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ABSTRACT The hepatic pigment accumulated as a conse-
quence of the self-catalyzed destruction of cytochrome P450
by norethisterone (17-hydroxy-19-nor-17a-pregn4-en-20-yn-3-
one), after acidic methylation and purification, consists of two
virtually identical, probably isomeric, porphyrins. Radiolabeled
norethisterone is incorporated into both porphyrin products.
The major of the two porphyrins exhibits a mass spectrometric
molecular ion exactly equivalent to the sum of norethisterone
and dimethylprotoporphyrin IX, less two hydrogen atoms: un-
equivocably demonstrating covalent association of the sterol
with this porphyrin in a 1:1 ratio. Cytochrome P450 is therefore
destroyed by self-catalyzed addition of norethisterone to its
heme prosthetic group. Cytochrome P450 is also destroyed by
norgestrel (13-ethyl-17-hydroxyl-18,19-dinor-17a-pregn4-en-
20-yn-3-one) and by 1-ethynylcyclohexanol but not by 17-hy-
droxy-19-nor-17a-pregn4,20-dien-3-one. The destructive po-
tential is thus clearly a proprty of the propargylic alcohol
function. A mechanism involving enzymatic oxidation of the
triple bond is postulated.

Norethisterone (17-hydroxy-19-nor-17a-pregn-4-en-20-yn-
3-one, 1), which contains the 17f3-hydroxyl-17a-ethynyl sub-
stitution pattern characteristic of virtually all orally active
contraceptive agents (1), diminishes the drug-metabolizing
activity of the liver (2, 3). One contribution to this perturbation
was revealed by the recent discovery that norethisterone causes
a time- and dose-dependent inactivation of cytochrome P-450
both in vitro and in vvo (4). Hemoprotein loss occurs only in
the presence of NADPH and oxygen and is inhibited by carbon
monoxide, characteristics that implicate catalytic turnover of
cytochrome P-450 in its own destruction (4). A green-brown
pigment, extracted with acidic methanol from the livers of
norethisterone-treated rats, provides a firm link between this
process and the analogous destruction of cytochrome P-450 by
2-isopropyl-4-pentenamide (allylisopropylacetamide), in which
a similar pigment is formed (5-9). Our recent discovery that
2-isopropyl-4-pentenamide is covalently bound to cytochrome
P-450 heme (10, 11) in a suicidal interaction led us to investigate
the norethisterone-mediated process, the first results of which
are presented here.

1 R=CH3, R'= C=-CH
2 R= CH2CH3, R' = C-CH
3 R = CH3, R' = CH=CH2

OH C=CH

4

MATERIALS AND METHODS
Pigment Isolation and Characterization. Sprague-Dawley

male rats weighing approximately 250 g were treated with
phenobarbital (80 mg/kg daily) for 4 days prior to intraperi-
toneal injection of norethisterone (25 mg/kg) in 0.25 ml of
trioctanoin (mixture sonicated prior to injection). Four hours
after injection of the sterol, the rats were decapitated and the
livers were perfused with cold 0.9% saline. The excised livers
were homogenized in 5% (vol/vol) H2SO4/methanol (4 ml/g
of liver) and allowed to stand in the same mixture overnight in
the dark at 40C (4). The mixture was filtered and equal volumes
of water and chloroform were added. The chloroform extract,
after washing with water, drying (Na2SO4), and solvent re-
moval, was chromatographed on an Analtech preparative
thin-layer chromatography plate [chloroform/acetone, 2:1
(vol/vol)]. Unless isolated for individual study, the brown-green
bands with intense red fluorescence (RF t 0.4 and 0.6) were
combined and demetalated in 1 ml of 5% H2SO4 in methanol
(12). The organic layer obtained by partitioning the mixture
between chloroform and water (12) was dried, concentrated,
and analyzed by high-pressure liquid chromatography (HPLC)
on a Whatman 10-PAC column. The eluent was monitored by
a variable wavelength detector (417 nm). Eluent fractions were
collected as needed for further study or for radioscintillation
counting (Aquasol). Zinc complexes were prepared by addition
of zinc acetate as described (10, 11).
The isolation of pigment from l-ethynylcyclohexanol-treated

rats (50 mg/kg in 0.25 ml of ethanol) was performed by an
identical procedure.

Mass spectrometric data were obtained on an MS-9 instru-
ment adapted to a field-desorption ionization mode at the
Berkeley Biomedical Mass Spectrometry Resource. All ab-
sorption spectra were recorded in chloroform on a Varian-Cary
118 spectrophotometer.
Cytochrome P450 Destruction Assay. The loss of spec-

troscopically observable cytochrome P-450 in liver microsomes
from phenobarbital-pretreated rats as a function of the incu-
bation time with test substrates was measured essentially as
described (6, 11). Each incubation mixture contained the fol-
lowing: substrate (1 mM), microsomal protein (1 mg/ml),
NADPH (1 mM), KC1 (150 mM), and EDTA (1.5 mM), all in
0.033 M phosphate buffer (pH 7.4). An Aminco DW-2 spec-
trophotometer was used. Protein concentrations were deter-
mined by the Lowry procedure (13).

Substrates. Specifically labeled [9,11-3H]norethisterone [200
mCi (1 Ci = 3.7 X 1010 becquerels)/mmol] was a gift from
Syntex. This substance was purified by silica thin-layer chro-
matography (chloroform/acetone, 2:1) and was diluted with
unlabeled sterol to a specific activity of 0.22 mCi/mmol. Nor-
gestrel (13-ethyl-17-hydroxy-18,19-dinor-17a-pregn-4-en-

Abbreviation: HPLC, high-pressure liquid chromatography.
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20-yn-3-one, 2) was obtained from Wyeth Laboratories (Phil-
adelphia, PA). Vinyl norethisterone analogue 3 (17-hAydoxy-
19-nor-17a-pregn-4,20-dien-3-one) was prepared by a literature
procedure (14). Aldrich was the commercial source of 1-

ethynylcyclohexanol (4), which was distilled prior to use.

RESULTS
The crude methylated pigment extracted with acidic methanol
from the livers of norethisterone-treated rats or from hepatic
microsomes incubated with the sterol was fractionated by
thin-layer chromatography to remove an intractable contam-
inant that interfered with HPLC analysis. Thin-layer chro-
matography, however, resulted in the formation of artifactual
metal complexes and, consequently, in the isolation of two or
more green-brown bands exhibiting characteristic red fluo-
rescence under ultraviolet light. The artifactual metal com-

plexes were distinguished by their electronic absorption spectra
with a Soret band at 432 nm and a trio of smaller peaks at 551,
592, and 632 nm in a pattern similar to that of the zinc complex
(Fig. 1). The relationship of the artifactual complexes with the
uncomplexed substance was established by the fact that removal
of the metal with acidic methanol (12) converted the former
to the latter, in striking analogy to our observations with the
pigments obtained from rats treated with 2-isopropyl-4-pen-
tenamide (10, 11). In practice, therefore, all the green-brown
bands exhibiting intense red fluorescence were removed from
the thin-layer plate, combined, and demetalated (12) prior to
more detailed HPLC analysis.

Analysis of the demetalated sample by HPLC revealed the
presence of two clearly resolved substances (see Fig. 2A) whose
electronic absorption spectra, after isolation, were superim-
posable (Fig. 1). Addition of zinc acetate to a solution of either
of the two isolated substances resulted in rapid formation of the
corresponding zinc complex, both complexes again possessing
identical electronic absorption spectra and, in this instance,
identical HPLC retention times (see Fig. 2 B and C). Each
parent substance, uncontaminated by any trace of the other,
was regenerated from the corresponding zinc complex by
demetalation with acidic methanol. The spectroscopic, com-
plexing, and chromatographic properties of the two pigment
components clearly characterize them as closely interrelated,
probably isomeric, porphyrins.

Radiolabeled pigment was isolated from the livers of three
rats treated with [9,11-3H]norethisterone by the usual extrac-
tion/methylation, thin-layer chromatography, and demetala-
tion sequence. The use of this specifically labeled substrate is
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FIG. 1. Electronic absorption spectra in CHC13 of the sterol-
porphyrin adducts isolated by HPLC (solid line) and the corre-

sponding zinc complexes (broken line). The spectra of the two adducts
separable by HPLC are superimposable in each instance.

important because, in contrast to the commercially available
randomly labeled material, there is little exchange of label into
the medium (15, 16). HPLC analysis of the demetalated, red-
fluorescing, porphyrins (Fig. 2A) revealed that, in addition to
radioactivity contributed by the nonchromophoric (at 417 nm)
norethisterone, label was associated with both of the pigment
porphyrin components. Label also was found in the zinc com-
plex of the porphyrins formed in the HPLC precolumn, a re-
action almost impossible to suppress due to traces of zinc left
on the column by previous analyses. Each of the two free por-
phyrin peaks was collected and its electronic absorption spec-
trum was recorded to confirm its identity (Fig. 1). HPLC
analysis of these collected fractions (Fig. 2 B and C) demon-
strated that each was uncontaminated with label from the other.
Addition of zinc acetate to each of the two fractions resulted
in formation of the corresponding zinc complex, as judged by
appearance of the correct absorption spectrum (Fig. 1). Most
importantly, covalent association of the porphyrin chromophore
with the sterol radioactivity was unambiguously demonstrated
by the coincident HPLC shift in both chromophore and label
accompanying the porphyrin-specific complexation step (Fig.
2 B and C). As expected, control experiments showed that the
retention time of norethisterone is not affected by the presence
of zinc acetate. In addition, correlation of associated radioac-
tivity with chromophore absorbance for each of the two zinc
complexes shows that the same amount of label per absorbance
unit was present in both cases. More quantitative measurements,
assuming a 1:1 sterol-to-porphyrin adduct (see below), suggest
that the molar absorbance values (at 432 nm) for each of the
complexes is approximately 123,000-125,000.
A more detailed characterization of the pigment porphyrins

has been achieved by mass spectrometric analysis, a nontrivial
task given their high molecular weight, low vapor pressure, and
instability as well as the microscopic amounts of available
material. Nevertheless, a molecular ion is obtained for the major
isomer at m/e 886 (after subtraction of 23 mass units due to
complexed sodium) by field desorption mass spectrometry. This
value, which is clearly different from the parent ion m/e 730
obtained for the pigment-porphyrin produced by 2-isopro-
pyl-4-pentenamide (unpublished data), corresponds precisely
to the sum of dimethylprotoporphyrin IX, the porphyrin ex-
pected from the prosthetic heme of cytochrome P-450, plus
norethisterone minus two hydrogen atoms. The adducts are
therefore 1:1 adducts of protoporphyrin IX with norethisterone,
clearly pointing to a destructive mechanism in which the sub-
strate is bound to the cytochrome P-450 prosthetic heme.

Intervention of the acetylenic group in the destructive process
has been conclusively established by studies with substrate
analogues, the results of which are summarized in Table 1. In
contrast to the efficient destruction of cytochrome P-450 caused
by in vitro incubation of norethisterone (1) as norgestrel (2) with
liver microsomes, no destruction was caused by 3, in which the

Table 1. In vitro destruction of hepatic microsomal
cytochrome P-450

% destruction at given incubation
Compound time*
(at 1 mM) 10 min 20 min 30 min

Norethindrone (1) 20 ± 5 25 ± 2 27 ± 3
Norgestrel (2) 18 34 34
Vinyl analogue 3 0 0 3 ± 2
1-Ethynylcyclohexanol (4) 18 ± 6 22 ± 6 26 + 6
* The values given are averages of three independent experiments,
except for norgestrel, which was only examined once. SD is given
where applicable.
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FIG. 2. HPLC analysis of the liver pigment from [9,11-3H]-
norethisterone-treated rats on a Whatman Partisil 10-PAC column,
eluted first with hexane/THF/MeOH, 10:3:1 (vol/vol), and then
(arrow) with MeOH/THF, 4:1. The curve is the absorbance at 417 nm;
the bars indicate the eluted radioactivity in dpm. (A) Crude meth-
ylated pigment after thin-layer chromatographic prepurification and
demetalation. (B) Reanalysis of first chromophoric peak (from A)
after isolation, before (Lower) and after (Upper) addition of zinc
acetate. (C) Reanalysis of second chromophoric peak (from A) after
isolation, before (Lower) and after (Upper) chromophoric peak (from
A) after isolation, before (Lower) and after (Upper) addition of zinc
acetate.

norethisterone triple bond has been reduced to a double bond.
More impressive, however, is the discovery that 1-ethynylcy-
clohexanol (4), which is naked of all functionality except for the
propargylic alcohol and is free of the rigid sterol structure,
nevertheless was equally potent as a destructive agent. In order
to rule out a difference in the destructive mechanism, we in-
jected 1-ethynylcyclohexanol into phenobarbital-pretreated
rats and found in preliminary experiments, that a virtually
identical pigment porphyrin (X max 418, 511, 545, 590, 648 nm)
is obtained and, in turn, can be transformed into a zinc complex
(X max 430, 546, 589, 629 nm).

DISCUSSION
Previous workers have established that the destruction due to
norethisterone is specific for the phenobarbital-inducible iso-
zymes of cytochrome P-450 (4). This specificity, the demon-
stration that enzymatic turnover is required for destruction, and
the failure of glutathione to protect the hemoprotein all suggest
that destruction is mediated by a short-lived norethisterone
metabolite formed in the affected active site (4). In this respect,
it is instructive that the nonspecific binding of norethisterone
to proteins, caused by enzymatic production of the 4,5-epoxy
derivative, is in fact attenuated by glutathione (16, 17). Our
present demonstration that norethisterone is covalently attached
to heme in a 1:1 ratio during the destructive process, however,
provides firm evidence for such a mutually destructive inter-
action. Although cytochrome P-450 has not been specifically
shown to provide the protoporphyrin IX incorporated into the
norethisterone adduct, the close analogy between this example
and inactivation caused by 2-isopropyl-4-pentenamide, where
the prosthetic heme-to-adduct porphyrin connection has been
clearly made (5-11), leaves little doubt that the adduct por-
phyrin also derives here from cytochrome P-450 heme.
The nature of the transient species that undergoes reaction

with the prosthetic group, however, can not be precisely defined
with the data in hand. The fact that norethisterone (1), nor-

gestrel (2), ethynylestradiol (4), and particularly 1-ethynylcy-
clohexanol inactive cytochrome P-450, whereas norethisterone
analogues with a vinyl (3) or an ethyl (4) substituent in place
of the acetylenic group do not, convincingly localizes the de-
structive potential in the acetylenic moiety. Destructive
mechanisms invoking direct electron transfer between the
acetylenic group and heme, based on the postulated transfer
of electrons from unsaturated bonds to metalloporphyrins (18),
are ruled out by the essential requirement for oxygen (4). Clues
to a probable mechanism, however, are provided by the
products formed on oxidative metabolism of the ethynyl group
in norethisterone (19), noregestrel (20, 21), and 17-ethynyles-
tradiol (22, 23). All of these clinically used ethynyl sterols have
been reported to undergo oxidative expansion of the D ring,
with eventual loss of one carbon from the acetylenic group,
yielding D-homo ketone or alcohol products (Scheme 1) (22).
Transfer of oxygen from cytochrome P-450 to the acetylenic

OH
C CH [H O

p _ 0-

Scheme I

.
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moiety, the critical step in the metabolic scheme, formally re-
sults in an oxirene intermediate, an antiaromatic species of such
instability that it has never been isolated in the laboratory (24,
25). It is therefore most reasonable to postulate that the cyto-
chrome P-450 prosthetic group is alkylated by this highly en-
ergetic species or by a less-reactive intermediate generated
during the precipitous rearrangement of this species to a
structure of lower energy. Although nothing more definite can
yet be said about the alkylation reaction, the possibilities are
constrained by our observation that the adduct, after an acidic
isolation which may alter the original structure, corresponds
in molecular weight to the sum of the parent porphyrin and
sterol, less two hydrogen atoms.
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