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It is now almost universally recognized that most drugs undergo a vari-
ety of metabolic changes before they are excreted in the urine, bile, or air.
Since drugs have widely different structures, it is not surprising that virtu-
ally every enzyme in the body may be considered as a drug-metabolizing
enzyme. Indeed many drugs are specifically designed to resemble substances
normally synthesized and catabolized in the body and thus are metabolized
by specific enzymes, which synthesize and catabolize substances such as cat-
echolamines, indoles, nucleic acids, amino acids, steroids, and fats. Most
drugs, however, either are metabolized slowly by these specific enzymes or
have no endogenous counterpart and thus are metabolized by nonspecific
enzymes.

In recent years, many investigators have focused their attention on the
metabolism of drugs by a group of nonspecific enzymes in liver endoplasmic
reticulum. The versatility of these enzymes is unique in biochemistry for
they catalyze such widely diverse reactions as the oxidation of alkanes and
aromatic compounds, the epoxidation of alkenes, polycyclic hydrocarbons,
and halogenated benzenes, the dealkylation of the secondary and tertiary
amines, the conversion of amines to N-oxide, hydroxylamine, and nitroso
derivatives, the oxidative cleavage of ethers and organic thiophosphate es-
ters, and the conversion of phosphothionates to their phosphate derivatives.
In addition, these enzymes may catalyze the reduction of azo-compounds
and nitro-compounds to primary aromatic amines and possibly the reductive
cleavage of halogenated alkanes, such as carbon tetrachloride, to free radi-
cals (1-4).

Since the oxidative reactions in the hepatic endoplasmic reticulum re-
quire both NADPH (or NADH) and oxygen, they are frequently called
mixed-function oxidases, according to the nomenclature of Mason (5), or

! Abbreviations used in this chapter are: DPEA: 24-dichloro-6-phenylphenoxy-
ethylamine; ESR: electron spin resonance; FAD: flavin adenine dinucleotide;
Lilly 18947: 2,4-dichloro-6-phenylphenoxyethyl diethylamine; MEOS: microsomal
ethanol oxidizing system; NADP: nicotinamide adenine dinucleotide phosphate;
NADPD: deuteriated nicotinamide adenine dinucleotide phosphate; NADPH : re-
duced nicotinamide adenine dinucleotide phosphate.
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monooxygenases according to the nomenclature of Hayaishi (6). But
whether the reactions are catalyzed by a single enzyme or a family of dif-
ferent enzyme systems in hepatic endoplasmic reticulum is still being inves-
tigated. In this regard, it is noteworthy that a metabolite may be formed in
the body by way of different pathways or by a number of enzyme systems,
the relative importance of which may vary not only with the drug substrate
but also with the animal species or with different treatments.

In this review, we shall discuss recent studies with hepatic microsomal
enzymes that have helped to elucidate the pathways of drug metabolism, the
enzyme systems that catalyze the oxidative and reductive reactions, and the
mechanisms of the enzyme systems. We shall also discuss interrelationships
between the oxidative enzymes in the endoplasmic reticulum and other en-
zymes involved in drug metabolism in other organelles of liver.

MecuaNisMs OF NADPH-DEPENDENT OXIDATIVE
EnzyME SysTEMs IN LivER MICROSOMES

In most of the oxidative reactions catalyzed by liver microsomes, the
substrate first combines with the oxidized form of a carbon monoxide sensi-
tive hemoprotein called cytochrome P-450. The substrate-cytochrome P-450
complex then is reduced by an electron from the flavoprotein, NADPH-cy-
tochrome ¢ reductase, to form a reduced substrate-cytochrome P-450 com-
plex which in turn reacts with oxygen to form a substrate-cytochrome P-
450 oxygen complex. Although the sequence of events after this stage is still
uncertain, it is believed that a second electron reduces the substrate-cyto-
chrome P-450-O, complex to form an active oxygen intermediate that de-
composes with the formation of the product and the oxidized cytochrome P-
450. Since liver microsomes contain considerably more cytochrome P-450
than FAD, it has become obvious that a molecule of NADPH-cytochrome ¢
reductase must reduce a number of molecules of cytochrome P-450 (3, 4).

Spectral changes of cytochrome P-450 from liver microsomes.—Various
substrates and inhibitors combine with the oxidized form of cytochrome
P-450 and thereby cause small but significant changes in its absorbance
spectrum (7-9). In general two types of changes are observed in the dif-
ference spectrum, i.e. the absorbance spectrum of liver microsomes in the
presence of substrate or inhibitor (experimental cuvette) minus the spec-
trum of liver microsomes in the absence of substrate (reference cuvette).
Some substances, such as hexobarbital, aminopyrine, and ethylmorphine,
cause a minimum in the difference spectrum at 420 nm and a maximum in
the difference spectrum at about 390 nm; compounds that cause this kind
of spectral change have been called type I compounds. Other substances,
such as nicotinamide, aniline, DPEA (2,4-dichloro-6-phenylphenoxyethyla-
mine) (7-9), and octylamine (10) cause a maximum in the difference spec-
trum at about 430 nm and a minimum in the difference spectrum at about 390
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to 410 nm; compounds that cause this type of change have been called
type II substances.

Cytochrome P-450 reduction by NADPH.—Gigon et al (11) found that
in a CO atmosphere type I substances accelerate the reduction of cyto-
chrome P-450, whereas type II substances decelerate it. Moreover,
NADPH-oxidation in air was stimulated by type I substances, but was
either unaffected or inhibited by type II substances. '

Although Gigon et al (11) used the initial rates of cytochrome P-450
reduction in calculating the relationships between drug metabolism and cy-
tochrome reduction, semilogarithmic plots of the data showed that the rate of
cytochrome P-450 reduction was polyphasic and not first order. The slower
phases seemed to be unusually sensitive to oxygen since addition of electron
transport particles and succinate, which scavenge traces of oxygen present
after reducing and gassing the system with CO, markedly increased the re-
duction rate of the slower phases. Subsequently, Sasame showed that the
effect of low concentrations of oxygen on the slower phases of cytochrome
P-450 reduction was due to an unusually slow reduction rather than to an
unusually rapid oxidation of cytochrome P-450 (see Gillette, 12).

Diehl et al (13) suggested that the rapidly reduced cytochrome P-450
followed first order kinetics and the slowly reduced followed second order
kinctics. However, Sasame? found that plots of the logarithm of the rate of
cytochrome P-450 reduction against the logarithm of the amount of unre-
duced cytochrome P-450 were linear with a slope of about 2.4. These find-
ings are thus inconsistent with the view that the order of the reaction
changes with time. Instead they suggest that cytochrome P-450 exists in
several pools. These pools of cytochrome P-450 could represent differences
in the relative amounts of cytochrome P-450 and NADPH-cytochrome ¢
reductase in the population of microsomes. On the other hand, these pools
may represent different forms of cytochrome P-450 that inherently are re-
duced at different rates.

Cytochrome by and NADH in drug metabolism.—The requirement of
cytochrome P-450 enzymes for NADPH can be partially replaced by
NADH, but the activities are invariably lower. Although it has been gener-
ally assumed that the electrons from NADH entered the system by way of
NADH-cytochrome b, reductase or by another NADH-dependent flavopro-
tein, Omura® found that the antibody to NADPH-cytochrome ¢ reductase
blocked the hydroxylation of aniline and the demethylation of aminopyrine
when either NADH or NADPH were present, but that the antibody to
NADH-cytochrome bg reductase blocked neither the NADH nor the
NADPH mediated reaction. Thus NADH must act through NADPH-cyto-

3 Sasame, H. A. and Gillette, J. R., unpublished observations.
3 Omura, T., personal communication.
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chrome ¢ reductase when it is used as the cofactor for cytochrome P-450
enzymes,

Despite these findings of Omura?®, many investigators have found that
NADH in the presence of saturating concentrations of NADPH increases
the activity of the cytochrome P-450 enzyme systems, but the reason for the
stimulation by NADH has been unclear. During long incubation periods
NADH might protect NADPH from inactivation by NADPH pyrophos-
phatase (3). Alternatively, NADH-dependent flavoproteins might compete
with NADPH-cytochrome ¢ reductase for the reduction of endogenous sub-
strates, such as cytochrome bs. In accord with the latter view, Correia &
Mannering (14) found that stearoyl-CoA inhibited ethylmorphine N-demeth-
ylation and that cyanide not only prevented the inhibition but actually en-
hanced the activity, presumably by blocking the cytochrome b, mediated
pathway of stearoyl-CoA desaturase. Presumably, p-cresol and a number of
other phenols may alsp inhibit drug metabolism by this mechanism, since
Oshino & Sato (15) found that these substances also stimulate cytochrome
b, oxidation, especially in liver microsomes from rats receiving a high car-
bohydrate diet.

Preventing the passage of electrons from NADPH through the cyanide-
sensitive fatty acid desaturase, however, cannot be the only way that
NADH enhances the metabolism of drugs. Hildebrandt & Estabrook (16)
found that NADH-oxidation was stimulated only slightly by substrates,
such as aminopyrine, but that NADH-oxidation was greatly stimulated
when the system contained both the substrate and saturating concentrations
of a NADPH-generating system. Since NADPH was kept fully reduced by
the generating system, the effect could not be attributed to a transhydrogen-
ation reaction. Because high concentrations of NADPH were used, NADH
could not be acting by keeping NADPH-cytochrome ¢ reductase more fully
reduced nor by enhancing the rate of cytochrome P-450-substrate reduction.
Since the NADPH-generating system was required for the augmented
NADH-oxidation, the increase in NADH-oxidation could not represent a
NADH-dependent, substrate-stimulated, electron transport system. These
considerations thus led Hildebrandt & Estabrook (16) to suggest that
NADPH preferentially donates an electron for the reduction of the cyto-

" chrome P-450-substrate and that either NADPH or NADH could donate

the second electron required by the mixed function oxidase mechanism.

Spectrophotometric studies caused them to suggest that cytochrome by
mediates the transfer of the second electron into the cytochrome P-450 sys-
tem. They observed that in air, but in the absence of substrate, cytochrome
b; was fully reduced by NADPH, but addition of a substrate, such as ami-
nopyrine, caused a decrease in the absorbancy in that part of the difference
spectrum usually attributed to reduced cytochrome by, Subsequent addition
of NADH reversed the decrease in absorbancy.

Estabrook’s group also observed that in air and in the presence of
NADPH, the addition of a substrate, such as hexobarbital, ethylmorphine,
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MECHANISM OF CYTOCHROME P—450 ENZYME SYSTEMS
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or aminopyrine, caused the formation of a peak at about 440 nm of the dif-
ference spectrum (17). Since this peak disappeared when the system became
anaerobic, they suggested that it was due to the oxygenated cytochrome P-
450-substrate complex. Moreover, NADH prevented the formation of the
peak, suggesting that the second electron donated by cytochrome b, entered
the cytochrome P-450 system after the oxygenation step.

The schema presented in Figure 1 summarizes the current view of Esta-
brook’s group. Attractive though this concept of the cytochrome P-450
mechanism may seem, there are a number of inconsistencies that must be
resolved before it can be completely accepted: (@) Omura® has found that
antibodies against cytochrome by do not inhibit the metabolism of either an-
iline or aminopyrine. (b) In the presence of substrate the rate of cytochrome
bs reduction by NADPH in rat liver microsomes is at least an order of
magnitude faster than either the rate of cytochrome P-450 reduction in CO,
or the rate of NADPH-oxidation in air.2 It is therefore difficult to conceive
how reduction of cytochrome b; could be a rate-controlling step in drug me-
tabolism, as is implied by the spectral studies of Estabrook. (¢) Although
we (18) have confirmed the findings of Hildebrandt & Estabrook (16) that
NADH stimulates the metabolism of aminopyrine and ethylmorphine and
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slows the total oxidation of NADPH, we also found that NADH slows the
oxidation of NADPH in CO: O, atmosphere of 9:1. As a result, the ratio
of “CO-inhibitable” NADPH-oxidation to “CO-inhibitable” drug metaho-
lism was not decreased by NADH as would be expected if NADH were
supplying the second electron required for the metabolism of the drugs. For
these reasons the mechanism of the drug-metabolizing enzymes suggested
by Estabrook’s group remains a plausible but thus far an unproved concept.

Cytochrome P-450 of Pseudomonas putida.—Owing to the difficulties
involved in studying the mechanism of cytochrome P-450 enzymes in im-
pure particulate preparations, most of the currently accepted knowledge
concerning the properties of cytochrome P-450 comes by analogy from
purified preparations of the soluble cytochrome P-450 from P. putida
(19, 20).

The cytochrome P-450 system from P. putida catalyzes the hydroxyla-
tion of D-camphor and certain camphor analogs but does not catalyze the
hydroxylation of steroids, hexobarbital, or laurate. Owing to its substrate
specificity this cytochrome system has frequently been called P-450 cam.
Like the 11-B hydroxylase system of adrenal mitochondria (21), the P-450
cam system is reduced by a nonheme iron protein, but unlike the adrenal
system the P. putida nonheme iron protein, called putidaredoxin, is reduced
by a NADH-dependent flavoprotein (22) rather than a NADPH-dependent
flavoprotein (21).

Studies (20, 21) of the spectral characteristics of P-450 cam showed

TABLE 1—ABsoRPTION SPECTRA OF P-450 cam®

—Substrate +Substrate

A nm ¢ mM A nm e mM
Oxidized 417-8 104-5 391-2 87-101

535 ' 10-10.3 540 10

570-1 10.4-10.5 643-6 4.5-5.0
Reduced 408-11 69-71 408-9 73-83

540 13.5-14 540-5 14-15.2
Oxygenated 418 62

552 14

CO-complex 447 104 446-7 106-19

550 12.1 550-2 12-13
CO difference 446 minus 95

spectrum 490

s Composite from Peterson, J. A. (20) and Gunsalus, 1. C. (personal communi-
cation).
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that the oxidized form has a peak at 417-8 nm (Table 1). On the addition
of D-camphor to P-450 cam the peak at 417-8 nm disappears and a new
peak appears at 391-2 nm. This spectral change is thus analogous to the
type I spectral change observed in liver microsomes with substrates, such as
ethylmorphine, aminopyrine, and hexobarbital. By contrast, on addition of
aniline or l-phenylimidazole to the oxidized form of P-450 cam, the peak at
417-8 nm is shifted to about 423 nm without any appreciable change in in-
tensity. This spectral change is thus analogous to the type II spectral
change observed on the addition of pyridine derivatives, such as nicotin-
amide, and primary amines, such as aniline, DPEA, and octylamine, to liver
microsomes. One of the most important observations, however, was the find-
ing that the addition of l-phenylimidazole to P-450 cam in the presence of
D-camphor causes the peak at 391-2 nm to disappear and a peak at 423 to
appear, indicating that a type I1 substance displaces a type I substance from
oxidized P-450 cam.

At 423 nm the absorbancy of the camphor-P-450 cam complex is less
than that of the free form of P-450 cam. For this reason, the difference
spectrum caused by a type II substance will appear to be greater when D-
camphor is present in both the experimental and reference cuvettes than
when it is absent from both cuvettes. However, it is not certain that all type
II substances would produce exactly the same spectral change on combina-
tion with oxidized P-450 cam, because addition of ethylisocyanide to oxi-
dized P-450 cam in the presence of D-camphor causes the formation of a
peak at about 430 nm rather than at 423 nm (23). Interpretation of differ-
ence spectra with other type II substances may, therefore, be extraordinar-
ily difficult.

When cyclohexanone is added to oxidized P-450 cam, the peak at 391-2
nm disappears and a peak at 418 nm appears (24). This change thus repre-
sents a displacement of a type I substance from oxidized P-450 cam and is
analogous to the “atypical type II” spectral change obtained with cortisol
(9) or the displacement of endogenous substances by butanol (13).

After reduction with dithionite the free form of P-450 cam has an ab-
sorbance peak at 411 nm whereas the P-450 cam substrate complex has a
peak at 408 nm. Titration studies revealed that under anaerobic conditions
only one electron from either reduced putidaredoxin or dithionite was re-
quired to reduce the P-450 cam substrate complex. After the substrate com-
plex was stoichiometrically reduced, addition of CO caused the formation of
a peak at 447 nm (which represents the formation of P-450 cam-CO-substrate
complex ) whereas introduction of oxygen causes the formation of a peak at
418 nm (which presumably represents the P-450-cam-O, substrate complex)
(25). Although the oxygenated complex is rather stable when stoichiomet-
ric amounts of putidaredoxin are used (t-¥4 = 5 min at room temperature
and 40 nm at 6°), it rapidly decomposes after addition of an excess of re-
duced putidaredoxin. These findings indicate that the second electron re-
quired by the mixed function oxidase mechanism enters the system after the
formation of the oxygenated P-450 cam substrate complex.
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Electron spin resonance (ESR) studies of the various forms of P-450
cam have been useful in elucidating the sequence of events and the proper-
ties of cytochrome P-450 in liver microsomes (20). The iron in the free
form of oxidized P-450 cam is low spin (one unpaired electron) as shown
by absorption bands at g = 1.91, 2.26, and 244. Addition of D-camphor
converts the oxidized P-450 cam to a high spin form (five unpaired elec-
trons) as shown by absorption bands at g = 8, 4, and 1.98 which are ob-
tained at liquid helium temperatures (15° K) but not at room temperature.
Subsequent addition of 1-phenylimidazole converts oxidized P-450 cam back
to a low spin form. Addition of reduced putidaredoxin to the oxidized P-450
cam-camphor complex also converts the iron from a high spin Fe*3 form to
a low spin Fe*? form. These findings are consistent with the view of Peter-
son (20) that the camphor displaces from the iron of oxidized P-450 cam a
strong field ligand, such as cysteine sulfur, and thereby converts the heme
Fe** in oxidized P-450 cam from low spin to high spin. On the other hand,
1-phenylimidazole may be an even more effective strong field ligand than
cysteine and may replace the endogenous ligand by combining with the iron
in oxidized P-450 cam. According to this view, reduced putidaredoxin is
capable of reducing the high spin P-450 cam-camphor complex but not the
low spin P-450 cam-phenylimidazole complex.

The model suggested by Peterson (20), however, does not explain how
oxidized P-450 cam can be reduced when camphor is attached to the iron or
how camphor is attached to the hemoprotein when oxygen is attached to the
reduced iron. It therefore seems more likely that camphor causes the dis-
placement of the strong field ligand indirectly, possibly by causing a confor-
mational change around the heme. Such a conformational change, however,
would have to impair the ability of P-450 cam to combine with type II sub-
stances, because the formation of the oxidized P-450 cam-ethylisocyanide
complex is competitively inhibited by camphor.

The requirement of phospholipids by liver microsomal enzymes—Coon
and co-workers (26) have resolved solubilized preparations of the cyto-
chrome P-450 system from liver microsomes into three components: cyto-
chrome P-450, NADPH-cytochrome ¢ reductase, and a lipid fraction. Re-
cently it was found that the lipid fraction could be replaced by various phos-
pholipids, of which phosphatidyl choline was the most effective (27). In
contrast, phosphatidyl ethanolamine could not rcplace the lipid fraction and
in fact inhibited the effect of phosphatidyl choline. The lipid fraction does
not act by causing the polymerization of the cytochrome P-450 or by pro-
moting the formation of a complex between cytochrome P-450 and
NADPH-cytochrome ¢ reductase since it does not cause an increase in the
molecular weight of cytochrome P-450 (28). Nevertheless, the lipid fraction
causes an increase in the reduction of cytochrome P-450 even though the
lipid does not contain components that readily undergo redox reactions.

In attempting to corroborate the requirement for phospholipids by cyto-
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chrome P-450 enzymes in liver microsomes, Chaplin & Mannering (29)
were able to remove about 70% of the microsomal phospholipid phospho-
rous by treating liver microsomes with phospholipase ¢. Associated with the
decrease in phospholipids was a 409% decrease in the metabolism of hexo-
barbital and ethylmorphine but only a 15% decrease in the metabolism of
aniline. Moreover, after the treatment with phospholipase ¢, hexobarbital
and ethylmorphine no longer caused a type I spectral change, but aniline
caused an increase in the type II spectrum.

The meaning of these experiments of Chaplin & Mannering (29) is diffi-
cult to discern, since addition of phospholipids did not restore activity.
Moreover, the impairment of the type I spectral change can be interpreted
in several ways. One possibility is that the type I binding sites were de-
stroyed. On the other hand, by analogy with the spectral changes observed
with P-450 cam, the treatment by phospholipase ¢ may have released a sub-
stance that combined with cytochrome P-450, thereby converting it to the
type I form. In accord with the latter view, the treatment with phospholi-
pase ¢ increased the apparent K, for ethylmorphine N-demethylation and
increased the type II spectral change caused by aniline. Although the au-
thors were able to show that phosphatidyl ethanolamine derivatives do not
cause a type I spectral change, and that diglycerides do not inhibit the me-
tabolism of aminopyrine or ethylmorphine, they could not unequivocally ex-
clude the possible release of some other type I substance. Unfortunately, the
releasing effect of butanol on endogenous substances (13) had not been dis-
covered when these experiments were carried out.

Using another approach, Leibman & Estabrook (30) extracted liver mi-
crosomes with isooctane and found unusual spectral changes with hexobar-
bital. At low concentrations of hexobarbital, a diminished but typical type I
spectral change was observed. As the concentration of hexobarbital was in-
creased, the spectral change shifted to a type II. It is not clear, however,
whether this anomalous behavior of the extracted microsomes with hexo-
barbital reflects the destruction of type I binding sites and the formation of
a complex between hexobarbital and a hitherto unsuspected set of type II
binding sites, or whether the treatment released endogenous type I sub-.
stances which were displaced by hexobarbital thereby causing an “atypical” "
type II spectral change. In any event the authors were able to demonstrate
that the effect was not due to isooctane per se since hexobarbital did not
cause the anomalous spectral changes when isooctane was added to the ex-
perimental and the reference cuvettes.

AssAays OF VARIOUS PROPERTIES OF CYTOCHROME P-450 SYSTEMS

As has been emphasized in various reviews (1-4, 31) on drug metabo-
lism, the activity of the microsomal enzymes may be changed by a variety of
treatments, including the removal of various endocrine glands, the adminis-
tration of hormones, and the repeated administration of a diversity of
drugs. In recent years, numerous studies have been carried out to determine
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. which components of the cytochrome P-450 system are altered by the differ-

ent treatments. At first most of these studies were limited to the cytochrome
P-450 content, but it soon became apparent that the activity of the cyto-
chrome P-450 enzymes was not always directly proportional to the concen-
tration of cytochrome P-450 in liver microsomes. For example, the marked
species (32, 33) and sex differences (11, 34) in the metabolism of drugs,
such as ethylmorphine, cannot be attributed to the relatively small differ-
ences in cytochrome P-450 content that are found among the various animal
species and between the sexes of rat. Moreover, differences in the relative
rates of metabolism of various drugs could not be solely due to differences
in the cytochrome P-450 content of liver microsomes. For these reasons a
battery of tests have been devised to elucidate which components of the sys-
tem are altered by the various treatments.

Type I and type II spectral changes.—A number of studies have at-
tempted to relate differences in the magnitude of type I and type II spectral
changes caused by various drugs with differences in the rate of drug metab-
olism. But differences in the magnitude of these spectral changes are fre-
quently difficult to interpret. For example, it is not clear whether the differ-
ences in the magnitude of the spectral change observed with various sub-
strates are due to differences in the extinction coefficients of the cytochrome
P-450 substrate complexes or to differences in their concentration. More-
over, many lipid-soluble endogenous substances, such as fatty acids (35, 36)
and steroids (9, 37), may be highly bound to liver microsomal cytochrome
P-450 and thus may be displaced by drugs, thereby interfering with the esti-
mation of the magnitude of the spectral change. Indeed, by assuming that
all cytochrome P-450 substrate complexes have the same extinction coeffi-
cient, Diehl et al (13) estimated that endogenous substrates may occupy as
much as 20% of the total type I binding sites in freshly prepared liver mi-
crosomes. On storage of microsomes it is possible that the apparent loss of
type I binding sites (38) may be due to fatty acids released from phospho-
lipids and triglycerides by endogenous lipases. Furthermore, it is not clear
whether aberrant spectral changes, such as the type II changes observed
with hexobarbital and aminopyrine in certain microsomal preparations (30,
39), represent the displacement by the drug of an endogenous substrate
from a cytochrome P-450 complex having an unusually high extinction
coefficient, or whether the drugs can combine with both type I and type II
sites, the relative proportions of which vary with the preparation. A few
techniques have been developed to detect the presence of cytochrome P-450
complexes with endogenous type I substances. Ullrich and his colleagues
have utilized the difference spectrum caused by iodine (40) or that caused
by butano! (13). On the other hand, Jefcoate et al (41), have utilized the
type II spectrum caused by octylamine to estimate the proportion of cyto-
chrome P-450 present as the high spin form, which by analogy with P-450
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cam should represent the cytochrome P-450 substrate (type I) complex.
Unfortunately, these techniques have been used in only a few studies.

Ethylisocyanide difference spectrum.—After reduction of cytochrome P-
450, ethylisocyanide causes the formation of peaks at about 455 nm and 430
nm in the difference spectrum (42), the relative magnitudes of which are
dependent on the pH (43). For example, with microsomes from female rats
the magnitudes of the peaks are equal at about pH 7.4, but the peak at 455
nm is higher than that at 430 nm at higher pH values and lower at lower
pH values (44, 45). After treatment of rats with 3-methylcholanthrene,
however, the magnitudes of the peaks are equal at about pH 6.8 (45). Since
the absolute spectrum of cytochrome P-450 in liver microsomes from 3-meth-
ylcholanthrene-treated animals indicates the presence of a type I endoge-
nous substrate (46), there has been considerable controversy in the litera-
ture as to whether the changes in the “cross-over pH” of the ethylisocyan-
ide induced spectrum was due to the presence of the cytochrome P-450 sub-
strate complex (39), or to the formation of a new type of cytochrome P-450
called cytochrome P,;-450 (45), cytochrome P-446 (46), or cytochrome P-
448 (47) by various groups o f workers. As discussed in another part o f this
review, there is now considerable evidence that 3-methylcholanthrene and
other polycyclic hydrocarbons induce the formation of a new kind of cyto-
chrome P-450. There is also evidence that the magnitude of the type I spec-
tral change found with oxidized cytochrome P-450 does not parallel the
magnitude of the peaks caused by ethylisocyanide with reduced cytochrome
P-450 (48). Benzpyrene and hexobarbital, which cause type I spectral
changes, do not significantly alter the ethylisocyanide-induced spectral
changes (49). On the other hand, imipramine, which causes a relatively
small type I spectral change, increases the ratio of the 455 nm /430 nm peaks
caused by ethylisocyanide to a small but significant extent.#* Moreover, with
microsomes from 3-methylcholanthrene-treated rats, butanol markedly al-
ters the absolute spectrum of cytochrome P-450 and changes the difference
spectrum evoked by octylamine with oxidized cytochrome P-450 but does
not alter the isocyanide induced spectral change with reduced cytochrome
P-4502 Thus the ethylisocyanide induced spectral changes apparently pro-
vide information that is not readily attained by other techniques.

Extinction coefficients of cytochrome P-450-CO complexes—The con-
cept that liver microsomes contain different types of cytochrome P-450-CO
raised the possibility that the CO complexes of these different types might
have different extinction coefficients and that the mean extinction coefh-
cients of the CO complexes might be altered by different treatments that
alter the relative proportions of these forms.

At first it seemed likely that the various types of cytochrome P-450

* Sasame, H. A. and Gillette, J. R., unpublished observations.
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might have markedly different extinction coefficients. In fact, using the off-
set method of Kinoshita & Hori (50), Hildebrandt et al (46) calculated
that treatment of rabbits with phenobarbital caused the formation of a cyto-
chrome P-450 whose CO complex had an absolute extinction coefficient of
about 50 mM-! cm-}, whereas the treatment o f rabbits with 3-methylcholan-
threne caused the formation of a cytochrome P-450 whose CO complex had
an absolute extinction coefficient of about 220 mM-* cm-. It was soon rec-
ognized, however, that the offset method gave incorrect estimates of extinc-
tion coefficients for a number of reasons. In this method, the suspensions of
liver microsomes from treated animals and the suspension from control ani-
mals are diluted so that the concentrations of cytochrome by in all the sus-
pensions are identical. After addition of dithionite and CO to the suspen-
sions the difference in the absorbancies of the suspensions prepared from
the treated animal and the control animal are measured and compared with
the difference in heme content. Since differences between the suspensions in
either the spectral change at 450 nm or the hemin content are frequently
small, statistical variations in these measurements are usually high. The
method also does not take into account differences in absorbancy caused by
light scatter and by other substances in the microsomal suspensions. More-
over, it also assumes that the liver microsomes from the treated and control
animals contain the same amount of the normal cytochrome P-450.

By measuring the difference in absorbancy at 450 nm between CO and N,-
treated microsomes according to the method of Omura & Sato (42) and
correcting the total heme content for the heme of cytochrome b;, Greene et
al (51) found that neither phenobarbital nor 3-methylcholanthrene treat-
ment of rabbits significantly affected the difference extinction coefficient of
cytochrome P-450 in rabbit liver microsomes. Nevertheless, these authors
showed that treatment of male rats with 3-methylcholanthrene increased the
difference extinction coefficient from about 84 mM-* cm™? to about 102 mM-?
cm™ but that treatment with phenobarbital did not affect the difference
extinction coefficient.

By contrast Fujita & Mannering (52) have purified cytochrome P-450
in liver microsomes from phenobarbital- and 3-methylcholanthrene-treated
rats and have found that the difference extinction coefficient of cytochrome
P-450 from phenobarbital-treated rats was about 58 mM-? cm™, whereas
that from 3-methylcholanthrene was about 78 mM-1 cm-2,

Stripp et al (53), observed a sex difference in the extinction coefficient
of cytochrome P-450 in rat liver microsomes. Although the extinction coeffi-
cient of the hemoprotein in liver microsomes from 6 week old males was
about 86 mM-! cm-?, its extinction coefficient in liver microsomes from 6
week old female rats was about 99 mM-? cm2, Neither castration of male
rats nor administration of 3-methyltestosterone to castrated male rats, how-
ever, altered the extinction coefficient.

The validity of these extinction coefficients remains in doubt. In all of
these studies it has been assumed that the only hemoproteins in liver micro-
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somes are cytochrome P-450 and cytochrome bh;. Recently, a cyanide-sensi-
tive hemoprotein (54) has been isolated from liver microsomes, but neither
the concentration nor the spectral properties of the possible CO complex of
this hemoprotein is known.

Cytochrome P-450 reduction.—Since Gigon et al (11) found that the dif-
ference between the rates of cytochrome P-450 reduction in the presence
and absence of ethylmorphine was about the same order of magnitude as the
rate of ethylmorphine N-demethylation, they suggested that the rate-con-
trolling step in the oxidation of type I substances is the rate of reduction of
cytochrome P-450-substrate (type I) complex. In accord with this view,
Holtzman (55) has reported that NADPD evoked similar isotope effects on
cytochrome P-450 reduction and ethylmorphine metabolism. Moreover,
Schenkman (56) found that the activation energies for aminopyrine demeth-
ylation and cytochrome P-450 reduction were similar. Type II substances,
however, decelerated the reduction of cytochrome P-450, and thus the rate-
controlling step of the metabolism of these substances is difficult to deter-
mine.

If the rate-controlling step in the metabolism of drugs is the reduction
of the cytochrome P-450-complex, the finding that the rate of reduction of
liver microsomal cytochrome P-450 is polyphasic can account for the finding
that the K values for CO inhibition vary with the CO:0, ratio and differ
with the substrate (57). The reason for this becomes clear when it is real-
ized that the rapidly reduced form of cytochrome P-450 would not only ac-
count for most of the drug metabolism but also would be more sensitive to
CO. In accord with this view Sasame found that ethylmorphine increases
the steady-state level of the CO complex® (see also Narasimhulu, 58) and
that the percent of inhibition of ethylmorphine N-demethylation by CO par-
allels the CO complex related to the rapidly reduced portion of the cyto-
chrome P-450 rather than the total amount of cytochrome P-450 (see Gil-
lette, 12). Studies on the rate of cytochrome P-450 reduction in the presence
of substrates have thus proved useful in evaluating the effectiveness of the
cytochrome P-450 system prior to the oxygenation step.

NADPH cytochrome ¢ reductase—At first glance, it might seem that
changes in NADPH cytochrome ¢ reductase activity would not affect the
rate of oxidation of drugs, because the activity of this enzyme is an order
of magnitude greater than either the rate of cytochrome P-450 reduction or
the rate of drug oxidation (11). If NADPH-cytochrome ¢ reductase re-
duces cytochrome P-450 directly and not through an intermediate electron
carrier, however, the rate of reduction should depend on the concentrations
of both the oxidized cytochrome P-450-substrate complex and the reduced
NADPH-cytochrome ¢ reductase, i.e. the reaction would be second order.

® Sasame, H, A. and Gillette, J. R., unpublished observations.
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Thus the high NADPH-cytochrome ¢ reductase activity merely indicates
that under steady-state conditions most of the reductase is in its reduced
form (about 80-90%) and not that the rate of cytochrome P-450 reduction
is virtually independent of the total concentration of NADPH-cytochrome ¢
reductase within the microsomes. Indeed as discussed below some of the
alterations in the rate of cytochrome P-450 reduction have been shown to be
due to changes in the microsomal content of this enzyme, as measured by its
activity with cytochrome c.

Relationship between NADPH-oxidation and drug metabolism.—Since
the mixed function oxidase mechanism assumes that equal amounts of
NADPH, O,, and drug are consumed in the reaction, it would seem logical
that measuring the rate of NADPH-oxidation would be useful in determin-
ing the rate of drug metabolism without actually measuring the metabolites
of the drug or the disappearance of the substrate. But the stoichiometric
relationships predicted by the mixed function oxidase mechanism have
rarely been demonstrated. The problem in obtaining the correct stoichiome-
try has been the difficulty in determining how much of the endogenous
NADPH-oxidation is mediated by cytochrome P-450. If none of the endog-
enous NADPH-oxidation were mediated by the cytochrome P-450 system,
subtraction of the endegenous rate of NADPH-oxidatien from the rate in
the presence of substrate would be sufficient. But the finding that CO inhib-
its the endogenous rates of NADPH-oxidation and the finding that the in-
crease in NADPH-oxidation caused by the substrate is frequently less than
the rate of drug metabolism suggest that a significant fraction of the endog-
enous NADPH-oxidation is mediated by cytochrome P-450. Recently Stripp
et al (59) have devised techniques based on the effects of CO on drug me-
tabolism and NADPH-oxidation to correct for the CO insensitive reactions.
With these techniques they have obtained values with a number of sub-
strates that closely approach the theoretical stoichiometry.

The stoichiometry of hexobarbital oxidation, however, is unusual in that
the rate of hexobarbital oxidation by liver microsomes from rabbits (60)
and female rats (12) is considerably less than the substrate dependent
NADPH-oxidation. Under certain conditions, then, the metabolism of this
drug becomes uncoupled from electron transport through cytochrome P-450.

An even more dramatic example of the uncoupling effect was shown by
Ullrich & Diehl with perfluorohexane (61). This substance causes a type I
spectral change with oxidized cytochrome P-450 in liver microsomes, and
stimulates NADPH-oxidation, but is not metabolized at all.

Similarly, androstenedione stimulates NADPH-oxidation by adrenal mi-
tochondria but does not undergo oxidation (62). Moreover, Narasimhulu
(62) found that the ratio of the steroid dependent NADPH-oxidation to
oxygen utilization was 2:1, suggesting that NADPH reduced the “active
oxygen” cytochrome P-450 complex by an unknown mechanism.
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It is obvious from these examples that claims of drug metabolism based
solely on substrate dependent NADPH-oxidation should be interpreted with
care.

InpUCTION AND IMPAIRMENT OF CYTOCHROME P-450 ENZYME SYSTEMS

Studies on various aspects of the cytochrome P-450 enzyme systems
have revealed that changes in the rate of drug metabolism may be caused by
alterations in any one of the components or properties of the system. In-
deed, in many instances changes in drug metabolism may reflect alterations
in several of the properties of the system. Moreover, the various treatments
may affect the metabolism of drugs in subtle ways, and it is not always pos-
sible to correlate changes in the metabolism of one drug with changes in the
metabolism of another. Indeed, some treatments seem to affect the metabo-
lism of hexobarbital, aminopyrine, and ecthylmorphine differently, even
though these substrates are all type I substances.

Induction with phenobarbital—Several studies have shown that treat-
ment of animals with phenobarbital enhances the metabolism of foreign
compounds by increasing the activity of NADPH-cytochrome ¢ reductase
and the concentration of cytochrome P-450. Phenobarbital also increases
the magnitude of the type I and type 1I spectral changes per mg protein (9)
and the rate of cytochrome P-450 reduction, whether related to microsomal
protein or to the cytochrome P-450 content (63). Associated with the in-
crease in cytochrome P-450, there is also an increase in §-aminolevulinic
acid synthetase and the synthesis of heme in liver (64, 65). As the level of
cytochrome P-450 approaches steady-state after repeated administration of
phenobarbital, the activity of the synthetase and the rate of heme synthesis
increase rapidly during the first 16 hours, reach a plateau lasting for about
2 days and then decline (64). The fact that the rate of heme synthesis de-
clines even though the cytochrome P-450 and total heme content in liver
microsomes remain relatively constant after 2 days is consistent with the
view of Marver (65) that a feed-back mechanism is brought into play.

The diet of animals can have a considerable influence on the induction
by phenobarbital. When rats are fasted during treatment with the barbitu-
rate, the levels of cytochrome P-450 are markedly increased (66), presum-
ably because fasting decreases the breakdown of cytochrome P-450 (67).
Moreover, McLean and his colleagues (68) have found that phenobarbital
causes a greater increase in liver microsomal cytochrome P-450 in rats fed
diets containing unsaturated fatty acids than in those fed diets containing
protein and carbohydrate alone. But these effects may be due to the pres-
ence of antioxidants (69, 70) added to oils by the manufacturer or to perox-
idized lipids and steroids (71), which are known to induce the drug metabo-
lizing systems.

In the past, various studies led to the view that the inducing effects of
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phenobarbital were not mediated by alterations in hormones (2-4, 31). This
view was confirmed by the recent demonstration that phenobarbital induces
microsomal enzymes in tissue culture cells derived from fetal liver (72).

Induction with polycyclic hydrocarbons—Early studies on the mecha-
nism of induction of microsomal enzymes showed that induction with poly-
cyclic hydrocarbons differed from that with phenobarbital in a number of
ways. Phenobarbital increased the metabolism of most of the drug sub-
strates of the microsomal enzymes, whereas the polycyclic hydrocarbons in-
creased the metabolism of relatively few of them, such as the N-demethyla-
tion of azo dyes and the hydroxylation of aniline and 3,4-benzpyrene (31).
The simultaneous administration of phenobarbital and 3-methylcholanthrene
produced additive effects on the metabolism of drugs whose metabolism was
increased by either inducer, even when very large doses of inducers were
used (73, 74) ; the additive effects of the inducers on 3,4-benzpyrene hy-
droxylation were recently confirmed with tissue culture cells (72). The po-
lycyclic hydrocarbons increased the amount of cytochrome P-450 (45, 46)
but did not increase the amount of NADPH-cytochrome ¢ reductase (75,
76), whereas phenobarbital increased both of these components (75,77, 78).

Treatment of animals with 3-methylcholanthrene causes changes in a
number of other properties of the cytochrome P-450 systems in liver micro-
somes. Although the effects of SKF 525-A on ethylmorphine N-demethyla-
tion are not changed, presumably because 3-methylcholanthrene does not in-
duce the enzyme that catalyzes this reaction, the K; of SKF 525-A for azo-
dye demethylation is markedly increased (79). On the other hand, 7,8-ben-
zoflavone, which has little effect on 3,4-benzpyrene hydroxylase in liver mi-
crosomes from untreated animals, markedly inhibits the enzyme in liver mi-
crosomes from 3-methylcholanthrene-treated animals (80).

At first it seemed possible that the differential effects of 3-methylcholan-
threne might be due to the binding of the inducer or one of its metabolites
to cytochrome P-450, because the absolute spectrum of the hemoprotein in
liver microsomes from treated animals showed a peak at 390 nm (46),
which is analogous to the type I spectrum observed with substrates, such as
ethylmorphine, hexobarbital, and aminopyrine. But a number of facts make
this explanation unlikely: (a) The changes in the spectrum of the cyto-
chrome P-450-ethylisocyanide complex observed by Sladek & Mannering
(45) cannot be demonstrated by addition of 3-methylcholanthrene or hexo-
barbital to liver microsomes (49). (b) The change in the ethylisocyanide
spectrum does not occur immediately after injection of 3-methylcholan-
threne but develops with time and becomes maximal at about a day after
injection of the inducer (81). Moreover, the alteration of the spectrum of
the ethylisocyanide complex can be prevented by inhibitors of protein syn-
thesis, such as ethionine and actinomycin D (82). (¢) Fujita & Mannering
(52) have isolated the cytochrome P-450 from liver microsomes of animals
receiving 3-methylcholanthrene and have shown that it does not combine
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with hexobarbital, whose metabolism is not induced, even though the prepa-
ration did not have a peak at 390 nm. (d) Lu et al (83), have isolated the
cytochromes from liver microsomes of rats treated with either phenobarbi-
tal or 3-methylcholanthrene and have shown that the preparations exhibit
different substrate specificities in reconstituted enzyme systems; as ex-
pected, the hemoprotein from phenobarbital-treated rats preferentially cata-
lyzes the 16 o-hydroxylation of testosterone and the N-demethylation of
benzphetamine, whereas the hemoprotein from 3-methylcholanthrene-
treated rats preferentially catalyzes the hydroxylation of 3,4-benzpyrene.
By contrast both hemoproteins are effective in catalyzing the 7 a-hydroxyla-
tion of testosterone and the N-demethylation of chlorcyclizine.

It is noteworthy that the inducing effects of 3-methylcholanthrene differ
markedly among various strains of mice (84). In C57BL/CN mice, it mark-
edly induces the hydroxylation of 3,4-benzpyrene hydroxylase, but in DBA/
2N mice it has little or no effect on this enzyme. Studies with various F,
and F, hybrids of these strains indicate that the ability of 3-methylcholan-
threne to induce this microsomal enzyme follows autosomal dominant inher-
itance.

Sex differences in drug metabolismn by rat liver microsomes—Liver mi-
crosomes from male rats metabolize a wide variety of drugs more rapidly
than do those from female rats (85, 86). However, liver microsomes from
male and female rats contain about the same amount of NADPH-cyto-
chrome ¢ reductase (87) and cytochrome P-450 (11, 87). Moreover, there
are only minor differences in the endogenous cytochrome P-450 reductase
(11, 88). However, the magnitude of the type I spectral changes caused by
aminopyrine, hexobarbital (34), and ethylmorphine (87) is considerably
greater with liver microsomes from male rats than with those from female
rats. Moreover, these substances stimulate cytochrome P-450 reduction to a
greater extent in microsomes from males than in those from females (11,
88).

The sex difference in the magnitude of type I spectral change per cyto-
chrome P-450 suggests the presence of different kinds of cytochrome P-450
in liver microsomes. In accord with this view, the “cross-over pH” of the
ethylisocyanide-cytochrome P-450 complex is 7.4 with liver microsomes
from females and 82 with liver microsomes from males (44). Moreover,
the extinction coefficient of cytochrome P-450 is about 10% lower in liver
microsomes from males than in those from females (53).

Hamrick et al (89) have found a sex difference in the relationship be-
tween NADPH-oxidation and ethylmorphine N-demethylation. Using the
techniques developed by Stripp et al (59) they found that the ratio of the
rate of ethylmorphine N-demethylation to the rate of NADPH-oxidized
through the cytochrome P-450 system in the presence of substrate ap-
proached 1:1 in liver microsomes from male rats but was only 0.5:1 in those
from female rats.
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Treatment of female rats with methyltestosterone causes an increase not
only in ethylmorphine N-demethylase activity, but also in the magnitude of
the type I spectral change and in the ratio of the rates of ethylmorphine N-
demethylation and NADPH-oxidation. But the treatment with methyltestos-
terone did not affect the level of cytochrome P-450 or the activity of endog-
enous NADPH-oxidation.

Effects of adrenalectomy and glucocorticoids—Adrenalectomy of rats
decreases the activity of the liver microsomal enzymes that catalyze the oxi-
dation of type I substrates, such as hexobarbital (90, 91), aminopyrine
(91), and ethylmorphine (92), the decrease in activity being greater in
males than in females (91). But adrenalectomy of male rats does not signif-
icantly change the levels of cytochrome P-450 (92). Although the impair-
ment of hexobarbital metabolism is apparently related to a decrease in the
magnitude of the hexobarbital-induced type I spectral change per cyto-
chrome P-450 (93), the impairment of ethylmorphine demethylation is not
accompanied by a decrease in the ethylmorphine-induced spectral change
(92). However, adrenalectomy of male rats decreases the activities of
NADPH-cytochrome ¢ reductase, cytochrome P-450 reductase, and ethyl-
morphine N-demethylase to about the same extent (92). Moreover, the ad-
ministration of cortisone to adrenalectomized male rats reverses the effects
of adrenalectomy not only on the reductase activities but also on the ethyl-
morphine N-demethylase activity (92). These findings suggest that the
mechanism of impairment of the drug metabolizing enzyme system caused
by adrenalectomy depends on the substrate. It is also noteworthy that adre-
nalectomy of mice and rabbits has little effect on hexobarbital metabolism
by liver microsomes, possibly because these species do not manifest sex dif-
ferences in hexobarbital metabolism (93).

Spironolactone administration—Recently, Solymoss et al (94) demon-
strated that spironolactone, a steroid that has little or no hormonal activity,
stimulates the metabolism of drugs in female rats. In accord with these find-
ings, Stripp et al (95) have shown that spironolactone treatment of female
rats increases the metabolism of ethylmorphine, hexobarbital, and benzpy-
rene by liver microsomes. Associated with these increases in enzyme activ-
ity was an increase in NADPH-cytochrome ¢ reductase but little if any
change in the type I spectrum caused by ethylmorphine. Moreover, the cyto-
chrome P-450 content was not increased; indeed it tended to decrease. The
treatment with spironolactone did not affect cytochrome P-450 reduction in
the absence of drug substrate despite the increase in NADPH-cytochrome ¢
reductase. But it did increase the substrate-dependent cytochrome P-450 re-
duction. By contrast, the treatment increased both the endogenous and the
substrate-stimulated NADPH-oxidation by liver microsomes and increased
the ratio of ethylmorphine N-demethylation to NADPH-oxidized.

Stripp et al (95) also found a sex difference in the effects of spironolac-
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tone in rats that could not be explained by changes in any of the compo-
nents of the enzyme system. Although in male rats, spironolactone caused a
relatively small increase in ethylmorphine N-demethylation, it decreased the
oxidation of hexobarbital and 3,4-benzpyrene. Like its effects in females,
however, spironolactone in males did not affect type I spectral changes
caused by ethylmorphine and hexobarbital, but caused a small decrease in
cytochrome P-450 content and an increase in NADPH-cytochrome ¢ reduc-
tase. Moreover, spironolactone in males increased the substrate dependent
cytochrome P-450 reduction, but not its endogenous reduction, and it in-
creased both the endogenous and substrate-dependent NADPH-oxidation.
These findings thus indicate that spironolactone treatment paradoxically en-
hances the hexobarbital-induced electron flux through the cytochrome P-450
system and at the same time decreases hexobarbital metabolism.

In contrast to its effects in rats, spironolactone in mice increases the
amount of cytochrome P-450 in liver microsomes, but the increase does not
entirely account for the increase in the metabolism of hexobarbital or ethyl-
morphine (96-98).

Impairment of drug metabolism by CCl,—The oral administration of
CCl1, impairs the metabolism of drugs both in vivo (99) and in vitro (99-
103). Within the first 3 hours after CCl, administration there is a decrease
in cytochrome P-450, as measured by a decrease in either the absorbancy at
450 nm (101-103) or the heme content (104). At this time, there is no de-
crease in either NADPH-cytochrome ¢ reductase or cytochrome b, suggest-
ing that the impairing effects on cytochrome P-450 are rather selective.

Although these impairing effects of CCl, may be delayed by the simulta-
neous administration of SKF 525-A (102), an inhibitor of drug oxidation
by liver microsomes, they are not affected by other potent inhibitors, such as
Lilly 18947 (2,4-dichloro-6-phenylphenoxyethyl diethylamine), DPEA (24-
dichloro-6-phenylphenoxyethylamine) or SKF 26754-A (aminoethyl! diphe-
nylpropylacetate) (105), Thus the delay in the impairing effects of CCl, by
SKF 525-A may not be completely due to a blockade of conversion of CCl,
to an active metabolite but to another mechanism. Indeed Marchand et al
(106) have suggested that SKF 525-A may exert its protective effects by
slowing the absorption of CCl, from the intestine.

ForMATION OF A METABOLITE BY DIFFERENT ENZYMES

One of the complications in studying the metabolism of drugs is that a
metabolite may be formed by more than one enzyme or along different path-
ways.

Pathways of N-dealkylation.—During the past several years, two differ-
ent mechanisms for the N-dealkylation of foreign compounds have gained
acceptance. In the first mechanism, cytochrome P-450 catalyzes the C-hy-
droxylation of a tertiary (or secondary) amine to form an unstable inter-
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mediate that decomposes with the formation of a secondary (or primary)
amine and an aldehyde (1). In the second mechanism, a flavoprotein cata-
lyzes the conversion of a tertiary amine to its N-oxide or of a secondary
amine to its hydroxylamine (107) ; cytochrome P-450 then catalyzes the re-
arrangement and decomposition of the respective intermediates to form an
aldehyde and the corresponding amines (108). Since cytochrome P-450 is a
component of both mechanisms, the fact that carbon monoxide and SKF
525-A block the formation of the final product is not surprising and thus the
relative importance of the two mechanisms has been difficult to assess when
only the final products are measured. However, the formation of the N-ox-
ide via the NADPH-dependent flavoprotein is not inhibited by CO or by
SKF 525-A and thus the N-oxide accumulates in the incubation mixtures
(109). Although it may seem possible that the substrate-stimulated
NADPH oxidation in the presence and absence of CO might be used to
assess the relative importance of the N-oxidation and the C-oxidation path-
ways, the finding of Stripp et al (59) that high substrate concentrations
change the stoichiometry between drug metabolism and the electron trans-
port through cytochrome P-450 complicates the interpretation of such data.
Moreover, the finding that N-oxides may be reduced to amines in liver prep-
arations causes further difficulties in assessing the importance of the N-ox-
ide mechanism (110). Clearly, other approaches, such as the use of specific
antibodies to NADPH cytochrome ¢ reductase (Masters et al, 111) are
needed to differentiate between the two mechanisms. It should be kept in
mind, however, that there probably are a number of enzymes that catalyze
N-hydroxylation reactions, because the N-oxidase isolated by Ziegler’s
group does not catalyze the hydroxylation of primary aromatic amines or
their acetylated analogs (112).

Mechanisms of aromatic hydroxylation.—It has been suspected for many
years that the conversion of certain aromatic compounds, such as naphtha-
lene, to GSH conjugates and dihydro-diols, is mediated by epoxide interme-
diates (113). In accord with this view only one of the oxygen atoms incor-
porated into the dihydro-diol of naphthalene comes from atmospheric oxy-
gen (114) and radiolabeled naphthalene epoxide can be detected after incu-
bation of liver microsomes with NADPH, radiolabeled naphthalene, and un-
labeled naphthalene epoxide (115). Moreover the conversion of epoxides to
dihydro-diol derivatives is catalyzed by microsomal enzymes called epox-
ide hydrases (116-119).

Since aromatic epoxides in water decompose spontaneously to phenols
(115), hydroxylation of aromatic compounds by liver microsomal systems
conceivably can occur either directly or indirectly by way of epoxide inter-
mediates. To evaluate this possibility Jerina et al (115) showed that GSH
inhibits the formation by liver microsomes of naphthol and naphthalene di-
hydrol-diol from naphthalene, presumably by channeling the epoxide toward
the formation of a GSH conjugate of naphthalene. Similarly, Zampaglione



Annu. Rev. Pharmacol. 1972.12:57-84. Downloaded from www.annual reviews.org
by UNIVERSITY OF MIAMI on 12/16/11. For personal use only.

CYTOCHROME P-450 IN DRUG METABOLISM 77

et al (120) found that GSH also inhibited the conversion of bromobenzene
to its dihydro-diol and phenolic metabolites.

Although these findings raise the possibility that the hydroxylation of all
aromatic compounds is mediated by epoxides, it should be pointed out that
Jerina et al (115) failed to detect radiolabeled benzene epoxide after incu-
bation of liver microsomes with radiolabeled benzene and unlabeled benzene
epoxide even though considerable amounts of radiolabeled phenol were
formed.

Whether all hydroxylation reactions are mediated by epoxide formation
is of considerable importance, because it has been suggested that epoxides
of various aromatic polycyclic hydrocarbons and halogenated benzenes me-
diate a diversity of toxicities including mutagenesis (121), carcinogenesis
(122), and liver necrosis (123).

Deamination of amphetamine—Shortly after the discovery that rabbit
liver microsomes catalyze the deamination of amphetamine, Brodie et al
(1) proposed that the carbon adjacent to the nitrogen is hydroxylated to
form an unstable carbinolamine, which spontaneously rearranges to form
phenylacetone and ammonia. However, Hucker et al (124) recently found
that the major metabolite of amphetamine formed by rabbit liver micro-
somes is phenylacetone oxime and speculated that amphetamine is converted
first to phenylacetone imine which in turn is hydroxylated to the oxime and
that the oxime is hydrolyzed to phenylacetone. Since the mechanism pro-
posed by Brodie et al (1) predicts that all of the oxygen in phenylacetone
originates from the atmosphere, whereas that of Hucker et al (124) pre-
dicts that none originates from the atmosphere, the finding of Parli et al
(125) that about 25-30% of the oxygen in phenylacetone comes from the
atmosphere suggests that both mechanisms occur with rabbit liver micro-
somes. The mechanism by which phenylacetone oxime is formed remains
obscure. Smith & Dring (126) suggested that amphetamine is dehydrogen-
ated to the imine, which in turn is either hydroxylated to phenylacetone or
hydroxylated to the oxime. It seems more likely to Parli et al (125) and to
us, however, that the imine is formed by way of the carbinolamine.

In any event it now seems likely that the oxidative deamination of isoal-
kylamines may be formed by either the rearrangement of carbinolamines or
the hydrolysis of the oxime-intermediates, and that the relative importance
of the two pathways will depend on the substrate and the animal species.

Reduction of nitro- and azo-compounds.—Liver contains a host of en-
zymes that catalyze the reduction of nitro- and azo-compounds. The relative
importance of these enzymes, however, depends on the substrate and the
animal species.

p-Nitrobenzoic acid is reduced to p-aminobenzoic acid by microsomal cy-
tochrome P-450 (127) or to hydroxylaminobenzoic acid by an unidentified
enzyme in liver supernatant (128), but is not reduced to any significant ex-
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tent by NADPH cytochrome ¢ reductase (127) in liver microsomes or by
xanthine oxidase (129, 130) in liver supernatant. By contrast niridazole and
a number of nitrofurans are reduced by NADPH-cytochrome ¢ reductase in
liver microsomes (131) and by xanthine oxidase in liver supernatant (130)
but not to any significant extent by cytochrome P-450 (131). Moreover, ni-
troquinoline N-oxide is reduced by a dicoumarol sensitive enzyme in liver
supernatant, but not to any significant extent by other liver enzymes (132).

The reduction of azo-compounds is even more confusing. For example,
Neoprontosil is reduced by both NADPH-cytochrome ¢ reductase and cyto-
chrome P-450 in liver microsomes (75, 133), but owing to the difference in
the Km values the relative importance of these enzymes depends on the sub-
strate concentration (134). At low concentrations of Neoprontosil, the cyto-
chrome P-450 catalyzed reaction accounts for virtually all of the reduction
of the substrate, but at high substrate concentrations, the cytochrome ¢ re-
ductase reaction predominates. By contrast phenylazopyridine is reduced al-
most entirely by NADPH-cytochrome ¢ reductase (135).

Although reduced cytochrome P-450 is capable of reducing a number of
nitro- and azo-compounds because of its unusually low redox potential
(136), it probably does not function as a reductase in vivo to any significant
extent. As discussed above, the rate limiting step in the oxidation of drugs
by cytochrome P-450 is probably the reduction of the cytochrome P-450 sub-
strate complex. Thus most of the cytochrome P-450 exists in the oxidized
form under steady-state conditions in air. Moreover, the intermediates in
the reduction of nitro- and azo-reduction are frequently autoxidizable and
thus the primary amine metabolites are not rapidly formed in vivo. Fer
these reasons, most of the nitro- and azo-reduction observed in vivo is prob-
ably due to bacterial flora in the anaerobic environment of the gut.

Alcohol oxidation—It is well known that alcohols are oxidized to ke-
tones and aldehydes by a number of NADPH and NADH-dependent dehy-
drogenases (137). In recent years, however, considerable attention has been
focused on the oxidation of ethanol by liver microsomal preparations, i.e. by
a microsomal ethanol oxidizing system (MEOS). Depending on the purity
and the handling of these preparations, however, the oxidation of ethanol
can be due to a number of enzyme systems. Unwashed preparations of liver
microsomes can contain alcohol dehydrogenase (138, 139). But these prepa-
rations also contain other ethanol oxidizing systems, because pyrazole,
which inhibits alcohol dehydrogenase, does not totally inhibit ethanol oxida-
tion (139). By analogy with the observation of Gillette et al (140) that
NADPH oxidase in liver microsomes formed a peroxide (either hydrogen
peroxide or a lipid hydroperoxide) that oxidized methanol in the presence
of catalase, a part of the ethanol oxidation probably is due to the concerted
action of NADPH oxidase and catalase, In accord with this view, Carter &
Isselbacher (139) found that ethanol oxidation is partially blocked either by
cyanide (which inhibits catalase) or by CO (which inhibits cytochrome P-
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450 mediated NADPH oxidation). Nevertheless, Lieber and co-workers
(141, 142) have reported that in their microsomal preparations, ethanol oxi-
dation is not blocked by pyrazole, nor by the catalase inhibitors, cyanide and
4-amino-1,2,4-triazole. These workers thus suggest that ethanol can be oxi-
dized directly by a cytochrome P-450 system rather than indirectly through
a peroxide-catalase. However, these workers also reported that the activity
of the system is not induced by either phenobarbital or 3-methylcholan-
threne even though it is increased by treatment of the animals with ethanol.
The mechanism of the so-called MEOS thus remains to be clarified.

Regardless of the identity of the MEOS there is little doubt that it plays
a relatively minor role in the metabolism of ethanol in vivo. At best, it can
account for only about 20-259% of the total ethanol metabolism in vivo
(142) and thus even a marked alteration in the activity of MEOS would
not alter the rate of ethanol metabolism to a clinically significant extent.

IN Vivo AspEcts oF DrRuG METABOLISM

It is frequently difficult to extrapolate data obtained from in vitro exper-
iments to the living animal. Even when the investigator is interested only in
relating the activity of the drug metabolizing enzymes in liver to the biolog-
ical half-life of the drug in the animal, a number of problems may arise
which are difficult or even impossible to evaluate with liver preparations
alone. Gillette (143) has recently discussed some of these problems, includ-
ing the effect of competitive inhibitors, the determination of rate limiting
steps, the importance of the hepatic blood flow in limiting drug metabolism,
and the factors that determine the volume of distribution of drugs. With in
vivo studies it is sometimes difficult to determine whether the increasc in
drug metabolism after phenobarbital treatment of animals is due mainly to
the induction of the cytochrome P-450 enzymes, an increase in hepatic blood
flow (144, 145), or an increase in bile flow (146). It is also sometimes diffi-
cult to determine whether SKF 525-A slows drug metabolism by inhibiting
cytochrome P-450 and other drug metabolizing enzymes, by slowing hepatic
blood flow (145), by slowing the absorption of drugs from the gastrointesti-
nal tract (106), or by a combination of all three.

The problems of relating in vitro enzyme activity to the pharmacologic
or toxicologic effects of foreign compounds become even more difficult
when pharmacologically inactive substances are converted to pharmacologi-
cally active metabolites.

In these instances it is impossible to decide a priori whether an inducer
or inhibitor would lead to enhanced or diminished activity, because inducers
and inhibitors may affect the rate of catabolism of the active metabolite as
well as its rate of formation. For example, an inducer may increase the con-
centration of an active metabolite when the enzymes that catalyze its for-
mation are induced to a greater extent than the enzymes that catalyze its
destruction. On the other hand, an inducer may diminish the concentration
of the active metabolite when the enzymes that catalyze its formation are
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induced to a lesser extent than the enzymes that catalyze its destruction.
Thus it should not be surprising that two different kinds of inducers cause
completely opposite effects. '

It is also important to realize that the concentration of endogenous co-
substrates may change as a drug is being conjugated, and that the pattern of
drug metabolism can be altered when the cosubstrate is depleted from the
cell. For example, high doses of salicylamide tend to deplete the body stores
of sulfate; thus the rate-limiting step of salicylamide sulfate formation be-
comes the formation of sulfate from cysteine (147). Similarly, it is thought
that acetaminophen prevents the periportal hepatotoxicity caused by N-ace-
tyl-N-hydroxyaminofluorene by depleting the body of sulfate, thereby pre-
venting the formation of the N-hydroxyamino derivative, an extraordinar-
ily potent alkylating agent (148).

It should also be pointed out that the liver is composed of a heterogenous
group of parenchymal cells having widely different enzyme activities. For
example, histochemical studies have shown that 3,4-benzpyrene hydroxylase
activity of liver is concentrated in the centrolobular regions of liver (149).
Moreover, the administration of phenobarbital causes proliferation of the
endoplasmic reticulum predominately in the centrolobular regions of liver
and thus the heterogeneity in the distribution of the enzyme becomes even
more marked after induction (150).

The importance of these points was dramatically illustrated to us by a
series of studies on the mechanism of centrolobular necrosis caused by bro-
mobenzene in liver. It now seems likely that bromobenzene causes centrolo-
bular necrosis by being converted to its epoxide, which in turn becomes co-
valently bound to macromolecules in liver (123). In accord with this view,
pretreatment of mice (or rats) with phenobarbital increases both the me-
tabolism of bromobenzene in vivo and the centrolobular necrosis, whereas
the administration of SKF 525-A (B-diethylaminoethyl diphenylpropylace-
tate) decreases both the metabolism of bromobenzene and the necrosis.
Moreover, autoradiographs of paraffin sections of liver after *C-bromoben-
zene administration to mice showed that the covalently bound radiolabel
was localized in the necrotic areas. Furthermore, covalent bonding of ra-
diolabeled bromobenzene was demonstrated chemically. The amount of co-
valently bound bromobenzene, however, was low during the first few hours
and then increased exponentially until maximal amounts were obtained at
12 to 24 hours (151). Most of the covalently bound bromobenzene occurred
only after glutathione was decreased in liver (152), but the concentration
of glutathione required to block covalent bonding in vitro is even lower than
the lowest levels of glutathione per gram of liver found after bromobenzene
administration (153). It therefore seems likely that GSH becomes com-
pletely depleted only in the centrolobular regions, where necrosis takes
place. In other regions, the formation of the epoxide is too slow to deplete
the cells of GSH and thus these regions do not become necrotic.

At first we were surprised to find that the administration of 3-methyl-
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cholanthrene to rats completely prevented the hepatoxicity of bromobenzene
(154), because pretreatment with 3-methylcholanthrene slightly increased
bromobenzene metabolism (155). But analysis of the bromobenzene metabo-
lites in urine showed that the treatment also increased the formation of bro-
mobenzene dihydrodiol (155). These results thus suggested that after the
parenchymal cells in the centrolobular region are depleted of GSH, bromo-
benzene epoxide can now be inactivated by epoxide hydrase, thereby pre-
venting covalent bonding and the centrolobular necrosis. This interplay be-
tween the activity of the GSH conjugation system, the epoxide hydrase, and
the activity of the cytochrome P-450 system that forms bromobenzene epox-
ide thus determines the severity and the localization of the liver necrosis.

One of the authors (D.C.D.) is a Research Associate in the Pharmacology-
Toxicology program, National Institutes of General Medical Sciences, National

Institutes of Health, Bethesda, Maryland.
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