p.m. per g body
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Figure 8 - Distribution of radioactivity into
different lipid fractions from hind
leg muscle of normal mice, isolated
after 60 minutes injection of palmitate-
1~140. Fractionation was carried out

by the method of Carroll (216).

TGC, triglycerides
FFA, free fatty acid



TRIGLYCERIDES
FFA= FREE FATTY ACID

TG

55

TTONVHL3W

Y3Hi3 vl
Qidv J1130v %t

Y3aHl3 w
TTONVHL3N %2

25
FRACTION NUMBER

20

INVYX3H ul
Y¥3H13 °/,Se

INYX3H ul
o Y3H13 %St

“SNVX3H U §3A13 %S

Y3183 -1043.15370HD

16

12 —

° < INVXIH

cOT X uiw 18d swno)

86



Figure 9 - Incorporation of radioactivity from
pa1mitate-1-14c into the expired CO2
by normal (© ) and dystrophic ( © )
.ﬁice. The results are expressed in
terms of radioactivity (d.p.m.) per g
bodvaeight. The lines represent the
average values of 5 experiments. Deter-
mination of radioactivity in CO2 was

done as described in Methods,
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Figure 10 - Incorporation of radioactivity from
| 'palmitate-1-14c into the expired Cco,
by normal ( ® ) and dystrophic ( © )
mice. The results are expressed in
terms of radioactivity (d.p.m.) per cm2
surface area. The lines represent the
average values of 5 experiments. Deter-
mination of radiocactivity in CO2 and

surface area were done as described in

Methods.
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weight.no differences were observed.between normal and dystrophic mice
(Figure 9). However, a significant reducfion (P(0.0l) ;n 14002 output
-was observed when expressed as d.p.m. per cm2 body area (Figure 10).
The latfer has been calculated by Meeh's formula: S = kY g , where
S_B surface area in dmz, g is the weight in kg and k ié a épecific.con-
stant for each éﬁimal species which corresponds to 7.82 for mice from
6-26 g body weight (217). |

In Table VIT are expressed the radioactivities found in
the plasma 60 min. after the intraperitbneal injectionbof‘the isotope.
The results are expressed in d.p.m./0.1 ml plasma. No differences appear
to exist between normal and dystrophic mice.

The percentage of radioactivity in fatty acid cbmpared with
the total radioactivity found in the different tissues have been deter-
mined; These percentages have beenvfound to be 97, 78, 70 and 35%
respectively for liver, kidney, muscle and brain.

3) Discussion

The increased amounts of fatty acid and cholesterol that
have been observed in the muscle of dystrophic mice are in agreement
with previous reports (132, 133, 218). Considering that in patients
affected with different types of muscular dystrophy sometimes alterations
occur in other tissues together with the main manifestations in muscle,
the question arises as to whether one is dealing with a pure muscular
disease or with a more generalized disease even though its main signs
appear in muscle. For this reason study has been extended to tissues

other than muscle. In the case of liver, kidney and brain, no differences

were observed in fatty acid and cholesterol contents,
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TABLE VII
RADIOACTIVITY IN PLASMA FROM MICE 694MINUTES AFTER
INTRAPERITONEAL INJECTION OF 1-""CePAIMITIC
ACID -
Blood was withdrawn by heart puncture 1 hour after intraperitoneal
14
injection of 1l- (C-Palmitic Acid (0.6 pc/gm body weight). Plasma

was separated by centrifugation. 0.1 ml of plasma was mixed with

0 .
1 ml Hyamine, heated at 60 C for 2 hours and the radioactivity was

counted after mixing with 15 ml counting solution no, 2.

Pair no. Radioactivity in 0.1 ml plasma from:
(d.p.m,)
Normal - Dystrophic
1 ' 30,988 32,411
2 27,925 26,771
3 25,042 | 28,371

4 28,037 27,321
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The first factor to be considered in this study was that of
whether aﬁ equivalent pool of palmitate-1-14c is available in tissues of
both normal and dystrophic mice. The resﬁlts obtained showed that aﬁ
equivalent amount of radioactivity in plasma was found in both types of
animals and also that in some experiments a similar pattern of.incofpor-
ation was observed following administration by either the intraperitoneal
or intravenous routes. This indicates that the differences in incor=
poration observed cannot be explained simply by differences in the ab~
sorption into the blood of the injected isotope.

Iwo main factors can help to explain the observation that
the uptake of radioactivity in the form of fatty acid was found to be
increased in muscle. The first relates to the observation that muscle
mitochondria isolated from dystrophic mice show a great reduction in
their ability to oxidize fatty acid (135). Secondly, since the pattérn
of incorporation is similar in both normal and dystrophic muscle and
free fatty acid is mainly incorporated into the triglycerides, it is
possible that an increased esterification of the free fatty acid has occurred.
The latter is supported by the observation (125) that in dystrophic
muscle there is a reduction in the activity of several glycolytic enzymes
which could cause an accumulation of triose-phosphates. Such an increase
could lead to an increased availability of ¢-glycerophosphate, the most
important acceptor of fatty acyl groups.

The decreased incorporation of radioactivity into cholestefol
that has been observed in liver, kidney and muscle may be explained on
the basis of a decreased degradation of fatty acid to acetyl-CoA, or to

a decreased cholesterogenesis from acetyl-CoA, Evidence has been ob-
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tained (218) that, under a variety of conditions there is no

increase in cholesterogenesis from acetate in dystrophic animalso The
increased choiesterol content in dystrophic muscle thereforé appears to
arise as a consequence of a reduced elimination or degradation rather
than an increased synthesis.

The 14Co2 expired by the animal has been expressed both
on a body weight and on a body area basis; the latfer has been shown to
be more closely related to the basal metabolic rate of animals. When
expressed in the latter way a significant reduction was observed in
the dystrophic mice. This reduction, together with the increased incor-
poration of palmitate-l-lac into dystrophic muscle and the decreased
incorporation of radioactivity into cholesterol are compatible with the
findings of Lin et al (135) and point to a defect existing in the de-
gradation of fatty acid in dystrophic muscle. This combination of
effects céuld fesult in the fat accumulation observed.

In brain no differences in incorporation were cbserved. It
igs interesting to notice here that in this tissue the percentage of
radioactivity recovered as fatty acid represents only 35% of the total
radioactivity in the tissue. This observation is difficult to explain
but may reflect a very active degradation of palmitic acid by brain
tissue or a difficulty in the transport of fatty acids at the level of
the blood-brain barrier in which case the uptake of radioactivity might
originate from metabolites derived from the breakdown of palmitic acid
in other tissues. However, the latter appears to be ruled out since a
direct uptake of oleic-1-14c and palmitic-1-14c acid by brain tissue of

rat has been demonstrated to occur (219, 220).
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B. In Vivo Incorporation of Glucose—U—14C into Lipid Fractions

of Tissues of Normal and Dystrophic Mice

1) Introduction

Previous in vitro (215) and in vivo (221) studies with
labelled acetate have suggested that in a number of tissues of dystro-
phic mice (strain 129) there is enhanced lipogenesis. Experiments
reported in the previous chapter show that, in vivo, there is no alteration
ig_the incorporation of palmitate—1-14C into the fatty acids of brain,
kidney and liver but an increase was found for muscle. Incorporation into
cholesterol was found very reduced. These results suggests that a general
defect in lipid metabolism exists in tissues of dystrophic mice.

Since carbohydrates are precursors of both the glycerol
and fatty acid portions of lipids, and in view of the above implications,
we have carried out in vivo experiments in which the incorporation of
glucose—U—lAC into the lipids of various tissues has been studied. In
this study a high carbohydrate diet was fed to induce a condition of
high lipogenic activity.

2) Results

In Table VIII is shown the food intake for dystrophic
mice and their littermate controls when fed a high carbohydrate diet
(see Methods). The results have been expressed as calories of food
intake per g body weight per day. A significant increase (P  0.001) has
been observed in the caloric intake of dystrophic mice.

In Table IX is expressed the incorporation of glucose—U-l4C
into the lipids of brain and kidney of dystrophic and normal mice. A

significant reduction in incorporation was observed for the total lipids
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TABLE VIII

DAILY FOOD INTAKE BY DYSTROPHIC MICE (STRAIN 129)
AND THEIR LITTERMATE CONTROLS

Mice were kept in individual cages and fed a high-carbohydrate diet
(see Table III) with a caloric content of 3.78 cal. per g,
After 3 days adjustment to the new diet food-intake was determined

daily. The results indicate the average value for 7 days.

Animal Number Weight Food intake :
(g & SEM) (Cal. per day per g body weight £ SEM)

Control 11 20.55 ¥ 0.87 0.65 ¥ 0,02

Dystrophic 11 13.15 ¥ 0.63 0.82 + 0.02
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of brain butAfhis reduction could not be attributed to omne specific
fraction.  No differences were found in kidney. Due to thé’fact of

the great variability in the observed results, these were statistiéally
analyzed u;ing paired data comparison. The same‘analysis has been
applied to the results in Tables X and XI.

In liver and muscle no differences between normal énd
dystrophic were observed in the radioactivity incorporated into the phos-
pholipid fraction. Similarly, the total content of phospholipid,
expressed as mg P per g wet weight tissue does not show any difference
(Table X). In Table XI are shown the results obtained in the study of
the neutral 1lipid fraction from muscle and liver. No differences were
found for liver in the radioactivity incorporated in all the fractioﬁs
studied. The latter includes total 1ipids, cholesterol, fatty. acids
and glycerol, In muscle, increases in fatty acid and cholesterol contents
and incorporation of radioactivity into fatty acids and glyéerol were
observed. No appreciable amount of radioactivity was found in choles-
terol in both normal and dystrophic mice.

3) Discussion

In vivo lipogenesis from acetate-2-14c by dystrophic mice
has been studied in this laboratory (218). The results did not provide
clear evidence of an enhanced incorporation of acetate into cholesterol
and fatty acids in dystrophic mice. Considering that the incorporation
of acetate into lipids is, in part, dependent on the acetic-thiokinaée
activity of the tissues under study and that glucose rather than acetate
is the predominant substrate for lipogenesis, it was considered important

to extend the investigation by using glucose-U-14C instead of acetate-2-14C.
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The lipogénic capacity of tissues is inversely related
t§ the amount of fat contéined in the diet (222). in §rder,to'obtain a
high degree of lipogenesis in our experiments a high-carbohydrate diet
was used containing only 1.5% corn oil. When the mice were changed to
ihis diet they were found to require a period of about 3 days for
adaptation (determined by the changes in ﬁeight of the mice). Food-
intake, measured for 7 days after the period of adaptation, is gréater
in dystrophic animals then normal when expressed as éalories per g body
weight per da&. This may reflect a higher basal metabolic rate in
dystrophic mice.

The greatest incorporation of glucose-ﬁ- C occurs in
liver followed by brain, kidney and muscle. Most of the radioactivity
incorporated into the lipids from liver and muscle is into the glycerol
moiety followed by the fatty acid portion. Incorporation into cholesterol
was very low in liver, brain and kidney and negligible in muscle. This
pattern of labelling suggests that glucose-U-lac gives rise to the
glycerol moiety at a more rapid rate than the fatty acid portion. It
is likely that this occurs by way of @¢-glycerophosphate (223). It is
also interesting to note that all tissues studied were capable of
appreciable conversion of radioactivity into fatty acids with brain show-
ing the largest followed by kidney, muscle and liver.

Of all the tissues studied only muscle has shown an
increased capacity to incofporate glucose-U-lAC into the neutral lipids
(both into the fatty acid and into the glycerol moiety). It has been
rgported (224) that no differences in the production of 14002 from

glucose-U-14C could be observed between dystrophic mice and their controls.
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It is possible that even if a defect in the oxidation of glucose is
present in dystrophic muscle the whole animal can maintain a normal

, 14
production of €O, by increasing its production from non-muscular

2
tissues or by an increased activity of the pentose-shunt. This last
possibility could also explain the pentosuria we have mentioned before.

In vitro experiments (215, 225) on acetate incorporation
into lipids indicate that there is a general enhancement of lipogenesis
in tissues of dystrophic mice which might, aﬁ leasf in part, account
for the accumulation of lipid in dystrophic musclé. This enhanced 1lipo-
genesis from acetate has been also demonstrated using high-speed super-
natants of muscle (71,000 x g) as the enzyme preparation (135).

| Coleman (125) has reported deficiencies in several

enzymes of the glycolytic pathway which result in the‘accumulation of
friose-phosphates, The latter could produce an increased amount of
glycerol-3-phosphate for triglyceride synthesis. Since one of the
primary controlling mechanisms in fatty acid synthesis is the feed-back
inhibition of acetylCoA carboxylase by long-chain acyl CoA (226), it is
possible that any factor affecting the level of long chain acyl CoA
might indirectly affect fatty acid synthesis. The acéumulation of
glycerophosphate could depress the inhibition of acetyl CoA carboxylase
by acylation of long chain acyl CoA and thereby result in an increased
formation of fatty acid. Considering that a partial blockade does
exist in the glycolytic pathway in the muscle from dystrophic muscle,
it is easy to explain the increased incorporation of radioactivity from
glucose-U-14C into the glycerol moiety of neutral lipids. However, the

increased incorporation into fatty acids is not so easily explained.
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It is possible that a decreased utilization of acetyl CoA by muscle.
mitochondria occurs and that the acetyl groups accumulating are diverted
into fatty acid synthesis. This could lead to an increased incorporatibn
of radioactivity into fatty acid. Further increase could also result
from the enhanced fatty acid synthetase activity that has been reported
(135).

No differences were obsgrved in the total phospholipid
content (expressed as mg P per g w.We tissue) or incorporation of radiq-
activity into this fraction either in muscle or liver., However, it
still is possible that alterations in incorporation into any one or
several of the phospholipids may have occurred in dystrophic muscle
(or other tissues). Tt was not possible to fractionate the different
classes of phospholipids because of the small amount of muscle avail-

able from each animal.
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CHAPTER V

Formation of Pentose-5-Phosphate from Glucose and Utilization
of Ribose-5-Phosphate by High-Speed-Supernatants of Muscle
Homogenates of Mice ‘

1) Introduction

Pentosuria has been reported to exist in patiénts with
Duchenne MD (227, 228). This alteratioﬂ in tﬁe urine composition’could
be originated by a primary defect in:the production or utilization of
pentoses by dystrophic patients or be secondary to their release from
muscle cells undergoing breakdown.

Increases in.the activities of the dehydrogenases of
the hexose-monophosphate (HMP) shu;t in the metabolism of the glucose
have been reported to exist in muscle from dystrophic mice (122) and
in man with Duchenne MD (229). These observations have been confirﬁed
by histochemical methods (230). Such increases could be of significance
since they might lead to an enhancement in the prodﬁction of pentoses,
and therefore to pentosuria. The present chapter describes experiments
carried out to study the hexose-monophosphate pathway. The first group
of experiments was done to assess the production of pentose-5-phosphate
using glﬁcose as substrate, and the second group was designed to assess
the utilization of these pentoses by determining the disappearance of
ribose-5-phosphate from the incubation medium.
2)  Results

14 14

(a) Pentose and €O, production from glucose~U= € by high-
sSpeed supernatant of muscle homogenates

14
The cofactor requirements for the release of CO2 from

1
glucose-U- 4C by high-speed supernatant of mouse skeletal muscle have
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been determined (Table XII). It can be seen that the release of

14
Cco,

azine methosulfate has been added to regenerate NADP through oxidation

does ot require NAD or Mn++ but is very dependent on NADP. Phen-

of the NADPH formed in the reaction. Its presence stimulates the
production of 14C02 from g1ucose—U-14C about 10 times. Hexokinase and
ATP were added to the system in order to phosphorylate glucose. In
some expériments where phenazine methqsulfate was not used, hexokinase
did not increase the rate of formation of 14002. These observations
seem to indicate that the potential actiyity of the dehydrogénéses of
the HMP shunt are greater than the activity of the endogenous hexokinase
contained in the high-speed supernatant of muscle,

In the system used there existed the possibility that
the Embden-Meyerhoff pathway of glucose metabolism was operative and
that the pyruvate formed could be decarboxylated giving rise to ;4002.
With arsenite, an inhibitor of pyruvate oxidation, added, it has been
observed (231) on incubation of strips of muscle with glucose—1-14c or
glucose-6-14c that there is an increase in the ratio of 14CO2 derived
from Cl to 14002 derived from C6 (i.e. the C1/C6 ratio). We have tested
the effect of arsenite (final concentration 2 mM) in our preparation
and, as is indicated in Table XIII, no change in the production of

14
CO was observed. This indicated that little or no decarboxylation

2
of pyruvate occurs during the above incubation.
The optimal concentrations for ATP, phenazine methosulfate
and NADP were those established in Figures 11, 12 and 13. Optimal

concentrations were: 2 mM for ATP, 0.01 mM for phenazine methosulfate

and 0.2 mM for NADP. The optimal pH for the reaction was observed to
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TABLE XII
COFACTOR REQUIREMENTS FOR THE METABOLISM OF GLUCOSE
BY HIGH-SPEED SUPERNATANT OF MUSCLE HOMOGENATES
OF MICE (Strain 129)

The complete system contained: potassium phosphate buffer pH 7.4,

++
375 rmoles; hexokinase, 1 mg; ATP, 4 Pmoles; NADP, 0.4 Pmole; Mg

- 14

Sﬁamoles; phenazine methosulfate, 0.4 famole; glucose-U-" C, 10 Etmoles
(containing 868,000 dpm); high-speed supernatant, about 1 mg protein,

in a final volume of 2 ml. The incubation was carried out in Warburg

flasks at 37o C for 30 minutes. 14COZ was determined as indicated in

- the Methods.

M

Incubation Mixture 14002 released (d.p.m/mg protein)
Complete system _ 29,559
Less phenazine methosulfate 3,842
Less ATP , 1,447
Less NADP 570
Less hexokinase 9,809
Plus NAD + 29,825

Plus Mo T 28,035
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TABLE XIII
ARSENITE EFFECT ON THE METABOLISM OF GLUCOSE BY

HIGI-SPEED SUPERNATANT OF MUSCLE HOMOGENATES
OF MICE (Strain 129)

Incubation conditions as in Table XII.

14

Final concentration of €0, Production
arsenite (Na+) (mM) (d.p'em. per mg protein)
0 22,428

2 . 23,076




Figure 11 - The effect of AT? on the production of

14CO2 from glucose—U-14C by»high-speed
supernatant (90,000 x g for 100 minutes)
of mouse skeletal muscle. Incubation con-
ditions weré as in Figure 14. Incuba-

tion time was 30 minutes.
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Figure 12 - The effect of phenazine methosulfate on the
production of 14002 from glucose-U—14C by high-
speed supernatant (90,000 x g for 100 minutes)
of mouse skeletal muscle. Incubation conditions
were as in Figure 14, Incubation time 30

minutes,
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Figure 13 - Effect of NADP on the production of 14002

from glucose-U—lAC by high—speéd supernatant
(90,000 x g for 100 minutes) of mouse skele-
tal muscle. Incubation conditions as in Figure

14. Incubation time 30 minutes.
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be between 7.4 and 8. As shown in Figure 14 the reaction was linear
for 30 minutes. This was the incubation time used in our experiments.

Using the optimal system that has been already described,

1400 from glucose-U-14C and the accumulation of

2
pentoses have been determined in normal and dystrophic mice, The

the production of

production of 14002 is expressed in d.p.m. per mg protein and pentose

accumulation as pmoles per mg protein in 30 minutes (Table XIiv). A

14
CO2

production and pentose accumulation. The fact that the ratio Dystrophic/

great increase was observed in the dystrophic animals for both

Normal is not the same for pentose accumulation and 14CO2 production
is probably the consequence of differences in the subsequent steps in
the non-oxidative part of the HMP shunt,

- (b) Utilization of Ribose-5-Phosphate by high-speed
supernatants of muscle

The conditions for these experimeﬁts are as indicated in
the Methods. Because of the non-linear disappearance of ribose-5-
phosphate from the medium observed with time, the determinations have
been made at two different times, 15 and 30 minutes. The time course
for the disappearance of ribose-5-phosphate by high-speed supernatants
of muscle homogenates is seen in Figure 15.

The comparative results between dystrophic and normal
mice shows that dystrophic muscle utilizes more ribose-5-phosphate than
does the normal muscle. This can be seen in Table XV.

3) Discussion

The amount of glucose that is being metabolized in skeletal

muscle through the HMP shunt pathway has been calculated to be no more

than 27 (232). Therefore a quantitative study of this pathway offers



Figure 14 - The effect of time on the production of

14CO2 grom glucose-U—14C by high-speed
supernatant (90,000 x g for 100 minutes)
of mouse skeletal muscle. Inéubation con-
ditions and determination of 14CO2 as

described in the Methods.
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Figure 15 - The efféct of time on the disappearance of ribose-
5-Phosphate froﬁ the incubation medium brought
about by high-speed supernatant ffom muscle homo-
genates of mice (Strain 129). The incubation
mixture contained in a total volume of 2 ml: 375
ﬁnmles potassium phosphate buffer pH 7.4; 8 ﬁmoles
ribose-5~-phosphate, and 1 %ﬁ high-speéd supernatant
of muscle. Determination of ribose was carried out

.as described in the Methods.
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TABLE XV
THE DISAPPEARANCE OF RIBOSE-5-PHOSPHATE
FROM THE MEDIUM WHEN INCUBATED WITH HIGH-

SPEED SUPERNATANT (90,000 x g). OF MUSCLE FROM
NORMAL AND DYSTROPHIC MICE (Strain 129)

Incubation procedure and determination of ribose are as indicated in
the Methods. P indicates the probability that there is no effect
caused by dystrophy.

—_——— e e

Disappearance of ribose-5-phosphate

Incubation time Number fmoles per mg protein t SEM P
(minutes) NORMAL DYSTROPHIC
. + +
15 5 0.64 = 0.05 1.00 - 0.09 <0.001
: +
30 6 1.01 - 0.06 1.50 ¥ 0.06 <0.001
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some di fficulties considering that any small contribﬁtion from the Krebs
cycle easily masks the activity of the HMP shunt. The most common way
to study the contribution of these pathways is by comparison of the
prdduction of 14CO2 from glucose-1-14c and glucose-6-14C. Values in
excess of 1 for the ratio CO2 (Cl)/COz(CG) indicates some operation of
the HMP pathway.

Because all the enéymes of the HMP pathway are locafed
in the sbluble part of the cell, we have studied this pathway using
the high-speed supernatant of muscle homogenate obtained after centri-
fugation at 90,000 x g, as the enzyme preparation. By this procedure,
which eliminates mitochondria from the system, the release of 14002
from glucose can only occur through the HMP pathway.

Several functions are attributed to the HMP pathway.
These are: a) to supply the ribose and deoxyribose required for the
synthesis of ﬁucleic acids and high energy nucleotides. It is important
to mention here that a pentose derivative, 5-phosphoribosy1-1-pyrophosphate
is a rate limiting precursor not only of RNA (233) but also of histidine
(234); b) to form NADPH which is required for a number of synthetic
reactions such as in the reduction of folic acid to tetrahydrofolic
acid (a donor of 1-C units), in the biosynthesis of purine and pyrimidinic
bases, in the biosynthesis of fatty acids, cholesterol and steroids, in.
the synthesis of certain amino acids, creatinine,and in the reduction
of dithiol groups, thereby being possibly an important factor in the reg-
ulation of‘the ratio S-S/SH. Also NADPH plays an important role in the
general mechanism of detoxification.

All the above functions are related to anabolic reactions.

Therefore, it is reasonable to expect an increase in the activity of the



HMP pathway to occur in all conditions requiring an increased synthesis,
Accordingly, increased activity has been reported in embryonic tissues
(235) and in tissues undergoing regeneration (236). In dystrophic
muscle both regeneration and degeneration processes are working simul-
taneously. Studies carried out with cultures of breast muscle of nor-
mal and dystrophic chicken embryos have shown that the dystrophic
fibers grew and degenerated at a faster rate, so that,in young cultures
there were more fibers in dystrophic than in norm#l, the reverse being
true in old cultures (237). 1It, therefore, seems probable that an
incréase in the HMP pathway takes place in dystrophic muscle in a
response to injury and is not related to the primary mechanism of the
diseése. However some practical importance could be derived from the
study of the HMP pathway, particularly if it can be used as a measure
of the regenerating reactions. Comparison of this parameter with some
parametef indicating the destructive process (e.g. activity of proteolytic
enzymes activity) might give a ratio of some prognostic or diagnostic
value.

One of the characteristics of dystrophic muscle is its
. accumulation of fat. It has been found (135) that a decreased capacity
to oxidize fatty acids does exist in the mitochondria from dystrophic
muscle of mice together with an increased fatty acid synthetase activity.
The increased production of NADPH could potentiate this increased
capacity to synthesize fatty acids. Preliminary experiments involving
a system for fatty acid synthesis (135) in combination with the system
used in these studies but without phenazine methosulfate, failed to

yield an overall system capable of fatty acid synthesis. Since this
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failure may have resulted from a depletion of ATP'(required in both
pathways) by the excess of hexokinase added, g1ucose-6-phosphate was
substituted for glucose and hexokinase. However, still no fatty acid
synthésis could be demonstrated. Further experiments are required to
:esolve this problem. We have not tested the reverse situation, that
is the influence of the fatty acid synthesis on the activity of the
HMP pathway. We have found (see Table XII) that phenazine methosulfate
increases the HMP pathway about 10 times. If this occurs by removal
of NADFH that could inhibit the HMP pathway, then fatty acid synthesis
could increase the HMP shunt through the same mechanism.

Our results confirm those obtained by Canal and Frattola
- (238) and,afe in agreement with the study of the dehydrogenases of the

- HMP shunt in mice and in patients with Duchenne MD (122,229),
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CHAPTER VI

In Vitro Metabolism of Triglycerides by Muscle Preparations of
Normal and Dystrophic Mice (Strain 129)

1) .Introddction

The phenomenon of fat accumulation has been the object of
extensive investigation in this laboratory. In this respect it has
been shown (135) that muscle mitochondria from dystrophic mice are
unable to oxidize long-chain fatty acids to the same extent as normal
mitochondria. Also dystrophic muscle shows an increased capacity to
synthesize fatty acids from acetate.

Because the main bulk of fat is accumulated in the form
of triglycerides (TG) we have studied the extent to which 1-14C-pa1-
mitic acid and sn-14C-g1ycerol-3-phosphate (14C-GP) is incorpérated
in this lipid fraction. In the same experiments we have studied the
incorporation into the phospholipid fraction. It should be nbted
here that the incubation conditions used have been those determined to
be optimal for incorporation into TG. Some experiments have been car-
ried out using unlabelled palmitic écid and glucose-U-1 c.

The second part of this chapter deals with the reacﬁions
of catabolism of TG. Two different lipases have been studied, one
that uses tributyrin as substrate and another using tripalmitin.

2)  Results
14

(a) 1Incorporation of 1-14C-pa1mitic acid and C-GP into
triglycerides by muscle homogenates

In Figures 16, 17, 18 and 19 are shown the dependence of

. . 14 cos ca s .
the incorporation of 1-" C-palmitic acid into TG on the concentrations



Figure 16 - The effect of ATP on the incorporation of
1—14C-palmitic acid into triglycerides by
'muscle homegenates of mice., The incubation
mixture contained in a final volume of 3 ml :
0.3 pmole NAD; 18 pmoles MgClz; 0.15 pmoles CoA;
15 pmoles glucose; 0.6 umole 1-14C-palmitic
acid (containing about 215,380 d.p.m.); and
1 ml muscle homogenate (10% homogenate in
Krebs-Ringer II medium). Radioactivity in

triglycerides was determined as described in

the Methods.
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Figure 17 - The effect of CoA on the incorporation of 1-140-

palmitic acid into triglycerides by muscle homogenates
of mice. The system contained 15 rmoles ATP (i.e.
5 mM). Other incubation conditions as described in

Figure |6.
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of ATP, CoA, NAD and Mg++. The concentrétions giving maximal incorp-
oration were used in our experiments. They are 5 mM for'ATP, 0.05 mM
for CoA, 0.1 nM for NAD and 6 mM for Mg++. Similar studies for ATP
and CoA have been carried out using as substrate sn514c-g1ycerol-
3-phosphate (GP). The results are shown in Figures 20 and 21. The
optimal concentrations were found to be 10 mM for ATP and 0.025 mM for
CoA.

| In Table XVI can be seen the cofactor requirements for the

14 :
incorporation of palmitate-l- C and 14C-GP into TG. As shown, both

4+

precursors are depeﬁdent for its incorporation on ATP, Mg  and CoA.

When palmitate was used, it was necessary to add both gluéose and NAD.
These requirements were not necess#ry for 14C-GP.' It was curious to
note in ihe former case glucose could not be substituted by o{-GP.
Fluoride, in a concentration of 1.2 mM, strongly inhibits_the incorp-
oration of palmitate and it has no effect on the incorporation of
14

C-GP.

Tn order to assess the dilution of labelled palmitate by
endogenous fatty acid, concentrations of free fatty acids were deter-
mined colorimetrically in both normal and dystrophic muscle. Taking
this factor into consideration the influence of different concentrations
of free fatty acids on the incorporation'of 1-14C-pa1mitate into TG
has been studied. The rate of incorporation does not change until the
 free fatty acid concentration is above 640 x 10 M. 1In all the in-
cubations carried out with normal muscle the concentration of free

fatty acid was below this value whereas in the dystrophic muscle all

but pair 5 (see Table XX) were above this value.



Figure 20 - The effect of ATP on the incorporation of sh-14c-g1ycerol-
3-phosphate into total lipids, triglycerides and
- phospholipids by muscle homogenates of mice. The incubation
mixture contained in a final volume of 3 ml: 35 rmoles MgClZ;
60 Pmoles phosphate buffer pH 7.5; 75 nmoles CoA; 6 rmoles
sn-14C-g1ycerol-3-phosphate (containing about 500,000 d.p.m.);
1 ml muscle homogenate (107 in Krebs II) and ATP as
indicated. Incorporation of substrate was determined as

described in the Methods.



N WOLES OF sn-!4C-GLYCEROL-3-PHOSPHATE

132

24
" 20}
g i TOTAL LIPIDS
S gl o TRIGLYCERIDES
o o PHOSPHOLIPIDS
=
o i2
% 8 / T ™
o == x‘g)‘
S I/ 't |
o ﬂ_ﬁ”x
= 4
"
% i i i ) 1
2.5 5.0 7.5 0.0

éTP(m%)



133

30
" I
=  26-
.
& _
2
& Sez |
K= TOTAL LIPIDS
SE-XT o TRIGLYCERIDES
i = o PHOSPHOLIPIDS
> :
;'g =gV
é% g% o] ';_" "w_gyanx-nqp-%n—-ﬁ<3=awnax._:;:;;°“‘~..~_
wS H /g T Tr——lg
o = g /f
07 € /¢
W
=] /,
= 2
g i 1 1
2.5 5.0 7.5 10.0
Cod (mi4 X 10™2)

14
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and phospholipids by muscle homogenates of mice.

Incubation conditions were as in Figure 20.



134

TABLE XVI

COFACTOR REQYZREMENT F?& THE INCORPORATION
OF PAIMITATE-1-""C OR sn- C-GLYCEROL-3-PHOSPHATE
INTO TRIGLYCERIDES BY MUSCLE HOMOGENATES OF
MICE (STRAIN 129)

The comple.e incubation mixture and the determination of radioactivity

o
in Triglycerides (TG) are described in Methods. Incubation at 37 C
14

was carried out for 20 minutes when incubated with palmitate-1- C and

14
for 5 minutes in the case of sn- (C=-glycerol-3-phosphate.

M

Incubation Palmitate-1-14c incorp- gly-glycerol-140-3-phos—
mixture orated into TG phate incorporated into
: (n moles) TG (n moles)

Complete system 9.50 9,60
Less glucose 2.65 9.52
Less MAD 2.84 ' 9.68
Less ATP 1,20 1.25
Less CoA 0.23 1.00
Less Mg 2.60 1.64
Plus sn-glycerol- 9.58 --
3-phosphate («-GP)

Plus o-GP, less glucose 2.88 -
Plus Hexokinase (1 mg) 9.50 T e

Plus F~ (1.2x10" M) 3.16 9.62
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Since it is possible that there were differences in the

- rate of esterification due to the specificity of different fatty acids
it was of interest to determine the fatty acid distribution in the
free fatty acid, triglyceride and phospholipid fractions from normal
and dyst;ophic muscle. Using gas-liquid chromatograpﬁy no appreciable
differences were found (see Table XVII, XVIII, and XiX). In tﬁe free
fatty acid fraction the main components were found to be palmitic
(about 25%); stearic (a. 20%), oleic (a. 17%), linoleic (a. 16%) and
arachidonic (a. 20%) acids. In the TG fraction were found palmitic
(a. 19%), oleic (a. 33%) and linoleic (a. 30%) acids: In the phospho-
1lipid fractions palmitic (a. 20%), stearic (a. 15%), oleic (a. 13%),
linoleic (a. 16%) and arachidonic (a. 25%) were the predominant fatty

acids found.
' 14

" The time course for the incorporation of palmitate~l- C
and 14C-?GP into TG by muscle homogenates are shown in Figures 22 and 23.
The incorporation is linear for 20 minutes in the case of palmitate.
With 14C--GP the response was not linear over this period, and, there-
fore, the time used in further éxperiments was set at 5 minutes.

A comparati&e study of the incorporation of 1-14C-Pa1mitic
acid into the TG and phospholipids of muscle from normal and dystrophic
mice is shown in Table XX. The free fatty acid content is markedly
increased in dystrophic muscle (17.12 f 0.94-ﬁnm1es per g wet weight
versus 11.03 ¥ 0.68)‘4moles in normal). No differences were found in
the incorporation of palmitic acid into the phospholipids of normal
and dystrophic muscle under the éxperimantal conditions described. The

incorporation into TG is very much increased in dystrophic muscle in
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FATTY ACID DISTRIBUTION IN THE FREE FATTY ACID FRACTION
FROM NORMAL AND DYSTROPHIC MICE (STRAIN 129)

Fatty acids were obtained and analyzed in their methyi-ester forms

by Gas-Liquid Chromatography as described in Methods. Numbers in

brackets represent the average value.

—_—_—___—__,—__———————————-_—————_—_—_—_—___

Fatty Acid Designation

Normal Muscle

Fatty Acid content (% of total) in:

Dyétrophic Muscle

16 : O 28.3

23.3

2.0

,xl* 0.52
XZ* 0.28
0.34

18 : 0 ' 19.7
19.6 -

18 : 1 13.1

17.9

18 : 2 14.8

14.9

20 : 4 21.7

2104

(25.8)%
(1.8)

( 0.54)
( 0,31)
(19.65)
(15.5)

(14.85)

(21.55)

22,4

20.4

1.7
2.1

(21.4)
( 1.9)
( 0.62)
( 0.31)
(20.45)
(19.5)
(17.9)

(18.1)

*Xl and X, are unknown fatty acids

2
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TABLE XVIII

FATTY ACID DISTRIBUTION IN THE TRIGLYCERIDE FRACTION
FROM NORMAL AND DYSTROPHIC MICE (STRAIN 129)

_ Analysis as in Table XVII .
' . - D K

Fatty Aéid Désignatibn Fatty Acid content (% of total) in:
Normal Muscle Dystrophic Muscle
16 : 0 18.7 {19.65) ~ 16.7 (18.5)
19.6 20.3 '
16 : 1 5.5 (7.7) 3.5 (4.65)
9.9 5.8
Xk 0.8 (0.9 0.7 (0.7
1 1.0 (0-2) 0.7 l0-7)
18 : 0 5.5 (3.95) 9.5 (8.7)
2.4 7.9
18 : 1 30.3 (31.8] 30.4 (35.2)
33.3 40.0
18 : 2 37.2 (32.45) 37.4 (28.3)
| 27.7 19.2 |
18 : 3 2.0 (2.25 1.8 [2.15
2.5 (2.25) 2.5 ( )

*Xl is unknown fatty acid
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TABLE XIX

FATTY ACID DISTRIBUTION IN THE PHOSPHOLIPID FRACTION FROM
NORMAL AND DYSTROPHIC MICE (STRAIN 129)

" Analysis as in Table XVII

Fatty Acid Designation - | Fatty Acid content (%vof total) in:
| Normal Muscle Dystrophic Muscle
16 : 0 25.2 (21.7) 17.3 (19.6)
18.2 21.9
16 : 1 4.7 (6.9) 5.9 (5.95)
9.1 6.0
X_* 1.7 (1.5 1.3 (1.4
1 1.3 (15 ( |
18 : 0 17.8  |16.95] 10,9 |14.8)
16.1 18.7
18 : 1 10.7 (11.8) 16,8 (14.95)
12.9 : 13.1
18 : 2 15.7 (14.25) - 22,5 (19.8)
~ 12.8 17.1 :
18 : 3 1.1 2.0
20 : 4 23.1 (26.95) 23.3 [23.2
30.8 23.1

*Xl is unknown fatty acid



Figure 22. The effect of time on the incorporation of
i_r_l_—14C—g1ycerol-3-phosphate into triglycerides and
phospholipids by muscle homogenates of mouse.
Incubation conditions as described in the METHODS.
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5 of the 6 pairs of mice examined and no differences were found iﬁ
pair no. 2. On pair comparison basis the difference in incorpora-
tion between normal and dystrophic tissue was found to be signi-
ficant, however this is not so when the results were analyzed
using the "t" student test.

In some experiments glucose-U-l4C and unlabelled
palmitic acid were added under the conditions used for palmitate
incorporation. In these experiments a reduction was observed
in the incorporation of radioactivity into the TG and phospho-
lipids of muscle of dystrophic mice (Table XXI).

In Table XXII are shown the results obtained
when 14C--GP was used as substrate. No differences between normal
and dystrophic muscle were observed when the results are expre-

14

ssed as nmoles of C-GP incorporated per g wet weight muscle

per minute,.

(b) Hydrolysis of TG by muscle homogenates

The activities of two different lipases in normal
and dystrophic muscle have been studied. These are described as
"tributyrinase" and "tripalmitinase" because of the nature of
the substrates used in this study.

In Table XXIII are shown the results concerning
the tributyrinase activity in muscle homogenates from normal and
dystrophic mice. The results are expressed in terms of pmoles
tributyrin hydrolyzed per hour per mg N, per mg NCN, or per g wet
weight muscle. Because of infiltration of dystrophic muscle with non-
muscular components the use of NCN was considered the best base-

line to express the results (183). In normal muscle NCN accounts for
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TABLE XXI1
' 14
' INCORPORATION OF RADICACTIVITY FROM GLUCOSE-U- C
INTO TRIGLYCERIDES AND PHOSPHOLIPIDS OF MUSCLE
FROM NORMAL AND DYSTROPHIC MICE (STRAIN 129)

Incubation conditions are indicated in Methods .

ﬂ——_————-——_—_——_——-—_———é——-

Pair no. G1ucose-U-14C incorporated (dpm/min-incubation) in:
Triglycerides Phospholipids
N D N , D
1 656 193 A —
2 } 916 590 390° 201
3 515 302 210 122

4 708 287 340 160
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TABLE XXIII
NITROGEN CONTENT AND TRIBUTYRINASE ACTIVITY OF
MUSCLE HOMOGENATES FROM NORMAL AND DYSTRO-
PHIC MICE (STRAIN 129) ‘

The determinations were carried out as indicated in Méthods. Values
reported are averages + SEM. P values apply to a comparison between
normal and dystrophic.
Ww
Mice Number Nitrogen content Tributyrinase Activity

(mg/g wet wt. muscle) (rmoles butyric acid released
per hour per:)

Total NCN mgN mg NCN g wet wt.
NORMAL 7 26.5F .68 23.5% 50 3.00% .08 3.42F .19 80.0 T 2.9
DpysTRoHIC 7 24.8 ¥ .79 10.9% o1 7.35 ¥ .21 9.13 T .51 180.5 < 9.0
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897 of the total N whereas in dystrophic it is about 80%. Tributyrinase
activity has been found to be greatl& increased in dystrophic muscle
when the results are expressed relative to any of the three base-lines
used (P € 0.001). The value in the dystrophic muscle reaches 265% of
that of the normal muscle.

Similar experiments have been carried out on muscle undergoing
atrophy after denervation. The results expressed in Figure 24 show
that there is a large increase in the tributyrinase activity of the
muscle.from the denervated leg when compared with the normal. This
increase was 18%1 day after denervation, 6Q% 3 aays later,

172% after 5 days, 1697 after 7 days, and reached a maximum of 3287
13 days after denervation.

Iributyrinase activity has also been determined in muscle
from patients with different muscle disorders and in normal controls.
As seen in Figure 25 no differences from the normal controls with an
average of about 2 units per mg NCN (one unit is defined as rl CO2
released/minute-mg NCN) have been observed in a female carrier of
Duchenne MD and in two cases diagnosed to have a myopathy of late on-
set. However, increased values were found in two cases with 1imb-
girdle MD, two with facioscapulo-humeral MD, two with congenital myo-
pathia, and in 7 (out of 9) cases with Duchenne MD. All the determin-
ations were carried out on gastrocnemius muscle.

Tripalmitinase was determined by the isotopic method of
Kaplan as described in the Methods. In Figure 26 is shown the influence
of '"Cutscum' treatment of muscle on the lipase activity. No lipase

activity is evident in non-treated homogenate. The treatment with
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Figure 24 - Short-chain triglyceride lipase (tributyrinase)

activity in denervated skeletal muscle of mice.

The mice were anaesthesized with ether and the

sciatic nerve was cut at the level of the great

trochanter.

The results were compared with those

obtained from the contralateral non-operated leg.

Values represent the average of two experiments.

148



149

(]
12 fm= [ ©
10 =
o [<]
z o
>
=z 8 - o
49 0
4z °
&~
gL 6 =
>
53 ° °
a
o
[ é = ° e
(]
© e
) e o
XD
2 °

CONTROLS DUCHENNE CARRIER  CONGENITAL FACIOSCA-  LIMB-GIRDLE LATE ONSET
MD DUCHENNE MYOPATHIA PULOHUMERAL MD MYOPATHY
MD MD

Figure 25 - Short-chain triglyceride lipase (tributyrinase)
activities in skeletal muscle (gastrocnemius) from
patients affected with various muscular disorders
and in normal controls. .Determinations were

carried out as described in Methods.
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Figure 26 - Influence of '"Cutscum" treatment on the tripalmitinase
“activity in muscle homogenate from mouse skeletal muscle.
Each reaction vessel contained in a total volume of 1 ml:
60 Pmoles Na-phosphate buffer, pH 6.5; 0.3 ml of 14,000
X g supernatant of muscle homogenate (20% w/v) (treated
with "Cutscum" at the final concentration indicated in the
figure) and, 3 Pmoles Glycerol-14c-(Tripalmitin)‘containing

120,000 d.p.m. Incubation time was 30 minutes.

-



ncutscum" at a final concentration of 1% gave the maximum activity,
and an inhibition of activity was observed wﬁen the concentration
was increased to 2%.

The time course for the hydrolysis of tripalmitiﬁ by
muscle homogenates is shown in Figure 27, Since the'hydrolysis was
almost linear over 30 minutes, this time was used in further experi-
ments. In Figure 28 is expressed the relationship between lipase
activity and the amount of Cutscum-treated muscle added to the incu-
bation. A linear response was observed up to 0.3 ml. This amount
was used in subsequent experiments. The effect of pH on enzyme activity
is shown in PFigure 29. The optimal pH was found to be 6.5. In the
study of dependence on pH the buffer used was Na-phosphate in all
dgterminations except for Na-acetate/acetic acid at pH 5.6 and glycine-
NaOH at pH 8.9.

As is shown in Figure 30 the addition of albumin has only
a very slight effect on lipase activity. With 1C mg added to the
system there is an increase in activity of about 15%. As amounts are
increased to 20 or 30 mgs a slight inhibitiom occurs. Therefore, albumin
has been omitted in later experiments.

The inhibition characteristics of tripalmitinase are shown
in Table XXIV. It is strongly inhibited by NaF at 2 final concen-
tration of 0.1 M (86% inhibition), by DINB G =x 10-4M),.(39% inhibition),
EDTA (10-3M) (58% inhibition), N-ethyl-maleimide (10-3M) (65% inhibition).
The addition of NaCl (0.2M), CaCl, (2 x 10_3), MgCl, (10-3), epinephrine
(0.6 Pg/ml) or Na-taurocholate (2 mg/ml) has no effect on the enzyme.
These results may be compared with the inhibition characteristics for

the tributyrinase enzyme. With the latter the only inhibitions ob-
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| Figufe 27 - Time course of the hydrolysis of Glycerol-lac-(Tripalmitin)
by skeletal muscle homogenates from mice. Incubation
conditions as in Figure 26 except that the reaction was
stopped at the times indicated. Muscle homogenates

were treated with "Cutscum" at a final concentration of

1%.
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Figure 28 - Tripalmitinase activity. Effect of increasing amounts
of "Cutscum'-treated muscle homogenate from mice.

Incubation conditions as in Figure 26.
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Figure 29 - Effect of pH on the tripalmitinase activity of skeletal
muscle from mice. The buffer used was Na-phosphate for
pH 6.8, Na-acetate/acetic acid for pH 5.6 and glycine=-
NaOH for pH 8.9. Other incubation conditions were as

in Figure 26,

(&)



i T
ﬂ

Glycerol = 14C ~ ( TriPalmitin) (dpm x 103/incubation flask)
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Figure 30 - The effect of increasing amounts of albumin on the
tripalmitinase activity of skeletal muscle from mice.

Incubation conditions as in Figure 26.
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INHIBITION CHARACTERISTICS OF TRIBUTYRIN LIPASE AND TRI-
PAIMITIN LIPASE FROM MOUSE SKELETAL MUSCLE (STRAIN 129)

Determinations were carried out as described in Methods.

TABLE XXIV

156

Concentration "Tributyrinase" "Tripalmitinase" .

Inhibitor 1
% inhibition % inhibition

NaF 10”3 S 7

NaF 10”1 52 86

DINB 2000 ceeae- - 25

DTNB 50074 mememee 39

EDTA 10"y 0 59

N-é;hyl-maieimide 10-3M 0 65

NaCl. 200 U —eme - 0

CaCiz 2.10" M 0 0

Mgc’I2 10™3M 33 4

Epinephrine 0.6 pg/ml 0 0

Na-taurocholate 2 mg/ml 0 0

Eserine IO-SM 0 = eemam=-

Nu 683 10"% 0  —eceee-

Nu 1250 10-7M 0 eemmme-




served were.with NaF (10-1M) (52% inhibitibn) and.MgCI2 (10-3M)
(33% inhibition). No effect was caused by EDTA (10-3M), N-ethyl-
maleimide (10'3M), CaClz,.epinephrine, Na-taurocholate, eserine,
Nu683 and Nﬁ1250 (the latter three are cholinesterase inhibitors).

A study was undertaken to determine the subcellﬁlar dis-
tribution of the tripalmitinase. As it is shown in Table XXV the
ffaction giving the highest specific activity (activity per mg prd-
tein) was the pellet obtained after centrifugation a£_90,000 X g

‘which is called the "microsomal pellet".

In Table XXVI is shown a comparative study of tripalmit-
inase activity for normal and dystrophic mice. A significant increase
waé observed in the dystrophic muscle when the results are expressed
in nanomoleé4(mvmoles) 14C-palmitic acid released»per g wet'weight
muscle. This increase is minimal since no allowance has been made for
the présence of endogenous triglyceride which is sigﬁificantly inc-
reased in dystrophic muscle. If it is assumed that this triglyceride
simply dilutes the added substrate then the specific activity of the
substrate becomes reduced to about one-half that of normal. The net
effect of this dilution would be a reduction in the tripalmitinase
activity of dystrophic muscle vwhich would take away from rather than
add to any observed increase. Thus the increase noted for dystrophic
muscle must be regarded as minimal. This situation is also true when
activities are expressed per mg NCN,.

Discussion
The level of triglycerides in tissues will depend upon the

balance between uptake and synthesis and that of catabolism and elim-
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TABLE XXV
INTRACELLULAR DISTRIBUTION OF LONG-CHAIN TRIGLYCERIDE
LIPASE (TRIPALMITINASE) FROM SKELETAL MUSCLE OF
MICE (STRAIN 129)

Muscle fractionation and determination of Tripalﬁitinase were

carried out as described in Methods.

Fraction o Specific Activity :
' (nanomoles " "-C-Palmitic Acid released per
mg protein)
Experiment 1 Experiment 2

500 x g pellet 0.10 . 0.11

12,000 x g pellet 0.40 © 0.00
(Mitochondrial)

90,000 x g pellet 32,70 - 28,31

(Microsomal)

90,000 x g supernatant 0.32 0.00




TABLE XXVI
LONG-CHAIN TRIGLYCERIDE LIPASE ("TRIPALMITINASE") ACTI-
VITIES OF MUSCLE HOMOGENATES FROM NORMAL AND DYS-
TROPHIC MICE (STRAIN 129)
Methods as indicated in the text. P indicates the probability that
there is no effect caused by dystrophy.
[ Y
—
Mice Number "Tripalmitigzse" Activity P
C

(nanomoles ~Palmitic acid Value
released per g w.w. muscle)

NORMAL 8 723 T 42
< 0.001

DYSTROPHIC = 8 1,100 T 68
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ination. In this chapter we have considered two of these aspecté of
triglyceride meﬁabolism, viz., synthesis and degfad#tion.

| Two main pathways for the synthesis of £rig1ycerides in
animal tissues have been established (223). The first one uses
sn-glycerol-B-phdsphate (GP) as aéceptor of fatty acids and results in
triglyceride formation through several intermedi#te.'steps'involving
the formation of phosphatidic acid and diglyceride. In the second path-.
way monoglycerides are used as the acceptor of the fatty acid.

The study of the-synthesis of triglycerides in muscle from
normal and dystrophic mice was carried out at the‘beginning using
palmitate-l-lQC as substrate and determining the extent of its incorp-
oration into the triglyceride fraction. It was observed that there
was no stimulation of acylation upon addition of GP. However, the
incorporation was stimulated by the addition of NAD and glucose, but
"GP could not substitute for glucose (Table XVI). These results are
not entirely consistent with the GP pathway for triglyceride synthesis
being primarily operative in skeletal muscle of mice. The glucosé
and NAD introduced in the system could normally supply'GP, but since
added GP fails to stimulate the acylation reaction, it becomes difficult
to say this is the entire role of glucose. It may be that glucose
"spares" the palmitate from oxidation so it can be used in acylation
reactions.

When glucose-U-14C was used in some experiments, a signif-
icanﬁ incorporation of radioactivity into triglycerides was observed.
It is not known whether all of this incorporation was into the glycerol

moiety or a part or all into the fatty acid moiety.
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Real proof that the GP pathway is operative in skele;él
muscle is best demonstrated by observing the incorporation of 14C-GP
into triglycerides. 14C-GP is a rather ideal precursor to use be-
cause the negligible amounts of GP in the tissues cause minimal dil-
ution of the isotope. Based on the requirement necessafy for the
incorporation of GP and palmitate into triglycerideé (Table XVi),
it can be deduced that two different processes afe being measured and
that probably the latter does not reflect a de ndvo synthesis of tri-v
glycerides. It would appear that part of the incorporation of pal-
mitate is taking place by an exchange reaction mechanism which involves
the other fétty acids of endogenous triglyceri&es. This explanation
is consiétent with the tendency observed in dystrophic muscle of an
increased incorporation of palmitate which was in parallel with an
increased lipase activity (Table XXVI). Further confirmation for
this is given by the fact that F strongly inhibits both tripalmitinase
activity and palmitate incorporation into TG without affecting the
incorporation of 14C-GP.,

F- has been used as an inhibitor of ATPase in order to
maintain a more constant supply of ATP in the system. It has been re-
ported that it produces an increased incorporation of 3ZP-GP into the
lipids of rat brain homogenates (239). This effect has not been ob-
served in the experiments reported here.

The lack of any differences observed in the distribution
of fatty acid in the various lipid fractions confirms the findings of
previous workers (130) and supports the contention that this type of

muscular dystrophy is not caused by an essential fatty acid deficiency.
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The results obtained here do not support the possibility
that the increased fat content in dystrophic muscle is due to an |
alteration in the biosynthetic pathway of TG. This type of conciusion
then caused us to examine the lipase activity of these tissues. In
the initial investigations a manometric technique was used with t:i-
butyrin as substrate. Later it was considered that more useful in-
formation could be obtained using the more physiological long chain
triglyceride, tripalmitin, as substrate.

The existence of a short-chain triglyceride lipase has
been reported in pigeon skeletal musclé (240). Alsb, with histochemical
methods it has been found that skeletal muscle is able to hydrolyze
Tween-80 (polyoxyethylene (20) Sorbitan Monooleate) (241). In.rat
skeletal muscle the existence of four different lipases has been
demonstrated (242), but none of these catalyzed the.hydrolysis of
triglycerides with the fatty acids of chain lengths longer than 9 car-
bons. However, the existence of such a lipase can be assumed
if it is considered that long-chain triglycerides form the main
bulk of lipids in muscle (133), that they are consumed by rat diaphragm
during incubation im vitro (243), and that depietion of long-chain
triglycerides occurs during exercise (244) .

It is difficult to evaluate the importance of the increased
activity pf tributyrinase found in dystrophic muscle, denervated muscle
and in the muscle affected with different myopathies, since tributyrin
does not appear to be an important physiological substrate in the mouse
or man. The possibility that some pseudo-cholinesterases were responsible

for the observed activity can be ruled out on the basis that specific



163

inhibitors (eserine, Nu 683 and Nu 1250) of the latter enzyme'did not
affect the results. |

Long-chéin triglyceride lipase in muszle could be detected:
only after the muscle homogenate was treated with the detergént»
"Cutscum”, the maximal activity being obtained when the final conéen-
tration of "Cutscum" was at 1%. This finding strongly suggests that
the activity of this enzyme is masked through binding to some structure
from which it is released by the action of the détergent. The same
phenomenon has been observed with other enzymes of lipid metabolism
such as CDP-diglyceride: inositol transferase of rat brain (245).

Long-chain triglyceride lipase from skeletal muscle of
mice is very sensitive to the action of DINB or N-ethyl maieimide
which shows that intactness of SH groups is important for optimal
activity. Also cations Play some role as shown by the inhibition
originated by the use of EDTA. In contrast to the observation for
certain libases in adipose tissue (246), epinephrine did not enhance
lipase activity in skeletal muscle. The same occurred for Na-tauro-
cholate, an activator of pancreatic lipase (247). The different in-
hibition characteristics found for tributyrinase and tripalmitinase
(Table XXIV) show that there are likely two different enzymes, and
not the same one, acting on these different substrates. Experiments
have not been carried out to determine the specificity of these enzymes
to other substrates. |

The study on the cellular distribution of this enzyme shows
that it is localized mainly in the pellet obtained after centrifugation

at 90,000 x g for 100 minutes. Probably long-chain triglyceride lipase
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is 1oca1ized_in the lysosomes, considering that it is a hydrolase aﬁd
that it is released by the action of "Cutséumﬂ.

The increase in activity found for "tripalmitinase” and
"tributyrinasé'are in agreement with similar increases reported for
other lipases from skeletal muscle of dystrophic mice such as mono-"
palmitin lipase, monqmyristin lipase and tricaproin lipase (248).
This may represent an actual increase in lipase activity in response
to the accumulation of fat in the dystrophic musclé, or increased

lysosomal activity accompanying the breakdown of muscle.
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CHAPTER VII

Enzymatic Studies, Carnitine Content and Intramitochondrial
Content of CoA in Skeletal Muscle from Normal and Dystrophic
Mice (Strain 129) '

1)  Introduction

Mitochondrial alterations in dystrophic muscle have been reported
by several authors (38, 59), the most common mitochondrial change ob- '
served being a separation of the cristae usually in regions of myo-
fibrillar destruction but sometimes also in parts of the muscle with
normal myofibrils. These observations and supporting biochemical
evidence strongly suggést that there is some impairment of mitochondriél
function in muscular dystrophy. This is further substantiated by the
findings of an altered fatty acid oxidation by muscle mitochondria
from dystrophic muscle (135) and of a decreased respiratory control
ratio (249).

Because of these findings we have studied the activities of
several mitochondrial enzymes, These include enzymes of the tricarboxylic
acid cycle, the complexes of the electron transport chain, acetylcarn-
itine transferase, and monoaminoxidase. At the same time cytochrome
viidase and monoaminoxidase have been determined in muscle homogenates.
Determinations of carnitine in muscle and the intramitochondrial con-
tent of CoA from normal and dystrophic mice are also included in the

studies reported in this chapter.
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2) Results

All the enzymes of the tficathoxylic aci& cytle except succinate
dehydrogenase, were easily extracted by the Methods previously described
(see Chapﬁer III). When comparing enzyme activity in the supernatant
obtained after centrifugation of the deox&cholate—treéted mitochon@ria»
with the activity in the same mitochondria before ceﬁtrifugation, the
recovery was of the order of 100%. The same effect can be obtained using
Triton X-100 instéad of deoxycholate.

When using deoxycholate-treated mitochondria it was necessary to
use CN in the assay of any of the enzymes which involved the measurement 
of changes in optical demsity at 340 nm in order to inhibit cytochrome
oxidase, but this was not necessary when working with the supernatant
obtained after centrifugation. The results in Table XXVII illustrate
these points for ol-ketoglutarate dehydrogenase.

In Table.XXVIII are shown the activities of the enzymes involved
in the tricarboxylic acid cycle. When the results were analyzed using
the student's "t" test no differences were observed between normal and
dystrophic muscle even though there appears to be some decrease in the
activity of all enzymes tested with the exception of NAD-isocitrate
dehydrogenage.

Succinate dehydrogenase has been determined‘in whole homogenate
and in isolated mitochondria. From the data, the mitochondrial content
of both normal and dystrophic muscle was determined. As seen in Table
XXIX there is a tendency towards an increase in mitochondria in dystrophic

muscle on a per g wet weight basis. However, the difference is not

statistically significant.
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TABLE XXVII
ACTIVITY OF «-KETOGLUTARATE DEHYDROGENASE
FROM MUSCLE MITOCHONDRIA
The incubation contained in a final volume of 3 ml: 150 ?mwles Tris-
buffer, pH 7.6; 0.15 anle CoA; 1.5 ﬁmoles NAD; 9 pmoles cysteine;
30 moles & ~-ketoglutarate (K+ salt); 40-100 ﬁg mitochondrial proteih.
One unit of activity is the amount of enéyme which causes a changé in

optical density of 0,001.

Enzymatic preparation Activity
(units/ mg protein)

Deoxycholate~treated mitochondria
Whole mitochondria 25.5

Whole mitochondria plusKCN* 32.2

After centrifugation
Supernatant 31.8

Precipitate 00.0

*0.2 mg.
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In Table XXX are shown the activities of.a:nnmber of electron
transport ensyme systems., No differences were observed between normal
- and dystrophic muscle, Mitochondrial yield has been also determined
and when expressed as mg. mitochordrial protein per gm wet weight muscle
T it shows.a.statistically significant decrease in dystrophic muscle. '

| The distribution »f monoaminoxidase in the muscle fiber has been
determined and it is expressed in Thble XXXI. As can be seen,both mito-
bchondrial and microsomal fractions contain significant portions of the
enzymatic activity. A comparative study between normal and.dystrophic
muscle is ‘also shown. A significant increase was observed in dystrophic
muscle. Mbnoaminoxidase was also determined in muscle homogenates from
patients affected with muscular diseases and from normal controls. " The
results are shown in Figure 31. Similar determinations have been carried
out in hindileg muscle from mice after section of the sciatic nerve;
and}the'results obtained are depicted in Figure 32.

In Table XXXII is shown the subcellular distribution for carnie-
tine acetyltransferase (CAT). The highest activity of the enzyme is
associated with the 11,800 x g pellet which corresponds to the mitochon-
driai'pellet. Next to this fraction is the 350 x g neliet with an
activity of about one-half that of the 11,800 x g pellet. Probably this
activity comes from mitochondria precipitated with the myofibrils. In
fact, the yield of mitochondria can be increased using proteinase during
the homogenization procednre. We did not use proteinase because of the
pOSS1b111ty it could damage the transferase enzyme. | However later, we
tested this possibility and found that Proteinase (nagarse) in concene

trations as used by Lin et al (135) or Wrogeman et al (149) (that is 1
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 TABLE XXXI
- DISTRIBUTION OF MONCAMINOXIDASE (MAO) IN
* SUBCELLULAR FRACTIONS OF SKELETAL MUSCLE FRGM
' NORMAL AND DYSTROPHIC MICE (Strain 129)
Subcellular fractions were obtained and enzymatic activity determined as
described in Methods. The results are expressed in units per mg NCN
for whole homogenate and in units per mg protein for each of the other =

fractions. One unit is equivalent to the oxidation of 1 nanomole

tryptamine per minute. P is the probability that there:” is no effect

caused by. dystrophy.

Preparation Animal No. . MAO activity value
.
Whole Homogenate N 6 0.14 - 0.004 .
| D 5  0.21 fo.o13 <001
11,000 x g pellet N 9 0.32 20.07 000
D 9 0.96 ¥ 0.10 ¢
+
90,000 x g pellet N 5 0.52 % 0.06
D 5 142 -=o0.,2 @ <0.001
+
- 90,000 x g supernatant N 4 0.038 3 0.004 1
D 4 0,03 ¥ 0.003 <
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Figure 31 - Monoaminoxidase activity in muscle homogenates from
patients affected with muscular diseases and from
normal controls. The activity has been determined
as indicated in the Methods, and expressed in units
per mg non=-collagen N. One unit of activity represents

1 nanomole of tryptamine oxidized per minute.



Figyrg 32 - Monoaminoxidase activity in homogenates‘of muscle
undergoing atrophy after denmervation. Determinations

were carried out as described in TtheZXXXI;
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TABLE XXXII
INTRACELLULAR DISTRIBUTION OF CARNITINE-ACETYLTRANSFERASE
IN SKELETAL MUSCLE FROM MOUSE
Fractions were separated by centrifugation and the ﬁellets were exe

tracted and transferase activity was determined as described in the

‘Methods.
—e———
- _ . Activity
Fraction nmoles DPNH formed/min-g muscle
350 x g pellet 506
11,000 x g pellet (Mitochondrial
fraction)
Deoxycholate-phosphate extractable 1,100
Residue after extraction ’ 0

11,000 x g supernatant - O
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and 15 mg/30 ml respectively) did not have any effect on the CAT enzyme,
while this treatment increased the yield of mitochondria (Table XXXIII).
All the transferase activity was found in the deoxycholate-
phosphate-extractabie fraction, and no éctivity was found in either‘the
residue after extraction or in the 11,000 x g supérnatant fraction.
These results are shown in Tables XXXIV. It can be seen that most of the
succinic-cytochrome ¢ reductase activity (967) remained in the residue
after extfaction by deoxycholate-phosphate buffer. This reflects the
membrane-bound nature of this enzyme. | |
The comparative study of CAT enzyme between normal and dystréphic
muscle mitochondria is shown in Table XXXV. A decrease of about 35%
was noted in dystrophic mitochondria when the results are expressed in
units of activity per mg mitochondrial protein.
In Table XXXVI are expressed the concentrations of carnitine
‘ found in normal and dystrophic muscle. The amounts reported correspond
to total carnitine in the tissue. No significant differences were
observed. The small difference observed in the average value is-reduced
even furtﬁer if the results are expressed relative to non-collagen N.
Cytochrome oxidase has been determined in homogenates of muscle
from patients with muscular diseases and from normal controls. The re-
sults are expressed in Figure 33. Although the values are quite scattered,
no appreciable differences can be observed between myopathic muscle and

normal.

In Table XXXVII is shown the amount of CoA contained in muscle
mitochondria from normal and dystrophic mice. The results are expressed

inmoles CoA (free CoA + acetyl CoA) per unit succinate-cytochrome c
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TABLE XXXTII

EFFECT OF PROTEINASE ON MITOCHONDRIA YIELD AND CARNITINE
ACETYLTRANSFERASE SPECIFIC ACTIVITY FROM SKELETAL MUSCLE
OF MOUSE '

Mitochondria were isolated and transferase activity was measured as

described in the Methods.

w

Proteinase concen- Mitochondrial yield

Transferase activity
tration in homogen- (mg mitochondrial pro- (units/mg mit. protein)
ization media tein/g muscle). _ :

© (mg/ml)

0 2,51 246

1: 30 3.76 262
15 : 30 3.99

240
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TABLE XXXIV
CARNITINE ACETYLTRANSFERASF AND SUCCINIC CYTOCHROME C
'REDUCTASE DISTRIBUTION IN SKELETAL MUSCLE MITO-
CHONDRIA FROM MICE (Strain 129) ‘
Mitochondria were isolated and enzyme acttvities were determined as

described in the Methods.

Preparation : CAT Succinate cytochrome c-

(units) reductase ~ (units)
Extractable
deoxycholate-phosphate ‘
. fraction 250 : 1.8 -

Residue after deoxy-
cholate-phosphate .
extraction 0 - 42.8
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TABLE XXXVI
CARNITINE CONTENT OF MIJSCLE FRCM DYSTROPHIC
AND NORMAL MICE (Strain 129) .
Carnitine content was detei‘mined as itidicated in the Methods. The

values are expressed as e carnitine per gm fresh tissue f SEM,

Mice To : Carﬁitine contept ‘
pg/ g fresh tissue - SEM.

NORMAL 6 | 127.1 7 6.3
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Figure 33 - Cytochrome oxidase activity in muscle homogenates from
patients affected with muscular diseases and from
normal controls. Activities were determined as
described in the Methods. Values are expressed in
units per mg non-collagen N. One unit equals 1 pmole 62

uptake per minute.
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| TABLE XXXVII
' COENZYME A CONTENT IN MITOCHONDRIA TSOLATED FROM THE-
HIND LEG MUSCLE OF DYSTROPHIC MICE (D) AND TEEIR LITTERMATE
CONTROLS (N) (Strain 129) - T '
Mitochondria were isolated and CoA determined as described in the

Methods., P indicates the probability that there is no effect caused

by dystrophy.

Animal No. CoA content o P
(nmoles CoA/unit sugcinate - :
cyt. ¢ reductase - SEM)

- +
N - 5 , 0.0209 - 0,0022
<0001 o

D s 0.0083 ¥ 0.0010
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reductase. A highly significant (< 0.01) decreasev(55%$'in the amouﬁt
‘of CoA was‘observed‘in the mitochondria isolated from dystropﬁic muscle.
3) Discussion o

“The méin demonstrable-Biochemical manifestation of a genetic
diéease is thét‘of>an abnormality in the amount or configuration of ome
or several proteins or enzymes. Only when this deféct; which is immed-
iately secondary to a mutation in the DNA molecule, is clearly dembn-
strated, will a clear understanding of the disease.be obtained. It is
‘not only the vast number of enzymes and proteins to be tested thét makes
this search a difficult task but also other factors such as the mech-'
anism of induction or repression which affects the formation of these
proteins'which may to some extent mask fhe primary defect. It is thére—
fore possible to find several enzymes with significant:differences,in
activity, but no single difference is able to account for the patho-
genesis of the disease. In theory there ate several criteria that may
be used to'help determine the primary defect of a metabolic disease,
For example, study may be made, (a) of the order of appearance of dif-
ferent changes with time, (b) of common defects evident in all patients
or animals with the same diseaée, or (c¢) the administration of a
specific inhibitor of an enzyme suspected of being responsible for the
disease should reproduce its clinical characteristics. However, in
~ practice these criteria very seldom can be used, since at birth there may
already éxisi a wi&e spectra of metabolic abnormalities, or alternatively
the clinical manifestations seen may arise in response to a number of
different primary defects, or thirdiy, because of thellack of a specific

inhibitor for the particular enzyme in question.
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Another point to consider is regarding the relation between the
enzymatic activities found and the disease itself..It must be conside-
red that the laboratory tests used to determine enzymé activities are
carried out under optimal conditions glving a 100% efficiency that pro-
bably never exists in situ. This point may be illustrated by reference
‘to other genetic diseases. Tﬁus, in galactosemia, heterozygous carriers
with values as 25% of the normal controls have been reported (250), and
in phenylketonuria values of phenylalanine hydroxylase.as low as 10%
of the normal have been found, without any evident clinical symptoms
of the disease (251).

The third problem in this type of study is that of finding a
satisfactory basis for expression of the results. Several baselines have
been used. For example, wet or dry weight of the tissues is often used,
but this has the disadvantage of not accounting for an& infiltration éf the
diseased organ or tissue by other types of cells. DNA as a baseline reference
is usually quite reliable but it does not take into account any nuclear
proliferation in tissues that are undergoing a degenerative~regenerative pro-
cess.such as occurs in muscle. In our determinations we have used as base-
line the mg of non-collagen N (183) for the determinations of activities
in muscle homogenates, and mg of particulate protein for the determina-
tions of activities in mitochondrial and microsomal fractions.

In the particulate preparations it is important that the fractions
be as pure as possible., Several criteria ﬁave been used to evaluate this
situation, mainly in the case of mitochondrial fractions. We can offer
the following data in favor of reasonable purity of the isolated

mitochondria used in our studies:
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1) Electron microscopy (Figure 6) shows thélbulk of the prepar-
ation to be mitochondrial in nature with very few loose membranes that
could be attributed to broken outer membranes or to sarcoplasmic reti-
culum membranes or lysosomes. This figure may be coﬁpared with Figure 7
which shows an electron micrograph of a microsomal‘pfeparation where no
mitochondria can be seen.

2) Rotenone-insensitive NADH cytochrome c reductase activity
has been postulated to exist in both the outer mitochondrial membrane
and microsomal fractions, but predominantly in the latter (200). The
mitochondrial preparation used in these experiments contained 207 of
the total activity of this reductase while the microsomal fraction
contained 77% of the total activity.

3) Tripalmitin lipase activity has been found to be located in
the pellet obtained after centrifugation at 90,000 x g for 100 minutes
of the supernatant obtained following removal of the mitochondrial
fraction. Considering that this enzyme is a hydrolase and that its
activity is released after treatment with the detergent Cutscum, the
possibility exists that this enzyme originates from the lysosomes. If so
lysosomal contamination in mitochondria seems unlikely since in two
experiments the specific activity in the mitochondrial fraction has been
found to be Zero in one experiment and only 1.2% of that obtained in the
90,000 x g fraction in a second (see Table XXV).

Even though it was not possible to use glucose~6-phosphatase
(negligible amount in skeletal muscle) or NADPH~cytochrome ¢ reductase as
marker enzymes to assess microsomal contamination of mitochondria, the

above data strongly favour only slight contamination and suggest that
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thisAfraction can be considered quite pure.

Another characteristic that was stﬁdied in the mitochondrial
fraction was that of changes in mitochondrial fragility. In this respect
NADH-cytochrome ¢ reductase has been determined in isolated mitochondria
before and after beirgsubjected to osmotic shock. The results indicate
that-the activity in undamaged mitochﬁndria is only 187 of the value
obtained after treatment. This value was similar for mitochondria from
both normal and dystrophic muscle.

The functional state of the isolated mitochondria have been
tested with the oxygen electrode as reported in the Methods. Values for
the respiratory control ratio of the order of 6.5 show the presence of
intact tightly coupled mitochondria in preparations obtained from normal
muscle.,

The total content of mitochondria in muscle was determined using
succinatg dehydrogenase contents in whole homogenate and in isolated‘
mitochondria (252). The data obtained gave a value of 10.15 ¥ 1.6 mg
mitochondrial protein per gm of normal muscle and 17.35 T 2.4 mg in the
case of dystrophic muscle. Because the normal yield of mitochondria ob-
tained from muscle is lower in the case of dystrophicvmuscle, these data
suggest the possibilities: (a) that a lower yield results from increased
losses of mitochondria in dystrophic muscle because less muscle was
available to start the fractionation, (b) that several physicochemical
characteristics (e.g., increased concentration in fat, changes in vise
cosity of myosin, etc.) of the dystrophic muscle are responsible for a
different centrifugation behaviour for both normal and dystrophic tissue,and

(c) even if the final preparations obtained have similar characteristics,
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the different &iéld could refiect a éelection of One.typé of mitochondfia._f
For example, in dystrophic muscle a larger population of more fragile
mitochondria may exist which do not survive the homogenization ‘and centri- '
fugation. It is en:irely possible that the leakage of enzymes into the
'plasma can express an alteration in membranes that;could extend.fd_thesé"
of the mi:ochbndria.
Abnumﬁer of enzyme activities have been determined on the
,mitochondrial preparation just discussed. The study initially focussed
on the‘éﬁzymatic steps of the tricarboxylic acid cyéle, the electron
transport systems and acetylcarnltine transferase (GAT) because each
could in some way be related to the defects in the oxidation of palmitic
acid,;pyruvic acid (135) and acetylcarnitine (253) observed in mitochondria
- isolated ffqm skeletal muscle of dystrophic mice.
| Carnitine'acetyltransferase(CAT) has been reported to be iocaliéed'
| maihly in ?hé 1,000 x g residual fraction (254) obtained from rat heart
muSéle. This fraction was found to consist mainly of nuclei and unbroken
celIsbwith éome heavy mitochondria trapped in the pellet. Next to this
fraction significant activity was present in the mitochondrial pellet and
a lesser amount occurred in the soluble cytoplasmic fractionm.

In our results (Table XXXII) most of the CAT activity was found
in the mitochondrial pellet, followed by the 350 x g residual pellet..
Activity in the latter fraction probably derives from mitochondria trapped
in the pellet. This conclusion is supported by the observation that
proteinése gdded during the isolation procedure increased the yield of_
mitochondria and the enzymatic activity, probably as a result of the dis-

ruption of the myofibrils (Table XXXIII). No activity was found in
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the supernatant fraction after 11,000 x g. These differences between
the results of Marquis and Fritz (254) and those reported here may be
related to differences in tissue used (heart muscle versus skeletal
muscle) and/or to differences in tecﬁhiques uéed. Our results are in
agreement with thosé.of Beenakkers and Klingehberg (255) who concluded
that CAT occurs exclusiveiy in the mitochondria. In addition, Lowen-
stein (256) has reported that CAT is absent from the high-speed super-
natant of rat liver, while Norum (257) has reported that 20% of the CAT
activity isifound in this fraction.

All the CAT‘activity was extracted from the mitochondria with
phosphate buffer, pH 8, containing Na-EDTA and Na-deoxycholate. The
residue‘after extraction was completely free of transferase activity
while'it retained most of the succinic cytochrome c reductase (Table XXXIIi).
This observation confirms the different mitochondrial distribution for
these enzymes. Succinic-cytochrome c reductase has been found to be
localized in the inner membrane (258). The exact localization of CAT
remains uncertain. Subfractionation of mitochondria from rat liver and
pig kidney using digitonin treatment and sonication suggests tﬁat at
least 25% of CAT is located in the outer mitochondrial compartment and
75% in the inner compartment (259). All the evidence, including that
reported here, favors the view that the enzyme is readily soluble. and
that it is not firmly bound to mitochondrial membranes.

A reduction of about 35% of the CAT activity has been found in
the skeletal muscle mitochondria from dystrophic mice. This could be
related to the decrease in the oxidation of acetylcarnitine (253) and

pyruvate . (135) by isolated mitochondria of dystrophic mice and also to
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the decrease in palmitic acid oxidation (135) if we take into account
the proposal by Fritz (260) that the CAT enzyme may be'required in the
transport of acetyl CoA between two pools within the mitochondria. In
this way CAT would act as a bridge bétween,the pool of acetyl CoA formed
from p-oxidation and that used in the Krebs cycle. However, since this
enzyme seems to behave in a typical Michaelis-Menten (261) fashiom, it
seems unlikely that the reduction in activity of 357, could entirely
account for a decrease of 80% in the oxidation of acetylcarnitine (253).

No significant differences were found in the activities of the
tricarboxylic acid cycle enzymes or the electron transport.systems
studied. Even though there is no major difference in any of the activities
of these enzymes, this study does not rule out the possibility of a def-
iciency in the overall function of the cycle. Such a deficiency could
result from alterations in regulatory mechanisms of in the spatial re-
lationship between the different enzymes. It is important to remember
here that morphological alterations have been observed in thése mitochon-
dria (38, 59).

Because CAT is only partially localized in the outer membrane
and this study shows a deficiency in this enzyme in the mitochondria.
from dystrophic muscle, determinations of ‘monoaminoxidase(MAO) were
carried out since this enzyme was considered to be a good marker enzyms
for outer membrane of liver mi tochondria (262) . Powever in skeletal
muscle it was found that this enzyme localization is not restricted to
. mitochondria but is present also in the microsomal fraction (Table XXXI).
MAO activity has been reported to be increased in muscle homogenates from

dystrophic mice (263), This was confirmed in our expériments. This same
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enzyme has been determined in muscle undergoing atrophy after dgner-
vation. As seen in Figure 32 an increased MAO activity did not appear
until 13 days after demervation. When MAO was studied in the muscle

of patients suffering from several myopathies a reverse type of phenbmenon
was observed; in all the cases of genetically determined myopathies,

'MAO values were below those of the normal controls. Normal values were
found in the muscle of an MD carrier and in two myopathies of late onset.

One important cofactor involved in the utilization of fatty acid
by mitochondria is carnitine. Because the reaction catalyzed by long-
chain acyl CoA-carnitine transferase is easily reversible, the relation
between carnitine and CoA can be an important factor in determining the
metabolic pathway followed. Unpublished results from this laboratory
have shown that an imbalance (within certain limifs) of the above ratio
in favor of carnitine results in an increased production of CO2 from
palmitic acid by muscle homogenates while an imbalance in the direction
of CoA brings about an enhancement in the acylation of palmitic acid
leading té an increased formation of triglycerides.

These carnitine concentrations were determined by the color-
imetric method described in the Méthods. Even though this technique was
not ideal for this type of work bgcause of the small amount of tissue
available and because the recovery of carnitine was only about 80%, no
differences were found between the total carnitine content in normal and
dystrophic mgscle. It is of iﬁterest to note that these results have
been coﬁfirmed recently in this 1ab6ratory using 5 more precise enzymatic
technique for the determination of éainitine (264). |

In experiments related to the oxidation of acetyl-l-carnitine by

isolated mitochondria of normal skeletal muscle it has been observed that
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exogenous CoA is not required (261).. This:obaervation suggests thaﬁ
there exists an adequate intramitothondriai pool of doA vhich is maine .
tained thrbugh the impermeability of thé inner mitochoﬁdrial‘membrane'
to CoA (265). The observed reduction (55%, see Table XXXVII) of CoA

ih mitochondria from‘djstrophié muscle is great endﬁéﬁ to be a contributihg :
factor to the observed decrease in the oxidation of,acety1-1-14c-1-
ca;nigine (253) as well as of palmitate and pyruvate (135) by these
mi#ochondria. It is of interest to note that the CoA content in the
muscle from dystrophic patients of the Duchenne type has been reportéd

‘to be lower than in normal subjects (266).
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CHAPTER VIII

DISCUSSION

After more than one hundred years from the time when
Duchenne first described Muscular Dystrophy, and despite all the
research that has been carried out in this field, we unfortunately do
not as yet have any clear understanding of thé biochemical mechanisms
responsible'for the morphological and functional alterations in myopathic’
muscle. At present the question remains unanswered as to whether muscular
dystrophy is of myopathic or neurogenic origin, or whether it is the
consequence of a circulatory failure in the capillary bed of muscle or
due to an inmunological process. Whatever the origin of the disease
(there is no conclusive evidence to support any one theory in preference
to another), it is probable that many of the alterations in muscle will
have to be explained in terms of events which are immediately secondary
to biochemical changes going on in the muscle tissue. The finding of
these changes could be of great importance in regard to the diagnosis
of the disease.

Most of the biochemical data in which changes are seen to
occur in this field have proven to be non-specific in relation to
muscular dystrophy since the changes appear also iﬁ some types of non-
hereditary myopathies. Among the more important changes reported may
be included the accumulation of fat (meutral lipid or triglyceride) in

dystrophic muscle and increases in enzymes of muscular origin in the
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serum of animals of patiénts affected with the disease. Both types

of changgs might ultimately be related to some alteration in the meta-
bbolism of fatty acids in myopathic muscle. With triglyceride acéumulatiqh
this relétion is more evident than with the serum enzyme changes, whéfe
the involvement may relate to the lipidé of the biologicai membranes

that appeér to show increased permeability in dystfdpﬁic animals.

‘During the past several years the main concern of this laboratory has
been the elucidation of the nature of triglyceride accumulation.

Attempts have béen made to defermine whether associated with the
accumulétion_there are specific changes in relation to particular enzymes
of triglyceride metabolism or whether the accumulatidn reflects a more
general effect on lipid metabolism.

Either a decreased utilization of triglycerides or an
increased éynthesis or a combination of both are the main factors that
can lead to the accumulation of fat in a tissué. Alterations in both
of these-méchanisms (catabolic and anabolic) have been reported to occur
for fatty acids being metabolised in the muscle of dystrophic mice (135).
Of the two abnormalities reported, a decrease in the oxidation of long-
chain fatty acid (palmitate) by isolated mitochondria has been considered
to be of more quantitative importance. That such 5 defect does exist
in the>utilization of fat by dystrophic muscle ir situ, is suggested by
our in vivo experiments (Chapter III) with palmitate-1-14c. The ob-
served decreases in the radioactivity appearing in the expired 002 and
in the cholesterol of liver, kidney and muscle of dystrophic mice along
with an increase in the appearance of radioactivity in the total fatty

acids isolated from the dystrophic muscle are consistent with a defect
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in fatty acid oxidation. Hoﬁever, it should also‘be_noted that mito-
chondria 6f muscle from dystrophic mice have been fdund to show
similar defeéts in the utilization of certain other substrates such as
pyruvate (135) and acetyl-l-carnitine (253). Theée'bbservations led

to extensive investigation of the metabolic pathways or céfactorsiwhiCh
are common to the metabolism of these three substrates (longechain
fatty acids, pyruvate and acetyl-l-carnitine) in mitochondria from
normal and dystrophic muscle. These include:

a) Transport mechanisms and compartmentalization in
mitochondria:

The transport‘of acetyl groups to the respective loci for 'ﬁ-oxidatioﬁ
ahd its entrance into the tricarboxylic acid cycle requries the co-
factor carnitine and either the enzyme long-chain acyl-CoA—carnitiﬁe
acyltran;férase (LCAT), or the enzyme acetyl-CoA carnitine transferase
"~ (CAT), respectively. Acetylcarnitine does not require carnitine but
is stili dépendent on the presence of CAT for reconversion of the
acetyl group to acetyl CoA in the interior of the mitochondria. In
skeletal muscle the dependence of carnitine is absolute in respect to
the transport of both acetate and long-chain fatty acid into the mito-
chondria (267).

A variety of experiments on gluconeogenesis and ketogenesis
have led to the postulation of the existence of different compartments
in relation to the utilization of fatty acid (260). One compartment
contains the enzymes of [P-oxidation and results in the end product
acetyl CoA. The second compartment contains enzymes of the tricar=-
boxylic acid cycle which utilizes acetyl CoA giving rise to C02. Further-

more, this scheme or postulate includes the assumption of two different
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pools of CoA and carnitine and transfer between the two compartments
is mediated by the CAT enzyme. Thus, according to this hypothesis CAT
enzyme becomes a commen factor in the metabolism of pyruvate, acetyl-
carnitine and fatty acid by mitochondria.

b) Intramitochondrial pool of CoA:

Because the inner membrane of the mitochondria is impermeable to CoA
(265), two separate pools of CdA exist in the mitochondria: one
localized in the outer compartm nt and the other in the inner compartment
of the mitochondria. The second pool has been further divided into

that portion available to o -ketoglutaric dehydrogenasé and to succinyl-
CoA synthetase, but not to the enzymes of the p-oxidation, and that
associated with the enzymes of p-oxidation (268). There are a number
of other important aspects to consider in this section. These relate

to the possible different affinities of substrates for CoA, of to the
influences through positive or negative feedback mechanisms that the
ac;umulation of CoA esters of these substrates or products of the
substrates may have. For example, it has been reported that long-chain
acylcarnitines inhibit the decarboxylation of pyruvate (269) while long-
chain acyl CoAs induce the synthesis of the enzymes of the P -oxidation
and inhibit fatty acid synthesis (270) at the same time.

¢) Tricarboxylic acid cycle, electron transport chain
and oxidative phosphorylation:

These cellular processes should be considered as a unit because, even
though each process or cycle has its own group of enzymes and its own
localization within the mitochondria, they usually work in a synchronized
manner to produce as end products COZ, HZO and ATP respectively. Three

aspects need to be considered here: 1) the activities of individual
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enzymes, 2) “external mechanisms that change or reguléte enzymatic
systems responsible for products entering or leaving these cycles; e.g.
the activities of pyruvate carboxylase or glutamate transaminase, and,
3) the interrelationships existing between these cellular processes,
that‘is.the state of coupling of the cycles and processes. Only the
first of these three asﬁects has been studied in this thesis.

In addition to the above approaches a number of other
investigations were undertaken to help in the explanation of the fat
accumulation in dystrophic muscle. These included study of fatty acid )
synthesis, triglyceride synthesis, the pentose monophésphate shunt and
the fatty acid-activating systems.

In Table XXXVIII is shown a summary of the changes observed
in this laboratory for all the investigatidns undertaken.

The most significant changes that we have found in our
research have been the decreases in CAT activity and in the intramito-
chondrial pool of CoA. Of these, the second finding appears to be of
more quantitative significance in that it correlates more closely with
the decreases in utilization of acetylZl-carnitine and fatty acid ob-
served in isolated mitochondria of dystrophic mice. This finding, (i.e.
a reduced level of CoA in the mitochondria of skeletal muscle from micé
affected with muscular dystrophy), even though it gives us a reasonable
explanation for the reduced utilization of several substrates by
mitochondria, must be further investigated in order to assess its real
pathogenetic importance. Considerable investigation and independent
verification is needéd to establish whether the defect in CoA content

reflects a“part of the primary mechanism of the disease, or something
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secondary to.the primary, or simply is an in vitro-arfefact that does
not reflect the true in vivo situationm.

In regard to either problem a number of questions must be
examined. The first relates to whether the observed deficiency is
confineduto mitochondria or extends to other parts of the muscle cell
or fibre or even to the animal as a whole. The answer to this question
might provide some insight into whether muscular dystrophy is a
localized or generalized disease even though muscle is mainly affected.

Secondly, there also exists the possibility that the
deficiency in CoA could have originated from differences in permeability
between tﬁe mitochondria from normal and dystrophic muscle, and as a
- consequence an increased leakage of CoA out of the mitochondria of
dystrophic muscle may take place during the isolafionjprocedure. An
increased fragility of dystrophic mitochondria could represent a particular
example of a more general defect, namely that of the involvement of
membranés in the etiology of muscular dystrophy. If true, then the
leakage of enzymes into serum would represent a clear manifestation of
this defect. Such a defect in mitochondria is suggested by the paradoxical
observation that the thébretical content of mitochondria in muscle
(as calculated from the activities of succinic dehydrogenase in whole
homogenates and in isolated mitochondria) (see Table XXIX) has a tendency
to be increased in dystrophic muscle while the yield of mitochondria
obtained after isolation is decreased (see Table XXX). However, no
differences in permeability appear to exist between both isolated
mitochondria as calculated from the latency of the NADH-cytochrome c
reductase assay after osmotic shock of the mitochondria. Electron

micrographs have provided some evidence in favor of alterations in



mitochondrial structure (38, 59).

' The apparent iﬁcreased'content of mitochondria in dystrophic
muscle dould‘represent an increased biogenesis of mitochondria as part
:of a response of the affected muscle to carry out certain regeqerative
processes during its degeneration. However,'as seems}more probable
the increase could result simply from a greater reduction in other
components of the muscle cell.

If the deficiency in CoA in dystrophic animals proves to
be genuine and of a generalized nature three main possibilities need
to be examined., These are: (1) the possibility that some defect in
the absorption of pantothenic acid may exist in‘the affected animals,

. (2) the possibility that some blockade may exist in the biosynthetic
pathwaylleading to CoA formation, and, (3) the possibility that there
may be a greater increase in the destruction of CoA to dephospho=-CoA
or that due to alterations in the oxido-reduction state of the muscle
cell most of the CoA is converted to its oxidized form. Increased
destruction could in some way be related to an increased activity of
lysosomal enzymes in dystrophic animals together with some leakage of
CoA from the mitochondria (271). Concerning the state of oxidation of
CoA it is of interest to note that a decrease in the SH/SS ratio has
been reported in dystrophic muscle (272).

In conclusion it may be stated that the deficiency in CoA
may account for many of the abnormalities in lipid metabolism which
result ultimately in the accumulation of fat in ruscle and a decrease
in the éfficiency of muscle to generate energy. Both of these factors

could contribute to or reflect a chronic process of muscle degeneration.
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The affected.muscle in its response to overcome such a.process tends

to increase its regenerative processes. These, to some extent may be
evidencéd by the increase in activity of the hexose-monophosphate’shﬁnt
that has been'reported and shown here to occur in dystrophic muscle,

or by the increased incorporation of amino acids into:proteins or of

- nucleotides into nucleic acids that have been observed and have been
interpreted as indicative of alterations secondary to the primary
mechanisms of the disease.

Even though the myopathic process that we have been studying
in mice shows many characteristics resembling Duchenne Muscular Dystrophy
(e.g.; increased amount of lipids in the affected muscle and the
elevatioﬁ in serum enzymes) the disease in mice cannot be completely
idenfified with the disease in humans. One important difference relates.
to the different genetic transmission of the defect (usually X-linked
in Duchenne versus an autosomal recessive inheriﬁance in mice).
Nevertheless, it has been possible through the use of these experimental
animals to gain considerable information to help us further understand
the pathological processes which leads to the degeneration of muscle
in general and to human dystrophic muscle in particular. It is hoped
that continued studies of the type undertaken here together with data
obtained from different approaches such as the study of muscle under-
going atrophy after denervation, study of muscle adaptation to different
conditions or muscle development, will in time provide sufficient
complementary information to be of help in the elucidation of the basic

defect in Muscular Dystrophy.
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CHAPTER IX
SUMMARY AND CONCLUSIONS

- 14 | , -
The utilization of palmitate-1- C by dystrophic mice (Bar Harbour

Strain 129) and their littermate control was studied in vivo after
intraperitoneal injection. The expired 14COZ and radioactivity
incqrpqrated into the fatty acids and cholesterol of brain, liver,
kidﬁey andvmuscle were determined. A reduction in the expired
14CQZ (when expressed in terms of disintegrations per minute per
cm2 body area) and in the incorporation into cholesterol of liver,
kidney and muscle was observed to occur in dystrophic animals to-
gether with an increased incorporation into the fatty acids of
muéCle. |
Similar experiments were carried out after the injection of
glucose-U-14C into normal and dystrophic mice fed a high-carbo-
hydrate diet. An increased incorporation of radioactivity was
observed into the neutral lipid fraction from muscle of dystrophic
mice. Most of the increase was observed in the glycerol moiety.

In these experiments the daily food-intake for both normal and
dystrophic mice was determined. An increased consumption of food
was observed for the dystrophic animal when expressed in terms of
calories per daj per gram body weight.

The metabolism (both anabolism and catabolism) of triglycerides

was examined in a series of in vitro experiments. The formation of

triglycerides was assessed by studying the incorporation of pal-
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. 14 +
mitate-l- C required ATP, CoA, Mg , glucose and NAD, After con-

sideration of the dilution of the isotope by endogenous free fatty
acids (previously calculated) a slight increase in incorporation

14 ~
C-glycerol-3-phosphate was

was obéerved. The incorporation of sn-
dependent on ATP, CoA and Mg++o No differences in incorporation

int§ triglycerides and phospholipids were observed between muscle
from normal and dystrophic mice. Degradation of‘triglycerides was
studied by determination of the activities of two different lipases:
one using tributyrin as substrate and termed a '"short-chain
triglyceride lipase'" and the second using tfipalmitin as substrate '
which‘ié termed a "long-chain triglyceride 1ipase". The first

showed én increased activity in dystrophic muscle of about 160%
while'the second oﬁly increased by 50%.

The hexose-monophosphate shunt, an alternative pathway .for the
oxidation of glucose, was studied using as enzymatic preparation

the supernatant obtained from muscle homogenates after centrifugation
at 100,000 x g for 100 min, Glucose-U-lAC was used as substrate

14
for the study of the formation of pentoses and of CO,. Ribose-5-

2
phosphate was used to evaluate the utilization of pentoses by the
above high-speed supernatant of muscle. Dystrophic muscle showed
an increased activity of the hexose-monophosphate shunt in two
ways: these were both the formation and utilization of pentoses.
It is postulated that this increased activity may be the consequence
of regenerative processes taking place in the dystrophic muscle in
response to the pathological pr-cess.

The intramitochondrial content of CoA and the level of carnitine

in muscle from normal and dystrophic mice were determined. The
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latter was found to be within the normal range, but a great re-
duction in the intramitochondrial pool of acid-soluble CoA (free

CoA plus acetyl CoA) was found to exist in the mitochondria

isolated from the dystrophié tissue.

The activities of several enzymes have been studied in isolated
subcellular preparations and in whole homogenates., Normal vélues
were found for the enzymes of the tricarboxylic acid cycle and
electfon transport chain systems in isolated mitochondria from
dystrophic muscle. A slight increase in monoaminooxidase activity
was found to exist in the isolated mitochondria, and microsomal
fractions and in tﬁe whole homogenate from dystrophic muscle.,

In muscle homogenates from patients affected with different myo-
pathic diseases normal values of cytochrome oxidase, an increase

in the activity of short-chain triglyceride lipﬁse and a decrease

in the activity of monoaminoxidase were observed.

In muscle from mice undergoing atrophy after denervation a large
increase in short-chain triglyceride lipase was observed one day
after denervation, and a slight increase in monoaminoxidase activity
after 13 days denervation.

Even though the exact defect behind the etiopathogenesis of muscular
dystrophy has not been elucidated some interesting observations
have been obtained. The reduction in the intramitochondrial pool
of CoA may in part or completely account for defects observed in

the oxidation of fatty acid, pyruvic and acetyl-carnitine by

isolated muscle mitochondria from dystrophic mice. A major point need-

ing clarification .is whether the defect is due to a leakage of

CoA in dystrophic animals. If the latter does not apply then the defect



could exist at any point from the intestinal absorption of
panﬁbthenic acid to the biosynthetié pathway going from panto-
thenic acid to CoA. Defects in thé oxidative pathways requiring
CoA could lead to imbalances in favor of fat accumulation in

muscle.
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APPENDIX A

Statistical Formulas Used:

1. The Normal Distribution

If there are n observations Xj............... Xn then the aver-
n

age X =%— % X, the standard deviation (S.D.)

—
S.D. = \/L;jf—)— and

the standard error of estimate of the mean value (S.E.M.)

S.E. L] = ——
M \/—n——-

2. Paired data comparison

If there are n observations from normal mice and their dys-
trophic littermates, only the differences within each littermate is

considered. If one designates X .......X, as data obtained from

TR
normal mice and Y1 ............ Y]__1 from dystrophic mice, then: the dif-
ference between each pair D = X - Y and the average difference of alli

observations, M= D

n ~
The standard deviation Oy
2
~ _ D) _ (=0
dp h- § n(n-1) and
the staﬁdard error of estimate of mean value [_5, E-M.)

A
A 0'6"
UXD = v
Calculation of "P" values are based on the Student '"t'" test (for n-1

degrees of freedom). This test assesses whether the average difference

is significantly different from zero.
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