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Summary

The glutathione S-transferases are a major group of solu
bleliverproteinsthatareinvolvedinthecellulardetoxifica
tion of electrophilic compounds. Several of these transfer
ases, in particular glutathione S-transferase B or ligandin,
interact with chemical carcinogens in vivo . This review pre
sents evidence that ligandin and the other glutathione S
transferases reduce the susceptibility of the liver to ami
noazo dye-, polycyclic aromatic hydrocarbon-, and aro
matic amine-induced carcinogenesis. Several possible
mechanisms by which the transferases reduce hepatocar
cinogenesis are proposed. These mechanisms include the
direct binding and detoxification of carcinogens by the
transferases and the inactivation of steroids and other
agents that indirectly stimulate carcinogen activation.

Introduction

Current research is directed on a broad front towards
solving the precise molecular mechanisms by which chemi
cal carcinogens such as polycyclic aromatic hydrocarbons,
azo dyes, aromatic amines, and nitrosamines cause preneo
plastic behavior in cells. At the cellular level the growth
characteristics of preneoplastic and neoplastic cell popula
tions are being examined (16). At the molecular level the
interaction of carcinogens with subcellular components,
such as nucleic acids and proteins, continues to be a major
area of study (15, 22, 52).

Present theory holds that DNA is probably the critical site
of attack for chemical carcinogens (22, 52). However, it is
clear that the interaction of carcinogens with proteins plays
a major role in the carcinogenic process. In particular, most
carcinogens require in vivo enzymatic conversion to
strongly electrophilic reactants which are the ultimate car
cinogenic compounds (22, 44, 52). In liver this conversion
appears to be effected principally by the mixed-function
oxidases of the endoplasmic reticulum and by soluble sulfo
and acetyltransferases(5,11,22,36, 37,43,44, 74).In
addition to these activation reactions, several carcinogens,
particularly polycyclic aromatic hydrocarbons and ami
noazo dyes, exhibit a relatively specific interaction with a
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limited number of soluble liver binding proteins (31, 33, 58-
60).One ofthesebindingproteins,ligandin,belongstoa
group of solubleliverproteinscalledthe glutathioneS
transferases, which play a major role in the cellular detoxifi
cation of electrophilic compounds (9, 75). This review ex
amines the potential importance of the glutathione S-trans
ferases in the detoxification of carcinogenic aminoazo
dyes, polycyclic aromatic hydrocarbons, and aromatic
amines.

Carcinogen Activation and Interaction with Soluble Liver
Proteins

The activation of aminoazo dyes such as N,N-dimethyla
minoazobenzene in liver is thought to involve N-hydroxyl
ation by endoplasmic reticulum mixed-function oxidases
followed by sulfate esterification by cytoplasmic sulfotrans
ferases (11, 22, 37, 43, 44, 74). A similar activation process
occurs for aromatic amines such as N-2-fluorenylacetamide
which, however, may also be activated by esterification to
an acetate (5, 36, 43, 44). In contrast the carcinogenic forms
of polycyclic aromatic hydrocarbons, such as di
benz[a,h]anthracene, appear to be non-K-region epoxides
that are formed by the microsomal mixed-function oxidases
(46, 61, 62). Several recent reports have suggested that
activation of polycyclic aromatic hydrocarbons may also
occur at the liver nucleus (35, 53, 73). The initial detoxifica
tion of azo dyes and aromatic amines involves ring hydrox
ylation, extensive demethylation, and azo linkage reduction
and is also carried out by endoplasmic reticulum enzymes
(12, 52). Drugs such as phenobarbital and other agents like
3-methylcholanthrene that induce many microsomal en
zymes (10) affect the activity of liver carcinogens. Pheno
barbital and 3-methylcholanthrene appear to have both
stimulatory and inhibitory effects on chemically induced
hepatocarcinogenesis depending on the time of administra
tion of the agent relative to carcinogen application and on
the diet (12). The activation and inactivation of carcinogens
are also markedly affected by the species and sex of the
animal (45). While the initial steps in the detoxification of
azo dye and aromatic amine carcinogens have been studied
extensively, little is known about their further metabolism
and excretion. In the case of the polycyclic aromatic hydro
carbons, Sims (62) has suggested that detoxification in
volves oxidation to K-region epoxide intermediates and glu
tathione conjugation by glutathione S-epoxide transfer
ases.The solubleglutathioneS-transferasesofratliverplay
a major role in the detoxification and elimination of electro
philic agents by glutathione conjugation and subsequent

8 CANCERRESEARCHVOL. 37

Ligandin, the Glutathione S-Transferases, and Chemically
Induced Hepatocarcinogenesis: A Review1

Garry John Smith,2 Virginia Sapico Ohl, and Gerald Litwack

Fels Research Institute, Temple University School of Medicine, Philadelphia, Pennsylvania 19140

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397802/cr0370010008.pdf by guest on 19 M

ay 2023



Affinityconstantfor
purified ligan No. ofbindingdinsitesNatureof

binding(32,
34) (M')(32,34)(40)Heme

andmetabolitesHematin10e2NoncovalentBilirubin1061NoncovalentSteroids

andmetabolitesâ€•Estnadiol10@1NoncovalentEstrone10@1NoncovalentTestosterone2

x 10@1NoncovalentEstrone
sulfate6 x10@1NoncovalentDihydnoepiandnosterone

sulfate2.5 xi0@1NoncovalentPregnenolone
sulfate2.5 Xi0@1Noncovalent2-Hydnoxyestradiol-glutathione6

x10@1NoncovalentEstrone
glucunonide5 xi0@1NoncovalentCarcinogens

andmetabolitesN,
N-DimethylaminoazobenzeneNDbNDNoncovalentN,N-Dimethylaminoazobenzene

me 5 x10@NDCovalenttaboliteN-Methylaminoazobenzene-glutathi

4 xi0@1Noncovalentone3-Methylcholanthnene4

x10@1Noncovalent3-Methylcholanthrene
metaboliteND1CovalentDiethylstilbestrol2

x10@NDNDDrugsBromsulphthalein6

x1062NoncovalentTetracycline10@NDNDBile

acids andsaltsDeoxycholate5
x10@1NoncovalentTaurodeoxycholate5
x10@1NoncovalentChenodeoxycholate5
xi0@1NoncovalentCholate2
x10@1NoncovalentAnionsSulfate10@NDNDGlutathione10@NDNDGlucunonic

acidi0@NDND

Ligandin and Chemically Induced Hepatocarcinogenesis

mercapturic acid formation (9, 75). Such a detoxification
mechanism may also be involved with polycyclic aromatic
hydrocarbons.

Aminoazo dye and polycyclic aromatic hydrocarbon car
cinogens combine relatively specifically with several solu
ble proteins of rat liver and mouse liver, skin, and lung (31,
33, 58â€”60).The 4 major proteins to which the carcinogens
bind have been characterized in several laboratories.

Sorof et al. (66) have characterized the â€œprincipalazodye
binding proteinâ€•or â€œslow-h2-5Sproteinâ€•from rat liver. It is
a dimeric protein (M.W. 88,000) that binds 2 azocarcinogen
residues per dimer. The levels of the protein are reduced in
primary liver tumors that were caused by feeding 3'-methyl
4-dimethylaminoazobenzene to rats (47). No changes in the
molecular and subunit sizes or molecular charge of the
protein have been detected on interaction with 3'-methyl-4-
dimethylaminoazobenzene (57).

Two other cytoplasmic liver proteins that bind azo dye
carcinogens to a lesser extent than the â€˜â€˜slow-h2-5Sproteinâ€•
have been described by Ketterer et al. (28, 31, 33). The

larger protein, ligandin, is a dimer with a molecular weight
of approximately 45,000 and p1of 8.7 to 9.0 (40) which binds
a wide range of cellular metabolites including hematin,
bilirubin, glucuronic acid, drugs such as tetracycline, sul
fates, and steroids and their metabolites (Table 1). Ligandin
binds azo dyes covalently to cysteinyl residues (30) and azo
dye glutathione conjugates noncovalently in vivo (29). How
ever, the covalent binding of azo dye was detected with
denatured protein and, as pointed out by Kettereretal. (34),
may not reflect the in vivo situation. The protein also binds
3-methylcholanthrene (64). Ligandin levels are low in cells
of liver tumors that were caused by feeding azo dyes, aro
matic amines, and nitrosamines to rats (3, 4). Recently,
Habig et al. (20) have demonstrated that ligandin is also a
major glutathione S-transferase of rat liver cytosol.
The otherazo dye-bindingproteincharacterizedinthe

reports of Ketterer et a!. (33) and Tipping et a!. (72) is a
14,000-dalton protein that binds a range of compounds
similar to that bound by ligandin. The protein is resolved by
isoelectrofocus!ng into 3 components with isoelectric

Table 1
Ligand binding characteristics of ligandin

a Cortisol andcontisol disulfate reportedly bind to ligandin; however, binding data have not been
determined (32, 34, 40).

b ND, not determined.
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points of 5.0, 5.9, and 7.6 each of which, on refocusing,
again gives rise to all 3 components (33). The protein does
not exhibit glutathione S-transferase activity (33, 72).

The 4th basic carcinogen-binding protein thus far charac
terized is the â€œh-proteinâ€•of mouse liver, skin, and lung
reported by Sarrif et al. (58-60). This protein binds poly
cyclic aromatic hydrocarbons such as 3-methylcholan
threne. The protein has physical properties very similar to,
but is immunologically distinct from, ligandin (58-60). The
purified protein has associated with it high glutathione S
transferase activity and elutes from carboxymethylcellulose
ina patternverysimilartothatofglutathioneS-transferase
E (58â€”60).The latter protein catalyzes the conjugation of
glutathione with epoxides (21, 49). Recently, however, the
h-protein-methylcholanthrene complex isolated from C3H
mouse liver has been separated from glutathione S-trans
ferase activities by isoelectrofocusing (A. M. Sarrif and C.
Heidelberger, personal communication).

Several laboratories have reported an interaction of poly
cyclic aromatic hydrocarbons and azo dyes with acidic pro
teins of rat liver cytosol. In particular, Sugimoto and Teray
ama (68-70) proposed that the principal azo dye binding is
initially to acidic proteins and only subsequently to the
basic fraction. However, Ketterer and Beale (29) and Sorof
and Young (67) were unable to detect such a major interac
tion with acidic protein. Ketterer and Beale (29) suggested
that the proteins described by Sugimoto and Terayama (70)
may have exhibited acidic properties due to partial denatur
ation with heat purification. Filler et al. (17) reported an
acidic protein of adult rat liver cytosol that strongly bound
3-methylcholanthrene. Sarrif et al. (58) have detected an
acidicproteininmouse liverand skincytosolthatbinds3-
methylcholanthrene noncovalently. The protein is very simi
lar to that described by Filler et al. (17). The significance of
the binding of carcinogens by these acidic proteins to liver
carcinogenesis is not understood.

The Glutathione S-Transferases

The several glutathione S-transferases are enzymes that
catalyze the conjugation of glutathione with a wide range of
electrophilic compounds (9, 75). Six transferases have been
separated from rat liver and are designated E, D, C, B, A,
and AA in order of their elution from carboxymethylcellu
lose columns (21). Transferase B is ligandin (20). The
transferases show broad and overlapping substrate speci
ficities and similar physical properties (21). Only transfer
ases A and C share a common antigenic determinant in the
rat (20); however, the 5 electrophoretically distinguishable
forms of glutathione S-transferase in human liver all cross
react antigenically (26). The glutathione S-transferases have
been calculated to represent some 10% of soluble rat liver
proteins (25). Transferase B, as measured by quantitative
immunoprecipitation, comprises 4.5% of soluble protein in
rat liver and 2% in small intestine and kidney (18). Ligandin
has also been detected in rat ovary and testis (4).

The glutathione S-transferases appear to play a major role
in the detoxification and elimination of many cellular alkylat
ing agents through glutathione conjugation and subse
quent mercapturic acid formation (9, 75). Ketley et al. (27)

have reported that rat liver transferases AA, A, and C, in
addition to ligandin, bind a broad range of nonsubstrate
ligands including bilirubin, indocyanine green, and hema
tin, with varying affinities. These ligands markedly inhibited
the glutathione S-transferase activities of these proteins
with 1-chloro-2 ,4-dinitrobenzene as substrate . Further
more, Mukhtar and Bresnick (48) have demonstrated ne
cently that glutathione S-epoxide transfenase activity is in
ducible in rat liver by injection with phenobarbital or 3-
methylcholanthrene. Ligandin is markedly induced by phe
nobarbital (18), apparently by an increase in de novo syn
thesis (2). Recently, Nemoto et al (49) have reported that rat
transferases A, B, C, E, and AA have significant glutathione
S-transferase activity towards the aryl-epoxide
benzo(a)pyrene-4,5-oxide but only transferases A and E
show activity towards alkyl-epoxide substrates.

In view of the marked electrophilicity of most activated
chemical carcinogens (22, 44, 52) and of the role of the
glutathione S-transferases in the detoxification of electro
philic compounds (9, 75), it seems likely that the glutathione
S-transferases interact with chemical carcinogens in vivo.
The binding of carcinogenic azo dyes and aromatic amines
and their metabolites by ligandin (32, 40) suggests that this
may be the case. Furthermore, several observations sug
gest that ligandin, and possibly the other glutathione 5-
transferases of rat liver, may be involved in the metabolism
of chemical carcinogens. In particular, there is an inverse
correlation between the level of ligandin binding activity in
the liver cell, which is affected by several drug and hor
monal manipulations, and the susceptibility of the cell to
chemically induced carcinogenesis (Table 2). Furthermore,
Bannikov et al (4) have demonstrated immunologically that
ligandin is absent from poorly differentiated hepatomas,
anaplastic carcinomas, and most adenocarcinomas. How
ever,inhighlydifferentiatedhepatomas thisproteinwas
uniformly distributed among the tumor cells.

The recent demonstration by Ketley et al. (27) that other
transferases besides ligandin can bind nonsubstrate Ii
gands suggests that these proteins may also be involved in
cellular metabolite binding. Furthermore, the report by
Nemoto et al. (49) that the glutathione S-transferases A, B,
C, and AA, besides transferase E, can conjugate aryl-epox
ides with glutathione implicates these transferases in the
detoxification of aromatic hydrocarbons.

Possible Roles of the Glutathione S-Transferases in
Chemical Carcinogenesis

The data of Table 2 indicate that in several physiological
states increased levels of ligandin or ligandin binding activ
ity are coincident with a decreased susceptibility of liver
cells to carcinogenesis. In view of the complexity of the
carcinogenic activation and detoxification processes, it is
not clear as to whether the data of Table 2 reflect a direct
role of ligandin in reducing the susceptibility of liver cells to
carcinogenesis. However, present knowledge of the proper
ties of ligandin suggests several possible aspects of carci
nogenesis that this protein, and possibly the other glutathi
one S-transferases, might affect.

Recently, Bannikov et al (4), using fluorescent antibody
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Therelationship betweenthe cellular levelsof ligandinbindingactivity,
the physiological state, and chemicallyinducedhepatocarcino
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Table 2

techniques, have detected ligandin associated with the liver
cell nucleus and cytoplasm. This observation was made in
both normal liver cells and highly differentiated hepatomas.
On the basis of its affinity for other compounds, Ketterer et
al. (34) have predicted that ligandin binds N-hydroxy-N
methylaminoazobenzene sulfate which is thought to be the
active carcinogenic form of the parent azo dye (44). It is
possible that ligandin protects the genome by binding ac
tive carcinogens and other electrophilic compounds (Chart
1). Such a â€œbufferingâ€•effect towards highly reactive corn
pounds may rationalize the large concentrations of ligandin
in the liver cell (18) and explain the inverse correlation
between ligandin binding activity and chemical hepatocar
cinogenesis (Table 2).

Reyes et al. (55) have provided extensive evidence based
on ontogenetic , phylogenetic , induction , and competition
experiments that there is a direct relationship between the
hepatic binding activity of ligandin and the net flux of biliru
bin, Bromsulphthalein, and other organic anions between
plasma and the liver cell. Ligandin has not been implicated
in the excretion of these compounds from liver (1). How
ever, Reyes et al (55) have reported that cholestasis and
biliary obstruction reduce the binding capacity of ligandin
toward Bromsulphthalein and also decrease cellular uptake
and hepatic Bromsulphthalein content. This observation
suggests that the binding of such compounds by ligandin is
functionally related to their excretion as well as their he
patic uptake. No direct studies have been performed in
order to determine whether ligandin affects the uptake on
excretion of chemical carcinogens or their metabolites.
However, several observations suggest that the glutathione
S-transferases may play a role in the excretion of carcino

Chart 1. Role of glutathione (GSH) S-transferases in carcinogenesis.

genic compounds. Ligandin binds the glutathione conju
gate of N,N-dimethylaminoazobenzene noncovalently (29).
Booth et al (8) have demonstrated that glutathione deriva
tives of 7,12-dimethylbenz[a]anthracene are formed by rat
liver homogenates. Sims (62) has reported that diol-epoxide
derivatives of benz[a]anthracene react with glutathione in
the presence of â€˜â€˜glutathione-[S]-epoxidetransferaseâ€•and
has suggested that such conjugates may be one excretion
form of polycyclic aromatic hydrocarbons. 3-Methylcholan
threne is a carcinogen in neonatal but not in adult rat liver
and is thought to be activated by the mixed-function oxi
dases of the endoplasmic reticulum (62). Singer and Lit
wack (64)usingadultratsdemonstratedthatthiscarcino
gen when bound in vitro by ligandin was easily extractable
into benzene apparently as unchanged 3-methylcholan
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sulfate esters. Singer et al. (65) have suggested that the
cortisol metabolite-binding system , includ ing ligandin , may
function to transport sulfated steroids to the bile canniculi
for excretion. In contrast, Singer et al (63) point out that
injected cortisol is extensively converted to sulfated metab
olites by rat liver prior to the expression of the earliest in
vivo effects by the hormone. However, it appears unlikely
that the binding of steroid sulfates to Iigandin represents a
mechanism of steroid action, since target organs for gluco
corticoid hormones include liver, kidney, intestine, brain,
thymus, and muscle whereas ligandin has been found in
only the 1st 3 of these organs and in gonadal tissue (39).
Furthermore, the huge amount of ligandin present in the
liver cell is in marked contrast to the levels of glucocorticoid
receptor, and the specificity of binding of glucocorticoids to
ligandin does not correlate with glucocorticoid potency
(39). If sulfation does reduce steroid activity, then this sys
tem may provide a control point for steroid metabolism, and
a point of interaction of adrenal and gonadal steroid hor
mones with chemical carcinogens. For example, the post
natal development of soluble cortisol sulfotransferases in
rat liver and their higher activity in female than in male rats
(13, 63) may be related to the low carcinogenic potency of 3-
methylcholanthrene which is observed with increasing
postnatal age and in female rats (38). In the event that the
sulfation of steroid does affect carcinogen activation, then
the binding of steroid sulfates by ligandin and their subse
quent excretion may play an important part in this interac
tion.

The effect of hypophysectomy and thyroidectomy on azo
dye-induced carcinogenesis (Table 2) also may be ex
plained by the effect of these treatments on steroid binding
to ligandin. Hypophysectomy greatly increases the binding
of cortisol and deoxycorticosterone metabolites to ligandin
(39). Since hypophysectomy inhibits azo dye carcinogene
sis (19), the binding of these steroids by ligandin may again
reflect an indirect effect of ligandin in preventing the activa
tion of liver carcinogens.

Conclusion

In view of the high cellular concentrations of ligandin and
its ability to bind carcinogens, steroids, and their metabo
lites in vivo, it is likely that this protein exerts an effect on
chemically induced hepatocarcinogenesis. The data of Ta
ble2 indicatethatincreasedlevelsofligandinbindingactiv
ity are coincident with a decrease in the susceptibility of
liver cells to carcinogenic insult. The limited evidence thus
far available suggests that ligandin may be involved in the
detoxification and excretion of chemical carcinogens or of
agents, such as adrenal and gonadal steroid hormones
which affect the activation of these carcinogens. In view of
the ability of other glutathione S-transferases besides ligan
din to bind a range of nonsubstrate ligands, it is possible
that these other transferases also affect the carcinogenic
process.

Several important experimental approaches to our con
clusions require closer study. An examination of the inter
action between the glutathione S-transferases and proxi
mate and ultimate carcinogens and of the subcellular fate of

threne. However, the radioactive carcinogen bound in vivo
was not easily extractable. Furthermore, Hey-Ferguson and
Bresnick (23) demonstrated that the tight binding is de
pendent upon the presence of pynidine nucleotides and a
9000 x g supernatant from rat liver homogenate. These data
suggest that microsomal metabolism of the carcinogen is a
prerequisite for tight binding to ligandin. It thus appears
likely that the glutathione S-transferases play a role in the
excretion of polycyclic aromatic hydrocarbons and possibly
azodyesat the glutathione conjugation leveland perhaps in
binding of metabolites prior to their excretion (Chart 1).

The binding of glucuronic acid and of steroid glucuro
nides by ligandin (Table 1) may also be relevant to the
excretion of chemical carcinogens. Matsushima et al. (42)
have reported that phenobarbital administration increases
the urinary excretion of the carcinogen 2-acetylaminofluo
rene conjugated with glucuronic acid. These authors sug
gested that the reduced levels of hepatocarcinogenesis un
der these conditions might be due to a competition between
the detoxification effect of glucuronide formation and the
activation of the carcinogen by sulfate conjugation . Ishidate
et al. (24) showed that barbital feeding of rats leads to
increased excretion of dimethylaminoazobenzene glucuro
nides in the bile and a lowered incidence of hepatocarcino
genesis. In view of the binding of glucuronic acid and
steroid glucuronides by ligandin (Table 1) and the induction
of this protein by phenobarbital, it is possible that ligandin
is involved in the excretion of carcinogen glucuronides
(Chart1).

Another potential point of interaction of ligandin with
chemically induced hepatocarcinogenesis is the ability of
this protein to bind adrenal and gonadal steroid hormones
and their metabolites (Table 1). Adrenalectomy reduces the
incidence of aminoazo dye-induced and aromatic amine
induced hepatocarcinogenesis, and this effect is enhanced
by castration (6, 14, 51, 54, 71). Lotlikar et al. (41) demon
strated that adrenalectomy or hypophysectomy caused a
decrease of 60% in the urinary excretion of N-hydroxyacety
laminofluorene after i .p. injection of 2-acetylaminofluorene
or 2-diacetylaminofluorene to weanling and adult male rats.
Cortisol or deoxycorticosterone in the case of adrenalec
tomy, or adrenocorticotrophic hormone in the case of hy
pophysectomy, restored the level of excretion to normal
values. Castration enhanced the effect of adrenalectomy,
and this enhancement was prevented by the administration
of testosterone. These authors reported that adrenalectomy
did not impair the excretion of N-hydroxyacetylaminoflu
oreneifthiscompound itselfwas administeredtorats.This
observation suggests that the effect of adrenalectomy on
excretion is due to an effect on hydroxylation of the carcino
gen rather than on the excretion of the hydroxylated corn
pound. If the binding of adrenal and gonadal hormones by
ligandin competes significantly with the effect of these hor
mones on carcinogen activation reactions, such as N-hy
droxylation, ligandin may thereby affect the incidence of
cellular carcinogenesis (Chart 1). The sulfation of steroids
may play an important role in their in vivo binding to ligan
din. Ligandin binds steroid sulfates in vitro with slightly
higher affinity than the parent steroids (34). Pasqualini and
Jayle (50) have demonstrated that the majority of corticos
terone and cortisol excreted in human urine is in the form of
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