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Previous studies demonstrated that liver microsomes from untreated rats catalyze 
the w, w-l, and w-2 hydroxylation of prostaglandins [K. A. Holm, R. J. Engell, and D. 
Kupfer (1985) Arch. Biochem. Biophys. 237, 477-4891. The current study examined the 
regioselectivity of hydroxylation of PGEi and PGE, by purified forms of P-450 from 
untreated male and female rat liver microsomes. PGEl was incubated with a reconsti- 
tuted system containing cytochrome P-450 RLM 2, 3, 5, 5a, 5b, 6, or f4, NADPH-P-450 
reductase, and dilauroylphosphatidylcholine in the presence or absence of cytochrome 
b5. Among the P-450 forms examined, only RLM 5 (male specific), 5a (present in both 
sexes), and f4 (female specific) yielded high levels of PGE hydroxylation. With PGE1, 
RLM 5 catalyzed solely the w-l hydroxylation and 5a catalyzed primarily the w-l and 
little o and w-2 hydroxylation. By contrast, f4 effectively hydroxylated PGEl and PGE, 
at the w-1 and at a novel site. Based on retention on HPLC and on limited mass 
fragmentation, we speculate that this site is w-3 (i.e., 17-hydroxylation). Kinetic analy- 
sis of PGEl hydroxylation demonstrated that the affinity of f4 for PGE, is approxi- 
mately loo-fold higher than that of RLM 5; the K, values for f4, monitoring 19- and 
17-hydroxylation of PGEi, were about 10 PM. Surprisingly, cytochrome b5 stimulated 
the activity of RLM 5a and f4, but not that of RLM 5. Hydroxylation of PGEZ by RLM 5 
was at the W, w-l, and w-2 sites, demonstrating a lesser regioselectivity than with PGEl. 
These findings show that the constitutive P-450s differ dramatically in their ability to 
hydroxylate PGs, in their regioselectivity of hydroxylation, and in their cytochrome bs 
requirement. Q 1988 Acndemie Press, Inc. 

Prostaglandins (PGs)~ are metabolized 
in mammals in viz?0 by a variety of enzy- 
matic reactions. The excreted metabolites 
are primarily dinor and tetranor w car- 
boxy and w-l hydroxy products (l-5). Pre- 

1 To whom correspondence should be addressed. 
a Abbreviations used: PGs, prostaglandins; PGEl, 

prostaglandin Er; PGEa, prostaglandin Ea; PGEs, 
prostaglandins E1 and E,; PGBI, prostaglandin BI; 
RLM, rat liver microsome; BSA, bovine serum albu- 
min; SDS-PAGE, sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis; DLPC, dilauroylphospha- 
tidylcholine. 

vious investigations suggested that the w- 
carboxyl of the PG metabolites is gener- 
ated by an initial w hydroxylation followed 
by oxidation of the hydroxyl (1,6-g). Stud- 
ies to characterize the enzymes involved in 
the hydroxylation of PGs, revealed that 
microsomal cytochrome P-450 monooxy- 
genases in a variety of tissues from sev- 
eral mammalian species catalyze the hy- 
droxylation of PGs at the w and at other 
sites of the alkyl chain (9-14). Subse- 
quently, using a reconstituted system with 
different P-450 forms, primarily from 
rabbit liver but also from other tissues, it 
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was shown that there is a considerable 
variation in activity and regioselectivity 
of hydroxylation of PGs among the P-450 
forms (9, 15-21). Whereas, rabbit liver 
P-450 forms 2, 4, 6, and 7 demonstrated 
high hydroxylase activity, forms 3a, 3b, 
and 3c exhibited little or no PGE hydrox- 
ylase activity (16-18). Additionally, regio- 
selectivity of hydroxylation of PGEs has 
been demonstrated: form 2 hydroxylated 
PGEl and PGEz, primarily at w-l and 
minimally at w position, form 4 hydrox- 
ylated at w-l, form 6 at both w-l and w-2, 
and form 7 hydroxylated PGEs solely at 
the o site (16-18). These findings led to 
speculations that PGs serve as endogenous 
substrates of certain forms of P-450 (9). 

Although treatment with phenobarbital 
and 3-methylcholanthrene, respectively, 
stimulate w-l and w-2 hydroxylation of 
PGEs in male rats (22, 23), recent obser- 
vations from this laboratory reveal that 
liver microsomes from untreated male 
rats can catalyze w, w-l, and w-2 hydroxy- 
lation of PGEs (22). Sexual dimorphism of 
hepatic monooxygenases in rats is well 
documented (24, 25). More recently, the 
isolation of developmentally controlled fe- 
male-specific and male-specific P-450 
forms from rat liver (26-32) provided an 
explanation for sexual dimorphism ob- 
served in microsomal monooxygenase ac- 
tivity. These findings indicate that using 
individual forms of the hemoprotein, mi- 
crosomal metabolites can be identified as 
to their source of formation. The current 
study was designed to determine whether 
purified forms of P-450 from livers of un- 
treated male and female rats (referred to 
as constitutive P-450s) catalyze the hy- 
droxylation of PGs and to establish which 
P-450s in microsomes are responsible for 
catalyzing hydroxylation at the various 
sites of the PGE molecule. Particular em- 
phasis was placed on possible differences 
between the site-specific activity of the 
female-specific and male-specific P-450s 
and whether these differences are also ex- 
pressed in liver microsomes from male 
and female rats.3 

a A preliminary account of this investigation was 
previously presented as an abstract [Kupfer, D., 
Jansson, I., and Schenkman, J. B. (1987) Fed. Proc. 
46(3), 379, Abstr. 3631. 

EXPERIMENTAL PROCEDURES 

Compounds. Glucose-6-phosphate dehydrogenase 
(EC 1.1.1.49), D-glucose 6-phosphate monosodium 
salt, NADP, and NADPH were purchased from Sigma 
Chemical Co. (St. Louis, MO). [5,6-“H]PGEi (50 Ci/ 
mmol) was purchased from Amersham (Arlington 
Heights, IL) and [5,6,8,11,12,14,15-“HIPGEe (200 Ci/ 
mmol) was purchased from NEN (Boston, MA). Pros- 
taglandins (unlabeled) were obtained from IJpjohn 
Co. (Kalamazoo, MI) and from Ono Pharmaceutical 
Co. (Japan). Acetonitrile for HPLC, a Burdick and 
Jackson product, was obtained from American Scien- 
tific Products (McGaw Park, IL). 

Animals and hepatic microsomes. Sprague-Dawley 
CD male and female rats were obtained from Charles 
River Breeding Labs (Wilmington, MA). Liver mi- 
crosomes were prepared as previously described (33). 
The microsomal pellet was resuspended in ice-cold 
1.15% aqueous KC1 solutions and centrifuged again 
for 1 h at 105,OOOg. The microsomal pellet was cov- 
ered with fresh 1.15% KC1 solution and stored frozen 
at -70°C. Prior to use, the microsomes were thawed 
and resuspended in fresh ice-cold KC1 solution. Pro- 
tein determinations were made by a modification 
(34) of the Lowry procedure (35), using BSA as stan- 
dard 

Pu+ication of microsomal enzymes. The purifica- 
tion of RLM 2 from untreated male rats has been 
described (36). Forms RLM 3 and RLM 5 from un- 
treated male rats were purified according to the 
method of Cheng and Schenkman (30). The purifica- 
tion of RLM 5a and RLM f4 has recently been de- 
scribed (37). These forms were isolated from female 
rats, although RLM 5a also can be purified from male 
rats. RLM 5b and RLM 6 were purified from diabetic 
male rats as described (38). The specific contents of 
these purified forms of cytochrome P-450 are 16 
(RLM 2), 16 (RLM 3), 16 (RLM f4). 12 (RLM 5), 14 
(RLM 5a), 12 (RLM 5b), and 14 (RLM 6) nmol/mg of 
protein. The isolated RLM P-450s exhibited homoge- 
neity on SDS-PAGE (Fig. 1). NADPH-cytochrome 
P-450 reductase was purified from liver microsomes 
of untreated rats according to the method of Yasu- 
kochi and Masters (39). The reductase preparation 
catalyzed the reduction of cytochrome c at a rate of 
1.9 units/nmol of reductase (1 unit = 1 pmol of cy- 
tochrome c reduced/min at 22°C in 0.1 M Tris-Cl 
buffer, pH 7.5) and exhibited a specific content. of 12 
nmol/mg of protein. Cytochrome b, was purified 
from liver microsomes of untreated rats as pre- 
viously described (40). The specific content of this 
preparation was 42 nmol/mg of protein. 

Incubation. [‘H]PGE, (0.1 or 0.5 mM, 0.05 PCi) or 
[aH]PGE, (0.5 mM, 0.05 PCi) was added in ethanol to 
glass scintillation vials, the ethanol was evaporated 
to dryness at room temperature under a stream of 
nitrogen, and the incubation with microsomes or re- 
constituted system was carried out as described 
below: 
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High-performance liquid chromatography and 
quantitation of metabolites. A small volume of metha- 
nol was added to the dried extracts containing the 
PGB derivatives. To determine recoveries, an aliquot 
was taken for radioactive determination in a scintil- 
lation spectrometer and another aliquot, typically 
l-10% of the extract, was subjected to HPLC as pre- 
viously described (14, 22). The remainder of the ex- 

. . tract was kept dry under argon at ~20°C to be uti- 
lized for isolation and characterization of products. 
Quantitation of hydroxylated metabolites was 

-, achieved from areas under the corresponding HPLC 
peaks (using standard curves obtained with 19-OH- 
PGBi or IS-OH-PGBe) and corrected for recoveries 
(14). Loss of tritium (16-20s) from labile sites dur- 
ing conversion of PGE2 to PGB, was corrected for in 

FIG. 1. SDS-PAGE analysis of constitutive RLM calculating recoveries. 

forms of cytochrome P-450 isolated from male and Isolation and characterization of metabolites. The 

female rats. Tracks from left to right contained RLM residual extract (stored at -20°C) was subjected to 

2 (1). RLM 3 (2), RLM f4 (3), RLM 5 (4), RLM 5a (5), HPLC and the metabolites were isolated from the 

RLM 5b (6), and RLM 6 (7). One microgram of each eluate fractions by evaporating the liquid under a 

protein was used. stream of nitrogen. Characterization of the metabo- 
lites was based on their retention time and by coin- 
jection with authentic compounds on HPLC. The au- 
thentic compounds were obtained as follows: 18-OH- 

Microsames. The incubation contained potassium 
phosphate (50 mM, pH 7.4), MgC12 (10 mM), and EDTA 
(1 mM). The microsomal suspension (for protein con- 
centrations see tables) was added and the vials were 
preincubated for 2 min at 3’7°C. Reaction were initi- 
ated with NADPH (1.2 mM) and NADPH-regenerat- 
ing system (38.8 mM glucose 6-phosphate and 3 IU 
glucose-6-phosphate dehydrogenase) for 30 min at 
37”C, in 1 ml final volume, as previously described 
(13); linearity of product formation for at least 30 
min was previously established. Reactions were ter- 
minated as described below. 

Reconstituted cytochrome P-450 metabolizing sys- 
tem The cytochrome P-450 metabolizing system was 

PGBs were from incubations of PGEi and PGE, with 
liver microsomes from methylcholanthrene-treated 
rats (22), 19-OH-PGBs were generated from 19-OH- 
PGEi and 19-OH-PGBz was isolated from human 
semen as previously described. X0-OH-PGBi was de- 
rived from 20-OH-PGEi, obtained from Ono Phar- 
maceutical Co., and 20-OH-B2 was isolated from in- 
cubation of PGEz with rabbit liver microsomes (14). 
The isolated metabolites were converted to their re- 
spective methyl esters by ethereadiazomethane and 
analyzed by HPLC. The methyl esters were converted 
to their respective trimethyl silyl ether derivatives 
and subjected to GC/MS analysis as previously de- 
scribed (14, 17). 

reconstituted into dilauroylphosphatidylcholine 
(DLPC) vesicles as previously described (36). The RESULTS 

final concentrations of assay components in 1 ml 
were as follows: [3H]PGE1 or [aH]PGEz (0.5 mM, 0.05 

Several forms of rat liver microsomal 

&i), 50 mM sodium phosphate buffer, pH 7.25,lO mM 
cytochrome P-450 (RLM), from untreated 

MgClz, 5 mM glucose-6-phosphate, 2 units of glucose- rats, were examined as to their ability to 
6-phosphate dehydrogenase, and 25 pM DLPC vesi- catalyze the hydroxylation of PGEi. Ad- 
cles containing 0.15 pM cytochrome P-450, 0.15 FM ditionally, in view of previous observa- 
NADPH-cytochrome P-450 reductase, and with or tions that certain forms of P-450 require 
without 0.15 pM cytochrome bS. The metabolism stud- cytochrome b5 for PG hydroxylating activ- 
ies were performed at 37°C. The reaction was initi- ity (16, 18), the effect of bs on this activity 
ated by the addition of NADPH to a final concentra- was determined (Table I). Results demon- 
tion of 0.5 mM. The reaction, in incubations with mi- 
crosomes or reconstituted system, was terminated by 

strate that whereas RLM 2,3,5a, 5b, and 6 

addition of 10 ml ethanol and the PG metabolites 
exhibit low hydroxylating activity, f4 and 

were isolated as previously described (17). In the 
5 are highly active, the former being fur- 

course of the workup, PGEs and their respective me- ther stimulated by b5 and the latter unaf- 
tabolites were converted by base-treatment to the fected by bg. The activity of form 2 was 
corresponding PGB derivatives to facilitate their de- lower, but also stimulated by b5, an obser- 
tection by uv spectroscopy. vation also made with form 5a. Interest- 
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TABLE I 

EFFECT OF CYTOCHROME b5 ON HYDROXYLATION OF PGEi BY CONSTITUTIVE MALE 
AND FEMALE RAT LIVER P-450s 

Hydroxylated products 
(nmol product/30 min/nmol P-450) 

Total 
P-450 RLM bs Xl 18 19 20 metabolites 

2 - 3.6 3.6 
+ 5.9 5.9 

3 - 2.5 2.5 
+ 2.3 2.3 

f4 - 15.7 14.9 Trace 30.6 
+ 21.7 21.5 Trace 43.2 

5 - 53.3 53.3 
t 50.0 50.0 

5a - 0.7 5.8 0.7” 7.2 
+ 2.3 12.1 2.1 16.5 

5b - 1.9 1.9 
t 2.6 2.6 

6 - 2.1 2.1 
+ 2.0 2.0 

Note. Cytochrome P-450 RLM fractions (0.15 PM) were reconstituted in DLPC (25 PM) vesicles containing 
0.15 ELM NADPH cytochrome P-450 reductase with or without 0.15 pM cytochrome b5. Incubations were 
conducted with [3H]PGE1 (0.5 mM), in the presence of NADPH (0.5 mM) and NADPH regenerating system, for 
30 min at 37°C. The prostaglandin products were isolated as PGB derivatives and quantitated by reversed- 
phase HPLC as described under Experimental Procedures. 

a Low amounts and poor separation of 20-OH-PGB1 from the other products permitted only approximate 
quantitation. 

ingly, all of the RLMs exhibited w-l hy- 
droxylase activity. This was not surpris- 
ing, since 19-hydroxylation represents the 
major activity in liver microsomes from 
untreated rats (see below, Fig. 2). RLM 5a 
was the only form which demonstrated 
significant o hydroxylation (20-OH) 
(Table I); this enzyme also showed equiva- 
lent w-2 hydroxylation (18-OH) (Fig. 3), an 
activity not observed with the other puri- 
fied forms of P-450. A highly interesting 
observation was the finding that the fe- 
male-specific form, f4, yielded a novel 
PGEl metabolite, initially referred to as 
X1, hitherto not observed;* this metabolite 

4 In the course of isolation of 1%OH-PGBi from 
incubations of PGEi with rabbit liver P-450 LM6, we 
detected a small amount of chromatographically less 
polar PGBi derivative (K. A. Holm and D. Kupfer, 
unpublished); whether that product is identical to 

is less polar on reversed-phase HPLC than 
the corresponding 1%hydroxy metabolite 
(Fig. 4) and was formed in similar 
amounts to that of the 19-OH metabolite 
(Table I). We tentatively suggest that this 
metabolite is 17-OH-PGEi. Cytochrome b5 
stimulated the formation of both metabo- 
lites by about 50%. 

The incubation of PGE2 with several 
RLM P-450s yielded qualitatively similar 
resuls to those obtained with PGEl (Table 
II); however, some differences are appar- 
ent. Whereas with PGEl, form 5 produced 
almost exclusively the 19-OH product, 
with PGEz in addition to the 19-OH me- 
tabolite, significant amounts of the 1% 
and 20-OH metabolites were also ob- 
served. 

the one isolated from incubation of PGEi with f4, has 
not been established. 
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A decrease in the concentration of PGEl 
from 0.5 to 0.1 mM, did not decrease the 
extent of formation of metabolites by 
form f4, while the metabolism by form 5 
was substantially diminished. This sug- 
gested that there is a considerable differ- 
ence in affinity between these two forms 
of P-450 for PGEi. In fact, kinetic studies 
supported this suggestion (Table III); the 
apparent K, value for f4 was about 10 PM, 
while the value for form 5 was in excess of 
1 mM, indicating that f4 had a much 
higher affinity for PGEi. The extremely 
large differences in K, values indicate 
that at concentrations lower than 0.5 mM 
the rates of hydroxylation by forms with 
low affinity for PGEs would be substan- 
tially altered so that their relative activi- 
ties would markedly differ from those in 
this study. Incidentally, because of poten- 
tial solubility problems, the use of concen- 
trations of PGEs higher than 0.5-l mM is 
impractical. 

3 
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FIG. 2. HPLC analysis of extracts containing pros- 
taglandin metabolites (as PGB derivatives) from in- 
cubation of PGEr with liver microsomes from mature 
male (A) and female (B) rats. A Cs (5 pm) reversed- 
phase Whatman column was used. The mobile phase 
was 24% CH&N/H20 containing 0.01% acetic acid, 
run at 2 ml/min. Monitoring was at 278 nm, using 
0.001 absorbance units full scale. Arrow indicates in- 
jection point. Peak 1 = 19-OH-PGBI; Peak 2 = 20- 
OH-PGB1; Peak 3 = 18-OH-PGBr. 
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FIG. 3. HPLC analysis of an aliquot of an extract 
containing prostaglandin metabolites (as PGB deriv- 
atives) from an incubation of PGEr with RLM 5a (A). 
Coinjection of an aliquot of an extract with authentic 
18-OH-PGB1 and 20-OH-PGBI (B). Conditions were 
as in Fig. 2. Peak 1 = 19-OH-PGBr; Peak 2 = 20-OH- 
PGBl; Peak 3 = 18.OH-PGB,. 

Based upon immunological data from 
several laboratories, the content of P-450 
f4 protein in mature female rat liver mi- 
crosomes ranges from 0.23 nmol/mg (27, 
31) to 0.35 nmol/mg protein (29). The ob- 
servation of the formation of a novel PGE 
mtabolite by f4, the female-specific P-450, 
suggested that liver microsomes from ma- 
ture female rats would also catalyze the 
formation of significant amounts of this 
metabolite. Surprisingly, our studies 
failed to demonstrate the formation of 
this metabolite by liver microsomes from 
mature female rats (Table IV). Since f4 is 
present in minimal amounts in adult male 
rats (27,29,31) and appears to be develop- 
mentally controlled in female rats,5 it was 
anticipated that microsomes of immature 
female and mature male rats would not 

‘This assumes that f4 is identical to the female- 
specific 150 hydroxylase of steroid sulfates (27), and 
to female-specific P-450 described by Waxman (26) 
and by Kamataki et al. (29), and to P-450i (41). Its 
catalytic activity spectrum and NHz-terminal amino 
acid sequence are the same (37, 42). 
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FIG 4. HPLC analysis of an aliquot of an extract containing prostaglandin metabolites (as PGB 
derivatives) from an incubation of PGEi with RLM f4 (A). Coinjection of an aliquot of the extract 
with 19-OH-PGBi (B) and 1%OH-PGBi (C). Conditions were as in Fig. 2. Peak 1 = 19-OH-PGBi; 
Peak 2 = 20-OH-PGBi (1); Peak 3 = 18-OH-PGB,; Peak 4 = PGB derivative of X1. 

produce detectable amounts of this PGE l&OH metabolite, was ruled out: (a) 
metabolite. As anticipated, liver micro- Based on Km determinations with f4, the 
somes from mature male or immature fe- novel metabolite should have been formed 
male rats did not form this metabolite by a high affinity enzyme; however, the 
(Table V). The possibility that this metab- metabolite with retention time corre- 
olite was indeed formed by liver micro- sponding to 1%OH-PGB1 appeared to be 
somes from mature females but remained formed by low affinity enzyme(s), as evi- 
undetected by being chromatographically dent by a marked decrease in its formation 
indistinguishable from the corresponding when the concentration of PGEl was de- 

TABLE II 

EFFECTOFCYTOCHROME~~ONHYDROXYLATIONOFPGE~BYCONSTITUTIVEMALE 
AND FEMALE RATLIVER P-450s 

Hydroxylated products 
(nmol product/30 min/nmol P-450) 

P-450 RLM 18 19 20 
Total 

metabolites 

5 - 8.3 52.1 2.0 62.4 
+ 13.1 49.9 2.9 65.9 

5a 3.1 14.9 0.5a 18.5 
+ 15.7 60.3 3.4 79.4 

f4 - 3.7 6.6 1.3 11.6 
+ 3.7 14.3 1.8 19.8 

a Because of low amounts of this product, the quantitation was only approximate. Conditions were the same 
as in Table I, except that [aH]PGEa (0.5 mM) was used. 
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TABLE III 

KINETIC~ONSTANTSFOR PGEi HYDROXYLATIONBY P-450RLMf4 AND 5 

Hydroxylated PGEi 

P-450 

f4 
5 

Sex 
specific 

Female 
Male 

Xl 19-OH 

Km t&M) V maxa Km (PM) V rIma 

9.6 0.34 10.6 0.40 
>1000* -10 

Note. Conditions were the same as in Table I, except that [3H]PGE1 concentration was varied from 0.005 to 
0.1 mM and incubations were conducted for 10 min. The kinetic parameters were obtained by a Lineweaver- 
Burk double reciprocal plot of velocity of product formation versus concentration of PGEl 

a nmol/min/nmol P-450. 
* Values between 1 and 2 mM. 

creased from 0.5 to 0.1 mM (Table IV) and 
(b) Separation of the B-OH metabolite 
from the novel metabolite was demon- 
strated by coinjection of the extract, from 
microsomal incubation of PGEl, with me- 

TABLE IV 

EFFECTOF SUBSTRATE CONCENTRATIONONPGE, 
HYDROXYLATIONBYLIVERMICROSOMESFROM 

MATUREMALEANDFEMALERATS 

Sex 

Male 
Male 

Female 
Female 

PGE, 
(mM) 

0.5 
0.1 

0.5 
0.1 

PGEi hydroxylation” 
(nmol/30 min/mg 

protein) 

18 19 20 

1.54 6.34 1.87 
0.58 2.88 0.83 

0.58 2.20 0.80 
0.25 1.00 0.42 

Note. Incubations were conducted in 1 ml volume 
containing l-l.2 mg microsomal protein (pooled from 
four rats) and 0.5 or 0.1 mM [3H]PGE, (0.05 &i) for 30 
min at 37°C in the presence of NADPH (1.2 mM) and 
NADPH regenerating system (see Experimental 
Procedures). Incubations were terminated by the ad- 
dition of 10 ml ethanol and the products were iso- 
lated and quantitated by reversed-phase HPLC, as 
described under Experimental Procedures. Mature 
male rats were lo-11 weeks old and mature female 
rats were 9 weeks old. 

a The amounts of Xi formed, detected as a shoulder 
to the 18-OH peaks, were too low for accurate quan- 
titation. 

tabolite X1 (Fig. 5). Although not formed 
in significant amounts, X1 could be demon- 
strated, albeit in very low amounts. This 
was determined by combining extracts 
from several incubations and subjecting a 
larger portion of the extract to HPLC 
analysis (not shown). 

TABLE V 

COMPARISONOFPGE~HYDROXYLATIONBYLIVER 
MICROSOMESFROM IMMATUREANDMATURE 

MALEANDFEMALERATS 

PGEi 
hydroxylation * 

(nmol/30 min/mg 
protein) 

Sex Development” 18 19 20 

Male Immature 0.58 1.15 0.62 
Male Mature 1.54 6.34 1.87 

Female Immature 0.36 0.95 0.49 
Female Mature 0.58 2.20 0.80 

Note. Microsomal preparations were obtained 
from a pool of livers from four (mature) and nine 
(immature) rats. Incubations were conducted as de- 
scribed in Table IV, except that the concentrations of 
microsomal proteins were between 1.0 and 1.4 mg per 
incubation. 

aImmature, 19 days old; mature males, lo-11 
weeks old; mature females, 9 weeks old. 

*The amounts of X1 detected were too low for 
quantitation. 
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FIG. 5. HPLC analysis of an aliquot of an extract containing prostaglandin metabolites from an 
incubation of liver microsomes from mature female rats with PGEi (A). Chromatogram of PGB 
derivative of compound X1 isolated from incubation of PGE, with RLM f4 (B). HPLC of a coinjection 
of extract from (A) with compound X1 (C). Conditions were as in Fig. 2. Peak 1 = 19-OH-PGBi; Peak 
2 = 20-OH-PGBi; Peak 3 = 18-OH-PGB1; Peak 4 = PGB derivative of Xi. 

Maturation of both male and female 
rats resulted in a marked increase in mi- 
crosomal PGEl hydroxylation (Table V). 
In the female, the increase in hydroxyla- 
tion due to maturation was similar at the 
various sites, being about twofold at C-18, 
C-19, C-20. By contrast, in the male, matu- 
ration caused a much larger increase in 
hydroxylation at C-19 (sixfold) than at 
other sites (threefold). This increase in 
19-hydroxylation in the male is probably 
due to the appearance of several develop- 
mentally controlled male-specific P-45Os, 
such as RLM 2, 3, and 5 (27-30, 34), all of 
which catalyze the 19-hydroxylation of 
PGEl (Table I). 

DISCUSSION 

The current findings demonstrate a di- 
versity of regioselectivity of hydroxyla- 
tion of PGEs (Fig. 6) by constitutive forms 
of rat liver P-450s. A most interesting 
finding is the observation that female- 
specific P-450 form f4 catalyzed the for- 
mation of 19-hydroxy metabolites plus 
novel metabolites of PGEl and PGE2, X1 
and Xa, respectively. Based on the longer 
retention time on reversed-phase HPLC of 
X1 and XZ than of the corresponding 

l&OH, 19-OH, and 20-OH metabolites, we 
speculate that these novel metabolites are 
the corresponding 17-OH metabolites 
formed by w-3 hydroxylation. A possibility 
was considered that the metabolites may 
be ketones resulting from subsequent oxi- 
dation of monohydroxylated metabolites; 
the latter pathway was observed in the 
conversion of testosterone to androstene- 
dione by rat liver monooxygenases (43,44). 
However, the speculation that X1 is the 
17-hydroxylated metabolite of PGEl is 
supported by preliminary mass fragmen- 
tation studies of the methyl ester tri- 
methylsilyl ether of PGBl derivative of X1, 
yielding an M-t at m/x = 510, correspond- 
ing to the molecular ion of the derivatized 
monohydroxylated metabolite and a sig- 
nificant ion at m/x = 364 [M -(146)]+; the 
latter possibly representing a loss of 
[CH&H&HzCHOTMS + 11. Previously, we 
observed that mass fragments (m/x) 117 
and 131 were diagnostic ions of 19- and 
l%hydroxylation, respectively (14, 17, 24); 
therefore, we expected a mass fragment at 
m/x = 145 [CH&H&H&HOTMS] if X1 an 
XZ were indeed the 17-hydroxylated 
metabolites. However, the presence of this 
ion or other ions in that portion of the 
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OH 6” 

PGE, 

FIG. 6. Pathways of metabolism of PGEl by various RLM P-450 forms from liver microsomes of 
untreated male and female rats; w-hydroxylation by RLM 5a, w-l by RLM 23, f4,5,5a, 5b, and 6; w-2 
by RLM 5a; and w-3 by RLM f4. 

mass spectrum was not detected because 
of low mass contamination, thereby pre- 
cluding a more conclusive identification 
of x1. 

It is of interest that whereas catalysis of 
PGEl hydroxylation by f4 occurs with 
high affinity, hydroxylations at w, w-l, and 
w-2 by other rat liver P-450s exhibit low 
affinity catalysis. By contrast in rabbit 
liver reconstituted systems and micro- 
somes, only the w hydroxylation is cata- 
lyzed by a high affinity enzyme (14,16-H). 
The minimal production of metabolite X1 
by microsomes of the mature female rat is 
puzzling in view of the high activity of the 
RLM f4 for PGEl and PGEB (this paper) 
and its fairly high levels in these micro- 
somes (27, 29, 31). Perhaps in microsomes 
this enzyme competes poorly for reduc- 
tase; however, the possibility exists that 
enzyme configurations in reconstituted 
systems may differ sufficiently from those 
in microsomes as to generate unusual 
products. Alternatively, there is a possi- 
bility that X1 is formed in significant 
quantities by microsomes, but undergoes 
further metabolism into products which 
are not detected by our methods. The reso- 
lution of this dilemma would require fur- 
ther investigation. 

The effects of cytochrome b5 on the hy- 
droxylation of PGs by RLMs were quanti- 

tatively and qualitatively different from 
those previously obtained with p-nitroan- 
isole or benzphetamine as substrates (45). 
Cytochrome b5 strongly stimulated de- 
methylation of p-nitroanisole by both 
RLM 5 and 5a, but had little or no effect on 
benzphetamine demethylation (45); by 
contrast, only the 5a-catalyzed hydroxyla- 
tion of PGEs was stimulated by b5 and the 
stimulation was not as pronounced as in 
the case of the demethylation of p-ni- 
troanisole. Similarly, strikingly different 
effects by bs have been previously observed 
with rabbit liver LM 2; there was almost 
an absolute requirement for b5 in PGE, 
hydroxylation (16), but not for benzphet- 
amine demethylation (46). Currently we 
have no explanation for these differences 
in bs effects. 
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