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Summary-The relationships between structure and inhibitory potency toward microsomal 
cytochrome P-450 (P-450)-mediated androst-4-ene-3,17-dione hydroxylase activities were 
investigated in rat liver with a series of 5a- and S/3-androstane derivatives. S/?-Reduced 
steroids (containing a &-A/B ring junction) were more potent inhibitors than the Sa-reduced 
epimers (containing a truns-A/B ring junction) except in the case of the 17/I-hydroxy-substi- 
tuted derivatives. The most effective inhibitor was 5/I-androstane-3fl-ol which exhibited I,, 
values of 7 and 27 PM against androstenedione 16a- and 6/?-hydroxylase activities, which are 
catalysed by P-450 IX11 and IIIA2, respectively. In general, these two pathways of steroid 
hydroxylation were more susceptible to inhibition than the 7a- and 16fi-hydroxylase path- 
ways. The 7a-hydroxylase enzyme (P-450 IIAl) was only inhibited by 5fl-reduced steroids that 
contained an oxygenated function at C17. All of the test compounds elicited type I spectral 
binding interactions with P-450 in oxidised microsomes. The most effective steroid inhibitors 
generally exhibited the greatest capacity to interact with P-450. Additional studies with one 
of the more potent compounds, 5/I-androstane-3/I-ol-17-one, revealed that the inhibition 
kinetics were competitive and that preincubation of the inhibitor with NADPH-supplemented 
microsomes prior to substrate (androstenedione) addition decreased the extent of inhibition 
observed. These findings are consistent with the assertion that the inhibition of hepatic steroid 
hydroxylases by 5/I-androstanes involves an effective competitive interaction with the steroid 
substrate at the P-450 active site. Since the relative overproduction of 5/I-reduced metabolites 
of certain androgens has been reported in clinical conditions, such as androgen insensitivity, 
it now appears important to investigate the hepatic drug oxidation capacity of patients with 
hormonal abnormalities. 

INTRODUCTION 

Many hydrophobic substances are converted to more 
polar metabolites by the hepatic microsomal cyto- 
chrome P-450 (P-450)Jinked mixed-function oxidase 
(MFO) system. A number of closely related, but 
distinct, isoforms of P-450 are present in liver and 
this multiplicity appears to be responsible for the 
broad substrate specificity of the MFO system. 
Although a large number of substrates of the MFO 
system have been identified, recent studies have 
demonstrated that several steroids are subject to 
P-450 isoform-specific hydroxylation [ 1,2]. Thus, the 
2a- and 16a-hydroxylations of C-19 and C-21 
steroids are catalysed by the male-specific P-450 
IICl 1 [3,4], steroid 6fi-hydroxylation is catalysed by 
P-450 IIIA2 [3,4] and immunochemically similar 
forms, and 7a- and 16/I-hydroxylations are catalysed 
by the P-450s IIAl and IIBl, respectively [3,4]. 

*To whom correspondence should be addressed. 

Hepatic microsomes contain enzymes, other than the 
P-45Os, that catalyse the Sa-reduction of 4-ene- 
steroids (4-ene-3-oxosteroid 5a-oxidoreductase) [5] 
and the reduction of 1Foxosteroids (17/?-hydroxy- 
steroid oxidoreductase) 161. In contrast, the hepatic 
cytosol contains a 4-ene-3-oxosteroid Sfl-oxido- 
reductase [5,7] and a 3a-hydroxysteroid oxidoreduc- 
tase [8]. These enzymes function in the deactivation 
of many steroid hormones and probably have an 
important regulatory role in the duration of steroid 
action. 

Steroids are also inhibitors of foreign compound 
metabolism mediated by the MFO system [9-l 11. Of 
considerable interest is the observation that certain 
5fl-steroids appeared to be more potent inhibitors of 
drug metabolism than the Sa-isomers 191. Since one 
site of steroid metabolism is the liver, it appears that 
hepatic enzymes are capable of catalysing the conver- 
sion of androgens to steroids that are themselves 
inhibitory toward P-450~ involved in steroid and 
drug metabolism. The present study was undertaken 
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to investigate the effects of several structural vari- 
ations in a series of hydroxy- and ketoandrostanes as 
inhibitors of P-450-mediated microsomal androst-C 
ene-3,17-dione (androstenedione) hydroxylation in 
vitro. Of particular interest was the importance of the 
A/B ring junction stereochemistry and the nature of 
the oxy-functions at C-3 and C-17. The effect of 
conformation on binding of the steroids to ferric 
microsomal P-450 was also investigated in this study. 

MATERIALS AND METHODS 

Animals 

In these experiments untreated male Wistar rats 
(approx. 35Og) were used for the preparation of 
hepatic microsomes as described previously [12]. 

Chemicals 

[4-‘4C]Androstenedione (sp. act. 59 mCi/mmol) 
and [4-‘4C]testosterone (sp. act. 59 mCi/mmol) were 
obtained from Amersham Australia, Sydney, N.S.W. 
Unlabelled steroids were purchased from either 
Sigma Chemical Co., St Louis, MO. or the MRC 
Steroid Reference Collection, Queen Mary’s College, 
London, U.K. 

Biochemicals were also obtained from Sigma. 
Solvents and other analytical reagents were from 
Ajax Chemicals, Sydney, N.S.W. 

Steroid hydroxylase assays 

Microsomal androstenedione hydroxylase activity 
was estimated essentially as described previ- 
ously [13, 141. The substrate and protein [15] concen- 
trations were 175 PM and 0.75 mg/ml, respectively, 
and incubations were conducted for 10min. After 
extraction with chloroform, metabolites were separ- 
ated by thin-layer chromatography (Fzs4 silica gel 60; 
Merck, Darmstadt, F.R.G.) using the solvent system 
chloroform : ethyl acetate (1: 2, w/v) [2]. Zones on 
TLC plates that comigrated with metabolite stan- 
dards were visualised under U.V. light, scraped into 
vials and quantified by liquid scintillation counting 
(ACS II, Amersham, Sydney, Australia). 

Testosterone hydroxylase activity was estimated in 
hepatic microsomal fractions as described else- 
where [14]. Metabolites of testosterone were separ- 
ated by TLC as described for androstenedione 
metabolites except that the first solvent system was 
dichloromethane : acetone (4 : 1, v/v) and the second 
system was chloroform : ethyl acetate : ethanol 
(4: 1: 0.7, v/v/v) [2]. Rates of metabolite formation 
were again quantified by liquid scintillation spec- 
trometry. 

I,, values (concentrations of inhibitors that elicit 
a 50% decrease in the rate of steroid metabolite 
formation) were determined at least in duplicate 
from plots of log inhibitor concentration vs percent 
control activity using at least four inhibitor concen- 
trations; inhibitors were added in ethanol (final con- 
centration 2.5%). Additional experiments assessed 

the inhibition kinetics associated with one of the 
inhibitors (5/?-androstan-3b-ol- 17-one). The range of 
substrate (androstenedione) concentrations employed 
in these experiments was 32-380 FM and the range of 
inhibitor concentrations was O-50 /*M. Incubation 
time was 5 min. Kinetic parameters were determined 
from plots of reciprocal substrate concentration vs 
reciprocal product formation (Lineweaver-Burk 
analysis) and inhibitor concentration vs reciprocal 
product formation (Dixon analysis). Further exper- 
iments assessed the effect of preincubation of Sfl- 
androstan-3P -ol- 17-one with hepatic microsomes and 
an NADPH-generating system for varying times 
prior to the addition of androstenedione. Incubations 
were continued for 10min after substrate addition 
after which time metabolites were extracted, separ- 
ated by TLC and quantified as described above. 

Spectral binding studies 

Optical difference spectra were determined in an 
Aminco-Chance DW-2a spectrophotometer operat- 
ing in the split beam mode. Microsomes were resus- 
pended in 0.1 M potassium phosphate buffer (pH 7.4) 
to a concentration of 1 mg protein/ml, divided 
equally between two cuvettes and a baseline of zero 
light absorbance established at 37°C. Test com- 
pounds were added to the sample cuvette in microlitre 
quantities of ethanol and solvent was added to the 
reference cuvette. Total solvent addition did not 
exceed 1%. Plots of reciprocal ligand concentration 
vs reciprocal spectral change (peak to trough) were 
constructed. Spectral dissociation constants (K,) and 
maximal absorbance change (AA,,,) parameters 
were determined from the x-axis and y-axis inter- 
cepts, respectively, of the double reciprocal plots. 
Cytochrome P-450 was estimated by the standard 
procedure of Omura and Sato [16]. 

Cytochrome P-450 nomenclature 

The recommended nomenclature of Nebert et 
al.[l7], which is based upon gene designation, is 
used in this paper. Thus, P-450 IICll is the male- 
specific steroid 16a -hydroxylase, also termed P-450 
UT-A [3], P-450 2c [3], P-450,,, [18] or P-450 h [4]. 
P-450 IIAI is the steroid 7a-hydroxylase, also termed 
P-450 UT-F [3], P-450 3 [3] or P-450 a [l]. P-450 
IIIA2 is the male-specific steroid 6/?-hydroxylase that 
belongs to the same subfamily as the pregnenolone 
16cr-carbonitrile-inducible forms of the cytochrome 
such as P-450 PCN-E [3]. P-450 IIBl is the pheno- 
barbital-inducible steroid 16/?-hydroxylase otherwise 
termed P-450 PB-B [3], P-450 PB-4 [3] and P-450 

b VI. 

RESULTS AND DISCUSSION 

Inhibition of microsomal androstenedione hydroxy- 
Iation in rat liver by hydroxy- and ketoandrostanes 

The data in Table 1 demonstrate that, of the four 
principal pathways of androstenedione hydroxylation 
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Table 1. Inhibition of rat hepatic microsomal androst-4-ene-3,17-dione hydroxylases by 
derivatives of 5a- and Sb-androstane 

18 

3 

4 8 
General structure of androstane derivatives. 

No. 
Compound 

5-H 3 17 

Androst-Gene-3,17-dione hydroxylase 
1, (PM) 

16a 166 68 7a 

1 B 
2 
3 CL -01 
4 
5 
6 
1 
8 tl - 
9 one 

10 ; one 

- 
- 

one 
one 
one 

p-01 

b-01 
one 
one 

7 a 27 
71 - 110 - 
95 - - - 
51 87 47 60 

- - - 
- 140 120 
65 110 24 
26 47 46 - 

- - - 
- - - 84 

Y, values (concentrations of 5a- and Sfi-androstane derivatives that elicit 50% inhibition 
of androst-4ene-3,17-dione positional hydroxylation) were determined in duplicate 
as described in Materials and Methods using at least four different concentrations 
of inhibitor. ‘Less than 50% inhibition observed below 150 pM. 

in male rat hepatic microsomes, formation of the 6fi- 
and 16a-alcohols was usually more susceptible to 
inhibition by the androstane steroids than formation 
of the 7a- and 16/I-alcohols. The most effective 
inhibitor of the series was 5fl-androstane-3)?-01 (com- 
pound l), which exhibited an I, of 7 PM against 
P-450 IICl 1 -mediated steroid 16a -hydroxyiation 
and an I, of 27PM against androstenedione 6/I- 
hydroxylase activity catalysed by P-450 IIIAZ. In 
contrast, the Sa-epimer (compound 2) was lo- and 
4-fold less potent, respectively, against 16a- and 
6fl-hydroxylation. Similar findings, with the Sfl- 
isomers being more effective than corresponding 
Sa-isomers, were noted in the 5-androstane-3a/fl-ol- 
17-one series (compounds 3-6, Table 1). Testosterone 
hydroxylation pathways were inhibited in a similar 
fashion to those of androstenedione (data not 
shown). Thus, testosterone 2a- and 16a-hydroxy- 
lation (&,,s of 63 and 71 PM, respectively) and 
androstenedione 16a -hydroxylation (I, = 5 1 p M) 
were similarly susceptible to inhibition by compound 
4, whereas the 3a-epimer (compound 3) was distinctly 
less effective against these activities. These findings 
are not surprising as the same enzyme (P-450 IICl 1) 
is active in all of these pathways of steroid oxi- 
dation [2]. Analogous results were obtained for the 
inhibition of the 6/I-, 7a- and 16fl-hydroxylations of 
both steroids by compounds 3 and 4. 

The presence of a 17b-hydroxyl substituent also led 
to compounds that were relatively effective inhibitors 
of P-450 activity although, in the case of compounds 
7 and 8, it was noted that the Sa-reduced isomer was 
more potent than its Sfl-epimer (except toward 

steroid 7a -hydroxylation). The isomeric 5-androstane- 
3,17-diones (compounds 9 and 10, Table 1) were both 
essentially ineffective inhibitors of microsomal an- 
drostenedione hydroxylation. It was apparent, how- 
ever, that steroid 7a-hydroxylation was relatively 
susceptible to inhibition by the 5/I-isomer. 

The present series of compounds also provided an 
opportunity to assess the importance of the stereo- 
chemistry of the 3-hydroxyl group to P-450 inhi- 
bition. When the hydroxyl substituent was in the 
b-(equatorial) configuration, as in compounds 4 and 
6, P-450 activity was inhibited to a greater extent 
than when the hydroxyl was in the a-(axial) con- 
figuration. As indicated above, replacement of the 
3-hydroxyl group with a ketone function resulted in 
androstane derivatives that were ineffective inhibitors 
of P-450 activity. When considered along with the 
information obtained from the 38- and 17/I-alcohols 
of 5a- and 5/I-androstane, it appears likely that the 
hydroxyl function in these Cl9 steroids could be 
involved in a hydrogen-bonding interaction with a 
keto-containing amino acid residue in the active sites 
of the 16a- and 6/I-hydroxylases. This possibility 
has been suggested previously by Swinney et al. to 
account for the observed ratios of 2a/16a-hydroxy 
products of different steroid substrates produced by 
P-450 IICll [4]. 

The only three androstanes that inhibited an- 
drostenedione 7a -hydroxylation were compounds 4, 
7 and 10 (Table 1). The structural features that these 
derivatives share are the c&A/B ring junction and an 
oxygenated substituent (either hydroxyl or keto) at 
C17. It is perhaps not surprising that S/3-androstane 
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Fig. 1. Inhibition of rat hepatic microsomal androst-4-ene-3,17-dione 6/?- and 16a-hydroxylase activities 
by 5#?-androstane-3/l-ol-17-one. Panels (A) and (B) show the Lineweaver-Burk and Dixon plots for 
competitive inhibition of the 6/l-hydroxylase by the steroid. Panels (C) and (D) show the analogous plots 

for the inhibition of 16a-hydroxylase activity. 

derivatives were effective inhibitors of the 7u- 
hydroxylase as the C7 position is sterically hindered 
due to the A/B-ring cis stereochemistry and the 
C19-methyl group. Further studies are required to 
delineate fully the features of the steroid 7a-hydroxy- 
lase (P-450 IIAl) active site that appear to be 
important for substrate and inhibitor binding. Never- 
theless, from the present data set it appears possible 
that the three SB-steroids may preclude metabolism 
by P-450 IIAl so that these derivatives continue to 
compete effectively with androstenedione at the cata- 
lytic centre of the enzyme. 

One of the more potent inhibitory steroids, 5p- 
androstane-3p-ol-l7-one (compound 4), was investi- 
gated further. Kinetic analysis of the inhibition of 
androstenedione 6/?- and 16cc-hydroxylation revealed 
that compound 4 was a competitive inhibitor of these 
activities. From the Dixon plots of the inhibition of 
androstenedione 6/l- and 16~ -hydroxylation, dissoci- 
ation constants of the enzyme-inhibitor complexes 
(&s) were determined to be 12 and 34pM, respect- 
ively (Fig. 1 (B and D)). Further experiments were 
conducted in which 5/l -androstane-38 -ol- 17-one was 
preincubated with microsomes and an NADPH-gen- 
erating system for varying periods of time prior to 
substrate (androstenedione) addition. Without pre- 
incubation, 68 - and 16a -hydroxylation were inhib- 
ited by 43 and 41% percent, respectively, in the 
presence of 50 FM of compound 4. Preincubation 
decreased the extent of inhibition until, after 30 min, 

steroid 68- and 16x-hydroxylations were inhibited by 
23 and 20%, respectively (Fig. 2). Thus the extent 
of inhibition was decreased under conditions that 
support oxidation, a finding that is consistent with 
the slow conversion of the steroid to less inhibitory 
metabolites. 

Spectral binding interactions of androstane derivatives 
with oxidised hepatic microsomes from male rats 

The hydroxy- and keto-substituted androstanes in 
the present study all interacted in type I fashion 

100 j- 

g, , , , , ( 

0 15 30 

PREIMCUBAll0N TIME, min 

Fig. 2. Effect of preincubation of hepatic microsomes with 
an NADPH-generating system for varying periods prior to 
substrate (androst-4-ene-3,17-dione) addition on the inhi- 
bition of 68 (m)- and 16a (e)-hydroxylase activities by 

SP-androstane-3/f-ol-17-one (50pM). 
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Table 2. Spectral binding parameters of the interaction of Sa- and S/I-androstane steroids with 
ferricytochrome P-450 in male rat hepatic microsomn 

Compound 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 

2.0 
4.2 
3.1 
1.7 
3.4 
1.9 
0.8 
2.2 
5.0 
3.5 

(abs. u&$&l P-450) 

0.048 
0.045 
0.014 
0.046 
0.005 
0.026 
0.022 
0.023 
0.013 
0.025 

W,,,JK, 
(abs. units/nmol P-450/M) 

244wl 
10800 
4500 

27000 
1500 

14000 
27500 
10500 
2600 
7100 

(Lax - 386 nm, Lmin N 420 nm) with oxidised hepatic 
microsomal P-450 (not shown). As shown in Table 2, 
all of the test steroids elicited binding interactions of 
relatively high affinity (K, range 0.8-5.0 PM). Certain 
derivatives were found to produce only small maxi- 
mal absorbance changes (AA,,,), which reflect the 
proportion of total P-450 undergoing the binding 
reaction, and these derivatives were usually non- 
potent inhibitors (e.g. compounds 5 and 9). A further 
parameter (AA,,/K,) was used as an indicator of the 
relative efficiency of ligand binding to the cyto- 
chromes P-450 present in microsomes. The range of 
values for this parameter was 1500 abs. units/nmol 
P-450/M (Table 2; for compound 5, which was an 
ineffective inhibitor) to 27,500 (for compound 7, 
which was an effective inhibitor). The significance of 
this parameter in binding studies is analogous to that 
of V,,,JK,,, in catalytic reactions. It is clear, however, 
that it is not possible to equate binding parameters 
directly with the capacity of the steroids to inhibit 
androstenedione hydroxylase activities. Indeed, it 
should be recalled that the type I interaction merely 
reflects the capacity of a particular compound to 
interact with P-450 prior to the initiation of the 
catalytic cycle [19]. That is, it is quite possible for a 
particular steroid to have relatively high affinity for 
the oxidised form of the cytochrome, but to have a 
greatly decreased binding capacity for the reduced 
form of the enzyme. Furthermore, these spectral 
binding parameters pertain only to the binding of 
ligands to the substrate-free cytochrome. In the pres- 
ence of substrate the capacity of the androstane 
steroids to interact with P-450 may be impaired. 
Indeed, we have estimated K, values of 3.4 and 
2.1 FM, respectively, for the type I interactions of 
androstenedione and testosterone with oxidised 
microsomal P-450 (data not shown). Thus, it is likely 
that some degree of competition between steroids 
occurs at the active site of oxidised P-450. The 
present observations, however, confirm that most 
androstane derivatives interact strongly with ferric 
P-450 and that, in general, the more potent inhibitors 
of androstenedione hydroxylation were effective type 
I ligands for P-450. 

General discussion 

It has been reported that steroids have the cap- 

acity to modulate hepatic microsomal drug oxi- 
dation [8-l 11. Although not a surprising finding, in 
view of the well-established role of the P-450 enzymes 
in the biotransformation of steroids as well as drugs, 
it is now clear that certain structural features enhance 
the potency of P-450 inhibitory steroids. The most 
striking finding is that S/?-reduced steroids appeared 
to be more potent than the Sa-epimers as inhibitors 
of specific P-450s (the 6/I- and 16a-hydroxylases of 
rat liver were generally more susceptible to inhibition 
in the present study). 5fl-Androstane-5fl -ol- 17-one 
was found to be a competitive inhibitor of these 
hydroxylation pathways in rat hepatic microsomes. 
Preincubation of this steroid with microsomes and an 
NADPH-generating system before substrate addition 
resulted in decreased inhibition. It was found that 
long preincubation times were necessary for signifi- 
cant reversal of inhibition suggesting that the 5P-con- 
formation (cis A/B ring junction) is not the preferred 
conformation for P-450 steroid substrates. Despite 
this point it is clear that the S/I-reduced steroids fulfil 
the requirements for binding to ferric P-450. 

In vitro experiments have demonstrated that the 
4-ene-3-oxosteroid Sa-reductase is a microsomal 
enzyme while the 5fi-reductase is located in the hepatic 
cytosol[5]. Interestingly, however, Forchielli and 
Dorfman showed that perfusion of livers with 4-ene- 
3-oxosteroids yielded only 5a-reduced products [5]. 
Thus it was inferred that, in the normal situation, the 
functioning of the 5/I-oxidoreductase enzyme is sup- 
pressed (presumably in the intact animal). Neverthe- 
less, steroids possessing a 5fl-reduced conformation 
have been detected in urine of humans treated with 
testosterone and conjugates [20,21], and in animals 
treated with testosterone glucuronide [22]. Indeed, 
human males with psuedohermaphroditism have been 
shown to excrete a greater proportion of 5/I-reduced 
steroids (the urinary etiocholanolone : androsterone 
ratio is in the range 1.0-4.0 whereas it is normally 
about 0.5-1.0). Studies by Gustafsson and co-work- 
ers investigated the regulation of rat hepatic cytosolic 
SD-reductase activity, as well as a number of other 
steroid metabolising enzymes [23,24]. They noted 
that the rate of S/?-reduction was greater in males 
than in females and that neonatal castration of male 
rats prevented the developmental expression of 5/l- 
reductase activity in adult life. Postnatal castration 



470 MICHAEL MURRAY and ISHITA MEHTA 

(at 7 days and older) actually increased apparent 

SD-reductase activity. These findings are consistent 
with induction of 5B-reductase activity at birth 
and irreversible suppression during the adult period. 
Considered together these findings indicate that 
hepatic SD-reductase activity is normally suppressed 
but may assume greater importance in hormonal 
disturbances, such as those associated with Su-reduc- 
tase deficiency, androgen insensitivity and Acute 
Intermittent Porphyria [25]. Thus, from animal 
studies, it appears that disease states associated with 
hormonal imbalances, or treatments that produce 
hormonal imbalances, may themselves produce 
alterations in the relative production of 5b-reduced 
products. 

The S/I-reduced steroids also constitute a useful 
series of probes for investigation of the active sites of 
different P-450s. The differences in inhibitory 
potency between epimeric pairs (5~/5g) are not at- 
tributable to hydrophobic effects, which have been 
shown in several studies to influence the extent of 
P-450 inhibition [26-281. In fact, the SE-reduced 
steroids are likely to possess slightly greater hydro- 
phobic character than their 5/I -epimers since steroids 
with trans-A/B ring junctions adopt conformations 
that expose a greater surface area to the aqueous 
environment. Electronic factors are also unlikely to 
contribute to inhibition so that steric factors appear 
to be the primary determinant of androstenedione 
hydroxylase inhibition by androstane derivatives. In- 
deed, steric factors have been shown to be important 
in the inhibition of other MFO activities by imida- 
zoles and benzimidazoles [27,29, 301. It is feasible 
that the cis-A/B ring conformation of the S/?-reduced 
steroids facilitates binding to the hydrophobic sub- 
strate site on the P-450 apoprotein and that inhi- 
bition is enhanced due to minima1 rates of inhibitor 
metabolism. In contrast, the Su-reduced steroids are 
readily oxidised by P-450s [23] and it may be partly 
for this reason that less potent MFO inhibition was 
observed. 

The results in the present study emphasise the 
importance of conformational factors in the inhi- 
bition of microsomal androstenedione hydroxylase 
activities by a series of androstane steroids. The 
finding that S/I-reduced androstanes were relatively 
more potent inhibitors of MFO activity has potential 
significance as hormonal disturbances in certain clini- 
cal situations (e.g. male pseudohermaphroditism and 
Acute Intermittent Porphyria) are documented to 
result in the overproduction of S/I-reduced steroids 
relative to Sa-reduced steroids. It is yet to be 
determined whether oxidative steroid and drug 
metabolism is impaired in such patients. 
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