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Abstract—Liver xanthine oxidase (XQ) levels were determined in mice during bacterial or protozoal
infection or with Ehrlich ascitic carcinoma. A long-lasting, but not permanent, increase in XO activity
was observed in all three pathological models. Direct administration of liver XO or cow milk XO to
mice with bacterial infection resulted in a significant decrease in mortality rate. Administration of
superoxide dismutase (SOD) to infected animals significantly increased the mortality rate. A non-
specific defence mechanism is indicated, probably involving enhanced oxidative processes.

In previous studies we have found a significant
increase in liver xanthine oxidase (XO) activity in
animals during the 2448 hr following bacterial infec-
tion [1]. This increase, due to exo-endotoxins, is
prevented by cortisone [2] and appears to be unre-
lated to bacterial pathogenicity. Other investigations
have shown increased liver XO activity in various
pathological conditions, including mice infected with
Listeria [3], Schistosoma mansoni [4] or certain
viruses [5]; in normal compared with germ-free new-
born mice [6]; in starved re-fed rats [7] and in chick-
ens kept in a low-temperature environment [8].

Our previous results suggest that increased liver
XO activity may be a defence mechanism. To test
this hypothesis further, we have investigated (i) the
duration of the liver XO increase by defining time-
effect relationships, and (ii) its specificity using
models of bacterial and protozoal infection and of
carcinoma.

MATERIALS AND METHODS

Charles River Swiss CD; albino mice, weighing
23 = 2 g, were injected with a culture of Staphylo-
coccus aqureus CN6538 (2.5 X 10410 g) or Plasmo-
dium berghei 1.S.S. (1 X 10%10 g). Male albino mice,
weighing 23 = 1 g, were injected i.p. with Ehrlich
hyperdiploid carcinoma cells (4 X 10%animal).
Median lethal time, determined on groups of 10 mice
each, was 17.5 = 0.9 days.

Groups of 6-10 animals per day were decapitated.
The livers were removed, weighed and homogenized
with a glass Teflon homogenizer in 5vol. of 0.1 M
phosphate buffer (pH 7.4) containing 0.005% EDTA
w/v. The homogenate was centrifuged at 1000 r.p.m.
for 20 min at 4°. In preliminary experiments, super-
natants were dialysed for 3 hr at 4° against three
changes of 100 vol. each of 0.1 M phosphate buffer
(pH 7.4) containing 0.005% EDTA w/v. There were
no differences between dialysed and non-dialysed

samples and this procedure was omitted in later
experiments.
XO levels were determined in air using Fried’s
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Fig. 1. Liver xanthine oxidase in 22 + 1 g female albino
mice infected i.v. with S. qureus CN6538 (2.5 x 10% micro-
organisms/10 g). Six infected and six control animals were
killed daily by cervical dislocation, their liver excised,
weighed, immediately homogenized and the XO levels
determined. Values are reported as per cent increase of
enzymic activity in infected animais (controls = 0);
O——CQ refers to total XO per liver, A~--A to XO per
mg fresh tissue, and O—— to XO per mg protein. After
the fourth day, infection was always ascertained by the
presence of kidney abscesses. * P <0.05, ** P <0.01,
P <0.001.
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[9] modification of the spectrophotometric method
of Nachlas ef al. [10].

To assess how much of the XO activity determined
by this aerobic method may be attributed to the
oxidase, rather than dehydrogenase, activity of the
enzyme, determinations were carried out in the pres-
ence of varying amounts of superoxide dismutase
(SOD). A comparison of the xanthine
oxidase/xanthine dehydrogenase ratio in infected
and control animals was carried out using parallel
experiments. The effect of the presence or absence
of a fixed amount of SOD (768 U/ml) on liver XO
activity was determined in groups of 5 mice
infected 2 days previously i.p. with §. aureus CN6538
(2.5 x 10* microorganisms/0.2 ml/10 g) and in groups
of 5 control animals.

The effect of direct administration of XO to
infected animals was investigated. Partially purified
liver XO liver from Charles River Swiss CD; albino
mice was administered s.c. to mice 72, 48, 24 and
0.5hr before infection with S. aureus Smith
ATCC13709. The liver XO was extracted according
to the method of Murray [11] and suspended in
0.01M phosphate buffer (pH 7.8) containing
50 mcg/ml EDTA Naz. Cow milk XO (Boehringer,
Mannheim GmbH, F.R.G.) was administered s.c.
to mice at various time intervals before and afteri.p.
infection with §. aureus Smith ATCC13709 and E.
coli 1.5.5.406 and CN6455. The milk XO was pre-
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Fig. 2. Liver xanthine oxidase increase¢ in 24 + 2 g male
albino mice infected i.p. with Plasmodium berghei 1.S.S.
(1 X 10%10 g). Ten infected and ten control animals were
killed daily by cervical dislocation, their liver excised,
weighed, immediately homogenized and the XO levels
determined. Values are reported as per cent increase of
enzymic activity in infected animals (controls = 0);
O——0 refers to total XO per liver, A~—-A to XO per
mg fresh tissue, and O0-—- 0O to XO per mg protein. The
experiment was interrupted when animals started to die.
*P<0.01, ***P<0.001, without asterisk: not
significant.
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Fig. 3. Liver xanthine oxidase in 23 + 1 g male albino mice
injected i.p. with Ehrlich hyperdiploid carcinoma cells
(4 X 10%animal). Ten injected and ten control animals were
killed daily by cervical dislocation, their liver excised,
weighed, immediately homogenized and the XO levels
determined. Values are reported as per cent increase of
enzymic activity in injected animals (controls = 0);
O——=0 refers to total XO per liver, A——-A to XO per
mg fresh tissue, and OJ-—-0 to XO per mg protein.
** P<0.01, *** P<0.001.

viously dialysed for 24 hr at 4° in 0.01 M phosphate
buffer (pH 7.8) containing 50 mcg/m! EDTA Na;
(ratio of XO:suspension buffer 1:1000v/v), and
then suspended in the same buffer. All controls
received the same volume of buffer as the treated
animals. In all experiments, mortality was evaluated
8 days after infection and the results were statistically
treated with the Fisher exact test.

To assess the effect of SOD on experimental
infection, the survival rate of mice infected i.v. with
S. aureus Smith ATCC13709 and injected s.c. with
7125 units’kg SOD, was evaluated. Diethyldithio-
carbamate (15 mg/kg), an in vivo inhibitor of SOD
[12], was administered i.p. to mice infected i.v. with
S. aureus NCTC8719.

RESULTS

In Fig. 1, maximum liver XO activation occurs on
the second day after bacterial infection and pro-
gressively decreases during the next 6 days. The high
values of XO/mg protein are probably a consequence
of liver steatosis during S. aureus infection.

During Plasmodium berghei infection (Fig. 2),
liver XO activity is characterized by a 4-day induction
phase followed by a sharp response on day 5, which
continues to increase during subsequent days. Figure
3 illustrates liver XO increase in Ehrlich ascitic car-
cinoma. The curve shows two maxima, the first on
day 2 and the second, which is less pronounced, on
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Table 1. The effect of SOD on liver XO activity in controls and in animals infected
with S. aureus CN6538*

XO activity (mcg of iodoformazan/

mg protein/min/37°)

Inhibition
No external SOD +SOD (%)
Controls 16.7 = 1.00 5.9+0.7 64.7
Infected
animals 28921 6.5+x1.1 71.5

* Liver XO activity determined according to Fried [9]. Each value is the mean

from 5 animals.

day 6. The two peaks are separated by a distinct
minimum on day 4.

Addition of SOD during the determination of liver
XO results in a decrease in apparent XO activity;
the relationship of inhibition of XO activity to SOD
concentration (expressed as units/mg liver protein)
is linear in a semi-log plot. In Table 1, the effect of
SOD on control and infected animals is compared.
Inhibition of XO activity by SOD is evident for both
groups, aithough a slightly higher value is observed
with the infected animals.

Administration of partially purified liver XO or
cow milk (a heterologous enzyme) to infected ani-
mals affords significant protection against bacterial
infection (Table 2). The effect is greater when the
enzyme is administered before, rather than after,
infection. Table 3 gives the results of administration
to infected mice of allopurinol and adenine, two
well-known inhibitors of XO. Both substances lead
to an increase in mortality rate, showing a linear
dose—effect relationship.

Administration of SOD to infected animals sig-

Table 2. The effect of administration of mouse liver XO and cow milk XO on bacterial infection in mice

Infecting No. of
micro- micro-
organism organisms/ XO dose Dead/
Group (i.p.) 025ml/10g  (U/10g)* Administration Total P
Controls S. aureus 14/16
Smith
ATCC13709
Mouse liver  S. aureus 1.1 x 10° 0.0203 72, 48,24, 0.5 hr b.i.t 4/16 =<0.01
XO-treated  Smith
ATCC13709
Controls S. aureus 1.75 x 10° 18/18
Smith in 5% hog
ATCC13709  gastric
mucin
Cow milk S. aureus 1.75 x 10° 0.018 3 hrb.i 018  <0.001
XO-treated  Smith in 5% hog
ATCC13709  gastric
mucin
Controls E. coli 47 x 10° 19/22
1.5.5.406
Cow milk E. coli 4.7 x 10° 0.018 3 hrb.i. 11/22 <0.01
XO-treated  1.5.S.406 20, 40 hr a.i.t
Controls E. coli 2.75 x 108 16/18
CN6455
Cow milk E. coli 2.75 x 108 0.020 24,5, 1 hrb.i. 6/18 <0.01
XO-treated  CN6455
Cow milk E. coli 2.75 x 10° 0.020 1, 5,24 hr a.i. 14/18 n.s.§
XO-treated  CN6455

* U = Kalckar units [13].
t b.i. = before infection.
i a.i. = after infection.
§ n.s. = not significant.
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nificantly reduces the survival rate. If diethyldithio-
carbamate, an in vivo inhibitor of SOD [12] is
administered, the survival rate of the infected ani-
mals is significantly improved.

DISCUSSION

Enhancement of liver XO levels has not previously
been considered of importance as a possible defence
mechanism, with the single exception of Buengener
[14], who postulated a role for this enzyme in malarial
infection. We have found that liver XO activity is
significantly increased in bacterial infection, plas-
modium infection and in Ehrlich ascitic carcinoma.
The magnitude and duration of the observed increase
and the similarity of response in such different patho-
logical models lends support to our hypothesis that
the phenomenon represents a non-specific defence
mechanism involving increased oxidative processes.
We have found that most of the XO activity is
expressed as an oxidase, especially in infected ani-
mals (Table 1). Our results also seem to rule out the
possibility that the dehydrogenase is converted into
the oxidase form of the enzyme as a response to
infection.

The protection against bacterial infection observed
when XO is administered directly to the animals,
particularly before infection (Table 2), is further
evidence of a non-specific mechanism. In agreement,
administration of XO inhibitors to infected animals
worsens the infection (Table 3). The results of allo-
purinol administration (Table 3) suggest that allo-
purinol-treated patients may become more suscep-
tible to infection. This possibility is ruled out by
clinical observations on patients normally prone to
infections, such as cancer patients. Moreover, in our
experiments with mice, the deleterious effect of
allopurinol on the infection is observed with doses
9-27 times greater than the therapeutic dose for
human patients. It remains to be clarified whether
the need for this high dosage is due to different
species specificity or is associated with varying drug
penetration at particular sites.

It has been stated that XO, localized in liver cells
in the same cellular compartment as SOD, is the
main producer of superoxide anions in the body (15].
Superoxide anions play a definite role in leucocyte
bactericidal activity during phagocytosis {16, 17], and
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an investigation into the effect of SOD on experi-
mental infection is relevant. We found that SOD
significantly reduced the survival rate« of mice
infected with S. aureus, whilst administration of an
in vivo inhibitor of SOD significantly improved the
infection. With these results in mind, we believe that
the physiological role of XO should be reconsidered
in the light of its possible impact on the defence
systems through the production of superoxide
anions.

All results reported in this paper refer to liver XO;
as an obvious development, levels of this enzyme in
other areas will be studied, commencing with poly-
morphonuclear leucocytes and macrophages. These
might, in fact, represent the final sites of the liver
enzyme.

REFERENCES

—

. E. Tubaro, F. Banci, B. Lotti and C. Croce, Arzneim-
ittel-Forsch. 26, 2185 (1976).
2. E. Tubaro, S. Burberi, B. Lotti and C. Croce., Arz-
neimittel-Forsch. 27, 397 (1977).
3. M. S. Wilder and C. P. J. Sword, J. Bact. 93, 531
(1967).
4. P. F. Crosby, M. L. Matos and E. Rivera-collazo, J.
Parasit. 55, 673 (1969).
5. D. W. Ziegler, H. D. Hutchinson and R. F. Kissling,
Infection Immun. 3, 237 (1971).
6. D. W. Ziegler, H. D. Hutchinson and J. R. Hegner,
Int. J. Biochem. 1, 349 (1970).
7. E. Mitidieri, O. R. Affonso and L. P. Ribeiro, Acta
biol. germ. 32, 695 (1974).
8. V. Dror, Y. Lapper and A. Berman, Nutrition Rep.
Int. 11, 165 (1975).
9. R. Fried, Analyt. Biochem. 16, 427 (1966).
10. M. M. Nachlas, S. I. Marguelies and A. M. Seligman,
J. biol. Chem. 235, 499 (1960).
11. K. Murray, Meth. Enzym. 18 (Pr-B), 210 (1971).
12. R. E. Heikkila, F. S. Cabbat and G. Cohen, Fedn
Proc. 35, 461 (1976).
13. H. M. Kalckar, J. biol. Chem. 167, 429 (1947).
14. W. Buengener, Tropenmed. Parasit. 25, 309 (1974).
15. G. Rotilio, L. Calabrese, A. Finazzi-Agrd, M. P.
Argento-Certl, F. Autuori and B. Mondovi, Biochim.
biophys. Acta 321, 98 (1973).
16. B. M. Babior, J. T. Curnutte and R. S. Kipnes, J. Lab.
clin. Med. 85, 235 (1975).
17. R. B. Johnston, Jr., B. B. Keele, Jr., H. P. Misra, J.
E. Lehmeyer, L. S. Webb, R. L. Baechner and K. U.
Rajagopalan, J. clin. Invest. 55, 1357 (1975).



