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Abstract-We investigated the effects of exogenous estrogens and human chorionic gonadotropin (hCG) 
on the activity, content, and immunohistochemical localization of ovarian carbonyl reductase (CR) in 
mature cycling rats. Estrogens, estradiol, hexestrol (HEX) and diethylstilbestrol (DES) were given S.C. 
to rats daily for 3 days from the first day of diestrus, and hCG was given S.C. at 3:00 p.m. on the day 
of expected proestrus. The ovaries were isolated on the day of expected estrus. Ovarian CR activity was 
measured by using two substrates that reflect the activity of the enzyme in rats, and the enzyme content 
was determined by western blot analysis. Ovarian CR activity and content were decreased by estrogens 
as well as by inhibition of ovulation; hCG restored both the activity and the content decreased by 
estrogens to levels produced by hCG alone. Nevertheless, the number of ova in the oviduct when 
ovula?ion was decreased or blocked by estrogens was not restored completely by hCG treatment. Faint 
immunostaining in the interstitial gland cells of HEX-treated rat ovaries was observed. These results 
suggest that (i)&hough hCG activates ovarian CR in estrogen-treated rats, this increase in both enzyme 
activity and content may not be an obligatory event in the ovulatory process, and (ii) exogenous estrogens 
may predominantly influence the ovarian CR in the interstitial gland cells in mature rats by inhibiting 
luteinizing hormone release from the pituitary. 
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CR5 (EC 1.1.1.184), also known as PG 9- 

ketoreductase, is a soluble, monomeric oxido- 
reductase that catalyzes the NADPH-dependent 
reduction of endogenous and xenobiotic carbonyl 
compounds such as PGs, steroids and quinones [l]. 
CRs have been isolated from a number of species 
and tissues, including human placenta [2], brain [3], 
liver [4] and testis [5], as well as rat ovary [6] and 
testis [7]. We and others have reported that two 
isoforms of CR (CR1 and CR2) from rat ovary 
NADPH-dependently catalyze the reduction of 
PGE, to PGF2, and reduce the 15keto group of 
lSKD-PGF2,, which has no bioactivity, to 13.14H2- 
PGF,,, which is a bioactive PG [6,8,9]. 

We have demonstrated that ovarian CR activity 
and its content are increased markedly following an 
increase in estrogen-induced LH on the evening of 
proestrus in mature rats [lo], and that the enzyme 
activity is decreased rapidly by day 14 of pregnancy 

t Correspondingauthor: Dr. NorihisaInazu, Department 
of Pharmacology, Teikyo University School of Medicine, 
2-11-1 Kaga, Itabashi-ku, Tokyo 173, Japan. Tel. 3-3Y64- 
1211, Ext. 2254; FAX 3-3961-1145. 

$ Abbreviations: CR, carbonyl reductase; PG. prosta- 
glandin; 15KD-PGF2,, 13,14-dihydro-15-keto-PGFL,; 
13.14HZ-PGFzO, 13,14-dihydro-PGF,,; LH, luteinizing 
hormone; PMSG, pregnant mare serum gonadotropin; 
hCG, human chorib& gonadotropin; PA?, peroxidase 
anti-peroxidase: LH-RH, luteinizing hormone-releasing 
hormone; DES, diethylstilbestrol; HEX, hexestrol; 4BP. 
4-benzoylpyridine; and DTT, dithiothreitol. 

in rats, whereas the enzyme content maintains a 
constant level by day 18 of pregnancy [ll]. These 
results suggest that ovarian CR, which possesses 
PG-metabolizing activity, is closely involved not 
only in the ovulatory process but also in luteal 
functions. Indeed, in immature rats, the positive 
immunoreactivity with anti-ovarian CR antibody is 
observed in theta interna cells and interstitial gland 
cells at 72 hr after PMSG treatment when ovulation 
is confirmed, but not at 48 hr [12]. 

The increase in ovarian weight and follicular 
growth is regulated by the hypothalamo-pituitary- 
ovarian axis, and it is well accepted that the 
endogenous estrogen may play an important role in 
the ovary [13. 141. Chemical antiestrogen inhibits 
ovulation as well as ovarian CR activity in mature 
rats, whereas hCG and LH-RH completely restore 
these activities to control levels [lS, 161. This result 
indicates that antiestrogen prevents endogenous 
estrogen from expressing its full effects on estrogen 
target tissues. and that both endogenous estrogen 
and gonadotropins are indispensable for the 
expression of ovarian CR. Exogenous estrogen is 
well known to stimulate a series of events, such as 
DNA synthesis and cell division, in ovariectomized 
rat uterus. On the other hand, Iguchi et al. [ 171 have 
reported that exogenous estrogen, DES, directly 
induces polyovular follicles in the mouse ovary. 
Abnormalities of the oviduct and ovary have been 
reported in rats and mice exposed to DES [18, 191. 
However, the effect of exogenous estrogen on rat 
ovarian CR activity and its content is not known. 
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The present study was undertaken to determine 
the effects of exogenous estrogens, estradiol and 
synthetic estrogens, and the effect of hCG following 
exposure to estrogens on changes in ovarian CR in 
mature cycling rats. 

MATERIALS AND METHODS 

Animals. Seven-week-old female Wistar-KY rats 
were purchased from the Shizuoka Laboratory 
Animal  Center  (Shizuoka, Japan),  and were housed 
in group cages (4 or 5 rats per  cage) under controlled 
conditions of light (12hr  on, 12hr off) and 
temperature  (24°). Wate r  and food were always 
available. Only animals that had shown at least two 
normal 4-day cycles, as de termined by daily vaginal 
smears immediate ly  before the start of the 
experiment,  were used. 

Chemicals. N A D P H  was obtained from the 
Oriental Yeast  Co. (Osaka,  Japan).  Estradiol ,  H E X  
and DES were purchased from the Sigma Chemical 
Co. (St. Louis, MO,  U S A ) ,  and hCG was obtained 
from Teikoku H o r m o n e  Mfg. (Tokyo,  Japan).  4BP, 
DTT and E D T A  were obtained from the Wako Pure 
Chemical Co. (Osaka,  Japan).  [5,6,8,9,11,12,14AH]- 
15KD-PGF=~ (sp. act. 80 C i /mmol )  was purchased 
from Amersham Int. plc. (Buckinghamshire,  U.K.)  
and authentic 15KD-PGF2~ from Upjohn  Phar- 
maceuticals Ltd. (Kalamazoo,  MI,  USA) .  Authent ic  
13,14H=-PGF:~, was provided by the Ono  Phar- 
maceutical Co. (Osaka,  Japan).  Other  chemicals of 
reagent grade were obtained from the Wako Pure 
Chemical Co. and the Bio-Rad Co. (Tokyo,  
Japan). 

Hormone treatment. Estradiol,  H E X  and DES 
were dissolved in sesame oil, and hCG was dissolved 
in 0.9% saline solution. Estradiol (1, 10 and 100 
ug/rat)  and synthetic estrogens (0.2 rag/rat)  were 
administered s.c. to rats daily for 3 days from the 
first day of diestrus, and hCG (25 IU/ ra t )  was 
administered s.c. at 3:00 p.m. on the day of expected 
proestrus. Control  animals were given (s.c.) vehicle 
alone. The ovaries of each rat were isolated at 9:0(I 
a.m. on the day of expected estrus, and homogenized 
in 8 mL of ice-cold 10 mM phosphate buffer (pH 6.5) 
containing 0 .154M KCI, l m M  D T T  and 0 .5raM 
E D T A .  The presence of ova in the oviduct was 
determined microscopically l l0 ,  16]. 

Enzyme assay. The ovarian homogenate  was 
centrifuged at 4 ° for 6(1 rain at 105,000 g by a Hitachi 
Automat ic  Centrifuge model  70P-72, and the 
105,000g supernatant  (cytosolic fraction) obtained 
was used as a crude enzyme preparat ion for the 
assay of enzyme activity. The reduction of 4BP 
( 1 mM) was assayed in 1 mL of incubation mixture,  
consisting of 100mM phosphate buffer (pH6.5) ,  
ovarian cytosol, substrate solution and N A D P H  
(final concentrat ion 0 .1mM) ,  for 3 m i n  at 37 ° bv 
a Hitachi 150-20 Spect rophotometer .  One unit 
of enzyme activity was expressed as the amount  of 
enzyme that oxidized l !mlo l  of N A D P H / m i n  
at 34(1 nm under the assay conditions. 15KD-PGFe,, 
reducing activity was determined by a radiochemical 
method as previously described [20] and expressed 
as picomoles per milligram of protein per 15 min of 
13,14H,-PGFe,, formed. Protein concentrat ion in the 

ovarian cytosol was determined by the method of 
Lowry et al. [21]. 

Enzyme quantitation. The quantitation of CR in 
rat ovarian cytosol was performed by western blot- 
PAP analysis using anti-rat ovarian CR, CR2,  
antiserum that was raised against the purified rat 
ovarian CR [6] as previously described [22]. Brielly, 
ovarian cytosolic protein was subjected to SDS-- 
P A G E  (1(l% gel) according to the method of 
Laemmli [23] and blotted onto nitrocellulose 
membrane  (BA83, 0 .2pm)  obtained from the 
Schleicher & Schuell Co. (Dassel, Germany).  
Enzyme protein on the membrane  was visualized bv 
the method of Hosokawa et al. [24], and the amount 
of the enzyme protein was measured by a 
densi tometer  using purified rat ovarian CR, CR2,  
as a standard. 

Immunohistochemical methods. The ovaries were 
isolated quickly, immersed immediately in 100 mM 
phosphate-buffered (pH 7.4) 4% paraformaldehyde,  
and fixed for 6 hr. Af ter  fixation, the samples were 
rinsed in 100mM phosphate buffer (pH7.4) ,  
sequentially dehydrated m 70-10(v7( alcohol, and 
embedded in paraffin. The paraffin blocks were cut 
into 4-urn thick slices, and the immunostaining with 
anti-rat ovarian CR,  CR2,  antiserum was carried 
out by the avidin-biotin peroxidase complex (ABC) 
method with a Vectastain A B C  kit (Vector  I,ab., 
CA) as previously described [10-12]. 

Statistical analysis. All results are expressed as 
means + SEM. Duncan 's  multiple range test was 
used for comparison between groups, with a P value 
of 0.05 or less considered to indicate a signilicant 
difference. 

RESULTS 

El~'cts of  estradiol and hCG. Changes in body 
weight, ovarian weight and ovarian CR content  in 
relation to ovulation after t reatment  with estradiol 
and hCG are summarized in Table 1. No significant 
decrease in body weight was observed,  even ill a 
group of rats given 100/~g estradiol for 3 days. hCG 
significantly increased owtrian weight as compared 
with control (estrus), but not ovarian CR content  or 
the number  of ova in the oviduct. A significant 
decrease in ovarian weight was observed only at a 
dose of 100!~g cstradiol: ovulation was also 
completely inhibited at this dose. I .ower doses (1 
and 10/~g) of estradiol affected both the number  of 
rats ovulating and the number of ova: that is, I t~g 
of estradiol inhibited ovulation in 2 of 8 rats and 
10 ug of estradiol in 4 of 1[I rats. Fur thennorc ,  101,g 
of estradiol significantly decreased the number  of 
ova in ovulated rats, whereas the number  of o~a in 
ovulated rats administered 1 !~g of estradiol did not 
change. The administration of hCG to estradiol- 
treated rats increased ovarian weight to levels 
obtained with hCG ahme, and the number  of 
ovulated rats was restored, although the number  of 
ovulated rats in the group treated with l(10ug of 
estradiol was 3 out of 4. However .  hCG did not 
completely restore the number of ova in rats treated 
with 10 and 100 I*g of estradiol (11) -. (I.6 and 4 ~ 1.tL 
respectively). On the other  hand. no signilicant 
effect of hCG was seen on ovarian CR content in 
estradiol-treated rats, although the enzymc content 
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Table 1. Effects of estradiol and hCG on body weight, ovarian weight and ovarian CR content 
in rats in relation to ovulation 

1491 

Body wt Ovarian wt No. of ova CR content 
(g) (mg) (ovulated rats) (/~g/mg protein) 

Control (5) 204.1 + 4.36 74.5 ± 0.77 12 ± 0.1 24.46 ± 3.466 
(s /s)  

hCG (5) 199.1 ± 5.07 83.7 + 1.85" 11 ± 0.6 43.64 + 8.3(/0 
(5/5) 

Estradiol 
1 ~g (8) 206.3 + 2.78 74.8 + 1.48 12 2 0.7 21.75 + 3.765 

(6/8) 
+hCG (4) 210.5 ± 2.25 86.0 ± 1.08"1- 12 + 0.6 37.70 ± 7.329 

(4/4) 
10k~g (10) 194.1 ± 7.25 68.6 ± 3.7(I 9 ~_ 0.9* 16.83 ± 7.062 

(6/10) 
+hCG (4) 196.4 -+ 5.68 84.3 ± 4.99-~ 10 ~_ 0.6§ 27.62 ± 1.587 

(4/4) 
100 t~g (4) 195.8 + 3.62 66.2 + 1.23* 0 14.46 ± 4.501 

(0/4) 
+ h C G  (4) 198.8 ± 4.09 85.3 ± 1.(13'+ 4 ± 1.9" 26.37 + 3.128 

(3/4) 

Estradiol was given s.c. to rats for 3 days from the first day of diestrus, and hCG was given 
s.c. at 3:00 p.m. on the day of expected proestrus. Each value represents the mean ± SEM. 

* Significantly different from control (estrus), P < 0.01. 
t$ Significantly different from estradiol alone: t P < (1.01, and SP < 0.05. 
§ Significantly different from control (estrusL P < 0.(15. 

Table 2. Changes in ovarian CR activity towards two substrates in rats after 
treatment with cstradiol and hCG 

CR activity 

15KD-PGF:~ 
(pmol/mg protein) 

4-Benzoylpyridine 
(units x 10 Vmg protein) 

Control (5) 312.49 + 30.455 16.03 ± 0.857 
hCG (5) 362.17 + 34.119 18.87 ± 1.831 
Estradiol 

1 ~g (8) 281.86 ± 22.190' 14.05 ± 1.630 
+ h C G  (4) 350.25 ± 15.792" 21.32 + 1.534+$ 
10 itg (10) 23(/.97 + 40.021 12.41 -+ 2.236 
+ h C G  (4) 379.42 ± 23.894t 18.12 ± 0.967t 
100 ~g (4) 207.57 _+ 13.(1155 11.48 ± 0.616§ 
+hCG (4) 403.44 + 28.724* 20.90 ± 0.602*§ 

The experimental conditions are the same as described in the legend of Table 
1. Each value represents the mean + SEM. 

*t  Significantly different from estradiol alone: * P < 0.01, and t P < 0.05. 
$§ Significantly different from control (estrus): $ P < 0.05, and § P < (I.(/l. 

was on  the  u p w a r d  t r e n d  as c o m p a r e d  wi th  es t rad io l  
a lone .  

Tab le  2 s h o w s  c h a n g e s  in ovar i an  C R  activi ty 
t owa r ds  two  s u b s t r a t e s  t ha t  ref lect  ova r i an  C R  
activity in rats  [6, 10, 11], a f te r  t r e a t m e n t  wi th  
es t radiol  and  h C G .  B o t h  1 5 K D - P G F 2 ,  and  4BP  
reduc ing  act ivi t ies  w e r e  d e c r e a s e d  in a dose -  
d e p e n d e n t  m a n n e r  wi th  e s t r ad io l ,  and  1001tg 
es t rad io l  s ignif icant ly  d e c r e a s e d  b o t h  of  the  e n z y m e  
activi t ies to 6 6 . 4 %  a n d  7 1 . 6 % ,  r e spec t ive ly ,  o f  
con t ro l  (es t rus)  levels .  S u b s e q u e n t  a d m i n i s t r a t i o n  of  
h C G  to e s t r a d i o l - t r e a t e d  rats  r e s t o r e d  b o t h  15KD-  

P G F 2 ,  and  4BP  reduc ing  act ivi t ies  to the  levels  o f  
h C G  a lone ,  and  caused  a 1.9- and  1.8-fold inc rease ,  
r espec t ive ly ,  in b o t h  act ivi t ies ,  wh ich  had  b e e n  
s u p p r e s s e d  by 100 ug es t rad io l .  

Effects of synthetic estrogens and hCG. Tab le  3 
s u m m a r i z e s  c h a n g e s  in b o d y  we igh t ,  ova r i an  we igh t  
and  ovar ian  C R  c o n t e n t  in re la t ion  to ovu la t ion  a f te r  
t r e a t m e n t  wi th  two  syn the t i c  e s t r o g e n s  (0.2 m g / r a t  
each)  and  h C G .  Signif icant  d e c r e a s e s  in b o d y  we igh t  
and  ovar i an  we igh t  were  o b s e r v e d  by t r e a t m e n t  wi th  
e i t he r  H E X  or  D E S .  Ovu la t i on  was  no t  s een  in rats  
t r e a t e d  wi th  e i the r  H E X  or  D E S .  Similar ly ,  ova r i an  
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Table 3. Effects of  synthetic estrogen on body weight, ovarian weight and ovarian C'R content in rats 
in relation to ovulation 

No. of  ova  
Body wt Ovarian wt (ovulated CR contcnt 

(g) (mg) rats) (!~g/mg protein) 

Control (5) 206.4 + 5.16 74.8 + 1.71 12 + (I.2 
(5/5) 

hCG (10) 205.t} + 3.83 85.9 + 2.04* 11 +_ (1.6 
(1t1/1(I) 

Hexestrol 
0.2 mg (8) 162.9 _+ 2.82* 64.1 + 2.2t1" () 

(O/8) 
+ h C G  (6) 149.8 _+ 4.71"+ 90.7 + 3.36"~: 9 _+ 1.3"§ 

(6/6) 
Oiethylstilbestrol 

0.2 mg (9) 156.7 +- 2.37* 62.4 + 1.73" 0 
(O/9) 

+ h C G  (4) 158.3 _+ 2.39* 84.3 + 1.44"$ 7 +- 0.8* 
(4/4) 

19.23 + 1.822 

3(I.82 + 3.9(14" 

15,32 +- 1.638 

32.44 + 1.753"$ 

10.54 + 1.088 ~ 

29.116 ± 1.753":1: 

Each synthetic estrogen was given s.c. to rats for 3 days from the tirst day of dicstrus, and hCG was 
given s.c. at 3:00 p.m.  on the day of expected proestrus. Each value represents the mean + SEM. 

*Significantly different from control (estrus),  P < 0.01. 
+~ Significantly different from synthetic estrogen alone: I P < 11.115, and :i: P < 0.Ill. 
§ Significantly different from control (cstrus),  P < I).115. 

Table 4. Changes  in ovarian CR activity towards two substratcs in rats after 
t rea tment  with synthetic estrogen and hCG 

CR activity 

15KD-PGF:o 
(pmol /mg protein) 

4-Benzoylpyridine 
(units × 1{I ~/mg protein) 

Control (5) 292.01 + 17.349 13.56 +/!.488 
hCG (10) 306.26 + 12.923 16.43 + 11.806" 
Hexestrol 

I).2 mg (8) 204.03 + 20.806I 9.11 + 1.811 ~ 
+ h C G  (6) 333.63 + 16.873:!: 14.37 + tl.416§ 

Diethylstilbestrol 
0.2 mg (9) 2114.98 + 24.127 ~ 10.16 + 0.6291- 
+ h C G  (4) 323.0t) _+ 11.231/- 18.30 _+_ 0.579+~: 

The experimental  conditions are the same as described in the legend of Table 3. 
Each value represents  the mean + SEM. 

*+ Significantly different from control (estrus): *P < 11.05, and + P < 0.1)1. 
$§ Significantly different from estrogen alone: SP < 11.01, and § P < 0.1t5. 

C R  c o n t e n t  was  d e c r e a s e d  by  b o t h  e s t r o g e n s ,  
a l t h o u g h  n o  s ign i f i can t  d i f f e r e n c e  was  o b s e r v e d  
b e t w e e n  t he  c o n t r o l  a n d  t he  H E X - t r e a t e d  g r o u p s .  
h C G  i n c r e a s e d  n o t  on l y  o v a r i a n  w e i g h t  bu t  a l so  
o v a r i a n  C R  c o n t e n t  as c o m p a r e d  wi th  t h e  c o n t r o l s ,  
a n d  r e s t o r e d  o v a r i a n  w e i g h t  a n d  o v a r i a n  C R  c o n t e n t  
in ra t s  t r e a t e d  wi th  e i t h e r  H E X  or  D E S  to t he  levels  
o f  h C G  a l o n e .  H o w e v e r ,  t h e  n u m b e r  o f  ova  in r a t s  
t r e a t e d  wi th  e i t h e r  e s t r o g e n  was  n o t  r e s t o r e d  to 
con t ro l  l eve ls  by h C G  t r e a t m e n t ,  a l t h o u g h  o v u l a t i o n  
was  o b s e r v e d  in all r a t s  t r e a t e d  wi th  h C G .  

T a b l e  4 s h o w s  c h a n g e s  in o v a r i a n  C R  ac t iv i ty  
t o w a r d s  two  s u b s t r a t e s  a f t e r  t r e a t m e n t  wi th  s y n t h e t i c  
e s t r o g e n s  a n d  h C G .  1 5 K D - P G F 2 ~  r e d u c i n g  ac t iv i ty  
was  d e c r e a s e d  s ign i f i can t ly  to a b o u t  7 0 %  o f  c o n t r o l  

levels  in r e s p o n s e  to bo th  H E X  a n d  D E S ,  as was  
4 B P  r e d u c i n g  act ivi ty .  S u b s e q u e n t  a d m i n i s t r a t i o n  o f  
h C G  to e s t r o g e n - t r e a t e d  ra ts  i n c r e a s e d  b o t h  e n z y m e  
ac t iv i t ies  to m o r e  t h a n  1.6-fold o f  the  levels  o f  
e s t r o g e n  a lone .  

Correlation between the actit~ity and content (~[ 
ovarian CR. C o r r e l a t i o n  b e t w e e n  t he  r e d u c i n g  
ac t iv i ty  a n d  t he  C R  c o n t e n t  was  p l o t t e d  by u s i n g  
typica l  s u b s t r a t e s  for  C R ,  wh ich  h a v e  b e e n  r e p o r t e d  
up  to t he  p r e s e n t  (Fig.  1). 1 5 K D - P G F 2 ,  r e d u c i n g  
act iv i ty  was  c o r r e l a t e d  s ign i f ican t ly  wi th  o v a r i a n  C R  
c o n t e n t  (Y = 6 .37X + 142.90,  r = 0 .827 ;P  < 0.0111) 
as was  4 B P  r e d u c i n g  act iv i ty  (Y = 0 . 3 5 X  + 6 .80 ,  
r = 0 .813;  P < 0 . 0 1 ) .  N o n e  o f  t he  m e n a d i o n e ,  4- 
n i t r o a c e t o p h e n o n e  a n d  4 - n i t r o b e n z a l d e h y d e  r e d u c -  
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Fig. l. Correlation between CR activity and CR content. The reductase activity was measured by using 
15KD-PGF2,, 4BP, menadione, 4-nitroacetophenone and 4-nitrobenzaldehyde as substrates, and the 
ovarian CR content was determined by western blot-PAP analysis. Each point shows the mean of each 
group; estradiol: 0/~g/rat (5), 1 ~g/rat (8), 10 fig/rat (10), 100 ~g/rat (4); estradiol + hCG: 0 ~g/rat (5), 
1/~g/rat (4), 10~g/rat (4), 100/tg/rat (4); hexestrol: 0mg/rat (5), 0.2mg/rat (8), 2mg/rat (7); 
hexestrol + hCG: 0 rag/rat (10), 0.2 rag/rat (6), 2 mg/rat (4); diethylstilbestrol: 0 mg/rat (5). 0.2 mg/ 

rat (9), 2 mg/rat (4); and diethylstilbestrol + hCG: 0 mg/rat (10), 0.2 mg/rat (4), 2 mg/rat (4). 

ing activities correlated with the ovarian CR content 
(r = 0.457, r = 0.192 and r = 0.054, respectively). 

Immunohistochemistry.  Figure 2 shows the local- 
ization of ovarian CR on the day of estrus and after 
treatment with 0.2mg HEX. We have already 
demonstrated the localization of ovarian CR 
during the estrous cycle [10, 25]. Strong positive 
immunostaining was observed in both the theca 
interna cells and the interstitial gland cells on the 
day of estrus, but the granulosa cells were entirely 
negative (Fig. 2A). These results are in agreement 
with our previous reports [10,25]. Brownish 
immunoreactivity in the theca interna cells after 
treatment with HEX was weaker than that on the 
day of estrus, and immunoreactivity in the interstitial 
gland cells was faint (Fig. 2B), although various 
stages of follicles were observed. 

DISCUSSION 

CR is a member of the aldo-keto reductase family, 
which includes aldehyde reductase (EC 1.1.1.2) and 
aldose reductase (EC 1.1.1.21); these are cytosolic, 
monomeric oxidoreductases that catalyze the 
NADPH-dependent  reduction of a large number 
of biologically and pharmacologically important 
endogenous and xenobiotic compounds [1]. We 
recently purified and characterized CRs from rat 
ovary [6] and testis [7], which immunochemically 
cross-react with antibody against human CR [5]. 
However, immunohistochemical localization of CR 

in rat ovary and testis with anti-rat ovarian CR 
antibody is different from that in human ovary 
and testis with anti-human liver CR antibody 
[5, 7, 10, 25, 26]. On the other hand, the enzym- 
ological properties of rat CRs, which catalyze the 
reduction of the 9-keto group of PGs and the 3-keto 
group of steroids, closely resemble those of human 
CRs [3, 5-71. 

We have reported previously that ovarian CR 
activity is increased markedly after the proestrous 
LH surge in mature rats, and that ovarian CR is 
localized in both the theca interna cells and the 
interstitial gland cells, but not in the granulosa cells 
[10]. Tamura et al. [27] have demonstrated that 17ol- 
hydroxylase/C17-20 lyase is localized in the theca 
interna cells and the interstitial gland cells, and 
aromatase in the granulosa cells. It is postulated that 
these results are consistent with the two-cell theory, 
namely that androgen produced in the theca interna 
ceils under the regulation of LH is converted to 
estrogen in the granulosa cells under the control of 
follicle-stimulating hormone (FSH). Accordingly, 
our results indicate that ovarian CR is localized in 
the androgen producing cells and that the regulation 
is performed by estrogen and LH throughout the 
estrous cycle. 

In immature rats, estrogens including estradiol, 
HEX and DES increase ovarian CR activity and its 
content, and potentiate the stimulatory effect of 
hCG on the activity and content [12, 22, 28]. The 
purpose of this study was to investigate whether or 
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Fig. 2. lmmunohistochemical localization of CR in control (estrus) and HEX (0.2 mg/rat)-trcatcd ral 
ovary, lmmunoslaining was performed by the ABC method using anti-ovarian CR antiserum. (Panel 
A) c~.mtrol (estrus): (panel B) HEX-trcatcd. Key: (T) thcca interna cells: (G) granulosa cells: and (1) 

interstitial ghind cells. Magnilication: ×50. 

not ovarian CR activity and its content in mature 
cycling rats exposed to estrogens are activated by 
hCG. All of the estrogens tested decreased ovarian 
weight and inhibited ovulation. In particular, both 
t tEX and DES caused significant decreases in 
ovarian weight as well as body weight. This appeared 
to be due to inhibition of gonadotropin release from 
the pituitary, as previously reported by Strobl and 
Levine [29], who have concluded that the inhibitory 
effect of estrogen is exerted by direct action on 
pituitary gonadotropes. Human CG restored the 
negative effects of estrogens on ovarian weight and 
ovulation to the levels of hCG alone, although the 

number of ova inhibited by estrogens was nol 

restored completely by hCG. These results suggest 
that estrogen may cause not only inhibition of 
gonadotropin release from the pituitary but also 
direct inhibition of the ovulatory process in the 
ovary. 

Changes in the redticing activities towards 15KD- 
PGF2,, and 4BP, which well reflect the ovarian CR 
activity in rats [6,10,11,25], resembled those in 
the ovarian CR content. Indeed, both activities 
correlated well with the ovarian CR content, 
indicating that quantitative changes in the owirian 
CR may affect the enzyme activity. We have also 
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repor ted  tha t  ovar ian  C R  activity increases  af ter  the  
preovula tory  LH surge on the  day of p roes t rus  [10]. 
Accordingly,  the  significant decrease  in the  reducing  
activities of 15KD-PGF2~ and  4BP and  the  ovar ian  
C R  con ten t  af ter  es t rogen  t r e a t m e n t s  may be due 
to the inhib i t ion  of g o n a d o t r o p i n  re lease ,  including 
the proes t rous  L H  surge as well as the  decrease  in 
the ovar ian  weight  [29]. O n  the  o the r  hand ,  the  
significant increase  in the  enzyme activity and  con ten t  
after  h C G  t r e a t m e n t  in e s t rogen - t r ea t ed  rats is 
t hough t  to be due to the  express ion  of the  exogenous  
gonado t rop in  surge. 

It is well es tab l i shed  tha t  the  P G E  and  P G F  series 
are closely involved in the  ovula tory  process  and 
that  PGF2~ is a factor  of luteolysis [30]. We  have 
already d e m o n s t r a t e d  tha t  PGF2 ,  is me tabo l i zed  to 
13,14H_~-PGF2~ via 15-keto-PGF2~ and  15KD-PGF2,  
in rat  ovary [31,32] and  that  the ovar ian  CR 
N A D P H - d e p e n d e n t l y  catalyzes the  convers ion  of 
15KD-PGF~,~ to 13 ,14H2-PGF: ,  [6]. It also has 
been  repor ted  that  13 ,14He-PGF~  s t imulates  the 
p roduc t ion  of es t rogen  f rom p r e g n e n o l o n e  in vitro 
in the rat ovary [8] and  causes luteolysis in heifers  
[9]. The  presen t  results  d e m o n s t r a t e  tha t  ovar ian 
CR activity and  con ten t  were  decreased  by exogenous  
est rogens and  increased  by h C G ,  thus indicat ing tha t  
the fo rmat ion  of 13 ,14H2-PGF~ in the rat  ovary 
may be s t imula ted  and  inhibi ted .  F u r t h e r m o r e ,  it is 
suggested that  13,14H2-PGF2~ is re la ted  to the  
ovulatory process  as well as the  P G E  and  P G F  
series. However ,  a l though  the  ovar ian  C R  activity 
and con ten t  dec reased  by es t rogens  was res tored  by 
h C G  t r ea tmen t ,  the  n u m b e r  of ova was not  res tored  
complete ly  to the levels p roduced  by h C G  alone.  
This result  indicates  tha t  the  increase in the ovar ian 
CR may not  always be ind ispensable  to ovula t ion in 
mature  cycling rats, whereas  it is obvious  tha t  the 
enzyme is L H / h C G  d e p e n d e n t .  

Faint  immunoreac t iv i ty  in the  interst i t ial  gland 
cells of the H E X - t r e a t e d  ovary suggests tha t  
exogenous  es t rogen may p redominan t ly  influence 
the ovar ian C R  in the  interst i t ia l  g land cells in 
mature  rats by inhibi t ing the  release of gonado t rop in  
from the pi tui tary,  thus  decreas ing  activity and  
content .  

REFERENCES 

1. Wermuth B, Aldo-keto reductases. Prog Clin Biol Res 
174: 209-230, 1985. 

2. Lin Y-M and Jarabak J, Isolation of two proteins with 
9-ketoprostaglandin reductasc and NADP-linked 15- 
hydroxyprostaglandin dehydrogenase activities and 
studies on their inhibition. Biochern Biophys Res 
Commun 81: 1227-1234, 1978. 

3. Wermuth B, Purification and properties of an NADPH- 
dependent carbonyl reductase from human brain. J 
Biol Chem 256: 1206-1213, 1981. 

4. Nakayama T, Hara A, Yashiro K and Sawada H, 
Reductases for carbonyl compounds in human liver. 
Biochem Pharmacol 34:11/7-117, 1985. 

5. Inazu N, Ruepp B, Wirth t t  and Wermuth B, 
Carbonyl reductase from human testis: Purification and 
comparison with carbonyl reductase from human brain 
and rat testis. Biochim Biophys Acta 1116: 5t)-56, 1992. 

6. Iwata N, Inazu N and Satoh T, The purification and 
properties of NADPH-dependent carbonyl reductascs 

from rat ovary. J Biochem (Tokyo) 105: 556-564, 
1989. 

7. Iwata N, Inazu N, Takeo S and Satoh T, Carbonyl 
reductases from rat testis and vas deferens. Eur J 
Biochem 193: 75-81, 1990. 

8. Inazu N, Kogo H and Aizawa Y, Effect of 13,14- 
dihydroprostaglandin F2o on steroid biosynthesis in rat 
ovary. Jpn J Pharmacol 31: 301-3113, 1981. 

9. Milvae RA and Hansel W, Luteolytic effect of 13,14- 
dihydro-PGF-2 a' in heifers. J Reprod Fertil 67: 203- 
207, 1983. 

10. lwata N, Inazu N and Satoh T, Changes in rat ovarian 
carbonyl reductase activity and content during the 
estrous cycle, and localization. Biol Reprod 42: 161- 
166. 1990. 

11. lwata N, Inazu N and Satoh T, Changes and localization 
of ovarian carbonyl reductase during pseudopregnancy 
and pregnancy in rats. Biol Reprod 43: 397-4113, 1990. 

12. Inazu N, Inaba N and Satoh T, Immunohistochemical 
localization and physiological regulation of carbonyl 
reductase in immature rat ovary. Jpn J Pharmacol 54: 
13-2 l, 1990. 

13. Harman SM, Louvet J-P and Ross GT, Inhibition of 
the ovarian augmentation reaction by a chemical 
antiestrogen. Endocrinology 96:1112-1122, 1975. 

14. Nakano R, Nakayama T and lwao M, Inhibition of 
ovarian follicle growth by a chemical antiestrogen. 
Horm Res 16: 230-236, 1982. 

15. Inazu N, Inaba N, Kogo H and Satoh T, Physiological 
role of ovarian carbonyl reductase and effect of 
antiestrogen on its activity in rats. Res Commun Chem 
Pathol Pharmacol 63: 341-359, 1989. 

16. Inaba N, Inazu N, Kogo H and Satoh T, Effects of 
antiestrogens on ovarian aldo-keto reductase in relation 
to ovulation in rats. Jpn J Pharmacol 56: 61-69, 1991. 

17. Iguchi T, Fukazawa Y, Uesugi Y and Takasugi N, 
Polyovular follicles in mouse ovaries exposed neonatally 
to diethylstilbestrol in vivo and in vitro. Biol Reprod 
43: 478-484, 1990. 

18. Newbold RR, Bullock BC and McLachlan JA, 
Exposure to dicthylstilbcstrol during pregnancy per- 
manently alters the ovary and oviduct. Biol Reprod 28: 
735-744, 1983. 

19. Newbold RR. Tyrey S, Haney AF and McLachlan JA, 
Developmentally arrested oviduct: A structural and 
functional defect in mice following prenatal exposure 
to diethylstilbcstrol. Teratology 27: 417-426, 1983. 

211. Inazu N, lwata N and Satoh T, Enzymatic properties 
of 13,14-dihydroprostaglandin F2~ synthetase in ovarian 
cytosol of the rat. Res Cornmun Chern Pathol Pharrnacol 
55: 25-38, 1987. 

2l. Lowry OH, Rosebrough N J, Farr AE and Randall R J, 
Protein measurement with the Fofin phenol reagent. J 
Biol Chem 193:265 275, 1951. 

22. Inazu N, Inaba N and Satoh T, Regulation of ovarian 
carbonyl reductase mediated by estrogen receptor in 
immature rats. Biochem Pharrnacol 4 0 : 2 4 9 5  25112, 
1990. 

23. kaemmli UK, Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
15: 68t)-685, 197t). 

24. Hosokawa M, Maki T and Satoh T, Multiplicity and 
regulation of hepatic microsomal carboxylesterase in 
rats, Mol Pharmaeol 31: 579-584, 1987. 

25, lnazu N. Iwata N and Satoh T, Inhibitory effect of 
glucocorticoid and stimulatory effect of human 
chorionic gonadotropin on ovarian carbonyl reductasc 
in rats. Life Sci 46: 841-848, 1991/. 

26. Wirth tt and Wermuth B, lmnmnohistochemical 
localization of carbonyl reductase in human tissues. J 
Histochem Cytoehem 40: 1857-1863, 1992. 

27. Tamura T, Kitawaki J, Yamamoto T, Osawa 
Y, Kominami S. Takemori S and Okada H, 



1496 N. INAZU and T. SATOH 

Immunohistochemical localization of 17 oc-hydroxylase/ 
C17-20 lyase and aromatase cytochrome P-450 in the 
human ovary during the menstrual cycle. J Endocrinol 
135: 589-595, 1992. 

28. lnazu N, Inaba N, Satoh T and Fujii T, Human 
chorionic gonadotropin causes an estrogen-mediated 
induction of rat ovarian carbonyl reductase. Life Sci 
51: 817-822, 1992. 

29. Strobl FJ and Levine JE, Estrogen inhibits luteinizing 
hormone (LH), but not follicle-stimulating hormone 
secretion in hypophysectomized pituitary-grafted rats 

receiving pulsatile LH-releasing hormone infusions. 
Endocrinology 123: 622-630, 1988. 

30. Behrman HR, Prostaglandin in hypothalamo-pituitary 
and ovarian function. Annu Rev Physiol 41: 685-700, 
1979. 

31. Aizawa Y, Inazu N and Kogo H, Catabolism of 
prostaglandin F~ in rat ovary: Differences between 
ovarian and uterine tissues. Prostaglandins 20:95 103, 
1980. 

32. Inazu N, Kogo H and Aizawa Y, Stimulation of 
the formation of 13,14-dihydroprostaglandin F2, ~ by 
gonadotropin in rat ovary. Biochim Biophys Acta 750: 
98-104, 1983. 


