
Virchows Arch (1996) 427:529-535 © Springer-Verlag 1996 

M . G .  B a t t e l l i  • L .  B u o n a m i c i  • L .  P o l i t o  • A .  B o l o g n e s i  

E S t i r p e  

Hepatotoxicity of ricin, saporin or a saporin immunotoxin: 
xanthine oxidase activity in rat liver and blood serum 

Received:  25 April 1995 /Accepted: 18 October 1995 

A b s t r a c t  Male Wistar rats each received an i.p. injec- 
tion of the ribosome-inactivating proteins ricin or 
saporin, or a Ber-H2 (anti-CD30)-saporin immunotoxin 
at a dose corresponding to three times the LDs0 calculat- 
ed for mice. Animals were killed 24, 48 or 72 h after 
treatment. Histological examination showed hepatic ne- 
crosis in all treated animals, although the sinusoidal lin- 
ing was affected only in ricin-poisoned rats. The activi- 
ties of xanthine dehydrogenase (D-form) and oxidase (O 
form) were determined spectrophotometrically in liver 
and serum samples. In ricin-treated animals the liver en- 
zyme was progressively converted from the D- to the O- 
form, which accounted for more than 60% of total activi- 
ty after 48 h of poisoning, whilst no change in the xan- 
thine oxidase activity was found in the serum. In the liv- 
er of rats treated with free or Ber-H2-conjugated saporin, 
the D-form was more than 75%, as in normal animals. In 
the same animals the serum xanthine oxidase activity 
was up to three-fold control values. The determination of 
serum xanthine oxidase may prove helpful in the evalua- 
tion of liver damage in patients treated with immunotox- 
ins. It may become a diagnostic tool for the differential 
diagnosis of liver diseases. 
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Introduction 

Ribosome-inactivating proteins (RIPs; reviewed in [5]) 
are RNA N-glycosidases that cleave one or more [4] ade- 
nine residues from rRNA. They are single-chain (type 1) 
or two- or four-chain proteins (type 2), in which an enzy- 
matically active A-chain is linked to a B-chain that is a 
galactose-specific lectin. The B-chain binds to cells, al- 
lowing the entry of the A-chain, which damages ribo- 
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somes, thus arresting protein synthesis and killing the 
cell. Consequently ricin and most other type-2 RIPs are 
highly potent toxins, with LDs0s for mice in the order of 
few micrograms per kilogram of body weight. Saporin i s  

a type-1 RIP that is functionally similar to the A-chains 
of ricin and related toxins. Type-1 RIPs enter ceils l e s s  

easily than type-2 RIPs and consequently have only one 
thousandth the toxicity to animals (LDs0 for mice in the 
order of milligrams per kilogram of body weight). Se- 
vere liver damage is constantly observed in rats poisoned 
with lethal doses of ricin [14] or RIPs [5]. 

Ribosome-inactivating proteins of either type have 
been used to prepare immunotoxins, conjugates of toxins 
and antibodies, specifically toxic to the cellullar target of 
the antibody used (revigwed in [21, 48]). Immunotoxins 
are currently being studied for their ability to eliminate 
harmful (often malignant) cells, and some are in clinical 
trial [21]. The toxin moiety most commonly used to con- 
struct immunotoxins is the A-chain of ricin, the toxin of 
Ricinus communis. More recently, however, immunotox- 
ins have been prepared with type-1 RIPs, which are more 
stable and safer to handle than ricin A-chain, and in some 
c a s e s  have given more active immunotoxins [18, 45]. 

An immunotoxin containing saporin covalently linked 
to a Bet-H2 (anti-CD30) monoclonal antibody has been 
recently described [45]. The Ber-H2 antibody, directed 
against the CD30 (Ki-1) antigen [38], is present on a small 
population of normal lymphoblasts as well as on Hodgkin 
and Reed-Steinberg cells in Hodgkin's disease [42J. The 
Ber-H2/saporin immunotoxin was used in a phase I clini- 
cal trial [16] where patients had liver damage, as shown 
by the increase in serum transaminases. This is consistent 
both with the reports of liver lesions observed in mice giv- 
en lethal doses of saporin or saporin-IgG conjugates, the 
latter having a higher non-specific toxicity than free 
saporin [7, 43], and with the hepatotoxicity sometimes re- 
ported as a side-effect of the therapeutic use of RIP-con- 
taining immunotoxins (reviewed in [21]). 

Liver damage often brings about changes in the activ- 
ity of xanthine oxidase. This enzyme is present in several 
mammalian tissues, being especially abundant in liver 
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and intestine (reviewed in [35]). The natural form of  the 
enzyme is a NAD+-dependent  dehydrogenase  (D-form, 
EC 1.1.1.204), which can be converted into an oxidase 
(O-form, EC 1.1.3.2.2) either irreversibly, by limited 
proteolysis [12], or in a reversible manner  by chemical  
[13] or enzymat ic  [6] oxidation o f  thiol groups. The re- 
versible conversion also gives rise to an intermediate 
form, which is able to react with both NAD + and oxygen  
[13, 26]. The enzyme  in its O-forms generates superox- 
ide anion and hydrogen  peroxide, which in turn may 
originate hydroxyl  radical in the presence of  traces o f  
transition metals [27]. 

The conversion f rom D-form to O-form appears to oc- 
cur in ischaemia [15, 36] and ischaemia/reperfusion or 
hypoxia / reoxygenat ion  (reviewed in [25]). In these con- 
ditions tissue damage may  be aggravated by the action of  
the free oxygen  radicals produced by the enzyme  in its 
O-forms (reviewed in [11]). Moreover,  in several patho- 
logic conditions the enzyme escapes f rom damaged  cells, 
passing into blood plasma. These conditions include liv- 
er damage  in experimental  carbon tetrachloride poison- 
ing [1], human hepatitis [22, 30, 37, 39], halothane ana- 
esthesia both in rat [23] and in man [24], tourniquet-re- 
lated ischaemia and reperfusion in man [20] or after ex- 
perimental  haemorrhagic  shock in rat [44], infection by 
influenza virus in rat [33] and rheumatic inf lammatory  
diseases in man [31]. It is noteworthy that the leakage of  
xanthine oxidase appears to precede that of  other enzyme  
markers of  liver damage  [37]. In the plasma the enzyme 
is rapidly converted to the O-form [8], which, *hrough 
the product ion of  free radicals, can cause distant dam- 
age, especially to endothelial cells [50]. 

The present experiments were performed to ascertain 
whether modificat ions o f  the xanthine oxidase activity in 
rat liver and blood plasma occur  as a consequence o f  the 
hepatotoxic damage  induced by ricin, saporin or a 
saporin immunotoxin.  

Materials and methods 

Materials 

Ricin was prepared as previously described [32]. Saporin (saporin- 
$6, according to the nomenclature proposed in [5]) was prepared 
as described elsewhere [3]. The Ber-H2 monoclonal antibody 
(IgG1 subclass [38]) was a generous gift from Dr. B. Falini, Isti- 
tuto di Ematologia, Policlinico Monteluce, Perugia, Italy. 

Immunotoxin 

Ber-H2/saporin immunotoxin was prepared as described elsewhere 
[45] with sulfhydryl-modified antibody and saporin, the latter trace- 
labelled with Na125I (Amersham International, Bucks., UK) by the 
method of Fraker and Speck [19] with the Iodogen reagent (Pierce, 
Chester, UK). The conjugate was separated from unreacted compo- 
nents and from high M I. conjugates by gel filtration through a Sepha- 
cryl S-200 high resolution (Pharmacia LKB Biotech, Uppsala, Swe- 
den) column. The saporin-to-antibody ratio in the conjugate was es- 
timated from the radioactivity content and from the protein concen- 
tration measured from the A280. RIP activity was assayed on a rabbit 
reticulocyte lysate [2] as described previously [34]. The immuno- 
toxin was reduced for 30 min at 37°C in the presence of 20 mM 2- 
mercaptoethanol prior to addition to the assay mixture. 

Animals 

Male rats of the Wistar strain, average body weight 200 g, were 
used. The animals had free access to food and water, and the na- 
tional guidelines for the care and use of laboratory animals were 
followed. To induce liver damage, the rats received Ber- 
H2/saporin immunotoxin (3 mg/kg i.p., as saporin, corresponding 
to 3xLDs0 for mice), or saporin (6 or 12 mg/kg i.p., i.e. 1.5x and 
3xLDs0, respectively), or ricin (10 gg/kg i.p., i.e. 3xLDs0 ) dis- 
solved in phosphate-buffered saline (0.15 M NaCI containing 
5 mM Na-phosphate buffer, pH 7.4). For each experimental group 
normal rats were killed at the same time as controls. 

Determination of xanthine dehydrogenase/oxidase activity 

At the appropriate time after poisoning, rats were killed by guillo- 
tining, the blood was collected, and the liver was quickly excised, 
cooled in ice-cold 50 mM Na-phosphate buffer, pH 7.4, containing 
1 mM EDTA, and homogenised in the same buffer (5 ml/g of liv- 
er). The homogenate was centrifuged at 30,000 g for 15 min at 
4°C, and the supernatant was centrifuged again at 100,000 g for 
60 min at 4°C. The final supernatant and blood serum were dia- 
lysed extensively against the homogenising buffer at 4°C and used 
for xanthine oxidase and dehydrogenase determinations as de- 
scribed elsewhere for liver supernatant [12] and for blood serum 
[8]. Xanthine dehydrogenase activity was determined spectropho- 
tometrically at 28°C by measuring the formation of NADH at 
340 nm. The oxidase and total (oxidase+dehydrogenase) activities 
of the enzyme were determined by measuring the formation of 
uric acid at 292 nm in the absence (oxidase activity) or in the pres- 
ence (total activity) of NAD ÷. 

The reversibility of xanthine oxidase from the O-form to the 
D-form was determined by measuring the enzyme activity after in- 
cubation of the samples with 20 mM dithiothreitol for 20 min at 
37°C [13]. 

Protein determination 

Protein was determined by the method of Lowry et al. [28], with 
bovine serum albumin (Sigma, St Louis, Mo.) as a standard. 

Histological techniques 

Liver specimens were fixed in 3.7% formaldehyde, dehydrated 
through graded ethanols, embedded in paraffin and cut in 4 gm- 
thick sections, which were stained with haematoxylin/eosin for 
histological examination. 

Statistical analysis 

Results are given as means_+SEM. Student's t-test was used for 
statistical comparisons. At P<0.05 the differences were considered 
statistically significant. 

Results 

Immunotox in  

The Ber-H2/saporin immunotoxin  contained an average 
of  1.63 mol  saporin/mol antibody. Saporin inhibited by 
50% protein synthesis by a rabbit ret iculocyte lysate at 
the concentrat ion (ICs0) 0 .41x10 -1° M before and 
1.87x10 ~0 M after the conjugation to Ber-H2 monoclo-  
nal antibody. 
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Fig. 1 Histological liver alterations in rats poisoned 48 h before 
being killed with a ricin (10 btg/kg body weight): some capillaries 
packed with erythrocytes and small areas of necrosis; b the same: 
damage to the sinusoidal lining; e saporin (6 mg/kg body weight): 

some isolated necrotic parenchymal cells; d Ber-H2/saporin 
(3 mg/kg body weight as saporin): an area of necrosis. HE, a 
x600, b x1500, e x600, d x600 
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Pathology and histopathology 

Rats were poisoned with ricin prepared as in previous re- 
search [14] to ensure reproducibility of  effects, and the 
lesions observed in rats used in the present experiments 
were indeed identical to those described previously. Mac- 
roscopically, the intestine was hyperaemic, there was as- 
cites, and the liver appeared enlarged, congested and very 
dark in colour, indicating defective oxygenation. These 
gross changes were consistent with the stasis of  blood 
suggested by the swelling of sinusoids observed in histo- 
logical sections (Fig. la). Furthermore, the histological 
examination showed patches of necrosis in parenchymal 
cells, extravasation of some erythrocytes (Fig. la) and 
damage to the sinusoidal cell lining (Fig. lb). 

Lethal doses of saporin and saporin immunotoxins 
caused lesions in the livers of rats, and these were com- 
parable to those observed in mice [7, 43]. Macroscopic- 
ally, the liver appeared enlarged, soft and creamy in col- 
our. Consistently, histological examination (Fig. lc, d) 
showed swelling and vacuoles reminiscent of fatty 
changes in parenchymal cells. Moreover, necrosis of iso- 
lated parenchymal cells with condensation and margin- 
ation of the chromatin was observed, whereas the sinu- 
soids were not affected. The necrosis in the liver was 
more severe for immunotoxin-treated than for saporin- 

treated rats; in the former larger numbers of  cells were 
involved, sometimes grouped in small areas (Fig. ld). 

Xanthine dehydrogenase/oxidase activity 

In the liver of rats poisoned with ricin a modest and not 
statistically significant increase of  total xanthine oxidase 
activity was observed. The enzyme was progressively 
converted fron~ the D-form to the O-form, which in- 
creased from an initial 9% to account for more than 60% 
of total activity after 48 h of  poisoning (Table 1). In all 
cases this conversion was fully reversible after treatment 
of  the samples with dithiothreitol (results not shown). No 
significant changes were observed in the enzyme activity 
in blood serum of ricin-treated rats. 

In rats poisoned with either 6 or 12 mg saporin per kg 
the serum xanthine oxidase activity was up to three-fold 
control values as early as 24 h after poisoning. Only a 
modest increase in the percentage of the O-form was ob- 
served in the liver of  the same rats. This change was not 
statistically significant and was not dose- or time-related. 
No significant changes were observed in the total activity 
of the liver enzyme (Table 2). 

A similar increase in xanthine oxidase activity was 
present in the blood serum of rats 48 h after receiving le- 

Table 1 Xanthine oxidase activity in the liver and serum of ricin- 
treated rats. To determine the oxidase activity, the reaction mixture 
contained 50 mM Tris-HC1 buffer, pH 8.1, 60 gM xanthine (Sig- 
ma, St Louis, Mo.) and the appropriate amount of liver superna- 
rant or blood serum. Xanthine oxidase in serum was present only 
in the O-form. Total and dehydrogenase activities were deter- 
mined in the presence of 0.67 mM NAD ÷ (Boehringer Mannheim 

Italia, Milan, Italy). The percentages of the oxidase and dehydro- 
genase activities were calculated, assuming as 100% the total ac- 
tivity of each sample. The sum of the O- and the D-forms may ex- 
ceed 100% when part of the enzyme is in the intermediate form. A 
unit of enzyme activity is defined as the formation of 1 gmol of 
NADH or uric acid per min at 28°C. Values given are 
means_+SEM of the indicated number of animals 

Treatment Time (h) Rats (n) Liver Serum 

Total activity O-form (%) D-form (%) Enzyme activity 
(mU/mg proteins) (mU/100 gl) 

None(control) 4 2.69±0.28 9±3 90±4 0.81±0.04 
Ricin(gg/kg) 

10 24 6 3.02±0.32 32±4* 71±8 0.60±0.05 
10 48 5 3.3520.14 62±8* 51±10" 0.92±0.07 

*P<0.05 (difference from controls) 

Table 2 Xanthine oxidase activity in the liver and serum of saporin-treated rats (experimental conditions and calculations as in Table 1). 
Xanthine oxidase was present in serum only in the O-form. Values given are means±SEM of the indicated number of animals 

Treatment Time (h) Rats (n) Liver 

Total activity 
(mU/mg proteins) 

O-form (%) D-form (%) 

Serum 

Enzyme activity 
(mU/100 g 1) 

None(con~ol) 7 2.67±0.30 
Saporin(mg/kg) 

6.0 24 4 2.78±0.18 
6.0 48 4 2.41±0.20 
6.0 72 5 2.89±0.15 

12.0 24 6 2.75±0.16 
12.0 72 2 2.96±0.30 

14±3 89±3 

22±4 85±2 
28±7 75210 
20±2 89±4 
22±3 77±4 
25±6 83±8 

0.61±0.07 

1.59±0.22" 
1.62±0.18" 
1.25±0.23" 
1.69±0.39" 
1.70±0.09" 

*P<0.05 (difference from controls) 



Table 3 Xanthine oxidase activity in the liver and serum of Ber- 
H2/saporin-treated rats. The dose of immunotoxin was expressed 
as saporin (experimental conditions and calculations as in Table 
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1). Xanthine oxidase was present in serum only in the O-form. 
Values given are mean±SEM of the indicated number of animals 

Treatment Time (h) Rats (n) Liver 

Total activity 
(mU/mg proteins) 

O-form (%) D-form (%) 

Serum 

Enzyme activity 
(mU/100 btl) 

None(control) 6 2.29±0.25 
Ber-H2/saporin (mg/kg) 

3 24 4 2.21±0.11 
3 48 6 2.57±0.10 
3 72 3 1.96±0.13 

17±2 82±4 0.58±0.08 

15±1 78±3 0.95±0.14" 
16±1 86±2 1,62±0.23" 
24±10 80±7 1.17±0.26" 

*P<0.05 (difference from controls) 

thal doses of Ber-H2/saporin, whereas the enzyme activi- 
ty in liver was unchanged (Table 3). 

Discussion 

We ran parallel studies in rats poisoned with ricin, 
saporin and Ber-H2/saporin immunotoxin at lethal doses, 
which all induced liver necrosis. The effect of free Bet- 
H2 was not tested, since this antibody did not cause any 
detectable damage when injected into patients [17]. In 
keeping with previous observations (reviewed in [5]), 
there were differences between the histological lesions 
brought about by ricin and those brought about by free or 
conjugated saporin. The reasons for these differences in 
the effects of proteins with the same enzymatic activity 
are not yet understood. Presumably, the presence of the 
B-chain in ricin and of the antibody in the immunotoxin 
may affect the uptake by different cell types and the in- 
tracellular routing of the molecule. Indeed, the total in 
vivo uptake of ricin [40, 41] by rat non-parenchymal 
cells was higher than that by parenchymal cells, whereas 
the uptake of Ber-H2/saporin [9] by both cell types was 
almost the same. However, the in vitro protein synthesis 
was inhibited more strongly in non-parenchymal than in 
parenchymal cells, both by ricin [40] and by Ber- 
H2/saporin [9]. 

The presence of vacuoles reminiscent of fatty changes 
in the livers of rats treated with free or conjugated 
saporin may be due to the inhibition of protein synthesis. 
The weaker evidence for this type of damage in the liver 
of ricin-treated rats could be due to the high uptake of ri- 
cin by non-parenchymal cells [29, 40], which appeared 
to have been killed 24 h before parenchymal cells, sug- 
gesting that the necrosis of the latter cells was a conse- 
quence of circulatory alterations consequent to the dam- 
age to the sinusoidal lining [14]. 

It is noteworthy that the pathological and histological 
changes observed in the liver of rats treated with both 
saporin or Ber-H2/saporin are qualitatively similar, al- 
though the alterations induced by the immunotoxin are 
more severe than those produced by free saporin. This 
result is consistent with the higher non-specific toxicity 
of immunotoxins than of free saporin [7, 43]. 

Both type-1 and type-2 RIPs affected xanthine oxi- 
dase activity, although in different ways. Ricin poisoning 
brought about some conversion of the xanthine oxidase 
from the D-form to the O-form in the liver, whereas in 
the animals treated with saporin or immunotoxin no sig- 
nificant conversion was observed. Presumably this dif- 
ference was associated with the diversity in liver damage 
observed in the two conditions, namely a distribution of 
the necrosis affecting only parenchymal cells with free 
or conjugated saporin, or both parenchymal cells and si- 
nusoids with ricin. The subsequent blood stasis in the 
case of ricin-treated rats produced further changes. 

These differences suggest that the conversion from 
xanthine dehydrogenase to oxidase observed in the con- 
gested livers of ricin-intoxicated rats is not a conse- 
quence of necrosis, which is present in all poisoned ani- 
mals, but rather a consequence of the poor oxygen sup- 
ply due to the clotted plasma and platelet thrombi de- 
scribed in the liver sinusoids of rats 48 h after ricin treat- 
ment [14]. This conversion of the enzyme is consistent 
with the effects of ischaemia [15] and of hypoxia [10] on 
rat liver, and of hypoxia on isolated hepatocytes [8]. 
Moreover, the conversion induced by ricin in the liver 
enzyme was fully reversible, and thus must have been 
due to oxidation of enzymatic thiol groups and not to 
proteolysis. The blood stasis could also be responsible 
for the slight enhancement of total xanthine oxidase ac- 
tivity observed in the livers of rats treated with ricin. In- 
deed, an increased xanthine oxidase activity at low oxy- 
gen tension has been reported [47]. 

Present experiments demonstrate that the administra- 
tion of lethal doses of saporin or immunotoxin induces a 
marked enhancement of xanthine oxidase in rat blood 
plasma. This is another difference between the effects of 
ricin on the one hand and saporin and the immunotoxin 
on the other. The possibility should be considered that in 
ricin-poisoned rats the enzyme was released, but did not 
pass into the general circulation owing to liver stasis and 
consequent decreased blood circulation. 

The increase of serum xanthine oxidase was compara- 
ble in animals poisoned with immunotoxin or with an 
amount of free saporin higher than that present in the im- 
munotoxin, but equivalent in terms of toxicity. The cor- 
relation between the elevation of serum enzyme and the 
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liver lesions suggests (1) that this increment was due to 
leakage of xanthine oxidase out of  liver cells and (2) that 
the changes are due to the saporin, which is consistent 
with the lack of effects of  the free Ber-H2 antibody on 
hepatocytes [9]. 

The elevation of serum xanthine oxidase without the 
conversion of liver xanthine dehydrogenase after the poi- 
soning with free or conjugated saporin suggests that in 
these cases the enzyme can leak out from necrotic cells 
in the D-form, the conversion occurring in plasma any- 
way [8]. The increment in serum xanthine oxidase activi- 
ty without a measurable decrease in total liver activity is 
compatible with the high concentration of the enzyme in 
the liver and consistent with the extension of necrosis 
observed in the hepatocytes. Similarly, the elevation of 
xanthine oxidase activity in rat serum following haem- 
orragic shock was not associated with any significant 
change of the enzyme activity in liver, intestine, kidney, 
or lung [44]. 

The possibility was considered that the increased xan- 
thine oxidase activity found in the serum of rats intoxi- 
cated with saporin or with immunotoxin could be due to 
the enzyme coming from the intestine, which is the or- 
gan richest in xanthine oxidase [35]. Although ricin 
causes severe intestinal lesions [49], the xanthine oxi- 
dase activity was not increased in the serum of ricin-poi- 
soned rats. Thus, it seems unlikely that the excess of  
xanthine oxidase in the serum of rats treated with free or 
conjugated saporin came from the intestine, which in 
these animals did not appear to be damaged, which is 
consistent with previous observations [7]. 

Although xanthine oxidase is normally present in rat 
serum, and no tissue injury is apparently caused by its 
activity, it is possible that the antioxidant defences of 
plasma are overwhelmed by the elevation in oxygen ac- 
tive species produced by the xanthine oxidase leaked out 
from hepatocytes. As a consequence, a direct injury to 
vascular endothelium may follow, and tissue damage 
could be mediated and/or amplified by neutrophil activa- 
tion (reviewed in [25]). In keeping with this, lung dam- 
age was associated with the increase of circulating en- 
zyme level after intestinal ischaemia-reperfusion [46]. 

A leakage of xanthine oxidase will probably occur as 
a consequence of the liver damage observed in patients 
treated with immunotoxins containing saporin [16] and 
possibly with other immunotoxins. Were the enzyme 
present in plasma, it might cause endothelial damage 
[50] and could contribute to the pathogenesis of the cap- 
illary leak syndrome, a major side-effect of  immunotox- 
ins [48]. Also, the determination of serum xanthine oxi- 
dase may be useful to detect and assess liver damage in 
patients treated with immunotoxins containing saporin 
and presumably other toxins. 

The fact that the xanthine oxidase activity is increased 
in the serum of rats poisoned with saporin or saporin im- 
munotoxin, but not of  rats poisoned with ricin, could 
mean that the enzyme is released from hepatocytes only 
in certain types of  liver damage. I f  this is so, then the de- 
termination of plasma xanthine oxidase could be applied 

as a diagnostic tool in the differential diagnosis of liver 
diseases; this would be particularly useful and sensitive 
in human medicine, since human serum is normally de- 
void of xanthine oxidase [35]. 

Acknowledgements We are grateful to Professor Massimo Der- 
enzini for his help with the histological examination. This work 
was supported by the Consiglio Nazionale delle Ricerche, Rome, 
within the Progetti Finalizzati "Biotecnologie e Biostrumentazi- 
one" and "ACRO"; by the Ministero dell'Universit~t e della Ricer- 
ca Scientifica e Tecnologica, Rome, by the Associazione Italiana 
per la Ricerca sul Cancro, Milan, by the Regione Emilia Romag- 
ha, Bologna and by the Pallotti Legacy for Cancer Research. 

References 

1. AI-Khalidi UAS, Geha RS (1966) The sensitivity of serum 
xanthine oxidase and serum glutamic pyruvic transaminase in 
detecting liver damage. Clin Chim Acta 14:833-835 

2. Allen EH, Schweet RS (1962) Synthesis of hemoglobin in a 
cell-free system. I. Properties of the complete system. J Biol 
Chem 237:760-767 

3. Barbieri L, Stoppa C, Bolognesi A (1987) Large scale chro- 
matographic purification of ribosome-inactivating proteins. 
J Chromatogr 408:235-243 

4. Barbieri L, Ferreras JM, Barraco A, Ricci P, Stirpe F (1992) 
Ribosome-inactivating proteins depurinate ribosomal RNA at 
multiple sites. Biochem J 286:1--4 

5. Barbieri L, Battelli MG, Stirpe F (1993) Ribosome-inactivating 
proteins from plants. Biochim Biophys Acta 1154:237-282 

6. Battelli MG (1980) Enzymatic conversion of rat liver xanthine 
oxidase from dehydrogenase (D form) to oxidase (O form). 
FEBS Lett 113:47-51 

7. Battelli MG, Barbieri L, Stirpe F (1990) Toxicity of, and histo- 
logical lesions caused by, ribosome-inactivating proteins, their 
IgG-conjugates, and their homopolymers. Acta Pathol Micro- 
biol Immunol Scand 98:585-593 

8. Battelli MG, Abbondanza A, Stirpe F (1992) Effects of hypox- 
ia and ethanol on the xanthine oxidase of isolated hepatocytes: 
conversion from D to O form and leakage from cells. Chem 
Biol Interact 83:73-84 

9. Battelli MG, Buonamici L, Bolognesi A, Stirpe F (1994) In vi- 
vo and vitro uptake of an anti-CD30/saporin immunotoxin by 
rat liver parenchymal and non parenchymal cells. Hepatology 
20:940-947 

10. Brass CA, Narciso J, Gollan JL (1991) Enhanced activity of 
the free radical producing enzyme xanthine oxidase in hypoxic 
rat liver. J Clin Invest 87:424-431 

11. De Groot H, Littauer A (1989) Hypoxia, reactive oxygen, and 
ceil injury. Free Radic Biol Med 6:541-551 

12. Della Corte E, Stirpe F (1968) The regulation of rat liver xan- 
thine oxidase: activation by proteolytic enzymes. FEBS Lett 2: 
83-84 

13. Della Corte E, Stirpe F (1972) The regulation of rat liver xan- 
thine oxidase. Involvement of thiol groups in the conversion of 
the enzyme activity from dehydrogenase (type D) into oxidase 
(type O) and purification of the enzyme. Biochem J 126: 
739-745 

14. Derenzini M, Bonetti E, Marinozzi V, Stirpe F (1976) Toxic 
effects of ricin. Studies on the pathogenesis of liver lesions. 
Virchows Arch [B] 20:15-28 

15. Engerson TD0 McKelvey TG, Rhyne DB, Boggio EB, Snyder 
S J, Jones HP (1987) Conversion of xanthine dehydrogenase to 
oxidase in ischemic rat tissues. J Clin Invest 79:1564-1570 

16. Falini B, Bolognesi A, Flenghi L, Tazzari PL, Broe MK, Stein 
H, Dtirkop H, Aversa F, Corneli R Pizzolo G, Barbabietola G, 
Sabattini E, Pileri S, Martelli ME Stirpe F (1992) Response of 
refractory Hodgkin's disease to monoclonal anti-CD30 immu- 
notoxin. Lancet 339:1195-1196 



535 

17. Falini B, Flenghi L, Fedeli L, Broe MK, Bonino C, Stein H, 
Dfirkop H, Bigerna B, Barbabietola G, Venturi S, Aversa R Pi- 
zzolo G, Bartoli A, Pileri S, Sabattini E, Palumbo R, Martelli 
MF (1992) In vivo targeting of Hodgkin and Reed-Steinberg 
cells of Hodgkin's disease with monoclonal antibody Ber-H2 
(CD30): immunohistological evidence. Br J Haematol 82:38-45 

18. Fishwild DM, WU HM, Carrol SF, Bernhard SL (1994) Char- 
acterization of the increased cytotoxicity of gelonin anti-T cell 
immunoconjugates compared with ricin A chain immunocon- 
j ugates. Clin Exp Immunol 97:10-18 

19. Fraker PJ, Speck JC Jr (1978) Protein and cell membrane iodi- 
nations with a sparingly soluble chloroamide, 1,3,4,6-tetrachlo- 
ro-3a,6a-diphenylgtycoluril. Biochem Biophys Res Commun 
80:849-857 

20. Friedl HP, Till GO, Trentz GO, Ward PA (1991) Role of oxy- 
gen radicals in tourniquet-related ischemia-reperfusion injury 
of human patients. Klin Wochenschr 69:1109-1112 

21. Ghetie V, Vitetta ES (1994) Immunotoxins in the therapy of 
cancer: from bench to clinic. Pharmacol Ther 63:209-234 

22. Giler S, Sperling O, Brosh S, Urca I, Vries A de (1975) Serum 
xanthine oxidase in jaundice. Clin Chim Acta 63:37-40 

23. Giler S, Ventura E, Levy E, Urca I, Sperling O, Vries A de 
(1976) Elevation of serum xanthine oxidase following halo- 
thane anesthesia in the rat. Experientia 32:620-621 

24. Giler S, Eshel Y, Pinkhas J, Ventura E, Levy E, Urca I, Sperling 
O, Vries A de (1977) Elevation of serum xanthine oxidase fol- 
lowing halothane anesthesia in man. Experientia 33:1356-1358 

25. Jaeschke H (1991) Reactive oxygen and ischemia/reperfusion 
injury of the liver. Chem Biol Interact 79:115-136 

26. Kaminski ZW, Jezewska MM (1979) Intermediate dehydroge- 
nase-oxidase form of xanthine oxidoreductase in rat liver. Bio- 
chem J 181:177-182 

27. Kuppusamy R Zweier JL (1989) Characterization of free radi- 
cal generation by xanthine oxidase - evidence for hydroxyl 
radical generation. J Biol Chem 264:9880-9884 

28. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro- 
tein measurement with the Folin phenol reagent. J Biol Chem 
193:265-275 

29. Magmisson S, Berg T (1993) Endocytosis of ricin by rat liver 
cells in vivo and in vitro is mainly mediated by mannose recep- 
tors on sinusoidal endothelial cells. Biochem J 291:749-755 

30. McHale A, Grimes H, Coughlan MP (1979) Human serum 
xanthine oxidase: ftuorometric assay applicable to the investi- 
gation of liver disorders. Int J Biochem 10:317-319 

31. Miesel R, Uber M (1993) Elevated levels of xanthine oxidase 
in serum of patients with inflammatory and autoimmune rheu- 
matic diseases. Inflammation 17:551-561 

32. Moult Y (1951) Pr6paration et toxicit6 de la ricine pure. Bull 
Soc Chim Biol 33:1461-1466 

33. Oda T, Akaike T, Hamamoto T, Suzuki F, Hirano T, Maeda H. 
(1989) Oxygen radicals in influenza-induced pathogenesis and 
treatment with pyran polymer-conjugated SOD. Science 244: 
974-976 

34. Parente A, De Luca P, Bolognesi A, Barbieri L, Battelli MG, 
Abbondanza A, Sande MJW, Gigliano GS, Tazzari PL, Stirpe 
F (1993) Purification and partial characterization of single- 
chain ribosome-inactivating proteins from the seeds of Phy- 
tolacca dioica L. Biochim Biophys Acta 1216:43-49 

35. Parks DA, Granger DN (1986) Xanthine oxidase: biochemis- 
try, distribution and physiology. Acta Physiol Scand Suppl 548: 
87-99 

36. Parks DA, Williams TK, Beckman JS (1988) Conversion of 
xanthine dehydrogenase to oxidase in ischemic rat intestine: a 
reevaluation. Am J Physiol 254:G768-G774 

37. Ramboer C, Piessens F, Groote J de (1972) Serum xanthine 
oxidase and liver disease. Digestion 7:183-195 

38. Schwarting R, Gerdes J, Durkop H, Falini B, Pileri, Stein H 
(1989) Ber-H2: a new anti-K1 (CD30) monoclonal antibody 
directed at a formol-resistant epitope. Blood 74:1678-1689 

39. Shamma'a MH, Nasrallah S, Chaglassian T, Kachadurian A, 
A1-Khalidi UAS (1965) Serum xanthine oxidase: a sensitive 
test of acute liver injury. Gastroenterology 48:226-230 

40. Skilleter DN, Paine AJ, Stirpe F (1981) A comparison of the 
accumulation of ricin by hepatic parenchymal and non paren- 
chymal cells and its inhibition of protein synthesis. Biochim 
Biophys Acta 677:495-500 

41. Skilleter DN, Price RJ, Thorpe PE (1985) Modification of the 
carbohydrate in ricin with metaperiodate and cyanoborohy- 
dride mixtures: effect on binding, uptake and toxicity to paren- 
chymal and non-parenchymal cells of rat liver. Biochim Bio- 
phys Acta 842:12-21 

42. Stein H, Mason DY, Gerdes J, O'Connor N, Wainscoat J, 
Pallesen G, Garter K, Falini B, Delsol G, Lemke H, Schwar- 
ting R, Lennert K (1985) The expression of the Hodgkin's dis- 
ease-associated antigen Ki-1 in reactive and neoplastic lym- 
phoid tissue: evidence that Reed-Sternberg and histiocytic ma- 
lignancies are derived from activated lymphoid cells. Blood 
66:848-858 

43. Stirpe F, Derenzini M, Barbieri L, Farabegoli F, Brown ANF, 
Knowles PR Thorpe PE (1987) Hepatotoxicity of immunotox- 
ins made with saporin, a ribosome-inactivating protein from 
Saponaria officinalis. Virchows Arch [B] 53:259-271 

44. Tan S, Yokoyama Y, Dickens E, Cash TG, Freeman BA, Parks 
DA (1993) Xanthine oxidase activity in the circulation of rats 
following hemorrhagic shock. Free Radic Biol Med 15:407-414 

45. Tazzari PL, Bolognesi A, De Totero D, Falini B, Lemoli RM, 
Soria MR, Pileri S, Gobbi M, Stein H, Flenghi L, Martelli MF, 
Stirpe F (1992) Ber-H2 (anti-CD30)-saporin immunotoxin: a 
new tool for the treatment of Hodgkin's disease and CD30+ 
lymphoma. In vitro evaluation. Br J HaematoI 81:203-211 

46. Terada LS, Dormish JJ, Shanley PF, Left JA, Anderson BO, 
Repine JE (1992) Circulating xanthine oxidase mediates lung 
neutrophil sequestration after intestinal ischemia-reperfusion. 
Am J Physiol 263:L394-E401 

47. Terada LS, Guidot DM, Left JA, Willingham IR, Hanley ME, 
Piermattei D, Repine JE (1992) Hypoxia injures endothelial 
cells by increasing endogenous xanthine oxidase activity. Proc 
Natl Acad Sci USA 89:3362-3366 

48. Vitetta ES, Stone M, Amlot R Fay J, May R, Till M, Newman 
J, Clark R Collins R, Cunningham D, Ghetie V, Uhr JW, 
Thorpe PE (1991) Phase I immunotoxin trial in patients with 
B-cell lymphoma. Cancer Res 51:4052-4058 

49. Waller GR, Ebner KE, Scroggs RA, Das Gupta BR, Corcoran 
JB (1966) Studies on the toxic action of ricin. Proc Soc Exp 
Biol Mecl 121:685-691 

50. Yokoyama Y, Beckman JS, Beckman TK, Wheat JK, Cash TG, 
Freeman BA, Parks DA (1990) Circulating xanthine oxidase: 
potential mediator of ischemic injury. Am J Physiol 258: 
G654-G570 


