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We investigated interactions of adamantane, diamantane and their two substituted deriva-
tives, 2-isopropenyl-2-methyladamantane (2-PMADA, 1) and 3-isopropenyl-3-methyl-
diamantane (3-PMDIA, 2), with various isoforms of rabbit cytochrome P450 (CYP). The data
of spectroscopic experiments showed that all the substances are bound to the substrate
binding site of rabbit CYP2B4 and CYP3A6. 1 and 2 are compounds having higher affinities
to these CYP isoforms than adamantane and diamantane. All compounds inhibit CYP2B4
specific enzyme activity (the 7-pentoxyresorufin O-depentylase activity). The 50% inhibition
of CYP2B4 was due to 3.82, 0.61, 0.66 and 0.37 µM adamantane, diamantane, 1 and 2, re-
spectively. The products formed during the CYP2B4-mediated metabolism of studied sub-
stances are less effective inhibitors than parent compounds. An opposite effect of 1 on
CYP3A6 was determined. The specific enzyme activity of CYP3A6 increased to 138% of con-
trol when 1 was used in the presence of 40 µM erythromycin as a substrate. Here, we report
the finding of a new activator of CYP3A6 having the structure quite different from that of
CYP3A6 activators known to date.
Key words: Cytochrome P450; CYP2B4; CYP3A6; Inhibitors; Activators; Adamantane;
Diamantane; 2-Isopropenyl-2-methyladamantane; 3-Isopropenyl-3-methyldiamantane; Oxi-
dations.

Cytochrome P450 (CYP) is a family of hemoproteins that play an important
role in the oxidative activation and detoxification of numerous drugs, other
foreign compounds, and endogenous substances. These enzymes exhibit
broad substrate specificity and are subject to differential regulation1,2.

The current view is that the chemistry of the reaction of the activated oxy-
gen atom with the substrate is relatively constant in oxidation reaction cat-
alyzed by CYPs (ref.3), and the catalytic specificity of the different CYP
enzymes is the result of steric forces imposed by the individual proteins
upon the substrates. The knowledge of the forces that govern the catalytic
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specificity of CYP enzymes is imperative for an overall understanding of
these proteins and, consequently, the many associated biochemical
phenomena in pharmacology, toxicology, endocrinology and clinical medicine4.

An important goal of current research on CYP is to identify its individual
isoforms involved in the metabolism of therapeutically active drugs. One of
the approaches for elucidation of the catalytic specificity of CYPs in the
microsomal samples is utilization of selective inhibitors. These inhibitors
can be classified into four groups: (i) competitive, (ii) noncompetitive, (iii)
mechanism-based and (iv) CYP specific inhibitory antibodies5. In addition,
the studies using specific inhibitors of individual CYPs help to elucidate the
mechanism of their action and modulation of their activities in vivo and in
vitro5. On the other hand, there is a limited number of compounds which
are known to stimulate catalytic activity of some CYPs.

Among the CYPs activated in this way, the enzymes of CYP3A subfamily
are probably the most important example1. Johnson and co-workers6

showed that substrates of the rabbit CYP3A6 could act as activators of their
own metabolism. Moreover, the importance of CYP3A subfamily enzymes
is also underlined by their high efficiency in metabolism of a majority of
drugs used in human medicine.

Adamantane (ADA) and diamantane (DIA) are substrates of CYPs having
a high affinity to CYP2B1 and/or CYP2B2 (refs7,8) while their affinity to
CYP1A1/2 isoforms is negligible7,9. Thus, they are used as compounds,
which specifically inhibit rat liver CYP2B subfamily enzymes8–10. However,
the knowledge of affinity of these compounds to CYPs of other biological
species is rather limited. Therefore, in the present work, we evaluate the af-
finity of these two substances to microsomal CYPs of another animal spe-
cies, namely rabbit. Moreover, two substituted derivatives of these

compounds, 2-isopropenyl-2-methyladamantane (2-PMADA, 1) and
3-isopropenyl-3-methyldiamantane (3-PMDIA, 2) are also studied from the
point of view of their interaction with CYPs present in rabbit liver micro-
somes.
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EXPERIMENTAL

Chemicals

7-Pentoxy- and 7-ethoxyresorufin were obtained from Fluka Chemie AG (Switzerland).
Erythromycin, β-naphthoflavone (2-phenylbenzo[f]chroman-4-one), rifampicin, NADP+,
NADPH and D-glucose 6-phosphate dehydrogenase were purchased from Sigma Chemical
Co. (St. Louis, MO). Phenobarbital was from Kulich Co. (Hradec Králové, Czech Republic)
and D-glucose 6-phosphate from Reanal (Budapest, Hungary). All chemicals were reagent
grade or better. 2-PMADA and 3-PMDIA were synthesized according to Olah and collabora-
tors11. The final products were analyzed by HPLC, mass and NMR spectra.

Animals and Pretreatment

Adult male rabbits (2.5–3.0 kg, VELAZ, Czech Republic) were fed ad libitum on pellet chow
and water one week before treatment. Then, rabbits were pretreated with β-naphthoflavone
(80 mg/kg in olive oil i.p. for 3 days), phenobarbital (0.1% in drinking water for 6 days) and
rifampicin (50 mg/kg in 40 mM NaOH i.p. for 3 days) to induce individual liver CYP en-
zymes. Control microsomes were prepared from untreated rabbits.

Isolation and Characterization of Microsomes

Microsomes were prepared according to Gut and co-workers12 and stored in aliquots in liq-
uid nitrogen until use. Protein concentrations in samples were determined as described by
Wiechelman and collaborators13 with bovine serum albumin as a standard. Total CYP con-
tent was measured based on complex of reduced CYP with CO (ref.14). Microsomes were
characterized by Western blot according to Gan and co-workers15 with minor modifications:
blots were incubated in 3% blocking solution of skim milk powder with 0.3% Triton X100
instead of 10% blocking solution of skim milk powder without the detergent. The incuba-
tion mixtures contained the polyclonal chicken antibodies (10 µg/ml) prepared according to
Polson and collaborators16 against rabbit CYP2B4, CYP2E1 and CYP3A6.

Spectral Measurements

The binding of adamantane, diamantane, 2-PMADA and 3-PMDIA to CYP in microsomes
prepared from livers of rabbits treated with different inducers was monitored by difference
spectroscopy (Specord M-40, Zeiss, Jena, Germany)17 using cuvettes of 1 cm optical path.
The concentration of microsomal protein was adjusted to 1.5 mg per ml of 0.1 M potassium
phosphate buffer, pH 7.4. The tested diamantoid compounds (dissolved in methanol) were
directly added to the sample cuvette containing microsomes. The same volume of the sol-
vent was added to the reference cuvette. Absorption spectra were recorded at ambient tem-
perature between 350 and 500 nm. When shifts of minima or maxima of absorbance were
observed, ∆A between the actual minima and maxima were determined. Spectral dissociation
constants (Ks) were calculated using double-reciprocal plots of the absorbance difference ∆A
versus substrate concentrations18.
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Enzyme Assays

CYP enzyme activities were measured using selective substrates in microsomes from rabbits
pretreated with different inducers. 7-Ethoxyresorufin O-deethylase (CYP1A1/2 activity) with
1.75 µM substrate and 7-pentoxyresorufin O-depentylase (CYP2B4 activity) with 5 µM sub-
strate were assayed with 0.25 mM NADPH and 0.1 µM CYP in 0.1 M potassium phosphate
buffer, pH 7.4, for 10 min19. Erythromycin N-demethylation (CYP3A6 activity) was deter-
mined with 40 µM substrate, NADPH-generating system (10 mM MgCl2, 10 mM D-glucose
6-phosphate, 1 mM NADPH, 1 U D-glucose 6-phosphate dehydrogenase per ml) and 2 µM

CYP in 0.1 M potassium phosphate buffer, pH 7.4, for 15 min. The reaction was terminated
by addition of 0.5 ml of 12.5% trichloroacetic acid. The amount of formaldehyde formed
was measured as described by Nash20. O-Dealkylation of alkoxyresorufins and N-de-
methylation of erythromycin were carried out in total volume of 0.5 ml and 1 ml, at 37 °C
in a shaking incubator, with and without addition of diamantoid compounds, respectively.
Microsomes were preincubated (10 min at 37 °C) with different concentrations of these
compounds in the presence or absence of NADPH and NADPH-generating system.

RESULTS

The interaction of adamantane, diamantane and their substituted deriva-
tives, 2-PMADA and 3-PMDIA, with various isoforms of CYP was investi-
gated using difference spectroscopy.

The data showed that the above-mentioned compounds are typical CYP
type I substrates for rabbit liver microsomes of uninduced animals and
those of animals induced by PB (inducer of CYP2B4) and RIF (inducer of
CYP3A6). Data of spectroscopic experiments with adamantane,
diamantane, 2-PMADA and 3-PMDIA are shown in Table I. A comparison of
the apparent spectral dissociation constants, Ks, shows that Ks values of
2-PMADA and 3-PMDIA are significantly lower than those for adamantane
and diamantane obtained with PB and RIF microsomes. CYPs present in
microsomes isolated from livers of uninduced rabbits interact only with
2-PMADA and 3-PMDIA. No interaction except for adamantane (showing
high Ks), was obtained with microsomes isolated from rabbit livers treated
with β-naphthoflavone (inducer of CYP1A1/2).

In some cases, two values of Ks were determined for 2-PMADA or
3-PMDIA with individual microsomes (Table I). This might be caused by in-
teraction of the substances with two different isoforms of CYP present in
microsomes. Indeed, liver microsomes of uninduced rabbits contain several
CYP isoforms including, for example: CYP1A1/2, CYP2B4, CYP2C, CYP2E1
and CYP3A6 (ref.21). Moreover, although PB microsomes of rabbit livers
contain high amounts of CYP2B4, low levels of other CYP isoforms (i.e.
CYP3A6, CYP2E1) are also present. Likewise, rabbit RIF microsomes contain
not only CYP3A6, but other CYP isoforms such as CYP2B4 and CYP2E1,
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were also detected in this microsomal system as follows from Western blots
analyses (results not shown). Furthermore, other factors which might cause
the multiplicity of Ks values (such as binding of compounds to different
binding sites of the enzyme protein molecule)22 cannot be excluded.

The Ks values indicate that 2-PMADA and 3-PMDIA are compounds hav-
ing higher affinities to CYPs than adamantane and diamantane. Hence,
they might be considered strong inhibitors of these CYPs. To evaluate their
inhibitory efficiencies with respect to individual CYP isoforms, the effect of
these compounds on specific reactions catalyzed by individual CYPs was
studied.

Adamantane and diamantane inhibited the CYP2B4 specific enzyme ac-
tivity (the 7-pentoxyresorufin O-depentylase activity) in PB microsomes
(Fig. 1a). Diamantane exhibits stronger inhibition than adamantane as re-
vealed by a comparison of IC50 values, 3.82 µmol/l for adamantane versus
0.61 µmol/l for diamantane, determined under the experimental conditions
used (in the presence of 5 µM 7-pentoxyresorufin as a substrate). Moreover,
the two derivatives of these inhibitors exerted a more significant effect on
the CYP2B4 activity than adamantane and diamantane (Fig. 1); 50% inhibi-
tion (IC50) was due to 0.66 µM 2-PMADA and 0.37 µM 3-PMDIA. In contrast
to the inhibition of CYP2B4, no inhibitory effect of adamantane,
diamantane, 2-PMADA and 3-PMDIA on CYP1A1/2 was found. The specific
enzyme activity of CYP1A1/2 (7-ethoxyresorufin O-deethylation) was not
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TABLE I
Spectral parameters of cytochrome P450 interaction with adamantane, diamantane,
2-PMADA and 3-PMDIA

Compound
microsomes induced by

PB RIF β-NF Control

Ks, µmol/l

ADA 9.75 7.00 636 a

2-PMADA 2.24
2.00
5.60

a 2.18
12.20

DIA 0.83 0.84 a a

3-PMDIA 0.44
1.31

0.50
1.21

a 1.21
15.43

a Not detectable.



affected by any of the tested compounds even when a 10-fold molar excess
of these substances over the specific substrate was used.

Previous studies showed that conversion of inhibitors, which is catalyzed
by CYPs, may influence the inhibitory effect23,24. Therefore, in the present
study, adamantane, diamantane, 2-PMADA and 3-PMDIA were preincu-
bated with individual microsomal samples, NADPH and O2 prior to addi-
tion of the substrate. The inhibition efficiency of the compounds decreased
after their preincubation with the enzyme system (Fig. 1b). The products
formed during the CYP2B4-mediated metabolism seem to be less effective
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FIG. 1
Effects of adamantane, diamantane, 2-PMADA and 3-PMDIA on 7-pentoxyresorufin (5 µmol/l)
O-depentylation in PB microsomes preincubated in the absence (a) or presence (b) of
NADPH. Control activity in the absence of compounds was 42.5 pmol resorufin/min nmol
CYP. The concentration of each chemical was 0 (■ ), 0.5 ( ) and 5 (❏ ) µmol/l. Data are aver-
ages from duplicate experiments, which differed by less than 15%
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inhibitors than the parent substances. In accordance to our previous re-
sults, no inhibitory effect of the compounds on the CYP1A1/2 enzyme ac-
tivities was found after the preincubation of inhibitors with the microsomal
system containing CYP1A1/2.

A unique effect of 2-PMADA on CYP3A6 present in RIF microsomes was
found. Under the used conditions, the concentration-dependent stimula-
tion of the CYP3A6 enzyme activity was determined (Fig. 2). The activity of
CYP3A6 increased to 138% of control when 2-PMADA (140 µmol/l) was
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FIG. 2
Effects of adamantane, diamantane, 2-PMADA and 3-PMDIA on erythromycin (40 µmol/l)
N-demethylation in RIF microsomes preincubated in the absence (a) or presence (b) of
NADPH-generating system. Control activity in the absence of compounds was 1.03 nmol
HCHO/min nmol CYP. The concentration of adamantane, diamantane, 2-PMADA and
3-PMDIA was 0 (■ ), 4 ( ), 40 ( ) and 140 (❏ ) µmol/l. Data are averages from duplicate ex-
periments, which differed by less than 15%
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used in the presence of 40 µM erythromycin as the substrate. Adamantane,
diamantane and 3-PMDIA did not affect the CYP3A6 erythromycin
N-demethylase activity significantly (Fig. 2a). No influence on stimulation
of the CYP3A6 activity was observed when the diamantoid substances were
preincubated with RIF microsomes, NADPH and O2 prior to addition of
erythromycin (Fig. 2b).

DISCUSSION

The present work clearly shows that adamantane and diamantane have
high affinities not only to rat liver CYP2B1/2, but also to the rabbit ortho-
logues CYP2B4. Diamantane exhibits a stronger interaction with CYP2B4
than adamantane, similarly to the rat CYP2B1/2 (refs8,9). Therefore, these
diamantoid compounds might be successfully used as selective inhibitors
also for rabbit CYP2B4. Interestingly, the derivatives of adamantane and
diamantane, containing the isopropenyl group in their molecules, have
higher affinities to CYP2B4 than the parent compounds. This conclusion
was confirmed by testing their inhibitory effect on the specific CYP2B4 en-
zyme activity.

Vinylic and acetylenic analogues of CYP substrates have long been recog-
nized as mechanism-based inhibitors of CYPs (refs1,25–30). No data are, how-
ever, available about the inhibitory effects of isopropenylic analogues of
the substrates on CYPs. Thus, we studied, whether the reactive isopro-
penylic group present in diamantoid compounds, might exhibit such ef-
fects on CYPs as certain vinylic and acetylenic compounds. No evidence for
mechanism-based inactivation of CYP2B4 was seen with the isopro-
penylmethyl derivatives of adamantane and diamantane. On the contrary,
preincubation of these compounds with microsomes, NADPH and O2 prior
to addition of the enzyme substrate (7-pentoxyresorufin) led to a decrease
in the inhibitory effect. This probably results from the fact that products of
the inhibitor conversion are less efficient CYP2B4 inhibitors.

Recently, Strobel et al.31 described the effect of another derivative of
adamantane on the CYP2B4 and CYP2B5 enzymes. Similarly to our results,
the 1-adamantyl propargyl ether also acts as a strong reversible inhibitor of
CYP2B4, binding tightly in the active center. It was not reported as a mech-
anism-based inhibitor of CYP2B4. Therefore, even propargyl derivative of
adamantane does not behave as a suicide substrate of the CYP2B4 isoform.
However, this compound causes mechanism-based inactivation of CYP2B5,
which differs from CYP2B4 by only 12 amino acid residues31. The molecu-

Collect. Czech. Chem. Commun. (Vol. 65) (2000)

New Selective Inhibitors 129



lar basis for the susceptibility of both CYPs to inactivation was assessed in
the work cited above31.

As already mentioned, the characteristic of CYP3A subfamily enzymes is
their ability to be activated by certain compounds. α-Naphthoflavone is the
well known specific effector of human CYP3A4 and rabbit CYP3A6 which
stimulates some reactions but not others1,4,32,33. Several substances with
partial or modified structures of α-napthoflavone also activate CYP3A4
(ref.33). The mechanism of activation by α-naphthoflavone and other fla-
vones is not yet fully understood. One explanation for the stimulation by
flavones is the enhanced affinity of CYP3A4 for NADPH: CYP reductase34.
Another mechanism proposed to explain both cooperativity and flavone
stimulation is increased substrate affinity due to the presence of the effector
at a distinct site32,33 and involves at least some aspects of an allosteric
model. Binding of an activator affects the conformation of the active site
and thus stimulates the catalytic activity. Ueng et al.35 have shown the
stimulation of 8,9-epoxidation and inhibition of 3α-hydroxylation of a
CYP3A4 substrate, aflatoxin B1. Their results support a model in which an
allosteric site is involved, although the proximity of this putative site to the
catalytic site cannot be ascertained yet. On the other hand, Shou et al.33

proposed that the stimulation of CYP3A4-catalyzed benzo(a)pyrene oxida-
tion by α-naphthoflavone is related to co-occupancy of a single, large bind-
ing site by the substrate and α-naphthoflavone, as opposed to an allosteric
mechanism. More recently, Korzekwa and co-workers22 supported this
mechanism. They demonstrated that CYP3A4 (and even other CYP iso-
forms, namely, CYP2B6, 2C8, 2C9 and 3A5) may exhibit atypical enzyme
kinetics depending on the substrate(s) employed and that these results may
be explained by a model which includes simultaneous binding of two sub-
strate molecules in the active center. As the CYP3A4 enzyme possesses a
rather flexible protein molecule and hence the conformation of its active
center might be dramatically changed upon binding of ligands (substrates,
inhibitors or activators)36,37, the latter explanation of stimulation mecha-
nism is more likely. However, to confirm such assumption, additional acti-
vators having structure different from that of α-naphthoflavone and its
derivatives should be examined.

Here, we show for the first time the CYP3A6 activator, 2-PMADA, which
is structurally quite different from α-naphthoflavone. A detailed study of
the mechanism of CYP3A6 (and/or CYP3A4) activation by this compound
is under way.
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