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Abstract-Cytochrome P450 isozymes purified from rat hepatic microsomes were able to catalyse the 
oxidation of ll-oxo-A*-tetr~y~~nnabi~o1 (ll-oxo-A8-~C) to A*-THC-11-oic acid in the presence 
of NADPH, cytochrome P450 reductase and ~auroylphosphatidylcholine. The catalytic activities 
(nmol/min/nmoI P450) of cytochrome P45Os, UT-2 (IICll), UT-4 (IX?), UT-5 (IIClS), PB-1, PB-2 
(IIC6), PB-4 (IIBl), MC-1 (IA2), MC-5 (IAl) and IF-3 (IIAI), were 0.69,0.08,0.07,0.23,0.46,0.&2, 
0.06, 0.07 and 0.34, respectively, whereas the activities of cytochrome P45Os, PB-5 (IIBZ) and DM 
(IIEl), were less than 0.02 nmol/min/nmol P450. Cytochrome P450 IICll showed the highest catalytic 
activity of the cytochromes examined. The mechanism for the oxidation of ll-oxo-A*-THC to As-THC- 
11-oic acid by cytochrome P450 IICll was established as being an oxygenation since one atom of 
oxygen-18 was exclusively incorporated into the carboxylic acid formed under ‘802. The antibody raised 
to cytochrome P450 IICll inhibited by 60% the hepatic microsomal oxidation of 11-oxo-A*-THC to 
As-THC-11-oic acid in male rats. These results indicate that cytochrome P450 IICll is a major form 
of the cytochrome to catalyse the oxidation of 11-oxo-As-THC to As-THC-11-oic acid in the hepatic 
microsomes of male rats and that the oxidation of aldehyde to carboxylic acid is a catalytic activity 
common to most isozymes of P4.50. 

Te~~ydr~annabino~ (THC) , a psychoactive com- 
ponent of marihuana, is metabolized mainly at the 
ll-position to form a carboxylic acid metabolite, 
THC-ll-oic acid, as a final oxidation product [l-4]. 
The first oxidation step in the metabolism has been 
characterized as being the oxidation catalysed by 
cytochrome P450 to form ll-hydroxy-metabolite [5], 
which is further oxidized to THC-11-oic acid 
(carboxylic acid) through 11-OXO-THC (aldehyde) 
as an intermediate [6,7]. Recently, we found that 
the final oxidation at the 11-position of THC may 
also be catalysed by hepatic microsomal cytochrome 
P450 of mice [8,9], although this type of biological 
reaction is generally considered to be catalysed by 
other enzymes such as aldehyde dehydrogen~e. We 
then reported that hepatic microsomal aldehyde 
oxygenase (MALDO) can catalyse the oxidation of 
various aldehydes to the corresponding carboxylic 
acids [lo] and that cytochrome P450 MUT-2, purified 
from hepatic microsomes of male mice, is a major 
isozyme for catalysing the oxidation of 11-oxo-As- 
THC to As-THC-11-oic acid [ll]. MALDO activity 
may be a common function of cytochrome P45Os. 
This paper describes the catalytic activity of 
cytochrome P45Os purified from rat hepatic micro- 
somes in oxidizing ll-oxo-As-TEE to As-THC-ll- 
oic acid, and characterizes the cytochrome P450 that 
plays a major role in the reaction in hepatic 
microsomes of male rats. 

* To whom all correspondence should be addressed. 

Chemicals 

NADP, NADPH and glucose-dphosphate were 
purchased from Boehringer-Mannheim GmbH 
(Darmstadt, F.R.G.). Glucose-6-phosphate 
dehydrogenase (type V) and dilauroylphos- 
phatidylcholine were obtained from the Sigma 
Chemical Co. (St. Louis, MO, U.S.A.); oxygen-18 
gas (97 atom%) was from Amersham International 
(Amersham, U.K.); bis-trimethylsilyltrifluoroace- 
tamide (BSFTA), trimethylsilylimidazole (TMSI), 
~methyichloro~ilane (TMCS) and heptatluoro- 
butyric anhydride were from the Tokyo Kasei 
Kogyo Co. Ltd (Tokyo, Japan). Phenobarbital, 3- 
methylcholanthrene (3-MC) and other chemicals 
were purchased from Wako Pure ChemicaIs (Osaka, 
Japan). ll-0x0-As-T?IC [12], As-THC-ll-oic acid 
[13] and 5’-nor-As-THC-4’-oic acid [14] were 
prepared by the previous methods. 

Preparation of microsomes and antibody, and 
pur#cation of cytochrome P45Os 

Male and female Sprague-Dawley rats (200-250 g) 
were used in the experiments. Phenobarbital (80 mg/ 
i:g/day) and 3-MC (~mg/kg/day) were injected 
i.p. for 4 and 2 days, respectively. Hepatic 
~c~somes were prepared by the method described 
previously [lS]. Cytochrome P45Os, UT-2 (IICll), 
UT-4 (IIA2) and UT-5 (IIC13), were purified from 
untreated male rats [16]; P45Os, MC-1 (X2) and 
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MC-5 (IAl), were from 3-MC-treated male rats; 
P45Os, PB-1* and PB-2 (IIC6), were from pheno- 
barbital-treated male rats [16]. Cytochrome P45Os, 
DM (IIEI) [18] and IF-3 (IIAI) [19], were purified 
from diabetic male rats and from immature female 
rats, respectively. Polyclonal antibody against the 
purified cytochrome P450 IICll was raised in female 
New Zealand White rabbits [20]. The IgG fraction 
from rabbit serum was obtained as described 
previously [20]. The antibody against cytochrome 
P450 IICll had some cross-reactivity with cyto- 
chrome P450 IIC6, amongst the cytochrome P45Os 
examined in the present study [21]. NADPH- 
cytochrome P450 reductase was purified from 
microsomes of untreated male rats [22]. 

Measurement of MALDO activity 

Microsomes. 11-0x0-As-THC (50 pg) was incu- 
batedwith hepaticmicrosomes(0.2 gliverequivalent) 
of untreated male rats, 0.5 mM NADP, 10mM 
MgQ, 10 mM glucose-6-phosphate, 1 unit glucose- 
6-phosphate dehydrogenase and 100 mM sodium- 
potassium phosphate buffer (pH 7.4) to make a final 
volume of 1 mL. The mixture was incubated at 37” 
for 10 or 20 min and then extracted with 5 mL of 
ethyl acetate after addition of 5’-nor-A*-THC-4’-oic 
acid as an internal standard. A portion of the extract 
was evaporated to dryness, and As-THC-11-oic acid 
formed was derivatized to methyl ester and 
heptafluorobutyrate as described previously [9]. As- 
THC-11-oic acid was determined by ECD-gas 
chromatography. The conditions were as follows: a 
Shimadzu GC-5A gas chromatograph equipped with 
an electron capture detector (63Ni); column, 1% XE- 
60 on Chromosorb W (6&80 mesh, 3 mm X 2 m); 
column temperature, 195”; injection and detector 
temperature, 210”; carrier gas, Nz, 50 mL/min. The 
formation of As-THC-ll-oic acid was linear under 
these conditions. 

Reconstituted system. 1 1-0x0-Aa-THC (20 kg) was 
incubated with purified cytochrome P450 (lO- 
20 pmol), 0.33 units NADPH-cytochrome P450 
reductase, 15 pgdilauroylphosphatidylcholine, 1 mM 
NADPH and 100 mM sodium-potassium phosphate 
buffer (pH 7.4) to make a final volume of 0.5 mL. 
The mixture was incubated at 37” for 30 or 60 min 
and then extracted with 5 mL of ethyl acetate, after 
addition of the same internal standard (0.5-l.Opg) 
as described above. After evaporation of the solvent, 
the residue was dissolved in 0.1 mL of ethyl acetate. 
A portion (1OpL) of the solution was subjected to 
silica-gel thin-layer chromatography (TLC) using a 
solvent system of n-hexane: acetone : diethylamine 
(20 : 10 : 1) or of benzene : ethanol : diethylamine 
(20: 10: 1). ll-0x0-As-THC and its metabolites were 
detected by spraying with 0.1% (w/v) aqueous 
solution of Fast Blue BB salt. Another portion 
(9OpL) of the solution was evaporated to dryness 
and the residue was methylated and then tri- 
methylsilylated [8]. The carboxylic acid metabolite 
was determined by GC/MS with the measurement 

* No corresponding form to P450 PB-1 has been reported. 
This form of P450 could not be identified according to the 
nomenclature of Nebert et al. [17]. 

of abundance ratio in the molecular ions of TMS- 
As-THC-11-oic acid methyl ester (m/2430) and 
TMS-5’-nor-As-THC-4’-oic acid methyl ester (m/z 
416) as reported for the determination of Ag-THC- 
11-oic acid [23]. The experiment under 1802 (97 
atom%) was performed as reported previously 
[8,11]. GC/MS was carried out at 70eV with a 
JEOL-GCG-06 gas chromatograph coupled with a 
JEOL JMS-DX 300 mass spectrometer and a JEOL- 
DA 5000 mass data system. The conditions were as 
follows: column, 2% OV-17 on Chromosorb W (60- 
80 mesh, 3 mm X 2 m); column temperature, 260”; 
ionizing current, 300pA; carrier gas, He 40 mL/ 
min. 

RESULTS 

Microsomal oxidation of ll-oxo-Aa-THC 

Rat hepatic microsomes exhibited MALDO 
activity in the oxidation of 11-oxo-As-THC to As- 
THC-11-oic acid, as described in the case of mice 
[9]. The specific activity was 0.77 nmol As-THC-ll- 
oic acid formed per min/mg (N = 4). A8-THC-ll- 
oic acid was not detected when the NADPH- 
generating system or the microsomes were omitted 
from the incubation system. NAD and NADP were 
not efficient cofactors for the microsomal oxidation 
of 11-oxo-As-THC to As-THC-11-oic acid. The 
activity with NAD or NADP was less than 5% of 
that with the NADPH-generating system. 

Formation of A8-THC-ll-oic acid by cytochrome 
P450 isozymes 

Figure 1 illustrates the TLC profiles of ethyl 
acetate extracts from the reaction mixture of ll- 
oxo-As-THC with cytochrome P450 isozymes under 
the reconstituted system. Fast Blue BB salt-positive 
spots at origin suggest the formation of As-THC-ll- 
oic acid. The spot at origin had the same mobility, 
Rf0.32, as synthetic As-THC-11-oic acid, with a 
solvent system of benzene : ethanol : diethylamine 
(20: 10: 1). This result indicates that the carboxylic 
acid metabolite is formed by the incubation of the 
aldehyde with cytochrome P45Os, IICll, PB-1, IIC6 
and IIAl. The other Fast Blue BB salt-positive 
spots, between R 0.2 and 0.4, suggest the formation 
of monohydroxy ated metabolites. GC-MS analyses f 
of these metabolites after methylation and tri- 
methylsilylation established the structures of some 
monohydroxylated metabolites and A8-THC-11-oic 
acid, as will be described in the next paragraph. 
Table 1 summarizes the catalytic activities of 
cytochrome P450 isozymes in oxidizing 1 1-oxo-As- 
THC to As-THC-11-oic acid in the reconstituted 
enzyme system. Among the cytochrome P450 
isozymes examined, P450 UC11 showed the highest 
activity, followed by P450 IIC6, P450 IIAl and P450 
PB-1. Other cytochrome P45Os, IIA2, IIC13, IIBl, 
IA2 and IAl, had relatively low catalytic activities. 
A8-THC-11-oicacid was not detectable in the extracts 
from the incubation mixture of 11-oxo-As-THC with 
cytochrome P45Os, IIB2 and IIEl, under the 
conditions used. All of the cytochrome P45Os that 
had higher catalytic activities were eluted in the 
pass-through fractions with an anion exchange HPLC 
[16, 191, suggesting that an ionic character may be 
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Fig. 1. Thin-layer chromatogram of 11-oxo-As-THC metabolites formed by cytochrome P450 isozymes. 
The solvent system was n-hexane : acetone: diethylamine (20: 10: 1). ll-0x0-A*-THC and its metabolites 
were detected as magenta-colored spots by spraying with 0.1% aqueous solution of Fast Blue BB salt. 

Table 1. Catalytic activities of cphrome P450 isozymes 
in the conversion of 11-0x0-A -THC to As-THC-11-oic 

acid 

Cytochrome Catalytic Other ll-oxo-As-THC 
P450 isozyme activity* metabolites formed$ 

IICll 
IIA2 
IIC13 
PB-1 
IIC6 
IIBl 
IIB2 
IA2 
IA1 
IIEl 
IIAl 

0.69 
0.08 
0.07 
0.23 
0.46 
0.02 
NDt 

o”.: 
ND 

4’-OH and 7 &OH 

7~OH and 7bOH 

7,8-OH 

l’-OH 
l’-OH and 3’-OH 

0.34 

Incubations and analyses were carried out as described 
in Materials and Methods. Each result represents the mean 
of 2 to 4 incubations. 

* nMo1 A*-THC-11-oic acid formed per min/nmol P450. 
t < 0.02. 
$ These metabolites were identified tentatively from 

their mass fragmentations. 

an important factor for accepting 11-oxo-As-THC as 
a substrate. 

Two monohydroxylated metabolites were formed 
by incubation of 11-oxo-As-THC with cytochrome 
P450 IICll. They were identified tentatively from 
their mass spectra on the basis of fragment patterns 
of THC metabolites described by Binder et al. [24] 
and Harvey [25]. The molecular ion of these 
metabolites showed at m/z488 and other charac- 
teristic ions at m/z 344, 117 and at m/z 303, 
suggesting that the two metabolites were 4’-OH- 
and 7/I-OH-11-oxo-As-THC, respectively. 7/I-OH- 
metabolite was also formed by cytochrome P45Os, 
PB-1 and IIBl. Cytochrome P450 PB-1 formed an 
additional metabolite that was identified as 7u+OH- 
ll-oxo-As-THC on the basis of its characteristic 
fragment ions at m/z 398 and 383 (M+ -90 and 

-0 i 2 j 
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Fig. 2. Effect of antibody against P450 IICll on MALDO 
activity in oxidation of 11-oxo-As-THC in male rat liver. 
Open and closed circles indicate the addition of IgG from 
untreated- and cytochrome P450 IICll treated-rabbit 
serum, respectively. The indicated amount of IgG was 
preincubated with hepatic microsomes for 30 min at 37”. 
MALDO activity was assayed as described in Materials 
and Methods. The activity was expressed as a percentage 
of the control value (0.99 nmol A*-THC-11-oic acid formed 

per min/mg protein). 

M+ -105) in the mass spectrum. Cytochrome P45Os, 
MC-1 and MC-5, which are forms induced by 3-MC, 
formed monohydroxylated metabolites oxidized on 
the pentyl side chain at the 1’ and 3’ positions. The 
characteristic fragment ions of these metabolites 
were m/z431 (M+ -57, l’-OH) and m/z 344 
(M+ -144,3’-OH). 

Inhibition with antibody 

The inhibitory effect of antibody against purified 
cytochrome P450 IICll on the formation of As- 
THC-ll-oic acid in the presence of hepatic 
microsomes of male rats is shown in Fig. 2. The 
formation of As-THC-11-oic acid was suppressed 
with increasing amounts of antibody. At a 
concentration ratio of 3 mg IgG/mg microsomal 
protein, the reaction was inhibited by 64%, while 
IgG from control rabbit did not inhibit the reaction 
at all. 
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Fig. 3. Mass spectrum of A*-THC-11-oic acid formed by P450 IICll under ‘sO, f9? atom%). 

Incorporation of molecular oxygen into A8-THC-ll- 
oic acid 

The oxidation of 11-OXO-A*-THC to A8-THC-ll- 
oic acid catalysed by P450 IJCll was confirmed to 
be an oxygenation reaction. A mass spectrum of 
methyl ester and t~methylsilylated derivative of A%- 
THC-ll-oic acid formed under air showed a 
molecular ion at m/z 430 (relative intensity, 100) 
and other major fragment ions at m/z 374 (62 ,303 

? (48) and 265 (14). The fragment ion at m z 374 
results from the loss of butylene by cleavage of the 
pentyl side chain, as su gested by Harvey [26]. 
Fragment ions at both m B z 303 and 265 involve the 
pentyl side chain and result from the loss of a carbon 
atom at the 11-position. Figure 3 summarizes a mass 
spectrum of the same derivative of the carboxylic 
acid metabolite formed under 1802 (97atom%). A 
molecular ion at m/z 432 (100) and a latent ion 
at m/r 376 (58) indicate that one atom of oxygen- 
18 was exclusively incorporated from molecular 
oxygen into the carboxyhc acid metabolite formed. 

Rat hepatic microsomes, like mouse hepatic 
microsomes [9], catalysed the oxidation of ll-oxo- 
Aa-‘R-K to AS-THC-11-oic acid. Rat hepatic 
microsomes are known to contain aldehyde dehydro- 
genase which is an enzyme well known to oxidize 
aldehyde [27,28]. However, the NADPH-generating 
system was an essential requirement for the 
microsomal oxidation of ll-oxo-A*-THC to A8- 
THC-ll-oic acid, whereas aldehyde dehydrogenase 
requires NAD or NADP as a cofactor. In the present 
study, NAD- or NADP-dependent oxidation of ll- 
oxo-AS-THC was negligible, indicating that MALDO 
is an enzyme distinct from aldehyde dehydrogenase 
and that 11-oxo-A*-THC is not a substrate for 
aldehyde dehydrogenase in rat hepatic microsomes. 

The oxidation of 11-oxo-AM-THC to AKTHC-ll- 
oic acid in rat hepatic microsomes could be catalysed 
by cytochrome P450 since some of the constitutive 
cytochrome P45Os (IICll, PB-1, IIC6) have a 
catalytic activity for the oxidation. Among them, 
cytochrome P450 IICll, which is one of the major 

forms of cytochrome P450 expressed in hepatic 
microsomes of male rats [29], showed the highest 
catalytic activity. MALDO activity in adult male rat 
liver was suppressed more than 60% by the addition 
of the antibody against purified cytochrome P450 
IICll. These results suggest that cytochrome P450 
IICll is a major isozyme res onsible 
oxidation of 1 1-oxo-As-THC to A f 

for the 
-THC-1 1-oic acid 

in the hepatic microsomes of male rats. Cytochrome 
PB-1, which is ~nstitutively expressed in hepatic 
microsomes of male rats [30], may also participate 
partially in the formation of As-THC-11-oic acid in 
the microsomes. The mechanism for this aldehyde 
oxidation catalysed by cytochrome P450 IICll was 
oxygenation, since one atom of oxygen was 
incorporated from molecular oxygen into the 
carboxylic acid formed. The oxygenation mechanism 
has already been established for the same reaction 
catalysed by cytochrome P450 MUT-2 purified from 
hepatic microsomes of male mice Ill]. 

We suggested previously that the oxidation of 
aldehyde to carboxylic acid is a common function of 
cytochrome P45Os. In endogenous compounds, 
Soberman et al. [31] suggested that cytochrome 
P450Lra, which catalyses the o-oxidation of leu- 
cotriene Bq, could oxidize leucotriene B,, aldehyde 
toitscarboxylicacid. Recently,GansandWerringloer 
[32] suggested that cytochrome P450 BE1 has a 
catalytic activity in the oxidation of aliphatic 
aldehydes. Cytochrome P450 IIEl showed negligible 
activity in oxidizing 11-oxo-ABTHC to As-THC-il- 
oic acid in the present study. These findings indicate 
that cytochrome P450 isozymes show different 
catalytic activities with different aldehyde substrates. 

The present study demonstrates that all the 
cytochrome P45Os examined, except for cytochrome 
P450 IIB2 and IIEl, shows some catalytic activity 
in the oxidation of 11-oxo-As-THC to A”-THC-ll- 
oic acid. The results support the view that the 
catalytic activity of cytochrome P450 in oxidizing 
aldehydes to carboxylic acids is a common function 
of the enzyme. 
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