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Abstract-The kinetics of covalent binding of reactive metabolites of 8-methoxypsoralen (&MOP) to 
protein were measured in incubations of liver microsomes of rats pretreated for 3 days with i.p. injections 
of 80 mg/kg/day of /I-naphthoflavone (BNF), phenobarbital (PB), 8-MOP, or vehicle. Covaientbinding 
of radioactivity derived from [i4C]8-MOP (labeled at the metabolically stable 4-position in the coumarin 
ring) required NADPH, obeyed classical Michaelis-Menten kinetics, and was inducible by both PB and 
Ba. Piots of V versus V/[q were linear in liver microsomes of rats pretreated with vehicle, PB, or 8- 
MOP; respective values for K, were 26, 24 and 13pM and for V,,,, were 0.61, 1.70 and 0.50nmol 
bound/min/mg protein. In microsomes of rats pretreated with BNF, high- and low-affinity components 
of covalent binding were observed with respective values for K,,, of 4.7 and 117 PM and for V,,,, of 0.77 
and 1.71 nmol bound/min/mg protein. Addition of glutathione and cysteine to the incubations decreased 
covalent binding by 33 and 67%, respectively, presumably by trapping reactive electrophilic metabolites. 
Inhibition of epoxide hydrolase with l,l,l-trichloropropene-2,3-oxide did not affect covalent binding of 
reactive metabolites of 8-MOP. SKF-525A was a potent inhibitor of both the metabolism of 8-MOP and 
covalent binding in microsomes from rats pretreated with PB, but had only a slight effect in microsomes 
from rats pretreated with BNF. In contrast, n-naphthoflavone almost completely inhibited metabolism 
of 8-MOP and covalent binding in BNF-induced microsomes but had no effect in PB-induced microsomes. 
Apparent covalent binding was reduced by 39% in incubations with 8-MOP labeled with tritium in the 
metabolically labile methoxy group. Collectively, these results indicate that 8-MOP is biotransformed 
by two or more isozymes of cytochrome P-450 to reactive electrophiles capable of binding to tissue 
macromolecules. 

Psoralens are a class of naturally occurring furo- 
coumarins present in many edible plants such as 
celery, limes, parsnips and figs [l, 21. Certain pho- 
toactive psoralens, including 8-methoxypsoralen 
(8-MOP)t, 5methoxypsoralen and 4,5’-8-tri- 
methylpsoralen, are used in combination with long 
wavelength ultraviolet irradiation to treat psoriasis, 
vitiligo and cutaneous T-cell lymphoma [3,4]. 

Early work from this laboratory showed that, in 
incubations with liver microsomes of rats, g-MOP is 
metabolically activated and its metabolites irre- 
versibly bind to microsomal protein [5]. This covalent 
binding to protein requires NADPH and oxygen, 
suggesting that the reaction is mediated by cyto- 
chrome P-450 [6,7]. More recently, we showed that 
8-MOP, administered acutely to humans and ani- 
mals, is a potent inhibitor of drug metabolism in 
vivo [8,9]. It inhibits the metabolism of caffeine, 
hexobarbital and phenytoin by > 75% in rats pre- 
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treated with 27 mg/kg of 8-MOP [S]. In humans, a 
single dose of S-MOP prolongs the half-life of caf- 
feine from 5.6 to 57 hr [9]. Repeated treatment of 
rats with 8-MOP induces its own metabolism and 
that of caffeine, but does not change the clearance 
of hexobarbital or phenytoin [8, lo]. 

An association between bioactivation of 8-MOP 
and its inhibition of drug metabolism by inactivation 
of cytochrome P-450 has been proposed recently by 
Fouin-Fortunet et al. [7]. A similar mechanism for 
inhibition of drug biotransformation has been pro- 
posed for chloramphenicol [ll-141 and spirono- 
lactone [15]. These drugs are activated to metabolites 
that bind covalently to cytochrome P-450 and also 
irreversibly inhibit drug metabolism. 

This investigation, to help elucidate the mech- 
anism of inhibition of drug metabolism by g-MOP, 
was designed to compare the kinetics of covalent 
binding of [‘4c]S-MOP in incubations with liver 
microsomes of control rats and rats pretreated with 
inducers of cytochrome P-450. The influence of 
inhibitors of cytochrome P-450 and agents that can 
trap reactive electrophiles on the covalent binding 
of 8-MOP to microsomal protein was also examined. 

MATERIAJSANDMETHODS 

Chemicals. Unlabeled g-MOP (Lot No. 29815) 
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was a gift from Elder Pharmaceutics (Costa Mesa, 
CA), and [4i?Z]S-MOP (27 mCi/mmol), labeled at 
the metabolically stable 4-position in the coumarin 
ring, was from New England Nuclear (Boston, MA). 
The chemical purity of unlabeled &MOP, deter- 
mined by HPLC and GCMS, was > 99%. The radio- 
chemical purity of [14C]8-MOP, measured by 
countercurrent distribution using the method of Bush 
[16], was > 98%. 8[methoxyl-3H]-methoxypsoralen 
(85 Ci/mmol, Amersham, Arlington Heights, IL), 
prepared by demethyiation of 8-MOP followed by 
methylation with 13~]methyl iodide, was 97% pure 
by HPLC and contained a small impurity (1.5%) 
which eluted at 43 min in our HPLC system. Both 5- 
methoxypsoralen and 5,8-dimethoxypsoralen (iso- 
pimpinellin) also elute at 43 min [17] and are often 
found as impurities in F&MOP isolated from natural 
sources. Therefore, it is likely that the starting 
material for the synthesis of [3H]8-MOP was con- 
taminated with one or both of these compounds. 
Phenobarbital (free acid, PB), Pnaphthoflavone 
(BNF), NADPH, glucosed-phosphate, glucose-6- 
phosphate dehydrogenase, N-acetylcysteine, Trizma 
base, and l,l,l-trichloropropene-2,3-oxide (TCPO) 
were from the Sigma Chemical Co. (St, Louis, MO). 
Protosol and Atomlight were from New England 
Nuclear. Glutathione (GSH) and cY-naphthoflavone 
(ANF) were obtained from the Aldrich Chemical 
Co. (Milwaukee, WI). HPLC grade methanol, ace- 
tonitrile, acetone, hexane and reagent grade ascorbic 
acid were from Fisher Scientific (Cincinnati, OH). 

~rea~ent of animal. Male Sprague-Dawley rats 
(Harlan Industries, Indianapolis, IN), 320-420 g, 
were housed in stainless steel cages; allowed free 
access to Purina Rodent Chow (Ralston-Purina, St. 
Louis, MO) and tap water; and acclimated for at 
least 1 week prior to use. To determine the effects 
of enzyme induction, rats were pretreated once daily 
for 3 days with i.p. injections of 8Omg/kg/da of 
PB , BNF or &MOP dissolved in corn oil (10 ml P kg). 
Control rats were treated with vehicle for the same 
period. 

Radiolabel assay for S-MOP. The concentration 
of S-MOP in microsomal incubations was determined 
by a specific radiochemical assay that separated 
parent drug from its more polar metabolites [IO, 171. 
Briefly, 0.4-ml samples of the incubation mixture 
and 0.4 ml of 4 M phosphate buffer (pH 6.8) were 
extracted with hexane (12 ml). A lo-ml portion of 
the hexane extract was mixed with 10ml of liqu’c! 
scintillation fluid (Formula 963, New Englat‘d 
Nuclear) and counted in a Beckman model LS 68tXl 
liquid scintillation counter. The specificity of the 
assay for &MOP, determined by HPLC and counter 
current distribution, was > 98% [17]. 

Covalent binding of [14C]8-MOP to microsomal 
protein was quantified by exhaustive extraction of 
samples of the incubation mixture with methanol. 
Each sample (2-3ml) was shaken vigorously with 
10 ml of methanol for 10 min on a mechanical shaker 
and centrifuged for 10 min at 15OOg. The methanol 
was removed and the protein pellet was resuspended 
in a fresh lo-ml aliquot of methanol, shaken, and 
centrifuged again. In the initial experiments, the 
protein was repeatedly extracted until the methanol 
contained less than twice background radioactivity 

(6-i-12 washes). Later, we discovered that after 6 
washes filtration of the methanol through a 0.45 pm 
Acrodisc filter (Gelman, Ann Arbor, MI) eliminated 
residual radioactivity apparently by removing sus- 
pended particles of protein. The washed protein was 
dissolved in 0.5 ml of 1 N NaOH and diluted to 5 ml 
with water. One portion (1 ml) was mixed with 15 ml 
of Atomlight and counted for radioactivity and 
another (50~1) was analyzed for protein by the 
method of Lowry et al. [X3] using bovine albumin 
standards. Covalent binding was expressed as nano- 
moles of [‘“Cl- or f3H]8-MOP bound per milligram 
of protein. 

Michaelis-Menten kinetics of in vitro covalent 
binding of &MOP to liver microsomal protein. Rats 
were killed 24 hr after the third pretreatment and 
liver microsomes were isolated as described pre- 
viously [lo]. Incubations in 25-ml Erlenmeyer flasks 
were m~ntained at 37” in a Dubnoff shaking incu- 
bator (Precision Instruments, Chicago, IL). Flasks, 
containing microsomes, were flushed with 100% 02, 
and equilibrated in the incubator for 2 min; the reac- 
tion was initiated by addition of the NADPH-gen- 
erating system. The final incubation mixture 
consisted of 0.6 to 0.9 mg/ml of microsomal protein; 
2.3,4.6, ll,5,Z3,~or93~[14C]8-MOP(0.6~~i) 
in 0.1 M phosphate buffer (pH7.4); 0.4 mM 
NADPH; 6mM MgClr; 10 mM glucosed- 
phosphate; 0.8 enzyme units/ml of glucosed-phos- 
phate dehydrogenase; and enough 0.1 M potassium 
phosphate buffer (pH 7.4) to bring the final volume 
to 5 or 10ml. Samples were removed at 2min and 
assayed for covalent binding and &MOP. Metab- 
olism of 8-MOP was calculated as the difference 
between total radioactivity (determined by direct 
counting) and hexane-extractable radioactivity. 

Covalent binding of &MOP at 2 min was linear 
(r > 0.99) with microsomal protein concentrations 
between 0.25 to 1 .O mg/ml in incubations of liver 
microsomes from animals pretreated with corn oil or 
BNF (Fig. 1). Therefore, covalent binding of &MOP 
was subsequently measured at 2 min in incubations 
with protein concentrations of 0.6 to 0.9mg/ml. 
Plots of velocity of covalent binding (V), expressed 
as nmol bound/min/mg protein, versus V/[S] were 
constructed according to the method of Eadie [19] 
and Hofstee 1201. 

Alteration of in vitro covalent binding of &MOP 
by inhibitors and trapping agents in microsomes of 
rats pretreated with PB. The effects of inhibitors and 
trapping agents on in vitro covalent binding of 8- 
MOP were investigated in incubations with liver 
microsomes from rats pretreated with PB as 
described above. Each incubation, containing either 
2.3 PM [14C]8-MOP (27 mCi/mmol) or [3H]8-MOP 
(235 mCi/mmol), was equilibrated for 2 min at 37” 
with one of the following: SKF-525A (0.25 mM), 
glutathione (I mM), cysteine (5 mM), N-acetyl- 
cysteine (5 mM) or ascorbic acid (1 mM). Fresh solu- 
tions of inhibitors and trapping agents were prepared 
daily in 0.1 M phosphate buffer (pH 7.4). The enzy- 
matic reaction was started by addition of the 
NADPH-generating system and stopped after 2 min 
for measurement of metabolism of g-MOP and cova- 
lent binding of metabolites of g-MOP. 

Differential inhibition by SKF-525A and ANF of 
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Fig. 1. Covalent binding of 8-MOP to liver microsomal 
protein: Effects of protein concentration and time. Liver 
microsomes were isolated and pooled from three rats pre- 
treated for 3 days with daily i.p. injections of BNF (80 mg/ 
kg) or corn oil as described in Materials and Methods. 
Covalent binding of [‘4C]8-MOP (2.3 PM, 27 mCi/mmol) 
in incubations of liver microsomes containing an NADPH- 
generating system was measured at 2 min with 0,0.25,0.5, 
1 .O and 1.50 mg/ml of microsomal protein (pane1 A) or at 
various times with 0.75 mg of microsomal protein/ml (pane1 
B). Each point is the mean f SD of three incubations. 
Covalent binding of 8-MOP at 2 min was linear (r > 0.99) 

with protein concentrations up to 1 .O mg/ml. 

in vitro covalent binding of &MOP in microsomes of 
rats pretreated with PB or BNF. Three rats per group 
were pretreated with PB or BNF as described above. 
Duplicate incubations (5 ml final volume) with 
microsomes prepared separately from each rat were 
equilibrated for 2 min with SKF-525A (0.25 mM final 
concentration) added in 0.1 ml of 0.1 M phosphate 
buffer (pH7.4) or with ANF (1OpM final con- 
centration) added in 13 ~1 of absolute ethanol. 

Effect of acute in vivo pretreatment with &MOP 
on covalent binding of a-MOP metabolites in vitro. 
One rat was pretreated with a single i.p. injection of 
27mg/kg of &MOP in corn oil and another with 
corn oil alone. Four hours later, the rats were killed, 
microsomes were isolated, and triplicate incubations 
were prepared with 2.3pM [14C]8-MOP (27mCi/ 
mmol). Timed samples were removed for measure- 
ment of 8-MOP and covalent binding of metabolites. 

We considered the possibility that covalent binding 
of [14C]8-MOP added in vitro may be affected by 
residual unlabeled g-MOP in the microsomes from 
the i.p. injection. The results of our previous phar- 
macokinetic studies of 8-MOP indicated that the 
concentration of g-MOP in the liver 4 hr after an 
i.p. dose of 27 mg/kg could be as high as 16 ,ug/g, 
assuming a concentration of 8-MOP in blood of 8 pg/ 
ml and a liver/blood ratio of 2 [8, 171. The actual 

a 
V/IS] (L/minhng~lO’) 

Fig. 2. Eadie-Hofstee plots of covalent binding of 8-MOP 
to liver microsomal protein. Covalent binding of [14C]8- 
MOP (0.6&i; 2.3, 4.6, 11.5, 23, 46 or 93pM) was deter- 
mined at 2min in incubations containing an NADPH- 
generating system and liver microsomes from rats pre- 
treated for 3 days with 8-MOP (A), PB (0), BNP (m), or 
vehicle (0). Each point is the mean of four to six incu- 
bations. The inset shows the low-affinity (A) and high- 
affinity components (B) of covalent binding in microsomes 
from rats pretreated with BNF. See Table 1 for details. 

concentration of unlabeled 8-MOP in the incubation, 
before addition of radiolabeled g-MOP, was 80 ng/ 
ml (0.4 PM). This was determined by HPLC as pre- 
viously described [ 171. Thus, the final concentration 
of &MOP was slightly higher (2.7 vs 2.3 PM) and, 
correspondingly, the specific activity was slightly 
lower (23 vs 27 mCi/mmol) in microsomal incu- 
bations from rats pretreated 4 hr previously with 8- 
MOP. Any error in covalent binding resulting from 
the lower specific activity should be offset somewhat 
by a higher reaction velocity at the higher substrate 
concentration and, in any case, should not exceed 
15%. 

RESULTS 

Michaelis-Menten kinetics of covalent binding of 
&MOP to liver microsomal protein. Eadie-Hofstee 
plots of V versus V/[Sj for covalent binding of 8- 
MOP metabolites to liver microsomal protein are 
presented in Fig. 2. Covalent binding of &MOP in 
microsomes of rats pretreated for 3 days with vehicle, 
PB, or g-MOP followed classical Michaelis-Menten 
kinetics, each with a single apparent Michaelis con- 
stant (K,) and maximal velocity (V,,). The appar- 
ent K,,, was 26 ,uM and the maximal velocity (V,,) 
was 0.61 nmol/min/mg protein in control micro- 
somes (Table 1). Prior treatment with PB , an inducer 
of cytochromes P-450b and P-450e in the rat [23], 
almost tripled the rate of covalent binding (V,,,, = 
1.70 nmol/min/mg protein) but did not significantly 
affect the K,,,. 

In contrast, the plot of V versus V/[S] for covalent 
binding of &MOP was nonlinear in microsomes of 
rats pretreated with BNF, an inducer of cytochromes 
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Table 1. Kinetics of covalent binding of &MOP to liver 
microsomes 

K, V malt 
retreatment (FM) (nmoi/min/mg protein) 

Vehicle 26 0.61 
PB 24 1.70 
8-MOP 13 0.50 
BNF (low affinity) 117 1.71 
BNF (high affinity) 4.7 0.77 

Covalent binding data (see Fig. 2) in microsomes of rats 
pretreated with vehicle, PB, or &MOP were fit by linear 
regression to the equation: V = V,,,,, - K,(V/[S]). V,,,,, and 
K, values for the high and low activity components of the 
reaction in the BNF-induced microsomes were estimated 
by curve peeling [21]. Using these initial estimates, covalent 
binding data were fit by nonlinear regression (PCNONLIN 
(221) to the equation V = V,,[S]/(K~l + [S]) + V,,,&]/ 
(KJn* + IW. 

P-450~ and P-450d [23]. Two straight lines, each with 
an apparent K,,, and V,,,,, were obtained by nonlinear 
regression analysis (Fig. 2; Table I). The rate of 
covalent binding of the reactive intermediate of 8- 
MOP was very fast at low concentrations of &MOP 
in microsomes of rats pretreated with BNF, indi- 
cating a high-affinity component for covalent binding 
not found with other pretreatments. The overall V,,,, 
of the reaction in microsomes from rats treated with 
BNF was 2.5 nmol/min/mg protein. Pretreatment 
with &MOP, an inducer of its own metabolism in 
vivo in the rat [lo], did not change significantly the 
V,,,, of covalent binding, but decreased the K, to 
13 PM. 

Alteration of covalent binding of &MOP by inhibi- 
tors and, trapping agents in microsomes of rats pre- 
treated with PB. Preincubation of hepatic 
microsomes with SKF-525A for Zmin reduced 
metabolism and covalent binding of S-MOP by 71 
and 75% respectively (Table 2). It is probable that 

SKF-525A diminished covalent binding by decreas- 
ing cytochrome P-450-mediated activation of 8- 
MOP. TCPO, a potent inhibitor of epoxide hydro- 
lase (241, did not affect either the disappearance of 
&MOP or covalent binding. 

Apparent covalent binding in incubations with 
]3H-methoxy@+MOP was 39% lower than cor- 
responding incubations with [14C]8-MOP (Table 2), 
suggesting that a substantial fraction of 8-MOP was 
O-demethylated before reacting with protein. 
Although ~-demethylation is a minor pathway 
(< 1%) of &MOP metabolism in humans [25], it is 
more important in rats with free and conjugated 
forms of 8-hydroxypsoralen representing about 8% 
of the urinary metabolites in unpretreated rats [17]. 

Cysteine had the most pronounced effect on cova- 
lent binding (67% inhibition) of the sulfhydryl-con- 
taining trapping agents tested (Table 3). It is well 
known that nucleophiles such as cysteine can trap 
reactive electrophiles generated by cytochrome P- 
450, including those of acetaminophen [26], bromo- 
benzene [27] and naphthalene [28]. Cysteine may be 
a more efficient trapping agent than iV-acetylcysteine 
because it can form a stable cyclic adduct with certain 
reactive intermediates 1291. The sui~ydryl-con- 
taining agents did not affect the rate of metabolism 
of g-MOP, which is consistent with inhibition of 
covalent binding by the trapping of reactive inter- 
mediates of 8-MOP after their formation by cyto- 
chrome P-450. Ascorbic acid slightly reduced 
covalent binding (22%) but increased metabolism 
(29%) of &MOP. Ascorbic acid also has been 
reported to decrease formation of adducts derived 
from acetaminophen in liver microsomes, pre- 
sumably by chemically reducing the reactive inter- 
mediate, N-acetyl-p-benzoquinoneimine, to acet- 
aminophen [26]. 

Rifferential inhibition by SKF-525A and A NF of 
metabo~~m and covalent binding of &MOP in micro- 
somes of rats pretreated with PB or BNF. SKF-525A 
had only a small effect when added to microsomes 

Table 2. Effects of inhibitors on metabolism and covalent binding of &MOP in liver microsomes from rats pretreated 
with phenobarbital 

Incubation 

Covalent 
binding % Metabolism % Binding/ % 

N* (nmol/mg protein) Inhibitiont (nmol/mg protein) Inhibition Metabolism Inhibition 

Complete 
System 19 0.36 + 0.04 1.56 + 0.09 0.23 r 0.01 
-NADPH 6 0.01 t o.Oot 97 0.29 + 0.03% Xl 0.03 _c O.Ol$ 87 
SKF-525A 
(0.25 mM) 8 0.09 2 O.Ol$ 75 0.46 t 0.02$ 71 0.20 r 0.03 13 
TCPO 
(0.1 mM) 6 0.33 * 0.03 8 1.50 r 0.11 4 0.23 + 0.02 0 
[‘H]MethoxyZ§ 6 0.22 f O.Ol$ 39 1.38 ? 0.09 12 0.15 1: 0.015 35 

Rats were pretreated for 3 days with PB, and microsomes were prepared 24 hr after the last dose as described in 
Materials and Methods. Inhibitor were prein~bated with microsomes for 2 min prior to the addition of cofactors. All 
incubations contained 2.3 PM 8-MOP (27 mCi/mmol) and about 0.9 mg/ml of microsomal protein. Metabolism and 
covalent binding of &MOP were determined at 2 min as described in Materials and Methods. Values are means S SE. 

* Number of incubatibns. 
t Percent inhibition compared to incubations with cofactors (complete system). 
$ Significantly different from control incubations (complete system) as determined by the Kruskal-Wallis Test and the 

Mann-Whitney U-Test (P < 0.05). 
§ Incubation contained &MOP labeled with tritium in the methoxy group. 
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Table 3. Effects of scavenging agents on metabolism and covalent binding of S-MOP in liver microsomes of rats pretreated 
with phenobarbital 

Covalent . . 

N* (nrno~~~~~ot~i~) 
Meta~~sm 

~nhi~tion~ (nmol/mg protein) 
% Boding/ % 

Incubation Inhibition Metabolism Inhibition 

Complete 
System 19 0.36 2 0.04 1.56 -c 0.09 0.23 z!z 0.01 
Glutathione 
(1 mM) 8 0.24 + O.Ol$ 33 1.69 * 0.07 -8 0.13 ” O.Ol$ 43 
Cysteine 
(5 mM) 6 0.12 f 0.001: 67 1.48 + 0.03 5 0.08 -(_ O.OO$ 65 
N- Acetyl 
cysteine 
(5 mM) 6 0.22 + O.Ol$ 39 1.45 r 0.03 7 0.15 f- O.OO$ 35 
Ascorbate 
(1 mM) 8 0.28 f 0.02$ 22 2.02 2 0.131: -29 0.14 2 0.01s 39 

~~~ornal in~bations untying 2.3 ,uM &MOP and scavengers were performed as described in Table 2. Metabolism 
and covalent binding of g-MOP were determined at 2 min as described in Materials and Methods. Values are means 2 
SE. 

* Number of incubations. 
t Percent inhibition compared to incubations without scavengers (complete system). 
$ Significantly different from control incubations (complete system) as determined by the Kruskal-Wallis Test and the 

Mann-Whitney U-Test (P < 0.05). 
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Fig. 3. Selective inhibition of microsomal metabolism and 
covalent binding of S-MOP by SKF-525A and ANF. Liver 
microsomes were isolated separately from three rats pre- 
treated with PB or BNF as described in Materials and 
Methods. SKF-525A (250 FM final ~n~ntration) in phos- 
phate buffer or ANF (10 PM final concentration) in ethanol 
was preincubated for 2min with 3.5 mg of microsomal 
protein in pH7.4 phosphate buffer (0.1 M, 5 ml final 
volume) and 2.3pM [‘4C]8-MOP (27mCi/mmol). The 
reaction was started by adding the NADPH-generating 
system. Each value is the mean + SE (N = 6) of covalent 
binding (filled bars) and metabolism (unfilled bars) of 8- 
MOP determined at 2 min. Covalent binding and metab- 
olism of S-MOP in incubations without added cofactors 
were typically less than 0.01 and 0.30nmol/mg protein 
respectively. The differential effects of inhibition by SKF- 
525A and ANF are consistent with formation of reactive 
intermediates of 8-MOP by at least two different isozymes 
of cytochrome P-450. Key: (*) significantly different from 
the ~rres~nding vehicle control incubation (P < 0.05). 

of rats pretreated with BNF (Fig. 3). However, when These experiments demonstrate that 8-MOP was 
added to incubations of &MOP with microsomes of biotransformed in vitro to reactive intermediates that 
rats pretreated with PB, it markedly inhibited both bound covalently to liver microsomes. Covalent 
metabolism and covalent binding of 8-MOP. Pre- binding of these reactive metabolites of 8-MOP was 

incubation with SKF-525A for 2 min decreased cova- 
lent binding of &X-MOP from 0.43 + 0.09 to 
0.09 f 0.04 nmol/mg protein and metabolism from 
1.55 f 0.08 to 0.46 + 0.07 nmol/mg protein in micro- 
somes of rats treated previously with PB. 

In contrast, ANF had very little effect on covalent 
binding and meta~lism of 8-MOP in microsomes of 
rats pretreated with PB (Fig. 3). However, when 
added to incubations of 8-MOP with microsomes of 
BNF-induced rats, it dramatically reduced both the 
metabolism and covalent binding of 8-MOP. Pre- 
incubation with ANF for 2 min decreased covalent 
binding from 0.86 2 0.16 to 0.04 + 0.01 nmol/mg 
protein and meta~Iism from 2.00 2 0.38 to 
0.40 + 0.06 nmol/mg protein in microsomes from 
rats pretreated with BNF. In these incubations with 
a low concentration of 8-MOP (2.3 PM), covalent 
binding was higher in microsomes from rats induced 
with BNF than in those induced with PB, which 
is consistent with the hip-unity component for 
covalent binding observed for BNF in the kinetic 
studies (see Table 1 and Fig. 2). 

Effects of acute pretreatment with 8-MOP on in 
vitro covalent binding of 8-MOP to microsomal pro- 
tein. Pretreatment with 27 mg/kg i.p. of unlabeled 8- 
MOP, 4 hr before the animals were killed, markedly 
inhibited subse 

4 
uent in vitro covalent binding and 

metaboIism of [ %]8-MOP (Fig. 4). Covalent bind- 
after incubation for 5 min was only 

G3 * 0.01 nmol/mg protein in microsomes from 
the rat pretreated acutely with S-MOP compared to 
0.15 2 0.02 nmol/mg protein in control microsomes 
prepared from the rat pretreated with corn oil. 

DISCUSSION 
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Fig. 4. Effect of acute in viva pretreatment with 8-MOP 
on the in uitro metabolism and covalent binding of [ ‘%]8- 
MOP in liver microsomes. Liver microsomes, prepared 
from rats pretreated 4 hr prior to sacrifice with unlabeled 
8-MOP (Umg/kg) or vehicle (control), were incubated 
with 2.3pM [‘%Zf8-MOP (27mCi/mmol) as described in 
Materials and Methods. Metabolism (panel A) and cova- 
lent binding (panel B) of [‘%]8-MOP were determined at 
2,5, 10 and 15 min as described in Materials and Methods. 
Values are the means 5 SE of triplicate incubations. In 
incubations with microsomes from the rat pretreated with 
&MOP, the concen~ation of residual unlabeled 8-MOP 

was 0.4 PM, prior to the addition of [%]%MOP. 

mediated by cytochrome P-450, obeyed Michaelis- 
Menten kinetics and was enhanced by prior treat- 
ment of rats with BNF or PB (Table 1; Fig. 2). 
The different K, values for covalent binding after 
pretreatment of rats with BNF or PB suggest that 
two or more distinct enzyme systems contribute to 
the formation of these reactive products. 

The studies with inhibitors (Table 2 and Fig. 3) 
further supported the concept that two or more 
isozymes of cytochrome P-450 activate &MOP. SKF- 
525A substantially reduced both covalent binding 
and metabolism of 8-MOP in microsomes from rats 
pretreated with PB, but had very little effect in 
microsomes of rats pretreated with BNF. Con- 
versely, ANF almost completely inhibited covalent 
binding of g-MOP in microsomes of rats pretreated 
with BNF, but had no effect in microsomes from rats 
pretreated with PB. These results are in agreement 
with previous reports that have also demonstrated 
different inhibitory effects of ANF and SKF-S25A 
on reactions mediated by cytochrome P-450. Wiebel 
and coworkers [30,31] showed that ANF selectively 
inhibits aromatic hydrocarbon hydroxylase (AHH) 
activity in microsomes of rats pretreated with 3- 
methylcholanthrene (3-MC) but not in microsomes 
from control rats. Similarly, Goujon et al. [32] 
demonstrated that SKF-525A preferentially inhibits 
phenobarbital-indu~ble forms of cytochrome P-450. 

It is not known whether the reactive intermediate(s) 
of &MOP differs with the state of induction. This 
possibility seems likely in view of the striking dif- 
ference between the patterns of urinary metabolites 
of 8-MOP in rats pretreated with BNF and PB [IO]. 

Covalent binding is an experimental measurement 
providing an estimate of the formation of highly 
reactive metabolites. Numerous reports have 
appeared in the literature linking enzymatic acti- 
vation of acetaminophen, polycyclic aromatic hydro- 
carbons (PAH), bromobenzene, furosemide and 
aflatoxins to toxic metabolites that bind to tissue 
macromolecules [33-353. The consequences of meta- 
bolic activation of 8-MOP are not clear. In spite of 
the high level of covalent binding of S-MOP observed 
in liver microsomes in vitro in this investigation and 
in vivo in previous studies [36]. evidence for hepato- 
toxicity of &MOP is lacking (unpublished results). 
Metabolic activation of &MOP, per se, may not lead 
directly to hepatic necrosis. but instead may result 
in inhibition of liver enzymes, including the isozymes 
of cytochrome P-450 that form the reactive inter- 
mediates. For example, chloramphenicol [ 1 l-141 and 
spironolactone [15] are biotransformed to reactive 
intermediates that irreversibly bind to and inactivate 
cytochrome P-450. The decrease in the in vitro 
metabolism of &MOP and covalent binding of its 
reactive metabolites after acute pretreatment with S- 
MOP in vivo suggests that the covalent binding is 
self-limiting (see Fig. 4). Whether inactivation of 
cytochrome P-450 by &MOP is related to its dose- 
dependent elimination in the rat [ 171 and mouse [37] 
is unclear. 

Since our initial discovery that &MOP binds cova- 
lently to microsomal protein [5,6], other inves- 
tigators have shown that 8-MOP also inhibits the in 
vitro activities of hexobarbital hydroxylase, ethoxy- 
coumarin deethylase, benzo[u]pyrene hydroxylase 
and aminopyrine deethylase [7]. Subsequent inves- 
tigations in our laboratory have shown that g-MOP 
also potently inhibits the in viva metabolism of caf- 
feine, hexobarbital and phenytoin in the rat [8]. In 
contrast, the metabolism of 5-(4’-hydroxyphenyl)-5- 
phenylhydantoin, a phenytoin metabolite eliminated 
mostly by conjugation with glucuronic acid, is 
reduced only slightly by &MOP [S]. Further inves- 
tigations have revealed that other psoralen analogs 
(5-methoxypsoralen and unsubstituted psoralen, but 
not 4,5’,&trimethylpsoralen) also inhibit cyto- 
chrome P-450 [38,39]. We have confirmed that these 
linear psoralens and, in addition, the angular 5- 
methylisopsoralen are inhibitors of drug metab- 
olism. * 

The structure of the reactive intermediate(s) of 8- 
MOP is still unknown and is currently being inves- 
tigated in our laboratory. Certain inferences about 
the reactive intermediate can be made from the 
results of the studies reported here and also from 
our earlier investigations with S-MOP. The furan 
ring of &MOP is oxidized extensively in the rat to 

* Gerber N, Hilliard JB, Pacula CM and Mays DC. 
Interactions of 8-methoxypsoralen and other psoralen ana- 
logs with in uivo drug metabolism in the mouse. Tenth 
international Congress of ~harmacol~g~i, Sydney, Austra- 
lia, 1987 (Abstract P73). 
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Fig. 5. Proposed pathways of metabolic activation of f&MOP. The structures shown in brackets are the 
postulated reactive products of &MOP formed by cytochrome P-450 in liver microsomes of the rat. a;#% 
Unsaturated dicarbonyl intermediates are unstable and can react via Michael addition of the sui~y~l 
groups of protein and glutathione (GSH) across the activated double bond, and by nucleopbilic addition 
to the aldehyde forming a Schiff base. Electrophilic furan epoxides can also react with nucleophiles such 

as GSH and protein. Alternatively, this epoxide can be hydrolyzed by epoxide hydrase. 

products possibly arising via a furan epoxide [17] 
(see Fig. 5). Furan epoxides have been implicated 
as the ultimate reactive species responsible for the 
hepatotoxicity of furosemide [40] and the pulmonary 
toxicity of ipomeanol [41]. In our study, TCPO, an 
inhibitor of epoxide hydrolase, did not alter covalent 
binding of 8-MOP which seems to rule out par- 
ticipation of an epoxide in covalent binding. Altema- 
tive explanations for this observation include the 
formation of an unstable epoxide which reacts with 
protein before hydrolysis by epoxide hydrolase; the 
intermediate remains active after hydrolysis by epox- 
ide hydrolase; or the reactive intermediate itself may 
inhibit epoxide hydrolase. 

8-MOP may be activated to an ~,~unsaturated 
dicarbonyl (Fig. 5) by a pathway analogous to that 
of simple alkyl furans [42]. This reaction scheme is 
supported by the syntheses of Manfredi et al. [43], 
which showed that alkyl furans react with m-chlo- 
roperbenzoic acid to form enediones, presumably 
via an epoxide intermediate. As a consequence of 
the requisite loss of aromaticity of the ~rocoumarin 
in this proposed reaction, more energy would be 
required for formation of the corresponding quinone 
methide from g-MOP. Moreover, this intermediate 
would be less stable than the analogous intermediate 
of alkyl furans and would probably react very quickly 
with protein via either a Michael addition with a 
sul~ydryl group across the activated double bond or 
by nucleophilic addition to the aldehyde [29] (see 
Fig. 5). Hydroxylation of 8-MOP at the S-position 
and 0-demethylation give rise to 5,8-dihydroxy- 
psoralen, a hydroquinone that is readily oxidized to 
the corresponding quinone, 5 ,&dioxopsoralen [ 171. 
Acetaminophen forms an analogous quinoneimine 

(~-acetyl-p-benzoquinonei~ne), considered to be 
the reactive intermediate which binds irreversibly to 
microsomal protein [44]. Covalent binding of radio- 
labeled acetaminophen and N-acetyl-p-benzoqui- 
noneimine to microsomal protein is inhibited 
markedly by ascorbic acid [44]. In our experiments, 
however, ascorbic acid was a much less potent inhibi- 
tor of covalent binding of 8.MOP (Table 3). Thus, 
the importance of the proposed quinone-hydro- 
quinone redox pair and the quinone methide to 
covalent binding of g-MOP remains uncertain. 

Recent studies in our laboratory have focused on 
the targets of covalent binding of 8-MOP in micro- 
somes. In mice pretreated with BNF, over 50% of 
the radioactivity in sodium dodecyl s~fate-poly- 
acrylamide gel electrophoretograms of liver micro- 
somal protein, incubated with [‘4c]8-MOP, is bound 
to protein in the molecular weight regions cor- 
responding to cytochromes P-450 and b5 [45]. 
Addition of cysteine to the incubation causes a 73% 
reduction in covalent binding of 8-MOP without 
si~i~cantly affecting the metabolism of g-MOP. In 
these experiments with cysteine, covalent binding to 
proteins eluting in the region of cytochrome P-450 
(mol. wt. 52,000-55,000) is reduced by one-half; very 
little binding to other proteins, including cytochrome 
b5, could be detected. In spite of this pronounced 
reduction of covalent binding to “nonspecific” pro- 
tein and to cytochrome P-450 by addition of cysteine, 
the inhibitory effect of S-MOP on 7-ethoxycoumarin 
deethylase activity remains unchanged [45]. This pro- 
vides unequivocal evidence that the extent of cova- 
lent binding of reactive metabolites of 8-MOP to 
protein does not correlate directly with the inhibition 
of drug metabolism by g-MOP. Covaient binding, 

BP 38110 - H 
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per se, is not the determinant of inhibition of drug 
metabolism by 8-MOP, but instead only an indicator 
of the degree of metabolic activation of the molecule. 14. 

The consequences of metabolic activation of s-MOP, 
with regard to inhibition of drug metabolism, depend 
on the specific targets of the reactive molecule and 

15 

their relative importance to drug metabolism. More 
detailed investigations into the relationship of meta- 
bolic activation of 8-MOP to inhibition of drug 
metabolism are currently in progress. 16. 
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