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Furafylline is a potent and selective inhibitor of cytochrome
P450IA2 in man
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1 Furafylline (1,8-dimethyl-3-(2'-furfuryl)methylxanthine) is a methylxanthine deriva-
tive that was introduced as a long-acting replacement for theophylline in the treatment of
asthma. Administration of furafylline was associated with an elevation in plasma levels of
caffeine, due to inhibition of caffeine oxidation, a reaction catalysed by one or more
hydrocarbon-inducible isoenzymes of P450. We have now investigated the selectivity of
inhibition of human monooxygenase activities by furafylline.
2 Furafylline was a potent, non-competitive inhibitor of high affinity phenacetin 0-
deethylase activity of microsomal fractions of human liver, a reaction catalysed by
P450IA2, with an IC50 value of 0.07 FLM.
3 Furafylline had either very little or no effect on human monooxygenase activities
catalysed by other isoenzymes of P450, including P4501ID1, P4501IC, P450IIIA. Of
particular interest, furafylline did not inhibit P4501A1, assessed from aryl hydrocarbon
hydroxylase activity of placental samples from women who smoked cigarettes.
4 It is concluded that furafylline is a highly selective inhibitor of P450IA2 in man.
5 Furafylline was a potent inhibitor of the N3-demethylation of caffeine and of a
component of the Ni- and N7-demethylation. This confirms earlier suggestions that
caffeine is a selective substrate of a hydrocarbon-inducible isoenzyme of P450 in man, and
identifies this as P450IA2. Thus, caffeine N3-demethylation should provide a good
measure of the activity of P450IA2 in vivo in man.
6 Although furafylline selectively inhibited P450IA2, relative to P4501A1, in the rat, this
was at 1000-times the concentration required to inhibit the human isoenzyme, suggesting a
major difference in the active site geometry between the human and the rat orthologues of
P50IA2.
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Introduction

Cytochrome P450 comprises a superfamily of and endogenous compounds (Yang& Lu, 1987).
structurally and functionally related isoenzymes The products of metabolism by these isoenzymes
(Nebert et al., 1989) which are involved in the are frequently less active than the parent com-
metabolism of a diverse range ofboth exogenous pound, but in some instances the metabolite has
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increased biological activity, and may even be
responsible for the toxic effects of the substrate.
Where the generation of a toxic metabolite is
isoenzyme specific, this may be particularly
important in determining the cell, tissue or
species specificity of toxicity (see Nelson &
Harvison, 1987).
Amongst those isoenzymes most implicated in

the activation of foreign compounds to toxic or
carcinogenic intermediates are members of the
cytochrome P450IA subfamily, P450IA1 and
P450IA2 (Kadlubar & Hammons, 1987). These
isoenzymes are inducible by polycyclic aromatic
hydrocarbons in a wide variety of species in-
cluding the mouse, rabbit and rat (Gonzalez,
1989). P450IA1 is particularly active in the con-
version of polycyclic aromatic hydrocarbons to
genotoxic intermediates (Wilson et al., 1984)
whilst P450IA2 has a high specificity for the
N-hydroxylation of a number of aromatic
amines (Kadlubar & Hammons, 1987). There is
now good evidence that both members of this
subfamily of cytochrome P450 are also inducible
by polycyclic aromatic hydrocarbons in man
(Pasanen et al., 1989; Sesardic et al., 1988; Song
et al., 1985; Wong et al., 1986; Wrighton et al.,
1986). In addition to increasing the specific con-
tent of the members of the P450IA subfamily in
human tissues, cigarette smoking is associated
with an elevation in the metabolism of a number
of drugs and other chemicals. Amongst such
substrates are phenacetin, via O-deethylation
(Kahn et al., 1985; Pantuck et al., 1974) and
caffeine, particularly via N3-demethylation
(Campbell et al., 1987; Kotake et al., 1982).

In previous studies we have demonstrated that
the hepatic O-deethylation of phenacetin is
catalysed almost exclusively by P450IA2 and
that cigarette smoking causes a parallel increase
in the specific content of this isoenzyme and
phenacetin O-deethylase activity (Sesardic
et al., 1988). Recently, Butler et al. (1989) have
confirmed the extensive involvement of P450IA2
in high affinity phenacetin O-deethylase activity
of human liver. There is increasing evidence that
the demethylation of caffeine is also catalysed by
a hydrocarbon inducible form of cytochrome
P450 in man, although the exact identity of the
isoenzyme has yet to be determined (Campbell
et al., 1987; Grant et al., 1987). In view of the
importance of polycyclic aromatic hydrocarbon
inducible forms of P450 in toxicity and carcino-
genicity, it would be of obvious benefit to identify
specific substrates of P450IA1 and P450IA2 that
could be administered to man so that their
activities could be determined in vivo.
The specificity of cytochrome P450 can be

studied in a variety of ways, perhaps the most

rigorous of which is the use of highly specific
inhibitory antibodies (Sesardic et al., 1990).
However, this suffers from the disadvantage that
they cannot be administered in vivo to deter-
mine the contribution of a particular isoenzyme
in the overall metabolism of a compound, in
volunteers or patients. Thus, alternative methods
of studying specificity have been sought, and
amongst these is the use of highly specific chemi-
cal inhibitors. This approach has proved ex-
tremely successful for studying the P450IID iso-
enzyme responsible for the 4-hydroxylation of
debrisoquine in man. It is this isoenzyme which
is subject to monogenic variation, such that
there is a genetic polymorphism in the 4-hydrox-
ylation of debrisoquine (Gonzalez et al., 1988).
Quinidine is a highly selective inhibitor of this
isoenzyme (Otton etal., 1984; Speirs etal., 1986)
and can be utilised in vivo in healthy volunteers
to determine the contribution of the polymorphic
pathway in the elimination of a given drug (Speirs
et al., 1986).
A recent report has suggested that the metab-

olism of caffeine in man may be inhibited by the
methylxanthine drug candidate furafylline
(1,8 - dimethyl - 3 -(2' - furfuryl)methylxanthine)
(Tarrus et al., 1987a). In healthy volunteers who
received furafylline there was a considerable
accumulation of caffeine, due to inhibition of
its metabolism by demethylation (Tarrdis et al.,
1987a). Since the demethylation of caffeine in
man is inducible by cigarette smoking, and there
is evidence in vitro to suggest the involvement of
polycyclic aromatic hydrocarbon inducible
forms of P450 in this reaction (Campbell et al.,
1987; Grant et al., 1987), we have now investi-
gated the specificity of furafylline as an inhibitor
of human monooxygenase activity, utilising a
variety of assays in vitro, selected for their
specificity for different isoenzymes.

Methods

Abbreviations

AHH, aryl hydrocarbon (benzo[a]pyrene) hy-
droxylase; BzDM, benzphetamine N-demethyl-
ase; CN1, CN3 and CN7, caffeine Nl-, N3- and
N7-demethylase, respectively; CO, carbon
monoxide; COH, coumarin 7-hydroxylase;
D40H, debrisoquine 4-hydroxylase; EDM,
ethylmorphine N-demethylase; GC/NICI MS,
gas chromatography/negative ion chemical ion-
isation mass spectrometry; HCHO, formalde-
hyde; IC50, concentration of inhibitor producing
50% inhibition; MC, 3-methylcholanthrene;
pNOH, 4-nitrophenol 3-hydroxylase; POD,
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phenacetin O-deethylase; U.v.-h.p.l.c. high
pressure liquid chromatography with u.v.

detection.

Chemicals

Furafylline was a generous gift from Laboratorias
Almirall (Barcelona, Spain). Debrisoquine
hemisulphate and 4-hydroxydebrisoquine hemi-
sulphate were generously provided by Roche
Products Limited (Welwyn Garden City, UK).
Tetradeutero-4-hydroxydebrisoquine, the in-
ternal standard for the assay of debrisoquine 4-
hydroxylase activity, was kindly provided by
C. 0. Meese (Stuttgart, FRG). Paracetamol,
formaldehyde and phenacetin, the last being re-
crystallised prior to use (Murray & Boobis,
1986), were purchased from BDH Chemicals
Limited (Poole, UK). The internal standard for
the assay of paracetamol, trideuteroparacetamol,
was prepared as previously described (Murray &
Boobis, 1986). Hexafluoroacetylacetone and
3,5-bistrifluoromethylbenzoyl chloride were

obtained from Fluorochem Limited (Glossop,
UK). Ethylmorphine was obtained from Macar-
thys Medical Limited (Romford, UK) and 7-
hydroxycoumarin, 4-nitrophenol and 4-nitro-
catechol were purchased from Aldrich Chemical
Company Limited (Gillingham, UK). Sigma
Chemical Company Limited (Poole, UK) sup-
plied benzphetamine, benzo[a]pyrene, caffeine,
coumarin, 3-methylcholanthrene, n-undecane,
NADPH and quinine sulphate. All other
chemicals and reagents were purchased from
either Sigma Chemical Company or BDH
Limited and were of the best grade available.
Human tissue samples were obtained from

renal transplant donors (Boobis et al., 1983),
details of whom are provided in Table 1. All
samples were shown to have normal histology
prior to use. The use of such samples in these
studies had local Research Ethics Committee
permission and coroner's approval. The pla-
cental samples were generously provided by
0. Pelkonen and M. Pasanen (Oulu, Finland)
and were from women of known smoking status,

based on plasma cotinine levels (Pasanen et al.,
1988). Details of the handling of these samples
will be found in the literature (Pelkonen &
Pasanen, 1981; Pasanen et al., 1985).
Male Wistar rats (180-200 g) were obtained

from Olac (Bicester, UK) and were maintained
under constant conditions of heating and light-
ing. Animals were permitted free access to food
(PRD diet, Labsure Animal Products, Poole,
UK) and tap water ad libitum. The animals were
treated with a single intraperitoneal injection
of 3-methylcholanthene (MC) at a dose of
80 mg kg-' body weight, 48 h before sacrifice.
The animals were killed by stunning and
exsanguination.
Microsomal fractions from the liver and pla-

cental samples were isolated by differential ultra-
centrifugation as previously described (Boobis
et al., 1980b), and resuspended in 0.25 M potass-
ium phosphate buffer, pH 7.25, containing 30%
(v/v) glycerol. Samples were stored in small
aliquots at -80° C until required for assay.
Under these conditions of preparation and
storage, monooxygenase activities of micro-
somal fractions were stable for at least 6 months.
All assays were performed within this time.

Determination of monooxygenase activities

Ten different oxidation pathways, catalysed by a

variety of different isoenzymes of cytochrome
P450, were assayed for human liver and placental
samples in vitro. These activities were the high
affinity component of phenacetin O-deethylase
(P450IA2: Sesardic et al., 1988), benzphetamine
N-demethylase (P450IIIA in man: Guengerich
et al., 1986; P450IIB1 in rat: Reik et al., 1985;
possibly also in man), debrisoquine 4-hydroxyl-
ase (P4501ID1: Distlerath et al., 1985), 4-nitro-
phenol 3-hydroxylase (P450IIE1 in rat: Koop,
1986; not determined in man), ethylmorphine
N-demethylase (P450IIIA in rat: Wrighton
et al., 1985; not determined in man), coumarin
7-hydroxylase (P45OCoh: Raunio et al., 1988),
aryl hydrocarbon hydroxylase (P45011C and
P450IIIA in liver: Kawano et al., 1987; P450IA1

Table 1 Details of human liver samples

Age Drugs
Sample code Sex (years) Cause of death administered

03005 F 37 Sub-arachnoid haemorrhage Unknown
03006 M 64 Road traffic accident Dexamethasone
03007 M 17 Road traffic accident None
03008 F 38 Sub-arachnoid haemorrhage None
03009 F 16 Cardiac arrest, coma Dexamethasone

Human liver samples were obtained from renal transplant donors as described in Methods.
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in placenta: Wong et al., 1986) and caffeine Ni-,
N3- and N7-demethylase.
The procedure for all of the assays was similar,

differences between the methods being indicated
in Table 2. In general, the reaction mixture
contained 75 mm Tris-hydrochloride buffer, pH
7.4,3 mm magnesium chloride, 1.2 mm NADPH
and between 0.2 to 1.0 mg of protein in 50 ,ul
0.25 M potassium phosphate buffer, pH 7.25,
containing 30% (v/v) glycerol in a final volume
of 1 ml. Samples were preincubated at 370 C for
2 min and prewarmed substrate added at 10 or 50
times the final concentration, depending upon
the solvent used to prepare the stock solution of
substrate. The final concentrations of the sub-
strates in the reaction mixtures for the various
monooxygenase activities are shown in Table 2.

In inhibition studies, furafylline was added at
either 50 or 100 times the desired final concen-
tration, in 10 or 20 Rl methanol as appropriate,
to give a final concentration of 1-1000 FM, unless
otherwise indicated. Samples were preincubated
in the presence of inhibitor for 2 min at 370 C,
prior to addition of substrate. All incubations
were performed at 370 C in a shaking water bath
in an atmosphere of air. The duration of in-
cubation and the concentration of protein were
adjusted for each assay, the values used being
shown in Table 2, to be within the respective
linear range. Blanks were incubated either with-
out substrate, which was added after stopping
the reaction, or without NADPH. The respective
products were analysed, as indicated in Table 2,
by previously published methods, with the ex-
ception of the demethylation products of caf-
feine, which were assayed using a modification
of the method of Grant et al. (1987), which will
be published in detail elsewhere. This involved
h.p.l.c. separation of the metabolites using a
Waters Model 510 pump (Waters Chromato-
graphy Division, Watford, UK) fitted with an
Ultrasphere ODS reverse-phase column (25 cm
x 4.6 mm i.d.) (Beckman Instruments (UK)
Ltd, High Wycombe, UK) eluted isocratically
at ambient temperature with a mobile phase
of 0.05% acetic acid: methanol: acetonitrile
(86: 12: 2) at 1.3 ml min-'. Quantification was
based on u.v. absorbance at 280 nm. The pres-
ence of furafylline in the incubations did not
interfere with the quantification of the respect-
ive product(s) in any of the assays.
The effects of the solvent for furafylline,

methanol, itself were determined on the differ-
ent metabolic activities. Whilst very little effect
was observed on POD activity, D40H activity
was inhibited by up to 40%, as reported pre-
viously (Boobis et al., 1987). The presence of
methanol increased the background production

rate of formaldehyde in the assay of EDM and
BzD>M activities, but did not appear to have any
effect on the rate of substrate metabolism. None
of the other assays was affected by the addition
ofmethanol at the volumes used in these studies.

Other assays

Protein concentration of microsomal fractions
was determined by the method of Lowry et al.
(1951) using crystalline bovine serum albumin
(fraction V) as standard. Cytochrome P450 con-
tent was measured by reduced vs CO-reduced
difference spectroscopy (Omura & Sato, 1964)
on a model 555 split beam scanning spectro-
photometer with microprocessor controlled
background correction (Perkin Elmer Ltd,
Beaconsfield, UK). An extinction coefficient of
91 mm-' cm-' was assumed for reduced CO-
bound P450 between 450 and 480 nm.

Analysis of data

Results have been expressed as means ± s.d.
where appropriate.
The concentration of inhibitor causing 50%

reduction of activity, relative to the appropriate
control value (IC50 value) was calculated, where
possible, by interpolation of a regression line of
the log concentration vs percent inhibition plot
over at least three concentrations of inhibitor.
The IC50 values for the inhibitable component of
caffeine Nl- and N-7 demethylation were deter-
mined by subtracting the contribution of the
non-inhibitable component from total activity
and then analysing the residual inhibitable ac-
tivity as described above. Michaelis-Menten
parameters were estimated by iterative non-
linear regression analysis using a commercial
software package (GraphPad, Institute for
Scientific Information, Philadelphia, PA, USA)
assuming a double rectangular hyperbola
(Boobis et al., 1981), which would fit the data by
either one or two components, as appropriate.
Inhibitory constants (Ki values) were obtained
graphically from Dixon plots (Dixon, 1953)
using regression analysis, and displayed using
Eadie-Hofstee plots (Hofstee, 1952).

Results

The monooxygenase activities of individual
human liver samples are shown in Table 3. The
averages and ranges of these activities were
similar to those obtained previously both by our
own laboratory and those of others (Boobis et
al., 1980a,b, 1985; Farrell et al., 1979; Kahn
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Figure 1 Effects of furafylline on human hepatic
phenacetin O-deethylase and debrisoquine 4-
hydroxylase activities.

The effects of furafylline on phenacetin O-deethylase
(v) and debrisoquine 4-hydroxylase (e) activities were
determined on a pooled microsomal fraction from
three different human liver samples. Furafylline was
added to the samples at a concentration of 0-200 pm.
The samples were then preincubated for 2 min at 370 C
prior to addition of substrate. Activity in the presence
of furafylline has been expressed as a percentage of the
corresponding control value, in the presence of
methanol alone. Control activities were: phenacetin
O-deethylase, 90.4 pmol mg-' min-1; debrisoquine 4-
hydroxylase, 19.5 pmol mg-1 min-'.

et al., 1985; Kremers et al., 1981; Pelkonen et al.,
1985).

Furafylline was a potent inhibitor of the high
affinity component of POD activity (Figure 1).
At concentrations of 1 ,M more than 60% of
activity was inhibited. At 4 jiM phenacetin, the
high affinity component of POD activity would
contribute 82% of total activity. Thus, the ob-
servation that greater than 95% of POD was
inhibited at concentrations of furafylline of
50-100 JIM suggested that at such concentrations
the compound inhibits by a less specific mechan-
ism. Indeed, all of high affinity POD activity was
inhibited at 5 ,UM furafylline. In marked contrast
to the effect on POD activity, no inhibition of
debrisoquine 4-hydroxylase activity was ob-
served at concentrations of furafylline below 50
p.M. At higher concentrations, a small degree of
inhibition (up to 20%) was observed.
The effects of furafylline on several other

monooxygenase activities, selected on the basis
that they are believed to be catalysed largely by a
number of different isoenzymes of cytochrome
P450, were determined. The IC50 values (Table
4) for coumarin 7-hydroxylase, 4-nitrophenol
3-hydroxylase, benzphetamine N-demethylase
and ethylmorphine N-demethylase were all
greater than 400 p.M. The effects of furafylline
were also determined on aryl hydrocarbon
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Furafylline inhibition of cytochrome P450IA2 in man

Table 4 IC50 values for furafylline inhibition of human monooxygenase
activities

IC50
Activity (4M)

Phenacetin O-deethylase* 0.07 (0.05-0.09)
Debrisoquine 4-hydroxylase > 200
Coumarin 7-hydroxylase > 400
4-Nitrophenol hydroxylase > 400
Benzphetamine N-demethylase > 500
Ethylmorphine N-demethylase > 500
Hepatic AHH > 500
Placental AHH > 500
Caffeine NI-demethylase (inhibitable 60%)** < 0.10
Caffeine N3-demethylase < 0.05
Caffeine N7-demethylase (inhibitable 70%)** < 0.10

Monooxygenase activities were determined as described in Methods. For
each activity, at least three different tissue samples were incubated with
furafylline in methanol for 2 min at 370 C prior to initiating the reaction by
addition of substrate. IC50 values (the concentration of furafylline causing
50% inhibition of activity relative to that in the presence of methanol alone)
were determined by interpolation of semilog plots of inhibitor concentration
against percentage of activity remaining. When no inhibition was observed
up to the highest concentration of furafylline tested, the IC50 value was
assumed to be greater than that concentration of the compound.
*Results are the mean (range) of determinations on three different liver
samples.
**Only a proportion of caffeine Nl- and N7-demethylase activity was
inhibitable by caffeine (see Figure 2 and text). The IC50 values for these
activities have been calculated for that portion of activity that was inhibitable
by furafylline as described in Methods.

hydroxylase activity of both liver and placenta.
Whilst AHH activity of liver is thought to be
catalysed largely by P450IlC and P450IIIA
(Kawano et al., 1987), that of placenta from
cigarette smoking women is now known to be
catalysed largely by P450IA1 (Pasanen et al.,
1989; Wong et al., 1986). Furafylline had virtually
no effect on either activity, in both cases the IC50
value being greater than 500 p.M (Table 4).

All three pathways of caffeine N-demethyl-
ation were inhibited by furafylline, but N3-
demethylase activity was inhibited to a much
greater extent than the other two demethylase
pathways. Whereas 95% of caffeine N3-de-
methylase activity was inhibited by furafylline,
only 70% of N7-demethylase and 60% of Nl-
demethylase activity, respectively, was inhibit-
able (Figure 2). However, in all cases the IC50
value for the inhibitable component of these
activities (calculated as described in Methods)
was < 0.1 fLM (Table 4).

Whilst furafylline had little or no effect on
many of the monooxygenase activities studied,
there were some differences, depending on the

Table 5 Maximum effect of furafylline on human
monooxygenase activities

Maximum
Activity % change

Phenacetin O-deethylase -98
Debrisoquine 4-hydroxylase -20
Coumarin 7-hydroxylase +116 ± 44.2
4-Nitrophenol hydroxylase -20.3 ± 5.7
Benzphetamine N-demethylase -33.0 ± 18.3
Ethylmorphine N-demethylase -6.4 ± 7.1
Hepatic AHH +203
Placental AHH -4.7
Caffeine Nl-demethylase -60
Caffeine N3-demethylase -93.4 ± 1.5
Caffeine N7-demethylase -70

Monooxygenase activities, assayed as described in
Methods, were determined in the presence of a range
of furafylline concentrations. Each activity was
measured using at least three different tissue samples.
Results are mean and, where shown, s.d. of the
maximum change in activity relative to that in the
presence of methanol alone. For each activity the
direction of change was the same for all of the tissue
samples studied.
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Figure 2 Effects of furafylline on the Ni-, N3- and
N7-demethylation of caffeine catalysed by hepatic
microsomal fractions.

The effects of furafylline on caffeine Ni- (0), N3- (A)
and N7- (U) demethylase activities were determined
on a pooled microsomal fraction from three different
human liver samples. Furafylline was added to the
samples at a concentration of 0-1000 A.M. The samples
were than preincubated for 2 min at 370 C prior to
addition of substrate. Activity in the presence of
furafylline has been expressed as a percentage of the
corresponding control value, in the presence of
methanol alone. The lines were computed by non-
linear iterative least squares regression analysis.
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Figure 3 Kinetics of inhibition of the high affinity
component of human hepatic phenacetin 0-

deethylase activity by furafylline.

Phenacetin 0-deethylase activity of a pooled
microsomal fraction from three different human liver
samples was determined over a substrate
concentration range of 0 to 1 mm, in the presence of 0
ALM (A), 0.3 pM (-) and 1.0 A.M (U) furafylline. Samples
were preincubated for 2 min at 370 C in the presence of
furafylline prior to addition of the substrate. Data
were analysed assuming biphasic kinetics (i.e.
comprising high affinity and low affinity components
of activity) as described in Methods and elsewhere
(Boobis et al., 1981). Data are shown only for the high
affinity component of activity, in the form of Eadie-
Hofstee plots for illustrative purposes. The points
represent the observed values corrected for the
contribution of the low affinity component of activity,
estimated from the values of Vm., and Km obtained by
computer analysis of the data. The lines are those
predicted from the computer estimates of Vma. and Km
of the high affinity component of activity.

monooxygenase activity. Thus, both coumarin
7-hydroxylase and hepatic AHH activities were
stimulated by furafylline, even at high doses,
whereas both benzphetamine N-demethylase and
4-nitrophenol 3-hydroxylase activities were
weakly inhibited (Table 5). Neither ethylmor-
phine N-demethylase nor placental AHH activity
was affected at any concentration of furafylline.
The kinetics of furafylline inhibition of the

high affinity component of the O-deethylation of
phenacetin by microsomal fractions of human
liver were determined. Furafylline caused a dose
dependent decrease in the apparent Vmax for
POD activity, with no change in apparent Km
(Table 6). This is apparent from the parallel shift
in the Eadie-Hofstee plots shown in Figure 3.
The Ki for inhibition of POD activity by fura-
fylline was 0.7 FLM (Table 6).
The effects of furafylline on POD and AHH

activities of microsomal fractions from MC in-
duced rats was also investigated. In previous
studies (Sesardic et al., 1990), we have shown
that these activities are catalysed almost ex-
clusively by P450IA2 and P450IA1, respectively,
in the liver ofMC induced rats. At concentrations
ofup to 50 FtM, furafylline had no effect on either
activity in the rat (Figure 4). However, at higher

.t 120
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Xo 40
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C 200
E O is'

0 1.0 10 100 1000
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Figure 4 Effects of furafylline of hepatic phenacetin
O-deethylase and aryl hydrocarbon hydroxylase
activities of 3-methylcholanthrene treated rats.

The effects of furafylline were determined on
phenacetin O-deethylase (v) and aryl hydrocarbon
hydroxylase (v) activities of hepatic microsomal
fractions from rats treated with a single i.p. dose of 80
mg kg-1 3-methylcholanthrene 48 h prior to sacrifice.
The pooled hepatic microsomal fraction from three
different animals was preincubated with furafylline,
from 0-500 AM, for 2 min at 370 C prior to addition of
substrate, phenacetin or benzo[a]pyrene, to give a
final concentration of 4 ALM or 40 FtM, respectively. The
values shown are for activities in the presence of
furafylline expressed as a percentage of control
activity, in thepresence of methanol alone, which was
487 pmol mg- min-' for phenacetin O-deethylase
activity and 1.56 nmol mg-' min-' for aryl
hydrocarbon hydroxylase activity.
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Table 6 Kinetics of inhibition of high affinity POD activity of human liver
by furafylline

Furafylline Apparent Vmax Apparent Km
concentration (pmol mg-' min-) (>M) Ki
(pLM) (Radex error) (Radex error) (>M)

0 676 24.0
(40.8) (2.6)

0.3 479 25.6 0.73
(335) (20.2)

1.0 299 16.1 0.80
(113) (7.7)

The kinetics of phenacetin O-deethylase activity were determined over a
range of substrate concentrations, from 1 AM to 1 mm, in the presence and
absence of furafylline, as described in Methods. The data were analysed
assuming a 2-component, 4-parameter system, comprising low affinity and
high affinity components of activity (Boobis et al., 1981), using iterative
non-linear least squares regression analysis to determine the respective
values for Vmax and Km. Results are shown only for the high affinity
component of activity. The figures in parentheses are the radex errors
(Koeppe & Hamann, 1980), defined as the maximum amount by which the
regression coefficient can deviate from its 'best' value without changing the
sum of squares by more than 100% of its best (smallest) value.

concentrations, POD activity was selectively in-
hibited, and at 500 JIM most ofPOD activity was
inhibited, whilst furafylline was still virtually
without effect on AHH activity.

Discussion

Furafylline was introduced 4 years ago as a long-
acting substitute for theophylline in the treat-
ment of asthma (Vega et al., 1985). However,
problems were encountered during phase 1
studies which were subsequently shown to be
due to the inhibition of caffeine metabolism
(Tarrus et al., 1987a). This appeared to be due
largely to inhibition of the major route of oxi-
dation, N3-demethylation (Tarrus et al., 1987a).
Previous studies, both in animals (Bonati et al.,
1980) and in man (Campbell et al., 1987), have
provided evidence that this pathway is inducible
by polycyclic aromatic hydrocarbons, and in-
deed is largely responsible for the increased
clearance of caffeine observed in cigarette
smokers (Kotake et al., 1982). Further, it has
been suggested that constitutive N3-demethyl-
ation of caffeine is also catalysed by a polycyclic
hydrocarbon inducible isoenzyme (Campbell
et al., 1987). This is similar to the situation
reported for phenacetin, which we have shown
to be a highly specific substrate for the polycyclic
hydrocarbon inducible isoenzyme P450IA2 in
human liver (Sesardic et al., 1988), as well as in
rat liver (Sesardic et al., 1990).

It was therefore of interest to determine how
specific the inhibitory effects of furafylline are in
man. To that end, a number of marker activities
were selected, as representing predominantly
different isoenzymes of cytochrome P450.
Furafylline was an effective inhibitor of only the
O-deethylation of phenacetin and the demethyl-
ation of caffeine. Virtually no inhibitory effect
was observed on debrisoquine 4-hydroxylase
activity, catalysed specifically by P450IID1 in
human liver (Distlerath et al., 1985), on the
7-hydroxylation of coumarin, catalysed by a
unique isoenzyme designated P45OCoh (Raunio
et al., 1988), benzphetamine N-demethylase,
catalysed by P450IIB1 in PB-induced animals
(Reik et al., 1985) but probably catalysed by
P450IIIA (Guengerich et al., 1986), and possibly
P450IlB1, in man, ethylmorphine N-demethyl-
ase, catalysed by P450IIIA (Guengerich et al.,
1986), and 4-nitrophenol 3-hydroxylase, which
is catalysed by P450IIE1 in experimental animals
(Koop, 1986) and may be catalysed by this iso-
enzyme in man. In addition, no effect was seen
on aryl hydrocarbon hydroxylase activity of liver,
catalysed by P450IIC and P450IIIA (Kawano
etal., 1987), noron the AHH activity of placenta
from women who smoked, catalysed by P45OIA1
(Pasanen et al., 1989). Thus, furafylline is a
highly selective inhibitor of the hydrocarbon
inducible isoenzyme P450IA2, but has no effect
on the other major hydrocarbon inducible iso-
enzyme, P450IA1.
The data presented here thus show that fura-
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fylline inhibits P450IA2, and not P450IA1. As a

consequence, we can conclude that the N3-
demethylation of caffeine is catalysed almost
exclusively by P450IA2, and that P450IA1 does
not contribute to this reaction in the liver. This is
also true for hepatic phenacetin O-deethylation,
which is catalysed by only P450IA2. Butler et al.
(1989) have recently reached similar conclusions
on the role of P450IA2 in these two reactions
in the liver. However, the normal absence of
P450IA1 from human liver, even in smokers
(Sesardic et al., 1988), makes it impossible to
determine the contribution that this isoenzyme
might make should it be induced (Wrighton et al.,
1986), for example such as might occur on ex-

posure to chlorinated hydrocarbons. POD ac-
tivity of extrahepatic tissues, such as the placenta
of smokers, in which P450IA1 is expressed
(Pasanen et al., 1989), is catalysed by this iso-
enzyme. The inducibility of caffeine N3-de-
methylation by cigarette smoking (Campbell
et al., 1987), coupled with the results presented
here, suggest that both constitutive and induced
N3-demethylation of caffeine in human liver is
catalysed by the polycyclic aromatic hydrocarbon
inducible isoenzyme, P450IA2. A proportion of
both the Ni- and N7-demethylation of caffeine is
potently inhibited by furafylline, and is pre-
sumably catalysed by P450IA2. It is likely that
the residual activity is catalysed by one or more
additional isoenzymes, not inducible by cigarette
smoking.

Whilst furafylline was without any great effect
on the monooxygenase activities studied, other
than POD and caffeine demethylation, differ-
ences are observed in the effects on the other
monooxygenase activities. Thus, both hepatic
AHH and coumarin 7-hydroxylase activities are
stimulated by furafylline. The phenomenon of
enhancement of monooxygenase activity by the
in vitro addition of a modifier to microsomal
fractions of human liver has been observed pre-
viously (Kapitulnik etal., 1977). The mechanism
is still not clear, but is presumably related either
to allosteric modification of the specific iso-
enzyme involved, or to inhibition of the further
metabolism of the product. Under the conditions
of the in vitro assay, it is highly unlikely that
inhibition of competing pathways for the parent
substrate play an important role in this effect. In
view of the possibility that inhibition of product
metabolism might be involved, it is not possible
to draw any conclusions from these data regard-
ing the similarity or otherwise of the isoenzymes
catalysing coumarin 7-hydroxylase and AHH
activities in human liver. However, there is evi-
dence from previous studies that these two ac-

tivities are catalysed primarily by different iso-

enzymes of P450 in human liver (Raunio et al.,
1988).
Both benzphetamine N-demethylase and

4-nitrophenol hydroxylase activities are inhibited
to a minor extent by furafylline, as is the low
affinity component of POD activity. This might
be due either to a minor contribution of P450IA2
to the metabolism of these compounds or, more
likely, to a weak inhibitory effect of furafylline
on other isoenzymes of P450. However, there
does appear to be specificity in any such weak
inhibitory effect as neither the N-demethylation
of ethylmorphine nor placental AHH activity
was affected at all by furafylline.

Furafylline inhibits P450IA2 non-competitive-
ly which would readily explain the potency of its
inhibitory effect in vivo. Indeed, the plasma
concentrations achieved (Tarru's et al., 1987a)
are some 10 times its Ki value. Such a mechanism
of inhibition is perhaps surprising given the high
degree of specificity of furafylline for P450IA2.
However, this might be explained by the similar-
ity in structure between furafylline and some of
the substrates for P450IA2, such as caffeine. It
may be that furafylline initially interacts with the
substrate binding site, but then forms a tight
ligand through a basic nitrogen with the haem
iron of P450. This mechanism of inhibition has
been demonstrated previously for a number of
important inhibitors, including ketoconazole
(Sheets et al., 1986) and possibly cimetidine
(Murray, 1987). Whatever the mechanism, fura-
fylline is undoubtedly a potent inhibitor of
human P450IA2 catalysed activities.

Despite the similarity in the kinetics and
specificity of P450IA2 for phenacetin O-deethyl-
ation in rat (Sesardic et al., 1990) and man
(Sesardic et al., 1988), furafylline is a much
weaker inhibitor of POD activity in the former
species, the IC50 value differing by over 1,000-
fold from that in man. However, the inhibition
that is observed in the rat appears to be selective
for P450IA2, at least between the hydrocarbon
inducible isoenzymes of P450, as P450IA1 activity
(AHH) is not affected by concentrations of fura-
fylline ofup to 500 FM. Thus, there appears to be
a fundamental difference in the structure of the
active site of these two orthologous isoenzymes,
and this points further to the difficulties of extra-
polating from results obtained in one species to
another. Nevertheless, the rat has been shown to
be a suitable species in which to identify inhibi-
tors of caffeine metabolism in vivo, when high
concentrations of potential inhibitors are used
(Tarrus et al., 1987b).
We have demonstrated that furafylline is an

extremely potent inhibitor of an activity, POD,
catalysed by P450IA2 in human liver. This in-
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hibition is very selective, and no inhibition of the
closely related P450IA1 is observed. Further,
the fact that all of high affinity POD activity is
inhibitable by furafylline confirms the specificity
of P450IA2 for this reaction in human liver.
Thus, inhibition by furafylline in vivo provides
a means of determining the contribution of
P450IA2 to any given oxidation pathway. The
demethylation of caffeine, particularly at N3, is
also catalysed almost entirely by P450IA2 in
human liver and thus, the formation of the N3-
demethylated product (paraxanthine) in vivo
should provide a very useful means of assessing
the activity of this isoenzyme in man.
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