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Abstract. We have investigated whether the androgen-induced masculine differentiation of 
the sex organs involves an induction of phospholipases. We have measured phosphatidylinosi- 
tol-specific phospholipase C and phosphatidylcholine-specific phospholipase A2 in the repro- 
ductive tract of male and female mouse (CD-I) fetuses at the 18th day of gestation. We report 
here that (1)  the activity of these two enzymes is higher in the male genitalia than in the female 
genitalia; (2) exogenous testosterone at the 13th to 17th day of pregnancy induces both phos- 
pholipase A2 and phospholipase C in the female fetal genitalia; and (3) prenatal administration 
of cyproterone acetate, an antiandrogen, known to produce feminized males, completely 
prevents the stimulation of phospholipase A2 and C by testosterone in the female fetuses. 
In the male fetuses, however, cyproterone acetate inhibits the PLC activity but is unable 
to alter phospholipase A2 activity. These findings provide evidence that the mechanism by 
which testosterone organizes the genitalia may involve a modification of phospholipases A2 
and c. 0 1988 Society for Experimental Biology and Medicine. 

Since 1940, it has been known that mascu- 
line differentiation of genitalia is determined 
by the functioning embryonic testis, or by 
testosterone secreted by the testis; otherwise, 
the inborn female program is expressed (I) .  
Agents that interfere with the synthesis, cir- 
culation, or the action of testosterone block 
masculine differentiation of the genitalia of 
genetically male embryos, as manifested by 
the production of hypospadias (2, 3). Hypo- 
spadias results from a displacement of the 
urethral orifice down the shaft of the penis 
from the tip with a shortening of the anogen- 
ital distance (2). The means by which testos- 
terone organizes masculine differentiation of 
the genitalia in the embryo depend on classi- 
cal androgen receptor mechanisms (3 ) .  How- 
ever, the precise steps involved in this organ- 
izing action of testosterone in the embryo are 
not known. Recently, we have reported (4) 
that arachidonic acid administered during 
embryonic development masculinized the 
external genitalia of gonadal females as well 
as androgen-deprived genetic males (cypro- 
terone acetate ( 5 )  and estradiol- 1 76-exposed 
males (6)). Moreover, the agents that block 
the arachidonic acid cascade (7-9) at the 
level of phospholipase A2 (cortisone), or at 
the level of cyclooxygenase (aspirin and in- 
domethacin), inhibited masculine differen- 

tiation. Thus, it appears that the mechanism 
by which testosterone masculinizes the ex- 
ternal genitalia involves the arachidonic acid 
cascade leading to prostaglandin synthesis. 

There are two major pathways for arachi- 
donic acid release ( 10- 13): ( 1) the induction 
of phospholipase A2 (PLA2), which hydro- 
lyzes membrane-bound phosphatidylcholine 
and liberates free fatty acids such as arachi- 
donic acid (10, 1 I); and (2) the induction of 
phospholipase C (PLC) followed by the ac- 
tion of diacylglycerol lipase (12, 13). PLC 
hydrolyzes phosphatidylinositol resulting in 
the production of diacylglycerol, which is 
subsequently converted into fatty acids by 
the action of a second enzyme, namely, li- 
pase. Testosterone may activate either or 
both of the pathways to produce an increased 
release of arachidonic acid during masculine 
differentiation of embryonic genitalia. We 
have tested this hypothesis by examining (1) 
whether PLA2 or PLC activity of embryonic 
genitalia is higher in the male than in female 
genitalia, (2) whether exogenous testosterone 
which is known to masculinize genetic fe- 
males (2) stimulates the phospholipase(s) 
during embryonic differentiation, and lastly, 
( 3 )  whether cyproterone acetate, known to 
feminize male fetuses by blocking the action 
of androgen at the level of receptor binding 
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( 5 ,  14), inhibits the phospholipase(s) during 
embryonic differentiation. The results de- 
scribed here show that testosterone modifies 
both PLA2 and PLC in female embryonic 
genitalia, and cyproterone acetate com- 
pletely prevents this modification of enzyme 
activity. 

Materials and Methods. Animal. CD- 1 fe- 
males from the Charles River were bred in 
our mouse colony. Pregnant mice were in- 
jected subcutaneously with testosterone ( 10 
mg/kg) with or without cyproterone acetate 
(20 mg/kg) in 50-100 pl of 10% ethanol and 
90% corn oil during the 13th to 17th day of 
pregnancy. Controls received vehicle only. 
The fetuses were removed by caesarean sec- 
tion on Day 18 of gestation and whole genital 
tracts without the gonads along with the tis- 
sues surrounding the external genitalia were 
dissected out by means of a dissecting micro- 
scope. The sex was determined by inspection 
of the gonads. Approximately 40-50 mg of 
tissue from 8 to 10 fetuses of each sex was 
used to prepare the enzyme for one assay. 

Assay of phospholipase A2 (PLAJ. The tis- 
sue homogenate (1 : 10) in 0.1 M Tris-HCI, 
pH 9.0, was centrifuged for 15 min at 3600g 
and the resulting supernatant was frozen at 
-80°C until used for PLA2 assay, described 
previously ( 1 5 ,  16). Protein was determined 
by the method of Lowry et al. (1  7) using bo- 
vine serum albumin as a standard. 

The assay system for PLA2 consisted of 0.1 
M Tris-HC1, pH 9.0, 6 mM CaCI2, and 2 
nmole of [ ''C]phosphatidylcholine (L-3- 
phosphatidylcholine 1 -stearoyl-2-[ 1 -I4C] ar- 
achidonyl, sp act 52.9 mCi/mmole, Amer- 
sham) in a total volume of 300 p1. The 
radio-labeled substrate was evaporated under 
N2 and the residue was dissolved in water, 
with the aid of a sonicator-ice bath. An ali- 
quot of this mixture was counted to assure 
completeness of suspension. The incubation 
at 37°C was started by adding 20 pl (2 
nmole) of the substrate and carried on for 10 
min unless specified. The activity was mea- 
sured by the release of I4C fatty acid from 
phosphatidylcholine. Free fatty acid was sep- 
arated from phosphatidylcholine (1 8) and an 
aliquot of the fatty acid layer was counted in 
a scintillation counter. 

Assay of phospholipase C (PLC). The en- 
zyme for the PLC assay was prepared as de- 
scribed by Rittenhouse (19). The tissue was 
homogenized (1: 10) in 60 mM Tris acetate 
buffer, pH 6.5, containing 2 mMEDTA. The 
homogenate was then spun at 105,OOOg for 
60 min at 4°C. The supernatant was re- 
moved carefully so that the upper fatty layer 
(if any) was excluded. The supernatant was 
kept at -80°C until ready for assay. 

A simple and rapid assay for the detection 
of phosphatidylinositol-specific PLC was 
used. The final concentrations of assay com- 
ponents were as follows: 200 pA4 [3H]- 
phosphatidylinositol (Amersham, approxi- 
mately 0.02 pCi); 5 mM CaCI,; 0.6 mg de- 
oxycholate-Na-salt and 25 to 100 pg 
supernatant protein in a total volume of 0.3 
ml of 60 mM Tris-HC1 buffer, pH 6.5. The 
chloroform solution of radiolabeled phos- 
phatidylinositol (PTI) was evaporated under 
N2. The residue was dissolved in H 2 0  at 
-4°C using a sonicator. The final suspension 
should be opalescent and aliquots of this sus- 
pension were counted to confirm the com- 
pleteness of suspension. The reactions were 
started by adding the substrate and contin- 
ued up to 30 min. At the end of incubation, 
the reactions were terminated by the addi- 
tion of 1.5 ml of ice-cold chloroform-n-bu- 
tanol-concd HC1( 10: 10:0.06) and 0.45 ml of 
1 A4 HCl. The mixtures were vortexed and 
then spun at room temperature at 1000 rpm 
for 5 min and 250 pl of the upper aqueous 
phase was transferred to scintillation vials for 
counting. The activity of the PLC was esti- 
mated from the radioactivity released in the 
aqueous layer and the results were expressed 
as pmole of radioactive phosphatidylinositol 
hydrolyzedlpg protein. 

Results. Characterization of PLA2 and 
PLC in fetal genitalia. Since no information 
is available regarding the phospholipase ac- 
tivity in fetal genitalia, we first examined the 
male and female genital tracts for the pres- 
ence of these enzymes and standardized the 
assays in terms of protein concentration and 
time of incubation. Figures 1 A and 1 B show 
that hydrolysis of phospholipids (PTC for 
PLA2 and PTI for PLC) increased with time 
of incubation. The PLC reaction was linear 
for 10 min at a protein concentration of 25 
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FIG. 1. PLA2 and PLC activity of fetal genitalia as functions of time of incubation and added protein 
concentration. PLA2: Figs. A and C; and PLC: Figs. B and D. (0) Male genitalia, and (X) female genitalia. 
The data represent a mean from three determinations. 

pg/0.3 ml whereas the PLA2 reaction was 
linear for 15 min at a protein concentration 
of 40 pg/0.3 ml. Both PLC and PLA2 activi- 
ties were higher in the male reproductive 
tract than that in the female reproductive 
tract at all times. 

Figures 1C and 1D show the effect of the 
enzyme protein concentration on the hydro- 
lysis of the PLA2-specific phosphatidylcho- 
line and PLC-specific phosphatidylinositol. 
The incubations were carried out for 10 min. 
The hydrolysis of PTC progressed linearly up 
to 40 pg of protein/0.3 ml incubation in both 
sexes, whereas the hydrolysis of PI was linear 
up to 25 pg of protein/0.3 ml incubation. 
Again the enzyme activity was much higher 
in the male genitalia than in the female geni- 
talia at all protein concentrations tested here. 

Eflect of testosterone and cyproterone ace- 
tate on PLA2. Using an enzyme concentra- 
tion in the linear range (<40 pg/0.3 ml) and 
using 10 min for time at incubation, we next 

examined whether testosterone induced 
PLA2 in the fetal genital tract and whether an 
anti-androgen, cyproterone acetate blocked 
the stimulation. Table I shows that testoster- 
one significantly increased (more than dou- 
ble) the PLA2 activity in the fetal female gen- 
italia. The activity, however, was not altered 
by testosterone in the fetal male reproductive 
tract. When cyproterone acetate was coad- 
ministered with testosterone, the induction 
of PLA2 by testosterone in the female was 
blocked. Cyproterone acetate, however, did 
not alter the PLA2 activity of male genitalia. 

Eflect of testosterone and cyproterone ace- 
tate on phospholipase C. PLC was assayed in 
various groups using a protein concentration 
of less than 25 pg/0.3 ml and using 15 min of 
incubation time. The results in Table I1 show 
that testosterone administration during the 
prenatal period significantly induced PLC 
activity in the females only. Testosterone 
had no effect on the PLC activity of the male 
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TABLE I. EFFECT OF TESTOSTERONE AND CYPROT- 
ERONE ACETATE ON PHOSPHOLIPASE A2 ACTIVITY 

Phospholipase A2 
(pmole/pg protein) 

Dosage 
Treatment (mg/kg) Male Female 

Vehicle - 6.92 k 0.90 4.00 f 0.62" 
Testosterone 10 7.37 f 1.38 8.35 f 1.676 
Testosterone 10 6.24 f 1.12 5.23 f 1.16' 

plus 
cyproterone 
acetate 20 

acetate 20 7.26 f 0.74 4.73 f 0.87 
Cyproterone 

Note. Data represent means k SD, n = 5. 
" P < 0.002, vehicle-treated males vs vehicle-treated 

' P < 0.005, vehicle-treated females vs testosterone- 

' P < 0.0 1, testosterone-treated females vs testosterone 

females by Student's t test. 

treated females. 

plus cyproterone acetate-treated females. 

genital tract. Cyproterone acetate coadmin- 
istered with testosterone completely pre- 
vented the induction of PLC by testosterone 
in the females. Further it decreased the PLC 
activity in the males to a value of an un- 
treated female. Cyproterone acetate alone 
also inhibited the enzyme in male genitalia 
and had no effect on the enzyme activity of 
female genitalia. 

Discussion. This study demonstrates that 
prenatal testosterone, the organizer of male 
genitalia (I), appears to regulate phospholi- 
pases A2 and C in fetal genitalia. The activi- 
ties of these two enzymes are not only higher 
in the fetal male tract than in the female 
tract, but are also induced by exogenous tes- 
tosterone in female embryonic genitalia. In 
an earlier study (4), we have suggested that 
an induction of arachidonic acid leading to 
PG synthesis mediates testosterone-induced 
masculine differentiation of fetal external 
genitalia. The present findings provide fur- 
ther evidence in support of this hypothesis as 
the activities of phospholipase A2 and phos- 
pholipase C, the major mediators of arachi- 
donic acid release, appear to be altered by 
fetal androgen. We have tested this hypoth- 
esis further using an anti-androgen, namely, 
cyproterone acetate which has been shown to 
prevent the action of testosterone at the level 
of receptor binding leading to the formation 

of feminine external genitalia ( 5 ,  14). We 
have found that cyproterone acetate com- 
pletely blocked the testosterone-induced 
PLC and PLA2 activity in the female genita- 
lia. Thus, the induction of the phospholipase 
activity by testosterone correlates well with 
the masculinizing effects of testosterone on 
fetal genitalia. 

Although we have shown here that prena- 
tal testosterone (testicular or exogenous) in- 
creases the phospholipase activity in the gen- 
ital tract, we have no information regarding 
the biochemical mechanism of the enzyme 
induction by testosterone. Testosterone may 
alter the enzymes by affecting directly the 
structures of the enzymes or by the synthesis 
of these enzymes. Alternatively, testosterone 
may alter some other biochemical reactions 
which consequently lead to the induction of 
phospholipase activity. Further studies are 
needed to explore these possibilities. 

Arachidonic acid, after its release from the 
phospholipid pool, is quickly metabolized 
into various biologically active products, 
namely, prostaglandins, thromboxanes, and 
leukotrienes (20, 21). It remains to be deter- 

TABLE 11. EFFECT OF TESTOSTERONE AND CYPROT- 
ERONE ACETATE ON PHOSPHOLIPASE c 

Phospholipase C 
(pmole/pg protein) 

Dosage 
Treatment (mg/kg) Male Female 

Vehicle - 35.06 f 3.13 23.95 k 3.63" 
Testosterone 10 38.57 f 2.08 32.73 k 2.75' 
Testosterone 10 19.06 f 1.92d 19.06 f 0.49' 

plus 
cyproterone 
acetate 20 

acetate 20 21.07 f 1.7e 22.03 f 1.52 
Cyproterone 

Note. Data represent means f SD, n = 4. 
P < 0.02, vehicle-treated males vs vehicle-treated 

' P < 0.03, testosterone-treated females vs vehicle- 

' P < 0.005, testosterone treated-females vs testoster- 

P < 0.005, testosterone plus cyproterone acetate 

P < 0.005, cyproterone acetate-treated males vs ve- 

females by Student's t test. 

treated females. 

one plus cyproterone acetate-treated females. 

treated-males vs vehicle-treated males. 

hicle-treated males. 
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mined whether these products mediate the 
masculine action of testosterone. Our earlier 
works suggest the importance of the arachi- 
donic acid prostaglandin pathway in this 
process. We have shown that prenatal injec- 
tion of two inhibitors of cyclooxygenase and 
indomethacin produced males with feminine 
external genitalia, suggesting a role of prosta- 
glandins in this process. Other possibilities, 
however, cannot be ruled out since aspirin 
and indomethacin have other effects in addi- 
tion to inhibiting cyclooxygenase. Experi- 
ments are in progress to elucidate the specific 
role of prostaglandins in this process. 

It is interesting to note that cyproterone 
acetate did not inhibit PLA2 in the male gen- 
italia. However, it prevented the rise in PLA2 
by testosterone in female. Exogenous testos- 
terone at the critical period of differentiation 
is known to produce masculine genital struc- 
tures in genetic females (22). Thus the 
present results suggest that the effect of cy- 
proterone acetate on PLAz varies, depending 
on the source of testosterone (exogenous vs 
endogenous). Alternatively, it may be that 
the time course of endogenous secretion of 
testosterone in males is not well correlated 
with the time course of exogenously admin- 
istered cyproterone acetate concentration. At 
the present time, we have no explanation for 
the variable effects. 

The breakdown of phosphatidylinositol, 
an important phospholipid, is thought to 
play a key role in the mechanism of growth 
stimulation induced by a wide variety of 
hormones, growth factors, and other mito- 
genic agents (23-25). It is believed that these 
agents first bind to and activate their plasma 
membrane receptor (26), and the activated 
receptor then stimulates a PI-specific PLC, 
which degrades the phospholipid to inositol 
phosphates and 1,2-diacylglycerol (27). The 
activation of the PI cycle is thought to stimu- 
late calcium entry into the cell and/or an 
increase in prostaglandin synthesis (28). 
Thus, testosterone-induced growth stimula- 
tion and organization may involve an acti- 
vation of PI cycle leading to an induction of 
second messengers. Further experiments are 
necessary to determine the specificity of sec- 
ond messenger systems mediating androgen- 
induced masculine differentiation. 
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