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SUMMARY

The effect of cancer cachexia on protein metabolism has
been studied in mice transplanted with the MAC16
adenocarcinoma. The progressive cachexia induced by the
MAC16 tumour was characterised by a reduction in carcass
nitrogen between 16-30% weight loss and a reciprocal
increase in tumour nitrogen content. Carcass nitrogen loss
was accompanied by a concomitant decrease in gastrocnemius
muscle weight and nitrogen content and also by a decrease
in liver nitrogen content.

The loss of gastrocnemius muscle througout the progression
of cachexia was attributable to a 60% decrease in the rate
of protein synthesis and a 240% increase in the rate of
protein degradation.

The loss of skeletal muscle protein that may be partially
mediated by an increased rate of protein degradation has
been correlated with a circulatory catabolic factor present
only in cachectic tumour-bearing animals, that degrades
host muscle in vitro. The proteolysis-inducing factor was
found to be heat stable, not a proteolytic enzyme such as
guanidinobenzoatase and was inhibited by indomethacin and
eicosapentaenocic acid (EPA) in a dose-related manner. The
proteolytic factor induced prostaglandin E formation in
the gastrocnemius muscle of non tumour-bearing animals and
this effect was inhibited by indomethacin and EPA.

In vivo studies show EPA (2.0g/kg by gavage) to effectively
reverse the decrease in body weight in animals bearing the
MAC16 tumour with a concomitant reduction in tumour growth.
Muscle from animals treated with EPA showed a decrease
(60%) in protein degradation without an effect on protein
synthesis.

In vivo studies show branched chain amino acid treatment to
be ineffective in moderating the cachectic effect of the
MAC16 tumour.

The action of the factor was largely mimicked by
triarachidonin and trilinolein. The increased serum levels
of arachidonic acid in cachectic tumour-bearing animals may
thus be responsible for increased protein degradation
through prostanoid metabolism.

The wunderstanding of protein metabolism and catabolic
factors in the cachectic animal may provide future avenues

for the reversal of cachexia and the treatment of cancer.

Key word : Cancer cachexia, MAC16 adenocarcinoma, weight
loss, proteolytic factor, protein metabolism. ~
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1.0. Cancer and weight loss.

Cachexia 1is a debilitating syndrome characterised by
progressive emaciation. The term cachexia is a derivation
of a Greecian phrase "kakos hexis" literally meaning bad

condition (Shamberger, 1984). 1In many cancers which are
difficult to detect weight loss is often the most
frequent presenting symptom (Chute et al, 1985) and this
weight loss 1is of considerable prognostic value. The
greater the weight loss, the poorer the prognosis and the
lower the response rate to chemotherapy (DeWys, 1986).

The cachectic cancer patient becomes aware that he has lost
control of his weight and may never regain his former
physical stature and feeling of well being associated with
good nutritional status. The "physical fading of
wholeness" is recognised by the individual and is perceived

to signal impending death (Costa, 1963).

The occurence of cachexia varies with tumour type and stage
of disease ranging from 80-87% in patients with .carcinomas

of the pancreas and stomach to 48-61% of patients with

colon, prostatic and lung cancer. 0esophageal cancer
has very high incidence of
weight loss . The high incidence of cachexia in
cancers of the gastrointestinal tract and related

structures is largely due to mechanical interference. It
has been recognised that approximately two thirds of cancer

patients experience cachexia and at death cachexia was
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found to be the predominant cause in 66% of cases
(Harnet,1932). In 1986 Lindsey ascribed the difference
between cachectic and non-cachectic cancer patients to the
impairment of some as yet unidentified gene repression

however, this theory has not been substantiated.

1.1. The syndrome of anorexia and cachexia.

The causes of weight loss in the cancer patient are
multidimensional - these are illustrated in Fig;l. Warren
in 1932 described cachectic cancer patients as appearing to
die from starvation. Since then numerous metabolic studies
have shown this not to be the case (Brennan, 1977) however
there is an important link related to starvation -
anorexia. The syndrome of anorexia and cachexia is a
vicious self-perpetuating cycle that commonly leads to a
malnourished, emaciated cancer patient. The two components
of the syndrome are not mutally inclusive - it is possible
for cachexia to occur in the absence of anorexia (Brennan,
1977 and Lawson et al, 1982). Although anorexia is a
common feature in cancer patients (Willcox et al, 1984,
found that 43% of cancer patients in one study complained
of anorexia), it is not the major consideration in cachexia
as force-feeding and hyperalimentation only transiently

reversed weight loss (Terepka and Waterhouse, 1956).

1.2. Anorexia.

~25-



In a study by DeWys (1985) the HarrisBenedict equation was
Fiqure 1.

Aston University
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Factors contributing to weight loss in cancer cachexia.
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used to calculate the basal energy requirement for cancer
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patients with a moderate level of activity. Of the
patients studied only 30% had a caloric intake sufficient
to meet the needs for basal energy expenditure and moderate
activity whereas 25% of patients had a caloric intake that
was insufficient to even meet basal energy demands. The
loss of appetite that leads to a decrease in food intake is

termed anorexia or hypophagia.

The control of appetite is a complex process integrated in
the ventral hypothalamus. Stimulation of the medial
hypothalamic nucleus inhibits feeding, while stimulation of
the lateral nucleus promotes food intake. A variety of
receptors feed sensory input to the appetite control centre
~ oral stimulation by a pleasant taste would elicit feeding
whereas gastrointestinal distention would prevent it.
Visceral receptors in the stomach and intestine monitor the
temperature, volumetric, osmotic and chemical properties of
the food whilst blood levels of glucose, lipids and amino
acids are simultaneously monitored to ensure an appropriate
response (Shamberger 1984, Balducci and Hardy, 1985).

The pathogenesis of anorexia associated with cancer is
complex and cannot be attributed to any single factor. A
number of factors contribute to the taste aversion
experienced by many cancer patients. DeWys (1978) has
reported an elevation of the taste recognition threshold

for salt and sweetness, a decreased threshold for bitter
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and a low threshold for wurea in 15 out of 20 cancer
patients and this phenomenon could be correlated with the
extent of the tumour. Shamberger (1984) suggests that a
zinc deficiency might be the underlying cause in the taste
alterations seen 1in cancer patients and these may be
related to the food aversions and cravings experienced

during pregnancy.

Another problem that is commonly encountered by the cancer
patient is early satiety - this may be due to two major
factors. Knox (1983) proposed that a sustained stimulation
of the gastrointestinal tract would result as a conSequence
of tumour-bearing and this would lead to prolonged satiety
and a decreased stimulation of appetite. In addition a
high proportion of cancer patients have a diabetic glucose
tolerance curve as a result of abnormal, i.e. depressed or
delayed insulin production, insulin resistance or decreased
insulin receptor affinity (Kisner et al, 1978).
Consequently blood glucose levels remain abnormally high
for a prolonged length of time supressing appetite. The
decréased serum insulin levels are also thought to inhibit

appetite (Grossman et al, 1947).

Increased blood lactate levels may be an anorexigenic
factor (Baille et al, 1970). De Wys (1985) has shown that
the infusion of lactate into normal volunteers produces

symptoms of anorexia, nausea and anxiety. Increased

-28-



blood fatty acid 1levels and alterations in the amino acid

profiles of cancer patients may also contribute to anorexia

(Waterhouse et al, 1964 and Krause et al, 1979). Krause
et al (1979) found an increase in brain tyrosine in rats
bearing the Walker 256 carcinoma - tyrosine is a

catecholamine precursor and this may suggest the
involvement of catechoalamine neurotransmitters in the

development of anorexia.

The anorexia associated with the cancer patient may further
be exacerbated by mechanical interference @ with the
ingestion, digestion, absorption and assimilatién of food
caused by malignancies of the head, neck, oesophagqus and
gastrointestinal tract. This represents not only a local
effect but also a systemic effect caused by the presence of
a tumour at a distant site (Schein et al, 1975 and Kelley

et al, 1961).

Unfortunately the side effects commonly associated with
anticancer therapies - fear, nausea, vomiting, diarrhoea,
sore throat and dry mouth together with the pain caused by
the disease may contribute substantially to anorexia

(Donaldson et al, 1979).

An all encompassing hypothesis was proposed by Theogolides
(1972) to account for anorexia - this involved. the tumour

secreting peptides, oligonucleotides and other small
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metabolites that had a peripheral and direct effect on the

hypothalamic control of feeding. However, the destruction

of the ventromedial hypothalamus - the satiety control
centre does not prevent cachexia in tumour-bearing
animals (Liebelt et al, 1971). Tumour necrosis factor o

(TNFQ) or cachectin, produced by macrophages was originally
implicated as being the mediator of wasting in chronic
diseases (Cerami et al, 1985). However, it is now thought
to play a major role in the pathophysiology of anorexia
rather than cachexia (Mahony and Tisdale, 1988, Stovroff et
al, 1988) as there has been no correlation between wasting

and TNFQ levels.

1.3. The metabolic implications of anorexia and

starvation.

In man the prolonged deprivation of food leads to adaptive
metabolic changes that prevent rapid death. Survival is
dependent upon the conservation and frugal metabolism of
fuel reserves. Fat is the major fuel depot in man and is
consequently the primary source of energy during
starvation. In a study by White et al (1984) obese
volunteers were starved for in excess of six months - and
survived. During the initial or acute phase of anorexia or
starvation there is a decrease in blood glucose levels with
a concomitant decrease in plasma insulin and a rise in

plasma glucagon concentration. Glucose levels are
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maintained initially to satisfy the glucose dependency of
the brain by rapid proteolysis with amino acid
mobilization (alanine), increased gluconeogenesis in the
liver and then the kidney and an accompanying increase in
the output of urinary urea nitrogen (Tisdale, 1982). 1If
this situation continued unabated 30% muscle mass would be
lost in 20 days leading to - death (Brennan, 1977).
Consequently the body adapts to using alternative fuels
(Fig.2). The rise in the glucagon/insulin ratio mobilises
free fatty acids (FFA) from adipose stores to be used as a
source of energy by peripheral tissues. Excess FFA are
oxidised in the liver to form ketone bodies (acetoacetate
and 3-hydroxybutyrate) (Fig.3). During ' prolonged
starvation the brain together with other tissues can adapt
to metabolise ketone bodies thus sparing limited glucose
supplies and lean body tissue through a decrease in
gluconeogenesis. After a month of starvation 50-60% of the
brains’ energy requirement is supplied by ketone bodies.
Ketone bodies are conserved by renal tubular reabsorption
to maintain high circulating levels. Lipid stores are
conserved as a direct consequence of ketone bodies reducing
lipolysis in adipose tissue (Bjorntorp, 1966) and also by
stimulating insulin production. In addition, in prolonged
starvation, ketone bodies decrease plasma levels of urinary
nitrogen excretion (Sherwin et al, 1975) and alanine
through an inhibition of branched chain amino acid

oxidation (Buse et al, 1972). The role of ketone bodies in
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prolonged starvation is shown in Fig.4.

Survival of the starving patient is dependent on minimizing
protein catabolism - this is done through an adaptive

Figure 2.
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Adaptations to the starving state.

(Tisdale, 1986)
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The role of ketone bodies in prolonged starvation.

(White et al, 1984)
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mechanism. Glucose is replaced by ketone bodies as the

most important oxidative fuel utilized by the brain, and
there is a concomitant decrease in hepatic gluconeogenesis.
The resultant fall in oxidative metabolism, metabolic rate,
as well as carbon dioxide output leads to a lowering of the
respiratory quotient. This "fat fuel economy"” will permit
a person to survive for long periods with little or no food

(Shamberger, 1984).

1.4. Cachexia.

Cachexia is a complex metabolic condition that results in
profound debility and malnutrition - the degree of which
often seems to far exceed that which might be expected on
the grounds of the extent of the neoplastic process
(Tisdale, 1986). At autopsy the tumour wusually accounts
for less than 5% of total body weight (Lindsey, 1986).
Cachexia is not directly correlated with food intake or the
location, the size or the histological type of the
tumour. In 1963 Costa defined cachexia as "the sum of
those effects produced by neoplasms in the host; which are
not the immediate result of mechanical interference with
recognizable structures". Cachexia is characterised by the

following symptoms;

l. Anorexia and nausea.

2. Weight loss.
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3. Anaemia.
4. Altered host metabolism.

5. Muscle weakness.

In addition many cancer patients are susceptible to
infection due to impaired immune function; they also
experience decreased motor and mental skill and a decline
in their attention span. - e
A number of differing theories have evolved to suggest the

cause of cancer cachexia and these can be divided into

four groups;

l. Anorexia and defects in absorption.

2. Increased energy expenditure énd alterations in host
metabolism.

3. Circulating tumour by-products.

4. Tumour metabolism.

In cancer cachexia the adaptive mechanisms that are present
in the starved state that lead to the conservation of body
stores and a lowered metabolic rate are not in operation.
Indeed some cancer patients exhibit a hypermetabolic rate -
this puts an additional strain on the cachectic patient who
not only has at least to maintain food intake but also has
to considerably enhance it in an attempt to maintain weight
or to moderate 1loss. It has been suggested that cachexia

may be due to a failure of food intake to compensate for
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the increased metabolic rate - however this has largely
been refuted by the results of hyperalimentation studies
which suggest that cancer patients do not respond as well
as malnourished patients to nutritional supplementation
(Nixon et al, 1981). In addition if weight gain is
achieved it is usually due to fat deposition and
extracellular fluid retention (Cohn et al, 1982, Terepka
and Waterhouse, 1956) rather than through the replenishment
of lean body mass. Tumour growth may also be selectively
accelerated by hyperalimentation . (Balducci and Hardy,

1985).

In 1968 Gold proposed that cachexia was the result of
excessive host gluconeogenesis in an attempt to maintain
glucose homeostasis in the face of the tumour inefficiently
metabolising glucose via the Cori cycle (Fig.5). The
tumour derives 1little energy from the glucose metabolism
whereas the host expends considerable energy in its
resynthesis. The Cori cycle produces two ATP molecules
whilst gluconeogenesis requires six ATP molecules. As the
tumour grows it consumes increasing amounts of glucose, and
the energy reserves of the host are depleted in a futile
effort to maintain blood glucose levels within the normal
range. However this theory does not explain how small
tumours can produce cachexia and why some tumours with low
Cori cycle activity do produce cachexia in the cancer

patient (Ainsenberqg, 1961).
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In 1972 Theogolides attributed the cause of cachexia to
the production of metabolites by the tumour that-

allosterically activated or inactivated various enzyme
systems in the host - resulting in metabolic chaos.
However to date no substances with these properties have

been identified.

Cachexia has also been explained in terms of host depletion
as a result of tumour parasitism - the tumour being
metabolically more aggressive, preferentially sequestering
host nutrients (Stein, 1978). However this hypothesis does
not explain how some cancer patients with tumour burdens of
less than 0.01% of their body weight develop cachexia

(Lindsey, 1986).

Williams and Matthaei (1981) proposed that a whole sequence
of events that accompanied tumour-bearing were
responsible for the initiation and maintenance of the

cachectic state. These events are:

(1) Tumour induced retrodifferentiating change in the liver
resulting in massive decreases (97%) in the activity of
alanine aminotransferase in the organ.

(ii) High concentrations of alanine in the blood which
arise from muscle and whose blood concentration is
stoicheiometrically-dependent on the oxidation of

branched-chain amino acids.
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(iii) Increased liver gluconeogenesis from lactate,
glycerol but not from the carbon chains of gluconeogenic
amino acids.

(iv) Specific metabolic stress resulting from the above
abnormal metabolism and characterised by increased
secretion of vasopressin (antidiuretic hormone).

(v) Suppression by vasopressin (10nM) of long chain fatty
acid oxidation and of ketone body production (65%)
decreased.

(vi) Insufficient blood concentration of ketone bodies to

regulate branched chain amino acid oxidation by muscle.

This course of events is proposed to lead to the situation
where there is chronic muscle breakdown characterised by
alanine release, the 1liver is unable to "rescue" the
alanine for gluconeogenesis as a result of lack of alanine
aminotransferase in the liver - this leads to irreversible
loss of muscle nitrogen in the urine. In addition the
inhibition of ketone body production as a consequence of
stress related vasopressin release exacerbates branched
chain amino acid oxidation and alanine release from muscle.
Williams and Matthaei (1981) postulated that ketone body
infusion or glucagon treatment would reverse the series of
proposed events associated with the pathogenesis of
cachexia. Ketone body infusion may be a partial solution
to the problem (see section 1.8.). Glucagon treatment

would increase glycogen breakdown, inhibit glycogen
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synthesis and glucose oxidation and stimulate lipolysis,
gluconeogenesis and ketogenesis. The effectiveness of this

treatment has not been reported.

There 1is evidence that both the anorectic and cachectic
response of the host are the result of circulating factors/
intermediary metabolites produced by the tumour. This
evidence came largely from parabiotic experiments where the
circulation of a non tumour-bearing rat was linked to that
of a tumour-bearing cachectic rat (Norton et al, 1985).
The result was that cachexia and anorexia were conferred
upon the non tumour-bearing parabiotic half and this effect

was not a consequence of metastasis or endocrine function.

The hosts immune response to the tumour has recently been
under scrutiny - in particular a variety of cytokines
responsible for the amplification of the secondary systemic
reaction of the acute phase response i.e. interleukin-~1,
interleukin-6, interferon and tumour necrosis factor o
(section 4.6.1.).

It is probable that some elements from these theories are
involved in the pathogenesis of cachexia - however as yet
no single plausible theory can account for all observed

cases of cachexia.

1.5. Cachexia associated with trauma.
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Trauma can be classified as any condition that causes
distress - consequently a number of disease states together
with injury may be associated with cachexia. Weight loss
can be as great as 30% after hospitalisation for multiple
fractures or as little as 6% after uncomplicated surgery
(White et al, 1984). Patients are often subjected to a
combination of injury and infection thus exacerbating the
situation. Indeed sepsis following surgery is one of the
leading causes of death in the post-operative patient. 1In
addition diseases such as alcoholism, tuberculosis,
emphysema, diabetes and cardiovascular disease may also
elicit weight 1loss to some degree and this is often
associated with muscle wasting. Apart from metabolic
disorders such as diabetes a basic mechanism is thought to
exist to accéunt for trauma-related cachexia. Initially
there is a shock/stress phase that stimulates adrenaline
release as part of the flight or fight response. The
injury may itself stimulate the hindbrain and hypothalamus

to release a number of hormone releasing factors. These

act on the pituitary - to release hormones such as
adrenocorticotrophic hormone (ACTH), prolactin,
thyrotrophin and growth hormone. These hormones acting

directly or indirectly amplify the normal endocrine
response and this leads to a general mobilisation of
available metabolic substrates leading to weight loss.

This leads to the observation of hypermetabolism, negative
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nitrogen balance and hyperglycemia in the traumatised
patient. In addition this hypermetabolic phase is
characterised by increased respiration and heat production.
These effects are further accentuated in the burﬁs patient.
Weight loss in these patients is considerable due to
evaporative water loss and radiative heat loss together
with an energy requirement that may exceed 5000 Kcal per
day (Curreri and Luterman, 1978). Thus general weight loss
in the traumatised patient is due to a complex interaction
of hormonal factors, metabolic rate and a failure of the
exogenous calorie intake to compensate for the rapid
consumption of endogenous fuel reserves - however the role
of the catabolic hormones in protein metabolism has not

been fully established.

Severe trauma and sepsis are characterised by accelerated
degradation and reduced synthesis of skeletal muscle
protein and in addition there is inhibition of muscle amino
acid uptake (Hasselgren et al, 1984). Warner et al (1990)
infused a mixture of catabolic hormones comparable to those
found in the traumatised and septic patient into rats.
This resulted in elevated glucose and lactate levels,
reduced concentrations of most amino acids and accelerated
muscle protein breakdown - however protein synthetic rates
and amino acid uptake in incubated muscles were not
significantly different from the controls. Thus it was

concluded that catabolic hormones partially mediate protein
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metabolism by enhancing muscle proteolysis but the reduced
protein synthesis and amino acid uptake were probably
signalled by another mechanism. Reduced protein synthesis
may be the result of bed rest - in 1954 Shonheyder et al

completely immobilised volunteers in plaster casts. This
resulted in a negative nitrogen balance of 10g/d and a
15-20% decrease in protein synthesis. The increase 1in
protein degradation in trauma and sepsis " has been
attributed to a number of additional mechanisms including
the production of a proteolysis inducing factor (Clowes et
al, 1983), the action of prostaglandins (section 4.6.1.)
and to changes in proteinase/proteinase inhibitor levels in

skeletal muscle (Kuehn et al, 1988).

1.6. The metabolic implications of cachexia.

Cachexia is an extremely complex metabolic disorder and in
order to assess the impact of tumour-bearing on host
metabolism it is necessary to view tumour and host as
distinct metabolic entities (Costa, 1963).

1.6.1. Tumour metabolism.

If the host has a slow growing, non-metastasizing, discrete
tumour it is tempting to view it as a rather inert
protoplasmic addition living as a commensal organism

sharing host resources. However this is not the case, the
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tumour exists in a niche more akin to the parasite, acting
as a metabolic trap sequestering nutrients to the detriment
of the host. The tumour is able to preferentially
concentrate amino acids from the hosts plasma pool
(Wiseman and Ghadially, 1955, Lazo, 1981) and in this way
the tumour acts as a nitrogen trap competing with the hos£
for nitrogen compounds (Mider, 1951). It has been shown
that some tumours show a marked dependence on or a
preference to a particular amino acid - for example the
Lewis lung carcinoma favours glutamine utilisation
(Rivera et al, 1988) and this phenomena may lead to the
development of treatment regimes where the ‘tumour is
selectively starved. However, this selectivity can lead to
a negative nitrogen balance in the host as a result of
reciprocal tumour nitrogen gain or as a consequence of

non-essential amino acid waste (Tisdale, 1986).

Tumours are avid users of glucose as a metabolic substrate.
In many. situations, however, the tumour is poorly
vascularised and oxygen diffusion is limited to 150um from
a blood vessel. Consequently large solid tumours contain
many hypoxic cells and under these conditions glucose is
metabolised by the Embden-Meyerhoff pathway to lactate. 1In
1930 Warburg demonstrated that many tumours metabolise
glucose via glycolysis at a high rate even in the presence
of normal oxygen availability. The increased tumour

glycolytic activity results in an increase in lactic acid
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production leading to host lactic acidosis (Shamberger,
1984). Jain et al (1984) demonstrated that the outpouring
of lactate caused a pH decrease from 7.3 to 6.2 in the rat
Walker 256 carcinoma with increasing tumour mass up to 50q.
The reason that the anaerobic pathway of glucose metabolism
is favoured may be due to the high activity of lactate
dehydrogenase or the low oxygen tension (Lazo and Sols,
1980). This gives a high ratio of lactate dehydrogenase to
pyruvate dehydrogenase which encourages pyruvate to take

the anaerobic pathway.

Tumour cells in addition have been shown to be able to
metabolise lipids (Thomson,1981, Baker et al, 1977). The
fatty acids reach the tumour complexed with serum albumin,
or in the form of lipoproteins and their entry into the
tumour cell 1is thought to be governed by the éctivity of
lipoprotein lipase. Thomson (1981) found that lipoprotein
lipase 1levels were elevated after starvation in mice
bearing a non-metastatic tumour compared to the controls.
In animals bearing the MACl16 colon adenocarcinoma fat

oxidation as measured ~ with [U—14C]palmitic acid and

14C]triolein is significantly increased when compared to

[1-
non tumour-bearing controls suggesting that the
mobilisation of host 1lipid stores is accompanied by an
increase in lipid utilisation (Mulligan and Tisdale, 1991);

The relative importance of fatty acids, glucose or amino

acids as substrates for tumour metabolism varies according
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to the state of development and the type of tumour

(Pederson, 1978).

1.6.2. Host metabolism.

Cachectic cancer patients often possess a hypermetabolic
rate - this is in stark contrast to the starved state where
hypometabolism predominates. However, it has not been
fully established if the resultant cachexia can be
attributed to insufficient food intake failing to meet
increased energy demands. What 1is certain is that the
tumour continues to grow as host tissues dissipate giving
the appearance that host tissues are in a state of
accelerated starvation. This may possibly be as a result
of the tumour eliciting amongst other effects an
inappropriate response to starvation (Argiles and
Azcon-Bieto, 1988). The tumour-bearing state also induces
profound changes in host protein, carbohydrate and fat

metabolism.

1.6.2.1. Alterations in protein metabolism.

The control of protein turnover, i.e. the continual
breakdown and renewal of proteins is complex and is still
not well understood. Skeletal striated muscle is composed
of elongated muscle cells (Fig.6.) surrounded by an

electrically excitable membrane called the sarcolemma.
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Each cell contains many parallel myofibrils about 1Pm in
diameter immersed in sarcoplasm - the intracellular fluid.
Each myofibril contains thick (myosin) and thin (actin,
tropomysin, and troponin) filaments. These filaments are
arranged in repeating "A" and "I" bands. Within the "A"
band an "H" zone exists containing only thick filaments,
the "I" band is composed of thin filaments and the
remainder of the "A" band consists of overlapping thick and
thin filaments. The contractile activity of the muscle is

2+

largely controlled by active sequestration of Ca by the

sarcoplasmic reticulum - depolarisation of the transverse

2+ from the

tubule membrane causes a sudden release of Ca
sarcoplasmic reticulum initiating the process of muscle

contraction (Stryer, 1981).

Proteins of myofibrillar origin account for about 70% of
muscle the remainder are located solubilised in the
sarcoplasm. In the steady state, turnover necessitates the
removal, degradation, and resynthesis of myofibrillar
components whilst maintaining the muscles structural
integrity and contractility (Millward, 1980). The rate of
protein turnover for specific elements within the muscle
varies - for example structural proteins of the "Z"-band
(a-actinin) and "M"-line ("M" line proteins) turn over
rapidly whereas the thin filament proteins turn over more
slowly (Millward, 1980). There appears to be two routes by

which intracellular proteins can be catabolised - lysosomal
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and non-lysosomal. The role of lysosomes in the regulation
of protein breakdown is not clear. Lysosomes though not
abundant are present in skeletal muscle and their purified
proteinases, cathepsins B, D, H and L have been shown to
degrade purified actin and myosin to a limited degree (Bird
et al, 1980). However Lowell et al (1986) have shown that
lysosomal proteolysis is not a prominent feature in
myofibrillar protein breakdown but it may contribute to
non-myofibrillar proteolysis. It has also been
demonstrated that increases in muscle protein degradation

2+

seen with arachidonic acid, prostaglandin E high Ca

2l
levels and in the unrestrained muscle can all be inhibited
with leupeptin or Ep475 - inhibitors of lysosomal proteases

(Rodemann and Goldberg, 1982, Goldberg et al, 1984, Baracos

et al, 1986, Baracos and Goldberg, 1986).

Another component of the muscle degradation system is the
calcium-activated neutral proteinase, which as its name
suggests requires calcium for substrate binding and is
active at neutral pH. Goll et al (1978) demonstrated that
this - proteinase can rapidly remove the "Z"-line and
disrupt the "M"-line in the myofibril - these structures
are ostensibly involved in anchoring the thick and thin
filaments together and are consequently important in
maintaining the three-dimensional structural integrity of
the myofibril. The precise location of this proteinase

within the muscle has not yet been established. However,
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it is thought that myofibrillar protein turnover may be
initiated by this calcium-activated neutral proteinase

(Millward, 1980).

Alkaline proteinases have been implicated in myofibrillar
protein degradation - Dahlmann and Reinauer (1981) have
shown that in the streptozotocin-diabetic rat muscle
alkaline proteolytic activity increased in parallel with
protein degradation. It is now known that the majority of
activity associated with alkaline proteinases can‘ be
attributed to chymase which originates from intramuscular

mast cells (Dahlmann et al, 1982).

In addition in muscle there is a trypsin-like serine
proteinase that was originally isolated from smooth muscle
(Beynon and Kay, 1978) that inactivates enzymes in their
native conformation and readily digests most myofibrillar
proteins (Kay, 1980, Kay et al, 1982). Finally there are
group-specific or serine proteinases that also inhibit

pyridoxal phosphate containing enzymes and may participate
in myofibrillar protein degradation (Millward, 1980).
Although these systems have been identified their precise
role in protein degradation in even the steady state have

not been fully elucidated.

Protein synthesis is controlled in a number of ways -

changes in protein synthesis can be effected by a variation
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in the amount and activity of the synthetic apparatus, i.e.
number and activity of ribosomes. Henshaw et al (1971)
concluded that the decrease in protein synthesis associated
with starvation reflected both a loss of ribosomes and a
decrease in the activity of the remaining ribosomes.
Similarly Ashford and Pain (1986) showed that in the
diabetic rat the marked decrease in muscle protein
synthesis was associated with a pronounced iﬁcrease in
ribosome degradation leading to loss - however, muscle
protein degradation was only marginally elevated. It is
interesting to note that Sameshima et al (1981) concluded
that both lysosomal and non-lysosomal pathways exist for
ribosome degradation and that the relative importance of
these can vary with physiological conditions. Further
mechanisms of synthetic control exist, for example, there
can be regulation of translation at the level of
initiation. It has been shown that the removal of an
essential amino acid from culture medium results in a rapid
decline in protein synthesis concomitant with polyribosome
disaggregation. This effect is achieved within an hour of
deprivation and is completely reversible when the amino
acid 1is refed (Van Venrooij et al, 1972). In addition
there are complex mechanisms involving polypeptide chain
initiation and variations in the concentration of, and the
efficiency of translation of mRNA species that also

regulate protein synthesis (Pain and Clemens, 1980).
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Cachexia is characterised by depletion of lean body mass
(Nixon et al, 1980). The basis for this loss is proposed
to be either depressed protein synthesis (Emery et al,
1984, Rennie et al, 1983), increased protein degradation
(Tessito:e et al, 1987) or generally increased whole body
protein turnover (Kien and Camitta, 1983, Jeevanandam et
al, 1984). Goodlad and Clark (1972) have suggested that
the protein depletion seen in the gastrocnemius muscle of
rats bearing the Walker 256 carcinoma was attributable to a
64% decrease in the synthetic capabilities of the
polyribosomes - however, in the soleus muscle where protein
depletion was not as evident polyribosome activity was 84%
of the control value. In addition inadequate protein
synthesis may be exacerbated by inactivity (Shonheyder,
1954). 1Indeed Daneryd et al (1990) have demonstrated that
in tumour-bearing Wistar Furth rats exercise delayed
anorexia and although not preventing weight loss through
depletion of 1lipid stores, lean body tissue was preserved
via an increased RNA/protein quotient - tumour weight was
also decreased compared to the controls. However, this

effect can only postpone the inevitability of cachexia.

The increased protein degradation that may be evident in
the cachectic cancer patient 1is probably due to a
combination of factors - some elements may be similar to
those seen in trauma and starvation (section 1.3., 1.5.).

There are also the effects of tumour and host metabolism
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(section 1.6.1., 1.6.2.), the stimulation of skeletal
muscle catabolic enzymes (section 4.1.1.), the possible
effect of a circulating mediator (section 4.1.-4.6.) and

the influence of branched chain amino acids (section 4.7.).

1.6.2.2. Alterations in carbohydrate metabolism.

Tumours with a high requirement for glucose impose a
metabolic stress on the host to maintain glucose
homeostasis. Despite the tendency towards hypoglycaemia,
normal blood glucose concentrations have been observed in
most tumour-bearing animals and patients (Tisdale, 1986).
However, Roh et al (1984) demonstrated that in rats bearing
a MCA-induced sarcoma, blood glucose levels decreased with
increasing tumour burden - this caused a 27% increase in
hepatic gluconeogenesis from alanine and lactate, but this
was insufficient to meet tumour glucose demands. Thus in
order to attempt to maintain glucose homeostasis

gluconeogenesis from non-carbohydrate precusors is enhanced

(Shapot and Blinov, 1974). Lundholm et al (1982) has
demonstrated that gluconeogenesis from glycerol is
increased in cancer patients - however, this only

contributes 3% to the glucose turnover rate in both cancer
and control patients. It is interesting to note that
Clofibrate, a blood triglyceride lowering drug, reduces the
growth of the Walker 256 carcinoma in rats possibly by

making less glycerol available for conversion to glucose
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(Gold, 1978). Similarly Waterhouse et al (1979) showed an
increase in gluconeogenesis from alanine in the cachectic
cancer patient. Holroyde et al (1975) demonstrated that
patients with metastatic carcinoma and progressive weight
loss exhibited increased Cori cycle activity whereas
patients without weight loss had normal glucose metabolism.
Increased Cori cycle activity is associated with a
concomitant increase in lactate production. Lactate is
converted to glucose via a particularly inefficient process
that utilises 6ATP molecules per futile Cori
lactate-glucose cycle in the 1liver. Although increased
gluconeogenesis in itself is not responsible for high
energy expenditure in cancer patients it is thought that an
increased rate of glucose turnover may contribute to this

effect.

Glucose intolerance in cancer cachexia may be due to
abnormal insulin production and insulin resistance, without
a reduction in insulin receptors in peripheral tissues
(Kisner et al 1978). The use of insulin in the nutritional
management of cachectic cancer patients has been suggested
- however there are problems with the existing insulin
resistance and problems associated with insulin treatment
(Schein et al, 1979). Beck and Tisdale (1989) have shown
that insulin treatment can minimise weight loss in
cachectic MAC16 tumour-bearing mice but unfortunately the

treatment also stimulates tumour growth.

-55-



1.6.2.3. Alterations in lipid metabolism.

Cachexia 1is characterised by a progressive decrease in
carcass lipids as a result of free fatty acid mobilisation
from host adipose tissue. This may be associated with
increased plasma lipids as a consequence of a decreased
rate of triacylglycerol clearance (Redgrave et al,1984).
Indeed, Frederick and Begg (1956) have demonstrated that
the weight loss seen in tumour-bearing animals associated
with lipid depletion is accompanied by an increase in the
plasma level of free fatty acids. However, only 1% of
these fatty acids are utilised by the tumour - it is
thought that the remainder are oxidised outside the tumour
mass probably in the muscles. The degree of
hyperlipidaemia may represent - the capacity of the
extra-tumour tissues to oxidise fatty acids (Tisdale,
1986). The alternative fuel sources used by the cachectic

cancer patient are shown in Fig.7.

The mobilisation of free fatty acids is the result of a
combination of factors. The problem of insulin resistance
may favour increased lipolysis and inhibit lipid
deposition, in addition there is the problem of the
inability of the cachectic patient, under normal
conditions, to develop ketonaemia. Ketosis is a common

phenomena in the starving patient and results in the
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metabolic adaptations that enable the body to conserve
protein and 1lipid and maintain glucose homeostasis. This
allows a starving man to survive for long periods with
chronic food deprivation (section 1.3.). However, in
cachexia this adaptation does not occur and ketosis is
extremely rare. This 1is further emphasised by the fact
that ketonuria in cachectic cancer patients and
tumour-bearing rats is similarly uncommon (Conyers et al,
1979, Mider, 1951). It is interesting to note that if a
cachectic patient is given an exogenous supply of fatty
acids ketonaemia is observed. This suggests that there is
no defect in the «capability of the cachectic liver to
synthesize ketone bodies (Magee et al, 1979).l It would
appear that many of the features associated with cachexia
may be attributable to the absence of ketosis - for example

muscle and fat depletion and decreased insulin secretion.

However, this is probably not the entire story as various
factors have been identified that may contribute to the
lipid mobilising effect. An example of a factor causing
lipolysis is Toxohormone-L - this has been isolated from
the ascites fluid of mice with sarcoma 180 as well as from
the ascites fluid of patients ﬁith hepatoma, Grawitz’s
tumour, ovarian tumours and from the pleural fluid of
patients with malignant lymphoma (Masuno et al, 1980).
More recently a lipid mobilising factor has been identified

that 1is produced by the experimental murine colon
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adenocarcinoma (MAC16) (Tisdale, 1990). This factor
appears to be related as regards charge and. molecular
weight to a serum factor found in cancer patients
experiencing weight loss however the structure remains
elusive (Beck, et al 1990). 1In addition the depletion of
host lipid stores may be related to an increase in basal

metabolic energy expenditure (Waterhouse, 1981).

1.7. Nutritional support of the cachectic cancer patient.

The proposed reasons for offering nutritional support to
the cachectic cancer patient are :-

l. To reverse the cachectic state.

2. To prevent weight loss / maintain weight.

3. To improve improve host tolerance to chemotherapy,
radiotherapy or surgery.

4. To improve immune competence.

Unfortunately these criteria are difficult to fulfil. The
complexity of the metabolic problems associated with
cachexia prevent a simple solution. In theory if calorific
intake exceeds energy expenditure weight gain ensues.
However a voluntary increase in food intake is difficult to
achieve due to the problems of anorexia (section 1.2.). If
an increase in calorific intake occurs through voluntary or
involuntary i.e. enteral or parenteral feeding the weight
gain that may be achieved is usually due to fat depositioﬁ

or extracellular fluid retention (Cohn et al, 1982,
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Shamberger, 1984). 1Indeed Nixon et al (1981) suggest that
the cachectic state decreases the ability of the host to
utilise nutrients to replenish lean body tissue. DeWys
(1985) recommends that future nutritional support regimes
should be combined with an exercise programme in an attempt

to rebuild depleted body muscle.

A further complication that may be encountered during
nutritional supplementation is the stimulation of tumour
growth (Buzby et al, 1980, Balducci and Hardy, 1985). This
is also indicated by reports of increased circulating
levels of lactic acid during hyperalimentation (Holroyde
and Reichard, 1981). The goal of nutritional support is
primarily to improve the cancer patients quality of life
through maintenance or replenishment of body weight,
particularly when this may facilitate effective therapy.
However, the use of aggressive nutritional support in a
situation in which effective therapy measures have been
exhausted is of limited value and may have adverse effects
(DeWys, 1985).

1.8. Potentials for future therapy.

Recently there has been a shift of focus from
hyperalimentation that may feed the tumour to regimes that
preferentially feed the host whilst starving the tumour.

This approach exploits a weakness in tumour biochemistry -
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for example a leukaemia of T-cell origin is unable to
synthesize the non essential amino acid L—asparagi&ase.
Thus it has been shown that the administration of the
enzyme L-asparaginase to deplete the host of L-asparagine

may result in selective tumour starvation and remission

(Holland and Ohnuma, 1979).

Another weakness that may be exploited is the fact that
many solid tumours are unable to utilise ketone bodies as
an enerqgy source (Tisdale and Brennan, 1983).- Beck and
Tisdale (1989) showed that the feeding of a hiéh fat diet
to cachectic mice modified nitrogen excretion and that
ketone bodies could decrease weight loés and tumour volume
in mice bearing the MAC16 adenocarcinoma. Dietary induced
ketosis has been shown to increase body weight in cachectic
cancer patients, however, it has proved to be ineffective
in improving the nitrogen balance (Fearon et al, 1988).
Fearon and Carter (1985) have demonstrated that dietary
ketosis did not reduce tumour growth rate or prevent weight

loss in rats bearing the Walker 256 tumour.

Tumours have recently been shown to produce a variety of
catabolic factors (section 4.1.1.) and the characterisation
and synthesis of these isolated factors may provide a
potential for future therapy. Therapy may iqvolve the
inhibition of the factor at the site of production or at

the site of action. Alternatively the factor could be
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removed from the circulation perhaps by a specific
monoclonal antibody. Recently there has been much interest
in the clinical efficacy of fish oils and their constituent
fatty acids. The polyunsaturated fatty acid (PUFA)
eicosapentaenoic acid has been shown to have a pronounced
anticachectic/antitumour effect in animals bearing the
MACl16 colon adenocarcinoma (Tisdale and Beck, 1991).
Currently, attention has been focused on a possible mode of
action for this PUFA with the potential for future cachexia

therapy.

1.9. Aims of the investigation.

A number of animal models exist that do produce cachexia -
however, they are often fast growing rodent tumours that
produce weight loss at high tumour burdens. This is not

analagous to the human situation where tumour growth is
usually much slower and weight loss occurs when tumour
burden is relatively small - approximately 1% of total body
weight (Costa, 1963). The MAC16 adenocarcinoma is a murine
model of cachexia that produces weight loss in recipient
animals with a small tumour burden - in addition there is
the added benefit that weight loss occurs without the
complication of anorexia. Weight loss occurs at a tumour
burden of 0.2-0.6g which represents 0.8-2.5% of total body
weight - this tumour burden can elicit a 10-30% reduction

in host body weight.
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The aim of this study was to investigate the effect of
cachexia on protein metabolism. The effect of. the MAC16
tumour on protein synthesis and degradation was.quantified
using isolated gastrocnemius muscle and this was related to
changes in mouse body composition, particularly regarding
the nitrogen component. It had previously been shown
(section 4.1.1.,4.6.1.) that some mammalian tumours produce
catabolic factors that may be responsible for cachexia.
Consequently the possibility was explored that the
alterations seen in protein metabolism in the cachectic
mouse was attributable to a circulating factor. 1Initially
the tumour associated enzyme guanidinobenzoatase was
investigated for its potential role as a circulating
mediator in cachexia. Guanidinobenzoatase has been shown
to be an arginine selective protease that may participate
in the metastatic process (Steven and Griffin, 1988). The
potential mechanism of action of the mediator: of muscle
proteolysis was investigated largely using various drugs
and dietary treatments in an attempt to abolish this
cachectic effect. A dietary treatment was also evaluated
in the cachectic mouse that had previously been shown to

moderate protein loss in the trauma patient.

The overall aim of this investigation was to increase the
knowledge of the etiology of cachexia in cancer, to

increase the understanding of protein metabolism in the
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cachectic state and to investigate possible treatments to

alleviate cancer cachexia.
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CHAPTER 2: MATERIALS.
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2.0. ANIMALS.

Pure strain inbred female/male NMRI mice (age 12 - 15
weeks) were bred in the animal house of Aston university,
Birmingham. Animals were fed ad libitum a rat and mouse
breeding diet purchased from Pilsburys Ltd, Birmingham, UK.

and were given free access to water.

2.1. GASES AND AGENTS FOR ANAESTHESIA.

BOC LTD, London, England.

Carbon dioxide

Nitrous oxide

Oxygen

Air:carbon dioxide (95%:5%)
Oxygen:carbon dioxide (95%:5%)

Nitrogen:carbon dioxide (95%:5%)

ICI CHEMICAL INDUSTRIES PLC, Pharmaceuticals division,

& Macclesfield, Cheshire, England.

Fluothane (halothane)

£k

2.2. CHEMICALS,

AMERSHAM INTERNATATIONAL, Buckinghamshire, England.

L—[4-3H] phenylalanine (sp.act. 28 Ci/mmol).

[5,6,8,11,12,14,15- H(N) ]-Prostaglandin E,(sp.act.150 Ci/mmol).
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BACHEM LTD, Saffron Walden, Essex, Enqgland.

Thiobenzyl-benzyloxycarbonyl-L-lysinate.

BDH CHEMICALS LTD, Poole, Dorset, England.

Ethylenediaminetetraacetic acid, disodium salt.
2-methoxyethanol.

Potassium dihydrogen orthophosphate.

Potassium hydroxide.

Sodium bicarbonate.

Sodium carbonate.

Sodium nitrite.

Trichloroacetic acid.

Triethanolamine hydrochloride

BOOTS THE CHEMIST, Nottingham, England.

Liquid parafin.

FISONS SCIENTIFIC APPARATUS, Loughborough, England.

Chloroform.

1l,2-dichloroethane.

Dipotassium hydrogen orthophosphate.
Disodium hydrogen orthophosphate.
Hydrochloric acid.

Magnesium sulphate, hydrated.

Nitric acid.

Perchloric acid.
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Sodium dihydrogen orthophosphate.

FSA LABORATORY SUPPLIES, Loughborough, England.

Acetone.

Acetic acid.
Chloroform.

Diethyl ether.
N-N-dimethylformamide.
Ethanol.

Ethyl acetate.
Methanol.

Optiphase Hisafe 3.
Propan-2-ol

Sodium chloride.

Toluene.

GIBCO LTD, Paisley, Scotland.

RPMI 1640 medium, without phenol red.

Dulbecco’s minimal essential medium, without phenol red.

SIGMA - CHEMICAL COMPANY- LTD, Poole, Dorset, England.

L-Alanine.
9-aminocacridine.
Antipain.
Arachidonic acid.
Aspartic acid.

Noa-benzoyl-L-arginine-7-amido-4-methyl-coumarin.
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Bovine Y -globulin.

Bovine serum albumin.

Bromcresol green reagent kit.
Calcium chloride.

Charcoal powder, activated (250-300 mesh).
Citric acid.

Copper sulphate.

Cyclohexamide.

Dextran (MW 70 000).

Dimethyl sulphoxide.

5,5'=dithiobis (2-nitrobenzoic acid)
Docosahexaenoic acid
Eicosapentaenoic acid.

Esterase, from rabbit liver.
D-glucose, (dextrose).

Glucose standard solutions

Glycine, sodium salt.

Hydrazine hydrate.

Indomethacin.

Isoleucine.

L-lactate dehydrogenase, from rabbit muscle, type II.

Leucine.
Leupeptin.
Linoleic acid.
Linolenic acid.

Lysine.

4-methylumbelliferone.
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4-methylumbelliferyl-p-quanidinobenzoate.

Nicotinamide adenine dinucleotide, grade IV.

Nicotinamide adenine dinucleotide, reduced form, grade III.

O-nitrophenol butyrate.

l-nitroso-2-napthol.

Oleic acid.

Phenylmethylsulfonyl fluoride.

Plasmin, from human plasma.

Plasminogen, from human plasma.

Potassium chloride.

Prostaglandin E,.

Prostaglandin E, antiserum, from rabbit.

Sodium azide.

Sodium glycinate.

Tissue plasminogen activator, single chain from human
melanoma cell culture.

O-toluidine reagent.

Triethanolamine.

Tripotassium citrate.

Triton X-100.

Trizma base.

Trypsin, from bovine pancfeas, type I.

Trypsin inhibitor, from soybean, type I-S.

Tyrosine.

L-valine.
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WEDDEL PHARMACEUTICALS LTD, Wrexham, England.

Multiparin (heparin).

2.3. GIFTS.

The following were kindly donated by :

Dr.F.S.Steven, University of Manchester.

Bis-(N-benzyloxycarbonyl-L-arginamido)-rhodamine.
Dansyl-L-glutamylglycyl-L-arginine chloromethyl ketone.
Tissue plasminogen activator, from human melanoma cell

culture.

2.4. BUFFERS.

0.1 M Sodium phosphate buffer (pH 6.0).

Solution A : Sodium dihydrogen orthophosphate (15.60 g) was ‘
added to 1000 ml of distilled water.

Solution B : Disodium hydrogen orthophosphate (14.20 g) was

added to 1000 ml of distilled water.

Solution B was added to 200 ml of solution A until a pH of

6.0 was reached.

0.01 M Phosphate buffer (pH 8.0).

Solution A : Potassium dihydrogen orthophosphate (1.36 g)
was added to 1000 ml of distilled water.

Solution B : Dipotassium hydrogen orthophosphate,
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trihydrate (2.28 g) was added to 1000 ml of: distilled

water.

Solution B was added to 200 ml of solution A until a pH of

8.0 was reached.

0.05 M Tris - HC1 buffer (pH 8.0).

Trizma base 3.025 g

Distilled water 400 ml

The pH was adjusted to 8.0 with concentrated hydrochloric
acid and the final volume was made up to 500 ml with

distilled water.

0.2 M Citrate buffer (pH 5.0).

Citriec acid 21.008 g
Sodium hydroxide (1M) 200 ml
The pH was ajusted to 5.0 with 1 M sodium hydroxide and the

final volume was made up to 500 ml with distilled water.

Krebs - Ringer bicarbonate buffer (pH 7.6).

0.9 % Sodium chloride 100.0 ml
1.15 & Potassium chloride- 4.0 ml
1.22 % Calcium chloride 3.0 ml

2.11 % Potassium dihydrogen phosphate 1.0 ml
3.82 % Magnesium sulphate, hydrated 1.0 ml
1.3 % Sodium bicarbonate 21.0 ml
On the day of the experiment bovine serum albumin 30 g/L

and 0.55 mM D-glucose were added to the above.
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Krebs - Henseleit bicarbonate buffer (pH 7.6).

This is essentially Krebs - Ringer bicarbonate buffer with
the substitution of 1.2 g/L of bovine serum albumin and 6.0

mM D~glucose for the concentrations stated above.

0.4 M Hydrazine - 0.5 M glycine buffer (pH 9.0).

Glycine 11.4 g
Hydrazine hydrate 25 ml
Distilled water ‘ 200 ml

The pH was adjusted to 9.0 with concentrated hydrochloric
acid and the final volume was made up to 300 ml with

distilled water.

0.5 M Triethanolamine - 0.05 M EDTA buffer (pH 7.6).

Triethanolamine hydrochloride 23.3 g
EDTA disodium salt 0.47 g
Distilled water 200 ml

The pH was adjusted to 7.6 with approximately 20 ml of 2 M
sodium hydroxide and the final volume was made up to 250 ml

with distilled water.

2.5. REAGENTS.

Tyrosine reagent.

Solution A :

0.1 % l-nitroso-2-napthol in 95 % ethanol
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Solution B :

Conc.nitric acid:distilled water 1:5 49.0 ml

2.5 % Sodium nitrite
Solution A was added to

immediately prior to use.
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CHAPTER 3: METHODS.
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3.0.Transplantation of tumours in NMRI mice.

The MAC13 and MACl6 colon adenocarcinomas were originally
induced with 1,2-dimethylhydrazine by Dr J.Double, Bradford
University (Bibby et al, 1987). Of these two tumours only
the MAC16 colon adenocarcinoma showed symptoms of cachexia
in the host. The MACl6 adenocarcinoma was excised from
donor animals, placed in sterile isotonic saline and cut
into small fragments 1 x 2 mm in size. A trocar was used
to implant fragments of the tumour subcutaneously into the
flank of the right hind limb of NMRI mice (Mr. M. Wynter,
Aston University). The doubling time of this tumour was
determined to be 3-4 days by Mr M. Wynter, Aston
University. The mice were weighed daily and were
sacrificed if they had lost more than 30% of their original
body weight, or if the tumour ulcerated, or if the animal
became moribund. This was agreed by the Co-ordinating
Committee on cancer research of the United Kingdom for the
welfare of animals with neoplasms. Mice bearing the MAC16
tumour were deemed to be cachectic 14 to 16 days after
transplantation when the tumours became palpable and a 2-4
g weight loss occured. However, not all mice bearing the
MAC16 tumour lost weight, a small proportion (15-20%)
maintained a constant weight and were consequently termed

non-cachectic.

Fragments of the MAC13 adenocarcinoma, originally supplied
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by Dr J. Double, Bradford University, were implanted in the
flank of NMRI mice. This was founa to have a doubling time
of 2-3 days as determined by Mr M. Wynter, Aston
University. There was no weight loss experienced during

the growth of the tumour.

3.0.1. Collection of blood samples.

Between 9.30 and 10.30 am blood was removed from mice by
cardiac puncture under anaesthesia using a mixture of
halothane, oxygen and nitrous oxide. Approximately 1.0 ml
of blood was collected from each mouse using a heparinised
or un-heparinised syringe depending if whole blood, plasma
or serum was required. The blood samples were transferred
to microfuge tubes and kept on ice for plasma and left to
clot for 10 min at room temperature for serum. The samples
were then microfuged at 13000rpm for 5 min and the

resultant plasma/serum was removed and frozen.

3.1. Body composition analysis.

The gastrocnemius and thigh muscle were carefully dissected
out from the left leg of the carcass and weighed. The
carcass and muscles were placed on pre-weighed tin foil in
an oven at 80°C until a constant weight was achieved. .Dry
weights of the carcass and muscles were separately

recorded. The water content for the muscle and total
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carcass was then calculated from the wet and dry weights.
Total fat content of the carcass was determined using the
method of Lundholm et al (1980 ). Each carcass was broken
up into small pieces and ground with a pestle and mortar.
The powder was then extracted in turn with 25 ml of
acetone:ethanol (1:1 v/v), chloroform:methanol (1:1 v/v)
and diethylether. The extracts were combined in a pre
weighed round bottomed flask. The solvents were then
removed under vacuum using a Buchi rotary evaporator to
leave a fatty residue. The flask was reweighed and the

total fat content per carcass calculated.

3.1.1. Kjeldahl nitrogen determination.

A microkjeldahl was used to measure the nitrogen content of
the total mouse carcass, the gastrocnemius muscle and the
liver. The principle of the method 1is as follows.
Digestion with strong sulphuric acid in the presence of a
catalyst converts the nirogen in the sample to ammonium
sulphate. The ammonia is released by alkali and carried by
steam-distillation into beric acid. The amount of ammonia

is then estimated by titration with acid.

3.1.2. Preparation of samples.

The whole mouse carcass was homogenised, freeze dried and

ground with a pestle and mortar to achieve a homogeneous
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mixture. The gastrocnemius muscle and liver were analysed

as a whole.

3.1.3. Analysis of samples.

500mg of ground mouse carcass or the entire gastrocnemius
muscle and liver were added to a 50ml Kjeldahl flask. 5ml
of concentrated sulphuric acid and 150mg of the catalyst
mixture were carefully added. The catalyst mixture
contained 32 parts potassium suiphate, 5 parts copper
sulphate and 1 part selenium powder, ground fine and mixed.
The flasks were heated strongly on an incineration rack for
30 min wuntil the digest cleared. The samples were then
quantitatively washed frdﬁ the flasks and a 1lml sample was
analysed. The ammonia in the sample was released by the
addition of 5ml of 40% sodium hydroxide and carried by
steam distillation into 10ml saturated boric acid solution.
The absorbed ammonia was then titrated with 0.01M
- hydrochloric acid and the amount of nitrogen contained was
calculated from the titration volume.

3.2. In vitro determination of the rate f protein

synthesis and degradation in the MAC1l6 tumour-bearing

mouse.

3.2.1. Preparation of isolated mouse gastrocnemius muscle.
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Female NMRI mice were killed by cervical dislocation, their
gastrocnemius muscles were quickly ligatured and dissected
out and placed in ice-cold isotonic saline. The muscles
were then blotted, weighed and carefully tied via the
tendon ligatures to stainless steel incubation supports to

prevent contraction thus improving protein balance and

energy status.

3.2.2. Measurement of synthesis.

The muscles were placed in incubation vessels containing
3ml of Dulbecco’s minimal essential media (DMEM) saturated
with 95% 0, : 5% co, and_were incubated for 30min at 37°c.
Aftef this pre—incubation the muscles were rinsed in

non-radioactive media followed by replacement with fresh

media containing 20uCi of L—[4—3H]phenylalanine (sp.act.

46.3 mCi mmol_l). The muscle preparation was gassed
continuously whilst incubating for a further 2h. At the
end of . this period the muscles were rinsed in

non-radioactive medium, blotted and sonicated in 3ml of 2%

HCLO4”as'described in section 3.2.3.1.

3.2.3. Measurement of degradation.

Female NMRI mice were injected via the intraperitoneal
route with 0.25ml of physiological saline containing 150uCi

of L~[4-3H] phenylalanine (1.5 Ci mmol_l). After 24h the
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mice were killed by cervical dislocation and their
gastrocnemius muscles were isolated and pre-incubated as
above. After rinsing the muscles were transferred to 3ml
of DMEM and gassed continuously for the final 2h
incubation. At the end of the incubation period the

muscles and media were treated as in section 3.5.3.1.

3.2.3.1. Analysis of protein synthesis and deqradation

samples.

The muscles resulting from the initial incubations were
treated as follows. The muscles were placed in 3ml of 2%
HClO4 and sonicated until homogeneously dispersed. The
samples were then centrifuged at 2800g for 15 min and the
supernatant was added to 1.5ml of saturated tripotassium
citrate to give a pH close to 6.0. The insoluble potassium
perchlorate was removed by centrifugation at 2800g for 15
min and 1ml of the supernatant waé diluted (1l:1) and added
to 10ml Optiphase Hi-safe 3 scintillation fluid for the
measurement of the intracellular free pool of L—[4—3H]

phenylalanine.

The precipitate from the original centrifugation.was washed
three times with 5 ml of 2% HClO4 and hydrolysed in 5 ml 6M
HC1 at 110°C in sealed glass tubés for 24 h. The
hydrolysates were evaporated to dryness and the residue was

dissolved in 10 ml distilled water. A Iml sample of the
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solution was counted for [3H] phenylalanine radioactivity
to give the protein bound radioactivity. The rate of
protein synthesis was calculated by dividing the amount of
protein bound radioactivity by the amount of acid soluble
radioactivity. The rate of protein degradation was
calculated by dividing the amount of [3H] phenylalaniné
radioactivity released into the incubation media during the
final 2 h incubation period by the specific radioactivity

of protein bound [3H] phenylalanine.

For further discussion see appendix.

3.2.4. The effect of eicosapentaenoic acid on protein

synthesis and degradation.

This experiment was carried out in collaboration with Dr
S.Beck, Aston University. Female mice (average body weight
20g ) were transplanted with fragments of the MAC16 tumour
as described in section 3.0. and were fed on rat and mouse
breeding diet for 10 to 12 days after transplantation when
the tumours became palpable and weight loss had started to
occur. This point was chosen to ensure complete tumour
take and weight loss prior to initiation of therapy;
Animals were treated daily for 10 days with either solvent
(liquid parafin : water, 2:1) or EPA at a dose of 2.ngg_l.
After 10 days measurements of protein synthesis and
degradation were carried out on these and a —group- of

non-tumour bearing female NMRI mice according to the method

in section 3.2.
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3.3. Measurement of protein degradation using tyrosine

release.

In this method tyrosine release was used as a measure of
degradation. Tyrosine rapidly equilibrates between
intracellular pools and the medium and it is neither
synthesized nor degraded. The method used follows the
isolated gastrocnemius muscle preparation and the
incubation protocol of section 3.2.3. except the media usea
was Krebs-Henseleit bicarbonate buffer. After the final 2
h incubation 2ml of the buffer was removed, deproteinised
with 200ul of ice cold 30% TCA and centrifuged at 2800 g
for 10 min. The supernafénts were used for the estimation
of tyrosine by the method of Waalkes and Udenfriend (1957).
l ml of 0.1% l-nitroso-2-napthol in 95% ethanol and 1 ml of
nitric acid reagent was added to the supernatants in glass
centrifuge tubes. These were stoppered, shaken and placed
in a water bath at 55°C for 30 min. After cooling 5 ml of
ethylene dichloride was added and the tube was shaken to
extraet ' the unchanged l=nitroso-2-napthol reagent. The
tubes were then centrifuged at 2800g for 10 min and the
aqueous supernatant was transferred to a 4ml glass cuvette.
The fluorescence of the tyrosine derivative resulting from
its activation at 460nm was measured at 570nm on a

Perkin-Elmer LS-5 luminescence spectrometer.

-83-



3.4. Measurement of gquanidinobenzoatase activity.

This method of fluorimetric assay has been developed from
that described by Coleman et al (1976).
Guanidinobenzoatase cleaves - the " substrate
4-methylumbelliferyl-p-quanidinobenzoate (MeUmbGdnBzOH) at
the gquanidinobenzoate moiety to vyield the fluorogenic
product methylumbelliferone. A Perkin Elmer LS-5
luminescence spectrometer was used to establish the optimal
excitation and emission wavelengths for the measurement of
methylumbelliferone fluorescence in 0.1M sodium phosphate
buffer pH6.0. The excitation and emission wavelengths were

set to 323 and 446nm respectively.

A standard curve (0.1-10 nMcles) .was constructed for

methylumbelliferone dissolved in N-N-dimethylformamide.
5ul of the standard was added to a 4ml glass cuvette with
magnetic stirrer and containing 2ml of 0.1M sodium
phosphate buffer pH6.0. The resultant fluorescence was
read in arbitrary units which was used as a .measure of

guanidinobenzoatase activity.

In the guanidinobenzoatase assay the first parameter to be
established daily was the background level of fluorescence
and the rate of non-enzymic base catalysed hydrolysis
associated with the substrate MeUmbGdnBzOH. 501 of 2mM

substrate was added to the buffer (as above) and the base
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rate and the rate of spontaneous methylumbelliferone

cleavage per minute was established.

The basic assay consisted of 2ml of 0.1M sodium phosphate

buffer pH6.0, 5nl 2mM  MeUmbGdnBzOH and 5-10Qpl of sample

containing guanidinobenzoatase. The amount of sample used

was dependent upon the quantity of fluorescence produced.

3.4.1. Biological substances tested.

The following substances were assayed
guanidinobenzoatase activity.

Contfol NMRI mouse serum;

MACl16 non-cachectic mouse serum and tumour extract.
MAC16 cachectic mouse serum and tumour extract.
MAC1l3 mouse serum and tumour extract.

Control human serum.

Non-cachectic cancer patient serum.

Cachectic cancer patient serum.

3.4.2. Chromatographic techniques.

3.4.2.1. DEAE cellulose column chromatography.

Supernatants from crude tumour homogenates

for

were

fractionated by anion exchange chromatography using a DEAE
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cellulose column eluting under a salt gradient. The DEAE
cellulose column (dimensions 1.0 X 14.0cm) was

equilibrated with 0.01M phosphate buffer (pH8.0). The
material was eluted with a linear gradient of 0-0.2M NaCl
in 0.01M phosphate buffer (pH8.0). The column was eluted
at a flow rate of 15ml/h and the effluent from the column
was collected in 1.0ml fractions. Tumour protein (1.3mg)
was applied to the column. The level of
guanidinobenzoatase activity was measured by the assay

described in section 3.1.

3.4.3. Effect of other substances on quanidinobenzoatase.

The following substances were assayed for their effect on
guanidinobenzoatase activity. IC50 values were

established for each inhibitor.

Conc Solvent.
Eicosapentaenoic acid. 0.1-12.8uM Ethanol
Equimolar lysine
- - 0.1M Na carbonate
Docosahexaenoic acid. 0.1-12.8uM Ethanol
Arachidonic acid. 0.1-12.8puM Ethanol
Linolenic acid. 0.1-12.8uM Ethanol
Linoleic acid. 0.1-12.8uM Ethanol
Oleic acid. 0.1-12.8uM Ethanol
BZAR. 0.001-10nM lmM Aspartic acid
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DNS-GGACK. 0.01~10QpM Ethanol
Trypsin inhibitor. ?Pl lmg/ml dH,0
MACl6é tumour extract. 5-2OQpl 0.9% saline

(0.1g tumour/ml)

3.4.4. The molecular modelling f the fatty acid

inhibitors.

The possible correlation between fatty acid structure and
the degree of guanidinobenzoatase inhibition was

investigated using two different systems of computer
modelling. The two modelling packages used were Chemx and
Charmm / Quanta - both _of whicﬁ were based largely on
nucléar magnetic resonance parameters. The major
difference between the systems is that Charmm is primarily
a molecular mechanics program using information derived
from large proteins whereas Chemx has parameters.drawn from

a vast array of widely differing small molecules.

The basic hydrocarbon chains of the fatty acids were
constructed and then the molecules were "minimised". The
aim of minimisation was to find a set of coordinates
representing a molecular conformation with minimum
potential energy. Chemx minimises using a quadratic

gradient algorithm which computes the energy gradient with

respect to specified minmisation variables. The CharmI-Il

system was more complex - the first step was the
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computation of a single energy point for the fatty acid.
This was a summation of the internal coordinate terms and
pairwise non-bonded interaction terms. The next step
termed steepest descent, was basically to iron out any
steric hinderance and improve a poor conformation produced
during the drawing phase. The final minimisation step
involved the Adopted-basis Newton-Raphson algorithm which
performed energy minimisations on the previous set of
coordinates until they were adjusted to the lowest possible
potential energy. The molecular models produced were given
added resolution by generating dot surfaces coloured on Van
de Waals and electrostatic energies.

In aﬂ attempt to try to éorrelate a particular structural
aspect of the fatty acid to activity the "mreg" computer
package was used to compute regression analysis on singlé
or multiple variables of the Chemx and Charmm parameters.
The parameters used were electrostatic and true volume,
width, length, molecular weight and number of double bonds

in conjuction with the reciprocal of inhibitory activity.

3.4.5. Determination of the Michaelis constant for

quanidinobenzoatase and the Ei values for EPA and BZAR.

The Ky value for guanidinobenzoatase was established using
a variation of the above method - section 3.1. Control

NMRI mouse serum was used as the source of the enzyme and a
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range of MeUmbGdnBzOH concentrations (2-12pM) was used.
For each substrate concentration the rate of reaction was
determined over a 1 min period with and without the

presence of EPA and BZAR (3.2yM). The Ky value is derived

from a double-reciprocal Lineweaver Burke plot where the

slope KM/Vmax intercepts the x-axis on -l/KM. The K. value

is calculated from the above plot for each inhibitor using
a substituted Michaelis Menten equation where :-

Slope = KM/Vmax'

+ Inhibitor Slope = KM/V (1 + I/Ky).

max

3.4.6. Measurement of trypsin activity.

Trypsin hydrolyses tHé chromogenic substrate N-a-
benzoyl-L-arginine-7-amido-4-methylcoumarin to vyield the
fluorescent product 7-amino-4-methylcoumarin. 10qu of
0.1mM substrate was added to 2ml of 50mM Tris Hcl buffer
pH8.0 containing 20mM calcium chloride and 1% DMSO. The
addition of trypsin 5pl 10U/ml hydrolysed the substrate
causing an increase in emission at 440nm that was measured
at 380nm. The effect of the guanidinobenzoatase inhibitors
EPA  (0.1-12.8pM) and BZAR (0.001-10.0nM) was also

tested.

3.4.7. Measurement of esterase activity.

SPl'of the esterase substrate o-nitrophenol butyrate was
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added to 10ml of 0.05M Tris HC1l buffer pH8.0.containing
20mM calcium chloride and 1% DMSO to form a stock solution.
The assay volume was made up from 1lml of stock, 1ml of
buffer and 10pl of esterase. The absorbance of the samples
was measured at 412nm on a Beckman spectrometer. The
effect of the guanidinobenzoatase inhibitors EPA

(0.1-12.8PM) and BZAR (0.001-10.0nM) was also tested.

3.4.8. Photometric determination of plasminogen

activators.

The method used to assay plasminogen activators has been
devel9ped by Coleman and Green (1981). This uses
thioBenzyl benzyloxycarbényl-L-lysinate ( Z-Lys-SBzl ) as a

substitute for the plasmin substrate in a two step coupled

assay.

Step 1. Plasminogen via plasminogen activator forms
plasmin.

Step 2. Z-Lys-SBzl and 5,5‘-dithiobis (2-nitrobenzoic

- acid) (DTNB) reacts with plasmin to form Z-Lys,
mixed disulphide and thiophenolate.(Emax=412nm)
In step 2. the plasmin formed in step 1. is quantified -

further plasminogen activation is carefully minimised.

Step 1. reagents.

Glycine-BSA: 1.0M sodium glycinate and 5mg/ml BSA pH8.5,
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stored frozen and diluted 5-fold prior to
use.

BSA~HCL: 1.0mg/ml BSA in 1.0mM HCl titrated to pH3.0
by the addition of 1.0M HCl, stored at 4°cC.

Plasminogen activator: |
1.0 U/Pl in BSA-HCl, stored frozen and
serially diluted with BSA-HCl to stock
solutions of 0.2-0.2x10"% U/Pl immediately
prior to use.

Plasminogen: Stored frozen, weighed immediately prior to

use and dissolved in BSA-HCl to lmg/ml.

Step 2. reagents.

Triton X-100: 0.1% (w/vi in distilled water, stored at
room temperature.

DTNB: 22mM DTNB in 50mM di.sodium hydrogen
phosphate, stored at 4°c.

Pi-NaCl: 200mM sodium phosphate plus 200mM NaCl
pH7.5, stored at 4°c. (Phosphate:saline)

STI: lmg/ml soyabean trypsin inhibitor in 1.0mM

Cc.

- HCl, titrated to pH3.0, stored at 4
In step 1. the plasminogen activation takes place in an
assay volume achieved by the addition of 40pl  of
glycine-BSA, SPl of plasminogen activator (tissue-type
plasminogen activator) and %Pl of plasminogen. The

plasminogen is added 1last to the assay mixture already

equilibrated at 37°C. The controls for the plasminogen
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activator are an equal volume of BSA-HC1 substituted into

the assay. After 45 min step 1. is terminated by dilution

with step 2. reagents.

The colour reagent (diluent) is made by the addition of 1
part of Triton X-100, DTNB and 2-Lys-SBzl stock solutions
to 100 parts of Pi-NaCcl at 37°% just prior to use. The
addition of 950ul of this reagent to 50pl of step 1.
initiates step 2. The colour reaction is allowed to
proceed for 60min at 37°C - it is terminated by the

addition of lOOPl of the STI solution. The absorbance of
the solution is measured immediately at 412nm on a Beckman

spectrometer.

3.4.8.1. Effect of other compounds on tissue-type

plasminogen activator.

The addition of these compounds to the assay was made by

substituting 5Pl of the 40Pl BSA-Glycine in step 1.

n

- €onc . Solvent
Eicosapentaenoic acid 0.1—12.%PM 0.1M Na carbonate
Equimolar lysine
BZAR 0.001-10nM lmM Aspartic acid

3.5. Characterisation of the differences between cell
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bound and free guanidinobenzoatase.

3.5.1. Cell bound quanidinobenzoatase activity.

These experiments were carried out in collaboration with

Dr. F.S.Steven, University of Manchester.

3.5.1.1. Preparation of tumour sections.

The freshly removed MAC16 solid tumour was placed in a 4%
solution of formaldehyde in 0.9% isotonic saline to fix for
a week. It was then dehydrated through a :series of
alcohols - 70%, 90%, 190% and 100% for 2h each. The
tissﬁe was then clearéd in two changes of chloroform
overnight before being infiltrated with wax. The wax

infiltration required four 2h steps :-

1. Toluene 3 parts - wax 1 part
2. Toluene 1 part - wax 1 part
3. Toluene 1 part - wax 3 parts
4. Toluene 0 parts - wax 4 parts

The entire tumour was then embedded and block mounted in
wax using a Shandon Histoéentre. .Sections (4pm) were cut
on a Reichert - Jung Biocut 2030 microtome. The sections
were then carefully floated onto an electrothermal mounting
bath at 42°C. The warmed sections expanded to normal
proportions before being . floated onto pre-cleaned

microscope slides. The sections were manoevered into
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permanent positions, drained with blotting paper and dried
completely on a warming plate. The sections‘were then

dewaxed and rehydrated according to the following

protocol:-1. Toluene 3 min
2. Toluene 3 min

3. 50/50 Toluene, 100% alcohol 3 min

4. 100% alcohol 2 min
5. 100% alcohol 2 min
6. 70% alcohol 2 min
7. 50% alcohol 2 min
8. 30% alcohol 2 min
9. 15% alcohol | 2 min

3.5.1.2. Pretreatment and staining of dewaxed sections.

The following pretreatment, staining and photography of

fluorescence micrographs was carried out by Dr.F.S.Steven,
University of Manchester. The basic staining technique
involved the use of the fluorescent probe 9 amino-acridine
(9AA) -binding to the active site of guanidinobenzoatase by
competitive inhibition. The following protocols were used
to determine the effect of EPA and mouse serum on cell
bound guanidinobenzoatase.

l. The dry dewaxed control slides were stained in 1lmM 9AA.
for 1-2 min before being washed fo; 1 min in 0.9% NaCl.

2. EPA was dissolved in methanol and diluted with
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1.5x107 %y leucine in phosphate buffered saline to give a
concentration of BZPM. 10ul of the EPA was applied to the
section - after 30 min 20P1 of 9AA was added for a further
2 min. This procedure was followed by a 1 min wash in 0.9%
NaCl.

3.  These sections were treated with EPA as above for 30
min and were then placed in a 300ml tank of 0.lmM
9-aminoacridine for 1 h - the concentration of EPA in the
staining bath was diluted sufficiently to be considered
minimal. This procedure was followed by a 1 min wash in
0.9% NaCl.

4. SOPl of mouse serum was applied to the sections - after
1l h the sections were washed for 1 min in 0.9% NaCl and
staiﬁed with 9AA accordiﬁg to protocol 1.

The 4 treatment groups were then viewed under a fluorescent

microscope to determine the degree.of 9AA staining.

3.5.1.3. Preparation, pretreatment and staining of frozen

sections of MACl6 tumour.

The MAC16 tumour was frozen onto the cutting block of the
freezing microtome with carbon dioxide and sections were
then cut and mounted by Dr.W.Field, Aston University.
These sections were used to try and demonstrate that cell
bound guanidinobenzoatase is a distinct enzyme, dissimilar
from the serum enzyme. The test sections were placed in a

wet box for 1 h with 15p1 of 0.9% NaCl applied to the
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surface to solubilize guanidinobenzoatase inhibitors. The
sections were then washed in 3 tanks of 0.9% NaCl for 1 h
to remove cytoplasmic proteins. The control sections were
washed as above. The control and test sections were theﬁ
exposed to fibrin films to remove gquanidinobenzoatase and
guanidinobenzoatase-inhibitor complexes before being

tested with 9AA.

3.6. Characterisation of the proteolytic factor.’

The method in section 3.3. was used as the basis for
characterising the proteolytic factor. Serum from MAC16
tumour-bearing animals with progressive weight loss was
added to the assay as a source of proteolytic material and
non-tumour bearing NMRI mouse serum was used as a control.
2SQul of serum was added to each assay to give a final
concentration of 7% serum per assay. The serum that was
added to the assay constituted the volume of serum per
mouse that would circulate around the musculature every
few seconds. Serum from animals with 11-15% weight loss
was used subsequently as the source of the proteolytic

factor. For further discussion see appendix.

3.6.1. Effect of various treatments on tyrosine release

from isolated gastrocnemius muscle. -

The following were tested in vitro :
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Non tumour-bearing mouse serum

MAC13 mouse serum

Cachectic MAC16 mouse serum

Heated 60°C/5min cachectic MAC1l6 mouse serum

Partially pure lipolytic factor isolated from MAC16 tumour
Cachectic MAC16 mouse serum + ZOQPM indomethacin

Cachectic MAC16 mouse serum + 1lmM PMSF

Cachectic MAC16 mouse serum + 1.77mM BW4AC

Cachectic MACl6 mouse serum + SOQPM EPA

3.6.2. In vitro determination of the role of prostaglandin

EZ in isolated gastrocnemius muscle proteolysis.

3.6.2.1. Preparation of samples.

The gastrocnemius muscles were removed, weighed, and sliced
on filter paper moistened with 0.85% sodium chloride. The
slices were incubated in 2ml Krebs-Ringer bicarbonate
buffer supplemented with 1mg/ml glucose and BSA in a
shaking water bath at 37°¢. The initial incubation was for
20 min in a gas phase of 5% CO,, 95% N, and then for a
further 15 min in a gas phase of 5% CO,: 935% O,. At the
end of the incubation period 1ml of the surrounding buffer
was removed and adjusted to pH3 with 2M HCl. This was then
extracted twice with 3ml of ethyl acetate saturated with

water and evaporated to dryness under a stream of N,. The
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residue was then dissolved in Iml of 0.025M phosphate
buffer, pH6.8, containing 0.01M EDTA, 0.9% NaCl, 0.3%

bovine gamma-globulin, 0.005% triton X-100 and 0.05% sodium

azide.
3.6.2.2. Determination of prostaglandin E, levels by
radioimmunoassay.

A stock solution of lug/ml PGE2 was prepared in absolute
ethanol. This was diluted in 0.01M sodium phosphate buffer
(pH7.4) containing 0.15M NaCl, 0.1% BSA and 0.1% sodium
azide to give standard concentrations of 0 - 1000pg/0.1ml.
A lml_aliquot of sample or standard was added to 0.5ml of
reconstituted rabbit aﬁéi—prostaglandin E, antiserum in
polypropylene test tubes. The samples were mixed well and
o

incubated at 4°C for 30 min.

[5,6,8,11,12,14,15-2H(N)]-PGE., (0.1ml) was added to the

2
samples to give a concentration of 4.26nCi per assay. The
samples were mixed well and incubated for 60min at 4°c. a
dextran coated charcoal suspension was prepared- in sodium
phosphate buffer 0.01M, pH7.4 (as above) containing 1.0%
activated, untreated charcoal powder (250-350 mesh) and
0.1% dextran (approximate molecular weight 70000). It was
important to ensure that the dextran was in solution before
the addition of the charcoal and that the dextran coated
charcoal suspension was stirred in ice for at least 30 min
before and during use. The dextran coated charcoal

suspension (0.2ml) was added to the samples

-98-

§ meemsEs cumavercoamy g



which were mixed thoroughly and incubated for a further 10
min on ice. The samples were then centrifuged in a Heraeus
minifuge T at 2000g for 15min at 4°C. The clear
supernatants were removed, added to 10ml of a Xylene based
scintillant Optiphase Hi-safe 3, mixed on a whirlimixer and
the amount of radioactivity present was determined on a

Packard Tri-Carb 2000A liquid scintillation analyser.

3.6.2.3. Effect of serum from non tumour-bearing and MAC16

tumour-bearing animals on isolated gastrocnemius muscle

PGE2 content.

Isolated gastrocnemius muscles were incubated as in section
3.3. 7% serum from non.éumour-bearing and cachectic MAC16
tumour-bearing animals containing 147i8pg/ml and 1llt7pg/ml
PGE2 respectively was added to the 4ml assay volume for the
final 2h incubation. The muscles were removed from the
incubation supports and were analysed for PGE2 content

according to section 3.6.2.

3.6.2.4. Effect of indomethacin on the PGE, content of and

tyrosine release from isolated gastrocnemius muscle.

Indomethacin (50 - 200pM) and 7% serum from animals with
11-15% weight loss was added to the isolated gastrocnemius

muscle preparation for the final 2h incubation (section
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3.3.). The muscle PGE2 content was measured using the
radioimmunoassay (section 3.6.2) and the levels of tyrosine

release were measured concomitantly (section 3.3.).

3.6.2.5._ Effect of prostagqlandin precursors on tyrosine

release from isolated gastrocnemius muscle.

Arachidonic acid and linoleic acid (0.01—100»M) and the
triglycerides triarachidonin and trilinolein (5—59PM) were
added to control serum in an attempt to mimic the effect of

cachectic serum. Tyrosine release was measured..

3.6.2.6. Effect of in vitro and in vivo EPA treatment on

the PGE2 content of and tyrosine release from isolated

gastrocnemius muscle.

EPA (100—500PM) and 7% serum from animals with 11-15%
weight loss was added to isolated gastrocnemius muscle
preparations from non tumour-bearing animals for the final
2h incubation (section 3.3.). Muscle PGE, content and
tyrosine release were ~“measured concomitantly (section

3.6.2., 3.3.). The effect of DHA (100-500PM) was compared

to the effect of EPA.
Gastrocnemius muscles were isolated from MAC16

tumour-bearing animals that had been treated with EPA

(section 3.3.4.). These were compared with muscles from
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untreated non tumour-bearing animals. Serum from non
tumour-bearing animals and MAC16 tumour-bearing animals
with 11-15% weight loss was added to the assay and muscle

PGE2 content and tyrosine release were measured.

3.6.2.7. Effect of serum from cachectic MAC16

tumour-bearing animals on protein synthesis.

Serum from animals with 11-15% weight loss was added to
isolated gastrocnemius muscle preparations and the rate of
protein synthesis was determined according to the protocol
in section 3.2.

3.7. Branched-chain aminé acid treatment.

Ten to twelve week old female NMRI mice weighing between 20
- 229 were transplanted with the MAC16 colon
adenocarcinoma. The mice were fed a rat and mouse breeding
diet and water ad libitum. Treatment was initiated 14 days
after implantation when the tumour was palpable and
cachexia became apparent (weight loss 6-8%). During
treatment the branched-chain amino acids leucine 23.24mM,
isoleucine 14.53mM, and valine 22.76mM were administered in
the drinking water. The food and treated water were
available ad libitum throughout the 5 day course. Four
groups of mice were used :-

1. Non-treated cachectic MACI16.
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2. Treated cachectic MAC16.

3. Non-treated NMRI.

4. Treated NMRI.
Throughout the treatment phase tumour volume, weight loss
and food and water intake were measured. Affer 5 days
blood was removed by cardiac puncture and the levels of
plasma glucose, albumin, lactate énd pyruvate were
determined. The carcass and tumour were weighed prior to

body composition analysis.

3.7.1. Determination of blood glucose levels.

Glucose levels were determined on whole heparinised blood
usiné a Sigma diagnostic“kit (no. 635). This utilises the
methods of Hyvarinen and Nikkila (i962), and Feteris (1965)
which involves the colourimetric measurement of a
proportional blue-green complex formed between glucose and
o-toluidine. Blood (100P1) was deproteinised with 0.9ml of
3% trichloroacetic acid and centrifuged at 3000g for 10
min and 0.3 ml of the supernatant was added to 3 ml of the
o-toluidine reagent. Thé samples were boiled for 15 min,

cooled and read on a Beckman DU70 spectrophotometer at

635nm.

3.7.2. Analysis of plasma albumin levels.

Albumin levels were determined on plasma using a Sigma
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diagnostic kit (no. 631). This utilises a modification of
the method of Doumas (1971) - albumin binds to bromcresol
green (BCG) to produce a blue-green colour with an

absorbance maximum at 628 nm. TheAintensity of the colour

produced is directly proportional to the albumin

concentration in the sample.

3.7.3. Analysis of blood lactate levels.

The levels of blood lactate were measured using the method

of Hohorst (1957). Lactate is oxidised to pyruvate by NAD

in the enzymatic reaction catalysed by lactate
dehyq;ogenase. B LDH
L-(+)-Lactate + NAD+ L > pyruvate + NADH + H+

The formation of NADH is measured by the increase in
extinction at 340 nm. The assay cuvettes contained 0.43 M
glycine/ 0.34 M hydrazine buffer (pH 9.0), 2.75 mM NAD and
200Pl of deproteinised sample in a total volume of 2.9 ml.
The reaction was initiated by tﬁe addition of 2Qpl of
lactate dehydrogenase (19 U/ml) and the increase in

absorbance was measured “for 60 min at a temperature of

25°¢.

3.7.4. Determination of blood pyruvate levels.

The levels of pyruvate in the blood were determined using

the reverse of the reaction shown in section 3.7.4.
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(Hohorst, 1957). In this case the oxidation of NADH is
proportional to the substrate converted and is measured
spectrophotometrically at 340 nm. The assay cuvettes
contained 300mM triethanolamine/3mM EDTA buffer (pH 7.6),
0.1lmM NADH and SOOPl of deproteinised sample in a total
volume of 2 ml. The reaction was initiated by the addition
of 2OP1 of lactate dehydrogenase (3 U/ml). The decrease in
absorbance was measured for 20 min at a temperature of

25°¢C.
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CHAPTER 4: RESULTS AND DISCUSSION.
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4.0. Characterisation of the rates of protein synthesis

and degradation in the female MaC16 tumour bearing mouse -

the relationship to body composition and nitrogen content

and the anticachectic effect gi eicosapentaenoic acid.

4.0.1. Introduction.

Weight loss often preceeds clinical diagnosis in the cancer
patient and this weight 1loss is of considerable prognostié
value - the greater the weight 1loss, the poorer the
prognosis and the lower the response rate to chemotherapy.
(Shamberger et al, 1984). However, it is visceral protein
and lean body mass depletion (as assessed by serum albumin
concéntration and creatihine : height index) that have in
particular the worse prognostic impact thén adipose

depletion (Nixon et al, 1980).

The host finds itself at a distinct disadvantage sharing
its resources with a tumour that is metabolically more
versatile and aggressive. The energy requirement of the
tumour ‘is drained from the host as a consequence of
metabolic necessity in a number of ways. The tumour acts
as a nitrogen trap actively sequestering amino acids from
the host plasma pool - this contributes towards a negativé
nitrogen balance in the host and a reciprocal nitrogen
increase in the tumour. In addition the tumour has a vast

requirement for host glucose - the glucose is metabolised
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to lactate via the energetically inefficient Cori
cycle, the lactate together with glycerol and alanine are
reconverted to glucose via hepatic gluconeogenesis in an
attempt to maintain host glucose homeostasis. The futile
recycling of metabolic products results in net energy
expenditure and this together with circulating catabolic
factors produced by the tumour and tumour induced
alterations in host metabolism result in the metabolic
chaos associated with cancer cachexia. This is discussed
in detail in section 1.0. Thus protein catabolism ensues.
There is much controversy as to the relative merits of the
roles played by protein syntheis and degradation in protein
catabolism. Is the negative nitrogen balance often
assoéiated with the cancér patient due to depressed protein
synthesis, increased degradation or a combination of the
two ? Emery et al (1984) demonstrated in mice bearing the
XK1 tumour that protein synthesis was depressed by 70% in
muscle and 40% in liver and this reduction in the rate of
protein synthesis could not be explained by a depression in
food intake alone. Similarly Rennie et al (1983) support
the wview that muscle mass 1is regqulated primarily by
alterations in the protein synthetic rate and that changes
in muscle degradation are largely secondary and adaptive.
Conversely Tessitore et al (1987) attributed the marked
weight loss seen in animals bearing a fast growing ascites
hepatoma (Yoshida AH-130) to an elevation in the rate of

muscle protein degradation with no apparent changes in
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protein synthesis as measured by [14C] bicarbonate

labelling.

Kien and Camitta (1983) used a [ISN] glycine turnover
technique to assess the rates of whole body protein
turnover in sick children with newly diagnosed leukaemia or
lymphoma. They found a significant increase in the
childrens whole body protein turnover. . Similarly
Jeevanandam et al (1984) demonstrated that tﬁe rate of
whole body protein turnover in cancer patients was about
30% higher than in non-cancer patients and starved normal
subjects . Increased muscle proteolysis in weight losing
cancer patients is also suggested by an increased venous

excess of alanine from forearm muscles (Levin et al, 1983).

However, the mechanisms controlling protein synthesis and
degradation are still largely unknown. The aim of this
section was to establish the effect of progressive cachexia
on skeletal muscle protein synthesis and degradation in a
murine model of cancer cachexia (MAC1l6 adenocarcinoma). An
attempt- was made to correlate the changes in muscle
turnover to alterations in host body compartments and
nitrogen levels in the whole body, tumour, :liver and
gastrocnemius muscle. In addition the polyunsaturated
fatty acid eicosapentaenoic acid (EPA) has been shown to
effectively reverse the cachexia associated with the MAC16

tumour-bearing animal - consequently the possibility that
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the anticachectic effect was mediated through a modulation

of protein turnover was explored.

4.0.2. Results.

The main feature associated with the progressive cachexia
seen in the MAC16 tumour-bearing animal is a significant
decrease in carcass fat content - the body compartments
represented as water and non-fat mass change
correspondingly in proportion to total body weight (Fig.8).
There is no significant reduction in the non-fat mass body
component - this gives an estimation of total body protein.
A microkjeldahl method was used to measure more accurately
mousé carcass, tumour,r4liver and gastrocnemius nitrogen
content. There is a significant decrease in whole body
nitrogen content (Fig.9) between 16-30% weight loss
expressed per g dry body weight. The nitrogen content of
the tumour (Fig.10) increases dramatically at 6-10% weight
loss and this increase is enhanced in proportion to tumour
growth throughout the progression of cachexia - this
contrasts with changes inm mouse carcass nitrogen. There is
a significant nitrogen loss seen 1in the gastrocnemius
muscle (Fig.11l) between 11-30% weight loss and this
parallels the decrease in muscle wet weight (Table 1).
There is also a significant decrease in the nitrogen

content of the liver above 11% weight loss (Fig.12).
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Table 1.
¥ Weight loss. Gastrocnemius weight (mg) P value v O.
X<SEM.
0 139.0 ¥ 2.4 -
1-5 131.7 X 2.8 -
6-10 128.8 % 3.3 -
11-15 126.0 ¥ 4.5 -
16-20 116.7 T 6.8 P<0.05
21-25 106.9 © 2.1 P<0.01
26-30 106.1 f 2.9 P<0.01

Both synthesis and degradation of proteins were measured in
isoléted gastrocnemius mﬁscle using L-[4—3H] phenylalanine
to label proteins. The results presented in fig.13 show
that protein synthesis is significantly depressed in
animals with a weight loss of between 16-20% and'remains at
a low level up to a weight 1loss of 30%. This 1is
accompanied by an increased protein degradation, which
increases with weight loss between 15-30% up to a maximum
240% increase at 30% weight loss. The non tumour-bearing
animal exhibits the feature of growth in a young animal
i.e. enhanced protein synthesis versus degradation. The
oral administration of EPA 2.0gkg_1/day to cachectic MAC16
tumour-bearing animals caused a 60% diminution in protein
degradation when compared to a group of untreated cachectic

mice and a 16% increase in protein synthesis which was not
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Non-fat mass (g)

B Fat(g)
B Water (g)
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The effect of progressive cachexia on female mouse
Each bar represents the mean of 4 mice.

body composition.
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Fiqure 13.

The effect of progressive cachexia on gastrochemius
muscle protein synthesis and degradation.

0.8

0.7

0.6 4
] B Synthesis

Degradation

Phenylalanine nmol/mg/2h.

:::::

0 5-10 11-15 16-20 21-25 26-30

% Weight loss

Each bar represents the mean + SEM of 6 animals per group. Differences
were determined by one-way ANOVAR as **=P<0.01 compared with non
tumour-bearing animals (group 0). Protein degradation in animals with
26-30% weight loss is significantly different (P<0.05) from animals

with 16-20% weight loss.
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Fiqure 14.

Phenylalanine nmol/mg/2h.

The ef_fect of treatment of animals with EPA on
gastrocnemius muscle protein synthesis and degradation.

0.7 4 T
. Synthesis
0.6+ Degradation

s

—

Muscle from non Muscle from MAC16 Muscle from EPA

tumour-bearing tumour-bearing treated animal.
animal. animal.

Each bar represents the mean + SEM for 6 animals per group.
Differences were determined by Students T-test as **=P<0.01,
***-P<0.001 from non tumour-bearing animals and
*~P<0.05 from MAC16 tumour-bearing animals.
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% of original body weight

Fiqure 15.
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The acute effect of various doses of EPA on weight
loss produced by the MAC16 adenocarcinoma.

0

50mg EPAS80

100mg EPAS50

Control

Days of dosing

Results are expressed as the mean %

-118-~

4 5 += one death

SEM for 6 animals per group.



% Increase in tumour volume.

Figqure 16.

The acute effect of various doses of EPA on the growth
of the MAC16 adenocarcinoma.

260 5

240 4 Control

220 - L 100mg EPA50

200

180 +

160

140 -

e’

120

50mg EPA80
100 -

80 ¥

T 1 += one death

60 ¥ v T

Days of dosing

Results are expressed as the mean + SEM for 6 animals per group.
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significant (Fig.14). This resulted in an approximate
doubling of the animals 1life span through maintenance of

body weight and a significant inhibition of tumour growth

(fig. 15, 16).

4.0.3. Discussion.

From these results it was concluded that the MAC16 tumour
partially mediates its influence on host metabolism by
inhibiting protein synthesis and stimulating protein
degradation. The loss of muscle mass that would be
indicated by the massive increase in protein degradation is
seen to some extent as the decrease in gastrocnemius muscle
nitrbgen content. Howe&ér, this muscle accounts for only a
very small percentage of the total skeletal muscle and it
may be that the gastrocnemius muscle does not give a true
representation of all skeletal muscle. Skeletal muscle is
composed of a mixture of red and white fibres. Red or
tonic fibres are rich in myoglobin, are specialised for
oxidative phosphorylation, give a slow twitch response to
stimalation, are more resistant to fatique and are more
efficient for generating sustained force. White or phasic
fibres are specialised for anaerobic glycolysis, give a
fast twitch response, fatigue more easily and are more
efficient for quick intermittent movements (Alberts et al,
1983). Gastrocnemius muscle is composed mainly of white

phasic fibres and clark and Goodlad (1970) have
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demonstrated an inherent suseptibility of these fibres and
in particular the proteins of the contractile system to be
influenced by the cachectic effect of the tumour.
Consequently the whole body rate of protein degradation may
be considerably modulated by the influence of the more
resistant tonic fibres. Total body nitrogen begins to
significantly diminish at 16-20% weight 1loss, reaches a
minimum at 21-25% weight loss and then further nitrogen
loss is prevented. The period of maximal nitrogen loss may
be due to the increase in nitrogen excretion documented by
Beck et al (1988) who demonstrated that male mice bearing
the MAC16 tumour excreted nitrogen until they lost
approximately 12-16% body weight and then la protein
consérvatory mechanism d;me into play and nitrogen balance
was resumed. The loss of 1liver nitrogen seen in the MAC16
tumour-bearing animal throughout progressive cachexia can
also be recognised in rats bearing the fast-growing ascites
hepatoma (Yoshida AH-130)(Tessitore et al, 1987). However,
in the case of the MACl6 tumour-bearing animal, the livers
transient hyperplastic response is not discerible but the
peried of waste and - regression attributable to an

accelerated rate of protein degradation is a prominent

feature.

Maintenance of host body weight in animals bearing the

MAC16 tumour and treated with EPA 1is associated with

decreased skeletal muscle protein degradation apd a small
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but insignificant increase in protein synthesis. The
inhibitory effect of EPA on muscle protein degrédation may
result from its ability to inhibit prostaglandin E,
synthesis - this is discussed further in section 4.6.
However, a previous study by Palmer and Wahle (1987) has
shown EPA to have no effect on protein synthesis or
degradation in rabbit forelimb extensor muscles in vitro.

The reason for this difference between the two studies is

not known.

In conclusion it would appear that the MACL6 tumouf
increasingly gains nitrogen throughout the progression of
cachexia at the expense of the hosts tissues - for example
gastrocnemius and liver nitrogen - this is emphasized by
the overall loss of carcass nitrogen. However, the gain of
nitrogen by the tumour is insufficient to account entirely
for the loss of carcass nitrogen - this suggests that the
deficit is excreted. The pattern of nitrogen excretion in
the female 'MACL6 tumour-bearing mouse throughout the
progression of cachexia has yet to be fully elucidated.
The loss of carcass nitrogen may be mediated by tumoural
intervention increasing protein degradation and inhibiting

protein synthesis. For further discussion see appendix.

4.1. Identification of the potential circulating-mediator

of muscle proteolysis associated with MAC16 colon

adenocarcinoma induced cachexia.
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4.1.1. Introduction.

Several factors have been postulated to account for an
increased lipid mobilisation in the tumour-bearing state.
These can be divided into direct lipid mobilising factors
such as toxohormone L (Masuno et al, 1981), a serum factor
produced by a thymic lymphoma in AKR mice (Kitada et al,
1982) and a serum factor produced by a cachexia inducing
murine colonic tumour (MAC16)(Beck and Tisdale, 1987), and
indirect factors such as tumour necrosis factor (TNF),
which is thought to stimulate breakdown of adipose tissue
as a_ result of the inhibition of the enzyme lipoprotein
lipaée, thus blockiﬂg synthesis of triglycerides
(01iff,1988). Similarly potential agents have been
proposed to account for the lean body tissue depletion seen
in cachexia. However, these factors are far less well
characterised. A possible mechanism of direct action would
be the systemic release by the tumour of enzymes capable of
either direct extensive proteolysis or the initiation of a
cascade of events leading to proteolysis, but with the
abililty to escape or mute acute phase surveillance. The
appearance of a tumour related enzyme in the serum could be
the result of at least three processes: 1. Production by
the tumour only of specific enzymes which are then released
into the body fluids. 2. "Leakage" of enzymes from

injured non-neoplastic cells. 3. "Induction" of host
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enzymes.  Ottoson and Sylven (1960) reported changes in
peptidases and proteolytic activity in the plasma of mice
bearing ascites tumours - suggesting the presence of
circulatory proteolytic factors. Similarly Beck and
Tisdale (1987) have identified elevated levels of a serine
protease in animals bearing the MAC16 tumour that may be
responsible for enhanced muscle proteolysis. There are
also a group of "factors" that mediate their effect by a
more indirect mechanism - for example by enzyme induction.
Enzyme activities in muscle tissue of tumour-bearing
animals and humans show a depression of anaboiic enzymes
and an increased activity of catabolic enzymes such as the
lysosomal enzyme cathepgin D. This increased activity of
cathépsin D was demonsffated by Lundholm et al (1978) and
correlated significantly with the fractional degradation
rate of muscle proteins. The correlation between this
enzyme activity and cancer was supported by the results of
repeated measurements during the progression of the disease
and after curative surgical procedures, after which the

enzyme activity was normalised (Wesdorp, 1986).

The aim of this section was to establish whether the MAC16

adenocarcinoma produced a circulatory factor responsible

for the increased muscle proteolysis associated with

cachexia.

4.1.2. Results.
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The results presented in fig.17 show the increasing levels

of tyrosine release elicited from isolated gastrocnemius

muscle preparations under the influence of serum from MAC16
tumour-bearing animals with progressive weight loss. The
level of protein degradation increases up to a maximum at
11-15% weight loss and then decreases to a level comparable

to that found in non tumour-bearing animals.

4.1.3. Discussion.

Beck and Tisdale (1987) have previously associated the
increased loss of skeletal muscle in animals bearing the
MAC16 tumour with increased plasma levels of a
proteolysis-inducing factor - Belizario et al (1991) has
also detected similar material in the plasma of cancer
patients with in excess of 10% weight loss. The level of
protolysis-inducing factor in cachectic MAC16
tumour-bearing animals increases progressivelylup to 20%
weight loss and thereafter decreases. This suggests that
the proteolytic factor may be responsible for the
initiation of protein degradation, perhaps through a
cascade of events that once started does not require
further stimuli to proceed - thus at high weight losses the
factor may not be required. The nature of the factor that

increased protein degradation was further investigated in

section 4.2 4.3. and 4.6. For further discussion see
. L4 L4 .

appendix.
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£.2. Ildentification of the relationship between muscle

degradation in cancer cachexia and serum and tumour

proteolytic enzymes.

4.2.1. General Introduction.

The muscle wasting associated with cancer cachexia can be
extremely devastating - a patient can lose 30% of the
muscle mass in three weeks and this will lead to rapid
death through a depletion of cardiac and respiratory
muscles (Shamberger, 1984, Lindsey, 1986). Theologides in
1976 proposed that the derangement of host metabolism was
a direct consequence of the production of peptides,
oligonucleotides or other metabolites by the tumour. This 1
proposal was further substantiated by Norton et al in 1985 %
who demonstrated the parabiotic transmittal of humoural 4
anorectic/cachectic factors in a rat tumour model, in which d
there was no evidence of metastases or endocrine function.

Beck and Tisdale in 1987 demonstrated the existence of

distinguishable lipolytic and proteolytic factors

elaborated by the MAC16 -adenocarcinoma.

In normal tissue proteolytic enzymes and their inhibitors
play a crucial réle in controlling a number of diverse
physiological processes for example blood clotting, clot
lysis, tissue remodelling, hormone processing, ovulation,

embryo implantation and in the induction of selective DNA
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amplification (Roblin, 1978, Hart and Rehemtulla, 1988,

Stubblefield and Brown, 1976). Malignant tissue was first

shown to possess abnormal proteolytic activity by Fischer
in 1925. He demonstrated the ability of malignant cells to
lyse plasma clots while normal tissue did not. The
malignant state of a tumour is defined as the ability of
the tumour cells to detach from the primary growth, invade
surrounding tissues, and to spread to distant sites giving
rise to secondary foci of growth (metastases). This can
lead to massive tissue destruction and death (Recklieé et
al, 1980). Proteolytic enzymes have been implicated in the
key roles of metastasis, in angiogenesis and also in the
loss_of growth control of tumour cells (Quigley, 1979).

The Vability of some réumours and tumour cell-lines to
actively secrete collagenolytic enzymes has been shown
(Dresden et al, 1972, Dabbous et al, 1977, Kuettner et al,
1977). There has also been much interest in the induction
and secretion of cathepsin D from oestrogen receptor
positive cell lines and tumours. This protease can degrade
extracellular matrices and proteoglycans, promote growth in
vitre and high levels may be correlated with poor prognosis
in breast cancer (Thorpe et al, 1989, Scambia et al, 1991).

The plasminogen activators have been implicated in many

aspects of cancer - Wang et al (1980), and Reich et al
(1988) have shown that plasminogen activator activity
correlates with metastatic potential. Unkeless et al

(1974) have demonstrated that the fibrinolytic system is
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consistently associated with oncogenic transformation in

cell cultures. The increase in plasminogen activation

associated with this transformation determines part of the
phenotypic properties of the transformed cells including
colony formation in a semi-solid media and the

characteristic changes in cell morphology and migration.

It has been shown (Schelp and Pongpaew, 1988) that
populations with a diet 1low in calories, fat and animal
protein, but high in vegetables and fibre, have a low
incidence of cancer of the colon, rectum, breast and
prostate. It is proposed that such a diet protects'against
cancer by stimulating an increase in endogenous proteinase
inhibitors. Alternativély Troll et al (1987) and Yavelow
et al (1983) suggest that similar epidemiological studies
are attributable to the ingestion of chemopfeventative
agents occuring naturally in vegetables. Protease
inhibitors occur in plants as a defense mechanism against
marauding insects - they act by inhibiting the insects
digestive enzymes, thus preventing damage to the stem and
leaves. It is thought™ that the production of protease
inhibitors by the host may help to counteract the

overproduction of amino acids elicited from the host by the

tumour. (The role of acute phase proteins is discussed in
section 4.6.). Protease inhibitors can interfere with
cancer development in a number of ways - they can inhibit

carcinogen-induced chromosomal aberations (Kinsella and
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Radman, 1980), inhibit transformation of fibroblasts after
transfection with an activated H-ras oncogene (Garte et al,
1987) and inhibit Ehrlich ascites tumour growth (Verloes et
al, 1978). In addition some of the metastatic processes
can be inhibited - for example rabbit antibodies against
human urinary urokinase inhibited the metastasis of human
carcinoma HEp3 cells across the chorioallantoic membrane to
the chick embryo (Ossowski and Reich, 1983). Cartilage and
aorta derived proteins of low molecular weight - have been
shown to inhibit collagenase, cathepsin B, papain and
trypsin thereby inhibiting metastasis and
neovascularisation (Brem et al, 1976, Rifkin and Crowe,
1977, Roughley et al, 1978) and the peritumoural
administration of cysteine, an inhibitor of collagenase,
caused an increase in the survival time of mice bearing a

malignant thymoma (Campbell et al, 1974).

Guanidinobenzoatase was first described by Steven et al

(1981) as a cell surface protease with the ability to

cleave o.~N-benzoyl D-L-arginine- f-naphthylamide
N-carbobenzoxy-L-tyrosine nitrophenyl ester,
N-benzoyl-arginine ethyl ester and casein. The

trypsin-like, arginyl specific enzyme guanidinobenzoatase
was so called because of its ability to cleave the
guanidinobenzoates, p—nitrophenyl—p—guanidinobenzoate. and

4-methylumbelliferyl-p-guanidinobenzoate at the common

moiety i.e. gquanidinobenzoate to yield the fluorescent
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products p-nitrophenol and 4-methyl umbelliferone

respectively (Steven and Al-Ahmad, 1983). These substances

were designed specifically as active-site titrants to

quantify and inhibit trypsin, but they are in fact suicide

substrates for enzymes such as trypsin, thrombin and

plasmin (Steven et al, 1988a).

Guanidinobenzoatase has been shown to play a role in the
activation of the zymogen of collagenase and is capable of
degrading fibronectin - a major glycoprotein component of
the extracellular matrix. Purified guanidinobenzoatase
cleaves the peptide GLY-ARG-GLY-ASP which is known to be
concerned with the attachment of cells to fibronectin -
conséquently guanidinobénzoatase has been implicated in
metastasis (Steven et al, 1988b). Guanidinobenzoatase was
originally thought to be specifically confined to tumour
cells, but as more studies were carried out with the
fluorescent probes 9-aminoacridine and
No~dansyl-homoarginine it was found that it had a more
generalised distribution, i.e. in infiltrating lymphocytes,
squamous epithelial cells, hair follicles, cells of newly
proliferating blood vessels, fetal cells, cartilage, normal
mouse serum, spermatozoa and seminal plasma (Steven et al,
1985, 198s6). The fluorescent probes showed‘ a marked

staining differential in tissues, the leading edges of

highly invasive tumours e.g. metastatic melanomas stained

very intensely whereas benign naevus cells stained only

-131-



weakly (Steven et al, 1987). The fluorescent probes bound

to guanidinobenzoatase by competitive inhibition and the
differences in staining have been demonstrated to be caused

by the presence or absence of an inhibitor. It is thought

that the control of cell surface guanidinobenzoatase by

inhibitors may be one of the regulatory mechanisms by which
benign cells are prevented from developing into malignant
cells or developing metastatic capabilities. A number of
inhibitors of guanidinobenzoatase have been identified -
for example low molecular weight inhibitors of trypsin,
fresh extract of colon or lung tissue, concentrated human
urine, the fluorescent probes 9-aminoacridine and
No-dansyl-homoarginine and : BZAR
[bis;(N-benzyloxycarbonyi-L—arginamido)-rhodamine]. The in
vitro inhibitors of guanidinobenzoatase can be modified by
oxidation by air or by oxidised glutathione or potassium
permanganate resulting in a conformational change, which
enables the fluorescent probe to be bound, i.e. converting
the enzyme from a latent to an active form (Steven and
Griffin, 1988c, Steven et al, 1988d). The important
implications of this -are that if the extracellula;
oxidising potential is  increased the tumour cells
metastatic potential may also increase. This may relate to

the fact that metastasis 1is usually associated with well

vascularised tumours. The competitive inhibition of

guanidinobenzoatase by the fluorescent probes and

inhibitors could perhaps be exploited to target cytotoxic
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drugs to the tumour. Steven et al in 1989 demonstrated

in vitro the delivery of an adriamycin-agmatine complex to

the active centre of guanidinobenzoatase associated with

invasive tumour cells located in the lymph nodes and in

squamous cell carcinoma of the oral cavity.

Steven and Hill in 1988e showed that exposure to the
fibrous mineral erionite, a carcinogen known to cause
mesothelioma, induced the expression of guanidinobenzoatase
in mesothelial cells of rats initially lacking the enzyme.
Within hours the number of cells possessing the enzyme
steadily increased until the animals died with massive
pleural tumours. It has also been shown that the
tranéplantation of human colonic tumour cells, with no
guanidinobenzoatase activity, into nude mice caused an

induction of guanidinobenzoatase in the tumour (Steven et

al, 1990).
There is  speculation that guanidinobenzoatase is
tissue-type plasminogen activator (tPA).

Guanidinobenzoatase and tPA share a number of homologies -
tPA together with its inhibitors play a central role in
many biological processes - particularly in extracellular
proteolysis (Roblin, 1978). TPA is an arginine specific
protease that converts the serum pro-enzyme plasminogen

into the broad specificity protease plasmin (Quigley et al,

1974).
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Fibrinolysis

Activates procollagenase - connective tissue

PLASMIN degradation.

Initiates platelet aggregation - facilitates
tumour arrest in capillaries.
Cleaves fibronectin - facilitates

intravasation and extravasation.

Plasmin can hydrolyse a variety of proteins from fibrin and
fibronectin, to immunoglobulin and complement components.
Once generated plasmin activity is eventually inhibited by
serum plasmin inhibitors such as o,y antitrypsin, a,
macrbglobulin, Cl—inacfivator, antithrombin 3 and o,
antiplasmin. Thus the fibrinolytic capacity of serum is
determined by the balance between profibrinolytic and
antifibrinolytic activity. Two major forms of plasminogen
activator exist - urokinase-like (u-PAR) and tPA. They are
the products of different genes and differ biochemically
and immunochemically. The function of u-PA is more related
to cellular function and-tissue remodelling, whereas tPA is
a major regulator of fibrinolysis. u-PA is found in large
quantities in the urine whilst tPA has a wider distribution

- it is found in primary cultures of spontaneous, virally

and chemically induced animal neoplasms and in several

human tumour cell lines (Nagy et al, 1977). It is also

found in or released from the kidney, granulocytes,
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activated macrophages, sperm, seminal plasma, endometrial

fluid and 1in numerous cell lines of non-malignant origin

(Hart and Rehemtulla, 1988, Rondeau et al, 1986). In

addition to fibrinolysis and cellular migration tPA and

u-PA also participate in hormone processing, ovulation and

embryo implantation.

A number of studies have recently shown that cell surface
guanidinobenzoatase is very similar to single chain
tissue-type plasminogen activator in two major ways -
polyclonal antibodies recognising tPA inhibit 9-amino
acridine binding to guanidinobenzoatase and specific
protein inhibitors of tPA similarly block binding (Steven
et ai, 1990, 1991). Hdwever, Perry and Scott (1990) have
demonstrated that the immunochemical inhibition  of
plasminogen activator did not affect the hydrolysis of

p-nitrophenyl guanidinobenzoate by guanidinobenzoatase.

Steven and Al-Ahmad (1983) originally referred to the
tumour cell surface enzyme as guanidinobenzoatase.
However, a soluble form &f the enzyme was also found in the
ascitic fluid of Ehrlich ascites tumours grown in mice.
Subsequently an enzyme was identified in normal mouse serum

that behaved similarly to the guanidinobenzoatase in

ascitic fluid in its ability to cleave

4~methylumbelliferyl—p—guanidinobenzoate and

4-nitrophenyl—p-guanidinobenzoate. The mouse serum enzyme
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shows some similarity to ga proteolytic factor associated

with a cachexia-inducing murine tumour (MAC16) (Beck and

Tisdale, 1987) in being a serine protease present in serum

and not being inhibited by the trypsin inhibitor.

The aim of this section is to attempt to determine the

role, if any, of gquanidinobenzoatase in the cachexia of
cancer, by determining the relationship of this enzyme to
the development of the condition in the MAC16 murine model;
The polyunsaturated fatty acid (PUFA) eicosapentaenoic
acid, which has a pronounced anticachectic/antitumour

effect in animals bearing the MAC16 tumour (Tisdale and
Beck, 1991) and has also been shown to reduce the invasive
and metastatic activitiéé of malignant tumour cglls (Reich
et al, 1989) has been assessed and compared with
bis(carbobenzyloxy carbonyl-L-arginamido)-rhodamine (BZAR),
a known inhibitor of the enzyme (Steven et al, 1988a) and
other PUFAs, on their effect on the activity of

guanidinobenzoatase.

4.3. - Identification -of the relationship between

gquanidinobenzoatase and cancer cachexia.

4.3.1. Results.

4-methyl-—-umbelliferyl—P-guanidinObenzoate was cleaved by

serum from non tumour-bearing NMRI mice to yield the
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p mol/methylumbelliferone.

pmol/methylumbelliferone.

Fiqure 18A.
Extent of release of methylumbelliferone (MU) from

4-methylumbelIiferyl-p-guanidinobenzoate (MUGB)
by serum from non tumour-bearing, NMRI animals.
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Fiqure 18B.

Extent of release of MU from MUGB by serum from
MAC16 tumour-bearing animals without weight loss.
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fluorescent product 4-methylumbelliferone (Fig. 18A). The

intensity of the fluorescence increased with progressive

incubation time with a linear time course over the first

3-4 min and was proportional to the volume of serum in the

assay over the range of 0 to SPl (Fig. 19). The serum and

tumour enzyme level was similar in non-cachectic and
cachectic MACl6 and MAC13 tumour bearing animals (Fig.
18B, 20A and 20B), (Fig. 21A, 21B and 23A) - however the
tumour enzyme level was about 100-fold 1less than the
comparable serum level. The serum and tumour enzyme levels
were not affected by progressive weight loss (Fig. 2243,
22B). Human serum also contained guanidinobenzoatase,
though at a level about 50-fold lower than in mouse serum.
Again there was no difference between non-cachectic (3
patients with breast cancer, high grade lymphoma and
Hodgkins disease) and cachectic (3 patients with breast
cancer, non-Hodgkins lymphoma and malignant teratoma,
weight loss 14, 7 and 5kg respectively) patients or between
cancer patients and control subjects. (cachectic 15.6 ¥
4.3; nom—cachectic 15.6 I 3.2; conmtrol 20.3 I 3.3 pmol
methylumbelliferone/2min/5ul serum) (Fig. 238, 24A and
24B). The DEAE cellulose fractionation of control mouse

serum under the influence of a salt gradient (Fig.25)

illustrates that the " enzyme cleaving

4—methylumbe11iferyl-p—guanidinobenzoate occurs in ‘a fdairly

discrete fraction - eluting between 0.1M and "1.8M NaCl.

However, the pattern of activity seen with fractions of
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pmol/methylumbelliferone.

pmol/methylumbelliferone.

Figure 20A.

Extent of release of MU from MUGB by serum from
MAC16 tumour-bea_ring animals with weight

loss.
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Figure 21A.

Extent of release of MU from MUGB by homogenates
of MAC16 tumour_s from animals - without weight

loss.
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pmol/methylumbelliferone.

pmol/methylumbelliferone.

Fiqure 23A.

Extent of release of MU from MUGB b

y homogenates
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Fiqure 24A.

Extent of release of MU from MuGB by serum
from cancer patients without weight loss.
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pmol/methylumbelliferone/min.

Fiqure 25.

Fractionation of NTB mouse serum on a DEAE
cellulose column.
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pmol/methylumbelliferone/min.

Fiqure 26.

Fractionation of cancer patient serum with
weight loss on a DEAE cellulose column.

- 0.3

NaCl gradient (M)

Fraction number

Distribution pattern of MU released from.MUGB by 1ml
fractions eluted under a salt gradient with O.1M'phosphate
buffer pH8.0. 1ml of NTB mouse serum was applied to the column.
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pmol/methylumbelliferone/min.

Fiqure 27.

Fractionation of MAC16 tumour homogenate from

animals with weight loss on a DEAE cellulose column.
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Fiqure 28.

Fractionation of MAC 13 tumour homogenate
on a DEAE cellulose column.
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cachectic cancer patient serum (Fig.26), cachectic

MAC16 tumour homogenate (Fig.27) and MAC13  tumour

homogenate (Fig.28) was more dispersed but the majority of

activity again eluted approximately between 0.1M and 1.8M
NaCl.

4.3.2. Discussion.

These results show that there is no correlation with the
tumour-bearing state or the appearance of cancer cachexia
and the level of guanidinobenzoatase in the serum of mice
or humans or in MAC16 and MAC13 tumour homogenates, as
assayed using 4-methylumbelliferyl-p-quanidinobenzoate as
subétrate. This is desélte the fact that the MAC16 tumour
cells contain active gquanidinobenzoatase on their surface
as detected with 9-aminoacridine as previously observed
with other tumour cells (Steven et al, 1987,1988). The
tumour homogenates were probably not as active as had
first been thought, because of the presence of inhibitors -
this may also be the case in the human serum experiments.
Humén serum contains at;least’seven protein inhibitors of
trypsin-like enzymes and in particular a fast-acting

inhibitor of tissue-type plasminogen activator that is not

identical to a2-antiplasmin or a2-macroglobulin (Verheijen

et al, 1984) - these inhibitors form part of the acute

phase proteins (described in section 4.6.). However, there

is considerable species specificity; mouse serum protease
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inhibitors may not be as effective at  inhibiting

guanidinobenzoatase as their human counterparts The

results from the fractionated sera and tumour homogenates
suggest that there are a number of substances that react
enzymically with the quanidinobenzoatase substrate to
yield methylumbelliferone. The major cleaving component
seen after ion exchange chromatography of control mouse

serum 1s also present in cachectic cancer patient serum and

also in the tumour homogenates.

4.4. Identification and characterisation of the
relationship between soluble and cell-bound

quanidinobenzoatase, tissue-type plasminogen activator,

esterase and trypsin - using inhibition studies.

4.4.1. Results.

It was considered that some guanidinobenzoatase activity
could be attributed to trypsin or trypsin-like enzymes.
However, the addition of trypsin inhibitor to control mouse
serﬁm as seen in Fig.29 ééemed to stimulate the activity of

the enzyme. The effect of polyunsaturated fatty acids on

control mouse serum guanidinobenzoatase is shown in Fig.

30-33. All of the polyunsaturated fatty acids inhibited

PR ions which were in the
guanidinobenzoatase at PM concentrat

Same range as that found for

bis‘carbobenzyloxycarbonyl—L—arginamido)-rhodamine (BZAR)
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pmol/methylumbelliferone.

Fiqgure 29.

The enhancement of guanidinobenzoatase activity
by trypsin inhibitor.
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Results are expressed as the mean * SEM for 3 animals.

-151-

NTB mouse serum
+ trypsin inhibitor



N ©
\E
INE
//O
N 2
NN <
///////

//////////////////////////////// ////////////////////////////////m
-

FT OOOOOOOOOOOO
11111111111

//6
N\ -

te.

Nzoatase by EPA dissolved in
atase by EPA dissolved

f guanidinob
~equimolar lysine.

(LM

in 0.1M sodium carbona

ibition of guanidinobenzo

he inhibition o

OOOOOOOOOOOO
11111111111
~—

Auanoe swAzua 9, Ayianoe swAzua o

+ SEM of 3 experiments.

PA {n M)
52~

expressed as the me
-1

/////////////////////////



31A.

enzoatase by EPA.
atase by AA.

DO
LLMMHHDIINDMDINY
= OMUMUMUDUD0N)0O™MIDNN S
" = 'O

Alanoe awAzua ¢4

of guanidinobenzo

inhibition
inhibition

iqure 31B.

+ SEM of 3 experiments.

AA (uM)

pressed as the mean
-153-

sults are ex



-----

N

Avanoe awAzua o

of guanidinobenzoatase by LN.

The inhibition

NN &
DL ®
DOONMME

DLMOMDUIMODIOM“DO0O00DN 5

LN(uM)

pressed as the mean

/////////////////////////////////o_

>>>>>>>>>>>>>>>>

+ SEM of 3 experiments.

Its are ex

Resu

-154-



33A.

o
o]
..w*
-
|

ic acid.

The inhibition of guanidinobenzoatase by linolei

DLMDMBDIN
LLLLLOUIIIOY
LMY 2

LLLMDLLIDMMDIMN =
 IHITTIIDDBBOY #

1 IHHHHHIHIIN
IHIHIHHIHHIDINNY «
 IIHHHIHIHIIMNNY &
IIHOOMMUMUOINNY £
 IHHHIHIHIITDDINY &
 IHHIHIHHIOMINY 5

<
Auanoe aw Azus o

Linoleic- acid (uM)

e 33B.
The inhibition of guanidinobenzoatase by oleic ac

id.

.
-

. ¢
.
N

//////////////////////////////%

id (uM)

o
222222
=

+ SEM of 3 experiments.

Oleic ac
ed as the mean

press

ults are ex

Res

~-155-



/

//

//////////////// N




1/U810° pmol/methylumbelliferone.

[o2]

—_

E-N
FIN SN BT ST A |

1/Ux10° pmol/methylumbelliferone.

E—:Lg_ug 35A- .
A Lineweaver Burke plot of the inhibition of
guanidinobenzoatase by EPA.

- o NTB mouse serum
4 + 3.2uM EPA

] B  NTB mouse serum

T v Y177 1 77 7~ T~y F7 T[T rrvrvopvrrr

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Fiqure 35B. 1/[S] pM~

A Lineweaver Burke plot of the inhibition of
guanidinobenzoatase by BZAR.

no
1

-
o
1,

NTB mouse serum
+ 3.2uM BZAR

[o} NTB mouse serum

0.0 0.1 0.2 0.3 0.4
o 1/[S]uM _ -
Results are expressed as the mean SEM for 3 experiments.

0.5 0.6

-157-



(Fig.34A) a known inhibitor of the enzyme (Steven et al
' ’

1988). A comparison is shown in Fig.34B of the IC50 values

for BZAR and the fatty acids. EPA was a significantly more

potent inhibitor of guanidinobenzoatase than the other

fatty acids. The inhibition of guanidinobenzoatase by BZAR
is presented in the form of a Lineweaver-Burke plot in Figqg.
35A and 35B. Both BZAR and EPA were non-competitive
inhibitors of the enzyme with Ki values of 0.29 = 0.02pM
(mean r SEM) and 0.98 z 0.0ZpM respectively. The Ki value
for BZAR 1is in the range for that previously reported by
Steven et al (1988), and the Ki values for both inhibitors
are lower than the Km value for guanidinobenzoatase (10.9 ¥
1.4pM). At high concentrations (10—5M) BZAR appeared to
inhibit trypsin (Figq. _56A). However, this 1is probably a
result of quenching caused by large amounts of red
fluorescence produced by BZAR acting as a competitive

substrate. BZAR was a profound inhibitor of esterase and
tissue-type plasminogen activator (Fig.  36A, 36B). In
contrast no inhibition of trypsin, esterase or tissue-type
plasminogen activator was observed with:® EPA at

concentrations up to 12'8PM (Fig. 37, 38A and 38B). Since

tissue-type plasminogen activator 1is inhibited by ethanol,

EPA was dissolved in either equimolar lysine or 0.1M sodium

carbonate for this experiment. EPA dissolved in these

solvents was an effective inhibitor of guanidinobenzoatase

activity (Fig.30A and 30B). ‘Since only guanidinobenzoatase

is inhibited by EPA this suggests that this enzyme 1s
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distinct from trypsin, esterase or-tissue-type plasminogen

activator. Guanidinobenzoatase was inhibited at high
concentrations (lO-lOOPM) by
dansyl—L—glutamyl—glycyl-L-arginine chloromethyl ketone

(DNS-GGACK) (Fig. 39A) - a synthetic peptide derivative

plasminogen activator inhibitor. Similarly an isotonic

extract of MAC16 tumour demonstrated marked
guanidinobenzoatase inhibition (Fig.39B). These results
suggest conversely that guanidinobenzoatase and £issue—type
plasminogen activator share some homologies. The
guanidinobenzoatase inhibitors present in tumour extract
have been shown to be exchangeable with purified inhibitor
of plasminogen activator on fixed tumour cell surfaces

(Steven and Booth, 1991).

Formaldehyde fixed wax embedded sections, after dewaxing,

were stained with 9-aminoacridine. The cell surfaces of
the MAC16 cells bound 9-aminoacridine and fluoresced yellow
(Fig.40A and 40B), demonstrating the presence of active
guanjidinobenzoatase on. these cells. Pretreatment of the

sections with EPA (3T7x10_4M) completely blocked the

binding of 9-aminoacridine to the guanidinobenzoatase on

the "surface of these tumour cells (Fig. 411). The

interaction of EPA with the cell surface

guanidinobenzoatase was shown to be reversible, since the

EPA could be washed out of the cell surface

guanidinobenzoatase by placing the slide in a tank of
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9-aminoacridine (300ml, 10-3M for- 1h). 1In this case th
: e

concentration of 9-aminocacridine was maintained whilst the

concentration of EPA in the 300ml of washing fluid was

diluted sufficiently to be considered minimal (Fig. 41B)

Pretreatment of dewaxed MAC16 tumour sections with mouse
serum for lh resulted in the inhibition of the céll surface
guanidinobenzoatase as judged by the ability of the cells
to bind 9-aminoacridine (data similar to Fig. 41a).
Surface bound guanidinobenzoatase and
guanidinobenzoatase-inhibitor complex were removed from the
MAC16 tumour cells by exposure to fibrin films with the
result that the MAC16 cells failed to bind 9-aminoacridine
and did not fluoresce-yellow, even after formaldehyde
treétment . The ir;hibitor released from thg
guanidinobenzoatase-inhibitor complex was shown to be
transferrable and capable of inhibiting further sections of
enzymically active MAC16 tumour. Fibrin films have been
shown to bind strongly to tissue-type plasminogen activator

forming a new enzyme-fibrin complex capable of cleaving

plasminogen (Steven and Blakey, 1992).

4.4.2. Discussion.

The enhancement of guanidinobenzoatase activ_ity seen with

trYP;in inhibitor demonstrates that trypsin and

s 3 mes. The
gquanidinobenzoatase are not synonymous enzy

Potentiating effect seen is probably due to the inhibition

~166-



of enzymes degrading guanidinobenzoatase. The fluorogenic

substrate for trypsin-like enzymes BZAR, has previously

been shown to be a potent inhibitor of guanidinobenzoatase
[

both in solution and on the surface of tumour cells (Steveﬁ

et al, 1988a). BZAR is bound non-competitively to the

active centre of guanidinobenzoatase by reason of its

containing a strongly protonated amino group simulating the
arginine residue, which is the preferred cleavage point in
synthetic peptides (Steven et al, 1985). Thus the ability
of polyunsaturated fatty acids, in particulaf EPA, to
inhibit the enzyme was somewhat surprising, in view of the
lack of structural similarity to known inhibitors of the
enzyme. The ability of EPA to block the binding of
9-aminoacridine in wé; embedded sections of tumour,
suggested either that it occupied the same binding site on
the enzyme, viz the active centre, or that it bound to a
more distant site, which induced a conformational change in
the enzyme, preventing the binding of 9-aminoacridinef
Unlike BZAR the binding of EPA to the enzyme was reversed
by competition with . 9-aminoacridine, suggesting a
reversible non—competitiVe binding of EPA to

guanidinobenzoatase. The inhibitory effect appears to be

ot oy i r similar
very specific to guanidinobenzoatase, since othe

proteolytic enzymes, trypsin, esterase and tlssue-type

Plasﬁinogen activator were unaffected by EPA suggesting

that the effect does not arise solely from the detergent

properties of the polyunsaturated fatty acids. In contrast
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BZAR was shown to be an effective inhibitor of esterase and
tissue-type plasminogen activator. It is unusual for a

peptide (BZAR) to inhibit an esterase. However, Liu et al

(1980) have demonstrated the active site titration of the
esterase activity of plasmin using a fluorescein derivative
3',6'-bis(4-guanidinobenzoyloxy)-5-(N’-4-carboxylphenyl)

thioureidospiro[isobenzofuran-1(3H) +9'-[9H]xanthen)-3-one -
commonly known as FluoresceinDiEster (FDE). FDE and BZAR
share a number of structural homologies - the most
important being, in this case, the possession of two ester
bonds. BZAR exhibits negligible intrinsic fluorescence,
because the amino groups of rhodamine are blocked by
acetylation - consequently the intensely coloured dye is
converted to a colourless, non-fluorescent form. The
cleavage of a single amide bond converts the
non~fluorescent bisamide substrate @ into a highly
fluorescent monoamide product (Leytus et al, 1983). If
esterase is capable of cleaving BZAR at the amide ester
linkage the product will not fluoresce and interfere with
the assay. Thus it is proposed that BZAR inhibits esterase
by successfully competing with o-nitrophenol butyrate for
at the amide

the active site. BZAR is cleaved by trypsin

bonds to vyield the red fluorophore rhodamine - this

fluorescence quenches the detection of

7-amido-4-methylcourmarin and gives the impression of

inhibition.
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There is controversy over the relationship between soluble

and cell-bound guanidinobenzoatase and tissue-type

plasminogen activator. The soluble mouse setum enzyme

cannot be the same as bound enzyme for two reasons -

firstly  MAC16  cell surface guanidinobenzoatase was

inhibited by exposure to mouse serum for an hour, clearly
in contrast to the soluble enzyme, which was active in
mouse serum, and secondly the MAC16 guanidinobenzoatase was
transferred to and bound to fibrin. Soluble
guanidinobenzoatase was contained in mouse serum prepared
from clotted blood - consequently if the two enzymes were
identical the guanidinobenzoatase would have been removed
in the clot and there would be no enzyme activity. If
soluble and cell-bound guanidinobenzoatase were tissue-type
plasminogen activator EPA would be expected to inhibit
tissue-type plasminogen activator in true solution.
Conversely however, a synthetic tPA inhibitor and a crude
extract  of MAC16  tumour inhibited moyse  serum
guanidinobenzoatase. It could be argued that tumour
extract caused destruction of guanidinobenzoatase rather

than an inhibition of the enzyme. Steven et al (1988f) has

demonstrated that cell-bound guanidinobenzoatase activity

can be regained after formaldehyde displacement of tumour

i i nhibi idi ase is
associated enzyme inhibitors. Thus guanldlnobenzoat

not irreversibly destroyed, put reversibly inhibited. -

In summary - it is probable that cell-bound and soluble
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guanidinobenzoatase are distinct €nzymes with some comm
on

properties such as their  ability to cleave

guanidinobenzoates and to be inhibited by BZAR and EPA

Soluble guanidinobenzoatase is unlikely to be trypsin, an
14

esterase or tissue-type plasminogen activator as they are

not inhibited by EPA. Thus the soluble mouse serum enzyme

appears 1in some respects to be more closely related to
cell-bound guanidinobenzoatase than to other eﬁzymes. It
may be that the -enzymes are related iso-enzymic forms.
Since single tumour cells capable of metastasis possess
uninhibited gquanidinobenzoatase (Steven et al 1988c)
inhibitors of this enzyme might also be expected to have an
inhibitory effect on ~the metastatic process. Indeed
culfuring murine melanéma cells with pure EPA in ethanol
has been shown to cause a dose and time-dependent decrease
in invasiveness, collagenase IV production and a reduced
ability to metastasize to the lung after i.v. injection

(Reich et al 1989). The antimetastatic activity of BZAR

also seems worthy of investigation.

4.5." Determination of the relationship between fatty acid

structure and degree f quanidinobenzoatase ighibltlon -

using molecular modelling.

4.5.1. Results.

The IC50 values for the inhibition of guanidinobenzoatase
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by eicosapentaenoic (EPA), -docosahexaenoic (DHA)
4

arachidonic (AA), linolenic (LN), linolejic (L) and olei
c

(OL) acid are shown in Fig. 34B. The molecular models of

the polyunsaturated fatty acids modelled on two comparative

systems are shown in Fig. 42-47. The Charmm and Chemx

models have dot surfaces coloured on Van de Waals and
electrostatic energies respectively. Various parameters
were measured on each model and these are expressed in
table 2.
Table 2.
IC50 MW  No.double Max. Max: Vol.
] bonds.  lemgth. width. W xL/2
EPA 6.51 302.5 5  11.94 7.74  357.7
AA 8.27 304.5 4 12.19 8.30 419.8
DHA 8.54 328.5 6 10.44 9.61 482.1
LN 9.14 280.4 3 12.30 7.25 323.3
L 10.33 278.4 2 12.99 5.35 185.9
OL - 10.66 282.5 1 21.82 1.54 25.9

The IC50 values are in uM and width, length and volume are

in Angstroms (x10_3).

In an attempt to equate a particular structural aspect of a

molecule to its inhibitory effect a compute;ised model of

i rison
regression analysis was used. This enabled the compa

of single or mutiple variables to the rec%procal of

idi t i significant
guanidinobenzoatase activity. There was no g
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correlation between any single variable, for example MW, or

width of molecule, and enzyme activity. However, when four

parameters were tried in combination (MW, length, width and
number of double bonds) with the reciprocal of activity a
near perfect correlation of R = 0.9816 was achieved -

unfortunately the standard deviations and T-values were

very large and inconclusive.

The regression analysis tries to "fit" the information into
a linear/planar relationship in an attempt tol correlate
parameters to activity - in many biological systems such
interactions do not have a linear relationship but a
parapolic one. The computerised model of regression

anaiysis did not have the capability to derive a

parabolic relationship from the information supplied.

4.5.2. Discussion.

The Chemx and Charmm systems of molecular modelling aré
based largely on information derived from nuclear magnetic
resgnance studies. Thé:major difference between the two
systems is that Charmm is primarily a molecular mechanics
program using predictive information from large proteins.
Chemx utilizes parameters from a large base‘of widely
différing small molecules and thus would appear to be
better equipped to evaluate the structures of the fatty

acids. In addition to achieve a set of coordinates that
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represent the molecular conformation of the fatty acid with

minimum potential energy the two systems also use differing

minimization routines - these are discussed further in

gection 3.4.4. The models produced are theoretically
midpoint between no structural information at all and the
absolute structures elucidated using nuclear magnetic
resonancy spectroscopy. It 1is probable that the Chemx
models show a truer representation of the fatty acids than

do the Charmm models - however they provide an interesting

comparison.

The conclusions that can be drawn from the regression
analysis are limited - it is likely that the parameters
identified otherwise ih%eract in some as yet indefinable
way to determine the degree of guanidinobenzoatase
inhibition.

4.6. Characterisation of the potential circulating

e et

mediator of muscle proteolysis associated with MAC16 colon

adenocarcinoma induced cachexia.

4.6.1. Introduction.

The tumour may also directly or indirectly influence host
metabolism to bring about the cachectic state via the acute

phase response. A summary of the acute phase response is

shown in fig.48. The metabolic consequences of the acute
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Figure 8.
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phase response include the development of fever, anorexia
1

changes 1in carbohydrate, protein and fat metabolism and

alterations 1in the concentration  of a large number of

plasma proteins - reflecting the reorchestration of the

pattern of gene expression and secretory proteins in

hepatocytes. All of these reactions are probably

beneficial to the host, at least in the short term,
mobilising host defense mechanisms against thé inciting
disease process. If the disease initiating the acute phase
response is eradicated, the stage of resolution and healing
begins. However, if the host is unable to rid itself of
the injurious agent, a chronic state may ensue and the
adaptive homeostatic  reactions that were initially

beneficial may ultimately be detrimental.

Clowes et al (1983) have identified a circulating peptide
called proteolysis-inducing factor (PIF) in patients with
sepsis or trauma. This hormone-like protein secreted by
activated monocytes may be IL-1 or IL-1-1like (Baracos et
al, 1983). Similarly Belizario et al (1991) found a
Pr0£eolysis—inducing fac£or in the plasma proteins of 25
out of 50 cancer patients with weight loss apd in 5 of
these samples the bioactivity was partially abrogated with
antibodies to recombinant human IL-1. Thus the accelerated
breaidéwn of proteins by the cancer plasma factors was in
this case partially mediated by IL-1 in cooperation with

additional undefined factors. HOWeVer, Moldawer et al
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(1987) refute this view since recombinant IL-1 proteins do

not stimulate mouse or rat muscle catabolism in vitro

The tumour may also mediate muscle proteolysis through a

family of substances called the eicosanoids. They are

generated denovo from phospholipids in response to a

surprisingly wide range of different stimuli and their
presence has been detected in virtually every tissue in the
body. They are 1implicated in the control of many
physiological processes and they are among the most
important mediators and modulators of the inflammatory
reaction (Rang and Dale, 1988). A summary diagram of the
mediétors derived from phospholipids is shown in Fig.49.

In addition to their role in inflammation  the
prostaglandins are thought to play a controversial role in
the regulation of protein synthesis and degradation in
particular in sepsis and trauma. Rodemann et al (1982)
observed that protein degradation was increased by
arachidonic acid in both the tonic soleus and in the phasic
exténsor digitorum long;s, diaphragm and heart muscles of
rats in vitro and that aspirin and indomethacin inhibited
the effect. Prostaglandin E, was similarly effective in

stimulating protein degradation butvprostagléndin Foo Was

not. Protein synthesis was also stimulated by arachidonic

acid but only in the soleus muscle and prostaglandin an

mimicked this effect. These observations gave rise to the
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Fiqure 49.
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LT = Leukotriene, PAF = Platelet activating factor.

A summary of the mediators derived from phospholipids.
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(Rang and Dale, 1988)

hypothesis that PGE2 and PGan regulated muscle turnover by

their effects on protein synthesis and degradation. In

addition inhibitors of lysosomal thiol proteases inhibited
the stimulation of protein degradation by arachidonic acid

and PGE2. Consequently intralysosomal proteolysis has been

implicated as the mediator. However, other studies -
Barnett and Ellis (1987) in particular, fail to
substantiate this view. Palmer and Wahle (1987) were
unable to demonstrate in vitro a significant stimulation of
protein degradation in rabbit forelimb digit extensor
muscles with the addition of arachidonic acid but a
stim?lation of protein synthesis was evident. Freund et al
(1935) could not deterﬁine any significant difference in
the prostaglandin production froﬁ endogenous precursors
between control animals with moderate injury and septic
animals with severe injury. The relationship between
cancer and prostaglandins is a complex one. Human tumours
and experimentally induced animal tumours have .been shown
to produce prostaglandins - for example colonic, breast,
thonid and renal cell darcinomas, lymphoma, neuroblastoma,
pheocromocytoma, islet cell tumour and mouse sarcoma and

fibrosarcoma (Husby et al, 1977, Levine, 1981). The

pathophysiological result of this prostaglandin production

manifests itself as immunosupression (Roitt et al, 1987),

tumour cell migration (Young and Newby, 1986) and bone

resorption (Tashijian et al, 1974). The possible role of
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prostaglandins in the

mediation of muscle catabolism in

sepsis and trauma may also be a potential effector

mechanism in the muscle wasting associated with cancer

cachexia. Strelkov et al (1989) investigated the effect of
naproxen,(a cyclooxygenase inhibitor that binds reversibly
to the enzyme competing with the natural substrate
arachidonic acid) on two experimental tumour models that
cause severe wasting and muscle catabolism - the Morris
hepatoma and the Yoshida ascites hepatoma AHlBO.l The major
difference between these two models is that the Yoshida
hepatoma 1is known to produce prostaglandins. Naproxen
treatment inhibited prostaglandin production in the Yoshida
asciFes hepatoma and induced muscle atrophy and protein
loss was inhibited by 46%. However, in the Morris hepatoma
naproxen treatment had no effect. Thus it would appear
that the muscle loss seen in cachexia, in addition to the
numerous other mechanisms mentioned, may be partially
mediated by either a prostaglandin dependent or independent

mode of action depending on tumour type.

The hosts immunological response in addition to part of the
innate immune system already mentioned may also be

subverted to the tumours benefit - an example of this would

can glso be envisaged where the tumour sheds antigens that

mimic the "self" receptor molecules of skeletal muscle that

. i icited
control protein turnover, an immune response 18 elic
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and a cascade of events ig persistently initiated until a

down regulation of effector molecules is achieved

However, this is purely speculative.

The aim of this section is to identify and characterise the

circulating proteolytic factor.

4.6.2. Results.

The proteolytic activity of serum from non tumour-bearing
animals, MAC16 tumour-bearing animals with weight loss and
MAC13 tumour-bearing animals was compared (fig.50). Serum
from animals bearing the MAC16 tumour with wéight loss
conﬁained significantl& higher levels of the protein

degradative factor than the MAC13 tumour-bearing animals or

the non tumour-bearing animals.

The nature of the proteolytic factor was investigated using
various treatments that by their action, would exclude
certain elements from the serum of cachectic animals. The
protein degradative factor was significantly inhibited by
indomethacin (a cyclooxygenase inhibitor,200pM), EPA (a
PGE2~ synthesis inhibitor, 500pM) and BW4AC (a lipoxygenase
inhibitor, 1.77mM). Heating the serum to GOOC for 5 min
and ;reatment with phenylmethylsulphonyl fluoride (a serine

Protease inhibitor, 1mM) failed to reduce the degradative

e.ffect of the factor. The effect of the indomethacin
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suggested that the increase in ‘protein degradation seen

with serum from MAC16 tumour-bearing animals with weight

b .
loss may e attributable to PGE2. Consequently the PGE,

content of muscles from non tumour-bearing animals was

measured after a 2h incubation with either sera from non

tumour-bearing animals or animals bearing the MAC16 tumour

with weight loss (fig.51). This suggests that some
component of serum from MAC16 tumour-bearing animals with
weight loss induces PGE, formation in muscle. Indomethacin
significantly reduced the PGE, content of isolated
gastrocnemius muscle in a dose dependent manner and this
occured concomitantly with a reduction in tyrosine release
(fig.52). However, a §§% decrease in the PGE2 content of
the. muscle was requiréd before there was a significant
reduction in the activity of the proteolytic factor. It
was proposed that the component"in serum from cachectic
animals that increases the PGE, content of muscles may be a
prostaglandin precursor -  for example arachidonic or
linoleic acid as the serum level of arachidonate is
significantly increased in cachectic animals. However, the
add&tidn of these PUFAs to isolated ’gastrocneﬁius muscle
preparations either in free solution or bound to non

tumour-bearing mouse serum did not  increase protein

degradation to a level comparable to that seen with serum

from cachectic MAC16 tumour-bearing animals. The PUFA EPA

is an effective inhibitor of weight ~loss in MACLO

tumour-bearing animals. The maintenance of skeletal muscle
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Figqure 51.
The effect of serum from non tumour-bearing animals and MAC1
tumour-bearing animals: with 11-15% weight loss on isolated °
gastrocnemius muscle PGE2 content.
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Serum from cachectic MAC16

60 - tumour-bearing animals.
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10 -

- Muscle from non
tumour-bearing animal.

Each bar 'represents the mean + SEM of 6 animals. Differences were
determined by Students T-test as *** =P<0.001 from muscles treated with

- serum from non tumour-bearing animals.
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in such animals may be attributable to a 60% reduction in

muscle protein degradation (section 4.0.2.). The results

in figs.53A and 53B compare the effect of EPA and DHA on

the PGE, content of, and tyrosine release from isolated

gastrocnemius muscle under the influence of serum from

cachectic MAC16 tumour-bearing animals. DHA has no effect

whilst EPA inhibits tyrosine release and PGE, content by

18% and 27% respectively. In fiqg.54 the effect of serum

from non tumour-bearing animals and MAC16 tumour-bearing
animals with weight loss 1is seen on muscles from non
tumour-bearing animals and MAC16 tumour-bearing animals
previously treated with EPA 2.0g/kg-1 for 5 days. The
serum from cachectic aniyals caused a significant increase
in fyrosine release frém muscles from non tumour-bearing
animals when compared to serum from non tumour-bearing
animals. However, in gastrocnemius muscles isolated from
animals previously treated with EPA the effect of the serum
from cachectic animals was considerably moderated to a
level that was not significantly different from that
produced by serum from -non tumour-bearing animals. This

experiment was repeated using only serum from MACI16

tumour-bearing animals with weight loss - muscle PGE2

content was also measured (fig.55). EPA pre-treatment

diminished the degradative effect of serum ﬁrom cachectic

animals by 58%. The PGE, content of the EPA pre-treate§

gastrocnemius muscle was similarly reduced by 49%.  In

figs.56A and 568 the effect of  the triglycerides -
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Fiqure 53A. .
The effect of EPA on the PGE2 content of ang tyrosine
release from isolated gastrocnemius muscle
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Each bar represents the mean + SEM of 3 animals. Differences
were determined by one-way ANOVAR as *= P<0.05,

Fiqure 53B. = P<0.01 compared to the control (0).

The effect of DHA on the PGE2 content of and tyrosine
release from isolated gastrocnemius muscle.
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There were no significant differences between the above groups.
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Tyrosine nmol/mg/2h.

Figure 5.

The effect of treatment of animals with EPA on the response of
isolated gastrocnemius muscle to the induction of protein
degradation by serum.

. Serum from non
tumour-bearing animais.
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% tumour-bearing animals with
11-15% welght loss.
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Differences were determined by one-way ANOf erum from
**=P<0.01 from tyrosine released in the presence o ds;a o ton

non tumour-bearing animals and ***=P<0.001 from nir?lals

observed in muscle from non tumour-bearing a :
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pigure 55.
The effect of treatment of animals with EPA on the PGE?2
content of and tyrosine release from isolated gastrocnemius muscle in

response to serum from cachectic MAC16 tumour-bearing animals
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' from muscles from non tumour-beanng animals.
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jqure 57.
Figqut= The effect of serum from non tumouy;-

cachectic MAC16 tumour-bearin_g animals on
isolated gastrocnemius muscle protein synthesis.

bearing and

. Serum from non
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Each bar represents the mean +SEM for 3 animaSISf.r g)rgf;'sgglzs
were determined by Student's T-test as"=P<0.0 arom
treated with non tumour-bearing mouse Serufti.
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triarachidonin and trilinolein added to serum from non

tumour-bearing animals is shown on the extent of tyrosine

release from isolated gastrocnemius muscle At

concencentrations of S0pM  and 5}.1M triarachidonin and

trilinoein stimulated protein degradation by 33% and 48%

respectively. The results presented in fig.57 show the

effect of serum from non tumour-bearing and MAC16

tumour-bearing animals with weight loss on gastrocnemius

muscle protein synthesis. Serum from cachectic animals
causes a 35% decrease in protein synthesis when compared

with serum from non tumour-bearing animals.

4.6.3 . Discussion.

The nature of the MAC16 proteolytic factor is not yet fully
known - however, preliminary findings would suggést that it
is heat stable, it is not a serine protease and its action
is not mediated directly by the MAC16 lipolytic factor that
is currently under investigation. The factor is not
produced as a consequence of tumour-bearing alone, as serum
from ﬁACl’B tumour-bearing animals is comparable to serum
from non tumour-bearing animals in its ability to elicit
tyrosine release from isolated gastrocnemius muscle.

Indomethacin a cyclooxygenase inhibitor _ completely

I ' ic
abolishes the proteolytic action of serum from cachecti

i nd
animals to base levels. High concentrations of EPA a

i ivi - h the
BWAC also significantly compromise activity - althoug
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concentration of BWAAC that was used far exceeds its IC50
value for the inhibition of lipoxygenase (Tateson et al
4

1988) and may even be toxic. This suggests that the effect

may be mediated through a prostaglandin intermediate.

Indomethacin in particular and also EPA inhibits the PGE
. 2
content of muscle in a dose dependent manner in response to

serum from cachectic animals. This would suggest that the

proteolytic factor mediates its effect largely through the
cyclooxygenase/prostaglandin pathway rather than through
the lipoxygenase/leukotriene pathway. The role of
prostaglandins, in particular PGE2, is demonstrated by the
fact that gastrocnemius muscle contains approximately 50%
more PGE2 under the influence of serum from cachectic
animals than serum from non tumour-bearing animals. EPA
not only reduces the proteolytic capacity of serum from
cachectic animals, but as a prostaglandin synthesis
inhibitor (Levine and Worth, 1984) also reduces the PGE,
content of the gastrocnemius muscle in vitro and in vivo.
DHA has no inhibitory effect - this is possibly because in
vitro the fatty acid does not become sufficiently
incorporated in the muscles cellular lipids where it can
compete with aracidonic acid for the cyclooxyenase. EPA in

Vivo has been shown to moderate protein loss in the MAC16

tumour bearing animal through a reduction in proteln

degradation (section 4.0.2.) - gastrocnemius muscle from

these animals is more resistant to the degradative effect

ius muscle
°f Serum from cachectic animals than gastrocnemit
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grom non tumour-bearing animals. This woulq suggest that

gpa influences  protein degradation by inhibiting the
ic factor th i

prot?olytlc us reducing the PGE, content of the

muscle by inhibiting PGE, synthesis and thus preventing

further degradation by serum from cachectic animals.

since the 1level of arachidonic acid in the serum of
cachectic animals is significantly elevated (Hudson, 1992,
unpublished results) the possibility that arachidonic acid
(as a prostanoid precursor) was the mediatcsr of the
increased proteolysis in cachectic animals was
investigated. Contrary to the findings of Rodeman and
Goldberg (1982) no stimulation of protein degradation was
achieved with either arachidonic on linoleic acid.
However, arachidonic and linoleic acid are not normally
found in serum in the free fatty acid form, they usually
exist as mixed triglycerides -~ thus the effect of
triarachidonin and trilinolein was investigated. The
cummulative effect of these triglycerides was an 81%
increase in protein degradation. It would appear that a
high ratio of triarachidonin to trilinolein would be

required in vivo to produce the effect of increased

i : i i ier
degradation - however, in reality, as mentioned earli

these synthetic triglycerides do not exist and it would be

ore 1likely that it is the fatty acid composition - of

Ratural triglycerides that may be responsible for the

i 16
degradative effect of serum from cachectic  MAC
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tumour-bearing animals. The concentration of fatty acid
s

in serum hydrolysed from triglycerides, possibly under the
influence of the MACI16 lipolytic factor, is currently under

investigation. The proposed mechanism of action of the

proteolytic factor if it is indeed related to the

concentration of either arachidonic or linoleic acid in the

serum is shown in fig. 58. The triglycerides in the serum

are hydrolysed at the muscle surface to their constituent
fatty acids and glycerol, somé of the fatty acids,
arachidonic and 1linoleic acid in particular would become
incorporated into the phospholipid membrane or would enter
the cyclooxygenase pathway of prostanoid metabolism thus

enhancing muscle catabolism. Phospholipase A2<activation

would result in the release of fatty acids from the

phospholipids to be recycled through prostanoid synthesis.

2+

The phospholipase A, may be stimulated by increased Ca

2

levels perhaps through bone dissolution as a consequence of
the action of parathyroid hormone or by increased cAMP
levels produced as a result of the action of the MAC16
lipolytic factor. Baracos et al, (1986) demonstrated that
incre;':\sed Ca2+ levels int-:reased PGE2 production although
this was not equated with increased muscle proteolysis. If
the triglycerides are hydrolysed at the muscle surface it

; . i icit an
is surprising that the fatty acids alone did not elicl

equivalent response - it may pe that the cleavage of the

i i t
fatty acids from the triglyceride 1s an essential step tha

‘ . : membrane.
s a prerequiste for incorporation into the
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Figure 58.
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alternatively the enzyme system may require that th.
e

triglyceride presents the fatty acids in a certain array

for example with arachidonic acid at position 2. However

this is purely speculative.

A recent study Rotman et al (1992) demonstrated that
arachidonic acid inhibited protein synthesis in mammalian
cells - this led to an experiment on gastrocnemius muscle
protein synthesis under the influence of serum- from non
tumour-bearing and MAC16 tumour-bearing animals with weight
loss. Protein synthesis was indeed inhibited by the effect
of serum from cachectic animals. Thus the increased levels
of arachidonic acid mobilised from adipose tissue during

cachexia could contribute to the progression of the

disease.

In conclusion the proteolytic factor would appear to be a
combination of arachidonic and linoleic acid .with its
actions largely mediated through the action of the

in particular. A number of previous

1

pProstanoids - PGE,

studies suggested that cytokines for example TNFo or IL-
on their own, or in combination, possibly increased muscle

Proteolysis through a prostaglandin intermediate (Flores et

al, 1989, Clowes et al, 1983). However, the role of

. . : i se their
Cytokines remains controversial and in this case

i i t
Participation is unlikely as the proteolytic factor is hea

stable,
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gpA and indomethacin inhibit both the degradative effect of
serum from cachectic animals and algo inhibit the increase

in muscle PGE, associated with cachexia. Indomethacin has

previously been shown to have an antitumour and

anticachectic effect in mice bearing the C57BL/6J tumour

(Gelin et al, 1991). EPA and indomethacin both seem worthy

of further investigation as anticachectic and antitumour

agents.

The decrease in protein synthesis caused by ' increased
arachidonic acid 1levels is equally important - treatment
regimes may be developed that inhibit arachidonic acid
levels and thus protein synthesis would be maintained with
the possible knock-on effect of the inhibition of protein

degradation. For further discussion see appendix.

4.7. Dietary supplementation of the cachectic MAC16

tumour-bearing animal with branched chain amino acids.

4.7.1. Introduction.

The perception of muscle as primarily a locomotive tissue

has been substantially modified by a = growing knowledge of

the role of muscle as a store of fuel to be drawn upon

! . inical
during jinfection and following trauma. Many clini

. . example
conditionsg result in muscle wasting for P
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cardiovascular and lung disease, alcoholism  and

tuberculosis. The relationship between these diseases and

cachexia is discussed in the introduction. The muscle loss

is thought to be partially due to 2 homeostatic imbalance

petween protein synthesis and degradation - either a

depressed synthesis, an increased degradation or a

combination of the two (discussed in section 4.0.1.). One
possible explanation for this was postulated by Stein
(1978) who attributed the abnormal gluconeogenesis seen in
cancer patients to the tumour’s greater avidity for certain
essential amino acids - this left the host with the problem
of disposing of the remainder of the amino acids. Removal
of one amino acid would 1lead to a depression of host
protein synthesis, since normal protein synthesisrequires a
full complement of amino acids. In a .study of
tumour-bearing rats (Walker carcinoma 256) Krause et al
(1979) found decreased plasma levels of serine, glycine,
aspartate  and hydroxyproline only in tumour-bearing
animals.  Similarly Levin et al (1983) found that there
were significantly lower arterial levels of 12 out of 19
amino acids in the cachectic cancer patient when compared

with tuberculosis patients with comparable weight loss. 1In

the MAC16 tumour-bearing animal the plasma level of all

i . : i xcept
amino acids decreased with increasing tumour size € P

for
for taurine., The maximum decrease: of 54% was observed

' i ids were
valine and isoleucine. Most of the other amino acid

vel
Present in tumour-bearing mice at only 60% of the le
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found in non tumour-bearing animals (Beck and 7igq 1
ale,

1989) . These are presumerably reflections

of enhanced
tumour sequestration of certaip amino acids

The branched chain amino acjds leucine, isoleucine and

valine are essential amino acids for the human ang must be

supplied from the diet since we have no metabolic capacity

to synthesise them. In cachexia there is an increased

concentration of alanine in the blood which is dependent
upon the oxidation of branched chain amino acids in muscle
(Williams and Matthaei, 1981). Alanine is the main amino
acid substrate for hepatic gluconeogenesis - the rate being
positively related to the concentration of alanine in the
blood. The alanine cyci; also allows the metabolism of
amino acids by peripheral tissues without increasing blood
ammonia and provides substrate to glucose dependent tissues
during periods of limited supply. In muscles, stimulated
oxidation of branched chain amino acids complements the
release of alanine, the carbon skeleton of the branched
chain amino acids serve as an energy substrate for muscle
cel18-—an-d the amino gréup for the transamination of
PYruvate to alanine (Buse et al, 1972). The uncontrolled
branched chain amino acid oxidation that may lead to muscle
loss in cancer cachexia is proposed by Williams and
Matthaéi‘ (1981) to be partially due to tumour induced
fetrodifferentiating changes in the liver - resulting in

alanine

massiVe in the activity of

decreases
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aminotransferase. This is the only eénzyme capabl f
e o

deaminating alanine such that its carbon skelet
on

(pyruvate) is unavailable for gluconeogenesis. In addition

an insufficient concentration of ketone bodies in the

blood, hypoinsulinaemia and tissue insulin resistance
(Kisner et al, 1978) may subvert the ability of the host to
requlate branched chain amino acid oxidation. Thus the
branched chain amino acids are thought to play a unique
physiological role as a substrate and also as a; requlator
of carbohydrate and protein metabolism. In post operative
patients the infusion of leucine, isoleucine and valine
were found to be as effective or more effective than a more
balanced amino acid  solution in preventing muscle
catabolism (Freund et ai', 1979). Schaur et al (1980)
demonstrated that the continuous administration of
physiological doses of the branched chain amino acids to
Yoshida sarcoma bearing rats caused a significant 32% and
33% increase in survival time and decrease in tumour growth
respectively - however the shift of nitrogen balance to
negative values during the cachectic stage was delayed but
not p'I:evented. In 1989 H@ter et al showed that cachectic

patients with intra-abdominal adenocarcinoma treated with

branched chain amino acids as the protein cor‘t}ponent of

: i i i ion
Parenteral nutrition had a reduction in protein oxidatio

3 i i albumin
and an increase in protein synthesis and fractional

8ynthetic rate.
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In vitro branched chain amipg acids

have a stimulatory

effect on muscle protein synthesis (Buge and Reid, 1975
! ’

rulks et al, 1975) although this effect was not observed in

vivo. ~ Protein  degradation in incubated or perfused

skeletal muscle was also inhibited. The anabolic effect of

the plasma amino acids could be accounted for by the

presence of branched chain amino ac;ids alone and leucine in
particular. These findings are of particular interest
because they are unique to muscle - in ljiver and
fibroblasts branched chain amino acids have no such effect.
Furthermore these effects can be demonstrated with leucine
at concentrations ranging between 0.1 and 0.5mM which is
the range over which blood concentrations of leucine change
in the fed and fasted stat_:;s. Leucine seems to serve as an
alternative to wusing glucose or glycogen as a source of
acetyl CoA. Thus leucine seems to be a physiological

requlator of protein balance in muscle acting similarly to

insulin (Goldberg and Tischler, 1981).

The inhibitory effect of leucine on protein breakdown can
be inauced with oa-ketoisocaproate (ketoleucine) and blocked

with inhibitors of leucine transaminase (Tischler et al,

1982)."  Protein synthesis is not affected by these

treatments but is dependent on the concentrat.ion of free

p i 1d
leucine (Goldberg and Tischler, 1981). Leucine wou

: 1 ini eostasis
3PPear to have a special role in maintaining hom

' v give rise
during starvation and its removal by a tumour may g
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to some of the symptoms of cachexia. The aip of thi
~ s

cection is to identify the effect the brancheq chain amino

acids leucine, 1soleucine and valine have op cachexia

associated with the MAC16 murine adenocarcinoma.

4.7.2. Results.

The treated and non-treated controls and MAC16 animals were
given the branched chain amino acids leucine - 23.24mM,
isoleucine 14.53mM, and valine 22.76mM in their drinking
water. Treatment of the MAC16 animals was initiated 14
days after implantation when cacheiia became apparent (mice
had lost 6-8% body weight). Branched chain amino acid
treatment did not significantly redﬁce the weighﬁ loss seen
in animals bearing the MAC16 tumour (Fig. 59B). The
weight loss in the non-treated and treated MAC16.groups was
not accompanied by a decrease in food and water intake when
compared to the non-treated and treated control groups
(Fig. 60A, 60B, 61A, 61B). The experiment was terminated

after 6 days because some animals were reaching the limits

of the terms agreed by the coordinating committee on cancer

research of the United Kingdom for the welfare of animals

with neoplasms. The branched chain amino acid treatment

h
dPPpeared to marginally stimulate tumour growth althoug

: ce
this was not significant (Fig.62R). Lactate, pyruvater

. sl - d
9lucose, and albumin levels were not significantly altere

i . The
by branched chain amino acid treatment (Fig.62B)
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Fiqure 59A.

The effect of branched chain amino acig treatment

on non tumour-bearing (NTB) mouse weight
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Fiqure 59B. -

The effect of branched_chain amino acid treatment on

the weight loss produced by the MAC16 adenocarcinoma.
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-
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A Days of treatment
Day 1 is the start of the treatment,
prior to tumour implantation. Results are expressed e;s r:;iecant
mean +SEM for 6 animals per group. There wereé no g

differences between the treated and control aroups.

day O is the start weight
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F/j_-g_l_‘l'!—e— _@.&-'—
The food and water intake of NTB mice

The effect of branched chain amino acid treatment
on the food and water intake of NTB mice.
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Food (g),water (ml) per g body weight

Food (g),water (ml) per g body weight

The food and water intake of cachec
tumour-bearing mice.
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Fiqure 61B.

The effect of branched chain amino acid treatment
on the food and water intake of cachectic MAC16
tumour-bearing mice.
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There were no significant differences bet
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Fiqure 62A.
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Figqure 62B.

The effect of branched chain am

ino aci
on the growth of the MAC1¢ acid treatment

adenocarcinoma.
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The effect of branched chain amino acid treatment on
blood lactate, pyruvate, glucose and albumin levels.
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ure 63A. i
B e body composition of NTB mice.

0.363% ¢

% Water SEM+1.10

% Fat SEM+0.92

% Protein SEM+0.021

% Non-fat mass SEM+2.51

SEOSMNE

N.B. % Protein = Dry weight of gastrocnemius
muscie as a percentage of total body weight.

Fiqure 63B. .
The effect of branched chain amino acid treatment

on the body compostion of NTB mice.

23.99%
0.379%

% Water SEM+0.57
% Fat SEM+0.301

% Protein SEM+0.02

NONN

% Non-fat mass SEM+0.63

N.B. % Protein = Dry welight of gastrocnemius
Muscle as a percentage of total body welght.

animals.

Results are expressed as the mean & SEM for 6
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Fiqure 64A. _
The effect of branched chain aming

on the body composition of cachect
tumour-bearing mice,

acid treatment
Ic MAC16
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B % Water SEM+0.50 s, %
7 % Fat SEM+0.77 4'92/°
% Fa . 7
0

% Protein SEM+0.019
] % Non-fat mass SEM+0.509

N.B. % Protein = Dry weight of gastrocnemius
muscle as a percentage of total body weight.

Figure 64B.
The body composition of cachectic MAC16
tumour-bearing mice.
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analysis of the body compartments of the four groups j
pPs 1s
ghown in figs.  63A, 63B, 64a, ¢4p.

There are no
significant differences between nNon-treated and treated
control groups. There is a significant decrease in the fat
content of the non-treated and treated MACIG groups when
compared to the control group and this is accompanied by an
increase in body water content fhat is not significant.
The protein compartment as calculated as percentage dry
weight of gastrocnemius and thigh of total body weight

remained unchanged in all groups.

4.7.3. Discussion.

The administration of branched chain amino acids to
cachectic MAC16 tumour bearing animals did not in this case
increase survival time or decrease tumour growth as had
been previously shown. However, there is a slight trend
towards an increase in mouse body weight in the treated
MAC16 group. The increase in weight appears to be largely

from  water retention as seen in the body composition

analysis. It has been shown that it is extremely difficult

to replenish lean body tissue stores and any weight gained

' : ities of
1s mainly due to an accumulation of large gquantities O

intracellular fluid and fat (Cohn et al, 1982, Shamberger,

t that the
1984) . Indeed Nixon et al (1981) sugges

! i i host
widespread metabolic aberations 1R the cachectic

: i to
decreage and even block the ability of the ?rganlsm
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utilise nutrients for the synthesis of normal lean body
tissue. Protein depletion is not a prominent feature of
the MAC16 cachectic animal in this experiment - this is
possibly due to the fact that the thigh and gastrocnemius
muscles only represent approximately 0.4% of the total body
weight - consequently changes are difficult to detect.
Also since muscle loss usually follows fat breakdown it was
not practical to achieve this boundary due to Home Office
regulations. In this experiment large tumour size and
necrosis pre-empted the termination of the experiment
rather than excessive weight loss. There is also evidence
that there appears to be a protein conservation mechanism
in operation when MAC16 tumour-bearing animals lose 3-4 g
in body weight (see section 4.0.3.). The slight increase
in tumour size is not uncommon - Balducci and Hardy (1985)
suggest that with the metabolic derangements .associated
with cachexia hyperalimentation is more likely to feed
the tumour than the patient. This view is supported by
DeWys (1985) who warns against the use of excessively
aggressive hyperalimentation in case this stimulates tumour
growth. Indeed the tumour has the ability to
preferentially sequester amino acids from the plasma amino
acid pool more efficiently than do normal cells. Wiseman
and Ghadially (1955) demonstrated that sarcoma cells could
concentrate mono-amino and di-amino carboxylic acids. 1In
addition if the MAC1l6 murine adenoéarcinoma is analogous to

an ascites carcinoma cell line (described by Lazo in
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1981)in its leucine dependency there will be a drain on
host leucine sources proportional to the size of the
tumour. This creates a concentration gradient between the
muscle, the free amino acid pool and the tumour thus
causing a net loss of leucine. The consequent aeprivation
of the host of essential amino acids leads to the waste of
other amino acids and to the net loss of less vital
proteins in the organism either by stopping their synthesis
or by degradation as a compensatory effect. Thus an
additional exogenous supply of leucine could theoretically
promote tumour growth. The administration of branched
chain amino acids did not affect food and water intake in
the treated groups. It is interesting to note that the
amount of protein an animal will voluntarily consume
depends on its ability to metabolise amino acids within a
short time period. Anderson et al (1969)demonstrated that
the food intake of rats fed a high protein diet was
initially depressed when enzyme activity was low and plasma
amino acid concentration was high. Food intake rose
subsequently as enzyme activity increased and plasma amino
acids decreased. However, in the same animals the plasma
concentration of branched chain amino acids continued to
increase suggesting that the degradative enzymes in this
case respond more slowly, or to a lesser extent, or that
the branched chain amino acids are transported to the

tissues more slowly.
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The consistancy of the lactate, pyruvate, glucose and
albumin levels suggest that the MAC16 tumour-bearing
animals are maintaining metabolic homeostasis. The slight
but insignificant rise in the MAC16 lactate 1level is
probably due to an increased Cori cycle activity with
concomitant increase in lactate production. Holroyde et al
(1975) demonstrated that patients with progressive weight
loss had an increased Cori cycle = activity.
Hypoalbuminaemia is not a prominent feature and this again
suggests that the MAC16 animals are not in a protein
depletive state. Costa (1963) correlated hypoalbuminaemia
to the extent of the cancer and he attributed this to a

decrease in protein synthesis.

From the results it can be concluded that the dietary
supplementation of the cachectic MAC16 tumour-bearing mouse
with branched chain amino acids is ineffective at reversing
cachexia. The major limiting factor in the MAC16 model of
cachexia in this case, is the facf that animals appear to
lose protein fairly late on in the progression of cachexia
and a substantial negative nitrogen balance is not

achieved.

-218-



CHAPTER 5: CONCLUSION.

-219-



In the MAC16 tumour-bearing animal there was a significant
reduction in carcass nitrogen between 16-30% Qeight loss
and this was associated with a reciprocal progressive
increase in tumour nitrogen content. The 1loss of carcass
nitrogen was accompanied by a concomitant decrease in
gastrocnemius muscle weight and nitrogen content and also
by a decrease in liver nitrogen content. The loss of
gastrocnemius muscle throughout the progression of cachexia
was associated with a 60% decrease in rate of protein
synthesis and a 240% increase in the rate of protein
degradation. Thus if this effect was translated to the
whole body a decreased rate of brotein synthesis and an
increased rate of protein degradation would exacerbate the

cachectic state.

The MAC16 adenocarcinoma has been shown to -produce a
circulatory catabolic factor that has a éroteolytic
activity in the host (Beck et al, 1990). A serum factor
was found in cachectic MAC16 tumour-bearing animals that
stimulated protein degradation in isolated gastrocnemius
muscle. This proteolytic factor was not found in serum
from non tumour-bearing animals or in serum from animals
bearing the related MAC13 tumour that does not produce
cachexia. The level of the proteolytic factor in serum can
be shown to increase with increasing weight loss up to 20%
weight loss and thereafter decreasgs. It was proposed that

the factor may be responsible for the initiation of the
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increased rate of protein degfadation, but may not
contribute to its maintenance at high weight loss. It was
interesting to note that there was a linear relationship
observed between both the serum and urinary lipolytic
activity and weight loss in the cancer patient when weight
loss did not exceed 20%. There was a similar rélationship
demonstrated in the MACl6 tumour-bearing animal where
weight loss was paralleled by a corresponding increase in
serum lipolytic activity which peaked at 16% weight loss

(Groundwater et al, 1990).

The enzyme guanidinobenzoatase is found in mouse serum and
cleaves the substrate
4-methylumbelliferyl-p-quanidinobenzoate to yield the
fluorescent product methylumbelliferone. As the enzyme was
associated with the invading edgeé of malignant tumours it
was proposed that it may be systemically released and thus
mediate protein breakdown in the cachectic MAC16
tumour-bearing animal. However, the enzyme was also found
in the serum of non tumour-bearing animals and- humans as
well as in the tumour-bearing state. The ubiquitous nature
of guanidinobenzoatase thus precluded it from being
associated with the development of cachexia. The identity
of the serum enzyme was sought and was found to be closely
related to, but distinct from, the tumour cell-bound
guanidinobenzoatase. EPA and BZAR were found to inhibit

tumour cell-bound guanidinobenzoatase and thus may be
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important in preventing metastasis. .

The nature of the proteolytic factor was further
investigated and was found to be heat stable and not a
serine protease - thus it was distinct from the factor
described by Beck et al (1990). The proteolytic factor was
inhibited by indomethacin and EPA - suggesting the
involvement of the prostanoids. This was further
substantiated by the fact that the serum factor caused a
significant increase (50%) in the PGE2 content of isolated
gastrocnemius muscle. The protein degradative effect of
serum from cachectic MAC16 tumour-bearing animals was
largely mimicked by the addition of the triglycerides,
triarachidonin and trilinolein, to serum from non
tumour-bearing animals. Thus it was proposed that
arachidonic and linoleic acid are released from the
triglycerides at the muscle level where they are
incorporated into membrane phospholipids or channelled
through the cylclooxygenase pathway to form PGE2. The
activity of phospholipase A, governs the release of the
fatty acids from the phospholipids fuelling PGE2 synthesis
and protein degradation. Arachidonic acid levels have been
shown to be increased (Hudson, 1992, wunpublished results)
in cachectic MAC16 tumour-bearing animals as a result of
mobilisation of lipid stores. Protein synthesis in
mammalian cells has been shown to be inhibited by

arachidonic acid -~ similarly protein synthesis in the
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isolated gastrocnemius muscle was inhibited under the
influence of serum from cachectic MAC16 tumour-bearing
animals - again emphasizing the importance of serum fatty
acid/triglyceride levels in the regulation of protein
turnover. The "proteolytic" factor requires further
investigation - indeed the factor could be a metabolic
consequence of the action of the lipolytic factor that is

currently being isolated and sequenced.

Branched chain amino acid treatment has been shown to
minimise protein catabolism in the post-operative
traumatised patient (Freund et al, 1979). 1In the cachectic
MACl6 tumour-bearing animal branched chain amino acid
treatment was ineffective in reversing the cachectic state.
This was largely due to the late onset of a negative

nitrogen balance.

The polyunsaturated fatty acid EPA however, has been shown
to have a pronounced anticachectic/antitumour effect in
animals bearing the MAC1l6 tumour (Tisdale and Beck, 1991).
The maintenance of host body weight in animals treated with
EPA was associated with a 60% decrease in the rate of
skeletal muscle protein degradation and a 16% increase in
protein synthesis which was not significant. EPA inhibited
the proteolytic factor, inhibited the prostaglandin content
of muscle challenged with serum from cachectic MAC16

tuﬁour—bearing animals and muscle from EPA treated animals

-223-



was particularly resistant to the degradative effect of the

proteolytic factor.

EPA is to currently undergo a Cancer Research Campaign

phase one clinical trial as an anticachectic and antitumour

agent.
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An in vitro method of measuring protein synthesis and
degradation was used primarily because protein degradation
had previously (Beck and Tisdale, 1987) been shown to be an
important characteristic of cachexia associated with the
MACl6 tumour. Further studies comfirmed that these
observations were associated with a circulating proteolytic
factor. Thus subsequent measurements were directed toward
elucidating a mediator of increased protein degradation
rather than actually quantifying absolute rates of protein
turnover through an in vivo method. The in vitro method of
measuring protein degradation descibed essentially by Wu
and Thompson, (1990) minimised the variables associated
with a biological system and enabled a rapid, reproducible

and efficient use of animals.

One minor criticism of the method used to measure protein
synthesis is that no measurement of the intracellular free
unlabelled pool of phenylalanine was made ~ consequently
changes in the plasma amino acid concentration would affect
intracellular pools with an effect on labelled amino acid
uptake and incorporation. However, intracellular and
extracellular concentrations of labelled phenylalanine have
been shown to equilibrate within 2 min of administration
and the intracellular concentration is used as a parameter

in the calculation of protein synthesis.

The limitations and problems associated with a direct

-267~



comparison of in vitro and in vivo methods is highlighted
in Fig.13. Protein degradation is indicated to be
massively increased up to 30% weight loss - suggesting a
chronic depletion of gastrocnemius muscle and host body
nitrogen content. However, this is not evident from the
graphs shown in Fig.l1ll and 12. The in vitro measurement of
protein degradation may be exagerated by the susceptibility
of this muscle group to the cachectic effect of the tumour
(section 4.03) or it may be attributable to an artifact
associated with progressive changes in the size of the
muscles intracellular free phenylalanine pool. The latter
reason is unlikely as the free phenylalanine pool is not a

participant in the calculation for protein degradation.

Inconsistencies may also be encountered when comparing
results obtained from differing methodologies even though
comparable principles are involved. For example the
tritiated phenylalanine method showed that the highest
rates of skeletal muscle proteolysis were observed at the
time of greatest weight loss (Fig.13). However, serum from
cachectic MAC16 tumour-bearing animals with 21-25% weight
loss did not elicit a comparable degree of degradation when
measured using tyrosine release (Fig.17). lThis is an
unfair comparison as a number of important parameters are
unequal. The experiments were designed to demonstrate a
particular facet of muscle proteolysis. The release of

tritiated phenylalanine from preloaded muscles from animals
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with progressive weight loss illustrates that protein
degradation becomes increasingly important. This is a
reflection of events at the muscle level with no external
stimuli. This contrasts to the tyrosine release measured
from non cachectic control muscle under the influence of
serum from animals with progressive weight loss. This
experiment was designed to demonstrate the effects of
differing levels of a proteolytic factor on a fixed entity
i.e. control muscle. The combination of the two
experiments demonstrates that at high weight losses the
muscle of cachectic animals is already "switched on" to a
high rate of degradation and that the stimulus for this may
have been the circulating factor evident most prominently

at 11-15% weight loss.

The limited amount of serum obtained by cardiac puncture
from animals with 11-15% weight loss necessitated the
pooling of serum. This enabled a direct comparison of
results from a particular batch of serum (Fig.50). There
are however variations between batches of serum (see
Fig.54, 55). Where comparisons are made between batches it
is always necessary to apply judicious controls to ensure

reproducibility.
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