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Abstract——Studies were carried out to compare the actions of metyrapone on adrenal mitochondrial
and microsomal cytochrome P450-containing enzymes in the guinea pig and rat. As expected, addition
of metyrapone to adrenal mitochondria inhibited 114-hydroxylation in both species. The shape of the
type Il difference spectrum produced by metyrapone in mitochondria differed somewhat in rat
(AO.D .45 _s0snm) and guinea pig (AO.D. 5 390nm) and the magnitude of the spectrum was far greater
in rat adrenal mitochondria, paralleling species differences in cytochrome P450 concentration (rat >
guinea pig). In rat adrenal microsomes, metyrapone produced a small “*reverse type 1" spectral change
(AO.D. 25.snm) but did not affect either 21-hydroxylation or the interaction of progesterone with
cytochrome P450 (as determined spectrally). In guinea pig adrenal microsomes. in contrast, metyrapone
produced a large type Il spectral change (AO.D.,u5_4unm) and inhibited both 21-hydroxylation and
ethylmorphine demethylation, cytochrome P450-dependent reactions. The magnitudes of type I spectra
produced by 17x-hydroxyprogesterone and ethylmorphine in guinea pig adrenal microsomes were
significantly diminished by prior addition of metyrapone. The results indicate that metyrapone interacts
with both microsomal and mitochondrial cytochrome P430 in the guinea pig and that its adrenal sites
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of action, therefore, are species dependent.

The actions of metyrapone on adrenocortical ster-
oidogenesis have been extensively investigated (see
Refs. 1-3). Although originally proposed to be
a relatively specific 114-hydroxylase antagonist,
metyrapone has been found to inhibit various
other steroidogenic reactions, including 18- and
19-hydroxylation and cholesterol side chain cleav-
age [3-11]. Each of these enzymes is located in
the mitochondrion of the adrenal cell and contains
the hemeprotein. cytochrome P450, as its terminal
oxidase. Hepatic microsomal drug-metabolizing
enzymes which contain cytochrome P450 are simi-
larly inhibited by metyrapone (12, 13]. The mech-
anism of metyrapone inhibition appears to involve
interaction of the drug with cytochrome P450,
blocking the binding of steroid or drug substrates
[6.11,14]. Upon binding to cytochrome P450, mety-
rapone induces a characteristic spectral pertur-
bation [6,14-16] and inhibits the spectral changes
produced by substrate interactions with the
cytochrome.

Despite the relatively non-specific effects of mety-
rapone on adrenal mitochondrial and hepatic micro-
somal mixed function oxidases. the results of
several studies indicate that adrenal microsomal
enzymes are not affected by the drug. Neither 21-
hydroxylase [5,17] nor 17a-hydroxylase [ 18] activity
was inhibited by metyrapone in bovine or rat
adrenals, although cytochrome P450 is required for
both reactions. In addition, Satre and Vignais [19]
demonstrated high affinity binding of a metyrapone
metabolite to bovine adrenal mitochondria but no
binding was demonstrable in microsomes. These
observations suggested that metyrapone did not in-
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teract with adrenal microsomal cytochrome P450.
However. we recently found [20] that addition of
metyrapone to guinea pig adrenal microsomes pro-
duced a large spectral change similar to that seen in
adrenal mitochondria [6,14-16]. Therefore, the
following studies were carried out to determine the
effects, if any, of metyrapone on adrenal microso-
mal enzymes in the guinea pig. Effects were com-
pared with those in the rat, a species in which
metyrapone does not affect adrenal microsomal
metabolism.

MATERIALS AND METHODS

Adult, Sprague-Dawley rats (200-225g) and
English Smooth Hair guinea pigs (650-800 g) were
obtained from Zivic~Miller Laboratories, Pitts-
burgh, PA, and Hilltop Farms. Scottdale, PA. re-
spectively. Animals were maintained on a diet of
Purina Laboratory Chow and water ad lib. under
standardized conditions of light (6:00 a.m.-6:00
p-m.) and temperature (22°).

Animals were sacrificed by decapitation between
9:00 and 10:00 a.m. and adrenals were quickly re-
moved and placed in cold 0.25 M sucrose. Adrenals
were trimmed free of adhering tissue, weighed, and
homogenized in 0.25 M sucrose containing 0.05 M
Tris-HCI, pH 7.4. Homogenates were centrifuged at
900 ¢ for 10 min in a Sorvall RC-5 refrigerated
centrifuge to remove red blood cells, nuclei and
unbroken cells. The supernatant fraction from rat
adrenals was centrifuged at 9500 g for 15 min to
obtain the mitochondrial pellet which was resus-
pended in sucrose-Tris buffer and recentrifuged at



2148

9500 g for 15 min. Guinea pig adrenal mitochondria
were isolated by centrifugation of the 900 g super-
natant fraction at 6000 g for 20 min followed by
resuspension and recentrifugation at 6000 g for
20 min. The “washed™ mitochondria were used for
114-hydroxylase assays and spectral studies. Ali-
quots of the first 9500 g or 6000 g supernatant
fractions were taken for 21-hydroxylase and ethyl-
morphine (EM) demethylase assays and the re-
mainder was centrifuged at 105,000 g for 60 minina
Beckman refrigerated ultracentrifuge to obtain the
microsomes. Adrenal microsomes were resus-
pended in 1.15% KCl containing 0.05 M Tris—-HCl,
pH 7.4. Microsomal and mitochondrial preparations
were relatively free of cross-contamination, as indi-
cated by the absence of detectable | 14-hydroxylase
activity in microsomes and of detectable 21-
hydroxylase activity in mitochondria.

11p-Hydroxylase activity was determined by incu-
bating aliquots of adrenal mitochondria equivalent
to S mg (rat) or 20 mg (guinea pig) tissue in areaction
mixture containing § mM KCI, § mM MgCl. 80 mM
NaCi. 100 mM sucrose, 50 mM Tris-HC! (pH 7.4),
2.5 mg sodium isocitrate and 150 nmoles of [1-
deoxycortisol (guinea pig) or 11-deoxycorticoster-
one {rat) in a total volume of 1.0 mi. Differing
amounts of rat and guinea pig adrenal mitochondrial
protein were incubated to compensate for species
differences in sp. enzyme act. (rat > guinea pig).
Incubations were carried out in a Dubnoff metabolic
incubator at 37° for 10 min under air. The reaction
was stopped by the addition of 0.5 ml of 0.5% mer-
curic chloride to each incubation tube. Steroids
were extracted with freshly distilled chloroform,
and cortisol or corticosterone was determined
fluorometrically (21]. Standards and blanks were
carried through the entire procedure.

21-Hydroxylase activity was measured as the rate
of conversion of 114-hydroxyprogesterone to cor-
ticosterone by the adrenal 9500 g supernatant frac-
tion. Homogeneity of the product (corticosterone)
has been established using thin-layer and paper
chromatography |22|. The supernatant fraction
from 10 mg (guinea pig) or 5 mg (rat) adrenal was
incubated with 3 mM glucose 6-phosphate, 0.3 mM
NADP, 0.15M NaCl, 5mM KCI, 4 mM CaCl,,
2mM MgSO,, 0.05M Tris—=HCI (pH 7.4) and 150
nmoles 114-hydroxyprogesterone at 37° for 8 min
under air. The reaction was stopped by adding 0.5
ml of 0.5¢- HgCl, to each tube. Steroids were
extracted with chloroform, and corticosterone was
measured fluorometrically [22].

Reaction mixtures for adrenal ethylmorphine
metabolism contained 10 gmoles ethylmorphine, 9
mM glucose 6-phosphate, 24 gmoles MgSO,, 2
gmoles NADP, 0.02M Tris-HC! (pH 7.4) and
adrenal 9500 g supernatant fraction equivalent to 50
mg tissue {20]. Incubations were carried out in a
Dubnoffi metabolic incubator at 37" for 15 min.
Semicarbizide HC1 (25 gmoles) served as a trapping
agent for formaldehyde produced from ethylmor-
phine. Formaldehyde production was determined
using the method of Nash [23]. All samples were
read against appropriate tissue blanks and
standards.

Substrate and inhibitor-induced spectral changes
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Fig. 1. Metyrapone-induced difference spectra in (A) rat
adrenal mitochondria and (B) microsomes. Metyrapone
was added to the sample cuvette in final concentrations of
(a) 1.8 1077 My (b) 1.3 107% M:and (¢) 1.2 x 107 M.
Cuvettes contained 1.3 mg of mitochondrial protein/ml
with 0.9 nmole cytochrome P430/mg of proteinand 1.1 mg
of microsomal protein/ml with 0.4 nmole cytochrome
P450/mg of protein. respectively. Equal volumes of eth-
anol were added to the reference cuvette with each ad-
dition of metyrapone.

in mitochondria and microsomes were obtained
using a Cary model 17 recording spectrophotometer
at room temperature. Spectral dissociation con-
stants (K,) were calculated by the method of
Schenkman et al. [24]. Cytochrome P450 was
measured as the sodium dithionite reduced: CO
complex as described by Omura and Sato [25].
Adrenal mitochondrial and microsomal protein
content was determined by the method of Lowry
et al. [26] using bovine serum albumin as the
standard.

RESULTS

Interaction of metyrapone with rat adrenal mito-
chondria and microsomes. Addition of metyrapone
to adrenal mitochondria from aduit male or female
rats produced a typical type II difference spectrum
(Fig. 1, part A). The magnitude of the metyrapone-
induced spectrum was similar to that of the type |
spectral change produced by [l-deoxycorticos-
terone (DOC), the normal substrate for 13-
hydroxylation (Table 1). The affinity of each
compound forcytochrome P450, asdetermined spec-
trally (spectral dissociation constant; K,). was also
similar (Table 1). As expected, metyrapone inhib-
ited the conversion of DOC to corticosterone by
adrenal mitochondria in a dose-dependent manner
(Table 2). Prior addition of metyrapone to mito-
chondria also diminished the magnitude of the DOC-
induced spectral change.

In rat adrenal microsomes, metyrapone pro-
duced a small “‘reverse type [ difference spectrum
(Fig. 1., part B) suggesting, perhaps, displacement
of endogenous substrates. However, metyrapone
had no effect on 21-hydroxylase activity (Table 2}
or on the type I spectral changes produced by pro-
gesterone and 114-hydroxyprogesterone, substrates
for 21-hydroxylation.

Interaction of metyrapone with guina pig adrenal
mitochondria and microsomes, Addition of mety-
rapone to adrenal mitochondria from male or
female guinea pigs produced a spectral change
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Table 1. Metyrapone- and substrate-induced spectral changes in rat adrenal mitochondria and

microsomes*
Type Spectral Maximum spectral
spectrum dissociation change
Compound (max-min) constant (M) (AA/mg protein x 1072)
Mitochondriat
11-Deoxycorticosterone (385420) 1.6 % 107¢ 12.9
(1.2-1.8) (11.9-14.0)
Metyrapone (425-405) 2.5%107% 10.1
(2.0-3.0) (8.9-12.6)
Microsomesi
Progesterone (385-420) 5.2 x1077 1.7
(4.8-5.6) (1.1-2.2)
Metyrapone (420-385) 2.4x 107 1.9
(1.6-3.2) (1.3-2.5)

* Values represent means of triplicate determinations for each compound. Range of values is

indicated in parentheses.
t Cytochrome P450 content of 1.0 = 0.1 nmoles/mg of protein.
+0.1

1 Cytochrome P450 content of 0.5

nmole/mg of protein.

Table 2. Effects of metyrapone in vitro on 114- and 21-hydroxylase

activities

in rat adrenals*

Enzyme activity (% of control)

Metyrapone
concn. (M) 113-Hydroxylase 21-Hydroxylase
0 100+ 1003
5% 1070 84+ 4 1035
1 %1074 66+ 5 100 +4
Sx 1074 352 100 =3
1 %1073 22+3 96 = 8

* Values are expressed as means = S. E. of three to four deter-

minations for each concentration of metyrapone.
+ Equivalent to 205.3 nmoles/min/g of tissue.
i Equivalent to 185.4 nmoles/min/g of tissue.
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Fig. 2. Metyrapone-induced difference spectra in (A)

guinea pigadrenal mitochondriaand (B)microsomes. Mety-
rapone was added to the sample cuvette in final concen-
trations of (a) 1.8 X 107" M (b) 1.3 x 107 M;(c) 7.2 x 10~%
M: and (d) 1.0 x 107* M. Cuvettes contained 1.5 mg of
mitochondrial protein/ml with 0.5 nmole cytochrome
P450/mg of protein and 2.5 mg of microsomal protein/ml
with 1.7 nmoles cytochrome P450/mg of protein respect-
tvely. Equal volumes of ethanol were added to the refer-
ence cuvette with each addition of metyrapone.

(AO.D.g35-390nm> Fig. 2) differing somewhat from
that seen in rat adrenals. The metyrapone-induced
spectrum and the 11-deoxycortisol-induced type I
spectrum were similar in magnitude (Table 3). How-
ever, 11-deoxycortisol, a normal substrate for 114-
hydroxylation in the guinea pig adrenal, had a far
greater affinity than metyrapone for mitochondrial
cytochrome P450. Both the rates of 118-hydroxy-
lation (Table 4) and the size of the 11-deoxycortisol-
induced spectra were diminished by prior addition
of metyrapone to guinea pig adrenal mitochondria.

In guinea pig adrenal microsomes, metyrapone
produced a large type II spectral change (Fig. 2),
similar to that seen in rat adrenal mitochondria (Fig.
1). The type I spectra produced by 17a-hydroxy-
progesterone and 118-hydroxyprogesterone, sub-
strates for 21-hydroxylation, were larger than the
metyrapone spectrum and both steroids had a
higher affinity for microsomal cytochrome P450
than metyrapone. Ethylmorphine, a type I drug
substrate rapidly metabolized by guinea pig adrenal
microsomes [20], had a far lower affinity for cyto-
chrome P450 than the other compounds studied
(Table 3). Addition of metyrapone to adrenal
microsomes or the 9500 g supernatant fraction
produced a dose-dependent inhibition of 21-hy-
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Table 3. Metyrapone-
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and substrate-induced spectral changes in guinea pig adrenal mitochondria and

microsomes*
Type Maximum spectral
spectrum Spectral dissociation change

Compound (max-min) constant (M) (AA/mg protein x 10 *)
Mitochondria+®

11-Deoxycortisol (385-420) 4809107 52203

Metyrapone (425-390) 22+02<10° 6.1 0.2
Microsomes®

17x-Hydroxyprogesterone (385-420) 6.6 = 1.2~ 107 16.0 = 0.5

114-Hydroxyprogesterone (385-420) 92+ 1.3%x1077 13.9+0.8

Ethylmorphine (385-420) 210034107 2.4+0.3

Metyrapone (423-408) 7.4x1.0<10° 6.9 +0.7

* Values are expressed as means = S. E. of four to five determinations for each compound.
+ Cytochrome P450 content of 0.5 = 0.1 nmole/mg of protein.
1 Cytochrome P450 content of 1.9 = (0.2 nmoles/mg of protein.

Table 4. Effects of metyrapone in vitro on the activities of adrenal mitochondrial and
microsomal enzymes in guinea pigs*

Enzyme activity (%

% of control)

Metyrapone Ethylmorphine
conc. (M) l1g-Hydroxylase 21-Hydroxylase demethylase
0 100+ 100% 100§
So00° 8l + 5 84 =7 62+7
110" 67 =4 73+ 3 48 ~ 3
S0 42+ 6 §2+3 R
- 10° 29+4 28=x2 24+ 4

* Values expressed as means = S. E. of four to six determinations for each concentration

of metyrapone.

i Equivalent to 45.2 nmoles/min/g of tissue.
i Equivalent to 172.3 nmoles/min/g of tissue.
§ Equivalent to 2535.7 nmoles/min/g of tissue.

droxylase and ethylmorphine demethylase activi-
ties (Table 4). Metyrapone also diminished the
magnitude of the 17x-hydroxyprogesterone, 114-
hydroxyprogesterone and ethylmorphine-induced
type | spectra in guinea pig adrenal microsomes.
Lineweaver—Burk plots of 17a-hydroxyprogester-
one or ethylmorphine concentrations v. the mag-
nitude of the resulting spectral changes, in the
presence and absence of metyrapone, indicated
that the inhibition of binding was competitive.

DISCUSSION

The inhibitory actions of metyrapone on a variety
of hepatic microsomal and adrenal mitochondrial
cytochrome P450-catalyzed reactions are well
known [1-3,12,13]. In contrast. effects on cyto-
chrome P450-containing enzymes in adrenal micro-
somes, such as 17x- and 21-hydroxylation, were not
demonstrable in rat or bovine tissue {5,17,18]. These
observations indicated a subcellular specificity of
metyrapone action in the adrenal cortex. Conse-
quently. most investigators using metyrapone have
assumed that, in the adrenal, its effects were limited
to mitochondrial mixed function oxidases. How-
ever, Leblanc et al. {27] have reported that mety-
rapone inhibits 21-hydroxylation in duck adrenal
microsomes and we recently found that metyrapone

produced a large type Il difference spectrum in
guinea pig adrenal microsomes [20], suggesting that
the adrenal sites of action of metyrapone are species
dependent. The data presented here lend further
support to this hypothesis.

Although the shape of the metyrapone-induced
spectral change in adrenal mitochondria differed
somewhat in rat and guinea pig. effects of the drug
on substrate binding to mitochondrial cytochrome
P450 and on 114-hydroxylase activity were similar
in both species. However, interaction of metyrap-
one with adrenal microsomes differed considerably
in the rat and guinea pig. Even at high concentra-
tions, metyrapone had no effect on 21-hydroxylase
activity in rat adrenals. Similary, the interaction of
steroid substrates with microsomal cytochrome
P450 in the rat was unaffected by prior addition of
metyrapone to microsomal preparations. The small
“reverse type I spectral change produced by mety-
rapone in rat adrenal microsomes is similar to that
seen by Estabrook et al. {28] in bovine adrenal
microsomes andmayrepresentdisplacementofendo-
genous (steroid) substrates from cytochrome P450.

In the guinea pig, by contrast to the rat, mety-
rapone was a potent inhibitor of adrenal micro-
somal cytochrome P450-dependent metabolism.
The guinea pig adrenal is of interest to us, in part,
because of its capacity to oxidatively metabolize
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drugs as well as steroid substrates [20,22], resem-
bling, therefore, the human fetal adrenal [29,30].
Accordingly, we were able to evaluate the effects
of metyrapone on ethylmorphine demethylation as
well as on 21-hydroxylation. Both reactions were
inhibited by metyrapone. The mechanism of inhibi-
tion appears similar to that in adrenal mitochondria
and hepatic microsomes. That is, metyrapone, upon
addition to guinea pig adrenal microsomes, pro-
duced a large type 11 spectral change indicating an
interaction with cytochrome P450, and prevented
the subsequent binding of steroid and drug sub-
strates to the cytochrome. Analysis of the spectral
data indicated that metyrapone inhibition of sub-
strate binding to adrenal microsomal cytochrome
P450 was competitive in nature.

These observations clearly establish species dif-
ferences in metyrapone effects on adrenal micro-
somal metabolism. The differences may reflect a
multiplicity of cytochrome P450 moieties with vary-
ing substrate specificities in adrenal microsomes
from species to species. Multiple forms of cyto-
chrome P450 have been demonstrated in adrenal
mitochondria {31.32] and hepatic microsomes {33,
34]) and probably exist in adrenal microsomes as well
[20]. Therefore, the specificity of metyrapone action
on the adrenal cortex must be established for each
species studied and cannot be extrapolated from one
animal model to another.
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