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Aims The plasma clearance of theobromine (TB; 3,7-dimethylxanthine) is known
to be induced in cigarette smokers. To determine whether TB may serve as a model
substrate for cytochrome P450 (CYP) 1A2, or possibly other isoforms, studies were
undertaken to identify the individual human liver microsomal CYP isoforms
responsible for the conversion of TB to its primary metabolites.

Methods The kinetics of formation of the primary TB metabolites 3-methylxanthine
(3-MX), 7-methylxanthine (7-MX) and 3,7-dimethyluric acid (3,7-DMU) by
human liver microsomes were characterized using a specific hplc procedure. Effects
of CYP isoform-selective xenobiotic inhibitor/substrate probes on each pathway
were determined and confirmatory studies with recombinant enzymes were
performed to define the contribution of individual isoforms to 3-MX, 7-MX and
3,7-DMU formation.

Results The CYP1A2 inhibitor furafylline variably inhibited (0-65%) 7-MX
formation, but had no effect on other pathways. Diethyldithiocarbamate and
4-nitrophenol, probes for CYP2E1, inhibited the formation of 3-MX, 7-MX and
3,7-DMU by =55-60%, 35-55% and 85%, respectively. Consistent with the
microsomal studies, recombinant CYP1A2 and CYP2E1 exhibited similar apparent
K,, values for 7-MX formation and CYP2E1 was further shown to have the capacity
to convert TB to both 3-MX and 3,7-DMU.

Conclusions Given the contribution of multiple isoforms to 3-MX and 7-MX
formation and the negligible formation of 3,7-DMU in vivo, TB is of little value as
a CYP isoform-selective substrate in humans.
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Introduction

In recent years considerable attention has focused on
cytochromes P450 (CYP) 1A1 and 1A2, the two isoforms
which comprise the CYP1 A subfamily, given the
capacity of these enzymes to activate a range of
procarcinogenic xenobiotics to mutagenic species.
CYP1A1 has the capacity to activate polycyclic aro-
matic hydrocarbons, such as benzo[a]pyrene, while
CYP1A2 has been implicated in the metabolic activation
of aflatoxin B1, 2-acetylaminofluorene and a number of
arylamines and food-derived aminoimidazoazarenes [1,
2]. In addition to the toxicological importance of
CYP1A2, there is increasing awareness of the contribution
of this isoform to the hepatic biotransformation of drugs.
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Thus, CYP1A2 contributes to the metabolism of caffeine,
clomipramine, clozapine, cyclobenzaprine, imipramine,
lisofylline, mianserin, olanzapine, ropinirole, tacrine,
theophylline and R-warfarin [3].

CYP1A2 is expressed constitutively in human liver [4,
5], but induction is known to occur following exposure
to a variety of xenobiotics [1, 3]. Notable in this regard
are the polycyclic aromatic hydrocarbons, and compounds
of this class are believed to contribute to the increased
clearance of CYP1A2 substrates frequently observed in
cigarette smokers. Typical of inducible P450s, wide
interindividual wvariability has been reported in the
expression of CYP1A2 in humans [3]. For example,
CYP1A2 mRNA content was found to vary 43-fold in
21 livers [5]. Genetic factors have been proposed as a
cause of the variability in CYP1A2 activity, but results
are conflicting and vary according to the metabolic
parameter investigated [3, 6].

Given the toxicological and  pharmacological
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importance of CYP1A2, a number of compounds have
been utilized as substrate probes for this enzyme in order
to investigate regulation in wvivo. The methylxanthines
caffeine and theophylline have been employed most
widely in this regard [3, 7, 8]. However, problems exist
with both compounds. Caffeine metabolism is complex
and application of the more conveniently measured
putative markers of metabolic clearance (e.g. urinary
metabolite ratios) appear to be flawed theoretically [6].
Despite its simpler metabolism compared with caffeine,
theophylline is less convenient to administer and has a
narrower therapeutic index.

There is evidence to suggest that CYP1A2 con-
tributes to the elimination of theobromine (TB;
3,7-dimethylxanthine), a methylxanthine structurally
related to caffeine and theophylline. On average, plasma
TB clearance was found to be 33% higher in smokers
than in nonsmokers [9]. Pathways of TB metabolism in
humans have been well characterized (Figure 1) [9, 10].
TB undergoes CYP catalysed N3-and N7-demethylation
to form 7-methylxanthine (7-MX) and 3-methylxanthine
(3-MX)), respectively. Once formed, 7-MX is oxidized
further by xanthine oxidase to give the corresponding
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Figure 1 Pathways of theobromine metabolism in humans.

300

monomethylurate (7-methyluric acid). 7-MX and 3-MX
formation account for about 60% and 20% of TB
clearance, respectively. The conversion of TB to
3,7-dimethyluric acid (3,7-DMU) and 6-amino-5-[N-
methylformylamino]-1-methyluracil (3,7-DAU; a diami-
nouracil) and renal clearance of unchanged compound
account for the remainder of TB elimination.

Cigarette smoking induced both the formation of
3-MX and 7-MX [10], the major metabolic pathways
of TB, suggesting that TB N3-and
N7-demethylation activities may serve as a surrogate
measure of CYP1A2 activity in vivo and in vitro. As a
constituent of cocoa, TB is consumed by a large
proportion of the population in chocolate products. In
contrast to caffeine and theophylline, TB possesses little
pharmacological activity and is almost devoid of effects

hepatic

on the CNS and cardiovascular system. TB is well
absorbed after oral administration, has a relatively short
half-life, and compared to caffeine, routes of metabolism
are reasonably noncomplex [9-11].
features make TB a potentially useful substrate for the
measurement of CYP activity in population studies. Here
we describe kinetic and inhibitor studies undertaken with

Collectively, these

human liver microsomes and recombinant P450s which
aimed to define the contribution of CYP1A2 and other
isoforms to the major primary pathways of TB metabolism
in humans.

Methods

Chemicals and reagents

Sources of chemicals used were: TB, Hamilton
Laboratories  (Adelaide, SA); 3-MX, 7-MX, and
3,7-DMU, Fluka AG (Buchs, Switzerland);
1,3-dimethyluric acid (1,3-DMU), Adams Chemical

Co (Round Lake, IL, USA); coumarin, diethyldithio-
carbamate, glucose-6-phosphate, glucose-6-phosphate
dehydrogenase, NADP, 4-nitrophenol, and troleandomy-
cin, Sigma Chemical Co (St Louis, MO, USA); furafylline,
Dr R. Gasser (Hoffman La Roche, Basel, Switzerland);
mephenytoin, Sandoz Ltd (Basel, Switzerland); quinidine
sulphate, Burroughs Wellcome (Sydney, Australia); and
sulphaphenazole, CIBA Geigy (Sydney, Australia). All
other chemicals and solvents were of analytical reagent
grade.

Human liver samples and cDNAs

Human liver samples were obtained from renal transplant
donors with the approval of next-of-kin and the Flinders
Medical Centre Committee on Clinical Investigation.
Upon collection, liver samples were immediately sec-
tioned into 10-20 g portions, frozen in liquid nitrogen
and then stored at —70° C until required. Hepatic
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microsomes were prepared by differential centrifugation,
suspended (typically 20—25 mgml~ ') in 0.1 m phos-
phate bufter (pH 7.4) containing glycerol (20% v/v) and
stored at —70° C until use. (When diluted to concen-
trations below 1% v/v in microsomal incubations,
glycerol has been shown to have a negligible effect on
the activity of CYP2E1 [12].) Microsomal and COS cell
lysate protein concentrations were measured according
to Lowry et al. [13], with bovine serum albumin as the
standard.

The CYP1A2 and CYP2E1 cDNAs were isolated,
subcloned into the expression vector pCMV4, and
transtected separately into COS-7 cells as described
previously [14, 15]. Cells were harvested 48 h post-
transfection, re-suspended in 0.1 M phosphate buffer
(pH 7.4) containing glycerol (20% v/v), and stored at
—70° C until used. Cells transfected with the respective
cDNA in the reverse orientation served as negative
controls in the studies investigating TB metabolism by
recombinant CYP1A2 and CYP2E1.

Measurement of 3-MX, 7-MX and 3,7-DMU formation by
human liver microsomes and cDNA-expressed CYP1 A2
and CYP2E1

Standard 1 ml incubations contained human liver micro-
somal (1 mg) or COS cell lysate (1.5mg) protein,
NADPH generating system (1 mm NADP, 100 mm
glucose-6-phosphate, 2 IU glucose-6-phosphate dehydro-
genase and 5mm MgCl,), and TB (0.1-5mm) in
phosphate buffer (0.1 m, pH 7.4). Reactions were initiated
by the addition of NADPH generating system and were
carried out at 37° C for 120 (human liver microsomes)
or 150 (COS cell lysate) min. Incubations were terminated
by cooling on ice. After the addition of 1,3-DMU (20 pl
of a 100 pm aqueous solution), the assay internal standard,
reaction mixtures were transferred to 15 ml glass culture
containing sulphate (1.2 g) and
extracted with dichloromethane-isopropanol (4:1 v/v,
8.5ml) using a vortex mixer. Following centrifugation
(3000 g for 10 min), an 8 ml aliquot of the organic phase
was transferred to a conical tipped glass tube and then
evaporated to dryness under a stream of N,. Dried
extracts were reconstituted in 0.2—1.0 ml of the mobile
phase and an aliquot was injected onto the column.

The h.p.c. system employed comprised an ICI model
LC 1110 solvent delivery system (ICI Instruments,
Melbourne, Australia), a Waters p-Bondapak reversed-
phase column (C18, 10 micron particle size, 30 cm
% 3.9 mm id; Waters-Millipore, Milford, MA, USA), and
an ICI LC 1200 uv-vis absorbance detector operating at
275 nm. The column was eluted with 10 mm acetate
buffer (pH 4.5) containing 2.5% methanol at a flow rate

tubes ammonium
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of 2mlmin~'. Under these conditions retention times
for 7-MX, 3-MX, 3,7-DMU and 1,3-DMU were 10.4,
11.8, 14.6 and 21.0 min, respectively. Despite the
screening of a range of commercial column packings and
varying mobile phase composition, it was not possible to
separate  3,7-DAU from the solvent front without
adversely affecting the resolution of other analytes.
Standard curves for 3-MX, 7-MX and 3,7-DMU were
linear over the concentration range 0.2—10 p.m and passed
through the origin. Unknown concentrations of each of
these compounds were calculated by comparison of
metabolite to 1,3-DMU peak height ratios with those of
standard curves.

Extraction efficiencies for 3-MX, 7-MX, 3,7-DMU
and 1,3-DMU at added concentrations of 0.5 uM and
5.0 um were >85%, with coefficients of variation <5%.
Opverall assay within-day precision was assessed from the
measurement of 3-MX, 7-MX and 3,7-DMU formation
in 10 separate incubations of the same batch of human
liver microsomes at two substrate (TB) concentrations,
0.1 mm and 3.0 mm. Coefhicients of variation were <6%
for the formation of all three metabolites at both the low
and high substrate concentrations. Rates of formation of
3-MX, 7-MX and 3,7-DMU were linear with respect to
incubation time to at least 150 min and with respect
to human liver microsomal protein concentration to
1.5mgml '

Kinetic and inhibitor studies

Formation of 3-MX, 7-MX and 3,7-DMU was deter-
mined over the TB concentration range 0.1-5.0 mm.
The substrate concentration range employed for the
kinetic studies with cDNA-expressed CYP1A2 and
CYP2E1 was 0.5-5.0 mm. All incubations were per-
formed in duplicate and experimental points represent
mean values. CYP isoform selective inhibitors/substrates
[16, 17] were screened for effects on human liver
microsomal TB metabolism. Compounds employed
included coumarin (CYP2A6), diethyldithiocarbamate
and 4-nitrophenol (CYP2E1), furafylline (CYP1A2),
mephenytoin (CYP2C19), quinidine (CYP2D6), sulph-
aphenazole (CYP2CY) and troleandomycin (CYP3A4).
Inhibitory effects were investigated at substrate concen-
trations of 3 mMm, using microsomes from three livers,
and 0.1 mM, using microsomes
Concentrations of inhibitors are given in Table 1. Except
for quinidine and diethyldithiocarbamate, which were
added to incubations as aqueous solutions, xenobiotic
inhibitors were dissolved in DMSO such that the final
concentration in incubations was 0.5% v/v. Control
incubations contained an equal volume of DMSO, which
was shown to have a negligible effect on the formation

from two livers.
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Table 1 Effect of CYP isoform selective

% control activity

probes on the conversion of TB (3 mm)

3. MX 7-MX 3,7-DMU to 3-MX, 7-MX and 3,7-DMU in
Inhibitor #1 O #2  #3 #1  #2  #3 #1 #2 #3  microsomes from three separate human
livers.
Coumarin (25 um) 92 81 65 94 94 67 93 88 93
Diethyldithiocarbamate 45 39 32 64 55 36 26 14 9
(50 )
4-Nitrophenol (250 pum) 42 46 45 68 52 46 17 10 13
Furafylline (10 pm) 85 78 99 39 35 103 78 91 99
Mephenytoin (300 ym) 91 90 100 8 90 97 94 103 96
Quinidine (10 pm) 104 88 90 102 90 89 98 99 93
Sulphaphenazole (25 pm) 100 93 98 96 100 99 96 9% 97
Troleandomycin (50 pm) 98 88 104 87 86 93 85 87 90
#1, #2 and #3 refer to microsomal preparations from three separate human livers.
of each metabolite. A 10 min preincubation (prior to  ranged from 55-68% and 54-58%, respectively.

addition of TB) was utilized for the mechanism-
based inhibitors diethyldithiocarbamate, furafylline and
troleandomycin.

Analysis of results

The Michaelis-Menten parameters apparent K, and V.,
were calculated using MK Model, an extended least-
squares modelling program.

Results

Kinetics of 3-MX, 7-MX and 3,7-DMU formation by
human liver microsomes

The kinetics of formation of 3-MX, 7-MX and 3,7-DMU
were investigated in microsomes from four separate livers.
Michaelis-Menten kinetics were observed for both the
N3-and N7-demethylation of TB in all four livers
(Figure 2). Mean (+s.d.) apparent K, values for 3-MX
and 7-MX formation were 2.7 +0.5 mm and 3.9 +0.8 mm,
respectively. The mean 1/, values for 3-MX and
7-MX  formation were 53+ 19 pmol min ' mgi1
102+ 42 pmol min ' mgil, respectively. In contrast to
the N-demethylations Eadie-Hofstee plots for 3,7-DMU
formation were curvi-linear (Figure 2).

and

Inhibition by CYP isoform selective probes

The effects of CYP isoform selective probes on the
conversion of TB (3 mMm) to 3-MX, 7-MX and 3,7-DMU
in microsomes from three separate human livers are given
in Table 1. Consistent inhibition of 3-MX formation in
all three livers was observed only with the CYP2E1
probes  diethyldithiocarbamate 4-nitrophenol.
Inhibition by diethyldithiocarbamate and 4-nitrophenol

and
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Substantial inhibition (35%) of 3-MX by coumarin
occurred in liver #3. The greater inhibition of 3-MX
(and 7-MX, see below) formation by diethyldithiocarba-
mate compared with 4-nitrophenol in this liver may
reflect an effect on CYP2AG6 activity, since diethyldithi-
ocarbamate has been reported to inhibit this isoform in
addition to CYP2E1 [18]. Inhibition by the other
isoform-selective probes was generally <20%.

Both diethyldithiocarbamate and 4-nitrophenol affected
7-MX formation, with inhibition ranging from 36—64%
and 32-54%, respectively (Table 1). Furafylline inhibited
7-MX formation by more than 60% in livers #1 and #2,
but was without effect in liver #3. Like 3-MX formation,
substantial inhibition (33%) of the conversion of TB to
7-MX by coumarin occurred in liver #3 and inhibition
by other isoform-selective probes was insignificant
(< 14%).

Potent inhibition of 3,7-DMU by diethyldithiocarba-
mate and 4-nitrophenol was observed in all three livers
(Table 1). Inhibition by diethyldithiocarbamate
4-nitrophenol ranged from 74-91% and 83—90%, respect-
ively. In contrast to 3-MX and 7-MX formation,
coumarin had no effect on 3,7-DMU formation in
liver #3.

The inhibitory effects of the CYP isoform selective
probes were also investigated at a low substrate concen-
tration (viz 0.1 mMm) using microsomes from two livers
(#1 and #3). Inhibition at the lower substrate concen-
tration was undertaken to confirm the inhibitory profile
observed for the higher TB concentration (Table 1) and
preclude the possible contribution of a high activity
enzyme(s) to 3-MX and 7-MX formation not differen-
tiated by the kinetic experiments (Figure 2). The inhibi-
tory profiles observed for livers #1 and #3 at the low
substrate (TB) concentration were essentially identical to
those reported in Table 1 (data not shown).

and
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Figure 2 Representative Eadie-Hofstee plots for the conversion of TB to 3-methylxanthine and, 7-methylxanthine (panel a), and

3,7-dimethyluric acid (panel b) by human liver microsomes (liver #1). Points are experimentally derived values while the solid lines in

panel a show the model-generated curves of best fit.

TB metabolism by cDNA-expressed CYP1A2 and
CYP2E1

Recombinant CYP1A2 and CYP2E1 both catalysed the
conversion of TB to 7-MX, with apparent K,, values of
4.2 mMm and 3.4 mm, respectively (Figure 3). Conversion
of TB to 3-MX and 3,7-DMU by CYP2E1, but not
CYP1A2, was also observed at high substrate concen-
tration (>2 mm). However, limitations of assay sensitivity
precluded formal kinetic analyses of these reactions.

Discussion

Results presented here indicate that CYP2E1 is essentially
solely responsible for the conversion of TB to 3,7-DMU
and additionally contributes to the formation of 3-MX
and 7-MX. CYP1A2 also catalyses the conversion of TB
to 7-MX, but not in all livers.

Diethyldithiocarbamate, an inhibitor of CYP2E1, and
4-nitrophenol, a highly selective CYP2E1 substrate, both
decreased the formation of 3,7-DMU in human liver
microsomes by &85%. These compounds also decreased
the conversion of TB to 3-MX and 7-MX by about
55—-60% and 35-55%, respectively. Furafylline, a specific
inhibitor of CYP1A2, reduced the formation of 7-MX
by more than 60% in two livers but was without effect
in a third. Collectively, these data suggest that CYP2E1
and CYP1A2 are the major catalysts for 7-MX formation,
although wide interindividual variability may occur in
the contribution of the latter, and that CYP2E1 is

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 47, 299-305

responsible for & 50% of the conversion of TB to 3-MX.
Confirmatory evidence was provided by the use of
recombinant enzymes. Expressed CYP1A2 and CYP2E1
exhibited similar apparent K, values for 7-MX formation,
and apparent K,, values of the recombinant enzymes
were similar to the apparent K,, observed for human
liver microsomal TB N3-demethylation. CYP2E1 was
further shown to have the capacity to convert TB to
both 3-MX and 3,7-DMU.

The marked variability in the contribution of CYP1A2
to 7-MX formation warrants comment. The immuno-
reactive CYP1A2 content and caffeine N3-demethylase
activity of liver #3, determined previously [19], are about
50% those of livers #1 and #2, while the 4-nitrophenol
hydroxylase activity (a marker for CYP2E1 [15]) of liver
#3 is 2-3 fold higher than those for livers #1 and #2.
Even given these differences, an apparent complete lack
of contribution of CYP1A2 to TB N3-demethylation (i.e.
7-MX formation) in liver #3 is surprising. Inhibition of
7-MX formation by coumarin in liver #3 suggests that
CYP2A6 may be responsible in part for TB
N3-demethylation. Coumarin also inhibited 3-MX forma-
tion in liver #3 and it might be speculated that,
comparatively, the CYP2A6 content of this liver was high.
The CYP2AG6 activities of the livers investigated here are
not, however, available. Recombinant CYP2A6 has been
shown previously to have the capacity to convert TB to
3-MX, but not 7-MX [20].

The identity of the isoform(s), other than CYP2E1,
which is responsible for 3-MX formation is unclear.
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Figure 3 Eadie-Hofstee plots for the conversion of TB to 7-MX by recombinant CYP1A2 (panel a) and CYP2E1 (panel b). Points are
experimentally derived values while the solid lines show the model-generated curves of best fit.

Coumarin inhibition data suggest that CYP2A6 may
contribute to 3-MX formation in some livers and, as
noted above, recombinant CYP2A6 has been shown to
possess TB N7-demethylase activity. Possible contri-
butions of enzymes such as CYP 1B1, 2B6, 2C8 and
2C18 were not investigated here. The observation of
Michaelis-Menten kinetics for human liver microsomal
TB N7-demethylation suggests a similar affinity of TB
tor all enzymes contributing to this reaction.

Of some interest are the atypical TB 8-hydroxylatioin
(i.e. 3,7-DMU formation) kinetics observed here
(Figure 2). Eadie-Hofstee plots were curvi-linear, sugges-
tive of the substrate activation observed for numerous
CYP3A4 substrates, including the 8-hydroxylation of the
[14, 21].
CYP2E1 appears to be almost solely responsible for
3,7-DMU formation, with little or no contribution from
CYP3A4. Troleandomycin was essentially without eftect
on TB 8-hydroxylation (Table 1) and additional experi-
ments undertaken in two livers with erythromycin
similarly precluded a contribution of CYP3A4 (data not
shown). Substrate activation is a phenomenon not usually

related methylxanthine caffeine However,

associated with CYP2E1 and an alternative explanation
for the nonlinear TB 8-hydroxylation kinetics is provided
by the mechanism of formation of 3,7-DMU (Figure 1).
3,7-DMU and 3,7-DAU are known to be derived from
a common intermediate of unknown structure [22]. In
the presence of cellular thiols, the intermediate is reduced
to form 3,7-DAU but following oxidation of the available
thiol pool, as might be expected to occur with increasing
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substrate concentration in vitro, 3,7-DMU becomes the
major reaction product. Since 3,7-DMU and 3,7-DAU
are derived from a common intermediate whose degra-
dation is independent of CYP [22], it may be assumed
that CYP2E1 also catalyses the conversion of TB to
3,7-DAU. These data emphasize the importance of a
knowledge of reaction mechanisms in interpreting the
kinetics of metabolite formation.

As noted in the introduction, TB has numerous
features which make it a potentially useful substrate for
the measurement of enzyme activity in population studies.
Given the higher plasma TB clearance and metabolic
clearances by N3-and N7-demethylation (i.e. 7-MX
and 3-MX formation) reported in cigarette smokers
[10]
3-methylcholanthrene-treated rats [22], it was assumed
that CYP1A2 would be the principal contributor to
human hepatic TB metabolism. CYP1A2 is known to be
responsible for the N-demethylations of the related
methylxanthines caffeine and theophylline [3, 7, 8, 14,
19, 20, 23]. Although a contributory role for CYP1A2
in TB N3-demethylation was demonstrated here, it is

and marked induction of TB metabolism in

clear that TB is unsuitable for use as a substrate probe for
this enzyme. CYP2E1 catalyses all TB metabolic path-
ways, but given the contributions of other enzymes to
both N-demethylations and the minimal formation of
3,7-DMU in vivo [9], TB is similarly of little value as a
marker for CYP2E1 activity. With respect to the
induction of TB elimination in smokers, it has been
reported that CYP2E1 and

recently transcription

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 299-305



translation in kidney are increased in mice exposed to
tobacco smoke [24]. However, induction of human
CYP2E1 by cigarette smoke is yet to be demonstrated.
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