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The effects of tumour necrosis factor-a (cachectin) and tumour
growth on hepatic amino acid utilization in the rat

Josep M. ARGILES* and Francisco J. LOPEZ-SORIANO
Departament de Bioquimica i Fisiologia, Unitat B, Facultat de Biologia, Universitat de Barcelona,
Diagonal 645, 08071-Barcelona, Spain

The effects of acute administration of tumour necrosis factor-a (cachectin) (TNF-a) or of malignant tumour
growth (Walker-256 carcinosarcoma) on hepatic availability and uptake of individual amino acids were

compared. The results show that, in spite of lowering the hepatic availability of alanine, aspartate, serine,
glycine and proline, the cytokine increased both the total amino acid hepatic uptake and the individual
uptakes of alanine, glutamate, serine, threonine, proline, lysine and arginine, while decreasing those of
leucine, isoleucine and phenylalanine. Tumour burden resulted in an increase in the hepatic availability of
glutamine, threonine, glycine, lysine, leucine, isoleucine, valine and phenylalanine. Total liver amino acid
uptake was unaffected, whereas the individual uptakes of alanine, threonine and proline were increased and
those of glutamate, glutamine, serine and leucine were decreased. When effects of the cytokine are compared
with those induced by tumour growth, there are similar increases in net utilization for alanine, proline and
leucine, and a 3-fold difference in the increase observed for threonine. Unmatched effects are seen for
glutamate, glutamine, aspartate, glycine, lysine, arginine, valine, phenylalanine and serine.

INTRODUCTION

The metabolic response to a number of invasive stimuli
involves the secretion of cytokines by a variety of cells
such as macrophages and lymphocytes (Beutler & Cer-
ami, 1988; Dinarello, 1988). Among these compounds,
tumour necrosis factor-a (TNF-a; cachectin) has been
shown to inhibit the synthesis of lipoprotein lipase in
transformed mouse fibroblast and adipocyte (3T3-LI)
cells (Price et al., 1986; Kawakami et al., 1987) and also
to stimulate lipolysis in these cells. It has also been shown
that TNF-a is able to decrease lipid absorption and
tissue uptake and oxidation in vivo, with resultant hyper-
triglyceridaemia (Evans & Williamson, 1988b). This
cytokine also stimulates amino acid release (Mahony
et al., 1988) and uptake from muscle (Argiles et al., 1989),
increased uptake of amino acids by the liver (Roh et al.,
1986; Warren et al., 1987, 1988; Argiles et al., 1989), and
increased hepatic synthesis of acute-phase-reaction pro-
teins (Darlington et al., 1986; Perlmutter et al., 1986).
These metabolic alterations are associated not only with
infectious diseases but also with malignant tumour
growth, which is characterized by muscle and adipose
tissue wasting, which leads to weight loss and anorexia
through accelerated muscle proteolysis and adipose-
tissue lipolysis, enhanced rates of hepatic fatty acid
oxidation and gluconeogenesis from lactate, amino acids
and glycerol (Shapot, 1979; Lawson et al., 1982; Argiles
& Azcon-Bieto, 1988). Several studies have attributed
TNF-ac a central role in cancer-induced cachexia (Oliff
et al., 1987; Stovroff et al., 1988; Tracey et al., 1988).
Indeed, recent work has shown that TNF-ac has acute
effects on exogenous lipid metabolism (Evans & William-
son, 1988b; Argiles et al., 1989) which in part mimic
those of rapidly growing tumours in the pre-anorexic
phase (Evans & Williamson, 1988a).

The aim of the present study was to compare the
effects of recombinant TNF-a and malignant tumour
growth (Walker-256 carcinosarcoma) on the hepatic
availability and utilization of individual amino acids in
the rat.

EXPERIMENTAL

Animals
In all experiments, female Wistar rats weighing

180-200 g were used. The animals were bred in the
animal house of the Faculty of Biology of the University
of Barcelona, where they were kept individually in
polypropylene cages and kept under conditions of con-
trolled temperature (20-22 °C) and light cycle (light on
from 08:00 to 20:00 h). They were fed ad libitum on
standard laboratory chow (Panlab, Barcelona, Spain)
containing 54 carbohydrate, 17 0% protein and 5 O fat
(the residue was non-digestible material), with free access
to drinking water.

Biochemicals
Recombinant-derived human TNF-a (specific activity

8.1 x 106 units/mg of protein) was generously given by
BASF/Knoll A.G., Ludwigshafen, Germany. p-Amino-
[3H]hippuric acid (sp. radioactivity 447 mCi/mmol) was
obtained from Amersham International, Amersham,
Bucks., U.K.

Cytokine administration
The animals were injected with 20,g ofhuman recom-

binant-derived TNF-a in 0.5 ml of Krebs-Henseleit
(1932) saline intravenously through the dorsal tail vein
under light diethyl ether anaesthesia; control animals
received 0.5 ml of vehicle. All injections were adminis-

Abbreviation used: TNF-cz, tumour necrosis factor-a (cachectin).
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tered between 09:00 and 10:00 h on the day of the
experiment. They were killed 2 h later, and food was
available during the intervening period.

Tumour inoculation
A Walker-256 carcinosarcoma cell suspension [approx.

2 x 107 cells in 0.5 ml of Krebs-Henseleit (1932) saline]
was injected subcutaneously on the left flank of the rats
under light diethyl ether anaesthesia. The Walker-256
carcinosarcoma is a rapidly growing tumour with a
doubling time of 0.86 day (Herzfeld & Greengard, 1972).
The amount implanted ensured that the tumour mass
was 2-5 % ofcarcass weight at the time ofthe experiments
(7-10 days after implantation).

Experimental design
The different experimental groups, control (saline-

injected), TNF-injected and tumour-bearing, were each
randomly divided into two different subgroups for two
different sets of experiments. In the first, the portal and
hepatic blood flows were measured. In the second, the
arteriovenous amino acid concentration differences
across the liver were estimated.

Blood-flow determinations
The portal and hepatic blood flows were estimated by

a modification of the indicator-dilution method (Katz &
Bergman, 1969; Casado et al., 1987) involving p-amino-
[3H]hippuric acid. Steady-state arterial concentrations of
the indicator were obtained after 5 min of infusion of the
tracer in a mesenteric vein (results not shown). After the
infusion period, blood was sampled from the hepatic and
portal veins and from the aorta as rapidly as possible,
haemorrhage and hypovolaemic shock being avoided
and haematocrit values remaining unchanged (Pastor-
Anglada et al., 1987). Blood samples were deproteinized
by adding 6 (w/v) HC104. After centrifugation
(2000 g, 5 min), supernatants were used for the measure-

ment of 3H in a liquid-scintillation spectrometer.

Amino acid analysis and calculations
This was carried out in deproteinized blood samples

from the portal and hepatic veins and aorta with an
automatic amino acid analyser (Lee & Drescher, 1978).
Amino acid availability was calculated as follows:

A = (Fp x Cp) + (Fa x Ca)
where F and F. represent the portal and hepatic artery
blood flows, and Cp and Ca the substrate concentrations
in the portal vein and aorta respectively. Liver net amino
acid utilization (U) was calculated as:

U = A-(Fh x Ch)

where Fh = Fp + F., and Ch is the amino acid concentration
in the hepatic vein.

All results are expressed as means +S.E.M., and stat-
istical comparisons were carried out by Student's t test.

RESULTS AND DISCUSSION

Body and liver weights
The body weights of the different experimental groups

were: control 201 + 4 g, TNF-treated 206 +8 g and
tumour-bearing 212+10 g. Liver weights were 8.22
+ 0.35 g, 8.36+ 0.15 g and 9.92 + 0.62 g respectively.
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Cachectin and liver amino acid utilization

Table 2. Effects of TNF-a and tumour growth on the hepatic availabilities of selected amino acids in the rat

For full details see the Experimental section. Only the availabilities of the amino acids showing high hepatic extraction are listed.
They are expressed as ,umol/min per 100 g body wt. and represent mean values+ S.E.M. Total amino acid availability was
calculated by summation of the individual amino acid availability values, including those not listed here, i.e. glutamate,glutamine, aspartate, leucine, lysine, arginine, citrulline, ornithine, histidine, tryptophan and tyrosine. The number of animals
per group was five. Values that are significantly different by Student's t test from control values are indicated by *P < 0.05,
**P < 0.01, ***P < 0.001.

Amino acid Control TNF-a Tumour

Alanine
Serine
Threonine
Glycine
Proline
Isoleucine
Valine
Phenylalanine
Total amino acids

6.39 + 0.45
2.13+0.14
2.14+0.26
3.26+0.20
2.41 + 0.22
0.91 +0.09
1.76+0.25
0.67+ 0.07

41.85+4.00

4.57 + 0.46*
1.60 +0.14*
1.66+0.13
2.35 + 0.20*
1.38 + 0.15**
0.84 + 0.07
1.89+ 0.22
0.53 + 0.03

36.41 + 3.54

7.00+0.43
2.21 + 0.24
3.06 + 0.29*
5.36 + 0.51**
1.83 +0.24
1.50+0.15**
2.49+ 0.29**
1.09+ 0.03***

53.65 + 4.58

Table 3. Effects of TNF-a and tumour growth on the net hepatic utilization of selected amino acids in the rat

For full details see the Experimental section. Only amino acids showing statistically significant differences are listed. They are
expressed as ,umol/min per 100 g body wt. and represent mean values+S.E.M. Total net amino acid utilization was calculated
by summation of the individual amino acid values, including those not listed here, i.e. citrulline, ornithine, histidine and
tryptophan. The number of animals per group was five. Values that are significantly different by Student's t test from
control values are indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and from zero are indicated by tP < 0.05, ttP < 0.01,tttP < 0.001.

Amino acid Control TNF-a Tumour

Alanine
Glutamate
Glutamine
Aspartate
Serine
Threonine
Glycine
Proline
Lysine
Arginine
Leucine
Isoleucine
Valine
Phenylalanine
Tyrosine
Total amino acids

+ 1.50+0.06ttt
-0.04_0.01tt
-0.32+0.28
+0.1 +0.02tt
-0.05 +0.04
+ 0.21 ± 0.07t
+ 1.10+ 0.04ttt
-0.10+0.05
-0.28 +0.16
+ 0.06 + 0.03
+ 0. 18 ± 0.04t
+ 0. 13 + 0.01ttt
+0.19+0.10
+ 0.25 + 0.04tt
+0.37+0.20
+ 3.69+ 0.45tt

+ 2.86 + 0.20***ttt
+ 0.50+ 0.1 1**t
-0.84 + 0.43
+ 0.09 + 0.04ttt
+ 0.48 +0.01***ttt
+ 0.52 + 0.05**ttt
+ 0.97 + 0.05ttt
+ 0.45 + 0.06***tt
+ 0.76+ 0.24**t
+ 0.39 _ 0.02***ttt
-0.10+0.01***ttt
-0.07 + 0.02***t
-0.08 +0.18
-0.10+0.04**
+ 0.27 + 0.15
+ 6.22 + 0.80*tt

+ 2.60+ 0.04***ttt
-0.41 +0.02***ttt
- 1.74 + 0.54*t
-0.00 + 0.02**
-0.22 + 0.03*tt
+ 1.55 +0.19***tt
+ 0.37 + O.1l***t
+0.30+0.06**tt
-0.60+0.41
-0.12+0.09
-0.32+0.01***ttt
+ 0.25 + 0.12
+0.90+0.15**tt
+ 0.43 + 0.09ttt
-0.08 + 0.08
+2.95+0.71t

Blood flows
The total hepatic blood flows were 3.5 + 0.3, 3.0 + 0.3

and 3.6 + 0.7 ml/min per g of liver for control, TNF-
treated and tumour-bearing groups respectively. Al-
though there were no statistical differences between these
values, the portal blood flow was significantly lower
(P < 0.05) in the TNF-treated group than that of the
control group. The portal blood flows were 1.9 + 0.2,
1.3 + 0.1 and 2.0+ 0.4 ml/min per g of liver for control,
TNF-treated and tumour-bearing groups respectively.
TNF administration inhibits gastric emptying in the rat
(Tracey et al., 1988), and this fact may possibly be related
to a lower portal blood flow.

Amino acid concentrations
These are presented as nmol/ml in Table 1, which

shows that administration of the cytokine decreased the
arterial blood concentrations of alanine (25 %), serine
(32 %), glycine (24 %) and proline (41 %). Tumour
burden resulted in a lower arterial concentration of
glutamate (36 %) and proline (34 %), whereas it increased
those of glutamine (23 %) glycine (24 %), leucine (37 %)
and phenylalanine (29 %). No significant changes in total
amino acid concentration were found between the dif-
ferent groups studied. Others have reported that there
were no significant changes in plasma amino acids in
24 h-starved tumour-bearing rats compared with non-
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tumour-bearing controls when decreased food intake
was not manifest (Arbeit et al., 1985). These results fully
agree with those reported with a similar experimental
design (Argiles et al., 1989).
TNF-a administration resulted in a significant increase

in the portal concentrations of glutamine and lysine, but
it decreased the venous concentrations of alanine, glut-
amate, serine, threonine, proline and isoleucine. On the
other hand, tumour-bearing animals showed decreased
portal concentrations of glutamate, aspartate and pro-
line, but increased concentrations of threonine, lysine,
leucine, isoleucine and phenylalanine. In the same ex-
perimental group there were significant decreases in the
venous concentrations of alanine, threonine, proline and
valine and increases in those of glutamine, glycine and
leucine.

Amino acid availabilities
TNF treatment induced a decreased hepatic avail-

ability (,umol of amino acid reaching the liver/min per
100 g body wt.) for alanine (29 %O), serine (25 %O), glycine
(28 %) and proline (48 %o), but it did not affect the total
amino acid availability (Table 2). In contrast, tumour
growth increased the availabilities for threonine (43 %O),
glycine (65 %), isoleucine (65 %o), valine (41 %o) and
phenylalanine (63 %). No significant changes were ob-
served in total amino acid availability in the tumour-
bearing animals.

Net hepatic utilization
TNF treatment resulted in an increased utilization of

alanine, glutamate, serine, threonine, proline, lysine,
and arginine, but decreased that of leucine, isoleucine
and phenylalanine. Tumour-bearing animals showed an
increased utilization of alanine, threonine and proline
and a diminished utilization of glutamate, glutamine,
serine and leucine.

Concluding remarks
The present results show that TNF administration to

rats can mimic some of the effects of malignant tumour
growth on hepatic amino acid utilization. This is es-
pecially the case for the amino acids that can be trans-
ported through the A system, some of them clearly
gluconeogenic precursors: alanine, threonine, proline
and other neutral ones. These results are in full agreement
with the uptake results reported by us using a-amino-
isobutyrate, a non-metabolizable analogue of alanine
(Argiles et al., 1989).
The enhanced hepatic utilization of gluconeogenic

amino acids is indeed a well-known phenomenon in
tumour-bearing animals (Shapot, 1979; Lawson et al.,
1982; Argiles & Azcon-Bieto, 1988) and has been related
to the action of glucocorticoids on liver amino acid
transport, the concentration of these hormones being
specially high in the host (Saez, 1971). On the other
hand, TNF administration also modifies the cortico-

steroid status of the animal (Argiles et al., 1989) and this
fact may explain the results obtained with the cytokine.
We thank Dr. D. H. Williamson for his scientific advice.
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