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Summary. We present an in vivo model for specific pro- 
tection of normal hepatocytes from damage by the highly 
specific hepatotoxin galactosamine. The idea is based on 
the fact that normal, unlike malignant, hepatocytes possess 
unique cell-surface receptors that can bind and internalize 
galactose terminal (asialo)glycoproteins by receptor-medi- 
ated endocytosis. A targetable carder-antagonist conjugate 
was formed by coupling asialofetuin to the galactosamine 
antagonist uridine monophosphate. Intravenous injection 
of the antagonist conjugate resulted in specific uptake by 
the liver. Rats treated with carder-antagonist conjugate 
together with a toxic dose of galactosamine developed 
significantly less hepatotoxicity than did controls. We con- 
clude that a galactosamine antagonist can be targeted to 
liver, resulting in specific protection of hepatocytes from 
galactosamine toxicity in vivo. Because hepatoma ceils 
lack asialoglycoprotein receptor activity, this "targeted res- 
cue" may be of value in the differential protection of nor- 
mal cells in the treatment of hepatocellular carcinoma. 

Introduction 

Chemotherapeutic agents currently used to treat hepato- 
cellular carcinoma are typically unsuccessful, largely be- 
cause they lack organ specificity. The use of galactosamine 
has been explored because it is a highly selective liver 
toxin in vitro and in vivo. The selectivity is due to elevated 
intrahepatic levels of two enzymes of the galactose meta- 
bolic pathway, galactokinase and UDP-glucose: galactose- 
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1-P-uridyltransferase [2, 4], that allow galactosamine to be 
metabolized as a galactose analog [13]. This eventually 
leads to trapping and depletion of intracellular uridine in- 
termediates in hepatocytes and hepatocyte-derived cells 
[ 16]. However, use of galactosamine as an antitumor agent 
is problematic: the high doses of galactosamine required to 
destroy hepatoma cells are also toxic to normal hepato- 
cytes. 

We have previously shown that a galactosamine antag- 
onist can be targeted to hepatocytes, specifically protecting 
them from galactosamine toxicity in vitro [30]. In the work 
described below, we present evidence that targeted protec- 
tion of normal hepatocytes from galactosamine toxicity is 
also possible in vivo. 

Our experiments were based on three facts: (1) galac- 
tosamine is a highly specific hepatotoxin that causes a 
dose-dependent depletion of essential uridine intermedi- 
ates [16]; (2) galactosamine toxicity can be antagonized by 
supplemental administration of uridine [5]; and (3) normal 
hepatocytes possess unique receptors that bind and inter- 
nalize asialoglycoproteins (glycoproteins bearing terminal 
galactose residues) [1]. The internalized asialoglyco- 
proteins are delivered to lysosomes and degraded [6]. We 
hypothesized that if a uridine intermediate were coupled to 
an asialoglycoprotein, the antagonist could be specifically 
delivered to normal hepatocytes via asialoglycoprotein re- 
ceptors. 

Materials and methods 

Female Sprague-Dawley rats (220-270 g) were obtained from Zivic- 
Miller Laboratories (Allison Park, Pa). o(+)-galactosamine, uridine 5'- 
monophosphate, insolubilized neuraminidase, and poly L-lysine (tool. 
wt., 3,600 daltons) were purchased from Sigma Chemical Co. (St. Louis. 
Mo), bovine fetuin was obtained from Gibco (Grand Island, NY), dex- 
tran sulfate was purchased from Pharmacia (Uppsala, Sweden). sodium 
iodide 1 125 was obtained from Amersham Corporation (Chicago. II1). 
and I-ethyl-3-(3-dimethylamino)propyl carbodiimide was purchased 
from Pierce Chemical Co. (Rockville, I11). 

Preparation of a targetable galactosamine antagonist. The asialoglyco- 
protein asialofetuin (AsF) was prepared by desialylation of bovine t'etuin. 
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Fig. 1. Organ distribution of injected conjugate. Rats were injected i.v. 
with radiolabeled AsF or AsF-PL-UMP conjugate; controls received 
conjugate plus excess AsOR or plus dextran sulphate (for details see 
Materials and methods). Animals were sacrificed 10 min later and the 
distribution of radioactivity among organs was determined 

using neuraminidase to expose terminal galactose residues by a modifi- 
cation of the method of Oka and Weigel [21]. Analysis of residual 
protein-bound sialic acid by the method of Warren [27] determined that 
the fetuin was 94% desialylated. To create a targetable carrier protein 
with a large capacity to bind antagonist, 55 I.tM AsF was coupled to 
470 t.tM poly t.-lysine (PL) (tool. wt., 3,600 daltons) using l-ethyl-3-(3- 
dimethylamino)propyl carbodiimide as previously described [30]. 5'- 
Uridine monophosphate (UMP) was then coupled to the carrier protein 
according to the method of Halloran and Parker 19] and purified by 
column chromatography [30]. The conjugate was stable at 4"C for at 
least 2 weeks. 

Organ distribution of injected conjugate. To determine whether the 
conjugate retained its ability to he recognized by asialoglycoprotein 
receptors in vivo, both AsF and the AsF-PL-UMP conjugate were radio- 
labeled with sodium iodide I 125 using a solid-phase lactoperoxidase 
method as described by the manufacturer (BioRad). Rats were injected 
i. v. with sterile saline containing 1 I.tg sodium iodide I- 125-labelled AsF 
(l~I-AsF) or 1 I.tg labelled conjugate 0~I-AsF-PL-UMP) (based on AsF 
content). To determine whether liver uptake of the conjugate occurred 
via asialoglycoprotein receptors, a control rat was given 1 lag ~I-AsF- 
PL-UMP plus an excess (10 mg) of unlabeled asialoorosomucoid 
(AsOR) to compete for hepatic asialoglycoprotein receptors. To evaluate 
the extent of nonspecific hepatic uptake of conjugate, 15 mg dextran 
sulfate, an inhibitor of nonparenchymal "scavenger" receptor activity. 
was injected i.v. 15 rain prior to the conjugate injection according to the 
method of Van der Sluijs et al. [26]. Another control received both 
dextran sulfate and excess AsOR. At 10 rain after injection of labeled 
protein, blood was drawn from the retro-orbital plexus and the animals 
were sacrificed. The distribution of radioactivity among organs was 
determined by gamma counting and expressed as a percentage of total 
counts. 

To determine the effect of the targeted antagonist on galactosamine 
toxicity to hepatocytes in vivo, female rats were injected i.p. with 
800 mg/kg galactosamine in 2.5 ml sterile saline (pH 7.4). To allow 
sufficient time for internalization and degradation of the conjugate and 
release of the antagonist, the targetable antagonist conjugate was injected 

i.v. (in 5 ml sterile saline) as a pretreatment 2 h prior to the galac- 
tosamine injection. The minimal amount of conjugate required to protect 
hepatocytes was determined by i. v. injection of varying doses. Using the 
conjugate dose thus determined to be optimal (34 mg/kg), the ability of 
this antagonist conjugate to prevent galactosamine toxicity was evaluated 
relative to controls: i. v. injected pretreatments of equal volumes of either 
sterile saline or saline containing AsF or UMP in molar amounts equiva- 
lent to that provided by the conjugate. Blood was withdrawn from the 
retro-orbital plexus at 24, 42, 48, and 72 h after galactosamine injection. 
Hepatotoxicity was evaluated by measurement of serum alanine 
aminotransferase (ALT) levels (Sigma assay kit) according to the manu- 
facturer;, all assays were carried out in duplicate and results were ex- 
pressed as international units per liter (IU/I). Addition of conjugate to 
ALT standards as well as serum samples demonstrated that the conjugate 
had no effect on the ALT assays. 

A Kruskal-Wallis test was used to evaluate differences among the 
four groups (6-7 rats per treatment). Once a significant difference 
among treatments was determined, pair-wise comparisons were eval- 
uated with Wilcoxon-Mann-Whitney tests [31]. 

Potential toxicity of the conjugate itself was evaluated by injecting 
conjugate alone at the dose and volume used in the previous experiment. 
The animal was observed at various intervals, then sacrificed at 42 h (the 
time of peak galactosamine toxicity and, therefore, of maximal conjugate 
protection in the previous experiment). Various organs and tissues were 
removed and prepared for histological examination. 

R e s u l t s  

Figure 1 shows the organ distribution o f  radiolabeled pro- 
teins 10 min after i.v. injection. For rats receiving either 
conjugate or  AsF,  approximately 80% of  the counts were 
taken up by the liver. The addition o f  an excess o f  A s O R  
led to successful competit ion with the labeled conjugate  
for hepatic asialoglycoprotein receptors, resulting in re- 
moval  by the liver o f  only 16% of  the injected counts.  
Injection o f  dextran sulfate, which inhibits nonspecif ic  up- 
take via nonparenchymal  "scavenger"  receptors, had no 
effect on liver uptake o f  the conjugate,  which still ac- 
counted for 80% of  the injected radioactivity. Administra-  
tion o f  both dextran sulfate and excess AsOR had no 
further effect on liver uptake o f  the conjugate beyond that 
o f  the excess o f  AsOR alone. These data indicate that 
neither the PL, the UMP, nor the process o f  conjugation 
had altered the recognition o f  AsF  by hepatic asialoglyco- 
protein receptors in the intact rat. 

The behavior o f  a rat receiving conjugate (34 mg/kg) 
showed no obvious indications o f  cardiopulmonary dis- 
tress or neurological deficits. No  abnormalities were re- 
vealed by histological examination o f  the liver, kidney, 
spleen, heart and surrounding large vessels, lungs and tra- 
chea, brain, peripheral nerves and ganglia, adrenal gland, 
lymph nodes, skeletal muscle, and adipose tissue (data not 
shown). 

Figure 2 compares  the effect o f  the A s F - P L - U M P  con-  
jugate (34 m~d'kg) to that of  saline, AsF, or UMP controls 
in antagonizing galactosamine hepatotoxicity.  Selective 
uptake by the liver o f  conjugate in trace amounts ,  demon-  
strated above, was also found at this higher dose o f  conju- 
gate (data not shown). Because A L T  values reached their 
highest levels at 42 h (always decreasing by 72 h), serum 
ALT values were compared at this peak 42-h time point. A 
Kruskal-Wallis test determined that there were significant 
differences among the tour groups, with an alpha level o f  
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Fig. 2. Effect of antagonist-conjugate pretreatment on galactosamine 
toxicity: median serum ALT levels at 42 h. Rats were injected i.v. with 
5 ml of either saline or saline containing AsF-PL-UMP conjugate, AsF, 
or UMP in molar amounts equivalent to that provided by the conjugate. 
After 2 h, each rat was injected i.p. with 800 mg/kg galactosamine (for 
details see Materials and methods). Significance was tested by Kruskal- 
Wallis and Wilcoxon-Mann-Whitney tests. (Pretreatment ALT values 
averaged 38_ 9 IU/I. 

0.01. Pair-wise comparisons (Wilcoxon-Mann-Whitney 
tests) determined that animals pretreated with AsF-PL- 
UMP conjugate experienced significantly less hepatotoxic- 
ity than did saline controls, as measured by serum ALT 
levels (P<0.005). Animals that received conjugate likewise 
had significantly lower ALT values than those receiving 
either AsF alone or UMP alone (P <0.05 and P <0.002, 
respectively). There were no significant differences among 
the three controls. 

Discussion 

Our data indicate that an AsF-PL-UMP conjugate can be 
targeted to hepatocytes, resulting in protection of these 
cells from galactosamine toxicity in vivo. The inhibition of 
uptake of IeSI-AsF-PL-UMP by competition with an 
excess of AsOR indicates that the targeting of the antago- 
nist was directed by the asialoglycoprotein component of 
the conjugate. The lack of effect of UMP injected alone in 
amounts and under conditions identical to these used for 
the conjugate argues against of intravascular cleavage of 
UMP from the conjugate as a mechanism of the observed 
protection by the conjugate. It has previously been shown 
that uridine intermediates given in sufficient quantities can 
antagonize galactosamine toxicity [5]. The lack of effect of 
administration of UMP alone can be explained by the fact 
that uridine in the form of the conjugate was targeted only 
to hepatocytes, whereas free UMP could be dispersed by 
the circulation for uptake throughout the body. Unlike 
UMP in the form of a conjugate, free UMP provided to the 
liver from the circulation was evidently inadequate to pre- 
vent galactosamine toxicity. 

Another possible mechanism that could account for the 
observed targeted antagonism is intracellular release of 
galactose from the large quantity of asialoglycoproteins 
present in the conjugate. This could result in competition 
with galactosamine for the intracellular metabolic enzymes 
involved in the development of galactosamine toxicity. 
Our finding that AsF given alone in the same amount as 
provided by the conjugate failed to prevent galactosamine 
hepatotoxicity, argues against any significant contribution 
by this route. 

Although the AsF-PL-UMP conjugate was taken up 
selectively by the liver, the possibility remains that the 
procedure of conjugation might have imparted the AsF- 
PL-UMP molecule with an ability to antagonize galac- 
tosamine toxicity by some nonspecific mechanism. How- 
ever, a fetuin-PL-UMP conjugate failed to rescue liver 
from galactosamine toxicity (data not shown). The glyco- 
protein fetuin is identical to AsF except that it does not 
contain terminal galactose residues and is not expected to 
be recognized by hepatic asialoglycoprotein-receptors. 

A large number of agents have been shown to amel- 
iorate galactosamine hepatotoxicity in vitro and in vivo, 
but some exert their initial effect through extrahepatic 
pathways. Two synergistic mechanisms for galactosamine 
toxicity have been proposed, both of which are necessary 
for liver cell death [18]. The first, initiated within the 
hepatocyte, involves uridylate trapping that eventually 
leads to a membrane defect, with subsequent influx of Ca 2+ 
ions [7, 19, 22]. The second involves a series of extrahe- 
patic events initiated by galactosamine and leading to 
histaminemia, endotoxemia, leukotriene production, and 
depression of the reticuloendothelial system [3, 8, 18, 29]. 
Agents that interfere with either pathway have been found 
to reduce galactosamine toxicity. A variety of agents that 
have been shown to interfere with the intrahepatic pathway 
might serve as effective targeted antagonists directed 
specifically to hepatocytes. Therefore, although we have 
chosen uridine as an antagonist, other pyrimidine nu- 
cleotide precursors that antagonize galactosamine toxicity 
[17] may be targeted in a similar fashion. Furthermore, 
agents that interfere with the effects of intracellular Ca2+ 
accumulation, e.g., calcium chelators, enhancers of sub- 
cellular calcium sequestration [19, 20] and inhibitors of 
Ca2÷ ion flux across membranes [22] may provide alterna- 
tive agents for use in a targeted antagonist system. 

Although some hepatomas are clearly sensitive to ga- 
lactosamine toxicity [30], others are more resistant [12, 
14], largely due to increased rates of de novo synthesis of 
uridylates [ 11,25, 28]. In such cases, toxicity to hepatomas 
can be increased by the addition of an agent to block de 
novo pyrimidine synthesis [14]. Until now, use of galac- 
tosamine as a chemotherapeutic agent for hepatomas has 
been hindered by the fact that normal hepatocytes are at 
least as sensitive to its toxicity as are hepatoma ceils [10, 
12, 14, 15]. However, with the exception of only one 
human hepatoma cell line, Hep G2 [23], malignant hepato- 
cytes display virtually no asialoglycoprotein receptor ac- 
tivity [1, 24]. Theretbre, they should be unable to take up 
the conjugate antagonist. Thus, in the presence of the toxin, 
malignant cells would receive the full hepatotoxic effect of 
galactosamine and normal hepatocytes could be specifi- 



96 

caUy protected. Our targeted antagonist system may there- 
fore enable the use of tumoricidal doses of toxin, which 
would otherwise be precluded by toxicity to normal cells. 

In the future, we plan to test the protective effect of our 
conjugate on normal hepatocytes in galactosamine-treated 
rats bearing transplantable Morris 7777 hepatomas, which 
have been demonstrated to be sensitive to galactosamine 
toxicity [30]. For other hepatomas more resistant to galac- 
tosamine alone, an agent that blocks de novo uridine syn- 
thesis may be combined with galactosamine. Because tar- 
geted delivery of antagonists would still be possible in 
these cases, specific protection of normal hepatocytes by 
our conjugate may also be of value with combinations of 
antipyrimidines for the treatment of hepatomas. 
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