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Arene Oxides: A New Aspect of
Drug Metabolism

Metabolic formation of arene oxides explains many toxic

and carcinogenic properties of aromatic hydrocarbons.

D. M. Jerina and J. W. Daly

The metabolic conversion of aro-
matic compounds to phenols in mam-
mals has long been considered a means
for the detoxification and excretion of
a variety of foreign substances, includ-
ing many drugs and environmental pol-
Jutants. Recent investigations into the
mechanisms by which hepatic monoxy-
genase enzymes catalyze the formation
of phenols have, however, revealed that
highly reactive arene oxides, com-
pounds in which a formal aromatic
double bond has undergone epoxida-
tion, are intermediates in the reaction.
Arene oxides, in addition to isomeriz-
ing to phenols, react readily with a
variety of nucleophiles, including such
cellular macromolecules as DNA,
RNA, and protein. Thus, arene oxides
have become prime candidates for the
“bioactivated intermediates” responsi-
ble for the binding of aromatic com-
pounds to biopolymers within the cell.
Since the toxic, carcinogenic, and muta-
genic effects of aromatic compounds
often correlate with the extent of this
binding, arene oxides are now strongly
implicated as causative agents in pro-
ducing these effects. Clearly, the extent
of binding will depend both on the
rate of formation of arene oxides and
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on the rates of isomerization to phe-
nols, hydration, and conjugation with
glutathione. In this article we review
and interpret the current knowledge of
arene oxides and their relevancy to the
cytotoxicity and carcinogenicity of
aromatic compounds.

Arene Oxides as Metabolic

Intermediates

The migration and retention of sub-
stituents that occur during the mon-
oxygenase-catalyzed formation of phe-
nols from most aromatic substrates has
been termed the “NIH shift” (7). The
occurrence of this shift suggested that
the ‘“‘aromatic hydroxylations” are
actually epoxidations and that the
intermediate arene oxides undergo a
ready isomerization to phenols with a
concomitant migration and retention
of substituents (Fig. 1). A wide variety
of substituents including isotopes of
hydrogen, halogens, and alkyl groups
have been observed to migrate in this
way, and monoxygenases from plants,
microorganisms, and animals catalyze
the initial epoxidations (2, 3). When
the NIH shift was discovered in 1966,
practically nothing was known of the
chemistry or biochemistry of arene
oxides. Boyland (4) in 1950 had sug-
gested that arene oxides might be inter-
mediates in the formation of trans-
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dihydrodiols and glutathione conjugates
from polycyclic aromatic substrates in
mammals, and later provided evidence
for the conversion of stable K-region
oxides of phenanthrene, benzo[alan-
thracene, and dibenzo[a,h]lanthracene to
dihydrodiols and glutathione conju-
gates (5, 6).

The relevancy of arene oxides to the
metabolism of aromatic substrates in
higher organisms was firmly established
in the following studies. Investigations
with benzene oxide, a typical arene
oxide, and homogenates of mammalian
liver (7) revealed that under physio-
logical conditions arene oxides undergo
spontaneous rearrangement to form
phenols and react nonenzymatically
with the thiol group of glutathione.
The microsomal fraction of liver was
found to contain an epoxide hydrase
that converted arene oxides to trans-
dihydrodiols, while the soluble fraction
contained a  glutathione-S-epoxide
transferase that catalyzed the addition
of glutathione (Fig. 2) (8). The prod-
ucts formed in vitro from benzene ox-
ide were consonant with all the metab-
olites of benzene formed in vivo. The
low rate of metabolism of benzene in
vitro and the instability of benzene
oxide appeared primarily responsible
for the inability to demonstrate directly
the formation of benzene with liver
homogenates.

Naphthalene, in contrast to benzene,
is readily metabolized to oxidized prod-
ucts by liver homogenates. In addition,
the expected intermediate, naphthalene
1,2-oxide, is significantly more stable
than benzene oxide (9). Naphthalene
1,2-oxide was indeed found to be the
obligatory intermediate in the conver-
sion of naphthalene in vitro to 1-
naphthol, 2-naphthol, trans-1,2-dihy-
droxy-1,2-dihydronaphthalene, and a
glutathione conjugate (Fig. 3) (10).
Isolation of the enzymatically formed
intermediate by countercurrent distri-
bution and thin-layer chromatography,
followed by isomerization to a mixture
of 1- and 2-naphthols, established its
structure as the unstable naphthalene
1,2-oxide; other possible monoxy-
genated derivatives of naphthalene
exist as stable annulenes or oxepins
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Fig. 1. The NIH shift during the mon-
oxygenase-catalyzed formation of phenols
(2). A meta-hydroxylated product could
be formed by the alternate opening of the
oxirane ring.

[Fig. 3, structures 3 to 5; for a review
of the chemistry of arene oxides and
oxepins, see (/1)]. The intermediacy
of naphthalene 1,2-oxide was compati-
ble with the formation of all the mam-
malian metabolites of naphthalene.
Naphthalene 1,2-oxide isomerizes to
1-naphthol and 2-naphthol in a ratio of
10:1; the same ratio of naphthols is
found after microsomal metabolism of
naphthalene. The migration and reten-
tion of deuterium observed during the
rearrangement of [1-2H}- and [2-2H]-
naphthalene 1,2-oxides to 1-naphthol is
consonant with that observed during
the metabolism of [1-2H]- and [2-2H]-
naphthalenes to 1-naphthol (Fig. 4)
(12).

Further examples of the NIH shift
during isomerization of substituted
arene oxides have been reported (I3,
14). The trans-dihydrodiol formed with
microsomes from synthetic naphthalene

Fig. 2. Hepatic metabolism C

of benzene oxide (1a); the
equllxbrlum with  oxepin
(1b) is shown (8).

1,2-oxide was identical with that de-
rived from naphthalene (/5), although
a minor difference in optical purity was
suggestive of a low degree of asym-
metric synthesis in the formation of
naphthalene 1,2-oxide from naphthalene
by hepatic microsomes (/6). Finally, the
glutathione addition product, formed
from naphthalene when microsomes,
glutathione, and glutathione-S-epoxide
transferase were present, was identical
to that formed from glutathione and
synthetic naphthalene 1,2-oxide. The
formation of naphthols and naphtha-
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Fig. 3. Hepatic metabolism of naphthalene by way of the unstable intermediate

naphthalene 1,2-oxide (2).
574

lene dihydrodiols from naphthalene de-
creased in proportion to an increase in
the formation of the glutathione con-
jugate when increasing amounts of glu-
tathione were added to microsomal in-
cubations. Similarly, in the absence of
glutathione, inhibition of microsomal
epoxide hydrase with a competitive
substrate, styrene oxide, blocked the
formation of the dihydrodiol from
naphthalene and resulted in a stoichio-
metric increase in naphthols.

As a result of the preceding studies,
it became evident that several criteria
could be used to indicate the forma-
tion of an arene oxide during the me-
tabolism of an aromatic hydrocarbon:
(i) the occurrence of the NIH shift
during the formation of a phenol; (ii)
the formation in vitro of glutathione
conjugates such as those shown in Figs.
2 and 3, or the appearance of precur-
sors of mercapturic acids in the urine;
and (iii) the formation of trans-dihy-
drodiols, catechols, and their conju-
gates. Catechol metabolites of xenobi-
otic aromatic compounds are generally
formed by way of dehydrogenation of
intermediate trans-dihydrodiols rather
than through sequential “hydroxyla-
tions” of the aromatic ring (/7). The
ubiquitous nature of the NIH shift (2,
3) suggests that most phenolic metabo-
lites are derived from intermediate
arene oxides.

The major pathways for oxidative
metabolism of xenobiotic compounds in
mammals (alkyl hydroxylation, N- and
S-oxidation, and epoxidation) are cata-
lyzed primarily by a class of nonspe-
cific monoxygenases known as cyto-
chrome P-450. Cytochrome P-450 ac-
tivity is localized in the endoplasmic
reticulum (microsomal fraction) of
cells from liver, lung, kidney, intestine,
and skin. Highest activities of P-450
are found in liver. Treatment of ani-
mals with polycyclic hydrocarbons in-
duces the formation of a spectrally dis-
tinct class of enzymes known as cyto-
chrome P-448 [for pertinent reviews
on these monoxygenases, see (/8)]. The
reactivity of different substrates with
these nonspecific mammalian monoxy-
genases varies considerably. In addi-
tion, the activities and specificities of
cytochrome monoxygenases differ wide-
ly in different tissues, in the same tissue
from different species, and in tissues of
animals previously treated with inducing
agents such as phenobarbital, polycyclic
hydrocarbons, or other foreign sub-
stances. Such differences are reflected
in differing ratios and amounts of oxi-
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dized products formed on metabolism
of a particular compound. Relatively
little is known of the electronic and
steric factors responsible for this wide
variation.

For metabolism of the aromatic ring,
electron-donating substituents appear to
enhance the rate of enzymatic oxida-
tion, while the bulk of substituents ap-
pears to direct oxidative attack away
from hindered 1- and 2-positions [see
(2, 14, 19)]. For example, the phenolic
metabolites produced from toluene in-
dicate that only two arene oxides, 3-
methyl- (6) and 4-methylbenzene oxide
(7), are formed as intermediates (Fig.
5) (I4). The labile oxides, 6 and 7,
isomerize rapidly to ortho- and para-
cresol, respectively. None of the meta-
isomer is formed. Aromatic compounds
with an oxidizable substituent, such as
the methyl group in toluene, are often
metabolized to a large extent at such
moieties (see benzyl alcohol formation,
Fig. 5) rather than by way of arene
oxide formation at the ring. The rela-
tive extent of formation of different
oxides and of other metabolites from
an aromatic substrate will, of course,
depend on the biological system.

Chemical Reactivity of Arene Oxides

Studies of the properties of arene
oxides indicate that the steady-state
concentration of a particular arene ox-
ide in a biological system depends not
only on the rate at which it is formed
and subsequently metabolized, but also
on the occurrence of two nonenzymatic
reactions: (i) spontaneous isomeriza-
tion of the arene oxide to a phenol
and (ii) the addition of glutathione, a
nucleophile whose concentration in liv-
er is about 6 millimolar. Thus, a thor-
ough understanding of the mechanisms
by which arene oxides rearrange to
form phenols and undergo reactions
with nucleophiles is of key importance
to an understanding of their disposition
in biological systems. The kinetics and
mechanisms of isomerization to phenols
have been examined for more than a
dozen arene oxides (9, 20-24). In gen-
eral, two distinct pathways are opera-
tive: an acid-catalyzed (ky) reaction
and a spontaneous, pH-independent
(k,), reaction (Fig. 6). Rapid spon-
taneous isomerization (k,) is probably
the most characteristic feature of arene
oxide chemistry. Thus, in water at pH
7 (1M KCI, 30°C) naphthalene 1,2-
oxide has a half-life of only 4 minutes
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Fig. 4. The NIH shift during conversion
of naphthalene to 1-naphthol.

and benzene oxide a half-life of less
than 2 minutes. Detailed investigations
(9, 20) of the mechanisms of isomeri-
zation have indicated that carbonium
ions (Fig. 6) are formed during the
rate-determining steps in these reac-
tions. The proportions of different phe-
nols that will be formed on isomeriza-
tion of an arene oxide metabolite can
often be predicted by a consideration
of the relative stabilization of such
transient carbonium ion intermediates
(I4). In certain instances, these car-
bonium ions are readily trapped by re-
action with solvent molecules (21, 23)
as shown for 1,4-dimethylbenzene oxide
(Fig. 7). This facile solvolysis is in-
dicative of how readily arene oxides
should be able to bind even to very
weak nucleophilic sites within the cell.

Comparison of relative rates of iso-
merization for a series of substituted

Fig. 5. The hepatic metab-
olism of toluene, showing
the formation of benzyl al-
cohol and labile oxides (6,
7). The latter compounds
are proposed as interme-
diates in the formation of
ortho- and para-cresols.

a

/ I\

benzene oxides (9) has indicated that
a Hammet relationship applies—that is,
electron-withdrawing substituents stabi-
lize arene oxides, while electron-donat-
ing substituents have a destabilizing
effect. Thus, it is not surprising that
aromatic compounds with electron-
donating substituents such as anisoles,
alkylbenzenes, or acetanilides form
only phenols in vivo, while less reac-
tive compounds such as halobenzenes
or nitrobenzene form phenols, dihydro-
diols, and premercapturic acids; the
intermediate arene oxides formed from
the less reactive compounds are suffi-
ciently stable to undergo subsequent
enzymatic reactions. The stability of a
particular arene oxide will also influ-
ence the extent of its nonenzymatic re-
action with intracellular nucleophiles.
In this regard, it should be emphasized
that the K-region oxides of polycyclic
aromatic hydrocarbons are much more
stable than the non-K-region oxides
(24). In the case of one such K-region
oxide, phenanthrene 9,10-oxide, spon-
taneous isomerization to the phenol (%,)
could not be detected (20). Relative
rates of isomerization have recently
been reported for K-region oxides of
six polycyclic hydrocarbons (25).

A number of nucleophiles, in addi-
tion to glutathione (7, 10), react with
arene oxides (25-28). These include
other sulfhydryl compounds, alcohols,
azide, methyllithium, and p-nitrobenzyl-
pyridine. In general, softer and more
polarizable nucleophiles such as those
with sulfhydryl groups are the most
effective. The order of reactivity of
arene oxides toward glutathione indi-
cates that strong electron-withdrawing
groups facilitate the addition reaction
(29), a result more compatible with
nucleophilic opening of the oxide rath-
er than trapping of an intermediate
carbonium ion. With deuterium-labeled
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benzene oxide, cis- and trans-1,4- and
1,6-additions of nucleophiles, as well
as the expected trans-1,2-additions,
have been demonstrated (28). Attack
by intracellular nucleophiles at sites
remote from the epoxide ring in a poly-
cyclic arene oxide must, therefore, be
considered possible. The complexity of
the reactions of arene oxides with sim-
ple nucleophiles indicates that reactions
with DNA, RNA, and protein will in
all likelihood proceed by many path-
ways and that considerable and careful
effort will be required to delineate these
pathways.

Enzymatic Reactions of Arene Oxides

Epoxide hydrases. With many hydro-
carbons, epoxide hydrase plays a major
role in further transformation of the
metabolically formed arene oxides. In-
deed, with naphthalene, the major prod-
uct in vivo and in vitro is the trans-
1,2-dihydroxy-1,2-dihydronaphthalene.
Total activities and probably specifici-
ties of epoxide hydrases differ greatly
among tissues and between species (30,
31). These differences will affect the
concentrations of metabolically gener-
ated arene oxides. A relatively nonspe-
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Fig. 6. Rate of isomerization of benzene oxide as a function of pH (9, 20). Proposed
intermediates formed in the rate-limiting step for acid-catalyzed (ku) and spontaneous

(k,) isomerizations are shown.
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Fig. 7. Isomerization of 1,4-dimethylbenzene oxide, showing solvolysis of the inter-
mediate carbonium ion and mechanism for migration of the methyl group (271).
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cific epoxide hydrase has been purified
and extensively studied (30-34). A dif-
ferent extent of purification and a lack
of cross-inhibition with different sub-
strates provided evidence for the pres-
ence of a less stable microsomal hy-
drase that is highly active in the con-
version of benzene oxide to the trans-
dihydrodiol (31, 33, 34). Further stud-
ies must be done to establish the num-
ber and specificities of the microsomal
hydrase enzymes. Epoxide hydrases are
inducible by treatment of animals with
phenobarbital and, to a lesser extent,
by treatment with the polycyclic hydro-
carbon, 3-methylcholanthrene (30, 31).
However, the induction of hydrases
and monoxygenases by these agents
does not occur in parallel and is not
under common genetic control (35, 36).
An assay for epoxide hydrase with 3-
methylcholanthrene 11,12-oxide was re-
cently reported (37).

Relative activities of microsomal hy-
drases toward benzene oxide, naphtha-
lene 1,2-oxide, and phenanthrene 9,10-
oxide (33), and data on the hydration
of benzo[a]anthracene 5,6-oxide (25),
benzo[alpyrene 7,8-oxide (38), benzo-
[a]lpyrene 9,10-oxide (38), 7,12-dimeth-
ylbenzo[alanthracene 5,6-oxide (39),
benzo[a]anthracene 8,9-oxide (40), di-
benzo[a,clanthracene 10,11-oxide (41),
and 7-hydroxymethylbenzo[a]anthracene
5,6-oxide (42) by hepatic microsomal
hydrases have been reported. With
hamster embryo cells, benzo[a]anthra-
cene 5,6-oxide appeared more readily
converted to a dihydrodiol than was di-
benzo[a,h]anthracene 5,6-oxide (43):
the latter compound had previously
been shown to be a poor substrate for
hepatic epoxide hydrases (44). Careful
quantitative studies with epoxide hy-
drases on a wide range of arene oxides
have yet to be done.

Even more important than total ac-
tivities and specificities of epoxide hy-
drases may be their degree of associa-
tion with the monoxygenases that pro-
duce a specific arene oxide. Monoxy-
genase activity toward naphthalene, and
hydrase activity toward naphthalene
1,2-oxide have been retained in prep-
arations solubilized from hepatic micro-
somes of phenobarbital- and 3-methyl-
cholanthrene—treated rats (45), suggest-
ing a close association of the two en-
zymes in the microsomal membrane.
The relative proportions of naphthol
and trans-dihydrodiols formed from
naphthalene with preparations from
rats previously treated with either phe-
nobarbital or 3-methylcholanthrene sug-
gests a much closer association of
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monoxygenase and hydrase in the prep-
arations from rats treated with 3-meth-
ylcholanthrene (45, 46). Lack of com-
plete equilibration of oxide formed
from radioactive naphthalene with car-
rier naphthalene 1,2-oxide (46) pro-
vides further evidence for a very close
association of the monoxygenase and
hydrase enzymes involved in the me-
tabolism of naphthalene with hepatic
microsomes. Such close association of
monoxygenase and hydrase enzymes
may or may not pertain to the metabo-
lism of other aromatic substrates,

Glutathione-S-epoxide transferases.
The conjugation of arene oxides with
glutathione is a major metabolic pathway
that has significant effects on the steady-
state concentration of arene oxides in
tissues. Thus, in vitro, glutathione
markedly decreases the formation of
dihydrodiol from naphthalene by react-
ing spontaneously with the intermedi-
ate oxide (70, 46). Glutathione reacts
with arene oxides both nonenzymatical-
ly and through catalysis by soluble
glutathione-S-epoxide transferases. Glu-
tathione transferase enzymes have been
purified from the liver of rats with
either simple epoxides or with p-nitro-
benzylchloride as substrates (47), and
from the liver of sheep with naphtha-
lene 1,2-oxide as substrate (48). Two
of the three different glutathione trans-
ferases isolated from rat liver with p-
nitrobenzylchloride as substrate (47)
were active toward naphthalene 1,2-
oxide (48). It is remarkable that the
highly  active  glutathione-S-epoxide
transferase from sheep was virtually
inactive toward three of the arene ox-
ides of benzo[alpyrene (29). Epoxide
hydrase may, therefore, be more im-
portant than glutathione in detoxifying
the arene oxides of this carcinogenic
hydrocarbon.

Oxide Formation from

Aromatic Hydrocarbons

A variety of indirect evidence, such
as the NIH shift accompanying the
formation of phenols (2) and the iso-
lation of urinary dihydrodiols, cate-
chols, and premercapturic acids (49),
implicates arene oxides as intermedi-
ates in the metabolism of benzene and
substituted benzenes in mammalian sys-
tems. However, a direct demonstration
of an arene oxide in the metabolism
of benzene and its derivatives has not
been reported. In the case of benzene,
the low rates at which it was metabo-
lized in vitro hindered such studies (7),
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Fig. 8. Mammalian metabolism of chlorobenzene (50) to phenols, dihydrodiols, cate-
chols, and glutathione conjugates. Oxides are proposed as intermediates in the forma-
tion of 2- and 4-chlorophenol, while the formation of 3-chlorophenol is proposed to
occur directly. The structure of the glutathione conjugate derived from 8 is a tentative
formulation. Evidence for formation of the oxide 10 has not been obtained. On
isomerization, it would be expected to yield 2-chlorophenol.

while the instability of intermediate
arene oxides derived from alkylben-
zenes precluded any possibility of their
isolation (14).

Halobenzenes are, however, metabo-
lized to a variety of products which
are strongly suggestive of the inter-
mediacy of relatively stable arene ox-
ides (Fig. 8) (50). Two of these
oxides (8, 9) have now been synthe-
sized and their isomerization to phenols
examined: 8 isomerizes exclusively to
2-chlorophenol while 9 isomerizes ex-
clusively to 4-chlorophenol (51). Both
oxides react with glutathione and are
converted to trans-dihydrodiols. The
formation of 3-halophenols from chlo-
robenzene, bromobenzene, and fluoro-
benzene (52, 53) does not appear ex-
plicable on the basis of arene oxide
intermediates, and thus such metabo-
lites may represent examples of the
direct enzymatic formation of a phenol.
The magnitude of the isotope effects
observed during the formation of meta-
phenols from deuterated nitrobenzene
and phenylmethylsulfone was also in-
compatible with the intermediacy of
arene oxides (53). Such “meta-hydroxyl-
ations” would, therefore, not be ex-
pected to be accompanied by the NIH
shift. The relative importance of direct
metabolic pathways from hydrocarbon
to phenols requires further investiga-
tion, particularly with polycyclic hy-

drocarbons, where a variety of phenols
can be formed by alternative pathways
from one substrate,

Arene oxide formation from poly-
cyclic hydrocarbons. A thorough inves-
tigation in 1968 of the metabolism of
naphthalene in vitro (I0) established
arene oxides as the principal route to
phenols from aromatic substrates and
prompted a search for direct evidence of
arene oxides being formed as intermedi-
ates in the metabolism of carcinogenic
polycyclic hydrocarbons. Direct evi-
dence has now been provided that K-
region oxides are formed from phenan-
threne (54), benzo[alanthracene (54),
dibenzo[a,h]anthracene (54, 55), pyrene
(56), benzolalpyrene in the 4,5-posi-
tion (56, 57), 7,12-dimethylbenzo[a]an-
thracene, and other substituted benzo[a]-
anthracenes (58) (Fig. 9, structures 11
to 16, respectively). In all cases, micro-
somes from rat or hamster liver were
employed and various inhibitors of
epoxide hydrase [see (34)] were included
during brief incubation periods at 25°
to 30°C. In one instance (55), a brief
heat treatment was employed to “deac-
tivate” epoxide hydrase. It is unlikely
that the hydrase can be selectively de-
activated in this way because it is
thermally a very stable enzyme (30).
Instead, it is more likely that this brief
heat treatment disrupted a close associ-
ation between monoxygenase and hy-
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drase (45, 46). The radioactive poly-
cyclic hydrocarbons used in these stud-
ies were metabolized to products with
chromatographic properties consonant
with those expected of arene oxides,
that is, products with Ry values inter-
mediate between those of the nonpolar
parent hydrocarbon and those of the
more polar phenol, quinone, and dihy-
drodiol metabolites. The suspected ox-
ide metabolites were acid-labile and
could be isomerized to phenols. In
some instances, partial conversion of
the metabolites to dihydrodiols or
glutathione conjugates was effected.
Formation and metabolism of benzo[al-
anthracene 5,6-oxide has now been
studied with lung preparations (59).
To demonstrate the formation of a
specific arene oxide from a polycyclic
hydrocarbon is a difficult task which is
compounded by the fact that suitable
reference compounds are usually not
available. For example, in the case of
benzo[a]pyrene, only 6 of the 12 pos-
sible phenols, only 1 of the trans-
dihydrodiols, and only 3 of the 6
probable arene oxides are adequately
described in the literature. With most
polycyclic hydrocarbons, the spectrum
of products seen after metabolism in
vitro (60, 61) indicates that a variety of
intermediate oxides have been formed.
Virtually nothing is known of the rela-
tive stability of these isomeric oxides
except that the K-region oxides are
considerably more stable than the non-
K-region oxides (24), nor is anything
known about the relative activity of
these isomeric oxides toward enzymatic
hydration or about the degree of associ-
ation of monoxygenase and hydrase
enzymes relevant to the formation and
hydration of each arene oxide. Although
it appears certain that arene oxides
have been detected in the studies we
have cited (54-58), the amount and
spectrum of oxides formed in vitro and
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Fig. 9. K-region
oxides that have been
identified as metabo-
lites of polycyclic hy-
drocarbons. Naphtha-
lene 1,2-oxide (Fig.
3) has also been iden-
tified as such a metab-
olite.

in vivo must remain in question until
careful studies with complete sets of
reference compounds are conducted.

Benzene Oxides as Mediators

of Tissue Necrosis

While the hepatotoxicity of simple
benzene compounds has been known for
many years, only recently has evidence
been obtained to explain the mechanism
of these toxic effects. It has now been
demonstrated that the toxicity is caused
by aromatic compounds such as halo-
benzenes being metabolized to arene
oxides which covalently bind to hepatic
protein (62). When radioactive bromo-
benzene was administered to rats, mas-
sive centrolobular necrosis resulted and
the necrotic regions contained significant
amounts of covalently bound radioac-
tivity (62). Prior treatment of the
animals with phenobarbital, to induce
microsomal monoxygenases, enhanced
both the bromobenzene-elicited necrosis
and the hepatic binding (62, 63). Con-
versely, prior treatment of the animals
with inhibitors of oxidative drug metab-
olism, such as B-diethylaminoethyl-
diphenylpropyl acetate (SKF 525-A) or
piperonyl butoxide, substantially reduced
both the bromobenzene-elicited necrosis
and the hepatic binding (63-65). The
macromolecules to which the radioac-
tivity became bound after the admin-
istration of bromobenzene were mainly
proteins (63, 66).

An important factor controlling the
time course and extent of liver necrosis,
induced by radioactive bromobenzene,
as well as binding of radioactivity to
liver protein, was the amount of gluta-
thione present in the liver. Prior treat-
ment of animals with diethyl maleate,
an agent which depletes glutathione in
liver, enhanced both hepatic binding
and the extent of liver necrosis elicited

by bromobenzene (63). Conversely,
prior administration of cysteine, a pre-
cursor of glutathione, retarded necrosis.
Binding of radioactivity was low until a
critical dose, 1 to 2 millimoles per kilo-
gram of body weight, of radioactive
bromobenzene was administered; only
at this dose did the amount of hepatic
glutathione become depleted (63, 67).
A protective role for glutathione with
respect to halobenzene-elicited liver
necrosis is, thus, clearly established.

Attempts to establish whether or not
epoxide hydrase also plays a protective
role with respect to halobenzene-elicited
necrosis produced results that were in-
conclusive (37). In rats, prior admin-
istration of cyclohexene oxide, a rela-
tively potent inhibitor of epoxide hy-
drase, did inhibit formation of dihydro-
diol-derived metabolites from chloro-
benzene and, in addition, greatly re-
duced glutathione concentrations dur-
ing the first few hours. The inhibition
of pathways for subsequent metabolism
of toxic chlorobenzene oxides would
have ‘been expected to result in exacer-
bation of hepatotoxicity. Instead, necro-
sis was completely prevented, perhaps
by a relatively small cyclohexene oxide—
elicited reduction in the initial rate of
conversion of chlorobenzene to metab-
olites.

Prior treatment of animals with the
inducing agent, 3-methylcholanthrene,
would be expected to enhance bromo-
benzene-elicited necrosis, as was the
case with the inducing agent, pheno-
barbital. Instead, prior treatment of

rats with 3-methylcholanthrene de-
creases both the binding and the
necrosis ¢elicited by bromobenzene

(68). In the mouse, prior treatment
with 3-methylcholanthrene has little ef-
fect on either binding or necrosis (68).
The overall rate of metabolism of
bromobenzene is not markedly in-
creased in the rat after the adminis-
tration of 3-methylcholanthrene, but the
proportions of various metabolites
change, there being significant increases
in dihydrodiols and catechols (64).
This might be the consequence of the
induction of a more tightly coupled
monoxygenase-hydrase system (45, 46).
Prior treatment of the animals with 3-
methylcholanthrene also greatly in-
creases the relative amount of urinary
2-chlorophenol (64). The lack of
necrosis under those conditions sug-
gests that the 3-chlorobenzene oxide
(8), formed as an intermediate to 2-
chlorophenol, is either not as cytotoxic
or is not as stable toward isomerization
as the 4-chlorobenzene oxide (9) that
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is intermediate to 4-chlorophenol.
Further studies are obviously necessary
to fully delineate the mechanisms in-
volved in halobenzene-elicited hepatic
necrosis.

A variety of other compounds in-
cluding phenylbutazone, diphenylhy-
dantoin, 2-acetylaminofluorene, aceta-
minophen (4-hydroxyacetanilide), acet-
anilide, and carbon tetrachloride have
been shown to be bioactivated before
they become bound to hepatic macro-
molecules (69, 70). Although such bio-
activation and subsequent binding are
probably responsible for the toxic effects
of these substances, it is clear that the
mechanisms involved cannot in all cases
be dependent on the formation of arene
oxide intermediates. The hepatotoxicity
elicited by carbon tetrachloride appears
to be dependent on bioactivation that
perhaps results in the formation of free
radicals (71), while 2-acetylaminofluo-
rene, acetanilide, and acetaminophen
must be first converted to N-hydroxy
derivatives [see (70, 72, 73) and refer-
ences therein]. Carbon tetrachloride
can, in addition, in low dosages cause
inactivation of cytochrome P-450, there-
by protecting against the metabolism-
linked hepatotoxicity of a subsequent
higher dose (74). This effect is reminis-
cent of the destruction of cytochrome
P-450 by bioactivated intermediates de-
rived from N-allyl compounds such as
secobarbital and allyisopropylacetamide
(75). These examples illustrate the di-
verse nature of bioactivation which, as
in the formation of arene oxides, can
result in cytotoxic effects.

Metabolically induced binding of
foreign compounds and subsequent
necrosis is not limited to the liver.
Renal necrosis, for example, results
from the administration of haloben-
zenes (76). Whether or not the bioac-
tivated intermediates are generated in
situ at such extrahepatic sites warrants
further investigation, because if they
were, the induction of hepatic enzymes
might prevent extrahepatic necrosis by
rapidly reducing the plasma concentra-
tions of the parent hydrocarbon.

Polycyclic Hydrocarbon Oxides

as Mediators of Carcinogenicity

A variety of chemicals have been
implicated as causative agents in car-
cinogenesis. Each of the chemical car-
cinogens that has been thoroughly stud-
ied has been found to bind covalently
with DNA, RNA, and protein of the
target tissue (77). Certain carcinogenic
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compounds, such as B-propiolactone,
succinic anhydride, uracil mustard,
dimethylsulfate, and 1,2,7,8-diepoxyoc-
tane, are presumed to act by direct
acylation or alkylation of certain in-
tracellular components while others,
such as aromatic amines and azo com-
pounds, nitrosamines, urethanes, carbon
tetrachloride, safrole, cycasin, aflatox-
ins, griseoflavin, and polycyclic aro-
matic hydrocarbons, appear to require
bioactivation in order to react with
macromolecules (73).

Polycyclic aromatic hydrocarbons do
not covalently bind to biopolymers
without prior “activation.” The magni-
tude of the weak physical binding which
occurs between the hydrocarbons and
macromolecules does not correlate
with the carcinogenic efficacy of the
hydrocarbon (78). Polycyclic hydro-
carbons become bioactivated by drug-
metabolizing enzymes, both in vivo and
with hepatic microsomes in vitro, and
this bioactivation results in their bind-
ing covalently to DNA, RNA, and pro-
tein (79, 80). Covalent binding alone,
however, cannot be considered a suffi-
cient criterion for carcinogenesis;
benzo[a,c]lanthracene and the [a,h]
isomer bind equally well to mouse skin,
yet only the latter compound is carcino-
genic (81).

The role of metabolism in the cyto-
toxicity or carcinogenicity of polycyclic
hydrocarbons is not clearly defined.
There is a correlation between the de-
gree of cytotoxicity of polycyclic hy-
drocarbons toward cells in culture and
the total activity of monoxygenases
(82). Furthermore, such toxicity is
blocked by 7,8-benzoflavone, an inhibi-
tor of these enzymes (83). The flavone
also blocks the bone marrow damage
elicited by 7,12-dimethylbenzo[alanthra-
cene (84). Prior induction of monoxy-
genases, however, unexpectedly de-
creases the extent of adrenal necrosis
caused by 7,12-dimethylbenzo[alanthra-
cene (85). Similarly, prior induction of
monoxygenases (86) decreases the car-
cinogenic effects of 7,12-dimethylbenzo-
[alanthracene or benzo[alpyrene (87).
Possible genetic relationships between
the inducibility of enzymes which me-
tabolize polycyclic hydrocarbons and the
susceptibility of mouse strains to induc-
tion of tumors by benzo[a]pyrene (35)
and 3-methylcholanthrene (88) have
been investigated. Only in the latter
case has a positive correlation been ob-
served. The inhibition of monoxy-
genases with 7,8-benzoflavone markedly
inhibited tumor formation elicited by
7,12-dimethylbenzo[alanthracene  but

had no effect on or enhanced the car-
cinogenic effect of benzo[alpyrene (79).

Such apparently anomalous results
may be resolved when more is known
about the effect of prior treatments or
inhibitors on the specific bioactivation
pathways and about the way in which
these pathways are coupled to the
relevant deactivation pathways. With
polycyclic hydrocarbons, the specific
bioactivation is presumably a monoxy-
genase-catalyzed conversion to one or
more arene oxides, while the deactiva-
tion pathways include isomerization of
the intermediate arene oxides to
phenols, hydration to dihydrodiols, con-
jugation with glutathione, and further
oxidation. Competing pathways may be
of great importance. Although the pro-
posal that arene oxides are the bioac-
tivated intermediates responsible for the
binding and the cytotoxic and carcino-
genic effects of polycyclic hydrocarbons
is attractive, the possibility that metabo-
lites other than arene oxides are active
agents in carcinogenesis should cer-
tainly not be excluded.

Early studies did not implicate arene
oxides as the ultimate carcinogens
formed from aromatic hydrocarbons.
Thus, the 5,6- (K-region) oxide of 7-
methylbenzo[a]anthracene was markedly
less active as a carcinogen than the par-
ent hydrocarbon when the effects of the
two compounds on subcutaneous injec-
tion or topical application in rat and
mouse were compared (89). Similarly,
the K-region oxides of phenanthrene,
benzo[a]anthracene, dibenzo[a,h]anthra-
cene, chrysene, and 3-methylcholan-
threne were all relatively inactive (90).
These negative results, however, may be
the consequence of transport and inac-
tivation phenomena which lead to deac-
tivation of these oxides in the intact
organism before the critical target
macromolecule is reached.

The development of cultured cell
systems (97) in which cell transforma-
tion represents a reliable and rapid
method of estimating activity of chemi-
cal carcinogens (92) has allowed a re-
evaluation of the effects of arene oxides
(Table 1). In primary and secondary
cultures of hamster embryo cells, K-
region oxides of benzo[alanthracene,
dibenzo[a,hlanthracene, and 3-methyl-
cholanthrene are more active than the
parent hydrocarbons or corresponding
dihydrodiols and phenols in inducing
cell transformations (93). In a clone
of C3H mouse ventral prostate cells,
which shows a very low degree of
spontaneous transformation, the K-
region oxides of benzo[a]anthracene
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Table 1. Transformations of cultured cells in vitro elicited by polycyclic hydrocarbons and
metabolites (93). The compounds BP, benzo[a]pyrene; 3-MC, 3-methylcholanthrene; and DBA,
dibenzo[a]anthracene, were added in amounts shown in parentheses. The numbers are propor-

tional to the extent of cell transformation.

Hamster embryo cells

C3H mouse ventral cells

Agent BPseries  3-MCseries DBA series BPseries  3-MC series
(2.5 ug/ml) (2.5 ug/ml) 5 ug/ml) (1.0 ug/ml) (1.5 ug/ml)
None 0.0 0.4 0.4 0.0 0.0
Hydrocarbon 0.2 1.2 0.8 0.0 0.1
K-region oxide 6.9 3.8 2.3 1.0 2.2
K-region diol 1.2 0.9 1.2
K-region phenols 1.1 0.2 Toxic

and 3-methylcholanthrene are also more
active than the parent hydrocarbons
(93). In the mouse cell line, dihydrodiols
and phenols are relatively inactive as
are the K-region oxides of the noncar-
cinogenic hydrocarbons, phenanthrene
and chrysene (94). The K-region
oxides of phenanthrene and chrysene
are, however, active in the hamster cell
system (95). The hamster system seems
more sensitive to various carcinogenic
agents: 7-bromomethyl~12-methylbenzo-
[alanthracene causes transformation in
hamster cells, but not in the mouse cells
(95, 96). Tt is interesting that the K-
region oxide of 7,12-dimethylbenzo[al-
anthracene is less active in causing cell
transformation than the parent hydro-
carbon (96). Inhibition of monoxy-
genases by 7,8-benzoflavone increased
the transformation elicited by the K-
region oxide of 3-methylcholanthrene
(97), perhaps by preventing further
metabolism. In addition to eliciting
transformations in cultured cells, arene
oxides have been shown to be muta-
genic to mammalian cell cultures, Dro-
sophila, bacteriophage, and strains of
Salmonella typhimurium (98).
Although these studies with various
cell types have been highly informative,
questions such as whether or not K-
region oxides, non-K-region oxides, or
subsequent metabolites are the ultimate
carcinogens or mutagens remain to be
answered, perhaps through careful
parallel comparisons of biochemical
formation and disposition of hydrocar-
bon metabolites and their biological ef-
fects. One of the biochemical parame-
ters of relevance is the nature and
extent of binding of metabolically acti-
vated polycyclic hydrocarbons and of
their various derivatives to biopoly-
mers. The binding in vitro of polycyclic
hydrocarbons, K-region arene oxides,
phenols, and dihydrodiols to DNA,
RNA, and proteins has been studied
extensively (57, 61, 99-101). In gen-
eral, the oxides were found, as ex-
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pected, to be substantially more reac-
tive and, as has been the case with
other alkylating agents (40, 81), purine
bases, especially guanine, were most
susceptible to attack (100-102). How-
ever, no correlation is apparent between
the degree of covalent binding of K-
region oxides and the carcinogenicity of
the parent hydrocarbons. A phenolic
metabolite, 6-hydroxybenzolalpyrene,
binds covalently to DNA in vitro (103).
It is of interest that the binding of the
7,8-trans-dihydrodiol of benzo[alpyrene
to DNA is greatly enhanced when ac-
tive hepatic microsomes are present
(61). This result suggests that certain
dihydrodiol metabolites can be bioac-
tivated by hepatic enzymes, perhaps by
way of catechols, quinones, or oxides.

The binding of K-region arene
oxides, dihydrodiols, and phenols to
DNA, RNA, and protein present in
cultured cell lines has been examined
(104, 105). In one of these studies
(104), both arene oxides and phenols
bound to a great extent to macromole-
cules. In the other study with a differ-
ent cell line, distinctly greater binding
occurred with the oxides. Neither study
revealed any correlation between the
extent of binding and the carcino-
genicity of the parent hydrocarbon, thus
providing evidence that both the extent
and the nature of binding are impor-
tant. The K-region oxide of dibenzo-
[a,h]anthracene binds more extensively
than the parent hydrocarbon to an in-
tracellular protein in mouse embryonic
cells (106).

Attempts
between metabolism, covalent binding,
and carcinogenicity are even more dif-
ficult in the case of alkyl-substituted
polycyclic aromatic hydrocarbons than
they are with the unsubstituted poly-
cyclic hydrocarbons. With the alkyl-
substituted compounds, benzylic hy-
droxylation followed by conjugation
with a group such as sulfate could, as
would the formation of an arene oxide,

to establish correlations

generate a potent alkylating agent.
7-Hydroxymethyl-12-methylbenzo[a]an-
thracene and 7-methyl-12-hydroxy-
methylbenzo[a]anthracene are, however,
far less potent carcinogens than the par-
ent hydrocarbon (107). It is interesting
that the 7-hydroxymethyl compound is
extremely active in producing adrenal
necrosis (108). Study of covalent bind-
ing of bromomethyl derivatives of
benzo[a]anthracene as model alkylating
agents of DNA did not reveal any cor-
relation between the carcinogenicity of
such derivatives and the total extent of
reaction with DNA or the extent of
reaction with particular nucleoside resi-
dues in the DNA (109). The binding
of the 7-methyl, the 7-bromomethyl,
and the 7-methyl-K-region oxide deriva-
,tives of benzo{alanthracene to the DNA
in cultured cells affords a different
spectrum of products in each case
(101). The mechanism involved in the
carcinogenicity of alkyl-substituted hy-
drocarbons thus remains even less re-
solved than that of the unsubstituted
polycyclic hydrocarbons. The ambigu-
ous results obtained with both classes
of polycyclic hydrocarbons attest to the
difficulties inherent in attempts to cor-
relate binding phenomena with biologi-
cal effects.

Summary

Arene oxides have been identified as
intermediates in the metabolic forma-
tion of phenols, trans-dihydrodiols, and
premercapturic acids in mammals. The
steady-state concentrations of inter-
mediate arene oxides are related to the
rates at which they are formed, their
ability to isomerize to phenols, to react
with nucleophiles such as glutathione,
and to undergo enzymatic hydration.
The covalent binding of these bioacti-
vated intermediates to intracellular
macromolecules provides a molecular
basis for the cytotoxicity of aromatic
hydrocarbons and the carcinogenicity of
polycyclic hydrocarbons. The nature of
the sites of binding to biopolymers, and
the complex set of kinetic and struc-
tural parameters that influence both the
reactivity of arene oxides and their
ability to bind to critical target mole-
cules are under investigation, but such
factors have not been completely de-
fined for any aromatic hydrocarbon.
That bioactivated intermediates other
than arene oxides also have a role in
the carcinogenicity of polycyclic hydro-
carbons remains a possibility.
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Immunologic Modification:
A Basic Survival Mechanism

Cellular adaptation contributes to tumor growth,

allograft survival, and mammalian embryogenesis.

Barbara B. Jacobs and Delta E. Uphoft

Changes in phenotypic expression of
immunogenicity often contribute to
survival of cells or tissues that other-
wise would be eliminated by an im-
mune reaction. Such cellular adapta-
tion has been demonstrated extensively
in a variety of experimental systems,
the diversity of which suggests that
this is a basic biological mechanism.
Examples of these adaptations induced
in vitro and in vivo are (i) altered po-
tential for immune activity in response
to undefined physiologic changes re-
sulting from tissue passage in vitro, (ii)
modulation of antigen expression in-
duced by exposure to specific anti-
bodies, (iii) alteration of the antigen
recognition mechanism by exposure to
specific antigens, and (iv) changes in-
duced by exposure of allografts to
immunologically unresponsive recip-
ients. Although in the latter case it is
initially the response that is modified,
there is ample evidence that the tissue
against which the response is directed
also is affected. Cellular antigens and
the responding organism interact in a
dynamic way, and, although it is
sometimes difficult to define the pri-
mary change, both participate in af-
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fecting the end result, be it survival or
death of grafted cells. Examples with
implications for evolutionary signifi-
cance are drawn from various species,
and we did not attempt an exhaustive
review of the literature. In particular,
we have called attention to changes in
immunologic function occurring in cell
and tissue culture. after exposure to
antibodies in vitro and in vivo, -after
exposure to antigenic material and
ribonucleic acid (RNA) preparations,
and in the fetal-maternal interrelation-
ship. Such changes in expression of im-
munogenicity and responsiveness are
recorded for hematopoietic and fixed
tissues, both normal and neoplastic.

Phenotypic Alteration of
Cell Surface Antigens

Since Schlesinger (/) has reviewed
the work on phenotypic expression of
cells in vitro, we present here only a few
examples of reversible change in anti-
genic specificity in order to complete
the correlation with other systems.

After an initial adaptation to the
environment in vitro, tissue culture cell
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lines may maintain their differentiated
phenotypes for many years (2). Al-
though the expression of some traits
such as pigment and cartilage forma-
tion (3) and antigen expression (4)
may appear lost, they may be recov-
ered either spontaneously or by chang-
ing the culture conditions, indicating
modification of phenotype rather than
selection of genetic variants (5).

A greater reduction in immunogenic-
ity induced by organ culture explanta-
tion as compared to that induced by
cell culture may be associated with a
more favorable physiological environ-
ment usually obtainable when disas-
sociated cells are used. However, since
specificity of cultured cells has not
been tested routinely by allotransplan-
tation [terminology defined in (6)],
modified immunogenicity may have
been overlooked when unaltered anti-
genicity was present. While cellular
antigens may be demonstrable by in
vitro reactivity with serum or lymphoid
cells and by their ability to respond to
cellular or humoral reactions in sensi-
tized recipients, these same antigens
do not invariably evoke an effective
primary immune response (7).

The expression of cellular antigens
and serum proteins is influenced by
the stage of differentiation of the or-
ganism and the presence or absence
of neoplasia. The time of expression
and the quantity of alloantigens on
cells of different tissues also varies (8).
A “thymus specific” antigen detectable
only on brain and thymic cells has
been identified in several species (9).
Likewise, antigens present during fetal
life may be greatly reduced or absent
in adults only to reappear with the
development of neoplasia; for example,
the carcinoembryonic antigen de-
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