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SUMMARY

In contrast to the widespread interest in metabolism
of tumour cells, the effect of tumour growth on the
metabolism of non-involved organs of the host has
received little attention, although the importance of
this is elucidating systemic effects of tumours is

great.

This thesis therefore first set out to study the
hepatic contents of the key regulatory intermediates
acetyl CoA, CoA and citrate in liver of mice bearing
either TLX~5 lymphoma, Sarcome 180 or a-C3H
transplantable mammary tumour. These studies showed
that the hepatic contents of acetyl Col and the free
coenzyme were significantly decreased in liver of
these animals, with concomitant increases in thle

citrate content. The direction of change in the

hepatic contents of acetyl CoA and citratc wers

(

opposite to that found in starved tumour-free animals,
and it was suggested that the increase in the hepatic
content of citrate would favour gluconeogenesis by

inhibition of phosphofructokinasec,

The changes in the hepatic content of thesca
metabolites occurred irrespective of tne coundlition of
the animal. Thus mice bearing TLX-5 lvinphoma
presented with anorexia, cachexia and hypothermia.
There was also evidence that this tumour invaaed iiver,
In contrast, both the mammary tumouxr and Sarcoma 180
remained locally malignant, and the animais shcwed no

apparent ill effects of their tumour.

xxii



Study of the daily changes of these metabolites
showed that these occurred at an early stage of tumour
growth in mice bearing TLX-5 lymphoma. Early changes
in spleen and thymus weights were also found. Later
in a study adjacent to the main line of enquiry it
was shown that in mice bearing Sarcoma 180, the onset
of thymic atrophy could be correlated with the

beginning of loss of body weight.

The administration of pantothenate to mice
bearing Sarcoma 180 failed to revert the tumour=-
induced fall in the hepatic contents of free coenzyme
A, but under these conditions a marked fall in body
weight and spleen weight occurred without altering
the rate oi tumour growth. These data suggested
some defeczt iun the metabolism of pantothenate in mice

bearing this tumour.

Further investigai:lons showed that the hepatic
contents of lactate, pyruvate, malate, o ~oxoglutarate
and oxaloacetat~ were altered in Lumour-bearing mice.
Calculaticn of the cytosolic NAD+ / NADH ratios in
these livers, showed that the cytoplasm was in a more
reduced state than normal, and it was suggested that
this might favour gluconcogenesis. Lecreases in the
hepatic contents of aATP, ADP and AMP were also found,
but the ratios ATP/ADF and ATP/AMP did not change
significantliy in mice bearing Sarcoma 180, although
the latter ratio fell zignificantly in mice bearing

the lymphoma.

It was stressed however, that determination of

the whole cell content of some of these metabolites

xxiii



requires careful interpretation due to the well-

recognised problem of compartmentation.

An increase in the lactate content of blood as
a possible reason for the increase in the hepatic
content of citrate in mice bearing either TLX-5
lymphoma or Sarcoma 180 was examined. In the former
model blood lactate was not significantly altered,
but in the latter, this showed significant decreases.
In both models, blood glucose values were significantly

decreased.

Although it was previously suggested that the

-~

increase in the hepatic content of citrate in these
livers would favour gluconeogenesis, by citrate-
inhibition of phosphofrUCtokinase, the activity of

the létter, as well as that of fructose-diphosphatase

in liver of mice bearing TLX-5 lymnphoma was nct changed
significantly. The conditions cfE the in vitro assay

of these enzymes did not however necessarily reflect

the conditions in vivo, It was alsc fuund that the
hepatic contents of glucdse-G—phcsphate and frictose~
6-phosphate were significantly decreaced in wice hearing
TLX~=5 lymphoma. A decrease in the content 2f fructose-
6~phosphate would also suggest a decrease iu the

activity of phosphofructokinase.

The possibility that the increased content of
citrate in tumour bearing mice involved scme disturbance
of lipid metabolism due to inhibition of Alv-cicrean
lyase was next examined. These studies showed cthat
the activity of this enzyme was significantiy decreased

in liver of mice bearing either TLX-5 lymphciua or



Sarcoma 180, The question then arose as to whether
the tumour-induced changes in the hepatic contents of
acetyl CoA and citrate could be altered by starvation
of tumour-~bearing mice. Under these conditions
however, the hepatic contents of acetyl CoA did not
increase, nor did a significant decrease in citrate
occur, and in fact in starved mice bearing Sarcoma 180,

the hepatic contents of citrate showed further increases.

The acetyl CoA/CoASH ratios in liver of fed mice
bearing Sarcoma 180 were not significantly altered
when compared to normal fed mice, Starvation of mice
bearing this tumour increased the ratio acetyl CoA/
-CoASH in =z similar manner to that found in starved
tumour-ire« wice,  In contrast in fed mice bearing
TLX~5 l1lywphoma, this ratio was increased significantly,
but when these animals were starved, changes in the
ratio did mot occur. However there was no evidence
of ketonuria in mice bearing either TLX-5 lymphoma ox

Sarcome 140,

The luicrease in the hepatic content of citrate
in fed or fasted tumour=-bearing mice was considered to
be of sufficient magnitude to activate acetyl CoA
carboxylacse, and stimulate fatty acid synthesis, It
was also puinted out that the failure to reduce the
hepatic contents of citrate by starvation of tumour-
bearing mice could indicate that the regulation of
fatty acid synthesis in liver of these animals was

out of control.

Further investigations showed that in mice bearing

TLX-5 lymphoma, there was a two-fold increase in weight

XXV



of epididymal adipose tissue, whereas in mice bearing
the sarcoma, decreases were found. The hepatic
content of triglycerides in the latter model also
showed significant decreases. When both of these
models were starved, the weight of the epididymal fat
pads of mice bearing Sarcoma 180 decreased further.
There were no significant changes however in the weight
of the epididymal adipose tissues in starved mice bearing
the lymphoma. These data suggested that the two
tumours had different effects of fat mobilisation in
their host, and this was discussed in terms of

disturbances cf hormonal activity in these animals,

The earlier cbservation that changes in the hepatic
contents of ecetyl CoA, CoASH and citrate occurred
shortly folliowing tumour implant suggested that
products ¢f tumour cells might be involved in the
aetiology c¢f these changes, This was supported by
the observation that cuvative resection of a small
localised mammeary tumcur could wevert these changes
to normal. Furtaer, when the resection was unsuccess=
ful the tumour-induced changes in the contents of these

metabolites also recurred,

In support of these findings, it was also shown
that changes in the hepatic contents of these
metabolites could alse be inducad in normal mice
following the intraperitoireal injection of a cell-free

T

preparation of TLX-5 lyrnpnoma cells, or in some

instances nron-viable tuvmeur cells.,

Finally, ultrastrucvural changes in liver of

ice bearing Sarcoma were studied to examine whether

xxvi.



there was evidence of injury to mitochondria. These
studies showed that mitochondria in these livers were
swollen with loss of cristae. Other changes were
also observed. It was also shown that these effects
on mitochondria could also be induced in normal mice
following the intraperitoneal injection of a cell-free

preparation of TLX-5 lymphoma cells,
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FOREWORD

"Tumour-hest wvalations exist, they are part of
the natural history of cancer and the host, and
until an understanding of them is achieved only

a partial knowledge of cancer will be attained'.

Begg (1958)
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INTRODUCTTON

General

It has long been recognised that the growth of
malignant tumours in man, and experimental animals
may cause marked alterations in the physiological
state of their host, that cannot be attributed to
mechanical interference with vital organs, or as a
result of the secretion of hormones by the tumour
“cells, These systemic effects of a tumour are
generally referred to as cachexia, a symptom complex
that has been estimated to be the most frequent cause

of death in cancer patients (Warren, 1932).

According to Theologides (1977%), caencer cachexia,
in patients is characterised by anowexia, loss of body
weight with depletion of fat and other ccmponenis,
water and electrolyte abnormalities, and increased
energy expenditure. Metabolic abuormeliities such as
hypoalbuminaemia (Mider,vAlling and lMcrion, 1950
Winzler, 1953), hypoglycaemia (Marks, Steinke, Podolsky
and Egdahl, 1974), and disturbances of li,oid metabolism
(Barclay, Skipski, Terebus-Kekish, Greene. Kaufman and

Stock, 1970) have also been repcrted.

Clinical observations have shown that sume p=2tients
may present with cachexia at an early stage of tumour
growth. However, others may only become cochectic

at the terminal stage of their iliness.

In man and experimental animals it is well-
recognised that different neoplasms may produce very

different systemic effects on their host. Thus some



features of the cachexia syndrome may predominate

over others. This is a complicating factor, not only
in attempts to define the mechanisms involved, but
also in defining which particular systemic effect may

be of prime importance.

In spite of much investigation, the pathogenesis
of cancer cachexia remains obscure. The problem of
elucidating even one of the many systemic effects of
a tumour on its host is reflected in a voluminous
literature. Several authorities have discussed the
problem in patients (Costa, 1963; De Wys, 1970;
Theologides,‘l972; Bondy, 1976) and excellent reviews
have been written on the systemic effects of tumour
growth in swall animals (Haven and Bloor, 1956; Begg,
1958; Costa, 1963; Shapot, 1972). The immunological
parameters of tvimour-host relations have also been

documented (Morton, 1973).

Wichout assuming too close a relationship between
the systemic effects of transplantable and induced
tumours in small animals, and those found in cancer

patients, many similarities exist,

In tuwnour-bearing animals these include anorexia,
loss of body weight with depletion of fat and nitrogen
(Mider, Sherman and Morton, 1949; Haven, Bloor and
Randall, 1949), extensive muscle wasting (Sherman,

Morton and Mider, 1950), and increased energy expenditure
(Mider, 1951; Pratt and Putney, 1958), Disturbances
ot lipid and carbohydréte'metabolism have also been

reported.

The described effects of alterations in lipid

o



metabolism include loss of body fat (Boyd, Connell

and McEwan, 1952), hyperlipaemia (Begg and lotz, 1956;
Haven and Bloor, 1956) and alterations in the pattern
of circulating lipoproteins (Creinin and Narayan, 1971;
Cox and Gokcen, 1975), Although little is known of
the mechanisms involved in these changes, it is likely
that some can be attributed to anorexia (Costa, Lyles
and Ullrich, 1976). It is known however that some
tumour sfstems will induce loss of body fat in their
host withou: inducing anorexia (Costa and Holland,
1962). Aiso as discussed later it has recently been
proposed that the disturbances of lipid metabolism and
decreased food intake in some tumour-bearing mice may
be mediated by the release of a humoral factor from

the tumour cells (Liebelt, Liebelt and Johnston, 1971),.

Disturbancas of carbohydrate metabolism in tumour-
bearing znimals has been recognised for many years,
and have been discussed by Costa (1963), and more
recently by Shapot (1972). These effects of a tumour
inciude loss of liver glycogen (McFadzean and Jeung,
1956; JCavey, Pretlow, Ezdinli and Holland, 1966), and
hypoglycaemia (Mallick, Banerjee, and Shrivastava, 1968;

Shapot and Blinov, 1974).

It seeme likely that depletion of the glycogen
reserves may involve stimulation by glucagon (Shapot,
1972, but the hypoglycaemia observed in some tumour-
braring animals is more difficult to explain. An
excessive consumption of glucose by the tumour cells,
mich is utilised not only for the synthesis of amino

acids (Campbell and Halliday, 1957) but also of pentose



of nucleic acids (Shapot, 1972), may be involved.
However it is known that some tumour systems do not
induce hypoglycaemia in thé host, and this may
involve an increase in gluconeogenesis in the host
(Gutman, Thilo and Biran, 1969; Shapot and Blinov,

1974) to maintain the normal level of blood glucose.

Several studies have shown that growth of tumours
in experimental animals may cause structural changes
in organs distal to the tumour mass, and hypertrophy
of spleen, liver and adrenals, and atrophy of the
thymus have been well-documented (Haven and Bloor, 1956;
'Begg, 1958; Medigreceauﬁu,vl970; Theclogides and
Pegelow, 1970). These changes ave fouad in the absence
of metastases in these organs, and mwone zre specific
to the presence of a tumour. Several factors appear
to be involved. They include ac discucced in a later
section of this thesis, not only rhe immwmologiral
regponse of the host, but also metabolic adaptation to

- the presence of a tumour.

In summary therefore, the systemic effects of a

4

growing tumour in small animals may depeni apon ihe
tumour system used, Also associated pathological
states such as hormonal imbalance, and alterziinnz in
the nutritional status of the host may be invclved.
There is also the possibility that some of these effectis
on the host are due to the release of producte fronm Lhe

tumour cells.

The following sections now discugs in mcre detail
some of the systemic effects of tumours Lhai are

pertinent to the studies to be presented in this thesis.



SOME SYSTEMIC EFFECTS OF TUMOURS
ON THEIR HOST

Loss of Body Weight

Progressive weight loss is a frequent finding in
cancer patients and tumour-bearing animals (Theologides,
1972). Although in some patients this can be
attributed to anorexia, malabsorption, and increased
energy expenditure, there is considerable evidence
both from clinical observation in patients, and
studies on experimental animals that other factors are
involved (Theologides, 1972; Bondy, 1976). It is
well-recognised for example that weighc loss may be
the first manifestation of maligneant disease, and also
weight loss may occur in patients witlh advanced cancer,
and in whom the caloric intake is more ~han sdequate.
In such situations it has been proposed that toxic
factors released from the tumour cells may be involved
(Donovan, 1954; Begg, 1958; Gellhorn, 1970), but as
discussed later, the release of toxic facicrs from

tumour cells in vivo has been difficult te prove.

Attempts to induce weight gain in tumour-bezring
rats by force-feeding hadébeen extensiveiy invecstigated
(Begg and Dickenson, 1951; Stewart and Begg, 1953;
Mider, 1953; Sugimura, Birnbaum, Wianitz and CGreenstein,
1959) but only a temporary improvement was achieved.

In these animals such treatment can be censiderad
unphysiological, and stress may influence the results,
Intravenous feeding has also been studied in tuwour-

S e IO | — -
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pearing animals, but according to one report (Cameron



and Pavlat, 1976) the additional nutrition evoked a
greater rate of tumour growth. However in recent
studies on the effect of intravenous hyperalimentation
in tumour-bearing rats it has been shown that although
the absolute weight of the tumour increased, the ratio
of tumour weight to body weight did not alter
significantly (Ota, Copeland, Strobel, Daly, Gum,
Guinn and Dudrick, 1977).

Dudrick and his group have also shown that
intravenous hyperalimentation may induce weight gain
in some cancer patients (Copeland, MacFadyen and

Dudrick, 1974),

The earlier studies leading to the concept that
tumours act as nitrogen ‘traps’ and utilise nitrogen
_from the tissues of the host when tre intake of dietary
nitrogen is reduced have been revicwed v Mider (1953)
and Costa (1963), It has also been recentiy pustulated
that tumours may 'trap' glucose and possibly vitarias
as well (Shapot, 1972)., Although thers is some
evidence of an increased uptake of glucose by tumours
in vivo (Norman and Smith, 1956; Campbeli and Hallicay,
1957) as well as amino acids (Yamamota, Aikawa,
Matsutaka, and Ishiwaka, 1974), the uptake of an
essential nutrient such as a vitamin Jeading to its

depletion in the host has not been documented.

Rivlin (1973) has investigated the meialolism of
riboflavin in tumour-bearing animals, rle has sugeested
that tumours may affect the metaboliasm of vitamins,
and in studies to be presented later it is vhown that

treatment of mice bearing Sarcoma 180 with pantothenate



induces a marked loss of body weight. There was also
a reversal of the hypertrophy of spleen in these
animals. These studies are presented in Chapter 2,

As discussed therein, Ghadially and Wiseman (1956),
have reported that supplementation of the diet of rats
bearing RD3 sarcoma with methionine induces the tissues
of the host to waste, and at the same time increases
the rate of tumour growth. - In our own studies
however, tumour growth was not affected by treatment

of the animals with the vitamin.

MORPHOLOGICAL CHANGES IN ORGANS
OF THE HOST

Although earlier workers have reported on the
hypertroohy of spleen, liver and adrenals and atrophy
of thymus in tumcur-bearing animals, in vacent years
attention has keen limited.

These studi=s have bz=en reviewed by Haven and

Bloor (1955}, and Ly Begg (1958) who has also discussed

res in these organs.

64

the associated histopatholegical chan
(=]

Liver

Analysis Of livers of tumour=-bhesiing animals has
shown that the water content (McLwen and Haven, 1941)
as well as that of nitrogea {(Sherman, Morton and Mider,
1950) is increascd. The ieason for these changes is
unclear, but malnutriticn is not responsible since in

starved animals livcr weizht decreases (Harrison, 1953).



According to Wiseman and Ghadially (1958), the
enlarged liver of the tumour~bearing host may reflect
an increase in metabolic activity. This would bé
consistent with a previous report of increased mitotic
activity in liver of tumour-bearing animals (Malmgren,
1956), as well as a more recent finding of increased
synthesis of DNA (Rev-Kury, Kury and ¥riedell, 1966),
Increases in both of these parameters may reflect
increases in the activity of several enzymes involved
in the synthesis of macromolecules (Herzfeld and

Greengard, 1972).

Although cxplanations for the esunlargement of
liver of the tumour-bearing host remsin speculative,
it is of interest that Toporek (1972) has shown that
there is a rease in synthesis of serum proteins in

liver of tumour-bearing rats, concomitant with an

increased synthesis of liver proteins. I was also

shown in these studies that both of these changes may

involve a humorel factor from the cumour cells,

SBIeeQ

Hypertroprhy of spleen in tumour-bearing animals
is a frequent finding (Stewart and Begg, 1953;
Medigrecenaunu, 1970), and ocne of the most striking

morphological changes seen.

Rapid eniawgewciit of spleen has been reported to
occur following itwmaour implant (Siegler and Koprowska,
1962), and this has alsc been observed in the present
studies on tumour=-bearing mice. It has also been

found in normal aniwals following the injection of

# The hypertrophy is associated with histopathological
changes including increases in the number of giant
cells (Begg, 1952),



extracts of various tumours = the so-called
'toxohormone' - (Nakahara and Fukuoka, 1958;

Kampschmidt,; Adams and McCoy, 1959).

As described later, the present author and
colleagues (McAllister, Soukop and Calman, 1977),
have shown that the enlarged spleen of mice bearing
small localised mammary tumours is reverted to normal
following a curative resection. Also as described
later, the injection of cell-free ascitic fluid from
mice bearing TLX-5 lymphoma, into normal mice also
induces hypertrophy of spleen (as well as thymic
atrophy).

These cbservations support the view that hyper~
trophy of spleen in tumour-bearing animals is due to
the immunological response (Konda, Nakao and Smith,
1973; Konda and Smith, 1973). They also suggest
that products of tumour cells may be involved in this

effect, and these are being investigated at present.

Thymus

Although atrophy of the thymus of tumour-bearing
animals has ceen recognised for many years (Larionow,
1932; Fukuoka and Nakahara, 19523 Simu, Toma, Nestor
znd Rosculet, 1968; Ertl, 1973), very little is known

cf the mechanisms involved.

Exrtl (1973) considers that thymic atrophy is
related to hypertrophy of the adrenals but the latter
is a much less frequent finding (Nakahara and Fukuoka,
1958) and thymic atrophy is diminished, but not

abolished in adrenalectomised tumour-bearing rats



(Simu, Toma, Nestor and Rosculet, 1968).

Studics on mice bearing MI890 ascitic tumour
have shown that the beginning of thymic atrophy in
these animals corresponded with enlargement of spleen,
and histopathological changes in liver (Siegler and
Koprowska, 1962). Later Ertl (1973) showed that the
commencement of thymic atrophy in rats bearing Walker
256 carcinoma could be related to the beginning of

loss of body weight and progressive cachexia.

These findings suggest é close physiological
relationship between thymic atrophy and some of the
‘systemic effecte of a tumour, and later it is shown
that the above relationship between thymic atrophy and
loss of body weight is also found in mice bearing

Sarcoma 18C¢ (Chapter 8).

égrenals

The histological and histochemical changes that
occur in the adrenal of some tumour-bearing animals
have been extensively studied (Haven and Bloor, 1956

Ertl, 1973).

ccording to some reports, hyperfunction of the
adrenals with hypersecretion of glucocorticoids can
be detected during the early stages of tumour growth.
In the latter stages, these changes lead to exhaustive
insufficiency, with depletion of the glucocorticoid
reserves (Allot and Skelton, 1960; Ertl, 1973).
Not all authors are in agreement with these findings.
For example, increased hypophyseo~adrenal function,

and increase in the plasma

10



corticosterone levels have also been described in the
advanced stages of tumour growth in rats (Nakata,

Suematsu, Nakata, Matsumoto and Sakamoto, 1964).

The importance however of glucocorticoids in the
enhancement of gluconeogenesis is well recognised
(for reviews see Weber, 1968 and Exton, 1972). Such
mechanisms include the induction of several amino-
transferases in liver (Barnabel and Sereni, 1962;
Estrada and Cordoba, 1963; Beatn, Kalimi and Feigelson,
1972) and increased activity of several of these
enzymes have also been reported in liver of tumour-

- bearing snimais (Nakata, Suematsu. Nakata, Matsumoto
and Sakomoto. 1964; Greengard, Baker aud Friedell,
1967).

Accordinug to Shapot (1972), he hypersecretion of

glucocorticoids may be involved in the enhancement of

gluconeogenesis in tumour-bearing animals,

ULTPASTRUCTURAL, CHANGES iN LIVER
OF TUMOUR-BEARING ANIMALS

Several workers have described changes in the
hepatoceliular ultrastructures that frequently accompany
the growth of leocalised subcutanecus neoplasmiin small
animals (Ghadially and Parry, 1965; Parry and Ghadially,
1966, 1967, 1969; Xhaudekar, Dardachte, Garg, Tuchweber
and Kovacs, 19723 Bhawvan, Friedell and Jacobs, 1975),
but some of the findings differ according to the species
of animal uéed, the type of tumour, and the condition

of the animal at the ti

ne o

h
cr
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(Rhandekar, Dardachte, Garg, Tuchweber and Kovacs, 1972).

Parry and Ghadially (1966) studied rats bearing
.subcutaneous carcinogen-induced tumours when the
animals were in the agonal phase, and showed that
these changes included marked swelling of mitochondria
indicative of an uncoupling of oxidative phosphorylation.
However, according to Baldwin, George and Cunningham
(1975), mitochondria from livers of wrats bearing
Walker 256 carcinoma at a stage when the animals
remained healthy showed no differences in the rate of
loss of respiratory control, although when the animals
were near death, liver mitochondria could not catalyse

ATP formation.

- These findings on the biochemical evidence alone,

Fn

were considered to indicate that ultra-structural
changes in mitochondria were due to the cdegenerative

process of dying, and not to the tuncur per se.

Ho@ever, otuer workers have reported that the
growth of a transplantable mammary tumour in rats also
inducéd ultra=structural changes in mitochondria in
liver of the appavently healthy host (Khandekar,
Dardachte, Garg, Tuchweber and Kovacs, 1972). These
latter workers proposed that hepatic fine structural
changes in these livers wave due to a direct toxic
effect of the tumour, a view aiso held by Bhawan and
Friedell, 1675), Such proposals are of interest
because in a previcus study (Parry and Ghadially, 1970)
it was found that treatment of normal rat with a highly
purified toxohormone alsn induced changes in

hepatocellular ultra~structures that paralled these

12



changes in animals hosting the subcutaneous tumour.

Later in Chapter 7, it is shown that growth of
subcutaneous Sarcoma 180 in mice induces several
ultrastructural changes in liver of these animals,
that include swelling of mitochondria and loss of
cristae. It is also shown therein, that such changes
can also be induced in normal mice following the
injection of cell=-free ascitic fluid from mice

‘bearing TILX-5 lymphoma.

EARLY S7STEMIC FEFFECTS OF TUMOUR GROWTH
IN SMALL ANIMALS

In 1963, in a review on cancer cachexia, Costa

wrote,

'Another point of importance is to establish
wvhether the systemic effects of tumours are a continuous
P -3 e .
function of tumour mass, whether they are related to
the ratc of tumour growth, or are, rather, phenomena
which reach their full expression at some time during
the course orf the neoplasm progressing thereafter as
a function of time unaffected by subsequent behaviour

¢f the tumour'.

Priov to that time, some observations had been
made on early measurable changes that occurred in
animals shortly after tumour implant. Pratt and
Putney.(l958) for instance reported increases in
energy expenditure in rats shortly after tumour
umplant, and other workers (Haven, Bloor and Randall,

1951) showed that mobilisation of body fat occurs at

13



an early stage of growth of the Walker 256 csrcinoma
in rats, during the period when food intake remained
normal, and before the carbohydrate and protein stores
became depleted. In support of these observations,
Costa and Holland (1962) described an early acute fat
loss in mice bearing Krebs-2 carcinoma, that occurred
during the first week and when the tumour was just
palpable, They also found that an increase in oxygen
consumption could be detected 12 hours after

implantation of the tumour in these animals,

Since then, more recent studies have shown that
changes occur in several serum lipid fractions three
to four days after implantation of Ehriich ascites
tumour in mice (Creinin and Narayemn, 1¢71), or
following the injection of Simian viris 40 into Syrian

hamsters (Cox and Gokcen, 1975).

S

'That such early changes are nout confined to
disturbances of lipid metabolism is evidenced by the
investigations of Herzfeld and Greengarxd (1.972) wao

have shown that the activity of ornithine aminotransrierase
in liver of tumour-bearing rats shows a marked decreesse

in as short a time as four hours after tuour iwplant.

In Chapter 2 of this thesis, evidence is presented
showing the 24 hours after tumour implant in mice
significant changes occur in the hepatic ccntents of
acetyl CoA and citrate. As discussed therziia, the
change in the acetyl CoA content of liver of these
animals may be related to a report chat appeared arfter
our cbservations, showing that the adininistratinon of

14
“C~tripalmitin to mice bearing Krebs-2 carcinoma,

14



resulted in a marked suppression of 14C02, that was
detectable within 24 hours of tumour implant, It
was also shown that this procedure may have potential
significance in the detection of cancer in patients

(Costa, Lyles and Ullrich, 1976).

A cautionary note however must be made as to the
use of animal models in such studies, because as Liebelt
et al. (1974) have pointed out, the sudden imposition
of a rapidly growing popﬁlation of tumour cells on a
healthy and often young animal is of obvious marked
contrast to the more chronic series of events that are

found in the human situation.

his abrupt challenge to the host is no doubt
responsible -fcr the immunological response evidenced
as already described by hypertrophy of spleen, but the
other changes induced in the host, including our own
observaticns cof rapid changes in the hepatic content

of regulatory intermediates are less understood,

The involvement of factors of tumour origin
cannot be excluded from the aetiology of these early
systemic effects of tumours, and as described in a
later Chapter (6), we have found evidence of this in

ocur own observations.

SOME MECHANISMS THAT HAVE BEEN PROPOSED
IN THE PATHOGENESIS OF CANCER CACHEXIA

The literature on cancer cachexia contains many
aypothes¥s (Costa, 1963; Gold, 1968; Theologides,
1972; Gold, 1974; Theoclogides, 1974),

15



The many similarities that exist between
starvation and cancer cachexia, including weight loss
and thymolymphatic atrophy have led to proposals that
the large dietary demands of a tumour on its host may
be responsible for loss of body weight and negative
nitrogen balance. The force=feeding experiments on
rats that have already been cited have shown however
that malnutrition alone is not responsible (Theologides,
1972). Such evidence however has been obtained under
unphysiological conditions (Costz, 1963), and is
complicated by the fact that the nutritional status of
the host is known not only to affect tumour growth
(Tannenbaum and Silverstone, 1953: Ghadially and Wiseman,
1956; Henderson and Le Page, 1959; Comeron and
Pavlat, 1574) but also to affect i he metabolism of the
tumour (Rosen, Budwick, Solomon and Nichol, 1961; Ota,
Copeland, Strobel, Daly, Gum, Guinn and sudrick, 1977).
In the formcr instance, this effect may involve alterations
in the immmnolcgical status of the host, which in both
malnourished (Cannon, 1949; Ross and Bras, 1965) and

tumour~bearing animals, changes ave found.

A unique situation also exisis between starvation
‘and cancer»cachexia, ic that in starved animals liver
weight decreases (Harrison, 1953) whereas in tumour-
bearing animals increases in the weignz of liver occur.
It has already been noted that this may involve an
increase in metabolism of liver in the tumour-bearing
host (Wiseman and Ghadislly, 1938). Also in starved
tumour-free animals the metabolic rate decreases
whereas in both cancer patients (Gellhorn and Holland,

1

1954; Theologides, 1972) and animals hosting tumours

16



increases are found (Pratt and Putney, 1958). Part
at least of this increase in oxygen consumption by the
tumour-bearing host may be due to the high energy

demands of gluconeogenesis (Bondy, 1976).

The nutritional aspects of malignant disease
have been discussed in detail by Tannenbaum and
Silverstone (1953) and more recently by Copeland,

MacFadyen and Dudrick (1974).

As discussed later in this section much attention
has also been paid to the possibility that tumours
secrete toxic products that perturb metabolism in the
host (Nakahars and Fukuoka, 1958; Kampschmidt, 1970;

Olivares, 1970).

It has also been proposed that tumours induce a
greatly augmented pathway of glucomneogenesis in the
host, and that such a mechanism is invelved in the
pathogenesis of caacer cachexia (Gold, 1968; Shapot,

1972; Goid, 1274).

The evidence for an increase in gluconeogenesis

in the tumour-bearing host however ie largely

circumstantial,

Further, aithough an increase in Cori cycle activity
in cancer patients cccurs when comparced to patients
with other diseases (Reichaid, Moury, Hochella,
Patterson and Weinhouse, 1963), as Shapot and Blinov
(1974) have pointed ouv no data on gluconeogenesis in
tumour-bearing animels from lipid or amino acids can

be found in the liteciacuice prior to that date.

Although several reports have described changes

17



in the activities of several enzymes in liver of tumour-
bearing animals (Kampschmidt, Adams and McCoy, 1959;
Suda, Tanaka, Sue, Harana and Morimura, 1966; Greengard,
Baker and Friedell, 1967; Gutman, Thilo and Biran,

1969; Herzfeld and Greengard, 1972; Isohashi, Terada,
Nakanishi and Sakamoto, 1976), very little attention

has been paid to the regulation of intermediary
metabolism in liver of tumour-bearing animals, although
the potential importance of this in the pathogenesis

of cancer cachexia is great.

It has been postulated however that in cancer
cachexia such regulatory mechanisms are disrupted
(Theologides, 2972). According to this suggestion
tumours produce low molecular weight metabolites such
as polypeptides and nucleotides that allosterically
activate and inactivate various enzyme systems in the
host., Alterations in various metabolic equilibria
are thereby effected, and to quote, 'throws the

ametabolisn of the host into a chaotic state'.

It has also been proposed (Marks, Steinke,
Podelsky and Fgdahl, 1974) that the hypoglycaemia in
patients with large single neoplasms may be due to the
release of tryptophan, a known inhibitor of
gluconeogenesis {Ray, Foster and Lardy, 1966), or short

chain pclvpeptides with a similar effect.

There was however little experimental evidence
that tumour growth perturbed intermediary metabolism
in liver of the host, by mechanisms involving alterations
10 key glycolytic intermediates or those involved in

tricarboxylic acid cycle activity. Extensive
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investigations wére therefore begun on these lines
(Calman and McAllister, 1975a, 1975b; McAllister,
Soukop and Calman, 1976; McAllister, Soukop and
Calman, 1977).

The possibility that some of these changes may
be related to the production of factors from tumour
cells was also investigated (McAllister, Soukop and

Calman, 1977), and are presented later in this thesis.,

As discussed later in this section, some of these
studies had considerable bearing on the proposal
(Gold, 1968, 1972; Shapot, 1972) that tumour growth
induces an augmented pathway of gluconeogenesis in the

host. These concepts will now be discussed.

(1) ENHANCEMENT OF GLUCONEOGENESIS
| IN THE TUMOUR BEARING {I0ST

The first suggestion that the growrh of a tumour
might induce changes in the pathways of intermediary
metabolism in the host stemmed from the work cf
Fenninger and Mider (1954). They proposec that such
alterations, 'forced' the host to use mcre expeasive
pathways in terms of energy and nitrogen mztabolism.
However, the mechanism involved in this «fiect was
considered to be a selective removal of esszntial
nutrients from the host by the tumour. and as discusced

previously this has not been proved.

Later Gold (1968, 1972) postulated that the growth

of a tumour induced a greatly augmented patiway of
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gluconeogenesis in the host, the high energy demands
of which depleted host energy: reserves in terms of
ATP. This he considers is due to increased
gluconeogenesis from lactate produced by tumour
glycolysis and other gluconeogenic substrates, mainly

amino acids after their conversion to oxaloacetate,

However, although there is some evidence of
increased Cori cycle activity in patients (Reichard,
Moury, Hochella, Patterson and Weinhouse, 1963), the
concept of Gold (1972) rests heavily on an ever increasing
production of lactate frém the tumour cells, and this
is not a consistent finding in either patients
(Bondy, 1976) or tumour-bearing enimals (Greenstein,
1954; Costa, 1963). There is howevar evidence that
the concent+ation of various amino acids in blood of
some cancer patients (Kelley and Waisman, 1967) and
tumour-bcaring animals is increased (Wu end Bauer,
1960). An increased concentration of alanine, the
predoninani aminc acid in hepatic gluconeogenesis
(Felig, 1973) has alsc been reported in the blood of
patients with advanced cancer, and evidence presented
that this was derived from the brealkdown of muscle

proteins (De Wys, 197C}.

Shapot (1972) however, has alco implicated an
increase in gluconeogenesis in the host as a major
factor in the nathogencsis cof cancer cachexia., According
to him, this is due to the high rate of glucose consumption

by the tumcur cells. whiclh effects increases in the

luconeogenic fiux in the host in order to maintain
o
normal blood gluccsc levels, In support of this
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suggestion, Shapot and Blinov (1974) have shown that

in mice bearing Sarcoma 180 which maintained normal
levels of glucose in blood over the whole period of
tumour growth, there was an increase in gluconeogenesis

. . 14
as measured by glucose formation from tyrosine- C,

In contrast, in mice bearing Ehrlich's ascites
carcinoma, in which hypoglycaemia developed from the
fifth day following tumour implant, there was no
enhancement of endogenous glucose formation from

1

labelled amino acids in these anima

Se

According to these workers the differences found
in the gluconeogenic response in arimals bearing
Sarcoma 130 and the Ehrlich ascites tumour is due to
differences In the response of the nhnst tissues to
glucocorticoids, Thus stimulation of gluconeogenesis
by the adirianistcation of cortisol failed to increase
blood glucuse levels in mice beevring the ascites
tumour. However, when lzrge Jdoses of cortisol were

given, or when the animais were cubjected to stress,

)

h

L

normal blood glucose wvalues were found. In contrast,
the gluconeogenis- response to curtiscl in mice bearing
Sarcoma 180 was similav tc that found in normal animals,

and in fact, in the Lumcur-bearing group, slight

hyperglycaenia resulted (Shapot and Blinov, 1974),

The ccuncepts of both Gold (1968, 1974) and Shapot
(1972) implicaiing lncrcased gluconeogenesis in the
pathogenesis of c2ypcer cachexia would necessitate that
there would be an increase in the activity of key
enzymes in liver towardc gluconeogenesis, but the

evidence for this is conflicting.
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Although this will be discussed in more detail
later, here it may be mentioned for instance that
Suda, Tanaka, Sue, Harano and Morimura (1966) have
reported a switch in enzymic activity to a predominantly
glycolytic pathway in liver of rats hosting the
Walker 256 carcinoma, while other workers in studies
on rats bearing what was described as a non=-
metastasising sarcoma have reported increases in
activity of gluconeogenic enzymes (Gutman, Thilo and

Biran, 1969).

Shapot and Blinov (1974) however consider that
previous reports (Greengard, Baker. and Friedell, 1967)
of increases in activity of tryptuphin oxidase and
tyrosine transaninase in liver of cumnur=-bearing rats
would suppowt their findings discussed above, but as
others have pointed out; (Herzfeld and Greengard, 1972)
these enzimes ere particularly sensitive to
glucocorticoids, and the changes in activity may well
have been Jdue to stress,

In studies to be reported in this thesis, we have
shown that the acuivities of phosphofructokinase and
fructose~1l,6~-diphosghatase are not altered in liver
of tumour-beariig wice. We have also previously
reported (Calmar and MciAllister, 1975a), that in these
animals, there’are changes in the hepatic content of
acetyl CoA and citrate that are cpposite to those
found ‘in animals under gluconecgenic conditions.
However, as discussea later, an increased citrate

content in liver in vive cculd favour gluconeogenesis
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bearing mice decreases in the oxalaocacetate content of
liver were also found, and we have suggested that

this might be due to increased synthesis of glucose,

In support of these suggestions, it was also shown

that the cytoplasm of liver cells in these animals

was in a more reduced state than normal, and this might

favour gluccneogenesis (Chapter 3 p. 96).

In attempts to elucidate several of the above
changes in the hepatic contents of these metabolites,
attention was then directed towards establishing
whether suchk changes could be induced in liver of
normal enimals by the injection of preparations of
tumour ceils, Several previous reports had described
various effects that could be induced in normal
animals following the injection of either tumour
extracts, or mon~viable tumour cells, and these will

be discussea briefly.

(2) PRODUCTS OF TUMOUR ORIGIN AFFECTING
HOST METABOILISM

Somz mention has already been made in this

(1

presentaiion that some of the systemic effects of a
tumocur may e due to products of the tumour cells.
The concept of a cancer toxin is an old one and has
received considerable support by the isolation of
the so-called 'Toxohormone' from cancer tissue by
Nakahara and Fukuoka (1949) which when injected
into normal mice stimulated some of the systemic
effects of tumours in vivo, such as depression of

liver catalase activity and decrease in serum iron
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(Kampschmidlk, Adams and McCoy, 1959), and also
induced hypertrophy of spleen liver and adrenals and

thymic atrophy (Nakahara and Fukuoka, 1958).

However none of these effects are tumour-specific,
and both a decrease in catalase activity in liver
(Miller, 1948) as well as thymolymphatic atrophy
are also found in starved tumour=free animals

(MacFarlane, 1971).

The literature on 'Toxohormone' is extensive,
and has been reviewed by Nakahara and Fukuoka (1958)
and others (Costa, 1962; Kampschmidt, 1970). Nowadays,
however there iz doubt as to whether this product has
any relationship to the products of tumour cells in vivo.
Probably the main argument against the production of
'Toxohormone' by tumour cells, is the fact that repeated
injections are qniecessary to maintain effects such as
depression of activity of liver catalase, or serum
iron (Kampschmidt, Adams and McCoy, 1959; Fukuda, Okada,
Akikawa, Matsuoa and Urushizaki; 1966). Thus the
normal recipient ‘appears to form some resistance to
this material in contrast to the irreversible systemic

effects induced by tumours in vivo.

However, in recent years there is an increasing
body of evidenca that both human and murine cancer cells
produce biologically active products that affect the
growth characteristics of normal cells (Argyris and

rgyris, 1962; Rounds, 1970; Rubin, 1970; Nair and
DeOme, 1973). The secretion of ectopic hormones by

some human cancers is also recognised (Gellhorn, 1970).

It has also been reported (Suda, Tanaka, Sue,
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Harano and Morimura, 1966), that growth of Ehrlich
ascites tumour in mice induces a deviation of key
enzymes in liver towards glycolysis, and that the
factor responsible is transmitted by the blood. It
has also been demonstrated,Asgme of these changes may
also be induced in normal animals following the
injection of various fractions from somnically
disrupted tumour cells (Tanaka, Yanagi, Miyahara,

Kaku, Imamura, Taniuchi and Suda, 1972).

. According to Costa and Holland (1962), the early
acute fat loss in mice bearing Krebs=-=2 carcinoma can
also be induced in normal animals follnwiﬁg the
injection of non-viable tumour cells. Thig they
consider was due to the presence of a virus in their
tumour cell preparations. However Liebelt and
coworkers (1974) have shown that the iniection of
saline extracts of a CBA 2663 stomwecl tumcur of mice
into normal mice induced significant iuncrcases in the
steroid, steroid esters and total 1ipid content in

serum from these animals,

The growth of this tumour ii: CBA nice did rot
induce anorexia, and the animals maintainea &
relatively constant body mass, but a shi’t in
composition, as evidencedby a decrease in Lipid and
increase in non-lipid compartments was TIound,
However when the tumour was transplanied intw
experimentally obese mice, a marked decrease 1z hody

weight that included loss of body fac, occuired.

These data suggested that this tumour »woduczd a

()
wu



lipid-mobilising factor, and Liebelt et al. (1974)
consider that this is responsible for the triad of
decreased food intake, lipid depletion and hyperlipaemia

in tumour-bearing animals,

In recent studies, the present author and
colleagues (McAllister, Soukop and Calman, 1977),
have shown that the injection of cell=~free ascitic
fluid from TLX-5 lymphoma into normal mice effected
alterations in the hepatic content of acetyl CoA and
citrate in these animals, and thereby induced changes
previously found (McAllister and Calman, 1975a) in
liver of tumour-bearing mice. Such changes in normal
mice also followed the injection of ncin=viable TLX=-5
lymphoma cells, and in these animals daily changes in
the triglyceride content of liver werz found that also

mimicked such changes in mice hesting ithis tumour.

Good experimental evidence that some oi the
systemic effects of tumours involve the release of
products of the tumour cells is also to he found where
such effects can be reversed follewing curative
resection. These include reversal of th~ increase in
activiiy of serum aldolase that 1s found iu rats hosting
the Waiker 256 carcinoma or Sarcoma 39 (Sitlev an
Lehninger, 1949). More recently, Shicascsa and
Fujii (1975) have found that the elevated lzvel of
thymidine kinase activity in rats bearing Yoshida

sarcoma, decreases after removal of the tumour.

. R
Some of the present authorg observaiious ou tae

effects of curative resection on some of the syscamic

effects of tumours in mice have already been described.
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In recent studies we have also shown (McAllister,
Soukep and Calman, 1977) that alterations in the
hepatic contents of acetyl CoA, free CoA and citrate
that accompany growth of tumours in mice can be
reverted to normal in mice bearing small localised
mammary tumours by curative resection, Further,
when this procedure was unsuccessful, abnormalities

in the hepatic contents of these metabolites again

occurred,
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PLAN OF THE THESIS

This thesis reports a study of metabolic changes

in livers of tumour-bearing mice.

It consists of six Chapters describing these
changes, the attempts that were made o revert some
of them to normal, and the experimental approaches
carried out to define their aetiology. The final
Chapter is a brief note on observations that were
made on these animals outwith the main line of

enquiry.

Since the majority of the studies presented her
are based on a new epproach to the problem of systemic
effects of o tuaour on its host, background
information is limited. Therefore for purposes of
clarity, each Caapter begins with its own introduction,
and ends with a discussion of the findings reported

therein,
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CHAPTER I

MATERTALS AND METHODS

(1) ANIMALS

In the majority of the studies to be reported
here, male CBA mice were used. These were from an
inbred strain maintained in the Animal House of the
University Department of Surgery, by conventional

inbred mating systems.

Where studies were made on mice bearing a C3H
transplsautable mammary tumour, ther this strain of
animal was used. These were obtzined from an inbred
strain maintained in the Glasgow Iwvstitute of
Radiotherepeutrics and Oncolegy, Belvidere Hospital,

Glasgow, by ccurtesy of Dr A, H. W. Niaec,
Unless orterwise stated, all CBA strain mice were

fed a standacc cubed diet (Breeding Diet Oxoid)

rain mice were fed Diet 41 (Oxoid).
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Water was given to all animals add 1lib.
Prior to the starr of an experiment, using mice
which were to be lnoculated with either TLX-5 lymphoma

or Sarcoma 180, girouos of 12 or 20 aniwmals were taken,

m

at three to four mounths of zge, tien weight-matched
and ear marked. One of each maiched pair serving as a

control while the cther received the tumour under study.

After selecticn of enimals in this fashion, they

were allowed to zceliimet? se themselves to their new

mh ~1r A
ALL f

T o Yoo
18 was CUna



to counteract weight loss that occurs rapidly in mice

when transferred from one environment to another.

(2) TUMOURS USED

(a) Sarcoma 180

‘According to Stewart, Snell, Dunham and Schlyen
1(1959), Sarcoma 180 is an undifferentiated tumour that
was originally found in the right axillary region of
a white male mouse in the Crocker Laboratory New York
in 1914, in the literature it is therefore sometimes

referred to as Crocker Sarcoma 180.

Altlhouph the tumour can be transplanted by the
intraperitoneal, subcutaneous or intramuscular route,
in the present studies subcutaneous inoculation has

been used.

- According to Austin and Glaser (1970), both the
sex of the niouse, its body weight at transplant and
the temperature of the environment have an effect on
the growth of Sarcoma 180, For this reason, only
male mice were used, and the temperature of their

. . . . o
environment maintained as far as possible at 27°C,

Sercome 180 has been reported to invade surrounding
tissues {Stewart et al. 1959), In the present studies
only liver of mice bearing this tumour was used for
the study of concentrations of metabolites, and
enzymic activity. Routine histological examinations

cf these livers showed no evidence of metastases,
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(b) TLX=5 Lymphoma

This tumour was first induced by Dr D. I. Connell
at the Institute of Cancer Research, London by whole
body X=-ray irradiation of CBA mice and transplantation
of the enlarged thymuses into male CBA mice. In
studies to be presented here mice received the ascites
cells intraperitoneally, and histological examination
of liver by Professor K, C. Calman showed evidence of
metastases, In our experience 2 x 106 ascites cells
injected i.p. killed the animals in about eight
days.,

(c) Transplantable C_H Mammary Tamour

3

The above tumour was originally a spontaneous
tumour found in a mouse by Dr A, H. W. Wias ia 1973,
Since then it has been extensively studied in his
Laboratory in the Glasgow Institute of Radiotherapeutics
and Oricology. The tumour has been found to be lccally
malignant with no evidence of metastases in lungs,

liver and spleen.

(3) SOURCES OF TUMOURS USED

At the start of these investigetions nale mice
bearing either TLX~5 lymphoma or Sarccocmal8(0 were
obtained from the Chester Beatty Research Institute
London. The former was in ascites foma, and the latter
had been implanted subcutaneously in the subscapular

region,

Thereafter the tumours were passaged in animals
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in the Department of Surgery, except on odd occasions
when animals had died, before routine passage could
be carried out, and the facilities offered by the
Chester Beatty Research Institute were again called

upon.

As already stated, male C3H mice bearing this
tumour were supplied by courtesy of Dr A, H. W. Nias.
These had received a tumour cell suspension of lO6
cells in 0.05 cm3 of Minimum Essential Medium, Hank's
Salt Solution, (Flow Laboratories) containing'horse

lutami n= cial awin ids.
serum, glutamine and non-essential amino acids

The tumour cells in these mice had been injected
subctitaneously in the midline of the back at the level

of the abdomen,

(4) ROUTINE PASSAGE OF _ TUMOURS

!

0

Routinec peusscge of the TLX-5 lymphoma and Sarcoma

180 were carried out at regular intervals as follows.

(a) TLX-5 Lymphoma

Mice bearing this tumour in ascites form, were
sacrificed and the ascitic fluid remeved from the
. . 7 ) H Mmarimed,
peritoneal cavity, as stzriley as possible. The
fluid was first mizxed with Hank's Balanced Salt Medium
(Flow Laboratories), and the number of tumour cells

counted using zn lrmproved Neubauer counting Chamber,

Dilutions were then made with the same medium,

to give a cell poepnlation of 2 x 10° per 0.5 cm™.
This was then injected into male mice by the intra-
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peritoneal route under light ether anaesthesia. These
animals were then sacrificed about six to seven days

later, and the procedure repeated.

(b) Sarcoma 180

The following procedure was adepted both for
routine passage of the tumour, as well as when setting

up mice for purposes of study.

Animals bearing this tumour were sacrificed by
cervical dislocation, and the subcutaneous tumour
growing in the subscapular position removed under
sterile conditions., The tumour mess was then divided
in two, and areas of necrosis dissected out. Portions
of the tumcuiy free of the necrotic area were then

chopped upr on a glass plate with a little Hank's

2.

Balanced Zalt Ma2dium, One gram of the minced tumour

. . e 3
was then rapidly weighed, mixed with 1.0 cm™ of the

same medium, then filtered thrcugh a gauze swab. 0.25 cm

of the tumour suspension was then injected subcutaneously

into mice in the subscapular posirtion under ether
anaestiesia, Frr routine passage parposes, this
-

procedure was carried vut after every cight to 10 days.

(5) CONTROL GPROUFS

Considerable care was taken in the choice of
adequate controls. In studies on mice bearing
“Sarcoma 180, normaci mice =zeceived the same volume of

Hank's Balznced Salt Medium by the same route.

In some experiments, in mice bearing TLX-5

.
. . O
lymphoma, normal countrol mice received 2 x 10  spleen

33
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cells from normal CBA mice. For this purpose spleens
were removed at sacrifice, and placed in small wells
made of fine mesh metal gauze. About 1 cm3 of the
Balanced Salt Medium was added, and the spleen pushed
through the gauze, using a sterile glass rod. The
spleen cells so obtained were collected, suitable
aliquots removed and the number of cells counted as
before. This was then diluted with the same medium

6

usually to give a cell population of 2 x 10" in 0.5 cm

of the medium which was administer2d intraperitoneally.

As described later, in some experiments, CBA
strain mice were challenged with spleen cells from A

strain mice.

In other studies, including tnose on mice bearing
1 r\ . . R - 3 .
the C.H marnmary tumour, normal, weight and age-matched
]

mice were used as controls.

(6) CONLITLON _OF  ANTMAJLS

D e e Y. e,

Mice bearing the TLX-5 lymphoma became cachectic

after about five te six days of tumour growth.

However as Liebeit et al, (1974) have pointed out,
little attention has b=en paid tc the clinical course
of tumour growth in grall animals, and we have
therefore aimed at de2fining cachexzia in these animal

models. This was characterised by anorexis, lassitude,

-t

and changes in the Lexiure of the fur. Figure 1
shows some of ihese changes in a mouse bearing TLX=-5

lymphoma.

~ Lo L VL L1l

It was also observed that in thegse animals there
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FIGURE 1 Normal male mouse (left) and male mouse
bearing TLX=5 lymphoma (right) seven days after
inoculation with 2 x 106 tumour cells i,p. The
tumour~bearing animal presents with cachexia, as
evidenced by lassitude and changes in the texture of

the fur,




#
were marked decreases in body temperature, and Figure

2 shows these changes when recorded over the seven

day period of tumour growth. It will be seen that a
marked fall occurred on the fifth day following tumour
implant, and thereafter a steady fall in body

temperature cccurred until the study was terminated.

In contrast, mice bearing either Sarcoma 180 or

the transplantable C_H mammary tumour showed few ill

3
effects of their tumours, and as shown later mice
bearing Sarcoma 180 continued to eat normally even

when bearing large tumours.

(7} SACRIFICE OF ANIMALS

Herrers and Freinkel (1968) have reported increases
in the hepatic content of acetyl CoA in rats that had
been killed iy 2ither Nembutal or ether, and for this
reason; in the present studies, mice were killed by

cervical diglocation.

# As determined by a thermocouple placed in the
inguinal region, As can be seaen, body temperature
was elevated during the first five days following
tumour lmplant, This would bes consistent with an
elevated besal metabolic rate, that has beev reported
in rats shortly following tumour lmplaant (Pratt aad
Putney, 1958),
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SECTION T

PREPARATION OF TISSUE AND ENZYMATIC
DETFRMINATION OF METABOLITES
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(1) PREPARATION OF TISSUE FOR ASSAY
OF METABOLITES

(a) The Technique Used for Freeze=-Clamping Mouse

Liver
The labile nature of many of tha metabolites

studied, necessitated the use of the 'freeze-stop'

technique developed by Buchér et al. (1964),

For this purpose, the liver is clamped between
twe aluminium plates to produce a thin layer of tissue,
the.temperature of which, according to Bergmeyer |

0. .
(1965) reaches =~ 160°C in 0.5 seconis.

The tongs used in the present studies are shown
in Figure 3 and were constructed from Cheetle forceps,
by bolting =luminium plates measuring 6 cm long by
5 cm wide on to rthe jaws of the forceps, The
aluminjum plat=s should be aboﬁt 4=5 mm thick to give

the necessary rigidity.

Prior to the procedure, the tongs were immersed
in liquid nitrogen contained in siuminium trays, and
stoneware pestles and mortars prc~cocled in the same

manney,

Pre-weighed glass homogenising vesscls (Jencons)
2
with a capacity of 15 cm”, {152 mm long; internal
diameter 15 mm) weve placed in Dewar Flasks containing
Dry-Kold, and wept there for at least air hour before

use,
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FIGURE 3 Tongs used for freeze-clamping of mouse

liver,

FIGURE 4 Removal of liver prior to freeze=-clamping.



Once the equipment was assembled, the mouse was
killed by cervical dislocation, and the liver rapidly

exposed by a transverse upper abdominal incision.

The ligament attaching the liver to the diaphragm
was cut (Figure 4) and the whole organ dropped onto
the pre-cooled tongs (Figure 5) held by another
operator, who then immediately clamps them and immerses

the whole into liquid nitrogen.

At this stage, the tissue may be kept in the
liquid nitrogen for a reasonable period, but in any
event, as an additional precaution, it was kept there

for at least five minutes.

It may be noted here, that the sirzes given for
the aluminium plates are such, that once the liver is
clamped,  the tissue does not extruds bevond the
edges of the plates. However with larger animals
such as the rat, the liver tissue wculd extrude
beyond the edges of clamps of these dimeusions, and
in such an instance, the non~clamped tissiue would

require to be cut off and discarded.

Figure 6 shows a freeze-clamped liver, and
illustrates the very thinl® layer of tissue oovtolned by
this technique.

The frozen liver is then reduced to a fine

powder using the pre-cooled mortar and pestie.

Considerable care has to be taken at hils sta
to prevent the tissue thawing out, and this is test

prevented, by firstly crushing the tissue fox & few
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FIGURE 5 Liver about to be dropped onto the lower

plate of the pre-cooled tongs.

FIGURE 6 Thin wedge of liver obtained after freeze-

clamping.



seconds, then immediately either adding liquid nitrogen
te it, or returning the mortar and pestle to the tray
of liquid nitrogen. The final stage of powdering

the tissue’is then carried out, but again with frequent
cooling in between. The powdered liver is then
transferred to a pre-weighed homogenising vessel using
~a spatula that has been pre-cooled in liquid nitrogen,
whereas the vessel itself should be pre-cooled in
Dry~Kold. After a rapid re-weigh, the vessel is

returned immediately to the Dewar Flask.

(b) Extraction of Metabolites

Perchloric acid is used to precipitate proteins
and extract the metabolites from the frozen liver.
Although the amount of liver taken woiles, as dces
the volume and molarity of the perchlovic acid ised,
the basic technique is the same, arnd will be descxibed
here in order to avoid repetition. The =zxact

amounts of tissue required will be given latex.

The extraction of metabolites with parchloric
acid and the subsequent homogenisation ercu, is the
stage where things can go wrong, and cousiderable care
mist be paid to the prevention of the tissizs thawing
out before the perchloric acid precipitaces the

proteins.

In the present studies, the hemogeniscr ased was
the conventional Potter and Elvehjem (38260 tvpe =2nd
consisted of a teflon pestle {Jencoens) driveu by &«
1/10th horse power motor (Anderman) which givis a

maximum speed of approximately 6000 r.p.m.
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For convenience, the pestle can be stored in a
deep-freeze ( - ZSOC) or stored in a Dewar Flask
containing Dry=-Kold, then removed immediately before

use.,

The required volume of ice cold perchloric acid
is then added to the powdered tissue in the homogenising
vessel, mixed rapidly with a glass rod that has been
‘cooled in ice, then the vessel is placed in crushed

.

1ce,

The wixture is then immediately homogenised using

two series of passes, with 30 seconds between each.

The homicgenate is then centrifuged at 3000 g for
10 minutes and the supernatant removed. At this
stage some methods call for a double extraction of the
tissue with a Ffurther aliquot of perchloric acid, and

where necessary this is carried out as described later.

The next stage is the removal of perchloric acid

rom thc tissue extract by precipitating it as the

Ft.

potasgium salt with either potassium hydroxide or
potassium carbonate. In the present studies, the
supernatant was brought to the required pH (given
later) using a dual purpose micro-electrode and an
accurate pH meier (Research Model; Electronic
JTunstruments). The temperature of the sample being

compensated by appropriate adjustment of the instrument.

This stage, although appearing elementary requires
~considerable care in order to avoid over-shooting the

required pH, and subsequent loss of the sample. For

1. Janand am v A n e e
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magnetic stirring, with in some cases three different
strengths of the appropriate base, one of low molarity

being used to attain the final adjustment.

Once the pH has been adjusted, the sample is then
cooled in ice, for 10 minutes and the potassium

perchlorate removed by centrifugation.

(2) METHODS USED FOR THE DETERMINATION
OF _METABOLITES

Considerable attention was paid to the selection
of suitable methods for the determination of the

4 T/ : ; :
hepatic content of metabolites under investigation,

as well &s to methods for the assay of enzymic activities.

The wajority of the procedures used are those
given by Bevgmeyer (1965) in his book, 'Enzymatic

Methods of Analysis', which has achieved the status of

a classic in this field.,

Since such procedures involve measurement of
changes in the absorbance of NADH or NADPH, it should
be noted here, that the extinction coefficient of NADH
and NADPH used in the calculaticons was 6.22 at 340 mm
and 3.30 at 366 nm and not the revised values given by

McaComb at al. (1976).

s1thongh these workers have shown such revisiomns

are necessary, since for example, an increase in
cemperature will decrease the molar absérptivities,
as will an increase in ionic strength, the revised
values have so far not been currently applied.

* Recovery values for metabolites added to perchloric

acld extracts of mouse liver were satisfactory,

Although few values for the hepatic contents of these

metabolites in the mouse have appeared in the literature,

where available these were generally found to be in

agreement with those found in the present study,



Further, the aim of the present studies has.
involved studying changes in the hepatic content of
metabolites, and activities of some enzymes induced
by tumour growth in the host, and these data have been
compared against the values found in normal control

groups.

Although the procedures to be described give in
most instances an estimate of at least two metabolites
on the one liver extract, by the use of accurate
timing, and the appropriate enzyme it is of course
possible to carry out several determinations on the
one sample, This is an obvious advaﬁtagé in saving
time and labour, but also more importent limits the
number of animals used. It is also poés;ble to
store the frozen liver powder in Dry=Xold for up to
14 days without loss of pyruvate, oxaloacetate,
citrate, o -oxoglutarate, acetyl Ccd and CoASH, and

data showing this is presented later.

(a) Determination of 'Total' CoA, Acetyl CoA and

CoASH

Many of the available methods for the ceteraiunation
of CoA are either non-specific or suffer tine discdvantaga
of being open to interference from cthar ticsue

constituents (Michal and Bergmeyer, 1965).

The following method of Mollering and Horgmeyex
(1975) was therefore used throughout, since it is hrizghiy

specific'for acetyl CoA and the free cocnzyme.

The method gives a measurement of the 'Total' CoA,

that is the sum of acetyl CoA, free CoA (ConSH) and
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(7) Standard Coenzyme A:
5.0 mg CoA are dissolved in 5 cm3 deilonised water,
The exact content is then determined by the end-
point method using phosphotransacetylase as
described later. The solution is then diluted
accordingly to give a working standard containing
10 ug CoA/cms,E 0.653 nmol in 0.05 cm3.

(8) Phosphotransacetylase suspension (PTA) 1000 U/cm3.

(9) Malate dehydrogenase suspension (MDH) 1400 U/cm3.

(10) Citrate synthase suspension (CS) 140 U/cm3.

Stability of Reagents

S
All solutions and suspension except potassium

carbonate were kept refrigerated at AR Fresh
solutions of triethanolmine/malate huffer; NAD/
acetylphosphate; DTT and N-Ethvl maleimide should be
prepared daily, whereas the standard CeA must be used

within a few hours of preparation.

According to the manufacturer (Boehringer Mannhelwm)
the PTA suspension is stable for six mouthz; whereas
the MDH and CS suspensions are stahnle for up to 12

months.

Procedure

3 . . . .
5.0 ecm” of ice-cold perchloric acid (I mcl/l) is
added to 200-300 mg frozen liver in 2 nowogerizing
vessel and the homogenisation carried out as dezcribed

previously.

The mixture is then centrifuged at 3000 g for 10

minutes, and the supernatant removed.,
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The pH is then brought to 6.0 using 2.5 mol/1,
potassium carbonate to begin with, then, 0.25 mol/l,

the final adjustment being made with 0.025 mol/1.

The mixture is then decanted into a centrifuge
tube using the minimum of deionised water to effect

the transfer, then cooled in ice for 10 minutes.

It is then centrifuged for 10 minutes at 300 g,

and the volume of the supernatant noted.

Conditions = Wavelength 340 nm. Path length 1 cm.

o .
Temperature 25°C. Readings are made

against air.

The following are added to two cuvettes, one
for the determination of the 'Total’ ConA, and the other

for the determination of acetyl CoA plus coxidised CoA,

| Acetyi (oh +
'"Total'’ CoA cetyL 9

Oxidised CoA

2 .3
Supernatant 0.05 cm 0.05 cm
. . - 3
N-athyl maleimide - 0.05 cm
. 3 . 3
Deionised water 0.30 cx 0,29 cm

- . c 4 20, -
After mixing, the cuvettes are maintained ot Z257°C for
10 minutes. The following are then added:

. . 3 - . . 3
Triethanolamine/malate 1.5 cm 1.3 cm
et . 3 ‘ 3
Dithiothreitol 0.05 cm 0. L0 em

A further incubation at 250C for 15 minutes is made

and the following added:
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Acetyl CoA +

§ f

Total CoA Oxidised GoA
NAD/Acetylphosphate 0.20 cm’ 0.20 cm’
MDH ' 0.015 cm3 0.015 cm3

PTA 0.015 cm” 0.015 cm°

The course of the reaction is then followed until
‘ 3
it stops (usually five minutes). 0.02 cm” of the C.S.

suspension ise then added to each.

After rapid mixing the course of the reaction is
followed for 17 minutes at one minute intervals, The
absorbarnce at two minutes andiat 17 minutes is noted
from the traﬁing and the difference between- the two
(A A) determined, Each day, prior to the determination.
of thevhepaLic content of the coenzyme, a blank was
éet.up'consisting of 0.05 cm3 deionised water in plaCe
of the supernatant, as wefe‘three'standards consisting
of 0.05, 0.03 and 0.01 cm3 of the working standard
made to a volume of 0.05 cm3. The amounts of free
coernizyme A present were 0.653, 0,391 and 0.130 nmol

CoASH recpectively.

As noted previously, the standard solution must
be prepared fresh, and the exact content determined

Ey means of the end-point method using phosphotransacetylase.

"This was carried out as follows:

Determination of Free CoA with Phosphotransacetylase

(PTA: E.C.2,3.1.8)
ggpditions - Light path 1 cm using silica cuvettes.

r O *
Temperature of assay 25 C. Readings are

made against air at a wavelength of 233 nm.
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Reagents

(1) Tris (hydroxymethyl) ~aminomethane, (0.1 mol/l)
pH 7.6.

(2) Acetylphosphate, (0.1 mol/1).

(3) PTA, Crystalline suspension in 3.2 mcl/1 ammonium

sulphate, Approximately 1000 U/mg.

Procedure

The following are placed in the cuvette in the

following order:

Tris Buffer, pH 7.6 2.79 cm3
Acetylphosphate C.10 cm3
Sample 0.10 cm3

After mixing, the initial absnrbance (Al) is
read, then the reaction is started by the addivicn of

0.01 cm3 PTA suspension.,

Again after mixing, the reaciinn ig followed until
it stops (usually in two minutes), and the absorbence

(AZ) is read.

A blank is also carried through the piccedure and
. 3 . (o 2 y o
consists of 0.1 cm™ of the tris bufier in claca of the

sample.

‘Calculation

The content of free coenzyme A in the standaxd

solution is given by:

A A x 5.18 = mg coenzyme A/cm3
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where & A is, derived from:

ba= (A, = A}) of the sample - (A, = A;) of the
blank.

The content of 'Total' coenzyme A in liver is

given by:

(1) &4 Sample - A A Blank
& A Standard - A A Blank

standard {(nmol) x 1 = nmol 'Total' CoA/cm3 of
0.05

x Concentration of

the supermatant

(2) nmol 'Tctal CoA/cm3 Xx_Supernacant Volume x 1000

mg/Powdered frozen liver

= nmol 'Tozal' CoAfg liver (wet wt.).

Similarly, the content of acetyl CoA (+ oxidised)
is derived as above by substitutiing the appropriate
absorbance, The content of the free coenzyme A is
then derived by =ubtraction of this value from the

'"Total',

Notes

~

Linearity of the Rzaaction

Figure 7 ghews the linearity obtained when the
three standacds were put through the complete method

used for the assay of coenzyme A in liver.
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FIGURE 7  Linearity of the reaction in the

determination of Coenzyme A.



(b) Determination of Pyruvate, Citrate and

o ~-Oxoglutarate

Reagents
(1) Perchloric acid, (0.6 mol/1l),

(2)

(3)
(4)

(5)

(6)
(7)
(8)
(9)

Citrate standard solution.

2.1015 g citric acid are dissolved in approximately
80 cm3 deionised water and the pH adjusted to

7.5 with sodium hydroxide (10 mol/1) before making
to 100 cm3 with deionised water. This solution

is then diluted 1/500 to give 37.827 ug citrate/
0.9 cm3 (0.2 mmol/1).

Zinc chloride, (0.03 mol/l).

Triethanolamine buffer, (C.1 mal/1),

1.856 g triethanolamine hydrocihloride are dissolvad
in approximately 80 cm3 deionised watew. The pH
is adjusted to 7.6 with sodium hydvoxzide (1 wmol/1)

3 . . .
before making to 100 cm™ with deionised water.

B~nicotinamide adenine dinuclecotide, reduced form
(B-NADH), disodium salt, {G.Ci moi/), 1.28 cm
sodium hydrogen carbonate, (0.12 mcl/i) are
aaded to a pre=-weighed vial centaiuing 10 ag

B~NADH (Sigma, Londom).
3 . 3
Lactate dehydrogenase suspension (LDH,, 598 U/cm .

-~
k)

Malate dehydrogenase suspension (MDH), 14735 U/cmB.
Citrate lyase suspension (CL), 100 U/cmB,

. p iy , 3
Glutamate dehydrogenase suspensien {GLiNH), 240 U/cm”.
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Stability of Reagents

All solutions and suspensions are kept refrigerated
at 4°C. The citrate standard solution, zinc chloride,
perchlofic acid and triethanolamine buffer are stable
for 12 months whereas the B-NADH solution must be

used within a few hours of preparation.

According to the manufacturers (Boehringer
Mannheim) the LDH and MDH suspensions are stable for
several monthlis but the CL suspension loses about 10

per cent of its activity within one month.

Procedure

S O

2
4.0 cm” ice=-cold perchloric acid is added to

approximatcely 750 mg frozen powdered liver in a pre-

cooled homogenising vessel, well mixed then homogenised.

The homogenate is then transferred to a centrifuge
tube tougether with washings (1 cm3 of perchloric acid).
1f more than 750 mg of tissue have been used, then an
extra 0.2 cm3 of perchloric acid for every additional
100 mg, or mroportion thereof, is used to wash out the

homogenising vessel,

The combined mixture is then cooled in ice for
about three minutes, then centrifuged at 3000 g for 10
minvies, then again cooled in ice for about five minutes,

vefore decanting the supernatant into a small beaker.

The pH is adjusted to 7.5 using potassium hydroxide
(2 mol/1) with constant stirring using a magnetic
stirrer. To avoid over-titration, the former strength

of the alkali should only be used until the pH is
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about 4.0, then 0.1 molar potassium hydroxide should

be used thereafter.

The mixture is then cooled in ice for 10 minutes
then centrifuged (3000 g for 10 minutes) and the volume

of the supernatant noted.

Conditions =~ Wavelength 366 nm; path length 1 cm,

o}
Temperature 25 C, Measurements are

made against air.

(¢) Determination of Pyruvate and Citrate (Moellering

and Gruber, 1966)

The following are pipetted into cuvettes:

Triethanolamine buffer 2.0 cm

. 2

/3~NADH N.06 cr”
‘2

Zinc Chloride (0.03 mol/1) 0,01 cn’”
Supernatant 0.9 e’

After mixing, the absorbance of the mixture is
-read until it stabilises, and the finai e>sorbance

(Al) noted.

"
2 . . . . -
Next, 0.0l cm™ LDH suspension is mixed in, and the

change in absorbance recorded at one minute intervals,
until the reaction stops, usually iu about five

minutes. Again the final absorbance 1g¢ ncited (AZ).

Note

A standard solution of citrate is included with
. . 3
each set of samples, and consists of 0.9 cm™ of the

diluted standard equivalent to 0.18 Pmol citrate, in
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place of 0.9 cm3 of the supernatant.

(d) Determination of of-Oxoglutarate (Bergmever and

Bernt, 1965)

The conditions for the assay of <X -oxoglutarate

are the same, except that the wavelength is changed to

340 nm.

Y

The following are added to cuvettes:

Supernatant 3.0 cm
/5=NADH (0.0l mol/1) 0.04 cm3

The absorbance is then recorded until it stabilises

)

and the value at this stage noted (Aa

0.04 cm3 GLDH suspénsion is mixed in, and the
change in absorbance recorded at one minute intervals
until the reaction stops. If as heppens on occasions,
the reaction continues beyond 10 miru:tes; the readings
are plotted and extrapolated from zero vime. The

absorbance is again noted (AS)‘

- For the determination of ¢ -oxcglutarate the blank

f the

[
Qo

. 3 R . .
consists of 3.0 cm  of deionised waeter im plac

supernatant.,

Calculation

Pyruvate
AA = (Al - A2)

3

A A x 1003 x Supernatant Volume (cm )::}mml pyruvate/g

mg Liver Taken liver (wet weight)
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Citratg

[ S———

DAA = (A, - Aj)

HA x 1010 x Supernatant Volume(cm™) _ pmol citrate/g

mg Liver Taken liver (wet weight)

£ =0Oxoglutarate

LA = (A4 - AS) - E blank

3

AA x 165 x Supernatant Volume(cm™ ) _ pmolot-oxoglutarate/

mg Liver Taken g liver (wet weight)

(e) Determiuation of Lactate and Mzlaie (Hohorst, 1965a, b)

Reagents
(1) Perchloric acid, (0.6 mol/1).

(2) Potassium carbonate, (5 mol/l; 0.5 mol/l and 0.05

// .

o |
~

!.‘.J

mo

A

(3) Hydrazine=glycine buffer, (0.4 mol/l hydrazine
suiphate, 1,0 mol/L glycine) pH 9.5. 7.5 g glycine,
5.2 g hydrazine suiphate and 0.2 g ethylene-diaminc=-
tetra-scetic acid (ZDTA) are suspended in about
40 cm3 d=ionised water before adding 51 cm3 sodium
hydroxide, (2 moi/l).  After adjusting to pH 9.5

the buffer ie wade to 100 cmj with deionised water.
(4) Nicotinamics sdenine dinucleotide (5 x lO-‘2 mol/1).
(5) Lactate dehydrcgenase (LDH), =~ 1375 U/cm3°

+ . 1 Fa T \ _..3
Malate dehydrogenase (MDH), - 6000 U/cm™.

N
[oa)
N



Stability of Reagents

All solutions and suspensions are stored, stoppered
in a refrigerator at 4°c. The enzyme suspensions are
stable for several weeks as is the NAD which does not
require to be neutralised due to the high buffering
capacity of the hydrazine-glycine buffer. The buffer

used is stable for only one week.

Procedure

S st g

At least 400 mg firozen powdered liver is transferred
to a cold homogenising vessel and perchloric acid
] . 3
(0.6 mol/1) aided at a concentration of 1 cm™ for every

140 mg tissuve,

The mixture is then homogenised as already

{1

detailed, and transferred to a centrifuge tube, the
suspension remaining ir the homogenising vessel being

o]
. . - < « .
washed oui: with 0.5 cm” of the perchloric acid.

The mixture is then sllowed to weach room
temperature belore centrifuging st 3000 g for 10
minutes. The supernatant is then decanted into a
small beaker, and cooled to 4OC, then the pH is
adjusted to 3.5 by the addition of potassium carbonate

with constant stixring, using a maguretic stirrer.

The adjustment of the pH is best begun nsing drops of
the strongest solution of potassium carbonate (5 mol/1),
followed by the other rwo (0,5 mol/l and 0.05 mol/1

respectivelv),

and the precipitate of

P
by centrifugation at 3000 g for 10 minutes.
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The volume of the supernatant is then measured.

Conditions = Wavelength, 340 nm. Path length 1 cm.

0 .
Temperature 25 C, Readings are made

against air.

The following are pipetted into the cuvettes in

the following order:

Hydrazine-Glycine Buffer 1.35 cm3
- 3
NAD (5 x 10 2 mol/1) 1.5 cm
Supernatant 0.3 cm3
3

Deionised Water 1.2 cm

After mixing, and allowing tc stabilise the

absorbance (Al) is read.

0.03 cm3 of the LDH suspension is then mixed in,
énd the change in absorbance read at one minute intevvals,
until the reaction stops, usually in about five
minutes. At this stage, the absorharce A, ie taken.
e s 3 .- .
Blank =~ A blank consisting cf 0.7 om nf deionised
water in place of the supernatant is talken through the

procedure.

The malate content of the sample is then

determined as follows:

HydrazinenGlycine Buffer P.35 cm

NAD 0.15 cm”
g ]

Supernatant : 1.5 o™



The absorbance is then recorded until it stabilises,

and is then taken (A3).

The malate dehydrogenase suspension is then mixed
in and the change in absorbance measured at one minute
intervals until the reaction stops (usually in about

five minutes); the final absorbance (A4) is then

taken.

Calculations

(1) Lactate

AA(Test) ~AA(Blank) x 1623.8 x Supernatant Volume

mg Liver Taken
uamol lactate/g¢ liver (wet weight)

Where,QA = A2 - Al

(2) Malate

AA(Test) -£A{Blank) x 324,7 x Supernatant Volume

mz Liver Taken
amol malatesg iiver (wet weight)

Where,bA = A, = Al

(f) Determinaticn of Glucose-6-Phosphate and Fructose=

6-Phosnhate

Procedure according to Hohorst (i965c)

Reagents

(1) Potassium carbenate, (2.5 mol/1l).

(2) Perchloric acid

H

(0.6 mol/1).
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(3) Triethanolamine buffer, pH 7.6 (0.4 mol/1).
(4) Magnesium chloride, (0.5 mol/1).

(5) Nicotinamide adenine dinucleotide phosphate (NADP),

approximately 5 mmol/l.

(6) Glucose- 6 -phosphate dehydrogenase (G6PDH), -
"~ 900 U/cm .

(7) Phosphoglucose isomerase (PGl), - 0.2 mg protein/

’ 3
cm .

Stability of Reagents

All solutions and suspensions arc kept refrigerated
at 4 C. Under these conditions all are stable for

several weeks.

?roceduEE

3. . . .
5.0 cm” ice=cold perchloric acid {C.€ mol/l) are
added to 800 = 900 mg of the frozen, powdered liver,
in a pre-cooled homogenising vessel, tihen homogenised

according to the standard procedure.

The homogenate is decanted into a ceniyifuge tube,

and centrifuged for 10 minutes at 3000 g.

The supernatant is then transferred tc « 25 wn

beaker and the latter placed in ice.

3 . . Al 3 o~
One cm™~ of the perchloric acid and 1 vu~ of

deionised water are then used to wash ou: the
homogenising vessel, and the washings added to the

pellet remaining after the centrifugation suep.

After thorough mixing, the mixture is Jeft to



cool in ice for five minutes then centrifuged. The
supernatant is then combined with the previous one in
the beaker, and pH is raised to 3.5 using 2.5 molar

potassium carbonate.

The mixture is then decanted into a centrifuge
tube, using the minimum amount of deionised water to
effect the transfer, and then cooled in ice for 10

minutes.,

After centrifuging for anotner 10 minutes at

3000 g, the volume of the supernatant is noted.

The gluccse=-6-phosphate and fructose=6=phosphate

content is then determined as follows

Conditions = Wavelength 340 rm. Path length 1 cm.

o
Temperature 25 °C.

Readings ave made against a cuvette containing

triethanclamire buffar.

The FfFollowirg are placed in a cuvette:
o

Triethanclamine buffer 1.0 cm
Supernatant 1.5 cm
NADP (5 muol,/1} 0.02 cm3
Magnesium chlcride (0.5 mol/L) 0.02 cm3

After mixing, che absorbance is measured until a
constant reading is obtained (Al).

2 - . . . <
0.0l cm™ oi the G-€-PDH suspension is mixed in,

corded at one minute

)

abseorbance

£
]
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o
3
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intervals until the reaction stops (usually about five

minutes). This absorbance (AZ) is then read.

3 ' . .
Then 0.0l cm™ PGI suspension is added, and the
change in absorbance recorded at one minute intervals
until the reaction stops (usually in about five

minutes). The final absorbance (AB) is then noted.

Calculations

The glucose=-6-phosphate content is given by

AA x 273.3 x Volume of Supernatant _

mg Liver Taken
ol glucose-6~phosphate/g liver {(wet weight)
P phosp
Where-&A = A, - A

Similarly the fructose-6b-phosvhate is given by

AA x 274.4 x Volume of Supernatant

mg Liver Taken
}nnol fructose-6-phosphate/g liver (wel weight)

Where Q.A = A3 - A2

(g) Determination of the Triglyceride Contzit of Liver

o A

Triglycerides were extracted from livers of mice

by the method of Wheeldon and Coliins (1957). After

saponification of an aliquot of the extwaci, the

glycerol content is determined enzymatically weing the

Test Combination of Boehringer Mannhecim.

@21
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Extraction of Triglycerides

About 500 mg of liver is taken and approximately
5 cm3 of chloroform-methanol (2:1 v/v) are added. The
mixture is homogenised until a fine suspension of the
tissue is obtained. The homogenate is then transferred
with washingg using the same solvent mixture to glass-
stoppered test tubes, and the volume made to about
12 cms, After thorough mixing the samples were placed
in a refrigerator overnight. The extract is then
filtered into flasks, and the precipitate on the filter

. , . 3
paper is then washed twice with ahout 10 cm™ of the

same chloroform=methanol mixture.

The combined extracts are thern taken to dryness
in a rotary cvaporator under mild suction at a temperature
not exceeding 27%. About 10 cm3 of ether-ethanol
(1:1 v/v) is then added and evaporated to dryness as

before. This was found to remove traces of water.

The driec residue is then discolved in about 2 cm
of chloroform~nethanol (2:1 v/v), the flask washed out

with the same solvent and the volume made to 5.0 cm .

: 2

Sapenificaticn of an aliquot (usually 0.1 cm”)
was then carried out. The ssponification step and
subsequent determinaticn of the free glycerol content
was then determined enzymatically zccording to the

manufacturer's instructions,

Other Determinations
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(a) Blood Glucose and Lactate.

(b) ATP, ADP and AMP of mouse liver after freeze-
clamping and extraction of the metabolites

with perchloric acid.

(h) Hepatic Contents of Metabolites Derived by

Calculations

. + . .
The cytosolic (NAD )/(NADH) ratios were derived
by calculation as was the oxaloacetate content, by

methods described in the text.

(1) Stabilitv of Various Metabolites in Freeze-Clamped

Livers of Normal Mice

The data shown in Table I were obtained from an
experiment in which livers of normal mice were freeze-
clamped, powdered and combined to form a pool of frozen
liver, Aliquots were immediately taken and the contents
of pyruvate, oxaloacetate, citrate, «{-oxoglutarate,
acetyl CoA and CoASH determined. The remainder of the
powdered liver being kept in a Dewar Flask containing

The analyses were then repeated at intervals up

to 14 days.

As shown in Table I, there were no significant
changes in the hepatic contents of these metabolites
after 14 days of storage of the powdered liver under

these conditions.
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TABLE 1

THE EFFECT OF STORAGE IN DRY-KOLD ON THE HEPATIC CONTENTS OF METABOLITES

IN FREEZE CLAMPED LIVER OF NORMAL MICE

Hepatic Content Of Metabolites

. s Pyruvate Oxaloacetate Citrate oX-Oxoglutarate Ac CoA CoASH

Conditions
pmol/g pmol/g amol/g jamol/g nmol/g nmol/g

Base Levels 0.198%0.014  0.027%0.007 0.161%0.005 0.155%0.010 66.8352.39  63.02%2.62
After 14 Days - . " + + +
Storage in 0.200-0.014 0.023109006 0.154=0.002 0.162-0.011 66.26-3.65 66.83-3.31
Dry Ice ‘
P N,.S. N.S, N.S. N.S. N.S. N.S.
N.S. = Not Sienifican.

Lg

L
Valves are in terms of mean (~5.E.M.) of six dsterminations.




(j) Exoression of Results

The hepatic contents of metabolites under study
were expressed in terms of the appropriate concentration
per g of liver wet weight. Where changes in total
liver weight had occurred, then in some instances

values were calculated in terms of whole liver content.

(k) Statistical Evaluation of Results

All results were expressed as the mean, plus or
minus the standard error of the mean, or in a few

instances the standard deviatiorn.

Significance was calculated on the basis of

Student's t (P) test.
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SECTION 1II

DETERMINATION OF ENZYMIC ACTTVITIES

e e .




(a)

Determination of Activity of Phosphofructokinase

and Fructose,l,6-Diphosphatase in Mouse Liver

Procedure according to Dr E A Newsholme

(Personal communication)

Reagents

(1)

(2)

(3)

el
@)}
N~

N
~J
s

Enzymes used were supplied by Boehringer Mannheim.

Extrggpion Mixture

This contained, triethanolamine (50 mmol/1);
sucrcse (250 mmol/1); E.D.T.A. (5 mmol/l);
maguesium chloride (10 mmol/1l); mercaptoethanol

(36 mmol/l) at pH 7.5.

Fructose Diphosphatase Assay Mixture

B 1 e s AT

Tcis buffer (61.2 mmol/1); E.D.T.A. (1.22
mmol/1); MgCl, 6 H,0 (2.44 mmol/1); MnCl.,
(1.22 mmol/1); mercaptoethanol (30.6 mmol/1).
At pH 7.5,

Nicotinamide adenine dinucleotide reduced form

(10 rmmel/1).

ATP {(30.5 mmol/1). Neutralised with potassium

bicarbonate (1 mmol/1l).
AMP {(60.9 mmol/1).
Aldolase (100 ug/0.01 cm3).

Glycerol=-3-phosphate dehydrogenase. Ten pg in
0.01 cmj,

Triose phosphate isomerase. Tendpg in 0.01 cm3°
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(9) Fructose-6-phosphate (60,9 mmol/1).

(10) PFK Assay Mixture

This contained tris buffer (63.4 mmol/l);
KC1l (253.7 mmol/1l); mercapotethanol (12.7 mmol/1)
at pH 7.5.

(11) NADP (15.3 mmol/1).

(12) Creatine phosphate (30.6 mmol/1),

(13) Glucose~6-phosphate’dehydrogenase (lO‘pg/0.0l cm3).
(14) Creatine kinase (lOO/ug/0.0l cm3).

(15) Myokinase (Adgnylate kinase); lO/ug/0.0l cm3.

(16) Phosphoglucoée isomerase (10 pgz/0.01 cm3).

(17) Fructose,l,6~diphosphate (2.1 mmol/1).

(18) Antimycin (4.6 mmol/l ethanol),

Procedure

Liver is removed, weighed and kept cool on ice,

- It is then chopped into small pieces, and homogenised
in 1O,cm3 of the extraction mixture per g of liver.
The homogenate is then centrifuged at 11,000 g tfor 20
minutes at OOC, then 0,75 cm3 of the sugeruaiant is
pipetted into a 10 cm3 volumetric fia<k and G.015 cm3
of the antimycin added.  The volumc is then made to

3 . . . - 3 . ..
10 em™ with the extraction mixture and 0.2z0 cm™ of this

used for the assays.
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(1) Assay of Phosphofructokinase Activity

Conditions

Readings are made at 340 nm against air.

Temperature, 25°¢.

The following are pipetted into cuvettes:

PFK assay mixture , 2.4 cm3
NADH 0.1 Cm3
ATP : 0.1 cm3
AMP 0.1 cm”
Extract 0.2 cm3
Aldclase - - 0,015 cm3
Glycerol=3-phosphate

dehy-irogenase : 0.015 cm3
Trivse phosphate isomerase 0.015 cm3

After mixing, the absorbancy at 340 nm is

record2d for 10 minutes,

(2) Assay of Fructose Diphosphatase Activity

Conditione are as described above. The

following are pipetted into cuvettes:

FDP'sase extraction mixture 2.5 cm3
NAD? | , 0.1 cm3
Creatine phosphate. ' 0.1 cm3
Extract | 0.2 cm3
Glucose—6-phosphéte »
dehydrogenase 0.015 cm3
Creatine kinase 0.015 cm3

A
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Myokinase 0.015 cm3

Phosphoglucose isomerase 0.015 cm3

The absorbance is then read at 340 nm until it
stabilises, fructose,l,6~diphosphate (0.1 cm3) is

mixed in ‘and the readings continued for 10 minutes.

The activity is then calculated in terms of umol/

minute/g liver.

(b) Determination of Catalase Activity in Liver

The tissue is homogenised in the presence of a
nonionic deteigent (Triton X) according to the method
of Cohen, Dembiec and Marcus (1970).  The catalase
activity c¢f the supernatant is then determined by the

method oY Aebi (1975). .

Reagents
P e 5t AT

SnEm—.

(1) Stock Isoionic Buffer

Sodium chloride (18 g), Na,HPO, (2.73 g)
and NsH,PO, 2H20 (0.486 g) are dissolved in
deionised water, the pH adjusted to 7.4, and the

. N 3
solution made to 200 cm .

(2) Worki@g.Buff;r »H 7.4

The above is diluted 9 in L00O with deionised

water.

(3) 10% v/v Triton X ino the above buffer.
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(4) Sodiummferborate, pH 7.0 (100 mmol/1)

7,694 g of the perborate are dissolved 20 cm3
hydrochloric acid (1.5 v/v), and about 400 cm3 of
deionised water added., The pH is adjusted to

7.0 and the volume made to 500 cmj.

(5) Phosphate Buffer, pH 7.0 (50 mmol/1)

This was prepared by mixing potassium
dihydrogen phosphate (0.05 mmol/l) and disodium
hydrogen phosphate (15.5 mmol/1l) in the proportions
Lyl

in
Cri

(6) Potassium Permanganate (10 mmol/1).

Preparartion of Tissue

Approximately 500 mg liver is taken and added to

3 4 54 s y . '
5 cm™ ice=-cold isotonic buffer, homogenised to give a
fine suspension (Ultra-Turrox) then centrifuged at
700 g for five to 10 minutes. The supernatant is

. 3 . o .
removed, and 3 cm” of it placed in ice for 30 minutes.
3 . ) . /S Acoeo

Next, 0.C3 cin”™ of Triton X in the huffer at pH 7.%hto
give a final concentration of one percent. After

o " 3 . .
mixing weil, 1 cm~ of the solution is removed and

) 3 . ) ' . :
made to 100 cm™ with ice~cold isotonic buffer.

3 ; ;
One cm™ of the mixture is used for the assay.
- A water bath, thermostatically controlled at
¢ . . . : 3
20°C and fitted with a tray containing 25 cm™ flat-

bottomed flasks is used.

The following are pipetted successively into the

flasks:
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Elank Test

Phosphate buffer 1.0 cm3 1.0 Cm3
(50 mmol/L, pH 7.)
Sodium perborate 3.0 cmj 3.0 Cm3

(106 mmol/1, pH 7.)

These are then pre-incubated at 20°¢C for 10 minutes,

then the following are added:

Water 1.0 cm3 -

Sample - - 1.0 cm3

The shaker, and a stopwatch are immediately
started, and then the reaction stopped immediately after
. ‘s . 3 .
30 seconds by the rapid addition of 3,0 cm  sulphuric

acid (1 mol/1).

The remaining perborate ig thew. determined by

back-titration with potassium permanganate (10 mmol/1)

Calculation of Activity

The concentration of perborate at the begirming

of the reaction is 37.5 mmol/1l.

The activity is then expressed in terms of the
number of milliequivalents of sodium perborate

decomposed per mg liver (wet weight).
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(c) Determination of Activity of Citrate Cleavage

Enzzge

Procedure according to Kornacker and Lowenstein (1965a)

Reagents

(1) Reaction Mixture

This contained ATP (disodium salt) 5 mmol/1l;
MgCl, (5 mmol/1); coenzyme A about (0.56 mmol/l);
reduced glutathione (10 mmcl/1l); citrate (tri-
sodium salt) 5 mmol/l.  Hydiorylamine HC1 (500
mmol/1) neutralised with sodiwn hydroxide. The

solution is prepared prior to use,

(2) Ferric Chloride Reagent

Ferric chloride (2 g) end trichloroacetic acid
(6.7 g) sre discolved in HCL (0.8 wol/1l) and made

to 100 cm™.

Procedurg

‘Livee {approx. 1 g) is removced repidly and
homogeriised in ice-cold sucrose (3 cm3 of 0.25 mol/i),
then centrifuged at abont 4,500 g at 0°C for 10
minutes. The supernatant is then removed and

. -~ L - O . .
recentrifuged for 3C minutes at 0 G at 59,000 g.

An aliquot of the superrnatant is then removed
and the protcin centert deferminad by the method of
Lowry, Rosebrcugh, Farr and Randall (1951). During
the estimation, the remainder of the supernatant must

be kept at 0’c.
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The supernatant is then diluted to give a protein
concentration in the range 0.2 to 6 mg per assay.
Then 0.1 cm3 of this is taken and made to 1.0 cm
with the reaction mixture, and incubated for 40

minutes at 37OC.

At the end of this time, the reaction is stopped
- 3 , . .
by the addition of 3.0 cm™ of the ferric chloride
reagent, and the mixture centrifuged for about five

minutes at 4,000 g.

The supernatant is then removed with a Pasteur
pipette, and the absorbance determined at 510 nm
. <. “ 3 . 3 *
against a blank, consisting of (0.1l cin” of the diluted

. 3 . .
supernatent, plus 0.9 cm™ of the veecticn mixture

. . . 3 . . ‘ , ]
following immediately by 3 cm of tibe ferric chloride

reagent.

Valiues for the amount of citrate cieaved in the
reaction are extrepolated from a calibration curve
prepared by caking up to 500 ug acetohydroxamic acid
in a volume of 1L cm3 and adding 3 cm3 of the ferric
chloride reagenti, The activicy is then calculated

in terms of muol,mg protein/hour.

(a) ELlectron Micrcscopy

Pieces of liver were minced in glutaraldehyde in
phosphate buffer, then post~osmicated, dehydrated and
embedded in Araldite. They were then secticned on
and LKB ultratone, stained with uranyl acetate and lead
citrate; and examined in a Philips 301 G electron

— Ll S LiTL ALl & DllA 3o LSV T D aT e LAl

microscope.



CHAPTER 2

METABOLIC CHANGES IN LIVER OF TUMOUR=-BEARING
MICE

(1) The Hepatic Contemnts of Acetyl CoA,

Free CoA and Citrate

Although changes in the hepatic contents of
acetyl CoA and citrate have been extensively
investigated in rats following gluconeogenic stimuli
such as starvation and the induction of diabetes
(Start and Newsholme, 1968; Hervera and Freinkel, 1968)
as well as following treatment with certain hormones
(Hornbrook, Burch and Lowry, 1965; Grecnbaum, Gumaa
and McLean, 197l; Exton and Harpew, 1972), little
attention has been paid to the content oI these
regulatory intermediates in liver of tumour~bearing

animals.

In an early study, (Shils, Friedland. Fine and
Shapiro, 1956), the hepatic content of CoA and vorious
vitamins in liver of tumour-bearing mice were determined,
but values for the levels of these mevabclitas in

normalil livers were not included.

Later, other workers (Mascitelli, Coriaﬁdoli,
Boldrini and Citterio [1958) in a study of the effect
of isoniazid on the CoA and pyridoxine contenc of tissues
of tumour-bearing rats, reported tha. an increase in CoA
and decrease in pyridoxine occurred following treatment

with the drug. However mormal rats were not used as



controls in these investigations, and the authors used
a non-specific method of assay (Kaplan and Lipmann,
1948) for CoA, and in fact little can be made of the

findings of these workers.

More recently, Rapp (1973) studied the CoA content
of liver, adrenals, spleen and kidney of rats and mice
bearing a variety of different tumours, as well as in
liver of patients with carcinoma of the colon. In
all of the tissues studied, marked decreases in the

CoA content were found.

Rapp (1973) however used a non-specific chemical

method of assesy (Handschumacher, Mueller and Strong,

5
1951) basced on the procedure of Kaplan und Lipmann
(1948), that also measures acetyl oA, acyl thiol

esters of C»n4 and various precursors inr the biosynthesis

of CoA {(MNovell:i, Schmetz and Kaplan, L354: Cavallini,

Ny

)
[y

o

.

Mondovi, De Marco and Fervo-Luzzi, 195

Consequently it is nct pocsible to interpret his

data in terms o7 the actual form of the coenzyme present.
P

Rapp (1973) hoewever, although offering no inter-
pretation of his findings, suggested tnat the decrease
in the content of CoA iu tissues of the tumour-bearing

host, might be of significance in the deleterious
on

effects of a tumour its host,

There is alsc a lack of iafcrmation on the citrate
content of tiscues of rumour-bearing animals. In an
early study, ic was reported (Haven, Randall and Bloor,
1949) that in rvats bearing the Walker 256 carcinoma,
the citrate content of various organs was in general,

higher than those found in a control group of animals
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in which the tumour had not taken.

In the present investigation the acetyl CoA, free
CoA and citrate content of liver of tumour-bearing
mice has been studied using specific enzymatic
methods of assay on freeze-clamped liver of these

animals.

Part of this study has already been presented
elsewhere (Calman and McAllister, 1975a, 1975b; McAllister,
Soukop and Calman, 1976).

Materials and Methods

Mice bearing either Sarcoma 180, TLX-5 lymphomna
or a transplantable C3H mammary tumour were used.
Details as to tumour transplant; and control groups
used have already been described in detail, The
stages of tumour growth at which ths siudies were

made are detailled in the present study.

The coenzyme A and citrate content of freeze-
clamped liver were determined as described in detail

in Chapter 1 of this thesis,

Body weights, total liver weight, spieen ard
thymus weights were also recorded. Where applicable,
tumours were dissected free from connectivz tissue

and the weight determined.

Expression of Results

The hepatic contents of the metaboulites under
study were expressed in terms of concentraticn per g
of liver wet weight. Where alterations in liver

weight had occurred, the validity of the results were
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checked also by calculating in terms of whole liver
content, As would be expected, in some instances
this resulted in alterations in the degree of

statistical significance.

Resukgg

The data presented in Figure 8 shows the daily
changes in the hepatic contents of scetyl CoA, CoASH
and 'Total' CoA in livers of mice after inoculation
of 2 x 106 TLX-5 lymphome cells i.p. Twenty-four
hours later, there were significant reductions in the
hepatic content of both metaboliies. During the six
days of tumour grthh, the CoASH content remained
significantly iower than that of the controls. Two
days after tumour implant the acetyl CecA content
returned tc normal levels, and remained so until the
fifth and sixth days when significant depressions
again cccurred. In these experiments, and with this
size of inoculum, the mice becaine cachectic after

T

about six days of tumonr growth, Total CoA, that is
the sun of acectyl CoA, oxidised CoA and reduced CoA,

remained ai significantly low levels over the period

of the experiment,

. , 6
In these studles, control wmice received 2 x 10

spleen cells from enimals of the came inbred strain.
In order to chviate a possible allogeneic effect of

the tumour celis, normal male CBA strain mice were
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(Wet Wi.)
£S.D. "Total" CoA
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150
CcASH
Acetyl CoA +Oxidised CoA
100
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[ g,
C 2 3 4 8§ 6
Days after inoculation
FIGURE 3 Changes in the hepatic content of CoASH,

Acetyl Ced and 'Total' CoA in mice following the i.p.
injection of 2 x 106 TLX-5 lymphomé cells. Control
animals received 2 x 106 spleen cells from CBA mice
in Haﬁk's Balanced Salt Medium. Results are means
of six animals in each group.

% = P £0.05 sk = P ¢.0,01 #kk = P<.0,001
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challenged by i.p. injection of 2 x 106 spleen cells
from male, A strain mice, Determination of the CoA
content of livers in these animals at periods of up

to eight days after injection, showed no significant

differences from normal.

Data derived from a separate experiment (Figure
9) using mice that had received 2 x 106 TLX-5 lymphoma
cells i.p., showed that significant increases in the
citrate content of liver occurred on the first and
second day following the injection. On the third and
fourth day, this had reached normal values, but on
the seventh day of tumour growth, marked increases

(P<L0.00L) cecurred,

Because of the large number of tumour cells
injected into these animals, less acute studies were
made on mice that had received 2 x lO cells by the
same route, Three days later, the acetyl CoA content
of liver decreased significantly (Table 2).. In
contracr to that found with the larger inoculum, this

- a low level over the entire period of the

——

remained a
experiment. The CoASH content of these livers did
not alter significantly from the control values, until
the tenth dey when the animals were markedly cachectic
and the experiment was terminated. '"Total' CoA was
significantly decreased on the seccond, third and sixth
day of tumour growth. On the eighth day this had
returned to normal values, but on day 10, significant
vdepressions again occurred. It should be noted
however that the signifiéance of changes in the 'Total'
CoA content, which is derived from the sum of acetyl

CoA and the reduced form of the coenzyme are entirvely
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FIGURE 9 Changes in the hepatic content of citrate
in mice following the i.p. injection of 2 x 106 TLX=-5
A : +

lymphoma cells., Results are means - S.D. of six

animals in each group.



TABLE 2

THE ACETYL CoA, CoASH, 'TOTAL' CoA AND CITRATE CONTENT OF LIVERS
OF MICE FOLLOWING TI.P. INJEGTION OF 2 x 10° TIX-5 LYMPHOMA CELLS
— o .
Days After. { Acetyl CToA % CoASH ! . *Total? Coh Citrate
ST P RO P e P . P
Implant i ncnonsl/g ! a aanorol/g 1 nenomol /g pmol/g ,
i T
I -+ ! <. 5
0 (Contrels) «  77.05112,55 - | B4.30514.26 - 161.%5222.09 - 0.16%0.04 -
! i bo71.05Tc.cs | s, 97,9%°8,01 .5, 168.99%14.15 1.S. 0.45%0,10 |< 0.001
| g . !
] 2 5 €5.76510.97 4.3, €0.%5510.8¢ N.S 1%0.14% 8.09 1< 0.02 0.45%0.07 1< 0.001
3 53,555 9,80 | 0,01 74.13% 2,86 N.S. 127.68% 7.68 |« 0.01 0.33%0.04 !< 0.001
6 52.82% 7.79 1< 0.01 73,42314,53 §.S. 126.25%24.50 1< 0,02 0.27X0.08 |< 0.05
! i
8 57.15212,88 i< 0.05 78.26512,28 1.8 175.41515,42 N.3. Ce2520.09 N.S.
10 60.44+4,00 !e; 0.02 58,75%14.85 | < 0.05 1:13.16%14,17 | < 0.01 0.2520.13 N.S.

. -
Values given are means ~S.D.
P = Ztatistical evaluation by

N.S., = Not Significant.

Six animals were studied in each group.

unpaired '%' test.




dependent therefore on the degree of change in the

content of the two.

The citrate content of these livers also changed
in a direction opposite to those found in normal animals
under gluconeogenic conditions, with marked increases
occurring on the first three days fonllowing tumour
implant., On the sixth day, when the next determinations
were made this was still significantly increased when
compared to the controls (Table 2). Thereafter normal
values were found on the eighth and tenth days of tumour
growth.

o~

3
) . ) o
s that received 2 x 10~ TLX~5 lymphoma

-t

In anima
cells, symptoms of cachexia usually appeared about the
seventh s elghth day of tumour growth, although there
were some variations as would be expected between

different groups. The fact that early changes in CoA

> hA

D

and citrate occurred in liver after the injection of
the tumour cells, ana before vieible signs of cachexia
became evident., suggesied that cacnexla was not a

prerequisite for t

re

wese metabolic abncrmalities.

Chenges in Spleey, Thymuce and Body Weights

The influence of this tumour on the spleen, thymus,
liver and body weights ir mice is shcwn in Table 3.

6
Six days after the injection of 2 x 10  TLX=5 lymphoma

[

cells i.p., vedy awt thymus weights had decreased
81gnﬁ.1cantlyg fvieen weights increased significantly
compared to control animals, but the mean liver weight

did not change

Studies of the Adaily changes in thymus and spleen
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CHANG

TABLE 3

53 IN BODY WEIGHT, SPLEEN, THYMUS AND LTIVER WEIGHTS

IN

TUMOUR-BEARING

MICE

Controls

Tests (TLX-5)

.. ; ontrols
Starting Final Cont

Tests (Sarccma 180)
a
pw)

tarting

Final*

Body

Weight

Liver
Weight (g)

30,4651.17
1.51%0.12 -

76.72511.67

53,7652,38 | 31.81%2,6% £0,01 | 26.35%2.48

1.62%0.16 N.S. 1.51%0.11

- 178.7%25.51 | 4132 k0,001 92.55%14.83
!
£.88 | - 11.55%3.80 | -54 K0.01 | 23.98%7.28 %
1 H

25,2%%1,76

20,09%1.69
1.23%0.08
+
156.20%25.98

6.90%4.50

. C
Vaiues are in terms

P = Difference frow

according to paired

» Signayic

* Mean 3cdy Velght

-
of mean ~5.D. of the six animzls in esach group.

+ - 3 + S+ L. PN Rl T oem e CANNEY Y o N
Controle By 3%adent's '17 ftesct for statistical comparison
Tt tesu.

N
ANva
at sacrifice minue wamour weioht.

sidce hear.ny TLX=5 lyvaprora were sserificed after sixn days of tvmour growth.

Sarcoms 180 mice ware

sazyificed 15 days at inmlard.

crgan weignts.

Body weight changes




weights in mice from the previous experiment that had
received 2 x 103 TLX~5 lymphoma cells i.p., showed
that the mean thymus weights decreased significantly
24 hours later, and this continued over the 10 days

of tumour growth (Figure 10). Also shown is the
essentially similar pattern that occurred in thymus
weight changes in mice that had received 2 x lO5
tumour cells i.p. In contrast, the animals that had
received this number of cells showed increases in mean
spleen weights after three days of turnour growth,
compared to six days in thos%\reéeived 2 x lO3 tumour
cells (Figure 11). Mice bearing Sarcoma 180 showed a
20 percent reduction in body weight with significant
decreases ir thymus weight. Liver and spleen weights

in these animals increased significently (Table 3).
g

Food and Water Intake in Tumour=-Beariug Mice

Althougn the pattern of change in the hepatic

contents nf acetvl CoA and citrzte in these animals

yi

r

were not indicativz of an increaszd supply of fatty

vl of stawvvation, the mean

/)

aclds to liver as 2 re:

\

food and water intake in mice bearing TI.X-=5

lymphoma
was studied. Aleo ircluded were a group of mice

bearing Sarcowma 120, 2 fumour that nad been found as
described later alco to induce similer changes in the

CoA and citraie conient of host liver,

One day after the i.p. injecﬁion of 2 x 106 TLX~5
lymphoma cclils, the amount of food and water consumed
by the animale fell +tc¢ 43 and 15 percent respectively
of normal, further decreases on the

L 23 LS 5 O N=CGUT
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Thymus Wi,
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T T
Controls

.
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Days after inoculation

FICUR®E 10 Changes in the mean thymus weights of mice
following the i.p. injection of 2 x lO3 or 2 X lO5
TLX=5 lymphomsa cells, Six animals were studied in

each group.
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.

FIGURE 11 Increases in the spleen weights ¢f micc

. . . . \3 , < A5
following the i.p. injection of 2 x 107 or 4 x iC

TLX~5- lymphoma cells. Results are mezns of six

animals studied in each group.



FOOD AND

CONSUMETION

BEARING TLX-5 LYMPHOMA OR SARCOMA 180

Days after

Lymphoma

Sarcoma 180

inoculation Intake Water Intake ¥nod Intake Water Intake

% Differernce % Difference % Difference 7% Difference
1 -48 +13 +40
Z -68 -38 -38
3 ~-33 -66 -55
4 -36 =48 ~34
5 -70 - 8 + 4
6 -70 -3 + 9
7 -87 + 1 + 8
8 +15 +18
9 + 8 0
10 +10 +16
11 0 + 8
12 + 3 +17
13 -1 + 4
14 -5 +12
15 +13 - 6

Results expressed as percent difference compared to

each group.

normal, Six animals were studied in




second day. Thereafter there was some improvement
on the following two days, but the overall picture
was one of anorexia over the seven days of tumour

growth,

Mice bearing Sarcoma 180 showed no change in the
amount of food and water consumed on the day following
implant, On the two to four day period food
consumption dropped by 38, 66 and 48 percent of
normal. Very similar decreases in water intake
occurred at this time. Thereafter both the food and
water consumption increased to about normal values, and
this continued over the 15 days of tumour growth, On
termination of the'experiment on aay 15, the mean
tumour weight of these animals was 3.44 g t S.D. 1.02,
In spite of the burden of their tumour these animals
remained reasoiably fit and active, and did not present

symptoms of cachexia,

Results with Mice Bearing a C3H Mzmmary Tumour or

<

Sarcomsa 1&9D

In order to establish that chaﬁges in the hepatic
contents of CcA and citiate were due tc a systemic of
the tumour on its host, and not a result of tumour
disseminatinn, the studies were exteunded using mice
bearing either a transplantable CSH mamiary tumour
that was known not (¢ Jdisseminate or Sarcoma 180, In
the latter group histological examination of liver

showed no evidence of tumocur involvement.

Highly significant reductions (P<£ 0.001l) in the
hepatic contents of both acetyl CoA and CoASH were
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found in mice bearing the mammary tumour (Figure 12).
The citrate content of these livers showed significant
increases (Figure 13). In these animals, the mean
tumour weight was 16,12 mgi—S.D° 3.42 at which stage
they were only just palpable in situ. Spleen weights
had increased significantly (P< 0.C0l) and thymus
weights had decreased (P< 0.001l) but no change in

liver weight was found. Body weigbts in these

animals were not recorded,

The increased citrate content of livers of animals
bearing the small mammary tumour contrasted markedly
with those bearing Sarcoma 180 (mean tumour weight
0.5 giS.De 0.%2) in which the conrent of this metabolite
in liver remained at normal levels (Figure 13).

Although tha 'Tetal' CoA and acetyl CoA had decreased
significantiy, the CoASH content of these livers

remained at normal levels (Figure 14).

v

The pessibility that there might be some correlation

1

between the weight of the tumous; and alterations in
the hepatic ceontent of citrate was examined in another
experiment,; wirth wice ia which che mean tumour weight
was 4.42 gtSuD. 1.22, Table 5 shows thét in these
animals, the hepatic citrate conient was increased by
102 percent over tnai of the contrels. Marked
reductions (P<0,001) were also found in the 'Total'
CoA, acetyl CoA and the reduced coenzyme, Further
studies however are necessary to establish whether

indeed such a correlation exists.
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FIGCURE 12 The 'Total' CoA, Acetyl CoA and CoASH

conitent of livers of mice bearing a C3H mammary tumour.,

Results are the means of six animals.



CITRATE CONTENT of LIVERS of TUMOUR-BEARING MICE
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FIGURE 13 The hepatic citrabe content of mice

80. Results
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bearing a C,H mammary tumour or Sarcoma

3
are the means of six anilimals studied in each group.
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content. of livers of mice bearing Sarcoma 180, Mean
. +
tuinour weight = 0,5 g = S.D. 0.82, Results are

nieans of six control animals and six tumour-bearers,




EFFECT OF SARCOMA 180 ON THE CONTENTS OF ACETYL CoA, CoASH, 'TOTAL' CoA AND
CiTKkATE IN  MOUSE _EEYER
Acetyl CoA CoASH "Total® CoA Citrate
- (nanomol/g Wet Weight) -~ /nmol/g Wet Wt.
Controls 69.39715,07 168.29210.0 137.59%22.70 0.57%0.10
Tumour-Bearers 35.14% 7.0 20.93% 8.16 56.08%14. 54 1.15%0.45
% Change ~49 -69 -59 +102
p < 0,001 < 0,001 < 0.001 <.0.02
-

Results expressed as means -S.D.

P =

Statistical evaluation by unpaired 't

Six animals were studied in each group.

7.0

test.




Discussion

These studies have shown that tumour-growth in
experimental animals effects decreases in the acetyl
CoA, and CoASH content of liver, with concomitant
increases in the citrate content. The direction of
change in acetyl CoA and citrate are opposite to those
found in nocrmal animals under conditions of forced-
gluconeogenesis as has been reported by several workers
in the starved and acute alloxan diabetic rat (Wieland,
1966; Stari and Newsholme, 1968).,  The data
‘available at the present time precludes an interpretation
of the mechanisms underlying the alterations in the
level of thes= metabolites in liver of the tumour-
bearing hest. Investigations of these changes over
several deyc of tumour growth in livers of mice bearing
TLX=5 lymphoma showed that they occurred 24 hours
after inoculaticn of the animals with 2 x 106 tumour
cells, This suggested a possible allogeneic effect
of ths tumour cells, which however was not supported
by our finding mormal values in the hepatic contents
0of these metabolites in normal CBA strain mice that
had been challenged with spleen cells from an A strain
animal. Mice bearing the lymplioma also showed
significant decreases in the mean thymus weight 24

hours aftfer tumour implant.

“he decreases in the acetyl CoA, and the increased
citrate content of liver in these animals, could not
be correlated with their physical condition since they
cccurred in mice that were anorexic, aund showed

symptoms of cachexia, as seen in those bearing TLX-5
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lymphoma, or in those in which the tumour was small
and remained localised as found in those bearing the
small mammary tumour, which at that stage of growth
had no apparent effect on the host. Although similar
findings were made in mice bearing Sarcoma 180, there
was some evidence to show that the size of the tumour
might be a factor in the degree of change in the CoASH

and citrate centent of liver.

When the number of TLX-5 lymphoma cells injected
had been veaduced by one thousandth, the conset of
changes in the hepatic contents of acetyl CoA and
CoASH, hut nect citrate were delayed. At present we
do not have = satiéfaetory explanation for the early
changes in :the level of these metabolites, a factor or
factors seleased from the tumour cells cannot be

excluded frem the aetiology.

However, in addition to the latter suggestion,
there are several other possible explanations that
might be invelved in these changés,'and although these
are mainly speculative at this stage, they offer poscsible

approaches to the aetiology of these changes.

For inctance increases in the hepatic content of
citrate have been reported in rats, in which rapid
glicose syuthesis had been induced by the intraperitoneal
injection of lactate (Hornbrook, Burch and Lowry, 1965).
Although this increase in thé hepatic citrate content
was obtained using a dose of 1.5 g/Kg body weight,
the possibility exists that an increase in the lactate
content of blood of tumour-bearing mice may be

involved in the accumulation of citrate in liver of
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these animals, and this has been studied as reported

in Chapter 3 of this thesis.

An increase in the hepatic content of citrate
has also been shown to occur in normal rats following
the intraperitoneal injection of L~tryptophan (Ray,
Foster and Lardy, 1966). The mechanism involves
inhibition of gluconeogenesis, because under these
conditions, phosphoenolpyruvate carboxykinase is non-

functional.

The accumulation of citrate in livers of tumour-
bearing mice would be expected to inhibit
phosphofructokinase since this meiabclite is one of
several modifiers of the enzyme (Start and Newsholme,
1970; Kemp, 1971). This would rcduce the glycolytic
flux, and f avour gluconeogenesis, since the enzyme is
rate-limiting in glycolysis (Scrutton and Utter, 1968).
It is of interest however, that tnis nechaniem Jdoes not
regulate gluconeogenesis in liver of normal animals,
since under gluconeogenic conditicas e.c. starvation,

~t and

the hepatic content of citratc decreases {Eta
Newsholme, 1968; Herrera and Treinkel, 1%c¢8), ic

does however regulate gluconeogenesis ir kKidaey cortex

=
w
)

of normal animals, because under conditio
starvation, the citrate content of this tissue
(Underwood and Newsholme, 1967), with concomitant

inhibition of phosphofructokinase.

~

Since citrate is a substrate for feavty acid
synthesis, following its cleavage to acetyl CcA and
oxaloacetate in the cytosol by ATP-ciirate iyase

(Spencer and Lowenstein, 1962; Lowenstein, 1968),

83



the accumulation of citrate in liver of these tumour=-
bearing mice might reflect some abnormality of lipid
metabolism in these animals, which as already noted

is often perturbed in animals bearing tumours (Haven
and Bloor, 1956; Costa and Holland, 1962; Cox and
Gokcen, 1975). At this stage of the present study,

we considered that increases in the hepatic content

of citrate might therefore involve a decreased activity
of the citrate-cleavage enzyme in liver of these tumour-
bearing mice, and this possibility is sxamined later

in this thesis (Chapter 4). As discussed therein,

it is of interest that increases in the hepatic content
of citrate are 2lso found in rats under conditions of

an increased ratz of fatty acid svrthesis, e.g. in

starved snimals refed glucose (Newshouime and Start,

1972). o

2]

Why the frec coenzyme A content of liver of
tumour=-bearing mice should also be decreased is not
clear at nvesent.  According to Brown (1959), the
initial stage in the biosyntheslis of ccenzyme A,
involves the formation of 4~-phosphopantotheine, from
pantothenate and I-cysteine, and as would be expected,
décreases in the bhepatic content of the coenzyme are
found in pautocherete~deficient aniwals (Olson and
Kaplan, 1943).  Heowszver, other nutritional factors
may also be involved, siﬁce decreases in the hepatic
contents of Cod havc a135 been reported in rats fed
protein-deficisni diets {(Abiko, 1975), and later in
the present thesis, it is shown that the hepatic
contents of the coenzyme are decreased significantly,

in starved, tumour~{ree mice (Chapter 4). The metabolic
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implications of changes in the ratio acetyl CoA/CoASH
in liver of fed and fasted tumour-bearing mice are

also discussed later.

At the present stage of the investigation it was
however of interest to determine whether the
administration of pantothenate to tumour-bearing mice
would increase the hepatic contents of the free

coenzyme, aud these studies will now be reported.

SOMi  OBSERVATIONS ON THE EFFECT OF THE
ADMINISTRATION OF PANTOTHENATE
TO__TUMOUR=-BEARING MICE

Procedure

A i R e ¥ e A

Weight matched CBA mice, 4.5 to 5 months old
were taken and olaced in cages in groups of six. A
measured volume of water (usually 50 cm3) in a
ctandand type water bottle was placed in position,
and focd provided ad lib. At the same time each day,
the mean amount of water taken by each group was
determined. This was continued for a period of five

days.

The animsis were then separated into three groups.

The first group (Croup 1) received Sarcoma 180
subcuteneously in the subscapular position under ether
enzesthesia as described previously. The second
group (Group 2) also received the tumour, but at the

. . 3 + .
time of tumour implant, 0.5 cm~ of saline containing
2 mg sodium pantothenate was given intraperitoneally.

The third group (CGroup 3) were injected subcutaneously
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. - . 3
in the subscapular position with 0.5 cm”™ Hank's Balanced
Salt Medium, and also injected intraperitoneally with

the same amount of saline containing pantothenate.

The animals were then housed in groups of six to
a cage. All of those that had received pantothenate
intraperitoneally (tumour-free and tumour-implanted
groups) were allowed access to adequate amounts of
water containing 0.02 mg calcium pantothenate per cmB,
which was prepared afresh daily. The other group of

tumour~bearing mice received water without the vitamin,

The mean fluid intake of the three experimental
groups were determined daily, Six mice were sclected
from each group on the 2nd, 4th, Sth, ivth and 15th
day following tumour implant, and the budy weight
determined. The animals were then ¥killed by cervical

dislocation, and the hepatic contents of acetvl CoA

L8

and CoASH estimated. Spleen weight wae also weasured;
as was the weight of the tumour, once this had become

measurable,

The fluid intake of the remaining wice in cach of
the three experimental groups was measurzd daily for
t

up to 15 days, when the experiment was

RESULTS
As shown in Table 6 and, as uota2d previously in
this Chapter the mean fluid intake of mice fell on the
second and third day following tumcur implant,
apparently moreso in mice that had also rcoceived

pantothenate at the same time.
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TABLE 6

APPROXIMATE FLUID AND PANTOTHENATE INTAKE OF NORMAL MICE AND MICE BEARING SARCOMA 180

Days Before Group (1) Group (2) Group (3) Group (1) Group (2) Group (3)
Tumour Implant Mean Water Intake Mean Pantothenate Intake (mg)
1 3.9 3.9 4.0 - - -
2 3.45 3.7 4,0 - - -
3 3.95 3.8 3.6 - - -
4 3.6 3.7 4.2 - - -
5 3.6 3.8 3.8 - - -
Days After Implant
1. 5.1 5.2 3.7 - 0.104 0.074
2 2,3 1.6 3.0 - 0.052 0.060
3 2.% 1.4 2.8 - 0.0Z28 0.056
4 2.4 1.6 3.2 - S 0.032 0.064
5 3.8 3.4 3.4 - 0,068 0.068
6 4.0 3.5 3.8 - 0.070 0.076
7 3.9 3.6 3.8 - 0,072 0.076
8 5.1 3.8 3.5 - 0,076 0.070
9 3.7 4.2 3.4 - ’ 0,084 0.0%8
10 4.3 4.3 a7 ~ 0.080 0.074
11 4,2 4,0 4.7 -~ (. 080 D.034
12 4.7 4.5 2.7 - 0.0¢2 0.074
13 3.8 4,2 3.3 - 0,036 0.066
14 5.0 4.9 Lo - 0.C093 0.092
15 3.4 a2 3.6 - 0.084 0.072
Total - - - - 1.09 1.07

Mean

0.072 0.071




Thereafter all groups ingested about the same
amount of water, showing that those that had received

the vitamin tolerated this treatment.

The amount of pantothenate ingested per mouse
averaged 0.07 mg per diem, and when the total amount
taken by mouth over the 15 days of the study was
tabulated, this was the same in both the tumour=-free
group, and “hose bearing the tumour. It must be
stressed however that for obvious reasons these amounts
quoted must be considered to be very approximate.

It might be argued that repeated injections of the
vitamin might have been a better experimental approach,
but it was consideféd that this treatment, particularly
in mice bearing a growing tumour, might influence the

results «s & consequence of trauma.

(1) Chauges in Body Weight

Ty _srw v e e

The most striking feature was a marked decrease
in body weight of tumour-~bearing mice that had received
pantothenate, when compared to tumour-bearing controls
(Figure 15), whereas in normal mice that had received
the vitamin, this treatment had no effect on body
weight over the period of the experiment, That the
narked decreases in body weight in the pantotheante
treated animals was not due to an increased rate of
tumour~-growth, is clearly shown in Figure 16, where it
will be seen that the growth rate of the tumour in
these animals was similar to that found in the untreated

tumour-bearing group.
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FIGURE 15 Changes in body weight induced by the

administration of pantothenate to mice bearing
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(2) Changes in Spleen Weight

As shown in Figure 17, the mean spleen weight of
mice bearing Sarcoma 180, increased in parallel with
a similar group that had received pantothenate,
although the mean spleen weight in the latter group
showed a greater increase by the eighth day following
tumour implant. On the 15th day‘however, a marked
decrease in spleen weight of the pantothenate-treated

mice bearing the tumour occurred.

(3) Changes in the Hepatic Contents of Acetyl CoA

ancd. CoASH

ES NS

(a) Acetyl CoA

S e i 2 Tt e R e

.

As chowir in Table 7, the hepatic contents of
this metabolite in pantothenate-treated, and untreated
tumour-hearing mice were very similar when measured
at intevvals up to 15 days following tumour implant.
When ilesc data were compared to normal mice that had
received che vitamin, both tumour-bearing groups
showed significant decreases in the hepatic content
of acetyl CoA on the second and 15th day following the

implant.

(b) CoASy

L et ]

A similar picture occurred in the changes in the
repatic content of the free coenzyme in these livers
(Table 8), Again, there was very little difference
in the content of this metabolite in liver of tumour-

bearing mice, when compared to a similar group that
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TABLE 7

EFFECT OF ADMINISTRATION OF PANTOTHENATE ON THE ACETYL CoA CONTENT

CF LIVER OF NORMAL MICE AND MICE BEARING SARCOMA 180

Acetyl Coenzyme A (nmol/g Liver Wet Weight)
Day Controls (Pantothenate) Tumour Group (Untreated) Tumour Group (Pantothenate)
2 58.75<2.18 43.1022.02% 47.57%2.10°
4 59.18%2.00 57.28%2.56 58.15%3.47
8 48.82%2.85 57.2723.88 58.99%3.29
10 61.0253.08 59.65%2.61 ' 62.96%2.83
15 52,922,658 30,792,757 ' 34.1271.66°

Six mice were studied in each

a = Statistically cignificant

o

. +
gxoup. Valuee are means - S.E.M,
(2<0.01) when compared to controls.

b = Statistically significernc (P <0.001) when compared to controls.

c = Statistically significant (P< 0.02) wheun compared to controls.

d = Statistically signirficant (P< 0.00L) when compared to controls.




TABLE 8

EFFECT OF ADMINISTRATION OF PANTOTHENATE ON THE FREE COENZYME A
CONTENT OF LIVER OF NORMAL MICE AND MICE BEARING SARCOMA 180

CoASH (nmol/g Liver Wet Weight)

Day Controls (Pantothenate) Tumour Group (Untreated) Tumour Group (Pantothenate)

2 | 63.98%0.79 41.89%5.992 29,28%3.61°

4 56.26%4.05 62.5627.74 59.82%7.57

8 59.7623,13 54.72%5.13 54.90%5.97

10| 66.11%2.45 59.68%9, 25 57.25%5.56

15 E 61,2974, 31 30,6971 g6 25.49%4, 248

.

= - . . . i -
Values are the m2an of six mice soudied in caca group - 5.5.M,

a = Statisticallv ziguificant (F<0.0l) when ccrpared to controls.
n = Statistically significant (?<.0.001) when compaved to controls.

¢ and d = Ctatisticallv signiiicant (P<10.001) when compared to controls.




had received pantothenate. Also, in parallel with
the changes found in the hepatic contents of acetyl
CoA, the free coenzyme A content fell significantly on
the second and 15th day following tumour implant, in

both pantothenate-treated and untreated mice.

Since these data on the hepatic contents of acetyl
CoA and CoASH in the tumour=bearing groups had been
compared as shown (Tables 7 and 8 ), to normal mice
that had received pantothenate, we compared the values
found in the latter group to those of normal untreated
mice. Although the data is not shown, there g;;‘ho
sighificant changes in the free coenzyme A content of
liver of pantothenéte~treated mice, whzn compared to
normal mice, However, those that hsd received
pantothenate showed significant deacreases in the hepatic
content of acetyl CoA on the eighth day (P£0.02) and
also on the 15th day (P<0.05). No explanation can
be forwarded for this, but this does now. obvisate the
finding that the administration c¢f pantothenate ic.
mice bearing Sarcoma 180 does not =zeounteract the fall
in the hepatic contents of either Aacetyl oA cr ToASH

induced by the tumour.

DISCUSSION

Selection of mice at different periods up to 15
days, for the determination of acetyl CuA, CScAdd, and
the other parameters studied, meant in eflfect that
these animals had received different amounis of
pantothenate. However in nmormal mice that had received

the vitamin, the hepatic contents of CoASH apnd acetyl



CoA on the 15th day were very similar to those found

on the second day. By comparing the values found in
the hepatic content of the free coenzyme in these
animals to normal untreated controls, there was no
significant differences found as a result of treatment
with pantothenate. Therefore the pool size of the
free coenzyme in liver was not altered by the
administration of pantothenate, at least by the amounts
given here, It was noted however that in these livers,
there was a small but significant Tall in the content

of acetyl CoA on the eighth and 153th day.

The findings however showed that the fall in the
hepatic contents of CoASH and aceiv] o) in tumour

* 1%

bearing mice czuld not be normalisec by the administration

of the vitamin was maxximnal.

The mavked loss of body weight, aad spleen weight
that occurred in wice bearing Sarcoma 180 following
the administration of pantothenste cannot be explained
at present. However, this could pnot be related to
a greater rate of tumour-growth in mice receiving the
vitamin. It may aiso he noted, that the amount of
pantothenate adwivisteved 1.p., plus ithe smount taken
orally, was very much lower than the LDSU for this
compound in mice, which has been reported to be 5 =~
7.5 g/Kg body weight when given intraperitoneally

(Knott, Tsao, McCutchenn, Cheldelin and King, 1957).

At this stage, we can only tentatively suggest
that the administratiorn o pantothenate to mice bearing

Sarcoma 180 has some toxic effect, perhaps mediated
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via some defect in the metabolism of the vitamin in
these animals. Of interest in this connection are

the observations of Wiseman and Ghadially (1958), who
showed that supplementation of the diet of mice bearing
RD3 sarcoma, with four percent methionine increased

the rate of tumour growth, and at the same time caused
the tissues of the host to waste, The rationale behind
these studies, was the previous observations by these
workers, showing that excess methionine reduced the
ability of normal tissues to take up other amino

acids, but not the tumour cells in vitro, They suggest
that as a consequence, the tumour is provided with a
readier source of amino acids for growth (Wiseman and

nd Ghadially, 1956

o)

Ghadially, 19552, 1255b; Wisemen
Wiseman sud Ghadially, 1958).

It is 2lsce of interest that the methionine content
of the diet has been claimed (Abikc, L975), to be the
most influential facter in the decreased content of

coenzyme A in liver of rals fed low-protein diets.

Clearly much Duarther work is necessary on the
metabolism of cocuzyme A in liver cf tumour-bearing

animals to eluc.dzate the mechanisms involved in the
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CHAPTER 3

FURTHER STUDIES ON METABOLIC CHANGES
[N LIVER OF TUMOUR=BEARING MICE

Introduction

In the previous Chapter, several questions were
raised as to the aetiology of changes in the hepatic
content of acetyl CoA, CoASH and citrate in liver of
tumour-tearing mice, and some possible mechanisms

were propcsed to account for these changes.

In the present study, attempts have been made
to clarifyv some of these proposals, as well as gain
further incight into the metabolic events taking
place in these livers as a result of tumour growth in

the host,

Part of these studies have been presented elsewhere
(Calman aund McAllister, 1975a, 1975b; McAllister Soukop
and Calmen, 1976). :

Methods and Materials

Mice beering either TLX-5 iLymphoma, Sarcoma 180

,H mammary tumour were used as

or a transtlantable C3

previousiy,

Details as to the stage of tumour growth at which
the determinations were made, are described where

appropriate in the text.
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Metabolites Studied

Lactate, pyruvate, malate, citrate =< -oxoglutarate,
ATP, ADP, AMP, fructose-6=-phosphate and glucose-6=~
phosphate were determined on freeze=-clamped livers as

described previously.

The very low level of oxaloacetate in mouse liver,
made the enzymatic determination of this metabolite
unreliable, Values were therefore obtained by
calculatioﬂ% as were the NAD+ / NADH ratios, according
to the procedures of Wiiliamson, Lund and Krebs

(1967).

(a) The Cytoplasmic NAD+ / NADH Ratio

clamped livers were determined enzvuatically, and the

following applied:

Pyruvate < L - NAD
Lactate Keq NADH

where Keq is the equilibrium consieant of lactate

dehydrcgenase, which is equal te 1,1 x 10 .

¥,

(b) The Cytoplasmic Oxaloacetate Cuntgﬂgﬁ

The malate content of freeze-clamped Llivers was

: .

determined enzymatically, and using the NAZ . NADH
ratio calculated as above, the oxalcacctaic contrentc

was determined using the formula,

“The reservations as to this approach are discussed on

page 106,
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Oxaloacetate = Malate x NADT / NADH x Keq

where K is the equilibrium constant of malate

qu. -
dehydrogenase which is equal to 2.75 x 10 5.

(¢) Enzymes Studied

In separate experiments, the activity of
phosphofructokinase and fructose=-1, G-diphosphatase
in liver of normal and tumour-bearing animals were

determined,

The lactate and glucose conteut of blood from
control and tumowur-bearing mice were dctermined as

described previously.

Since in these animals; livers hed first to be
freeze=clamped, blood was collected imnediately
afterwards by oicking the acria, aud withdrawing the
bleod repidly fiom the abdominal cavity with a syringe
containiug heparin. Measured aliquots were immediately
deproteinisea by the appropriate method and the assay

carried out immediately.

Results

The data shown in Figure 18, shows the significant
decreases that nccuured in the hepatic contents of
lactate, pyrivate and melate in mice bearing TLX-5
lymphoma. In mice bhearing Sarcoma 180, that at
autopsy gave a mean tumour weight of 4.42 pa S.E.M.

0.55 g after 15 days of tumour-growth, the lactate
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content of liver fell below normal, but not significantly
so when compared to controls. There were highly
significant reductions in the pyruvate content of

these livers, and the malate content was also
significantly depressed (Figure 19). The hepatic
content of the latter was also significantly reduced

(P<0.001) in mice bearing the C,H mammary tumour.

3
In this group, the mean tumour was 0.73 p S.E.M. 0,19 g.
The lactate content of livers of these animals remained
at normal values, and although the pyruvate content
was decreased, this did not weach statistical

significance (Figure 20).

,Determination'of‘theGK ~oxoglutaraite content of
livers of mice bearing these tumours showed a 53
percent decrease in those bearing TIX-5 lymphoma which
was highly significant (P< 0.0061). Tii mice bearing
Sarcoma 180, with a mean tumour weight of 0,50 - S.E.M.
0.35 g, there was an 18 percent decrease in the
of ~oxoglutarate content of liver, but this was not
statistically significant. In conirast, in another
series of mice bearing this twmour, in which the mean
tumour weight was 4.27 pa S.E.M., §.22 g aftar 15 days
of tumour growth, there was a 60 percent raduction in
the hepatic content of =£-oxoglutarate {P.0.01).
These data are shown in Table 9, where it car 2iso be
seen that the oL -oxoglutarate content of livers of

in

[

mice bearing the C3H mammary tumour, did not alie:
either of the two groups of animals scudied, and in

C o1 . n T oo o :
which the mean tumour weights were 0.19 -~ Z.E.M. 0.04 g

and 0.55 t S.E.M. 0.12 g respectively,
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FIGURE 19 The lactate, pyruvate and malate content

of livers of mice bearing Sarcoma 180. Resiilts are

means .of six animals in each group.
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FIGURE 20 The lactate, pyruvate and molate content
of livers of mice bearing a 63H transplantable mammary
tumour, Resulits are weans of six animals in each

group.



The data given in Figures 18, 19 and 20 for the
lactate, pyruvate and malate content of livers of these
mice was then used to calculate the lactate/pyruvate
ratios, the cytoplasmic NAD+ / NADH ratios and the
cytoplasmic oxaloacetate content by the methods already
described. Table 10 shows that significant increases
in the lactate/pyruvate ratio occurred in livers of
mice bearing either of the three tumocurs studied. In
these experiments, the data shown in Table 10 for mice
bearing Sarcoma 180, were derived from the group in
which the mean tumour weight was 4.42 t S.E.M. 0.55 g
and in those bearing the mammary tumour, which gave a
mean tumour weight of 0.73 t S.E.M, 0,19 g; as is also
shown in Table 10, the NAD" / NADH ratios in livers of
these animals decreased significantly iudicating, as
discussed later, that the cytoplasm of the liver cell
in these tumour-bearing mice was in a mcre reduced
state than normal. The calculated valves for the
oxaloacetate content of these livers also showed

significant decreases when compared o contrel values.

As shown in Tablell, the hepatic content of gluccse-
6-phosphate and fructose=-6-phosphate were significantly
decreased in mice bearing TLX=5 lymphcma. For various
reasons it was not possible to determive tlLe hepatic
content of these metabolites in liver of arnimals
bearing the other tumour systems.

Determination of the activity of phospnef~ructo-
kinase and fructose-l, 6-diphosphatase in liver of mice
bearing TLX-5 lymphoma showed that the sciivities of

the enzymes were not altered from normal values (Table 12),.

.96



TABLE 9

THE ¢ =OXOGLUTARATE CONTENT OF LIVERS
OF TUMOUR-BEARING ANIMALS

o{ -Oxoglutarate

Conditions T % Chanég g
}mml/ngOEoM.

Controls 0.146%0.01

TLX-5 Lywphoma 0.069%0. 009 ~53 £0.001

Controls 0.106%0.01

Sarcoma 180, Mean + .
Tumour Wt. (.50~ - 0,086-0,020 =18 N.S.
S.E.M. C.35g ‘

Controls 0.23-0,03

Sarcoma 180, Mean. +
Tumour Wt., 4.,27= 0.09-0.008 =60 Z 0,01
SQE-b{y (_). Zlig

WD, AR Y S T a

Controls 0.113%0.007

C, 1 Mamrary

Tamecur. heaun 0 ll8t0 074 .5 N. S
Wt.=0.19-5.E.M. ’ ’ ot
G.04g

. ' -+ -3

Controls 0.097-0.0%21

C,H Mammary

Tomour. dMean + . N
Wt5=00551S.E-M0 0.097-0.017 NIL N.S.
0.12¢

? = Statistical evaluation by unpaired 't' test.
N.S. = Not Significant.

Six animals were studied in each group.



THE LACTATE/PYRUVATE

TABLE 10

RATTOS, REDOX STATE

OF FREE NICOTINAMIDE ADENINE

DINUCLEOTIDES AND OXALOACETATE

CONTENT OF LIVERS

OF TUMOUR-BEARING MICE

Concitions

. ! ot
lactate/Fyruvate | NAL S/ NADH

Controls

. et - o o T o -

Oxaloacetate
smol/g

620559 (6)

0.01450.002 (6)

evaluation by unpaired 't' test.

calculated according to the methods given in the text.

+
Mean tumour weights - Sarcoma 130 = 4,42g-S,.E.M,

-
Transplantable C3H Mammary tumour = 0,73g-S.E.M.

0.55g.
0.19g.

S.E.M. numbers in parenthesis are number of animals used.

!
|
|
13 - + -
| TX-5 Lyrpheme | 25.53-2.18 (6) 36535 (6) 0.0030.0004 (6)
P ] < 0,01 ! <.0.01 <.0.,01
< - o - T N a
' Controls i 19.21+1.30 (€) 477532 (6) 0.009%0,0007 (6)
Sarcoma ! 29.23%2.90 (6) 308535 (6) 0.00420.0006 (6)
P ! < 0,0z < 0,01 J < 0.001
| Controls ! 12.05%0.75 (6) 757%6 (6) | 0.01270.0018 (6
C,H Mammary E 20.35%1.5¢ (6) 456541 (6) } 0.003%0.003 (6)
Tumour i < 0,001 <. 0.001 j <.0,001
_
Values are means -

. + .
Cytosolic NAD / NADH ratio and oxaloacetate content

P = Statistical




TABLE 11

THE _GLUCOSE-06-PHOSPHATE AND
FRUCTOSE-6-PHOSPHATE CONTENT OF LIVER
OF MICE BEARING TLX-5 LYMPHOMA

HEPATIC CONTENT

(pmol/g Wet Wt.)

Conditions Glucose=6= Fructose~6-
B Phosphate Phosphate

Controls 0.28020.036 (10)  0.13150.020 (10)
. . + ey
Tumour-Ezorers  0,100-0.008 (9) 0.057=0,004 (9)
P < 0,001 < 0,01

Figurec in parenthesis are number of animals studied.
Xpr

+
cgss2d as means - S.E.M.

a5

lw)
03]

Resul

©



TARLE 12

THE ACTIVITIES OF FRUCTOSE DIPHOSPHATASE ~AND  PHOSPHOFRUCTOKINASE

2 -

TN LIVER OF MICE BEARING TLi~5 LYMPHOM:.

P et . - s gt -

' - Fructose Diphosphatase Phosphofructokinase
Conditions 1/min/ - ‘ 1/min/
amel/min/g | Amol/min/g
Controls 7.51%0.24 (6) 0.67£0.017 (6)
TLX-5 Lymphoma 7.39%0.17 (6) B 0.75-0.29 (&)
P . . N.S. | N.S.

< . + : . .
Values given are means - S.E.M. Numbers in parentheses are numbers of animals
used.,

N.S. = Not significant.




Blood Glucose Values in Mice Bearing FEither Sarcoma

180 or TLX-5 Lymphoma

The data given in Table 13 shows that growth of
TLX-5 lymphoma or Sarcoma 180, resulted in marked
decreases in the glucose content of blood in the host,
but in mice bearing the mammary tumour, this did not

alter significantly.

Blood Lactate Values

These determinations were only made on mice
bearing either the TLX~5 lymphoma or Sarcoma 180.
As shown in Table 14, the lactaie content of blood of
mice bearing TLX-5 lymphoma showed no significant
change wher. compared to controls, Lul in mice bearing
Sarcoma 1&0; significant decreases in the blood lactate

values oczcurred.

Hepatic Centent of Adenine Nucleotides

v - .

As shown in Table 15 there were significant
decreascs in the hepatic contents of ATP and ADP in
mice bearing either TLX-5 lymphoma, or Sarcoma 180,
The AMP contant of these livers was only significantly
decreased in mice Lrearing the Sarcoma. However, the
ATP/ADP ralics were not significancly altered in both
models, and the ATP/AMP ratic showed a significant
decrease cnly in mice beariug the lymphonma.

The data alsc shows the ‘energy charge' in these
ADP = 2 ATP)

b

Total
as described by Atkinson (1969), This value (E) was

livers which was celculated from E = % (

not significantly altered in mice bearing Sarcoma 1380
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TABLE 13

BLOOD CGLUCOSE VALUES IN TUMOUR~BEARING MICE

Conditions Blood Glucose mmol/lj:SoEg_Mo
Normal Gontrcls (CBA) 12.23-0.718 (6)
TLX-5 Lympboma 4.88%0.087 (6)
P < 0,001
Normal Conticle (G,H) 10.8740.820 (6)
C3H Mammary Tumour 13,90t1¢120 (6)
P ) ' NoSe
Controls (CBA) 14.77%0.565 (6)
Sarcoma (180) 9.67°0.617 (6)
P ‘ < 0,001

N.S. = Not Significant,

=

Numbers in parenthesis = Number of animals in each group.



TABLE 14

L ]

THE TACTATE CONTENT OF BLOOD OF
TUMOUR-BEARING MICE

Blood Lactate

Conditions mmol/l & S.E.M. P
« ) + ,

Controls S.44=0.44 (4) N.S

e e
TLX~5 Lymphoma 5.2540.40 (6)

'{‘ ;-

Controls 5.39;Oq12 (6) £ 0.001
Sarcoma 180 3.99-0.24 (6>

Numbers in parentheses are numbers of suimels studied.

N.S. = Not significant.



ADENINE NUCLEOTIDE CONTENT OF LIVER COF TUMOUR-BEARING MICE

TABLE 15

THE
Hepatic Conteut igmolfg_Li;;} Wet Wi.) E_

Conditions TP D ‘""‘“"”'Z&g"“""‘ ATP/ADP ATP/AMP Energy Charge
Controls i.%5%0.03 1,09%0.026  0.255%0.01 1,42 4. 39 0.699
cercoma 180 | 1.32%0.04 0.$270.02%  0,283%6.018 1.45 4.78 0.707
? P! <.0.01 < 0.01 N.S. N.S. N.S.
Controls 2.04%0.99 1.50°0.028  0.448%0.018 1,36 4.57 0.700
TLX-5 Lymphoma | 1.7020.069  1.34%0.040  0.450%0.017 1.26 3.79 0.678
P < 0.02 <0.02 v.s. | N.s. «c.01 | N.5.

Six animals were studied in each group.

The encrgy charge was calculated as described in the

Mice bearing TLX-5 lymphoma were studied after eight days of tumour growth and those bearing

Sarcoma 180 after 14 days of tumour growth.

+
Results expressed as means - S.E.M,




or TLX~5 lymphoma, when compared to controls.,

Discussion

These experiments show that highly significant
reductions occur in the pyruvate content of livers of
mice bearing either TLX~5 lymphoma or Sarcoma 180,

The lactate content of these livers only decreased
significantly in those bearing TLX=-5 lymphoma. As
described previously however, this tumour invades liver,
and this msy well cloud the picture of changes in the

hepatic content of this metabolite.

The tactate/pyruvate ratios in livers of mice
bearing cither of the three tumours studied shows
significant iuncreases. Previous workers have shown
that this ratio is only slightly increased in normal
fasted rats, arnd raised three to five~fold in acute
alloxan djabetes in these animals (Williamson, Lund
and Ricbs, 1967),changes that can be attributed to &
decrease in glycolytic flux under these conditioms.
Since we‘zave previously shoWn that mice bearing TLX-5
Lymphcema ere anorexic, whereas those bearing Sarcoma
180 are not, lhese increased lactate/pyruvate ratios
cannot be diie solely to reductions in food intake.
Since pyruvate is the second major source of acefyl
Coa in liver (Lowenstein, 1971) a fall in the hepatic
content. of this metabolite in liver of tumour-bearing
mice, would be consistent with a decrease in the acetyl
CoA content of livers of mice bearing these tumours
that we observed previously. It is difficult however

e o e o O 1~ - A o o~ .
to assess the degree of red

~ 2 a2 tle 1
CLiLOull 11l tilte L
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pyruvate that would be necessary for this effect to
be achieved, particularly since the pyruvate content

of livers of mice bearing the C.H mammary tumour,

3
although decreased did not reach statistical significance.
Further, in the normal fasted rat, the increased fatty
acid supply to liver results in significant increases

in the acetyl CoA content,

Alterations in the substrate pair lactate/pyruvate,
in livers of these mice due to alterations in the
activity of lactate dehydrogenase would appear unlikely
since it has been shown (Manso, Sugiura and Wroblewski,
1958) that the activity of this enzyme is not altered
in livers of mice bearing a varieiy of tumours, including

Sarcoma 130, Gimilar findings for the specific

(V)

activity, snd distribution pattern of this enzyme in
liver of rars rosting Morrls hepatoma 1o have also been
reported (Cornblect VoLbock Lucas, Esterly, Morris

and Martin, 1974)., Ve consider therefore that a
decreased content of pyruvate in liver of mice bearing
either TLX~5 lymphoma ot Sarcoma 180, that we have
reported here, would be consistent with a previous

report of increased activity of gluconecgenic enzymes

in livers of racs bearing transpiarntaple tumours

(Gutman, Thile and Biran, 1969). There is also evidence
that three-carbon fragments of the oxidative breakdown
of glucose are actively utilised in the synthesis of

tumour proteine (Stapor, 1972).

The decreases in the hepatic content of of oxoglutarate

that were found in the present study, amounted to 53



18 percent in those bearing Saxrcoma 180, with a mean
tumecur weight of 0.50 g, and 60 percent in those mice
bearing the larger Sarcoma (mean wt. 4.42 g).

Whether there is any relationship to the size of the
Sarcoma, and the degree of reduction in the hepatic
content of this metabolite remains to be elucidated.
It is of interest however that in mice bearing Sarcoma
180, which gave a mean tumour weight of 0.50 g, the
citrate content of liver did not increase, whereas in
those hosting Sarcoma 180, with a mear tumour weight

metabolite

[94]

of 4.42 g, the hepatic content of thi

increased significnatly.

The central position of « =oxogiuatarate in inter-
mediary metabelism, where it provides a link between
the oxidetive break-down of carbchydrate and fats, and
the metabolism of amino acids {Tager, De Haan and
Slater, 19A%), indicates that several possible mechanisms
could be responsible fov its depletion in livers of
these tumour-bearing mice. The cncurrence in liver

of several "X -oxcglutavate-linked transaminases,

oy

§

ralses t

0]

£

question of whether incressed substrate

sation due tc lanfaSEd activity cf these enzymes

!—I‘

s
util
is involved, Rampschmidt (1960) has reported

increased activity of tyvogcine transaminase in livers

er carcinucsarcona 256. The

e

of rats beariug the Val
interpretation of such data is, however complicated,
since the activity of these enzymes are semsitive to
protein inteke, as well s adrenal function (Levine,
1964), Significaat decreases in the A -oxoglutarate

content of livers cof fasted and acute alloxan/diabetes

rats have also beer reported (Williamson, Lund and

100



Krebs, 1967) in which conditions, the activity of the
tricarboxylic acid cycle is depressed (Start and
Newsholme, 1968). In these gluconeogenic conditions
however, the citrate content of liver is decreased
(Herrera and Freinkel, 1968; Start and Newsholme,
1968), whereas in liver of tumour-bearing mice, the
citrate content is significantly increased. Since
the formation of ™ ~oxoglutarate in the tricarboxylic
acid cycle takes place in the sequence, citrate-
isocitrate~ 'X-oxoglutarate, and isocitrate is in
equilibrium with citrate (Atkinson, 1968) an increased
citrate content in livers of these tumcur=bearing
mice, and a decreasedf% -oxoglutarate content, could

.

suggest that 1soc1trate dehydroce is inhibited.

.

accumulation of citrate and ocitrate 28 a result of
inhibition of this enzyme by ammnonia has been rzported
previously in arginine—deficiént raus (Triosr and Visek,
1973) and in ammonia intoxication (Kesper, 1963}, We
are investigating possible inhibitory nechanisms of

this enzyme in livers of tumour=bearing mica.

-

When the NAD+ / NADH ratios of mcuse iiver cytopleszm
were calculated, the data showed that significont
decreases had occurred in livers cf these mice Learing
either of the three tumours under inpvestigatlon.
Since the lactate dehydrogenase systemn is leocated
exclusively in the cytoplasm, these ratics wetlect the
redox~state of the free adenine dinuclectides in that
compartment. of the liver cell (Williamson, Lund and
Krebs, 1967). Further, since it is well=recognised

that glycolysis and gluconeogenesis in liver ave
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cytoplasmic events, where during glycolysis, hydrogen
transfer fwom glyceraldehyde-3-phosphate to NAD% takes
place, with the reverse process in gluconeogenesis,
the direction of the two, depends on the redox-state
of the hydrogen carries system (Williamson, Lund and

Krebs, 1967),

Our data therefore show that the liver of tumour=-
bearing micz is in a more reduced state than normal,
and by enalogy with similar change in fasted rats
(Williamsor, Lund and Krebs, 1967) this might favour
gluconeogeneasis. This would also support our previous
proposal, that the increased citrate content of these
livers would feavour gluconeogenesis due to citrate-
inhibiticin of phosphofructokinase. However, the
proviso nust be made that such a change in the NADT /

NADE ratioc would also tend to suppress the conversion
- ¢of lactate to pyruvate, and hernice decrease gluconeogenesis
from this source, as has been shown to occur during
ethancl motaﬁqlism (Lochner, Wulff, and Madison, 1967),
A decrease in the oxaloacetate in the cytoplasm of the
liver ceil would also indicatce increased utilisation
for glucose synthesis, as has been reported by Wieland
(1968} in rats under gluconeogenic conditions. As
discusced Leter (p. 105) it should however be noted
that derivation of the tissue content of these
metabalites by calculation require that certain
assumptions are necessary, as described in detail by
Williamson, Lund and Krebs, (1967) and this necessitates
that much caution is used in the interpretation of

such data,
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Whether a fall in the mitochondrial oxaloacetate
content in these livers would decrease the rate of the
tricarboxylic acid cycle, since this compound is one
of the substrates for citrate synthase, with a
concomitant decrease in energy available to the cell,
remains to be clarified. It is of interest however
that the second substrate for citrate synthase, namely
acetyl CoA, i1s also known tc be decreased significantly
in these livers, as was the ATP content in livers of

mice bearing TLX-5 lymphoma.

As has been discussed in detail by several workers
(Wieland, 1968; Tepperman and Tepperwan, 1970;
Newsholme and Start, 1973), a decreased rate of the
tricarboxylic acid cycle necessitates adjustments in
order for the cell to obtain energzy, and this is
-achieved under gluconeogenic corditions. by incieased
oxidation of fatty acids to acetyl CecA with formation

free CoA,

)

of acetoacetate, and liberation o

These compensatory mechanisms wouls therefore

appear to be lacking in livers of tumcur-bearing mice.

The significant decreaseg in the hepabtic contents
of glucose=-6=-phosphate and fructose-0-phusphate cequires

1

L0

(o]

verification in other tumour-bearing animals, due
the possible effects of invasion of liver bv the mephoma
cells, A fall in the content df these hexose nono -
phosphates may have been due to anorexia in cnese

animais since in starved rats, the contents of Loth
metabelites in liver decrease (Start and Newsholme,

1 N e
) Salwll

N

1970). In these animals however it was alc

that this only occurred when the glycogen stores became
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depleted. Under these conditions, the maximal
activities of phosphofructokinase and fructose
diphosphatase do not change, as was also found in liver
of mice bearing TLX-5 lymphoma. In this connection

it "is of interest that in an earlier study (Gutman,
Thilo and Biran, 1969) it was reported that the activity
of fructose diphosphatase was only marginally increased
in liver of rats bearing a non~metastasising sarcoma.
Since fructose-6=phosphate is a substrate for
phosphofructokinase a decrease in the hepatic contents
of this metabolite would decrease the activity of the
enzyme, and if as has been proposed by Start and
Newsholme (1970) a substrate cycle exists between
fructose-6-phosphate and fructose diphosphate, a
decrease in the activity of the kinase, would result

.in an increase in the hydrolysis oi fructose diphosphate.

Thus in mice bearing TLX=5 lyuphoma, the atove

o)
D
9]
H -
1053
ll_ -
%}

findings suggest that the rate of gluccneogen
increased. As was previously suggested here, the
increase in the hepatic content of citwate in Jiver of
tumour-bearing mice would alsc inhibit phosphofructokinase
in vivo. This suggestion however is wmect megated by

the finding that the activity of this enzyre was not

-

altered in these livers, since the conaitione of the

assay in vitro would have relieved this inkibiticm,

- On the basis of a previcus report (Hornbrook,
Burch .-and Lowry, 1965) that citrate accumulated in liver
of rats following the injection of lactate, we examined
S

the blood lactate content of mice beacing Sercema 180
hat

oy
D
h

that in the former

or TLX=5 lymphoma, The findin

(he)
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model, the lactate content of blood did not alter,
whereas in the latter, significant decreases were
found, negated this proposal that an increase in blood
lactate was involved in the accumulation  of citrate

in liver of these animals, since as previously

described this was a feature common to both,

The significant decreases in the hepatic contents
of the threc adenine nucleotides in mice bearing
Sarcoma 180G, and that of ATP and ADP in mice bearing
the lymphora was unexpected, since for example a fall
in the cémncent of ATP dué to increased utilisation
would be expected to result in an increase in AMP,
However, a fall in the hepatic contents cf ATP and free
coenzyme A 2ould be involved in the decreased activity

of ATP-citrate lyase which is described later (Chapter &).

As was shown here, the ATP/ADP and ATP/AMP ratios
did not change in liver of mice bearing Sarcoma 180,
end only the ratio ATP/AMP showed a significant decrease
in mice bearing the lymphoma, A fall in the latter
ratio also occurs in liver of starved rats, but under
these conditions, the ATP/ADP ratio also decreases
(Start and Newshclme, 1968). However under conditions
of starvaticn the energy charge remains constant (Start
and Newshcim=, 1968, Guynn, Veloso and Veech, 1972),
The data presented here showed that the énérgy status
of the cells in liver of tumour-bearing mice was also
constant, but until a satisfactory explanation can be
obtained for the fall in the hepatic contents of the

thiree adenine nucleotides in these livers, little

. .
on of this can be made,



The Problem of Compartmentation

The caution necessary in the use of calculated
values for metabolites has been stressed by workers
who have been responsible for the development of such
methods (Gumma, McLean and Greenbaum, 1971; Williamson,
1969), Thus the use of the method of Williamson, Lund
and Krebs (1267) for calculation of the cytosolic
oxaloacetat«~ content depends upon near-equilibrium of
‘malate dehydrogenase, and an assumed gradient for the
malate disiribution, It is now known however that
both the cytosolic and mitochondrial malate dehydrogenase
are displaced from equilibrium (Tischler, Hecht and
Williamsoa, 1977) and the calculated gradients of oxalo-
acetate do not agree with those found by measurement,
Therefore tre data presented here on the cytogolic
oxaloacetare centént are no longer tenable. Initially
in these stucdies; attempts were made to determine the
hepatic contents of oxaloacetate, which are mnotoriously
difficu’t due mainly to the low content present, and
resort hed te be made to the calculated valﬁes. These
however have been retained here, but must therefore
be considered oaly of a preliminary nature offering a
lead towards further work since in spite of the above
reservationg, the values were found to be decreased in

iiver of tumour~bearing mice.

A major, and obvious defect in the determination
of the whole cell content of metabeolites is the lack
of knowledge on their distribution in the mitochondrial

and cytosolic compartments, and this has been a major
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problem in this field. Recently however, methods have
been developed that permit rapid secparation of
particulate components and cytoplasm of isolated rat
liver cells {(Zuurendonk and Tager, 1974; Tischler,
Hecht and Williamson, 1977). Some discrepancies
however have been found between the different methods,
and further work is required before their full potential

can be explored.

These methods however have only been applied to
rat liver, and since the initial step requires perfusion
of the excised liver, it is unlikeily that this could

be readily achieved in the mouse.

The decrease in the glucose content of blood in
mice bearing Sarcoma 180, is in comcrast to a previous
report {Sharot and Blinov, 1974) of normal values in
mice bearing this tumour. These workeirs have proposed
that in these animals, the normoglycaenia was due to
an enhancement of gluconeogenesis, that depended upon
the glucoiieogenic response of the host tissues to
glucocorticolias, Stimulation of gluconeogenesis in
the host nas alsc been proposed to account for the
normoglycaemia in rats bearing a non-netastasising
sarcoma (Gutuen, Thilc and Biran, 1952) due to an
increased activiiy of glucose-b-phcsphatase and

phosphoenoipyruvatec carboxykinase.

The possibilikty cf an increase in the circulating

level of insulin iv mice bearing either TLX-5 lymphoma
of Sarcoma 180 has not been examined. It is of

interest however, ihat diminished serum glucose levels

in rats bearing Walker 256 carcinoma have been reported
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(Goodlad, Mitchell, McPhail and Clark, 1975) to be
accompanied by marked decreases in serum insulin
(and somatomedin). These workers conclude that this
fall in serum glucose most probably reflects the general

disturbances of energy metabolism in the host associated

with tumour growth.



CHAPTER 4

METABOLIC CHANGES 1IN LIVERS OF TUMOUR~-BEARING
MICE

Activity of Citrate-~Cleavage FEnzyme in Liver and the

Effect of Fasting on the Hepatic Contents of

Acetyl CoA, CoASH, Citrate and Triglycerides

Disturbances of lipid metabolism in tumour-
bearing animals have been well~documented. As
discusged previously in this thesis, such changes
include loss of body fat (Haven and Bloor, 1956;

Costa and Holland, 1962), and hyperlipidaemia with
alterations in the pattern of circulating lipoproteins
1075.

(Creinin and Narayan, 1971; Cox arnd Gohcen, 1975;

Brenneman. Mathur and Spector, 1673).

The mechanism involved in the aeticlogy cf these

changes in tumour-bearing animals however remsine unknovr,

The finding that the hepatic content of citrate

ter 2)

;g

was increased in tumour=-bearing mice {Chea

"

Kl

prompted the tentative suggestion, that this might be
due to some disturbance of lipid metabolisw in these
animals. As mentioned therein, citrace is the main
source of carbon for the extra mitochondrial synthegis
of fatty acids in mouse and rat liver (Spencer and
Lowenstein, 1962; Bhaduri and Srere, 19%3; Spenrar,

Corman and Lowenstein, 1964).

The initial stage of this reaction iz cleavege of
citrate in the cytosol to acetyl CoA and oxaloacetate
by the citrate cleavage enzyme (Spencer and lLowenstein,

1962), Much evidence has

S
<
O



shown that the activity of the enzyme in liver is
dependent on the nutritional status. Thus decreases
‘in activity have been reported in starved rats re-fed
high fat diets (Kornacker and Lowenstein, 1963;
Kornacker and Lowenstein, 1965a). On the other hand,
marked increases in activity of the enzyme occur in
starved rats, re~-fed diets high in gluccse (Kornacker
and Lowenstein, 1965a). These latter changes are in
accordance with the marked increase in fatty acid
synthesis that occurswhen starved smimals are re-fed
diets with a low fat content but high content of
carbohydrate (Tepperman and Tepperman. 1958; Masoro,

1962; Spencer, Corman and Lowenstein, 1964),

In view ol the accumulation of c¢itrate that was
found tc ociur in tumour-bearing irice, it was of
interest Lo exemine the activity of citrate~cleavage

nzyme in !livers of these animals, in addition, the
hepatic contents of vl CchA, CoASH, citrate and
triglycerides were studied in fasted tumour-bearing
mice to se= whether there were changes in acetyl CoA

associated with trmour-induced lipid mobilisation.

Materials eud Methods

L, e e

Weight-matchea CBA mice bearing cither TLX-5
lymphoma or Sarcoma 180 were 1zsed. Tumours were
implanted in rhese animalec exactly as described in

Chapter 1.

Other details as te vime of fasting animals, and

the stage of tumour growth when the observations were



made are detalled in the text. Urine samples from fed
normal mice and those bearing the tumour were obtained
by placing the animals in small plastic dishes. Samples
so obtained were then tested for ketones using a
conventional test strip (Multistix, Ames), Where the
effects of starvation were studied the animals were
placed in clean cages and food but not water withdrawn

for 48 hours.

The acetyl CoA, CoASH, citrate, triglyceride
content of liver, and activity of the citrate cleavage
enzyme were determined by methods already described. -
The epididymal fat pads were carefully removed and

weighed wet.
Results

Changes in the Triglyceride Content of liver and

Weight of Fpididymal Fat Pads in Tumour-Rearins Mice

Figure 21 shows the changes iii the triglyceride
content of liver of mice bearing either TIX-5 lymphoma

or Sarcoma 180,

- In the former model, the triglyceride content of.
liver showed no significant change from nocrmal velues

after seven days of tumour growth.

In contrast, the data show that in mice bearing
Sarcoma 180, there were highly signjficont veductions
in the triglyceride content of liver of these animals.
In these studies, the determinations were narde on animals
12 days following implant, and the mean tumour weight

was 4.3 g = 0.36 g S.E.M,
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FICURE 21 The triglyceride-glycerol content of liver

of mice bearing either TLX-5 lymphoma after seven days
of tumour growth, or Sarcoma 180 after 12 days of
tumour growth. Results expressed as means of six

animals studied.
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content of liver, and weight of the epididwviual fat pads

in mice bearing TLX-5 lymphoma. Siz animalc were

used for each time interval.



The daily changes in the triglyceride content of
liver of mice bearing TLX-5 lymphoma were then studied
over eight days of tumour growth. The weight of ithe
epididymal fat pads in these animals were also

recorded daily.

From the data shown in Figure 22, it will be seen
that there was a progressive increase in the triglyceride
content of liver, which reached significant values
when comparcd to the control group, on the third day
of tumour growth, and which then decreased to normal
values by the eighth day. As is also shown, the mean
weight of the epididymal fat pads did not alter from

normal vaiues cver the eight days of tumour growth.

Since it was previously shown in this thesis that
in mice bearing TLX-5 lymphoma there was a marked
reduction in food intake, particularly on the second
day following the injection of the tumour cells, and
that a decrease in food intake continued over the mnext
five days, the accumulation of triglycerides in liver

on the second to third day was attributed to anorexia.

In centrast to that found in mice bearing TLX=5
tymphoma, the weight of the epididymal fat pads of
mice bearing Szrcoma 180 fell significantly when

compared o normal controls,
=

However, as also described previously, mice bearing
Sarcoma 180, although presenting anorexia on the first
to fourth day fecllowing tumour implant, after about
the sixth day, these animals continued to eat normalily.
Therefore, the decreases in the hepatic content of

triglycerides could not be related to ancrexia in these
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animals.

At this stage of the investigation it therefore
appeared that the two different tumour systems studied,
produced different effects on their host in terms of
mobilisation of fat, or its accumulation. The common
denominator however, was that as shown previously in
both models, significant decreases in the acetyl CoA
content of liver occurred, even though in mice bearing
Sarcoma 180, the evidence was that fat was being

mobilised.

In order to confirm that anorexia was the major
factor in the accumulation of triglycerides in liver
of mice bearing TLX-5 lymphoma, aud since these
animals did not present complete cescation of food
intake, the effect of starvation fcr 48 hours con the
triglyceride content of liver, and weigui of the

epididymal fat pads was examined.

‘T

In addition, the effect of a 45 hour fast on thes
parameters in mice bearing Sarcoma 1¢0 was alco
studied, as were changes in the hepatic cenitents of

acetyl CoA, CoASH and citrate.

The Effect of Fasting on Fat Mobilisation fn Tumour-

o e T - o

Bearing Mice

The data in Table 16, shows thai when tumour-free

ag
—
-

control mice were fasted for 48 hours, the nesn wel;
of the epididymal fat pads did not alter significantly,
as shown in Figure 23 however marked accumulation of

triglycerides in liver occurred.
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TABLE 16

THE EFFECT OF FASTING FOR 48 HOURS ON LIVER

WEIGHT OF THE

NI N
CONTECL

—— g

MICE AT MICE BEARING

TLX=-5

LYMPHOMA

EPIDTDYMAL FAT TADS OF

i _ wWt. of Fat Pads as
Conditiens | Livesr Ve. (g) Epididymal % of
E i Fat Pads Body Wt.
[T ) e . ‘
red Contrels 1.51%0.05 - 0.898%0.117 2.93%0.32
-+ ' : +
Fasted Contrcls 1.225G.03 0.870-0.164 2.95-0.41
17 4 0.0z NOSD N.S'
._:-._-.F- _+_ ) +
Fed Tumour-Bearers 1.02--0.072 1.33-0.16 4,16-0,48
Fasted Tumour=-Beareis , - 1,74t0,12 l.SBT;,lC % L4.32%0.26
i i
p E N.S. N.S. i N.S.

Six animals were studied in each group.
N.S. = Not Significant,

-
Results expressed as means - S.E.M.




Since liver weight is known to decrease in
starved animals (Harrison, 1953) as is also demonstrated
in Table 17, the triglyceride content of these livers
was also calculated in terms of whole liver content
(not shown)., However this was still significantly
increased when compared to the fed group (P£0.01).
In contrast, fasting did not alter the weight of the

liver in mice bearing TLX-5 lymphoma (Table 16).

The deta in Table 16 also shows that the mean weight
of the epididymal fat pads in both the fed and fasted
tumour-bearing group had increased by about 50 percent
compared to the fed or fasted normal animals., When
these data were expressed in terms of a percentage of
body waight, the fasted normal animals still maintained

a value c¢loze to that of the fed controls.

The effect of a 48 hour fast on the triglyceride
content of liver of mice bearing TLX~5 lymphoma is

chownn in Figure 23,

In these animals, fasting induced a significant
increase (P<.0.001) in the triglyceride content of
liver when compared to the fed tumour-bearers. It
will be noted however, that in this experiment, the
triglyceride content of liver of the fed tumour-
hearing animcls was decreased when compared to the
nowmal cconctrol group.  We have no satisfactory
explonation for this, but this does not negate the
obsarvation that fasting of tumour-bearing animals
induces an increase in the triglyceride content of
liver. This increase however isbynomeans comparable

to the very marked accumulation of triglycerides that

1la
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occurred when control mice were fasted for 48 hours

(Figure 23,

When similar studies were made on mice bearing
Sarcoma 180, different effects of fasting of these

animals were found.

Thus as shown in Table 17, the mean weight of the
epididymal fat pads in fed mice bearing Sarcoma 180
was decreased compared to fed controls. This decrease
was found to be statistically significant (P«0.01).
Although starvation of controls did not produce a
significant decrease in the weight of the epididymal
fat pads, a further significant decrease occurred
(P<0.01) in the starved tumour-bearing group. When
‘the mean weight of the fat pads wcre expressed as a
percentage of body weight, these changes were also

significant.

As is also shown in Table 17, thers were no
significant differences in the mean twrocr weight in
the fed or fasted mice, and fasting did not significently

alter liver weight in these animals,

The data in Figure Z show the effect of a 43
hour fast on the triglyceride conteat oif liver of thesc
animals. In agreement with the previcus ~bservaiion,
the growth of this tumcur induced a significani ¢
o

in the triglycerides content of liver of fzd mice.

A further decrease occurred as a result of fasting
but this was not significant when compared ro the fed

tumour-bearing group.
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TABLE 17

THE EFFECT OF TFASTING FOR 48 EHCURS ON LIVER WEIGHT, TUMOUR ‘WEIGHT, AND WEIGHT

OF THE EPIDIDYMAL

FAT F4DS OF

NORMAI, MICE

MICE DBeiRING

SARCOMA 180

Conditions Liver Tumour We. of Fat Fat Pads as %
we., (g) wt. (g) Pads (g) of Body Wt.
Fed Controls 1.460,073 - 0.6250.077 2.25%0.203
Fasted Controls 1.21%0. 061 - 0.41%0. 068 1.73%0.231
P £ 0.05 - N.S. N.S.
Fed Tumour Bearers 1.4250.024 4.31%0. 36 0.26%0.031 1.00%0,12
Fasted Tumour Bearers 1.29%0.050 3.88%0.21 0.10%0.019 0.41%0.08
p N.S. N.S. £ 0.01 < 0.01

Six animals were studied in each group.

experiment.

N.S. = Not Significant.

- _ +
Values given are means - S.E.M.

Tumours were

implanted 12 days prior to the




The Effect of TFasting on the Hepatic Content of

Acetyl CoA, Free CoA and Citrate in Tumour=Bearing

Mice

Acetyl Coenzyme A and CoASH

Figure 25 shows the effect of fasting for 48 hours
on the 'total' CoA, CoASH and acetyl CoA content of

liver of control CBA mice.

. . 6
These animals had received 2 x 10  normal spleen
cells i.p. from CBA mice seven days prior to the

study.

The data clearly shows that fasting induced
significant increases in the acetyl CoA content of
liver, whereas the free coenzyme A conteut had decreased

significantly (P <0.001).

The 'total' CoA values are alcc included in
Figure 25, but as already noted, in the assay method
used, this represents the sum cf the acetyl Ceca and

Kiny

free CoA content and are included for comparison of

the distribution of the two forms of tihe cocenzyme.

v

Aiso shown in Figure 25, is the effect of [1X-5
Lymphoma on the content of these meteboiites in liver,
where it will be seen that in agreement wich previous
studies (Chapter 2), marked decreascs in the acetyl Ted

and free coenzyme had occurred.

However in fasted mice bearing TLX-> Iymphoma,
although the acetyl CoA content of liver increasead
slightly, and that of the free coenzynie shcwed 2 slight

decrease, neither of these changes were significant
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when compared to the fed twnour-bearing group.

Fasting of mice bearing TLX~5 lymphoma did not
therefore induce an increase in the acetyl CoA content

of liver.

Results of a similar study on mice bearing Sarcoma

180 are shown in Figure 26,

These data show that in fed mice bearing Sarcoma
180, there are significant decreases in the acetyl CoA
and free coenzyme A content of liver of these animals,

when compared to a normal group.

However when mice bearing Sarcoma 180 were
fasted for 48 hours prior to these determinations, the
acetyl CoA content of liver increased clightly, but
not significantly so when compared *c the fed tumour-
bearing group. Fasting however induced a significant

decrease in the free coenzyme A content of liver,

Citrate

Changes in the citrate content of liver of animals
used in the above studies are nresented in Figures 27

and 28.

The data presented in Figure 27 sh

)
fall in the hepatic content of citrate following a 438

i
spleen cells intraperitoneally, Thie fall s in
agreement with previocus reports of the erfcect of f2sting
on the citrate content of normal rat liver (Start and
Newsholme, 1968; Herrera and Freinkel, 196x). Also

shown (Figure 27) is the marked increase in citrate
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that occurred in fed mice bearing TLX-5 lymphoma, when

compared to fed comntrols.

However, when mice bearing TLX-5 lymphoma were
fasted for 48 hours prior to the determination, although
the citrate content of liver decreased compared to the
fed tumour-bearing animals, this still remained at a
high level but was not statistically significant when

compared to the fed tumour bearers.

In contrast, although fed mice bearing Sarcoma
180 showed also an increase in the hepatic content of
citrate, in agreement with our previous observations
(Chapter 2, Table 5), fasting of a similar group
bearing thiis tumour further increased the citrate

content of liver of these animals (Figure 28).

Activity cf Cicyate-Cleavage Enzyme in Livers of

Juest

Normal, Fasted and Tumour=Bearing Mice

The activity of the citrate cleavage enzyme in
livers of normal mice, and mice that had been starved
for 4& hours is shown in Table 18. These data are
in agreement with the decreased activity of the enzyme

that has beeo reported (Kornacker and Lowenstein,

Xo]

1665a) te occur in normal rats starved for the same

p—

reriod,

Alsou shown are the values for the activity of the
anzyme in liver of mice bearing TLX~5 lymphoma. It
will be seen that in these animals there was a much
greater decrease in acfivity than that feund in starved
normal mice. Significant reductions in activity of

citrate cleavage enzyme were also found to occur in mice
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ACTIVITY OF CITRATE

TABLE 18

CLEAVAGE ENZYME IN THE EXTRAMITOCHONDRIAL

SOLUBLE__FRACTION

OF MOUSE ITVER AT pH 7.5 AND 37°C

o e

Enzyme Activity

Sarcoma 180

0.373-0.021 (6)

—— —

o - vt —— —————

Gonciriens 3 (urol/mg Protein/Hr.) g
Ted Nornals 0.5619-0.017 (6) -
Starved Nermals (24 Hr.) 0.45120.015 (6) < 0.001%
| TLX-5 Lymphora _ 0.17250.021 (6) < 0.001°
Controls 0.48650.024 (5) < 001

-

Animals bearing TLX-5 lymphoma were studied seven days after tumour implant and

those bearing Sarcoma 180, 12 days after tumour implant.

a and b = Statistical comparison with fed normal mice.

£
. i
Values given are the mean ~ S.E.M,

each group.

Numbers in parenthesis are numbers of mice in




bearing Sarcoma 130,

Ketone Bodies in Urine of Normal and Tumour=Bearing

Mice

Fed normal mice were found to contain a trace of
ketone bodies in urine, as were fed mice bearing TLX-5
lymphoma or Sarcoma 180, after seven and 12 days of

tumour growth respectively.

The Acetyl CoA/CoASH Ratios

As shewn in Table 19, the acétyl CoA/CoASH ratio
in liver of fed mice bearing Sarcoma 180 was very
similar to that found in normal fed mice. Fasting
of either normal or mice bearing the Sarcoma increased
the ratics significantly. In contrast, fed mice
bearing TI¥-5 lwmphoma showed a significant increase
in the acetyl CcA/CoASH ratio when compared to control
wice that had received lymphocytes i.p., but fasting
of these Lumour-bearing animals did not induce a

significant increase.

Discussion

A e e 2 e B . TTGE)

Starvation for a period of 48 hours induced 'fatty'
Jivers in normal mice but did not cause significant

on of epididymal adipose tissue in these animals,

[

L

o

depl
‘he

-3

it

effects are opposite to those found in starved

w
0

ats, where decreases in the hepatic content of

-

triglycerides (Lippel, 1972) and decreases in the weight
cf the epididymal fat pads (Herrera and Freinkel, 1968;

Ryan, Blackburn and Clowes, 1974) have been reported.



TABLE 19

)

THE ACETYL CoA/CoASH RATIOS IN LIVER OF FED
AND FASTED NORMAL AND TUMOUR-BEARING MICE

Conditions Acetyl CoA/CoASH

Fed Normal 1.0050.06 (6)
Fasted 2.11%0.21 (6)®
’ + b

Sarcoma 180 (Fed) 1.04-~0.08 (6)
Sarcoma 180 (Fasted) 2.4450.22 (6)°

Fed Controls (L) 1.02%0.16 (6)
Fasted Controls (L) 2.83iOQ12 (6)d

e

TLX~5 Lymphoma (Fed) 1.4720.08 (6)°

TLX-5 Lymphoma (Fasted) 2.0750.31 (6)F

a = Significant change (P< 0.001) when compared tco
normal.

b = Not significant when compared to normal fed mice.

c = Significant change (P <€0.001) when compared to
fed tumour-bearing mice.

d = Significant change (P4 0.001} when comﬁared to
fed normals that had received lymphocyzes +.p. (L).

e = Significant change (P4 0.05) when comnparec to fed

S

normals that had received lymphecytes i.p. (L).
f = Not significant when compared to fed mice bearing

TLX-5 lymphoma.



These differences in response Lo starvation between
the two species, may be due to the fact that lipid
metabolism is easily perturbed in the mouse, For
example, Estller (1974) has shown that 'fatty' livers
can be induced in mice in as short a time as two hours
following the injection of ethanol. But as has recently
been discussed by Hems (1975), little is known of the
pathogenesis of 'fatty' livers, although nutritional
factors e.g. dietary deficiencies are knownto be
involved (Tucker and Eckstein, 1937; Williams, Cardle

and Meader, 1959; Porta and Hartcroft, 1970).

In an earlier investigation, Adams (1950) studied
the effect of starvation on the tota!l lipid content

of liver of mi-zc hearing a transplarntabie lymphosarcoma.

LIS ?

He found that starvation induced 'fetty’ livers in
these animalis. In coatrast, starvahion did not induce
the accumulation of lipids in livers of wvormal mice.
Adams (1950) however determined total lipids from the
nitrogen and water content of theee livers, and his

data may therefore be suspect.

In the pressn- studies, there ware some discrepancies
when the triglyceride content of liver of mice bearing
TLX=-5 lymphoma weie studied, since in one experiment,
this decreased seignificantly wherees in another no
changes occurred. We have no explanation for this,
but the fact that this tumour invades liver camnot be

excluded from the zetinlogy of these changes.

When mice bearing the lymphoma were starved the
hepatic content of trigiveerides increased significantly,

but only to normal values, whereas in mice bearing
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S arcoma 180 in which the triglyceride content of liver
was already decreased starvation induced further

decreasses,

Data from the present studies also showed that in
mice bearing Sarcoma 180, the weight of the epididymal
fat pads had decreased significantly, whereas in mice
bearing the lymphoma, an almost two=foid increase
occurred, When these tumour-bearing mice were starved,
this had no effect on the weights of the epididymal fat
pads in mice bearing TLX-5 Lymphomu, but in mice

bearing the Sarcoma, further decreacses occurred.

These obszrvations suggested that the two tumour
systems studlied had different effacts: cn lipid metabolism
in the hest, a ract that has been previously observed
in animals hosting different tumocurs, where different
effects on serws total lipids, and the pattern of
lipoproteins Bave heen observed {Llebelt, Liebelt and

Johnston, 1971; Cox and Gokcen, 1975).

The wveacon for the increass in the weight of the
epididymal fat pads in mice bearing TLX-5 lymphoma is

unclear. The possibility exists that this tumour

invades adipose tissue, as has been Jescribed in

i_l.

detail in mice bearing MT 890 'as~ites' tumour b
&5

Siegler and Koprowska (1962). Also hormonal

disturbanc in these animals may be involved since it
is recognised that triglyceride lipase in adipose tissue
is regulated by scveral ncrmones, both lipolytic and
antilipolytic (Siddle and Hales, 1975; Newsholme and
Start, 1972; Newsholme and Start, 1973).

Thus stimulaticn of twiglyceride lipase in



adipose tissue by adrenaline, glucagon or growth
hormone (Exton et al. 1972) would explain the decrease
in triglycerides in liver in mice bearing Sarcoma 180,
as well as loss of fat from epididymal adipose tissue,
On the other hand, hyperinsulinism could offer an
explanation for the increase in weilght of the
epididymal fat pads in mice bearing TLX~5 lymphoma due
to stimulaticn of triglycefide synthesis (Topping and
Mayes, 1972). As was previously reported however
(Chapter 3), cignificant decreases in blood glucose
levels were found in mice bearing either the lymphoma
or Sarcoma 180, and it is difficult to correlate these
observations, As discussed later however, an incressc
in the levei of circulating insulin could offer an
explanation Tcr the increase in the hepatic content

of citrate in these animals.,

A report by Ryan, Blackburn and Clowes (1974)
that starvation of rats with experimental peritonitis
reverted the depletion of epididymal adipose tissue to
nornal vealuecs, due to increases in serum insulin levels,
prompted the question of whether mice bearing TLX=~5
lymphome had become septic, but this was negated by
bacteriological examination of the ascitic fluid from

rthese animzls,

Changes Ju Activity of the Citrate-Cleavage Enzyme

The increase in the hepatic content of citrate
in mice bearing TLX-5 lymphoma or Sarcoma 180, raised
the question as to whether this involved a decrease in

vity in thece livers, Ag

}_J.

itrate

e}

leavage enzyme act
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shown here however, in both models, significant
decreases in activity had occurred. Decreases in
activity of the enzyme in normal mice following 48
hours starvation were also found, and similar changes
have been reported in starved rats (Kornacker and
Lowenstein, 1965a), but under these conditions, the
hepatic content of citrate decreases (Herrera and
Freinkel, 1968; Start and Newsholme, 1968), However,
as is well recognised, under conditions of increased
fatty acid synthesis, e.g. following re-~feeding of
starved rats with glucose (Kornacker and Lowenstein,
1965a; Lowenstein, 1968), the activity of the citrate-
cleavage enzyme increases (Kornacker and Lowenstein,
1965a), as does the hepatic content of citrate (Newsholme
and Start, 1972). But as has been shown by Foster

and Srere (1968), the enzyme is not rate-limiting in
fatty acid synthesis, since during the first 1Z hours
following re-feeding of starved rats with glucose, the
marked increase in fatty acid synthesis was not
accompanied during that period by an ircrease in the

activity of the citrate cleavage eunzyme.

Whether the decreased activity of this enzvme in
liver of tumour-bearing mice, can be relatcd t< the
increase in the citrate content remains tc be clarified.
It is of considerable interest however, that fac
of mice bearing Sarcoma 180 induced a furthier increase
in the hepatic content of this metabolite, and in mice
bearing.TLX~5 lymphoma, although a decrease occurred
under these conditions, this was not significant when
compared to fed tumour-bearing animals. Tnus fasting

1

of tumour-bearing mice failed to decrease the hepatic
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content of this metabolite, as occurs in starved normal
mice, and rats under which conditions in normal animals

fatty acid synthesis is decreased.

Possible Effect of the Increase in the Hepatic Content

of Citrate

Irrespective of the cause of the increase in the
hepatic content of citrate in these mice, the possible
significance of this increase may be derived from the
part played by this metabolite in the regulation of
fatty acid synthesis in liver, since it is an activator
of acetyl CoA carboxylase (Numa, Ringelman and Lynen,
1965; Goodridge, 1972). As has been shown recently
by Newsholme and Start (1972), increases in the hepatic
content of citrate occur in starved rats refed either
glucose, fructose, casein or leucine, zll of whdch
“elicit insulin release, These workers have prepesed
that the physiological significance of the jincrease in
citrate in response to insulin can be explained by the
regulation of fatty acid synthesis by il metebolite,
Such a proposal would be in accordaiice with the dependence
of fatty acid synthesis on high levels c¢f <iccalating

-

insulin (Fain, Scow, Urgoiti and Chornick, 196%5).

In Table 20 we have compared the daiea of Newshiolme
and Start (1972) with the findings here reportud on
the hepatic content of citrate in fed and fastea tumcur=
bearing mice, As can be seen, the hepatic corctent
of this metabolite in fed and fasted tuwmour-bearing mice
are in the main very close to those found bv Newzholme

Start (1972) in fasted rats refed the different diets,

‘m
e}

[N
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CHANGES

TABLE 20

IN THE HEPATIC CONTENT OF CITRATE

IN ANIMALS

UNDER DIFFERENT METABOLIC

Conditions

Rat (Fed)
Rat (Starved 48 hrs)

Mouse (Fed)
Mouse (Fed)

Mouse (Starved
48 hrs)

Rat (Starved 48 hrs)

Rat (Starved and
refed fructose for
60 minutes)

Rat (Starved and
refed glucose for
60 minutes)

Rat (Starved and
refed leucine)

Fed Mouse (TLX-5
lymphoma)

Mouse (TLX=5
lymphoma) fasted
48 hrs,

Fed Mouse (Sarcoma

180)

Mouse (Sarcoma 180)
fasted for 48 hrs.

CONDITIONS

Hepatic Content
Jmol/g Liver
Wt, Weight

0.262%0.020 (6)
0.136%0.008 (&)

0.160%0.017 (6)
0.19170.024 (6)

0.05550.009 {6)

0.144%0.C0€ (1%)
0.365%0.035 ¢5)
0.390%0.025

-+
0.370% -

0.401%0.049 (5)

0.30950.047 {65

0.26750.036 ()

0.397%0.04 (5)

Source

Start and

Newsholme
(1968)

Figure 9
Figure 27

Figure 27

Neweholmne
end Star:t

(1972)

Yigurc 28

Figures in parentheses are numbers of animals used.

Results are expresse

_}, s r
d as Means ~ S.E.M.



Thus in tumour-bearing mice, the increase in the
hepatic content of citrate would appear to be of
sufficient magnitude to stimulate fatty acid synthesis
in liver. In these animals however, this mechanism
would appear to be continuing in an uncontrolled manner,
since in contrast to the situation in normal starved
animals, the hepatic content of citrate does not fall
significantly, and in fact as was shown here in mice
bearing Sarcoma 180, further increases cccurred under

conditions of starvation.

Effect of Fasting on the Hepatic Contents of Acetyl

CoA, and CoASIH in Tumour=-Bearing Mice

A rather similar situation occurred when tumour-
bearing mice were starved, in that the hepétic content
of acetyl CoA did not increase in ths direction
expected, However in mice bearing Sarcoma 180,
starvation induced a further decrease in the hepatic
content «¥ the free cocenzyme. This was not found in
mice bearing the lymphoma, under counditions of fasting.
Although in mice bearing Sarcoma 180 there was evidence
that fat was beingz mobilised, and that further loss of

occurred when

Q
192]
]
T
[
V9]
0]
c
(D

fat from the epididyuwal adipos

the animals weive fasted, this did nct induce an increase
tyl Cod, which would be

expected, providing of course that thez increased flux

of fatty acids was shumnted into Lhe oxidative pathway.

As discussed below however, we found no evidence of

ketonuria in fed mice bearing the sarcoma.

Other workere have studied the effect of starvation

1T L Yeas L NT D e (4
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on the control of fatty acid synthesis liver of rats
hosting Hepatoma 7777 (Halperin, Taylor, Cheema-Dhadli,
Morris and Fritz, 1975). These studies showed that
starvation induced increases in the hepatic content

of long-chain acyl CoA, as is also found in normal

rats under coanditions of starvation (Tubbs and Garland,
1964). The rate of lipogenesis in these tumour-
bearing rats was also decreased, as was the percentage
of pyruvate dehydrogenase present in the active form.
Thus the response of host liver in these animals to
starvation was similar to that found in starved tumour-
free animals (Tepperman and Tepperman, 1970; Wieland,

Patzelt and Loffler, 1972).

Unfertunately we have no information on the
hepatic contents of long=-chain acyl CoA compounds in
livers of tuncur-bearing mice, and whether these would

increase under conditions of starvation.

Changes i the Acetyl CoA/CoASH Ratios

The acetyl CoA/CoASH ratios in liver of fed mice
bearing Sarcomel80 were not significantly altered
vhen compared tc normal fed mice, Starvation of these
tumour=hearing animals increased the ratio to that
found in starved normal mice, In contrast, in fed
mice, the acetyl CoA/CoASH ratio was slightly increased
compared to normal (P £0,05), but when these animals
wvere starved significant changes in the ratio did not

occur,

" It should be noted however, that in contrast to

that found in starved tumour-free animals, in which
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the increased ratio is due to increases in acetyl CoA
and a fall in the free coenzyme A content, in tumour-
bearing mice, changes in the ratio are largely dependent
on a fall in CoASH, since the hepatic contents of

acetyl CoA in these animals did not increase significantly
under conditions of fasting. Thus the use of these
ratios in ettempts to interpret possible effects on
metabolism in these livers, requires that these
reservations are taken into consideration. Thus,
although an increased ratio, as was found in fed mice
bearing TLX-5 lymphoma would be expected to indicate
increascd fatty acid oxidation in liver, we found no
evidence of ketonuria in these animals. It is of
interest that according to a previous report (Haven,
Bloor and Randall, 1951), there was no evidence of

ketosis in rats bearing Walker 256 carcinoma even though

~rapid mobilication of body fat was in evidence.

However it has been shown that free fatty acids can

be elevated in vivo without increases in ketone synthesis
(Seyfferi and Madison, 1967), Thus an increased flux
cf farty acids to liver is nct sufficient in itself

to induce ketosis (For review see McGarry and Foster,
1972). Clearly much further information is required

as to the lcvels of free fatty acids in blood of these

tumour~beairinug mice,
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CHAPTER 5

THE EFFECT OF CURATIVE RESECTION OF A
SUBCUTANEOUS MAMMARY TUMOUR OM THE HEPATIC
CONTENT OF ACETYL CoA, CITRATE, PYRUVATE
X ~OXOGLUTARATE AND CoASH IN THE MOUSE

Introduction

In view of the changes that were found in the
hepatic contents of acetyl CoA, CcASH and citrate in
livers of mice bearing a subcutanecus 63H mammary tumour
curative resection of this tumour was studied in order
to establish whether this reverted the changes in

these metabolites to normal valuzs.

Part of this study has been presented elsewhere

(McAllistex, Soukop and Calman, 1977).

Methods

Weight-matched C_H male mice were used throughout,

~t

These were three {0 four months old at the start of

the experimencts.,
Five groups of mice were studied, these were:

(1) Normal CBH male mice.

(2) Mice bearing the C,H mammary tumour, implanted
subecutanecnisly as described previously
(Chapter 1).

(3) Tumour-bezring mice in which a curative
resectici haua Leen carried out,
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93]

(

) Mice in which the tumour had recurred following

‘their operation.

Detalls

It was considered essential that the studies
were carried out at the same period of tumour growth,
and that the post-operative period was long enough to

allow for recurrence of the tumour.
. The studies were therefore carrined out as follows:

Tumour-bearing mice were sacrificed 17 days after
tumour implant, at which stage the mean weight of the
tumour was 0.55 g I S.E.M. 0.11 ¢. Curative resection
was carried out on another group in which the tumour
had alsc been implanted 17 days eanlier, After a
further peviod of 17 days, these animals were
sacrificed and the ectimations carried out on freeze-
clamped livers as described previously. In the
operated group, the recurrence rate of tumour growth
was about 50 parcent, and this was attributed to tumour
cells being lefi in the needle-track at the time of
inoculation, Ancther group of normal mice had a sham-

operation, and ithen wer:c sacrificed 17 days laterx.

Surgical Resection of Tumours

T G R e, S G

Mice were anasesthetised with ether and the tumours
resected by Prefessor K € GCalman. The wound was then
sutured and sprayed with Nobecutane, The same procedure
was carried out on the sham~-operated group of normal

mice.
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Estimations

The acetyl CoA, CoASH, citrate, pyruvate and
oK -oxoglutarate were determined on freeze~clamped

livers.

The mean tumour weights, spleen and thymus weights

were also recorded.

At autopsy on tumour-bearing mice that had had
surgical resection of their tumours, a careful
examination was made to ascertain whether the tumours

had recurred.

Results

The mean weight of thymus in the tumour-bearing
group did mot alter significantly when compared to
normal controla, (Table 21) but spleen weights showed
significant increases (P<10.01). As ic also shown
in Table 21, a curvative resection of the tumour reverted
spleen welizhts to normal values, It will also be
seen however that whers the tumour recurred following
resection. increases in the mean weight of spleen
again occurred, and tris was statictically significant
(P £0.001) when ccmpared to the group in which the

surgical resecticn was successfnl,

In Figure 29 are shown the hepatic content of
acetyl CoA of norma. mice, those béaring the mammary
tumour, and of mice in wnich the tumour had been
successfully removed or where the tumour had recurred,
Giovn £or the sham-operated group.

ntent of this metabolite was significantly
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TABLE 21

EFFECT OF CURATIVE RESECTION OF A C_H MAMMARY

3
TUMOUR ON SPLEEN AND THYMUS WEIGHTS 1IN THE
MOUSE
Group Thymus Wt. (mg) Spleen Wt. (mg)
Normal + +
Controls 30.4=2.16 (6) 124-10.99 (6)

Tumour Bearers  28.51%3.25 (6)%  240.45728.77 (6)°

Curative

+ s ¢ f:*: \d
Resection 25.13~0.44 (6) 142,26=7.64 (6)

Unsuccegsful

+ e +, - £
Resection 19,80-2.73 (6)°  210.51-12.76 (6)

Sham-Cperation  23.5651.13 (6)®  141.11%4.32 (6)"

= Nct szignificant when compared to normal controls.

T o
il

Signiricant (P« 0.01) when compared to normal controls.

O
|

= Not significant when compared to tumour-bearers.,

d = Significant fall in spleen weight when compared
tc tumonc=bearers,

¢ = Not significant when compared to curative resection
group.

f = Significant increase in spleen weight when compared
tc curative resection group.

g = Significant decrease when compared to normal
controls.

h = Not significant when compared to mormal controls.

Figures in parentheses are numbers of animals in each group.

‘ _ "
Values in terms of means - S.E.M.
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FIGURE 29 The effect of curative resection of a

C3H trausprantable mammary tumour on the hepatic
contents of acetyl CoA in the mouse. Results are
expressed As means. Six animals were studied in

e )
each grcup.

amo! CoASH|g
LIVER WET WT.£SEM,

1001
TUMOUR
RESECTED SHAM~OPERATION
MORMAL —[— +
=y UNSUCCESSFUL
TUMOUR RESECTION
*hk kK

FIGURE 30 The effect of curative resection of the

tumour on the hepatic content of CoASH. Results
are expressed as means. Six animals were studied

in each group.



depressed in mice bearing the mammary tumour
(unoperated group) when compared to normals, confirming

the previous observation.

Curative resection of the tumour however had
reverted the hepatic content of acetyl CoA to normal
values 17 days after the operation. Where however the
tumour had recurred, the hepatic content of this
metabolite again decreased significantly. It will also
be seen that 17 days after a sham-operation on normal
mice, the acetyl CoA content of liver was found to be

at normal levels,

A similar picture is seen in Figure 30 where the
hepatic contents of free coenzyme A were sztudied in
the five groups of mice. Again tumcur growth induced
a significant fall in CoASH, whereas curative resection
reverted this to normal values. The hepetic content

1

of the free coenzyme however agaln fell siguiflicantly
in those mice in which the tumour recurved. A sham
operation on normal mice had no effect rn the content

of the free coenzyme in liver.

Although it was shown previously that starvation
in normal mice induced significant decreases in Lhe
hepatic content of free coenzyme A in liver, tle
decreases in this metabolite reported nere could not
be attributed to anorexia, since none of the groups
of mice studied showed any ill effects of ~ilhct theiw
operation, or even in those bearing tuwouvrs,; and rood

intake remained normal.

Table 22 shows the hepatic content of citrate,

pyruvate and X -oxoglutarate in the five groups of
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TABLE 22

THE HEPATIC CONTENTS OF CITRATE PYRUVATE AXD o -0XO0GLUTARATE OF  MICE
FOLLOWING CURATIVE RESECTION OF A C.H DMAMMARY TUMOUR
2

- - e

G Citrate Pyruvate’ = -Oxoglutarate
Foup amol/g Liver amol/g Liver mol/g Liver
Normal Controls 0.31320.028 (6) 0.128%0.024 (6) 10.096%0.020 (6)
Tumour-Bearers 0.32950.032 (6) 0.11770.014 (6) 0.097%0.016 (6)
Curative Resection 0.1895C.016 (6)2 0.144%0.024 (6) 0.128%0.014 (6)
‘éﬁ;ﬁiiijim 0.26420.015 (6) 0.101%0.006 (6) 0.091%0.012 (6)
Sham-Operation 0.138%0.013 ()% 0.160%0.016 (6) -  0.129%0.015 (6)

. + . . . . .
Values given are the mean - S.E.M. Figures in parentheses are the number of animals in
each group.

a = Significant fall in citrate (P<0.0l1) when compared to normal controls.




mice studied. As will be seen, the hepatic content

of citrate of mice bearing the tumcur did not alter
significantly from normal values, nor did the level

of pyruvate or <{ ~oxoglutarate. Previously it was shown
that content of the latter two metabolites in liver of
mice bearing this tumour did not alter, but it was

also shown in an earlier Chapter in this thesis, that

the citrate content increased significantly. It was
stressed therein however, that this was found to occur

in mice bearing very small C_H mammary tumours, and

3
that it appeared that this effect, as well as causing
decreases in the acetyl CoA content of liver appeared
to tail off asg the tumour became largei. In the
present studies, the mean weight of thie tumour in

the unoperated zroup was 0.55 g ! S.2.M, 0.11 g and
0.51 g Is.zam 0.03 g in those in which curative
resection was carried out. In thc group in which the
’tumour had recurred 17 days following the operation,

.the mean weight was very close te those in the other
a]

o -+ a i
groups, beingz .53 g ~ S.E.M, 0.CL7 g.

As is also shown in Table 22, curative resection
in fact decreased the citrate coutent cof liver
significantiy (¥« 0,0l) when compared tc normal
controls, but this procedure did not alter either the
pyruvate cor o=’~oxoglutarate content. tt is.of
interest that the sham-operated group aiso showed
significant decveascs in the citrate coutent of liver,
but again the nyviuvvate ¢r K ~oxoglutarate did not
change. We have no adequate explanation for these

changes in cicrate ontent which would appear from
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the evidence to be due to some effect of the operation.

In Figure 31 are shown the mean weight of the
epididymal fat pads in these animals. In the tumour-
bearing group, and in those in which the tumour had
recurred significant increases were found (P«£.0.02
and <0.05 respectively), Successful resection of the
tumour reverted this effect of the tumour to normal
values, and a sham-operation on normal mice did not
alter the mean weight of the fat pads from normal

values.

DISCUSSTION

The data presented show that the changes
previously found in the hepatic contents of acetyl
CoA; and CoASfH in mice bearing a transplantable
mammary tumcur can revert to normal following curative
rescction. These changes again occurred when the
resection was unsuccessful, adding further support to
the concept that the changes induced by the tumour in

the content of these metabolites in liver are effected

{

by the release of some product or products from the

tumour celis,

Other reports also show that some of the systewmic
effects of tumour growth in small animals can be
reverited Lo nofmal following curative resection,

Thuis Sibley and Lehninger (1949) have shown that the
increased activity of aldolase in serum of rats
bearing Sarcoma 256, decreases to normal values
following removal of the tumour. More recently

Shirasaka and Fujii (1975) have shown that the activity
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FIGURE 31 The effect of curative resection of the
tumour on the weight of the epididvmal fat pads in
the mousec. Results are expressed as means. Six

animals were studied in each group.



of thymidine kinase is increased in liver and serum

of rats bearing Yoshida sarcoma (solid type). They
also showed thét these changes rapidly reverted to
normal when the tumour was removed, with a decrease in
about half the activity occurring seven hours

following the resection.

It has also been reported that the leukocytosis
of mice beering a transplantable mammary tumour
regresses following removal of the tumour (Liebelt,

Gehring, lelmonte, Schuster and Liebelt, 1974).

In an =ffort to establish whether the changes in
the hepatic contents of different metabolites in liver
that were found in tumour-bearing mice were in fact
due to prodicts released from tumour cells, an
investigatiocn working on these lines was next carried

out, and this is the subject of the next Chapter.
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CHAPTER ©

METABOLIC CHANGES 1IN LIVER OF NORMAL MICE
INDUCED BY INJECTION OF A CELL-FREE PREPARATION
OF TLX-5 LYMPHOMA CELLS OR NON-VIABLE TUMOUR

CELLS

Introduction

The previous observations that decreases in the
hepatic comntents of acetyl CoA, and CoASH, and
increases in the weight of the epididymal fat pads and

spleen in mice bearing a C,H mammary tumour could be

3

reverted to normal following curative resection of the
¢ that a product ov products of the

- tumour cells might be involved in the zetiology of

these changes.

This chapter presents evidence that changes in
the hepatic conieunts of acetyl CoA free coenzyme A and
citrate, cimilec to those found in tumournbearing mice,
can be incducea in normal mice folleowing the injection

of a cell-free preparation of TLX=h

iyvinphoma cells,
and in some ianstances Ly the injection of the non-~viable
y .

tumour cellis.

Part oi rhese studies have been presented

elsewhere (McAilister, Soukop and Calman, 1977).

Background

Much attenticin has been paid to the possibility
that products of tumour cells may be involved in some

of the systemic effects of a tumour on its host, but
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the existence of such factors in vivo has been difficult
to prove.

The best known product that has been implicated
in some of these effects is the so-called toxohormone,

that was first isolated from human cancers by Nakahara

and Fukuoka in 1948,

Toxohormone

Interest in this product arose from the observation
of Nakahara and Fukuoka (1949), that injection of
normal mice with toxohormone, caused marked decreases
in the catalasze activity in liver cf these animals,
and therefore simulated an effect that had previously
been reported to vccur in liver of tumour=-bearing

animals (Crecrstein, Jenrette and White, 1941).

Later it was shown that trestment ~Ff normal rats
with toxohormore, also induced depression in plasma
iron, thymic atvophy, and increases in spleen, liver
and adrenal weights in these animals (Kampschmidt,

Adams and McCoy, 1959},

Various workers have shown thet toxohormone can
be extracted frowm several different tumours in animals
(Nakahara and Fukucka, 1958; Okuds, Ikegami and
Fujii, 1972). It has also been purified and its
chemical compositjon determined (Ohashi and Cno, 1959;
Olivares, 1970; Okuda, Tkegami and Fujii, 1972).
These reports suggest that the material is a peptide

of low molecitlar weight.*

* The polypeptide is made up of 30 to 40 amino acids
with a high content of glutamete, glycine and
aspartate (Olivares, 1970).



(1972), toxohormone is not a single substance, but a
mixture consisting of various biologically active
factors that include a catalase-depressing factor as
well as one that depresses serum ivon in vivo. They
showed that toxohormone obtained from Rhodamine sarcoma
in the rat would depress the plasmza iron levels in
normal rats, but not the activity of catalase in liver

of these animals.

Several doubts as to whether tcxohormone is a
tﬁmour«specific product arose by th= finding that this
material could be extracted in small amounts from
vafious normal tissues (Greenfield and Meister, 1951; Day,
Gabrielson ang Lipkind, 1954) or {rom aitolysates of
normal tissuee {Clivares, Callao and Montoya, 1967).
According to Olivares (1970), however, the small
amount of toxchormone that is found in normal tissues

may be due Lo autolysis in vivo,

Kampschmidt and Schuaitz (1963) censider that
toxohormone is woi preduced by cauncer cells, but more
probably from bacteria pwesent in many tumours. This
view has been refuted by Nixon and Zinman (1966), and

more recently by Glivarcs (1970).

The msjoir objection to the concept of toxchormone
being the active factor in causing depressions of
plasma iron, and catalase activity in liver is that
these change:s are no: maintained following repeated
injection of the meterial intc normal animals which
apparently develop a tolevance to it (Kampschmidt,
Adams and McCoy, 1559:; ‘Vukuda, Okada, Akikawa,

Matsuda and Urushizaki, 1966).

137



Also although catalase activity is well-recognised
to be depressed in livers of tumour~bearing animals
(Thompson and Klipfel, 1958; Kampschmidt, 1965), the
biological significance of this effect is obscure,
and further it is not specific to the presence of a
tumour, since the activity of the enzyme is also
decreased in starved tumour-free animals (Miller, 1948)
as well as following the injection of some drugs

(Mochizuki, Itabashi and Tsukada, 1972) into normal

-

animals.

There is however still current interest in the
toxohormons problem (Olivares, 197C; Kompschmidt, 1970;
Ikuda, ikegami ard Fujii, 1972; Goodlac and Raymond

.

1973), and some authorities consider that the presence
of a circulating toxin may still offer the best
explanation for some oS the systemic eifects of a

growing tumcur {(Kampschmidt, 1970).

Hewever products of tumour necrosis (Rondy, 1972)
or products of autolysis; either {rom tumour cells
or those cf the surrounding area, cannot be excluded
from the aeticiopy of some of these «ffects (Olivares,

1970).

There is alsc cornsiderable evidence that tumours
secrete other biologically active products., These
include immnunocsuppressive material that are found in
the body fiuids of concer patieuts (Field and Caspary,
19725 Glasgow ec al, 1974), as well as tumour-bearing
animals (Chan and Sinclair, 1973; Yamazaki, Nitta and
Umezawa, 1973), =25 well =2z material that show biological

activity against a variety of cell types (Smith,



Bausher and Adler, 19705 Round, 1970).

Experimental Approach

The experiments were designed to examine whether
the changes previously observed in the hepatic contents
of metabolites in liver of tumour-bearing mice, could
be due to factors either in tumour cells per se, or

released from tumour cells in vivo.

In order however to avoid the possibility of the
formation of artefacts that might have arisen during
the preparation of extracts of solid tumours such as
Sarcoma 180, it was decided to use the ascitic £luid
from mice bearing TLX-5 lymphoma, since this offered

the closest approximation to conditicns in vivo.

Materials and Methods

Weight=matched three to four wmomti 21d, maie CBA

mice were used throughout the study,

(a) Preparation of Cell-Free Supernatsnts uf TLX-5

Lzmghoma

TLX-5 lymphoma cells were harvosted L»om mice
6

that had been injected intraperitonealily witrn 7 x 10

TLX-5 lymphoma cells seven days earlier.

Aliquots of the ascitic fluid wewre then well-
mixed -and the number of tumour cells ccuntad ac
described previously, then further diluted wich Hank's
Balanced Salt Medium (Flow Laboratories) to giva

6 3

2 x 107 tumour cells / 0.5 cm™,
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The cell suspension was then subjected to high
speed centvifugation for two hours at 100,000 g at a
temperature of 4°¢, This gave a preparation from
which all tumour cells and sub=cellular organelles had

been removed,

The supernatant was then carefully removed and

3., . . .
0.5 ecm™ injected into groups of mice,

(b) Non=Viable Tumour Cell Suspensions

TLX-5 lymphoma cells were harvested from mice as

described above,

The ascitic fluid containing the tumour cells
was thea rized with about 5 cm3 of Hank's Balanced
Salt Medivm, then centrifuged at 2,700 g for 15
minutes. "he supernatant was then removed, the cells
resuspended in rthe same volume of the medium, then
recentrifuged under the same conditions. This
washing process was carried out for a total of threer

times.

The waslied lymphoma cells were then diluted with
the same mcdium, and the number of cells counted as
described previously, then diluted to give a cell
population of 2 x 106 / 0.5 cm3 of Hank's Balanced
Salt Mediuwn, |

The preparation was then well mixed, and frozen
in liquid nitrogen for a few minutes. It was then

thawed out, and refrozen,

The freezing and thawing process was conducted

for a total of 10 times, then after bringing it to
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3 . . .
room temperature, 0.5 cm™ was injected intraperitoneally

into groups of mice.

(¢) Contrcl Groups

%]
-

Three different control groups were used:

Normal CBA mouse spleen cells were separated as

described previously then counted and diluted
with Hank's Balanced Salt Medium to give a cell
populaticn of 2 x 106 / 0.5 cm® of the medium.
This was subjected to high speed centrifugation
exactly as described above, then 0.5 cm3 of the

supernatant injected intraperitoneally into mice.

Normel mire received 2 x 106 TLX-5 lymphoma

cells according to the standard procedure, that
ie the cells were harvested from mice bearing the
tumour, counted and diluted without further prior

treatment,

Ti.X-5 lyiphoma cells were harvested as before,

then mixed with approximately 5 cm3 of Hank's
Balanced Salt Medium. After centrifugation at
2,706 g for 10 minutes, the supernatant was removed,
and the cells resuspended in about 5 cm3 of the
medium. After again centrifuging, the supernatant
was removed, and the washing process repeated.

The supernatant was again removed and discarded,
then the cells were counted and diluted to give a
cell population of 2 x 106 / 0.5 cm3 and this was
injected i.p. into mice.
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animals were studied. These had receilved:

v B W -

High-speed supernatants from TLX-5 lymphoma cells.
Non=-viable washed TLX~5 lymphoma cells,

Washed live TLX=5 lymphoma cells.

High=-speed supernatants of normal spleen cells.

Untreated viable TLX~5 lymphoma cells.

Metabolites Studied

The hepatic contents of acetyl CoA, CoASH and

citrate were determined on freeze-clamped livers as

described previously.

During the freeze-clamping procedure, a small

piece of liver was left in situ, and after the main

portion had been clamped, this remaining portion was

used for the determination of triglvcerides.

Other Determinations

The liver, spleen, and thymus weights were also
recorded.
RESULTS
Notes
1. For purposes of clarity, the statistical
significance of the data presented in the composite
graphs could not be included. However, these are
given in Tables adjacent to the Figures.
2. The injection of normal mice with thz high~spced

supernatant of normal CBA mice spleen cells had no



effect on any of the parameters studied, with the
exception that thymus weights increased significantly
on the first and third day following the injection.

These data are therefore not iucluded.

Mice that had received either the cell=-free
preparation of TLX-5 lymphoma cells, or the non-viable
tumour cells showed no ill-effects of this treatment,
and no changes were found in the weight of liver of
these animals. In both groups, cobservations were
carried out for a period of 21 days following the
injections in order to allow sufficient time for growth
of the tumour to occur due to possible contamination
of the preperation with viable twumoun cells, At the
end of this tine, the animals were examined carefully

at autopcy fox any evidence of tumour growth.

The data presented in Figure 322 shew the daily
changes in the hepatic contents of triglycerides
following the i.p. injection of either TLX-5 lymphoma
cells, or the c=2ll=free preparaiion of the tumour cells,
In both groups, the triglyceride content in liver
increased in narallel, reaching a peak on the second
day following the iujections, then fell again in both

increase

o

models on the ti.ird day. There was a sligh
again in those bearing the tumour, as well as in those
that had received the cell-free preparation, on the
third to fiftn day. The latter group however chowed
a further marked increase, which reached a peak on the
sixth day, and thereafter decreased (day 10). This

was followed by ax increase on the 15th day following
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FIGURE 32 Daily changes in the triglyceride content
of liver of wmice following the i.p. injection of TLX=5
lymphoma cells, or the cell-free preparation of the
lymphoma cells. Results are expressed as means.

Six animals were used for each time interval,.



Statistical evaluation of the results however
showed that changes in the hepatic content of
triglycerides only reached significance (P «<.02) on
the sixth day following the injection of the cell-free
preparation. No significant changes occurred at any

other time, nor in those bearing the tumour.

Changes in Thymus Weights (Figure 33)

The composite graph shown in Figure 33 presents
the changes in the mean thymus weights of the four
models studied. In each of these, thymus weights
showed increases on the first day following the
injection, thereafter progressive decreases occurred
which paralleled each other until the «ixth or
seventh day, at which period the experiments on mice

bearing the tumour were terminated.

After the fifth day following the injecticn of
dead tumour cells, thymus weights in these aniuale
increased and by the 2lst day had returmed to normal
values. Mice that had received thie cell~free tumour
cell preparation also showed an increase ic thymus

L

[}
@)

ntrast

e

weight from the sixth to the 10th day, tut

-
e

[

to those that had received the dead tumcur cel
thymus weights in this group thereafterv showed a further

fall as determined on the 2lst day.

Changes in Spleen Weights (Figure 34)

Spleen weights in mice that had received either
the dead tumour cells, or the cell=frece prevaratiosn

of the tumour cells increased in parallel with those
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FIGURE 33 Daily changes in thymus weight in the

four models studiea. Results are expressed as means.

Six animals vere used for each time ianterval.
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! TABLE 23

STATISTICAL EVALUATION OF DATA PRESENTED 1IN FIGURE

- 33

EFFECT ON THYMUS WEIGHTS

sﬁﬁiﬁﬁﬁiit Dead Cells Lizis}éifls
P P P
N.S. N.S. N.S.
N.S. - -
N.S. N.S. < 0.001 -
<0.02 - -

- <0.001 <0.01
<0.05 - -
<0.01 N.S. < 0.001

N.S. - -
<0.02 N.S. -

hY

N.S. = Not significant when compared to control

group.

'Whole'
Live Cells

P
N.S.
N.S.
N.S.

<£0.05

<0.01
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FIGURE 34  Deily changes in spleen weight in the

four models studied. Results arc expressed as means.

Six animals were used for each time interval,



TABLE 24

i s e

STATISTICAL EVALUATION

b

OF DATA PRESENTED 1IN FICURE 34

D¥FECT ON _ SPLEEN WEIGHIS
Day Cell-free Dead Celis .Washeil fWhole'
Supernatant Live Cells Live Cells
P P P P
1 <0.02 N.S. N.S. N,S.
2 <0,01 - - < 0.02
3 < 0.02 N.S. N.S. < 0.01
4 < 0.001 - - < 0,001
5 - < 0.01 < 0.001 -
6 < 0.001 - ' - ' -
7 < 0.001 < 0.001 < 0,001 < 0,001
10 < 0.001 - - -
21 N.S. < 0.001 - -

N.S. = Not significant when compared to control group.




from mice growing the tumour. Thereafter, spleen
weights of those that had received either the dead
tumour cells, or the cell-free preparation showed a
progressive fall that had returned to normal values

on the 2lst day following the inoculations. Mice that
had received the 'whole' live tumour cells however
showed a greater increase in spleen weight on the
seventh day when the experiment was terminated, than

in those that had received the washed tumour cells.

Changes in the Hepatic Content of Citrate (Figure 35)

Injeciior. of the cell=free preparation into normal
mice induced significant increases ia tihe hepatic
content of ~itrate on the first and sacond day, these
changes werna paralleled in mice that had received the
'whole' iivc tumcur calls, with increases in the hepatic

rring on the first,

ba

content of this metabolite occl
second and third day. In these animals, the citrate

content then decreased to normar values on the fourth

2]

day, but thea rose to highly significant values (P£ 0.001)
Y s J
on the =zevznth day, wnen the experiment was terminatoed,
S 2 X
The cell-free preparsaiion of the tumour cells however
did not induce any fariher significant changes in the
P
hepatic content or citrate in the recipients.
In concrast, in mice thai had received the non-
viable tumour cells the citrate content of liver
decreased sigrificantly cn the first day, and no

significant changes ccecurred until the 21lst day, when

the hepatic content chen increased significantly.

Washing of the live tumour cells prior to their
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FIGURE 35 Daily changes in the hepatic content of

citrate in the four models studied. Results are
expressed as means. Six animals were used for each

time intarval,



Day Cell-free

’ Supernatant

P

1 < 0.01

2 < 0.02

3 N.S.

L N.S.

5 -

) N.S.

7 N. <.

10 N.S.

2% N.E.
N.S. = Not significant when

TABLE 25

STATISTICAL EVALUATICN OF DATA PRESENTED IN FIGURE 35

EFFECT ON THE HEPATIC CONTENT OF CITRATE

Washed "Wholef
Dead Cells Live Cells Live Cells
P P P
< 0.05 N.S. < 0,01
- - < 0.05
N.S. <~ 0,02 < 0.02
- - N.S.
N.3. N.S. -
N. 3, < C.001 < 0.001
< (.05 - -

compared to control group.




injection into normal mice, appeared to delay the
initial changes in the citrate content of liver, which
only showed a significant increase on the third day.
However, a highly significant increase had occurred

ont the seventh day, in parallel with those that had

received the 'whole' live tumour cclls.

Changes in the Hepatic Content of ‘Total' CoA (Figure 36)

Mice that had received the ‘'whole® live tumour
cells showed significant decreases in the hepatic
content of 'total' CoA over the whole six days following
the injection These changes wzre paralleled closely
with those thsot had received the celi-free preparation
of the tumour cells, with significant decreases also
occurring from the first to the sixth day. In these
animals, the decreased content of ‘total' CoA was
maintain:d -ip to the 10th day, but had returned to

normal on tne Zlct dav.

k

As was seen in the Jelay that occurred before the

i.-h

onset of changes in the hepatic countent of citrate iu
mice that had recwived the washed live tumour cells,
the 'total' CcA in livere of these animels did not
change significantly ou the first day following the
injection, and hac mnot altered sigrificantly on the
third day, but on the seventh dey, when the experiment
was terminated, highly significant reductions in the
hepatic centert of 'tecal' CoA had occurred. The
initial cheaiges in animals that had received the

washed live iuwmnour <ells in fact paralleled those that

n

had received the non=viable tumour cells; with increases
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FIGURE 36 The 'notzl' CoA content of liver of mice
in the four mudels studied. Results are expressed

as means:.

interval.

Six animals were used for ecach time
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TABLE 26

STATISTICAL EVALUATION OF DATA PRESENTED IN FIGURE

36
EFFECT ON THE HEPATIC CONTENT OF 'TOTAL® CoA
sﬁéiﬁiit Dead Cells Lizzsngls
P P P
£ 0.02 < 0.001 N,S.
< 0.001 - -~
< 0.001 N. S, N.S.
% 0.02 - -
- < 0.001 < 0.001
< 0.02 - -
< 0.C0L N.5, < 0.001
< G001 - -
N, 2. MN.S. -
significant when compared to control

group.

*Whole'
Live Cells

P
< 0.001
< 0.01
< 0.02
< 0.05
< 0.001
< 0.001




occurring on the first day, which in the case of the
latter model this change was highly significant
(P£.0.001). The 'total' CoA in liver of animals
that had resceived the non=-viable tumour cells then
fell in parallel with those growing the tumour, with

a significant decrease being found on the fifth day.

Changes in rhe Hepatic Contents of Acetvl CcA and

CoASH (¥igures 37 and 38)

Mice that had received the cell-free preparation
of the tumour cells, showed a significant fall in the
hepatic coatents of acetyl CoA on the second and third
day follewiig the injection (Figure 37).  Thereafter,
no significart changes were found, until the seventh
and 10th day, when marked decreases occurred (P<0.001),
On the 21st cday, however, the hepatic contents of this
metabolite had returned to normal values. In contrast,
animals that had received the 'whole' live tumour cells,
there were significant decreases in the hepatic content
of acetyl CoA on the first day with no further changes
until the fifith and sixth day when significant decreases

again occurred {P<0.05 and < 0.001 respectively).

As shown in Figure 38, significant changes in the
hepatic content of CoASH occurred in normal mice on
the firet, sccond and third day following the injection
cf the cell-free preparation of the tumour cells, and
in this respect paralleled closely similar changes
occurring at that period in mice growing the tumour.

However in the latter group the hepatic content of

CoASH r~Ant-3
NS AL NS
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FIGURE 37 Daily changes in the hepatic content of

acetyl CoA in mice following the injection of TLX-5
lymphoma cells, or a cell=free preparation of the cells.
Results are expressed as means., Six snimals were

used for each time interval.
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FIGURE 38 Daily changes in the hepatic content of

CoASH in mice following the injection of TLx-5 lymphoma
cells or a cell-free preparation of the cells. Results
are expressed as means, Six animals were usec for

each time interval,



six days of tumour growth, whereas in those that had
received the cell-free preparation the hepatic content
of this metabolite again decvreased significantly on

the seventh and 10th day.

In contrast, in mice that had received the non=-
viable tumour cells (Figure 39), there was a significant
increase in the hepatic content of acetyl CoA and
CoASH on the first day following the injection. On
the fifth day however, significant decreases occured

in the level of both metabolites.,

When the TLX-5 lymphoma cells were washed prior

on the first day {data not shown), with no further
significant choenges until the fifth and seventh day,
when decreases (P& C.001 and 4 0.01 vespectively)
occurtred. These changzes were gimilar to those found
at these periods in mice Tollowiag the injection of

i
the 'whole' live tumour cells.,

However in contrast, it was iound that the
injection of the washed tumour celis into mice did
not induce significant decreases in the hepatic

content of CoASH (cdata mot shown) until the fifth day

following the injection. This was in marked contrast

e
to those animals deszcribed above thait hiad received

Catalase Activity iu Livew

Normal mice that nad received the cell-free

preparation of TLX-5 lymphoma cells or non-viable
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FIGURE 39 Daily changes in the hepatic content of

acetyl CoA and CoASH in mice following the i.p.
injection of non-viable TLX-5 lymphoma cells. Results
are expressed as means., Six animals were used for

cach time interval.



TABLE 27

Day

i..l

N oy BN

10
21

N.S. = Not significant when compared to control

EFFRCT

ON  THE

37, 38 AND

AdEPATIC  CONTENT  OF

Cell~{ree
Supernatant
k5
NeSe
0.001
< 0,01
N.S.

A

N.S.

0.001

< 0.001
N.S.

N

Dead Cells

'"Whole'
Live Cells

P
< 0.02
N.S.
N.S.
N,S.
<~ (.05

< 0.001L

group.




TABLE 28

STATISTICAL EVALUATION OF DATA PRESENTED IN FIGURES 37, 38 AND 39
EFFECT ON THE HEPATIC CONTENT OF CoASH

' '
Day sﬁgiﬁiﬁt Dead Cells Li‘xoé;ls
P P P |
1 < 0.05 < 0.05 < 0.01
2 2 0.0L - | < 0.01
3 < 0.02 N.S. <. 0.001
4 N.S. - < 0.05
5 - < J.901 < 0.001
S N.S. - < 0,001
7 < 0.02 N.S. -
17 < ¢.01 - -
21 N.S. N.S. -
N.S. Vot significant when compared to control group.




tumour cells showed no changes in the catalase activity
of liver (data not shown), although as shown in

Figure 40 in mice growing the tumour, a significant
decrease in activity of the enzyme occurred from the
first day following inoculation with the tumour cells,
until the seventh day, when the experiment was

terminated,

The lack of response in the activity of catalase
in liver of mice that have received either the cell=free
preparation or the non=viable tumours, therefore differ
in this respect to mice growing the tumour. This may
have been due to the low concentration of the material
injected. It in no way however implies that toxchormone
is present in these preparations, which as discussed
previously produces decreases in the activity of this
enzyme in normal rat liver. This is however a non-
cpecific effect and is also found in normal starved
rats (Miller, 1948) and as shown in Figure 41 also in

starved mice,

DISCUSSINN

Measurement of the daily changes in the hepatic
contents of acetyl CoA, CoASH and citrate in mice
following the i.p. injection of a cell-free preparation
of TLX-5 lymphoma cells showed that the changes
produced followed to a large extent, tHose found in
mice that had received viable TLX-5 lymphoma cells.
These findings suggested that a product or products
of the tumour cells are involved in the aetiology of

these changes. They also support the previous
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‘IGURE 40 Daily changes in the catalase activity

of liver of mice bearing TLX-5 lymphoma. Results
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FIGURE 41 faralase activity of liver of mice after
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Six animals were studied in each group.



observation, that similar changes in the hepatic
contents of these metabolites in mice bearing a

transplantable C H mammary tumour can revert to

3
normal values, following curative resection of the

tumour.

A notable feature was that these changes occurred
24 hours after injection of the cell~free preparation,
or the live tumour cells (cf. also Figure 8 Chapter
2). In fact, the original observation that viable
tumour cells induced these early changes, was the
first indication that products present in the ascitic

fluid might be responsible.

The cell~free preparation also induced a rapid
iQEwVeaR 1 response in immunologically associated
tissue such as spleen. The onsev of thymic atrophy
in these animals, also paralleled these changes in
thymus of mice bearing the tumour, but =¢ discussed
1
r

earlier thymic atrophy in tumour-bearing animals

requires clarification.

Although it was thought that washing cf viable

TLX~5 lymphoma cells might induce a dclay in the onset

—+
[

of changes in the hepatic content of thess matakolites,

§

e £ removal

Q.

as well as in spleen and thymus weights;,

of factors responsible from the surlface of the cells,

lale
r—l
E—Jo
T
g
Ay
fm
G
@]

the results were inconclusive. The possihi.
exists that the washing process in fact killcd some

of the cells,
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When the non-viable tumour cells were injected
into normal mice, the hepatic contents of acetyl CoA
and CoASH increased on the day following the injection,
with a concomitant fall in citrate at that time. As
discussed previously, these changes in the direction
of acetyl CoA and citrate were similar to those found
in liver of starved normal rats (Start and Newsholme,
19683 Herrera and Freinkel, 1968; McGarry and Foster,
1972).

Later however, a significant decrease in acetyl
CoA and CoASH occurred on the fifth day in liver of
these mice, but without a change in the citrate
content at that time. The hepatic content: c¢f citrate
in these livers however showed a significant increase
pon the 2lst day. We have no adequate explanation for
the changes in the direction cf these wetabolites on
the first day following the injection of the non-viable
tumour cells, Observation of these animals showed
however that they suffered ne ille-cifecrt of the
injection and as far as could be judgzed frod iutake

remained normal.

Inva previous section c¢f this thecis {(Cheprer 0)
it was postulated that a fall in the hepatic content
of acetyl CoA, and increase in citrate might be dus to
some disturbance of lipid metabolism iu these animals.
It is of interest therefore in the present comnection,
that in studies on the rapid triphasic toss of body
fat in mice bearing Krebs~2 carcinoma, Costa and
Holland (1962) have demonstrated that the injectiou of

the frozen and thawed tumour cells into normal mice
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also induced loss of body fat and increases in the
specific activity of fat from acetate-lwlac. They
concluded however that this effect may have been due

to an asscciated virus in their preparatiom.

It has also been postulated (Liebelt, Gehring,
Delmonte, Schuster and Liebelt, 1974) that the triad
of fat loss, suppression of appetite and hyperlipaemia
in mice bearing a stomach tumour might involve the

release of a humoral factor from the tumcur cells.

Such products have not however been characterised,
although there is evidence that factors are present
in the blcnd of tumour-bearing rats that are responsibie
not only for ctimulation of liver protein synthesis
and inhibiitior of serum protein synthesis (Toporek,
1973), bt also for the inhibition of NAD-synthesising
enzymes in iiver of rats (Waravdekar and Powers, 1957).
These latter workers also showed that these effects

can be veversed following removal of the tumour,

Altrwough the studies presented here showed that
products of tumour cell origin may well be involved in
changes in the hepatic contents of acetyl CoA, CoASH
and citrate in liver of tumour~bearing mice, much
further work is necessary to define the nature of these

products,

However, since Parry and Ghadially (1970) have
shown that treatment of normal rats with 'toxohormone’
will induce ultrastructural changes in the hepatocytes
of these animals, we next examined whether such changes,
particularly in mitochondria were present in liver of

tumour~bearing mice, and whether these could be

152



mimicked in normal mice, following the injection of

cell-free preparations of TLX-5 lymphoma.
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CHAPTER 7

A NOTE ON ULTRASTRUCTURAL CHANGES 1IN LIVER
OF MICE FOLLOWING THE INJECTION OF A
CELL-FREE PREPARATION OF TLX-5 LYMPHOMA

In recent years, several workers have described
ultrastructural changes in livers of animals bearing
different transplanted or induced tumouirs (Ghadially
and Parry, 1965; Parry and Ghadially, 1966, 1967,
1969; Bhawan, Friedell and Jacobs, 1975; Khandekar,
Dardachte, Garg, Tuchweber and Kovacs, 1972),

These changes include increases in the number of
lysosomes with swelling end rupture of Lhese organelles
(Ghadially and Parry, 1965; Parry and Ghadially,
1966), plecworphism and swelling of mitochondria
(Ghadially and Pavry, 1965; Parry aad Ghadially,

1966) with loss cf cristae (Bhawan, Friedell and
Jacobs, 1975), Increases in the number of microbodies

Bhawan et al. 1975).

~~

have also bteen reported

However,; a cunsistent pattern i these changes
has not been obzerved in animals bearing different
types of tumourc, and it has been suggested (Khandekar
et al. 1972), that differences in fthe strain of animal
used, the type of tumecur, and the condition of the
animal at the time the observations are made, may well

be responsible for these differences,

It is not the ubject of this presentation to
iscuss these ultrasrructural changes in detail, but

rather to focuss attention on two areas in this field,
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that were felt to be pertinent to the work in the
present thesis. First, in view of our previous
observations of alterations in the hepatic contents

of several tricarboxylic acid cycle intermediates and
adenine nucleotides in tumour-bearing mice, it was of
interest tou examine whether there were ultrastructural
changes in mitochondria in these livers, Second,
since it was previously shown that the administration
of a cell-free preparation of TLX-5 lymphoma to normal
mice, could also induce similar changes in the hepatic
contents of some of these metabolites, we also examined
whether this treatment would induce ultrastructural

changes in liver,

PROCEDURES

Three greuns of animals were studied, (a) normal
mice, (b) mice bearing Sarcoma 180 and (c) mice that
bhad received 0.5 cm3 i.p. of the cell=free preparation
of TLX~5 lymphoma, details of which have already been
given (Chapter 6). The choice of mice bearing
Sarcoma 1&0 was dictated by the fact that TLX-5

lymphoma invades liver,

Sarcoma 180 was implanted subcutaneously in the
sutbscapuiar position under light ether anaesthesia as
previously described, After 12 days of tumour gwrowth,
at which period the animals showed no apparent ill-
effects of their tumours, and continued to eat normally,

they were sacrificed by cervical dislocation.

[
[oN

be

Ag decscr



the cell-~free preparation of TLX-5 lymphoma showed no
ill=effects of this treatment. These were sacrificed
two days after injection. In order to check that
the cell~free preparation was not contaminated with
the tumour cells, another group of mice that had
received the same preparation were observed over a
period of three weeks., No evidence of tumour growth

could be detected in these animals.

Immediately after sacrifice, small pieces of liver
‘were removed from the animals, as well as ' & from
normal mice of similar age and the tissue processed
for electron microscopy by the method alréady noted.

¢

RESULTS

The electron micrcgraphs of liver of mice bearing
Sarcoma 180 showed swelling of mitochondria with
prominent vacuolation (Figure 42), loss of cristae
was also observed (Figure 43). These changes
contrast markedly with mitochondria in tha hepatocyte
of normal mice (Figures 44 and 45).  Other changes
seen are the presence of a paracrystalline inclusion,

and dilatation of the smooth endoplaswic reticulum,

As shown in Figure 46 mitochondria in liver of
mice that had received the cell-frec preparation cf
TLX~5 lymphoma, also show swelling wirh promincent

vacuolation, and in this respect mimicked thosc found

in mice bearing Sarcoma 180. Other changes zeen in
those that had received the cell-free premaeiration are
an increase in the number cf micrcbedies which contain
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paracrystalline inclusions (Figure 46) and, as shown
in Figure 47 a Kupffer cell containing much phagocytosed

material.

DISCUSSION

Changes in the structure of mitochondria in liver
of mice bearing Sarcoma 180 reported here have also
been observed in rats bearing a subcutaneous sarcoma
induced by DMBA (Parry and Ghadially, 1966), as well
as in rats bearing a subcutaneous mammary tumour
(Bhawan, Friedell and Jacobs, 1975). These latter
workers have alsc described increases in the number of
microbodies in liver of these animals, as was also

found in the present study.

The reason for ultrastructural changes in liver
mitochondria of tumour=bearing animels is urncleear,
and have also been observed in statesg of bypoxia and
hyperoxia (Schaffner, 1970) as well as in iron
deficiencies (Dallman and Goodman, 1971).  Accoiding
to other workers (Khandekar, Nardechte, Tuchweher and
Kevacs, 1972) alterations in the ultrastructurs of
mitochondria in liver of tumour~besting rats nay
reflect a direct toxic effect of the tuaoir on the
liver, In this conmection it is of interest that
ultrastructural changes‘in rat hepatocytes have been
reported by Parry and Ghadially (1970) following the
administration of toxohormone to these animals, 'these
changes were similar to those found in tumcur=-bezaring
animals, and included increases in the number or

hepatocellular lysosomes, and focal cytoplasmic
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degenevation, However changes in the structure of
mitochondria were not observed in these studies, and

as previously reported (Parry and Ghadially, 1969) the
administration of necrotic tumour tissue to normal rats
failed to induce increases in the number of lysosomes,

and other ultrastructural changes.

In the studies cited above (Parry and Ghadially,
1970), the animals were given about 100 mg of toxchormone
daily for a period of 10 days, prior to examination,
whereas in the present investigation, the material
injected was derived from 2 x 106 tumour cells, These
changes in mitochondria induced by this treatment were
observed two days following the injection. and therefore
occurred, as was previously shown ab a veriod when

changes in the hepatic contents of acetyl CoA, CoASH

and citrate were also found.

The present studies therefore suggest ihat the
ultrastructural changes in liver of mice bLearing Sarceoms
180 may well involve the release of factors from the
tumour cells., It is of particular inrtercszt tha
changes observed in the mitochcridria of m’ce besring the
sarcoms, can also be mimicked in mice follow

injection of a preparation from a differcnt type of tumour.

To suggest however that injury to mitochoundria
in liver of tumour-bearing mice are respcnsible
the changes in the hepatic contents of wetshulifes
studied here would at the present stage of ¥nowieans

be speculative,

However, swelling of mitochondria is usuaidly

indicative of an uncoupling of oxidative phosphorylation
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(Packer and Utsumi, 1969), but according to Greene
(1960), mitochondria from liver of rats bearing Walker
256 carcinoma did not show a decrease in oxidative
phosphorylation. Later, other workers (Baldwin,
George and Cuﬁningham, 1975) studied respiratory control
in mitochondria from liver of rats bearing Walker 256
carcinoma, using more refined techniques., They showed
that there was no significant difference in the rate

of loss of respiratory control of liver mitochondria

in these animals, when compared o normal controls,
These observations were made on animals at a period
when they presented no ill-effects of their tumours,
althougir tumour growth was well advarced. However,
when animals bearing this tumour were studied in the
agonal phase, mitochondria from livers could not
catalyse ATP syathesis, They conclude from these
studies that the ultrastructural changes in mitochondria
reported by Pariy and Ghadially (1966) in rats bearing
subcutaneous sarcomas iaduced by DMBA and which were
observed during the terminal stage of life, were due

to the degenerative process of dying, and not as a

result of any direct effect of the tumour on liver.

Cleariy the prescint studies showing that swelling
of liver mitochondria occur in apparently healthy
animals bearing Saicoma 180, and ithat these changes
also occur in tumour-free animals that had received a
cell-free preparatiorn of TLX-5 lymphoma, refute the

above suggestion,
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CHAPTER &8

A NOTE ON THE RELATIONSHIP BETWEEN
THYMIC ATROPHY AND 1LOSS OF BODY WEIGHT
IN TUMOUR~-BEARTING MICE

Although as discussed previously thymic atrophy
is a frequent finding in tumour-bearing animals, there

is still doubt as to the mechanisms involved.

Some studies however have indicated that thymic
atrophy in these animals may be associated with other
systemic effects of a tumour. Thus Siegler and
Koprowska (1962) noted that the begimmning of thymic
atrophy in mice bearing an undifferentiated C3H tumour
in ascites form, correlated in time with the

commenicement of hypertrophy of spleen, and asscciated

fatty changes in liver of these aniwals

More recently, Ertl (1973) in an extensive study
on rats bearing the Walker 256 carcinomes, has sihown
that the beginning of thymic atrcphy in these animals
could be correlated with the comicencement ot loss of

body welght and progressive cachexia,

These data suggested that in tumcur~bzaiing
animals, there appeared to be a close physiological
relationship between thymic atrophy and soire of the
systemic effects of a tumour on its houst,

In view of the importance of these obcervatlions,
~we have confirmed these findings in another species
of animal, and in one bearing a different tumour by

examining the relationship between thymic atrcophy
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and loss of body weight in mice bearing Sarcoma 180.

Materials and Methods

Weight~matched three to four month old male CBA
mice were used throughout. Sarcoma 180 was implanted
subcutaneously in the subscapular position as described

in Chapter I.

Twenty~four hours after tumour iinplant six animals
were taken, weighed individually, then sacrificed by
cervical dislocation. Thymus glands were carefully

removed and weighed rapidly.

Thereafter, the same procedure was carried out at
daily for up to 15 days. When tumour growth in these
mice became apparent, the tumour was also carefully

dissected free ifrom counective tissue aind weighed.

Results

As shown in Figure 48, the net body weight (body
welght = tumour weight) decreased on the second day
following tumour implant, and this corresponded with
an increase in thyms weight.

The initial decreasc in body weight was most
likely due to the trauma of tumour implant, which we
have observed previously.

The initial increace in thyms weight on the
second day fcllcwing tumour implant is in agreement
with Ertl (1973), but in his study, this occurred at

the stage when the tuncur became palpable.
g palp

The data presented here (Figure 48), show that
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a marked decrease in thymus weight occurred from the
second to the fourth day following tumour implant, and
this continued, although to a lesser degree until the

15th day when the experiment was terminated.

It will also be seen that on the fourth day
decreases in the mean thymus weight corresponded with
the stage when the tumour weight became measurable,
and when the net body weight (body weight - tumour

weight) began to decrease.

Discussion

The data presented here is in ciose agreement
with the findings of Ertl (1973) who studied these

changes in rats bearing the Walker 255 carcinoma.

They cifi~r only in the fact that in his study,
an initial increase in thymuis weight occurred at the
stage when the tumour became palpable. This he
attributed to the immune responce of the host, but in
studies already made in mice bearing TLX~5 lymphoma,
it was shown that the weight of thymus progressively
decreased following tumour implant {Chanter 2).
Therefore the initiel 1increase in thymus weights
reported here in mice bearing Sarcoma 180, may depend

on the type of tumour used.

On the tasis of studving the stage of thymic
atrophy in relation to changes in other non-involved
organs in rats hosting the Walker 256 carcinoma, Ertl
(1973) proposed that these can be correlated with one
another. He has suggested an arbitrary classification

in terms of pre- and post-involution of thymus in these
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animals., Thus histological studies of adrenals
showed the beginning of hyperplasia and hyperfunction
at the pre-involution stage, whereas in the post-
involution stage, this progressed t¢ exhaustive
insufficiency. It was also demonstrated (Ertl, 1973)
that at the pre-involution stage, liver showed the
beginning of hypertrophy, and in the post-~involution
stage, increases in liver weight occurred. The exact
signifijcance of these relationships must however await

further investigation.
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CONCLUSTONS

This thesis concludes with a short discussion on
further apprcaches considered necessary to elucidate
some of the metabolic changes described in liver of

tumour-bearing mice.
First, the cause of some of these changes.

Good evidence was presented showing that some of
the changes ic the hepatic content of metabolites
such as acetyl CoA, and citrate were mediated>by
products of tumour cell origin, and that such products
are also involved in some cof the ultrastructural
changes found in liver of tumour-bearing mice. Much
work is mow mecessary to define the mnature of these
products, and this is being actively pursued at the
présent tine, The immunoiogical effects of these
products erc salso being investigated by Mr John
Rancewicz of the Department of Surgery, and by
Professor Kenneth C. Calman's group in the Department

of Clinical Oncology.

It wes noted at various stages in this presentation
that any further biochemical approaches, aimed at
defining the mechanisms involved in some of these

metabolic abnermalities, will require much more

bde

nformetion cn the hepatic contents of other metabolic
intermediates, as well as on the activities of several
enzymes. However, as was stressed previously, the
problem of the distribution of these metabclites in the
cytoplasmic and mitochondrial compartments remains;

and must await further assessment by other workers,
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of the methods currently available for rapid cell
fractionation. What may be a major problem in the
application of such techniques to livers of tumour-
bearing amimals are the structural abnormalities present

in the mitochondria.

However, until these problems of methodology are
resolved, several experimental approaches suggest
themselves, which were not possible to explore in the

time available for the completion of this thesis.

The mechanisms involved in the accumulation of
citrate in livers of these mice, requires clarification,
and here information is~réquire on the activity of
isocitrate dehydrogenase, as well as the reason why
tumour-growth induces marked decreases 1m the activity

of ithe citrate cleavage enzyme.

The important finding of Newsholme and Stavt (1972)
that insulin release induces marked incceases in the
hepatic content of citrate in tumour-~free rats prompts
an investigation of the level of circulating insulin
in these tumour-bearing mice. In keeping with the
above authors we proposed that the tumour-induced
increase in the hepatic content of citraic woula
stimulate fatty acid synthesis, but here ihe anomzlious
situation arose when it was found that starvaticn in
tumour=-bearing mice induced a further incrcase imn
citrate, and this lead to the suggestion that n these
liveré, the regulation of fatty acid svnthesis appcared
to be out of control. Clearly a major studv of fat

metabolism in these animals is indicated.
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The finding that the decrease in the hepatic
content of free coenzyme A could not be normalised by
the administration of pantothenate to these.animals
suggested that there may be a block'in the biosynthesis
of the coenzyme. The deleterious effect that this
treatment had on the tumour-bearing host defies a
satisfactory explanation at this stage, but clearly
this may be a very good model for the study of the

problem of weight loss induced by a tumour.

Concerning a possible mechanism for the fall in
the hepatic contents of free coenzyme in livers of
tumour-hearing mice, the question arises as to whether
this reflects an increase in the rate of dissimulation.
Firstly, it ig only recently that the degradation of
coenzyme A in living systems has been examined (for
review see Abiko, 1975), These studies have sbown
that the initial step in the dissimulation of the
coenzym2 in normal rat liver involves its conversion
to dephesthos CoA by lysosomal acid phosphatase
(Bremetr, Wojtczak and Skrede, 1972). It is of interest
therefere that marked increaces in the number of |
lysosomes, with rupture of these organelles, has been
reported to occur in liver of tumour-bearing rats, as
shown Ly electron microscopy (Ghadially and Parry,
1965; Parry and Ghadially, 1966), and increases in
the number of lyscsomes héve also been reported in
normal rats following the injection of toxohormone
(Parry and Ghadially, 1970).  Unfortunately in our
own studies on ultrastructural changes in livers of
tumour;bearing mice, a detailed study of lysosomes

was not carried out, and clearly this is called for.
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However, in support of these observations, otherx
workers have reported increased activity of lysosomal
enzymes in non=-involved liver of patients with cancer
(Schersten, Wahlqvist and Johammsen, 1969; Schersten,
Walqvist and Barbaro~Jilderos, 1971), although in the
former study, it was reported that the activity of
lysosomal acid phosphatase only showed a tendency to

increase.
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ADDENDUM

Here it is proposed to consider some of the
possible effects of these metabolic changes in liver
on the condition of the animal, and to consider the
possibility of extending some of these studies to
cancer patientsQ

It was noted early in this thesis, that changes
in the hepatic contents of metabolites such as acetyl
- CoA could not be related to anorexia or cachexia in
tumour~bearing mice, In this commnection the observations
of Wieland (1966) are of interest, He found that in
cachectic rats with untreated alloxan disbetes in
which the fat stores were completely exhausted, the
acetyl CoA content of liver remained at normal levels,
In fact a significant decrease in the hepatic content
of this metabolite is an unusual finding, and has only
been previously reported in fasted rats following the
inhibition of lupolysis by the administration of
nicotinamide (Talke et al. 1973, European Journal of
Clinical Investigation 3, 407-474). Of impgftance too
was the observation that fasting of tumourwbeaﬁing mice
failed to induce increases in the acetyl CoA content
of liver, with subsequent ketosis. This in fact means
that ketone body utilisation by brain and myocardium
as an alternative energy source in starvation, would
appear to be unavallable to the anorvexi¢ tumour-bearing
mouse,

Another important question is whether the decreased

content of both free CoA and acetyl CoA reflect a




subclinical deficiency of pantothenate, In recent
studies we examined this in pantothenate deficient mice,
and found significant reductions in the levels of both
of these metabolites, However, as was noted
previously we also require information on the levels

of precursors in the biosynthesis of the coenzyme in
these livers, but here it may be recalled that Rapp
(1973) working with a non-specific method of assay

that also includes some of these precursors, also found
significant decreases in various organs of tumour-
bearing animals, Altbough however, the question of

a deficiency of pantothenate is not completely answered,
it is of some interest that systemic effects of tumour
growth such as thymic atrophy, hypertrophy of spleen
and defects in the immune response have also been

found in pantothenate=-deficient rats and mice. Ve
feel that this offers a good working hypothesis,

Finally, the question arises as to the application
of some of these studies to cancer patients, Little
is known of the coenzyme A content of blood (Abiko,
1975), but eitrate has been reported to be pfeSemt in
blood and urine of humans, and it would be of interest
to know whether abnormalities in the level of this
metabolite or in its excretion can be detected in
patients,

The pantothenate status of such patients would
also clearly be of interest, Providing too that
biopsies of liver could be obtained it would be of
considerable interest to know Lf the changes reported

here in the hepatic contents of metabolites as well



as ultrastructural changes in the hepatocyte could be

also detected.
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