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INTRODUCTION

Cytochrome P-450 enzymes catalyze three general types of oxidative reac-
tions: (2) insertion of an oxygen atom into the sigma bond between a
hydrogen and a heavier atom (hydroxylation), (») addition of an oxygen
atom across the two ends of a 7-bond (epoxidation), and (¢) addition of an
oxygen atom to a nonbonding electron pair (oxidation). A limited number
of reductive reactions are also catalyzed by cytochrome P-450 monooxyge-
nases under appropriate conditions. All cytochrome P-450 enzymes appear
to operate by closely related catalytic mechanisms that hinge on activation
of molecular oxygen by the prosthetic heme iron atom, although the hemo-
proteins differ, among other things, in their size, amino acid sequence,
cellular and organ location, and substrate specificity. Some cytochrome
P-450 enzymes, such as the sterol hydroxylases located both in the adrenal
gland and in the liver, are primarily engaged in the metabolism or biosyn-
thesis of critical physiological substrates, whereas others are primarily de-
voted to the metabolism of lipophilic drugs and other xenobiotics. The
cytochrome P-450 class of enzymes is subject to a variety of regulatory
mechanisms that are in turn meshed to the regulation of tributary pathways,
such as that of hepatic heme biosynthesis. Therefore, the inhibition or
destruction of cytochrome P-450 enzymes by exogenous substrates is of
concern not only because it can alter the metabolism of other substances
but also because it can interfere with essential physiological processes.
Cytochrome P-450 enzymes can be inhibited by competition between
substrates for residence in the active site; by generalized destruction, usually
associated with lipid peroxidation; by catalytic activation of substrates to
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species that tightly but reversibly coordinate with the heme iron atom; by
the generation of metabolites that react with the protein structure; or,
finally, by catalytic oxidation of substrates to intermediates that bind cova-
lently to the prosthetic heme group. Recent reviews of several of these
inhibitory processes are available (1-5). This review is devoted to the mech-
anism, and the consequences, of the inactivation of cytochrome P-450
enzymes by N-alkylation of the prosthetic heme moiety, an area in which
major advances have been made since the last comprehensive review (6).

THE ACTIVE SUBSTRATES
Olefins

The destruction of cytochrome P-450 by what is now known to be self-
catalyzed prosthetic heme alkylation was first observed with homoallylic
amides. The most intensively investigated of these substrates is 2-isopropyl-
4-pentenamide (AIA), a compound that has served as a pilot for most of
the developments in the field. Barbiturates with 5-allyl substituents, of
which secobarbital is an example, have also received a great deal of atten-
tion. Early work with these agents has been reviewed in detail by De Matteis
(6). A relatively recent addition to this class of substrates is 2,2-diethyl-4-
pentenamide (novonal), a sedative-hypnotic currently in use in Europe (7).
The presence of a double bond separated by two carbon atoms from an
amide group in essentially all the agents first observed to cause cytochrome
P-450 destruction and “green pigment” formation suggested that a critical
relationship might exist between this structural feature and the destructive
activity. This premise, reinforced by the finding that destructive activity is
lost on reduction of the double bond (8, 9), was explored in 1980 with a
series of compounds in which the homoallylic amide group was transformed
in turn to a methyl ester, a methyl ketone, a methyl ether, and, eventually,
to a hydrocarbon terminus (10). The observation that all of these structures
retain destructive activity led to the realization that the destructive potential
resides in the unsaturated carbon-carbon bond itself rather than in a more
complex substructure. This is confirmed by the finding that several terminal
olefins, including ethylene, destroy cytochrome P-450 by prosthetic heme
alkylation (10). As expected, the saturated hydrocarbons are inactive.
Olefins with alkoxy or halide substituents, notably 2,2,2-trifluoroethyl vinyl
ether (fluroxene) (11, 12) and more recently vinyl fluoride, 1,1-difluoroethy-
lene, and vinyl bromide (13), have also been shown to be active. It is likely
that vinyl chloride, a documented human carcinogen that destroys cyto-
chrome P-450 and heme (14, 15), also acts through prosthetic heme alkyla-
tion, although direct evidence for this is not yet available. The olefins that
have been shown to destroy cytochrome P-450 through prosthetic heme
alkylation are listed in Table 1.
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Table 1 Substrates that inactivate cytochrome P-450 by heme alkylation?

Olefins Acetylenes (continued)

Sedormid (57)

2-Isopropyl-4-pentenamide (AIA) (9, 26,
217, 36, 45)

2,2-Diethyl4-pentenamide (Novonal)
(md

2-Phenyl-4-pentenamide (8)€

Secobarbital (9, 58)

Aprobarbital (9)€

Allobarbital (8, 9, 59)¢

Methyl 2-isopropyl-4-pentenoate (10,45)

3-Isopropyl-S-hexen-2-one (10)

Methyl 2-isopropyl-4-pentenyl ether (10)

4-Ethyl-1-hexene (10, 40)

Ethylene (10, 39, 41)

Propene (41)

1-Heptene (10)

1-Octene (41)

3-Methyl-1-octene (10)

Fluroxene (11,12, 13)

Vinyl fluoride (13)

Vinyl bromide (13)

Vinyl chloride (14, 15)¢

Vinylidene fluoride (13)

Triallyl cyanurate (59)¢

Acetylenes

Norethisterone (17, 18)
Ethinyl estradiol (17)
Norgestrel (18)¢

Danazol (19)
1-Ethinylcyclohexanol (18,21)
1-Ethinylcyclopentanol (21)
3-Methyl-1-pentyn-3-ol (21)¢

(1-Methoxycyclohexyl) acetylene (21)¢
3-(2,4-Dichlorophenoxy)-1-propyne (21)
3-(4-Nitrophenoxy)-1-propyne (21)
3-Phenoxy-1-propyne (21)
4-Phenyl-1-butyne (21)
3-Phenyl-1-propyne (21)
Phenylacetylene (21)
Biphenylacetylene (23)¢
Cyclohexylacetylene (21)¢
2-(2-Propynyl)-4-pentynamide (19)
Acetylene (13,19, 21)

Propyne (42)

1-Heptyne (24)€

1-Octyne (41, 60)

1-Decyne (24)

1-Tridecyne (24)¢

Ethchlorvynol (22)

Hexapropymat (16)¢

Heteroatomic substrates

3,5-Bis(carbethoxy)-2,4,6-trimethyl-1,4-
dihydropyridine (DDC) (26, 27, 29)
3,5-Bis(carbethoxy)-2,6-dimethyl-4-
ethyl-1,4-dihydropyridine (DDEP) (29,
30)
3,5-Bis(carbethoxy)-2,6-dimethyl-4-
propyl-1,4-dihydropyridine (30)
3,5-Bis(carbethoxy)-2,6-dimethyl-4-
isobutyl-1,4-dihydropyridine (30)
1-Aminobenzotriazole (25)
Benzyl cyclopropyl amine (31, 32, 33)¢
2-Phenylethylhydrazine (34)P
Phenylhydrazine (35)

aExcept where indicated, the porphyrin derived from the heme adduct with each of
the following compounds has been characterized at least by its electronic absorption
spectrum.

bThe alkylated porphyrin obtained with this compound has been characterized in the
laboratory of one of the authors (unpublished work).

CHeme alkylation by this compound has been inferred but has not yet been confirmed
by the isolation of an alkylated porphyrin derivative.

The available data is too sparse for a credible structure-activity relation-
ship to be defined. It is nevertheless possible to make a number of tentative
generalizations. The most evident is that a double bond suffices to bring
about autocatalytic destruction of cytochrome P-450, but the presence of
such a bond in a substrate does not automatically convey destructive activ-
ity. Among the olefinic substrates that cause no detectable loss of cyto-
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chrome P-450 on incubation with phenobarbital-induced rat liver micro-
somes are styrene (10), 2-methyl-1-heptene (10), 3,3-dimethyl-1-hexene
(10), oxprenolol (16), alprenolol (16), and carbamazepine (16). 1,2-Disub-
stituted olefins, specifically cyclohexene and both geometric isomers of
2-nonene and 3-hexene, appear not to alkylate prosthetic heme (10). The
role of isozyme specificity in these negative results cannot be factored out
at this time (see discussion of isozyme specificity). It nevertheless appears
that the presence of two carbon substituents attenuates or suppresses de-
structive activity, as does steric congestion at the allylic position (i.e. 3,3-
dimethyl-1-hexene) or electron delocalization (i.e. styrene). More definitive
and extensive experiments are required, however, to substantiate these ten-
tative conclusions.

Acetylenes

The discovery that acetylenes are catalytically oxidized to intermediates
that destroy cytochrome P-450 stems from work in two distinct areas. One,
the study of the 17-ethinyl sterol components of birth control pills, led to
the demonstration by White & Muller-Eberhard in 1977 that norethisterone
and ethinyl estradiol cause a time-dependent, irreversible loss of cyto-
chrome P-450 that is paralleled by formation of hepatic “green pigments”
(heme adducts) (17). This finding has been extended to two other clinically
used ethinyl sterols, norgestrel (18) and danazol (19). The second indicator
of the destructive activity of acetylenic groups was provided by the develop-
ment, without knowledge of the specific mechanism involved, of a variety
of insecticide synergists with an acetylenic function as the common
denominator. Two of these compounds were shown in 1971 to mediate
rapid in vivo loss of hepatic cytochrome P-450 (20). This loss has more
recently been shown by in vitro experiments to reflect destruction of preex-
isting enzyme (21). A broad range of terminal acetylenes has been shown
to exhibit this activity (Table 1). The intrinsic activity of the carbon-carbon
triple bond is most clearly established by the destructive action of acetylene
itself (13, 19, 21). In addition to the ethinyl sterols, two other clinically used
acetylenic agents, ethchlorvynol and hexapropymat, are now known to
destroy rat hepatic cytochrome P-450 (16, 22).

A survey of the active acetylenic compounds establishes that the intrinsic
destructive activity of the triple bond is less readily masked than that of a
double bond. Phenylacetylene (21) and biphenylacetylene (23), for example,
are active, whereas styrene (10) is not. A trisubstituted propargylic position
does not suppress destructive activity (note the ethinyl sterols), whereas a
trisubstituted allylic position appears to do so (10). It is notable that disub-
stituted acetylenes like 2-heptyne exhibit high destructive activity but, un-
like terminal acetylenes, do not give rise to isolable prosthetic heme adducts
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(21). Several terminal acetylenes have nevertheless been found that do not
cause detectable destruction of the phenobarbital-induced rat enzyme, in-
cluding the monoamine oxidase inhibitor pargyline and the sedative-hyp-
notic ethinamate (16, 24). The reasons for the inactivity of the latter
compounds, particularly in view of the structural similarity between hexa-
propymat (active) and ethinamate (inactive), remain to be elucidated.

Heteroatomic Substrates

Two heterocyclic systems have been identified that are oxidized by cyto-
chrome P-450 to species that alkylate the prosthetic heme group. Rational
analysis of the requirements for prosthetic heme alkylation led to the exami-
nation of 1-aminobenzotriazole, the prototype of a new class of destructive
agents (25). The other heterocycle with destructive activity has a long
history as an inhibitor of ferrochelatase and consequently of porphyrin
biosynthesis. The ability of 3,5-bis-carbethoxy-2,4,6-trimethyl-1,4-dihy-
dropyridine (DDC) to lower cytochrome P-450 levels in vivo was noted
some time ago (26, 27) but was not connected until recently with the
destruction of preexisting enzyme. The observation that DDC causes the
formation of a trace of hepatic green pigment (28), however, led to the
demonstration that DDC, but more particularly its homologues with a
longer substituent at the 4-position, are suicide substrates for cytochrome
P-450 (29, 30). The 4-ethyl (DDEP), 4-propyl, and 4-isobutyl derivatives
exhibit high destructive activity, the 4-methyl derivative (DDC) low activ-
ity, and the compounds with a 4-phenyl or without a 4-substituent no
activity. Paradoxically, the compounds with a 4-isopropyl or 4-benzyl sub-
stituent are characterized by high destructive activity but, unlike the other
derivatives, give no detectable prosthetic heme adducts. These results sug-
gest that a primary carbon substituent without conjugating groups is re-
quired for prosthetic heme alkylation to be observed.

Cyclopropylamines, notably benzyl cyclopropyl amine, have been re-
ported to suicidally inactivate cytochrome P-450 (31, 32). Preliminary re-
sults suggest that the destruction mediated by these substrates may, in part,
be due to heme alkylation (33). If so, cyclopropylamines represent a third
class of substrates that derive their destructive activity from metabolic
oxidation of a nitrogen atom.

Recent evidence suggests that hydrazines may represent a fourth class of
nitrogen-based suicide substrates for cytochrome P-450 monooxygenases.
The antidepressant phenelzine (2-phenylethylhydrazine) and phenylhydra-
zine have been reported to irreversibly lower the cytochrome P-450 and
heme concentrations of hepatic microsomes and to cause the formation of
unidentified “green” pigments (34, 35).
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MECHANISMS OF PROSTHETIC
HEME ALKYLATION

Autocatalytic Role of the Enzyme

The destruction of cytochrome P-450 by prosthetic heme alkylation is
coupled, in every instance, with catalytic turnover of the destructive agent
by the target enzyme. The catalytic role of the enzyme has been most
thoroughly documented in the case of AIA, but support exists for similar
involvement of the enzyme in other examples. It has been demonstrated
with AIA that (@) NADPH and oxygen are required for destruction to
occur (36, 9, 37), (b) destruction is attenuated by inhibitors of either cyto-
chrome P-450 itself (36) or of cytochrome P-450 reductase (37), (¢) destruc-
tion follows pseudo-first order kinetics, as required for a suicidal event (37),
and (d) the destruction of purified, reconstituted cytochrome P-450 occurs
only in the presence of functional enzyme and is isozyme-specific (38).
Similar but less complete evidence is available for fluroxene (11, 12, 38),
norethisterone (17, 38), vinyl chloride (if prosthetic heme alkylation is
involved) (14, 15), 1-aminobenzotriazole (25, 38), and 3,5-bis-carbethoxy-
2,6-dimethyl-4-ethyl-1-,4-dihydropyridine (DDEP) (29, 30). In most other
cases it has been established, as a minimum, that NADPH is required for
in vitro destruction.

Structures of the Prosthetic Heme Adducts

The heme adducts formed with the following agents have been isolated and
their structures have been unambiguously determined by complete (UV,
MS, NMR) spectroscopic characterization: ethylene (39, 40), propene (41),
octene (41), acetylene (13), propyne (42), octyne (41), fluroxene (13), vinyl
fluoride (13), ethchlorvynol (22), DDC (43, 44), and DDEP (29). Strong
evidence supports the structure assigned to the adduct formed with 1-
aminobenzotriazole (25), but a reliable NMR spectrum is not yet available
to confirm the assignment. The absorption and mass spectra of the adducts
obtained with many of the other agents in Table 1 have furthermore been
recorded and in all cases but those of AIA (45) and norethisterone (18),
where the secondary elimination of ammonia or water appears to have
occurred, are those expected if the adducts are directly analogous to the
appropriate well-characterized prototypes.

The adducts are obtained, due to the isolation procedure, as the dimethyl
esterified iron-free porphyrins. All of the isolated adducts are N-alkylated
derivatives of protoporphyrin IX, the porphyrin framework of prosthetic
heme, in which the N-alkyl group derives from the destructive substrate.
The adducts with olefins are formally obtained by addition of a porphyrin
nitrogen to the terminal carbon and of a hydroxyl group to the internal
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carbon of the double bond in the substrate. If a good leaving group is present
on the carbon to which the hydroxyl is added, as it is in fluroxene and vinyl
fluoride (13), the leaving group is eliminated and the resulting carbonyl
derivative is obtained. The adducts with acetylenes are generated by a
similar process except that ketone (or aldehyde) products are invariably
obtained because the new hydroxyl function is at the enol oxidation state,
owing to the second 7-bond of the acetylenic group. The adducts obtained
with dihydropyridine substrates reflect transfer of the 4-substituent from
the substrate to a nitrogen of protoporphyrin IX. The structures of adducts
with olefins, acetylenes, and dihydropyridine derivatives that have been
unambiguously established are summarized in Table 2. The structure of the
adduct isolated from 1-aminobenzotriazole-treated rats has yet to be con-
firmed by NMR, but almost certainly is formally obtained by bridging two

Table 2 Structures of the isolated prosthetic heme adducts

9]
OMe OMe
Pyrrole ring
nitrogen
Substrate N-Alkyl group R alkylated References
Ethylene —CH2CH20H D 39
Propene —CH2CHOHCH3 D 41
Octene —-CH,CHOH (CH,)¢ CH4 D 41
Acetylene -CH,CHO several 13
Fluroxene -CH,CHO several 13
Vinyl fluoride —CHZCHO several 13
Propyne —CH2COCH3 A 42
Octyne -CH,CO (CH,)4 CH; A 41
Ethchlorvynol  -CH,COC (CH,CH3) (OH) (CH = CHCl) all 22
DDC -CH, all 43,44

DDEP -CH,CH, all 29
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vicinal nitrogens in protoporphyrin IX with a vicinally disubstituted phenyl
ring (25).

Four regioisomers are possible for each of the adducts because the four
nitrogens of protoporphyrin IX are not equivalent. Recent results have
established that the alkylation process, at least with some of the substrates,
is regiospecific. The alkylation regiospecificity, where it is known, is in-
dicated in Table 2. It is important to note that the data in Table 2 was
obtained with phenobarbital-induced rats because it is possible that the
regiospecificity of alkylation by a given substrate will depend on the isozyme
of cytochrome P-450 involved in the reaction.

Identity of the Reactive Species

OLEFINS The prosthetic heme adducts with olefins formally are obtained
by chemical addition of the porphyrin nitrogen to the terminal carbon of
the corresponding epoxide metabolite. This mechanism for alkylation of the
prosthetic heme group is definitively ruled out, however, by the following
independent lines of evidence: (@) the epoxides of several active olefins do
not destroy cytochrome P-450 when incubated with hepatic microsomes
even though spectroscopic and kinetic evidence confirms that they reach the
active site of the enzyme (10, 16, 45); (&) the porphyrin nitrogen adds to
the unsubstituted terminus of fluroxene (13), whereas addition to the
trifluoroethoxy-substituted end of the corresponding epoxide would be ex-
pected (46); and (c) recent evidence establishes that the oxygen and the
nitrogen add in a cis-fashion rather than in the frans arrangement expected
for an epoxide (47). Two epoxides, those obtained from trifluoroethyl allyl
ether (48) and alclofenac (4-allyloxy-3-chlorophenyl acetic acid) (49), have
nevertheless been reported to destroy cytochrome P-450 by NADPH-
independent mechanisms. No evidence exists in either case that the enzyme
is destroyed through prosthetic heme alkylation. It is likely that the destruc-
tion associated with these epoxide substrates is due to a different mode of
action. Two possibilities are protein alkylation or a membrane perturbation
such as that presumably responsible for the NADPH-independent destruc-
tive action of 1-heptene, an olefin that, in the presence of NADPH, in fact
mediates normal prosthetic heme alkylation (10).

The catalytically-driven alkylation of prosthetic heme by olefins, in view
of the fact that epoxide metabolites are not involved, requires that an
intermediate in the oxidation sequence prior to the epoxide react with the
heme. The nature of this intermediate is not yet known, but is subject to
the constraints imposed by the following observations: (a) both the epoxida-
tion and heme alkylation associated with zrans-1-(2H)-1-octene, a typical
olefin, proceed with retention of the olefin stereochemistry (50); (&) the
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alkylation of prosthetic heme by linear olefins occurs with high regioselec-
tivity at the nitrogen of pyrrole ring A (Table 2); and (c) studies of the
absolute chirality of oxygen addition to the internal carbon of the double
bond in both the epoxide and the heme adduct indicate that one orientation
of the olefin relative to the heme face gives rise to both products. Oxygen
addition to the opposite face of the 7-bond does occur, but gives rise only
to the epoxide and not to the heme adduct (50). Retention of stereochemis-
try during both epoxidation and heme adduct formation is only consistent
with parallel, probably concerted, epoxidation and heme alkylation or,
alternatively, partitioning into both products of a common intermediate
unable to undergo rotation about the carbon-carbon sigma bond of the
original olefin because of stereoelectronic interactions with the heme. If
parallel mechanisms are in operation, the commitment of a given catalytic
event to epoxidation or heme alkylation must be made at the substrate-
binding stage (before oxygen transfer is initiated). If the alternative mecha-
nism involving partitioning of a common intermediate prevails, the fact that
the heme adducts with fluroxene and vinyl fluoride require catalytic addi-
tion of oxygen to the heteroatom-substituted carbon suggests that a radical
rather than a cation mechanism is involved (13). The data now available
is most comfortably rationalized by a nonconcerted mechanism involving
a radical species, but is not yet sufficiently definitive to rule out the alterna-
tives. The mechanism of prosthetic heme alkylation by olefins and acety-
lenes has recently been reviewed in some detail (50).

ACETYLENES Oxidation of carbon-carbon triple bonds by cytochrome
P-450 does not give the corresponding unsaturated epoxides (oxirenes) but
rather products derived from rearrangement of these highly unstable struc-
tures to ketenes or alpha-ketocarbenes (50). The heme adducts obtained,
however, are not those expected from reaction of heme with the ketene
rearrangement products (Table 2), because the oxygen in the adducts is
located on the internal rather than on the terminal carbon predicted by
addition to a ketene. The alkylation therefore requires (@) reaction with the
oxirene itself before it rearranges, (b) reaction with an intermediate in the
oxidation sequence that precedes the oxirene (see discussion of olefins), or
(c) concerted oxygen transfer and heme alkylation.

HETEROATOMIC SUBSTRATES The alkylation of prosthetic heme by
4-alkyl-1,4-dihydropyridine analogues differs from that mediated by olefins
and acetylenes in that only a fragment of the substrate, the 4-alkyl group,
is incorporated into the isolated porphyrin adduct. The requirement for
oxidative turnover of the substrate and the fact that the nitrogen can be fully
substituted (and thus cannot be activated by N-hydroxylation) suggests that
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the nitrogen undergoes a one-electron oxidation (29, 30). The resulting
radical cation then aromatizes by extrusion of the 4-alkyl group as a radical.
Spin-trapping experiments have recently confirmed that the 4-ethyl group
is released as a radical during the oxidation of DDEP by cytochrome P-450
(30). Strong evidence therefore exists for the one-electron oxidation of
DDEDP, and presumably other related substrates, to radical cation interme-
diates. If benzyl cyclopropyl amine destroys cytochrome P-450 by pros-
thetic heme alkylation, the destructive process probably also reflacts
oxidation of the nitrogen to a radical cation that subsequently ring opens
to a carbon radical alkylating species (32, 33).

The chemical oxidation of 1-aminobenzotriazole by a variety of chemical
agents yields benzyne (51). The biological oxidation of this substrate by
chloroperoxidase, a one-electron oxidant, has also been shown recently to
give benzyne (52). The observation that the heme adduct obtained with this
agent can be rationalized by addition of benzyne across two nitrogens of
protoporphyrin IX (followed by autoxidative rearomatization) thus proba-
bly reflects a mechanistic as well as formal derivation (25).

The destruction of hemoglobin by phenylhydrazine, first noted a century
ago, has recently been shown to involve catalytic formation of an iron-

.phenyl intermediate that subsequently rearranges to the corresponding N-

phenyl heme derivative (53, 54). It is likely that the destruction of
cytochrome P-450 by phenylhydrazine involves a similar mechanism be-
cause phenylhydrazine reacts in the same way with hemin itself (55). The
iron-phenyl intermediate in the destruction of hemoglobin by phenylhydra-
zine is presumably formed by combination of the prosthetic heme with
phenyl radicals generated during oxidation of the substrate (53). The forma-
tion of 2-phenylethyl radicals from phenelzine could similarly rationalize
the alkylation of prosthetic heme by this agent.

ISOZYME SPECIFICITY

The isozyme specificity of substrates that destroy cytochrome P-450 by
prosthetic heme alkylation has been investigated in a limited number of
cases with purified, reconstituted forms of the enzyme. The principal frac-
tion purified from phenobarbital-induced rat liver has been shown to be
inactivated by AIA (38, 56), l-ethinylcyclopentanol (38), 1-aminobenzo-
triazole (38), fluroxene (38, 48), and benzyl cyclopropyl amine (32). Vinyl
chloride has also been found to inactivate this form of the enzyme, al-
though, as noted, direct evidence is not yet available for prosthetic heme
alkylation (14). In contrast, the principal isozyme isolated from rats in-
duced with 3-methylcholanthrene is not inactivated by AIA (38) even
though it is still susceptible to the action of fluroxene and 1-aminobenzo-
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triazole (38). The isozyme induced in rats by beta-naphthoflavone is also
destroyed by fluroxene (48). The inactivity of AIA with the 3-MC-inducible
enzyme reflects the fact that it is not accepted as a substrate rather than that
the 3-MC isozyme is more resistant to destruction (38). Earlier studies with
microsomes from rats induced with phenobarbital and 3-methylcholanth-
rene [see (38, 48) for appropriate citations] are in accord with the purified
enzyme studies.

CONSEQUENCES OF SUICIDAL INACTIVATION
OF CYTOCHROME P-450

Impairment of Cytochrome P-450 Function

Suicidal inactivation of hepatic cytochrome P-450 is expected a priori to
impair not only further metabolism of the inactivating substrate but also
that of any coadministered drug(s). In turn, this impairment could alter the
disposition, retard the elimination, and possibly prolong the duration of
pharmacological action of the drug(s) in question. If the drug has a rela-
tively small therapeutic index and is predominantly metabolized by hepatic
cytochrome P-450, its impaired elimination could result in toxicity. Al-
though the potential for such toxicity has long been recognized, very few
of the suicidal inactivators of cytochrome P-450 (Table 1) have actually
been examined for their effects on the metabolism of drugs in vivo or in vitro
(Table 3). Not surprisingly, the few inactivators examined conform to a
rather predictable pattern of impairment of drug metabolism due to their
characteristic selective destruction of particular cytochrome P-450 iso-
zymes. AIA, the most extensively studied inactivator, preferentially inac-
tivates the principal phenobarbital-inducible cytochrome P-450 species of
rat liver and impairs not only its own metabolism (61, 62) but also that of
ethylmorphine, aminopyrine, hexobarbital, and benzphetamine (63-67), all
preferred substrates of that particular isozyme. The metabolism of p-chloro-
N-methylaniline, a prototype substrate of the 3-methylcholanthrene
(3MC)-inducible isozyme, is only minimally affected by AIA (64). On the
other hand, fluroxene, a substrate that inactivates both the phenobarbital
and 3-MC-inducible isozymes, is correspondingly nondiscriminatory in its
impairment of oxidative metabolism (63).

Although impairment of drug-metabolism is an acute manifestation of
the suicide-inhibitor, it must be recognized that with repeated administra-
tion, the inhibitor, in common with most lipophilic substrates of cyto-
chrome P-450, may also induce the cytochrome and consequently enhance
its own metabolism and that of coadministered drugs. Both the destructive
and the inductive potentials of an inactivating drug therefore need to be
taken into consideration in its clinical evaluation.
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Table 3 Some substrates of cytochrome P-450 subject to metabolic impairment by sui-
cide inactivators

Preferred Substrates subject to
Inactivator cyt P—450 species metabolic impairment?
AIA PB-inducible® AlA (61, 62)

Aminopyrine (65)

Benzphetamine (67)

Benzpyrene (63)

Ethoxyresorufin (63)

Ethylmorphine (64, 65)

Hexobarbital (66)
3-Methyl-4-monomethyl-azobenzene (26)
p-Nitroanisole (63)

Propranolol (68)
Cyclopropylamines PB-inducibleP Aminopyrine (31)
DDC PB-inducible 3-Methyl-<4-monomethyl-aminoazo-
benzene (26)
Ethinyl estradiol PB-inducible Ethylmorphine (110)
Fluroxene PB and 3-MC Benzpyrene (63)
inducible Ethoxyresorufin (63)
Ethylmorphine (63)
p-Nitroanisole (63)
Griseofulvin '3-Methyl-4-monomethyl-aminoazo-
benzene (26)
Norethisterone ? Androstenedione (69)
Phenelzine ? Aminopyrine (34)
Meperidine (111)
Vinyl chloride PB-inducible Benzphetamine (14)

a References indicated in parentheses.
bPB, phenobarbital; 3-MC, 3-methylcholanthrene; has been ascertained from data with
purified isozymes (14, 32, 38, 48).

In addition to the impact of an inactivator on the rate of metabolism, its
effect on the normal pattern of metabolites of a coadministered drug may
be important. AIA not only dramatically enhances the bioavailability of
propranolol in dogs by inhibiting its cytochrome P-450-dependent oxida-
tion to naphthoxylactic acid, for instance, but also, as a result, increases the
fraction of the drug that is glucuronidated (68). In the case of propranolol,
impairment of one metabolic pathway enhances the activity of an innocuous
alternative one. However, a suicide inactivator could just as well shift the
metabolism of a co-administered drug into a toxic pathway.

Finally, drug-mediated inactivation of cytochrome P-450 may also dis-
rupt other physiological functions. Cytochrome P-450 inactivation in
steroidogenic tissues, for instance, could impair steroid synthesis and create
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a hormonal imbalance. In fact, the acetylenic estrogen norethisterone has
been shown to inhibit cytochrome P-450-dependent estrogen synthetase
(aromatase) activity in vitro (69), but the sequelae of such inhibition in vivo
are yet to be determined.

Heme-stripping of Cytochrome P-450
Selective alkylation of the prosthetic heme moiety of cytochrome P-450 in
the course of oxidative metabolism of a destructive substrate generates a
relative excess of apocytochrome P-450 that can be functionally recon-
stituted with fresh heme. Reconstitution after AIA-induced heme alkyla-
tion has been demonstrated in vivo by administration of exogenous heme
(62, 64, 70) or hemoglobin (71) to rats, and, in vitro, by heme addition to
liver homogenates or isolated perfused livers from AIA-treated rats (72,
73). Heme-mediated reconstitution of the cytochrome restores its mixed
function oxidase activity (62, 64, 66) and partially reverses the associated
impairment in drug metabolism and elimination (62, 66). These findings
indicate that AIA-induced loss of cytochrome P-450 heme releases its
apocytochromeostensibly intact and functionally reconstitutable. Reconsti-
tution is incomplete, however, in that even though exogenous heme can
double the residual cytochrome P-450 content, this amount represents at
best only 70% of the original cytochrome P-450 destroyed (L. Bornheim
and M. A. Correia, unpublished observations). Moreover, reconstitution of
the isoenzyme responsible for ethylmorphine N-demethylation is likewise
incomplete (64). Incomplete reconstitution may reflect impaired substrate
access to the reconstituted cytochrome P-450, irreversible damage to a
fraction of the specific apoprotein, or disrupted cytochrome P-450-flavo-
protein reductase coupling. Failure of suicide inactivators to affect the
reductase activity, determined with cytochrome c as the external electron
donor, suggests that the flavoprotein itself is unscathed (74, 75). Whether
the inability of the reconstituted cytochrome P-450 to be fully reactivated
is due to interference of the residual heme adduct in the microsomal mem-
brane, or to AIA-induced damage to the apoprotein and/or the critical
membrane phospholipid milieu, remains to be determined. Indeed, it has
been reported that AIA promotes microsomal lipid peroxidation of rat liver
microsomes in vitro (76, 77). Lipid peroxidative damage to the microsomal
membrane may thus occur during in vitro incubations of liver preparations
from AIA-treated rats, even though no evidence of AIA-induced lipid
peroxidation in vivo was obtained when serum malonaldehyde and pulmo-
nary ethane evolution, two specific indices of lipid peroxidation, were moni-
tored hourly in phenobarbital-pretreated rats given AIA (400 mg/Kg, s.c.)
for 8 h (M. A. Correia and R. F. Burk, unpublished observations).
Heme-mediated reversal of cytochrome P-450 inactivation, although in-
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complete, nevertheless rapidly and significantly accelerates the plasma dis-
appearance rate and considerably shortens the half-life of the inactivating
drug (62, 64, 66). Heme-mediated repair may thus represent a promising
therapeutic modality for the enhancement of drug elimination in patients
following deliberate or accidental poisoning with drugs such as the allyl-
barbiturates, ethchlorvynol, or novonal.

Effects on Hepatic Heme Synthesis

Cytochrome P-450, among hepatic hemoproteins, is unquestionably the
most avid consumer of heme synthesized in the liver (78). It is hardly
surprising therefore that drug-mediated alkylation of its prosthetic heme
markedly depletes hepatic heme and consequently represses 8-aminolevu-
linic acid synthetase (ALAS), the rate-limiting enzyme in heme synthesis
(79). Quite independently of this action, alkylating agents such as AIA and
norethisterone are inherently good inducers of ALAS (17, 26, 79) and
possibly of apocytochrome P-450 (79). The synergism between these effects
is found to provoke an acute demand for hepatic heme synthesis that
translates into a marked induction of ALAS. The resulting strain on the
heme biosynthetic pathway triggers porphyria in individuals genetically
predisposed to this metabolic disorder. In these individuals, the porphyrino-
genic potential of such drugs may be appreciable even at nominally low
doses. Of equal, if not greater, clinical concern is the synergistic interaction
that might result in genetically susceptible individuals during combination
therapy with a heme-alkylating drug and one or more drugs that are potent
inducers of ALAS and/or apocytochrome P-450. Mechanistic aspects of the
porphyrinogenic action of several suicide inactivators have been discussed
in detail by De Matteis (79, 80).

More recently, a second mechanism by which heme alkylation can
markedly perturb heme synthesis has been elucidated. The heme adducts
can, in some instances, directly inhibit the biosynthetic pathway (81-83).
Thus, the alkylated porphyrins obtained with DDEP and its 4-methyl
analog (DDC) are potent inhibitors of ferrochelatase (81, 83-86), the termi-
nal enzyme in the heme-synthetic pathway. By itself such a block in heme
synthesis may be insufficient to induce porphyria (87), but with porphyrino-
genic promotion it could critically contribute to the porphyrinogenic sce-
nario. Ferrochelatase inhibition by the potent N-alkylated porphyrin
generated by DDC, a relatively poor cytochrome P-450 inactivator when
compared to AIA, may explain its relatively superior porphyrinogenic
potential (26, 27, 88). It is intriguing, however, that N-alkylated adducts of
cytochrome P-450 heme derived from DDC, but not AIA, ethylene, or
secobarbital, inhibit heme synthesis at the ferrochelatase level (83). Struc-
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tural differences in the N-alkylated isomers that are formed explain this
discrepancy at least in part (86, 89). Indeed, the A and B pyrrole-ring
N-ethylated porphyrins from DDEP are much more potent inhibitors of
ferrochelatase than the corresponding C- and D-regioisomers (86).

In contrast to the DDC-mediated inhibition of ferrochelatase, hepatic
and renal ALA-dehydratase activity in hamsters and hens is stimulated by
DDC administration (90). However, as in the case of ALAS-stimulation,
this activity appears to result from the derepression caused by ferrochela-
tase inhibition rather than a direct effect of the drug or its porphyrin adduct.
It is unknown to what extent other enzymes in the heme synthetic pathway
may be affected by the suicide substrates or by their alkylated heme adducts
or subsequent metabolites.

The question of the tissue specificity of cytochrome P-450 inactivation
and its sequelae on heme synthesis remains largely unexplored. Most studies
to date have been understandably confined to the liver, as the liver is
strategically located for uptake, clearance, and metabolism of most drugs
and has not only the highest cytochrome P-450 content but also a relatively
high heme turnover. The few studies that have examined extrahepatic
effects have revealed that these tissues are somewhat variable in their re-
sponse to cytochrome P-450 destructive drugs. For instance, neither DDC
nor AIA stimulates rat adrenal ALAS at dosages causing 4-10-fold in-
creases in the hepatic enzyme activity (91), whereas AIA stimulates renal
ALAS, albeit to a small extent, in rats (92) and chicks (93). DDC, on the
other hand, inhibits ferrochelatase and stimulates ALA-dehydratase activ-
ity not only in the liver but also in the renal cortex and medulla of hamsters
and hens (90). Organ as well as species differences thus appear to exist. The
extrahepatic effects of a given inactivator, therefore, may be determined not
only by its relative tissue distribution and the extent to which it is metabol-
ized by specific cytochrome P-450 isozymes in the given tissue, but also by
the efficiency with which alkylated heme adducts generated in the liver and
other tissue sites are delivered to the tissue in question.

Effects on Hepatic Heme and Hemoproteins other than
Cytochrome P-450

Since by definition cytochrome P-450 is instrumental in the metabolic
activation of its suicide substrates, it is not surprising that it is the principal
target of the reactive metabolites. Cytochrome bs, in contrast, although
localized in the microsomal membrane in close proximity to cytochrome
P-450, appears to escape unscathed (17, 26, 64, 75, 94, 95). Selective loss
of microsomal cytochrome P-450 heme thus largely accounts for the 50-
60% decrease of newly labelled isotopic heme observed in rat liver mi-
crosomes within just one hour of AIA administration (94-96). The
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accompanying striking loss (80%) of cytosolic heme, however, is highly
surprising (95). This heme loss could, in principle, be due to AIA-induced
heme depletion of the cytosolic hemoprotein, tryptophan pyrrolase (97).
DDC, griseofulvin, and DDEP also reduced the activity of this hemo-
protein [(97), D. Littman and M. A. Correia, unpublished observations].
However, since tryptophan pyrrolase represents only a minor fraction of the
entire hepatic hemoprotein complement, and utilizes only 1.5% of the heme
synthesized in the liver (78, 98), it cannot account for a heme loss of such
magnitude. The most plausible explanation is that drug-mediated alkylation
and loss of the cytochrome P-450 prosthetic heme permits the apocyto-
chrome to utilize heme from the “free” or uncommitted regulatory heme
pool with which the cytochrome is apparently in intimate contact (70, 79,
and references therein). Functional reassembly in turn would permit the
reconstituted cytochrome to enter a fresh suicidal cycle. Recycling of the
apocytochrome thus would effectively deplete the cytosolic heme pool and
could account for the dramatic loss of cytosolic heme. The finding that
radiolabelled green pigments can be isolated from incubations of rat liver
microsomes and norethisterone following addition of isotopically labelled
hemin, but not of its nonreconstitutable congener diisopropylhemin, sup-
ports such a possibility (73). Additional evidence for a recycling process is
provided by the report that the biliary yield of norethisterone green pig-
ments in rats far exceeds the original hepatic content of cytochrome P-450
(99).

The observed impairment of hepatic tryptophan pyrrolase in rats follow-
ing treatment with various suicide inhibitors may consequently reflect de-
pletion of the “free” heme pool with which the hemoprotein is closely
attuned (100). Because the hemoprotein regulates tryptophan metabolism,
its impairment could considerably increase the flux of tryptophanm into
alternative pathways, such as into the formation of 5-hydroxytryptamine
(5-HT), a potent neuroeffector in the CNS and gastrointestinal tract.
Whether the observed neurological and gastrointestinal manifestations, the
symptomatic hallmarks of porphyric attacks in humans, can be ascribed to
such an alteration in tryptophan metabolism remains to be determined. In
accordance with this hypothesis, DDEP administration to rats does indeed
markedly lower their hepatic tryptophan pyrrolase activity and enhance
their brain tryptophan, 5-HT, and 5-HIAA levels. The exogenous adminis-
tration of heme, which normalizes the “free” heme pool, not only restores
hepatic tryptophan pyrrolase activity in these animals but also reverses the
alterations of tryptophan metabolism (D. Littman and M. A. Correia,
unpublished observations). An instructive parallel exists between these
findings and the fact that, in humans, heme administration dramatically
reverses the neurological and gastrointestinal symptoms of hepatic por-
phyria.
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In contrast to the acute decrease in microsomal and cytosolic heme
produced by heme alkylators, mitochondrial heme is only minimally
affected (95). In fact, the hepatic mitochondrial content of cytochromes
a + a3, b, and c in rats is not altered by AIA-treatment (92). Moreover,
hepatic mitochondrial cytochrome oxidase and succinic dehydrogenase ac-
tivities are unaffected even after prolonged (45 day) daily treatment of rats
with Sedormid (101). The slight loss of mitochondrial heme actually ob-
served may only reflect increased efflux of newly synthesized heme elicited
by depletion of the “free” heme pool rather than destruction of mitochon-
drial cytochromes. Suicide inactivators of cytochrome P-450 impair hepatic
catalase activity (8, 101-104). Indeed, rat hepatic catalase was the first
hemoprotein reported to be deranged in animals treated with Sedormid
(101), a drug now recognized as a suicide inactivator of cytochrome P-450.
However, the loss of rat hepatic catalase occurs with time rather than
acutely and results, as originally suggested, from reduced formation of the
hemoprotein rather than from its inactivation (105, 106). Drug-induced
depletion of the free heme pool may be largely responsible for the decreased
synthesis of catalase.

Fate of Green Pigments

Very little is known about the metabolic disposition of the alkylated heme
adducts once they are formed. The AIA-induced loss of labelled heme from
liver microsomes is matched by a corresponding gain of total non-heme
radioactivity in the cytosol (95), which indicates that the alkylated heme
adduct is eventually released from its apocytochrome. This is confirmed by
the demonstrated reconstitution of the apocytochrome in presence of fresh
heme. Recent studies with norethisterone-treated rats indicate that al-
kylated heme adducts are excreted largely unchanged, i.e. still retaining
their prosthetic iron, in the bile (but not urine) over a 48 h period (99).
Conjugation of the adducts with endogenous substrates apparently does not
occur. This is in marked contrast to the requirement for glucuronidation
prior to excretion of bilirubin, the normal heme catabolite (107 and refer-
ences therein).

Whether the heme adducts undergo metabolic degradation in the liver is
unknown. The normal 1:1 stoichiometric ratio of CO expired to bilirubin
formed is reportedly increased to nearly 2:1 in AIA-treated rats (108). In
view of decreased degradation of heme to bilirubin in these rats, the source
of the additional CO may be the heme adducts. Oxidation of the adducts
at the methene bridges could yield CO and the corresponding tetra- or
dipyrroles, although, to date, no such metabolites have been reported fol-
lowing AIA-treatment of rats. Furthermore, no radiolabelled CO from
heme specifically labelled at the methene-bridges is evolved in vitro under
conditions where AIA-mediated destruction of microsomal cytochrome
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P-450 is demonstrable (109). Since these studies were carried with microso-
mal (and postmitochondrial) preparations, the possibility of in vivo oxida-
tive cleavage of the adducts in liver organelles other than the endoplasmic
reticulum, or in organs other than the liver, cannot presently be ruled out.
However, in view of the reported structural intactness of the biliary and
microsomal green pigments (98), their oxidative cleavage in the liver may
be a negligible pathway.

SIGNIFICANCE

Drug-mediated cytochrome P-450 inactivation raises two major concerns
of clinical significance. The first of these is that drug-drug interactions may
result during therapy with multiple drugs if one or more of them is a suicide
inactivator of cytochrome P-450. Impaired metabolic disposition, if it re-
sults in enhanced or prolonged pharmacological action, may place the
patient in jeopardy.

The second clinical concern associated with drug-mediated cytochrome
P-450 inactivation is the creation of an acute heme-deficient state. Such
acute heme deficiency, particularly in the presence of agents that increase
the demand for heme, may trigger porphyric attacks in individuals with a
genetically determined latent or overt block in heme synthesis. The risk for
induction of porphyria is augmented in the presence of co-drugs that, al-
though innocuous per se, are nevertheless promoters of porphyrinogenesis.
Finally, the block in heme synthesis created by the cytochrome P-450 heme
adduct of some inactivators may be sufficient to precipitate porphyria even
in normal individuals in an acute drug-induced heme-deficient state. The
above clinical considerations notwithstanding, cytochrome P-450 inactiva-
tion represents a formidable approach to rational drug design. Drug-
mediated enzyme inactivations may be ingeniously exploited to alter specific
cytochrome P-450-dependent physiological pathways or in the prolonga-
tion of drug action (as in insecticide synergists). In addition, the use of
suicide inhibitors of cytochrome P-450 has permitted a more intimate
understanding of the mechanisms of drug oxidation and of the structural
assembly and dynamics of the enzyme itself.
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