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ABSTRACT

Animals given transplants of the MAC16 colon adenocarcinoma show
a progressive decrease in carcass weight as the tumor size increases
without a reduction in either fluid or caloric intake when compared with
non-tumor-bearing controls. There is a decrease in both carcass fat and
muscle mass which is directly proportional to the weight of the tumor.
In male animals weight loss occurs when the tumor mass comprises more
than 03% of the body weight and reaches 30% when the tumor represents
3% of the body weight.

There is evidence for the production by the tumor of both lipolytic and
proteolytic factors, which may be responsible for the cachexia, since two
related mouse adenocarcinomas, which do not produce weight loss, have
little lipolytic or proteolytic activity. The lipolytic factor is nondialyzable
and is destroyed by both heat and acid. Both insulin and 3-hydroxybu-
tyrate suppress the lipolytic activity of the tumor extract. The MAC16
tumor also contains a serine protease, the activity of which is also
completely abolished by insulin and 3-hydroxybutyrate. Animals bearing
the MAC16 tumor have an elevated plasma lipolytic and proteolytic
activity when compared with non-tumor-bearing controls, suggesting a
peripheral effect of the tumor products. The catabolic factors elaborated
by the MAC16 adenocarcinoma may be responsible for the loss of both
the fat and nonfat carcass mass, but they do respond to normal metabolic
controls.

INTRODUCTION

Cancer cachexia involves a massive loss of body weight, with
extensive breakdown of both body fat and skeletal muscle, often,
although not always, accompanied by anorexia (1). Many pa
tients display a significant weight loss as their first symptom of
neoplasia (2) with a small primary tumor often less than 0.01 %
of the total body weight (3). It is, therefore, unlikely that the
tumor simply competes with the host for available nutrients.

Theologides (4) has proposed that peptides, oligonucleotides,
or other metabolites produced by cancer cells are responsible
for alterations in the metabolic patterns of the host. There is
some evidence for the role of circulatory factors in the etiology
of cancer anorexia/cachexia. A parabiotic preparation of a rat
sarcoma, for which there was no evidence of mÃ©tastasesor
endocrine function, provided evidence for the humoral trans
mission of an anorectic/cachectic factor (S). A lipid-mobilizing
substance (toxohormone-L) has been isolated from tumor ex
tracts and body fluids of patients and animals with tumors (6).
Injection of toxohormone-L into the lateral ventricle of rats
significantly suppressed food and water intake (7). Further
evidence for a lipid-mobilizing factor was found in the serum
of tumor-bearing AKR mice (8), although this has not been
characterized. A substance immunochemically cross-reactive
with insulin is produced by B16 melanoma cells growing in
diabetic and nondiabetic mice and is correlated with a decreased
concentration of circulatory glucose and an elevated concentra
tion of growth hormone in the blood (9). Recently a macrophage
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product, cachectin (tumor necrosis factor), which inhibits lipo-
protein lipase activity in peripheral tissues, has been suggested
to orchestrate the complex metabolic changes that lead to
cachexia (10).

As an experimental model of cachexia we have utilized a
transplantable colon adenocarcinoma (MAC 16) passaged in
NMR1 mice (11). This tumor produces extensive host weight
loss at tumor burdens less than 1% of the host weight and
without a drop in caloric intake. Since host weight loss occurs
with such a small tumor mass it is unlikely that the tumor
simply competes with the host for available nutrients. This
raises the possibility of the production of catabolic factors by
the tumor, which act to degrade host muscle and fat stores.

MATERIALS AND METHODS

Animals. Pure strain male BALB/c and NMRI mice were purchased
from Banting and Kingman, Hull, United Kingdom, and were fed a rat
and mouse breeding diet (Pilsbury, Birmingham, West Midlands,
United Kingdom) and water ad libitum. Fragments of the MAC 16
tumor (1x2 mm) were implanted in the flanks of NMRI mice by
means of a trocar as described (11). The doubling time of this tumor is
about 6 days (11). Tumors were removed 14 to 42 days after transplan
tation when the tumor weighed between 0.1 and 0.6 g. Tumors were
removed before weight loss exceeded 40%. The tumors were homoge
nized at 4*C in Krebs-Ringer bicarbonate buffer, pH 7.6 (l ml/0.1 g of

tumor), and centrifuged for 10 min at 3000 rpm to remove debris. The
supernatant was used for the determination of lipolytic and proteolytic
activity. Aliquots were also stored at â€”20*Cwithout loss of activity,

although repeated freezing and thawing destroyed the effect. The pro
tein content of tumor extracts was determined by the method of Lowry
et al. (12). Plasma samples were obtained from freely fed animals and
blood was removed between 10 and 11 a.m.

Fragments of the MACI3 tumor (obtained from Dr. J. Double,
University of Bradford, United Kingdom) were also implanted in the
flank of male NMRI mice. This tumor has a doubling time of 7 days
and there is no weight loss during the growth of the tumor. MACI SA
cells were grown in tissue culture in RPMI 1640 medium under an
atmosphere of 5% < ( ) in air. This tumor is derived from an ascites
tumor which grows in NMRI mice without weight loss and was obtained
from Dr. M. Bibby, University of Bradford, United Kingdom. MAC15A
cells can be transplanted into mice from tissue culture to produce a
tumor which is the same as the original. Blood was removed from
animals by cardiac puncture under anesthesia using a mixture of halo-
thane, oxygen, and nitrous oxide by way of a heparinized syringe.

Body Composition Analysis. The gastrocnemius and thigh muscles
from the left hind leg of the carcass were carefully dissected out and
weighed, together with the tumor. Each carcass plus muscles were
heated at 80'C until a constant weight was achieved. Carcasses were

then reweighed and the water content was determined from the differ
ence between the wet and dry weights. Total carcass fat was determined
by the method of Lundholm et al. (13).

Determination of Lipolytic Activity. Male BALB/c mice were killed
by cervical dislocation and their epididymal adipose tissue was quickly
removed and minced in Krebs-Ringer bicarbonate buffer, pH 7.6.
Approximately 50-100 mg of the adipose tissue were incubated with
tumor supernatants in a total volume of 0.2S ml of the Krebs-Ringer
buffer. Controls containing adipose tissue and buffer alone were in
cluded in each experiment and the spontaneous release of FFA3 was

3The abbreviation used is: FFA, free fatty acids.
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subtracted from the values obtained with tumor present. Incubations
were continued for up to 2 h at 37Â°Cand the FFA concentrations in

the cell-free supernatants were determined immediately using a Wako
NEFA C kit (Alpha Laboratories, Ltd., Hampshire, United Kingdom).

Determination of Proteolytic Activity. Male BALB/c mice were killed
by cervical dislocation and the diaphragms were carefully dissected out,
blotted, cut in half, and weighed; each half was placed in a stoppered
vial containing 0.75 ml Krebs-Ringer bicarbonate buffer and gassed for
20 s with 5% CO2 in air. Preincubations were carried out for 30 min at
37'C, and the diaphragms were then blotted and transferred to clean

vials containing tumor extract and Krebs-Ringer bicarbonate buffer in
a total volume of 0.7S ml. The vials were gassed and incubated for a
further 2 h at 37"C. Incubations were terminated by mixing 0.5 ml of

the assay mixture with 0.125 ml of cold 50% trichloroacetic acid,
mixing, and centrifuging for 10 min at 3000 rpm. The supernatants
were neutralized with l N NaOH and 200 n\ of the neutralized sample
were mixed with 1 ml of ninhydrin reagent and held in a boiling water
bath for 20 min; after dilution to 5 ml with n-propanolyl alcohol:water
(1:1), the concentration of amino acids was determined spectrophoto-
metrically at 570 nm. The spontaneous release of amino acids from the
diaphragms in the absence of any additions was subtracted from the
final readings.

To determine the proteolytic activity of plasma samples 50 u\ of
plasma were added to 0.7 ml of Krebs-Ringer bicarbonate buffer con
taining 0.5 nm cycloheximide to inhibit protein synthesis and incubated
with the half-diaphragms for 2 h as above. Controls containing no
diaphragm were subtracted from the Final readings to eliminate the free
amino acids present in plasma samples.

Statistical Analyses. Statistical evaluations were accomplished with
the use of analysis-of-variance techniques, with individual means com
pared by Student's t tests.

RESULTS

Animals given transplants of the M AC 16 adenocarcinoma
show a progressive decrease in carcass weight as the tumor size
increases (Fig. 1). The average food intake in tumor-bearing
animals [15.1 Â±0.6 (SE) kcal/day] is not significantly different
from that in non-tumor bearing animals [14.9 Â±0.9 kcal/day].
Also tumor-bearing animals have the same water intake (4.6 Â±
0.27 ml/day) as do controls (4.8 Â±0.16 ml/day). In male mice
the tumor must reach a weight of 0.1 g in a 30-g animal before
any weight loss occurs, but thereafter weight loss is directly
proportional to tumor weight (correlation coefficient, 0.91).
Weight loss is associated with a decrease in both carcass fat
(Fig. 2) and muscle dry weight (Fig. 3) which again decrease in
direct proportion to the weight of the tumor. Loss of body fat
exceeds that of muscle by about 13 times for a given weight of
tumor.
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Fig. 1. Relationship between carcass weight loss (total body weight minus
tumor weight) produced by the MACI6 tumor and tumor weight. The results
were fitted to a linear model by a least squares analysis (r = â€”0.91). Each point
represents the results from an individual animal.
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Fig. 2. Relationship between total body fat (excluding tumor) and weight of
the MAC16 tumor. The results were lined to a linear model by means of a least
squares analysis (r = -0.93). Each point represents the results from an individual
animal.
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Fig. 3. Relationship between thigh and gastrocnemius muscle dry weight and
weight of the MAC16 tumor. The results were fitted to a linear model by means
of a least squares analysis (r = â€”0.65).
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Fig. 4. Rate of production of FFA from mouse fat pads by MAC16 tumor
homogenate. A cell-free preparation of the MAC16 tumor was prepared as
described in "Materials and Methods," and a fraction (2.6 mg of protein) was

incubated with 200 mg of epididymal adipose tissue, and the rate of release of
FFA was determined as described in "Materials and Methods."

The direct correlation between body compartment sizes and
the tumor burden suggests the possibility that tumor-derived
products are responsible for the cachexia. To investigate the
possible production of lipolytic factors, crude tumor superna
tants were incubated with epididymal adipose tissue and the
release of FFA into the medium was assayed. Extracts of the
MAC16 tumor caused an enhanced release of FFA, which
increased linearly with the time up to 4 h (Fig. 4). As a control
cell-free extracts were prepared from two other colon adeno-

carcinomas, M AC 13 and MAC 15A, neither of which produces
cachexia in recipient animals. The rate of release of FFA by
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Fig. 5. Rate of release of FFA from mouse epididymal adipose tissue by tumor
homogenates. A, MAC16 tumor; B. MAC15A tumor homogenate; C, MACI 3
tumor homogenate; D, MACI6 tumor homogenate plus 10 units insulin per
assay; E, MAC16 tumor homogenate plus 8 HIMsodium 3-hydroxybutyrate; F,
MAC 16 tumor homogenate plus 10 units insulin plus 8 IHMsodium 3-hydroxy
butyrate; C, MAC16 tumor homogenate plus l min indomethacin; H. MAC16
tumor homogenate plus 1 mM propranalol; /, MAC16 tumor homogenate plus0.5 HIM phenylmethylsulfonyl fluoride; J, 15.4 mM NaCI; A', MAC16 tumor

homogenate plus 15.4 mM NaCI; L, MAC 16 tumor homogenate plus 1 mg/ml
trypsin inhibitor. The results are expressed as means of 3-13 determinations;
bars, SE. fi, C, D, E,F,P< 0.001 from A by Student's I test.
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Fig. 6. Regression analysis of the relationship between the total tumor content
of lipolytic activity and the total carcass fat. The results fit a multiplicative model
(r = 0.975).
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Fig. 7. Rate of release of amino acids from mouse diaphragms by tumor
homogenates. A, MAC16 tumor: fi. MAC15A tumor; C, MAC13 tumor, D, 10
units insulin per assay; E, MAC16 tumor homogenate plus 10 units insulin: / . 8
mM sodium 3-hydroxybutyrate; G, MAC 16 tumor homogenate plus 8 mM sodium
3-hydroxybutyrate; H. 10.4 mM NaCI; /, MAC16 tumor homogenate plus 10 mM
sodium chloride; J, 8 mM sodium 3-hydroxybutyrate plus 10 units insulin; A",

MAC16 tumor homogenate plus 10 units insulin plus 8 mM sodium 3-hydroxy
butyrate: L. 0.5 mM phenylmethylsulfonyl fluoride; M, MAC16 tumor homog
enate plus 0.5 mM phenylmethylsulfonyl fluoride; N, trypsin inhibitor (I mg/ml);
Â».MAC16 tumor homogenate plus 1 mg/ml trypsin inhibitor. The results are
expressed as means of 3-13 determinations; bars, SE. fi, C, D, E, F, G, H, L, M,
N,p< 0.001 from \.O.p< 0.05 from A. B, C, D, F, J,N.p< 0.001 from control
by Student's / test.
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Fig. 8. Regression analysis of the relationship between the total tumor content
of proteolytic activity and the thigh and gastrocnemius muscle dry weights. The
results fit a multiplicative model (r = 0.932).

these tumor extracts was less than one-third of that produced
by the MAC16 tumor (Fig. 5). The lipolytic activity associated
with the M AC 16 tumor was nondialyzable and was destroyed
by both heat and acid (Fig. 5). Neither propanolol nor indo
methacin at concentrations of up to 1 mM in the incubation
assay had any significant effect on the lipolytic activity of the
M AC 16 tumor extract. Inhibition of proteolysis by the trypsin
inhibitor or phenylmethylsulfonyl fluoride did not reduce li
polysis by tumor extracts. Lipolysis induced by the MAC 16
tumor was significantly reduced by both insulin and 3-hydrox
ybutyrate and almost completely abolished by a combination of
the two. Regression analysis of the relationship between the
total tumor concentration of lipolytic activity and the carcass
fat obeys a multiplicative model (Fig. 6). This shows a large
decrease in carcass fat with relatively low levels of lipolytic
activity but that large amounts of activity are required for total
depletion of body fat stores. Plasma from tumor-bearing ani
mals has twice the lipolytic activity (1.29 Â±0.04 /Â¿molFFA/h/
ml of plasma) of control animals (0.63 Â±0.05 nmo\ FFA/h/ml
of plasma) (P< 0.001), and from animals bearing the M AC 13
tumor (0.596 nmol FFA/h/ml of plasma). This shows that the
M AC 16 tumor produces a circulatory lipolytic factor.

Cell-free extracts of the MAC 16 tumor also caused an en
hanced release of amino acids from mouse diaphragm, while
extracts of the MAC 13 and MAC15A tumors did not (Fig. 7).
The proteolytic activity was completely abolished by both in
sulin and 8 mM sodium 3-hydroxybutyrate but not by 10 mM
sodium chloride. Partial suppression was obtained with the
trypsin inhibitor and complete suppression with 0.5 mM phen
ylmethylsulfonyl fluoride, heat, and acid. Neither RNase,
DNase, nor t-aminocaproic acid (10 mg/ml) had any effect on
proteolytic activity. Regression analysis of the relationship be
tween the total tumor proteolytic activity and the thigh and
gastrocnemius muscle dry weights also obey a multiplicative
model (Fig. 8).

Plasma from tumor-bearing animals had significant proteo
lytic activity (15.50 Â±4.41 nmol amino acids released/g dia
phragm/2 h/ml plasma) while plasma from control animals
had no proteolytic activity association with it (P < 0.001), and
plasma from animals bearing the MACI3 tumor had low pro
teolytic activity (3.12 Â±2.91 nmol amino acids released/g
diaphragm/2 h/ml plasma). This shows that the MAC 16 tumor
produces a circulatory proteolytic factor which may be respon
sible for some of the systemic effects.

DISCUSSION

The MAC 16 is considered to be a good model of human
cachexia, since host weight loss occurs with small tumor masses,
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in analogy to the situation in humans where the tumor burden
rarely exceeds 5% of the total body weight. In male mice weight
loss begins when the MAC16 tumor exceeds 0.3% of the total
body weight and reaches 30% when the tumor mass reaches 3%
of the host body weight. In female mice host weight loss is
more extensive, reaching 40% of the total body weight with a
tumor burden of only 2.5%. There are very few experimental
models of cachexia where weight loss occurs with such small
tumor burdens. Strain et al. (14) have reported a human hyper-
nephroma which produces greater than 25% weight loss in
xenografted animals at tumor weights less than 5% of the total
body weight, but most experimental tumors have to reach 20
to 40% of the total body weight before the symptoms of cachexia
begin to appear. The tumor described in this report differs from
that reported previously (11) in that weight loss occurs with
much smaller tumor masses. This is due to the selection of an
even more cachectic tumor during the transplantation.

Weight loss also occurs without a reduction in either caloric
or fluid intake. Production of such an extensive weight loss
with such a small tumor burden suggests that the tumor is not
merely competing with the host for available nutrients. Also
the total weight loss and the decrease of both body fat and
skeletal muscle mass are directly proportional to the size of the
tumor suggesting the production by the tumor of cachectic
factors.

There is some evidence for the production of lipolytic sub
stances by tumor cells, which appear to be independent of a
host response. The evidence presented suggests a lipolytic factor
produced by the MAC 16 tumor, which is present in the circu
lation. Although as yet uncharacterized the lipolytic activity
possibly differs from that described by Masuno et al. (7) which
caused a suppression of food and water intake. The effects are
also unlikely to be due to the production of cachectin (tumor
necrosis factor) by tumor-associated macrophages, since there
is no evidence of tumor necrosis factor elevation in the serum
of mice bearing the M AC 16 tumor or in MAC 16 tumor ex
tracts.4

The lipolytic substance appears to be specific for cachexia-
inducing tumors, since two closely related colon adenocarci-
nomas, the MAC 13 and MAC 15A, neither of which produce
cachexia in vivo, have a greatly reduced lipolytic activity when
compared with the M AC 16 tumor. The lipolytic factor is most
probably a protein since it is nondialyzable, is destroyed by
both heat and acid, and is not a prostaglandin since indometh-
acin has no effect on FFA release at concentrations up to 1
HIM.Release of FFA is also not due to nonspecific proteolysis,
since neither the trypsin inhibitor nor phenylmethylsulfonyl
fluoride cause a significant reduction in lipolysis. Insulin is a
very potent antilipolytic hormone and dramatically reduces the
lipolytic activity of the MAC 16 tumor extract. Ketone bodies
are formed from excess FFA in the liver during starvation and
high ketone body levels have been suggested to directly reduce
lipolysis in adipose tissue (15). In the present experiments 3-
hydroxybutyrate was shown to suppress the lipolytic activity of
the M AC 16 tumor and this effect was synergistic with insulin.
The lipolysis produced by the tumor extract does respond to
normal physiological stimuli. The presence of the lipid-mobi-
lizing factor in the plasma of tumor-bearing mice suggests that
lipolytic is not a local effect but that the tumor produced a
circulatory factor to mobilize the host lipids, which may be
required for tumor growth. The factor appears to be different
from adrenaline, produced during fasting, since propranalol has

4 S. Mahoney and M. J. Tisdale, unpublished results.

no effect on lipid mobilization by the M AC 16 tumor extract.
In addition to the loss of adipose tissue, animals given trans

plants of the M AC 16 tumor show a decrease of skeletal muscle
mass. Wasting of skeletal muscle has been attributed to de
pressed protein synthesis (16) but may also arise from an
increased rate of catabolism. An increased proteolytic activity
is often associated with the presence of malignant growth and
has been implicated in the loss of growth control, invasiveness,
and metastasis of tumors (17). Lazo (18) has suggested that the
requirement by the tumor for essential amino acids, particularly
leucine, leads to breakdown of the muscle stores. Although the
MAC 16 tumor does not show any evidence for metastasis,
extracts of the tumor show the presence of proteolytic activity
when measured by the rate of release of amino acids from
mouse diaphragm as a model of skeletal muscle. The proteolytic
activity appears to be confined to the MAC 16 tumor since the
two non-cachexia-inducing tumors, M AC 13 and M AC 15A,
prevented rather than accelerated the release of amino acids
from the mouse diaphragms. The amino acid release could not
simply be attributed to leakage of materials from the intracel-
lular pools since spontaneous release is inhibited by both insulin
and 3-hydroxybutyrate and both insulin and 3-hydroxybutyrate
completely inhibit the proteolytic activity of the M AC 16 tumor
fraction. The effect of sodium 3-hydroxybutyrate appears spe
cific since sodium chloride has no effect on either spontaneous
or induced release of amino acids from the diaphragms. Using
a similar system Fulks et al. (19) showed that insulin stimulated
protein synthesis and inhibited protein degradation while l'a

laioglogos and Felig (20) showed that ketone bodies decreased
proteolysis in isolated rat diaphragms. The fact that insulin
inhibits both the lipolytic and proteolytic activities of tumor
homogenates may explain the ability of insulin to reverse ex
perimental cancer cachexia (21). Phenylmethylsulfonyl fluo
ride, while having no effect on spontaneous hydrolysis, com
pletely inhibited the induced release of amino acids by the
M AC 16 tumor extract, suggesting that the latter elaborates a
serine protease. Part of the proteolytic activity can be attributed
to a trypsin-like enzyme, since partial suppression of proteolytic
activity was achieved with the trypsin inhibitor. A trypsin-like
serine protease has also been shown to be produced by Walker
256 carcinoma cells (22). That the proteolytic activity is not
due to a plasminogen activator is shown by the lack of inhibition
by f-aminocaproic acid. The presence of the proteolytic factor
in the plasma of tumor-bearing mice suggests proteolysis is not
a local effect but that the M AC 16 tumor produces a circulatory
proteolytic factor.

Thus the cachectic effect of the M AC 16 tumor appears to
arise from the production by the tumor of catabolic factors.
Further characterization of these factors is in progress.
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