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To investigate the role of superoxide dismutase (SOD) in the ovulatory process, SOD isozymes and their mRNAs were determined in the ovary
of 22-day-old rat. After treatment with pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG), ovarian activity
of Mn-SOD decreased markedly while Cw/Zn-SOD remained unchanged, However, the ovarian level of mRNA for Mn-SOD markedly increased
after hCG-treatment while that for CwZn-SOD decreased only slightly. Ovulation was inhibited by intravenous injection of a long-acting SOD.
These results suggested that superoxide radicals in the ovary might play a critical role in the mechanism for hCG-induced ovulation.
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1. INTRODUCTION

Reactive oxygen species, such as superoxide, have
been postulated to underlie the pathogenesis of various
diseases including inflammation [1,2]. In fact, Pederson
and Aust [3] reported that superoxide induced lipid per-
oxidation of biological membranes by an SOD-inhibita-
ble mechanism. Hence, superoxide dismutase (SOD)
and related enzymes are believed to play critical roles
in protecting cells from hazardous oxygen species.
However, it should be noted that reactive oxygen
species also play important roles in cellular defense
mechanism including bactericidal action of leukocytes
[4].

Ovulation occurs by a mechanism similar to that for
inflammatory reactions which enhance the synthesis of
prostaglandins [5), histamine [6], and bradykinin [7].
Furthermore, gonadotropin-induced ovulatory surge
triggered an inflammatory reaction in mature follicles
resulting in the rupture of their walls and that non-
steroidal anti-inflammatory drugs inhibited the ovula-
tion {8]. Laloraya et al. [9] demonstrated that ovarian
levels of SOD and superoxide radicals changed in-
versely during the reproductive cycle of the rat. How-
ever, the role of superoxide radical and/or its meta-
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bolites in the ovulatory process is not known. The pres-
ent study reports changes in ovarian activity of SOD
isozymes and expression of their mRNAs during the
ovulatory process in the rat,

2. MATERIALS AND METHODS

2.1, Materials

Experiments for ovulation were carried out with 22-day-old imma-
ture fernale Wistar rats, Pregnant mare serum gonadotropin (PMSG)
and human chorionic gonadotropin (WCG) were purchased from
Teikoku-Zoki Co. Long-acting SOD (SM-SOD) was synthesized from
human Cu/Zn-SOD and poly(styrene-co-maleic acid) butyl ester de-
rivative (SM) as described [10]. Inactivation of SM-SOD was carried
out by incubating the enzymein 0.1 M H,O, at 25°C for 5 h[11]. After
extensive dialysis against saline solution, the H;O,-inactivated SM-
SOD was used for experiments. Megaprime DNA labeling system was
obtained from Amersham Japan (Tokyo). [z-**PICTP was from ICN
Biochemicals (Irvine). Oligotex-dT30 was obtained from Takara
Shuzo Co,, cDNAs for Cw/Zn-8OD and Mn-SOD was presented by
Dr. Yoshikazu Tanaka (Suntory Co,, Osaka) and by Dr. Ye-Shin Ho
(Duke University Medical Center), respectively. All other reagents
used were of analytical grade.

2,2. Animal experimenis

Animals were subcutaneously injected with 10 IU of PMSG. After
43 h, ovulatory process was triggered by injecting 5 IU of hCG. At
0, 6, and 12 h after hCG injection, animals were killed by cervical
dislocation. The abdomen was opened and both sides of ovariums,
tubes and uterus were removed. Then, number of ova in the ampullary
site of both tubes were counted.

2.3, Enzyme activity

Afier homogenization of the ovary in 3 vols. of phosphate-buffered
saline (PBS), Triton X-100 was added to give a final concentration of
0.5%. After centrifugation at 100000 x g for 1 h, the supernatant
fraction was obtained. To remove low molecular welzht compounds,
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the supernatant fraction was dialyzed against PBS for 60 min. Low
molecular weight compounds were also removed by centrifugation
through ultrafiltration membranes (Amicon PM-10) for 10 min.
Under identical coniditions, no significant activity of purified Mn-SOD
was found to decrease, Cw/Zn-8OD and Mn-SOD activities in the
dialyzed samples were determined at pH 7.8 by the xanthine oxidase-
cylochrome ¢ method in the presence or absence of 1 mM KCN and
expressed as units/mg protein (U/mg) (1 2]. Protein concentration was
determined by the method of Lowry using albumin as the standard
[13].

2.4, Preparation of mRNA

Total RNA was isolated from the ovary according to the method
of Chomezynsky and Sacchi [14] Briefly, ovaries were homogenized
for 1 min at full-speed using a Poly tronhomogenizer in a § ml solution
containing 4 M guanidine thiocyanate, 25 mM sodium citrate (pH
7.0), 0.5% N-lauroyisarcosine and 160 mM 2-mercaptoethanol. To the
homogenate was added 0.5 ml of 2 M sodium acetate (pH 4.0), 5 ml
of water-satured phenol and 1 ml of ¢hloroform/3-methyl-1-butanol
(24:1, v/v). The mixture was centrifuged at 3,000 x g for 40 minat 4°C.
The aqueous phase was mixed with § ml of 2-propanol and incubated
at -20°C for at least 1 h. After centrifugation of the incubated mixiure
at 10,000 x g for 10 min at 4°C, the preeipitated RNA was dissolved
in 700 wl of guanidine thiocyanate solution, transferred into a 1.5 mi
of polypropylene tube, and incubated with 1 vol. of 2-propanol at
=20°C for 1 h. After centrifugation at 10,000 x g for 10 min at 4°C,
the precipitated RNA was resuspended in 75% ethanol, sedimented by
centrifugation, and evacuated to dryness. Then, the precipitate was
dissolved in 100 ui of 0.5% sodium laurylsulfate (SDS). Polyadenyl-
ated poly(A)" RNA was isolated by binding to Oligotex-dt30 [15].
Typically, 100 z1 of total RNA (150 ug) was incubated in 100 ul of
2% Oligotex-dT30 containing 10 mM Tris—HCI (pH 7.5), 1 mM eth-
ylenediaminetelraacetic acid (EDTA), and 0.1% SDS at 65°C for 5
min and chilled on ice, After adding 20 g1 of 5 M NaCl, the mixture
was incubated at 37°C for 10 min. Then, the mixture was cenirifuged
at 10,000 x g for 15 min at room temperature and the supernatant
fraction was removed, The pellet was suspended in 200 4l of 0.1%
diethyl pyrocarbonate-treated sterile H,O, incubated at 65°C for 5
min, and chilled on ice, The incubated sample was centrifuged at
10,000 x g for |5 min at room temperature. Then, the supernatant was
added with 1/10 vol. of 3 M sodium acetate (pH 5.2) and 2.5 vols. of
ethanol and incubated at ~20°C {or 3 h, After centrifugation at 10,000
x g for 10 min at 4°C, the precipitated poly(A)” RNA was resuspended
in 75% ethanol, sedimented by centrifugation, and evacuated to dry-
ness. Then, the precipitate was dissolved in 5 4l of 0.5% SDS. Total
RNA and poly(A)* RNA concentration were estimated by their ab-
sorbance at 260 nm.

2.5, RNA blot analysis and Norihern hybridization

Poly(A)” RNA (3 ug) was loaded on 1.29% MOPS/formaldehyde/
agarose gel as described previously {16] and was electrophoresed for
3 hat 100 V. The electrophoresed RNA was transferred from the gel
io a nylon membrane (Hybond-N, Amersham) using a vacuum blot-
ting (VacuGene XL; Pharmacia-LKB) and cross-linked by UV irradi-
ation.

¢DNA probes for Cuw/Zn-SOD, Mn-SOD, and f-actin were labeled
with {a-?PIldCTP (ICN; >3000 xCi/mmol) by Megaprime DNA la-
belling system (Amersham Japan, Tokyo). Hybridization was per-
formed at 42°C for 12-16 h in a buffer containing 5 x $$C (0.75 M
NaCl, 75 mM Na-citrate, pH 7.0), § % Denhart's solution (0,1% of
each Ficoll-400, polyvinylpyrollidone and bovine serum albumin),
0.5% SDS, 50% formamide and 0.02 mg/mi denatured salmon DNA.
The membrane was washed with bufler A containing 2 x S8C, 0.1%
SDS at room temperature for 10 min, and two times with buffer B
containing 0.1 x 88C, 0.1% SDS at 65°C for 30 min. Hybridization
signals were normalized to an internal standard (8-actin), They were
subjected to autoradiography using Kodak X-AR film and an intensi-
fving screen at —80°C. The autoradiography was analyzed with a
Shimadzu CS-930 Densitometer.
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3. RESULTS

3.1, Change in SOD actiiity during ovulation

To distinguish Cu/Zn- from Mn-type isozyme of
SOD, the enzyme activities in the dialyzed supernatant
of ovarian homogenates were measured in the presence
or absence of KCN. Fig. 1 shows the change in ovarian
activities of total, Cu/Zn- and Mn-type SOD during
ovulatory process. With time after hCG treatment, total
SOD activity decreased gradually from 17.56 + 0.23 (at
0h)to 13.08 £ 2.17 U/mg (at 12 h). In immature ovaries
of control animals, the activity of Mn-SOD was equal
to that of Cu/Zn-SOD. After stimulation by hCG, how-
ever, the activity of Mn-SOD started to decrease. In
contrast, the activity of Cu/Zn-SOD decreased only
slightly during the ovulatory process, Thus, the decrease
in Mn-SOD activity was principally responsible for the
decrease in total SOD activity of the ovary., The lowest
activities of total and Mn-SOD were seen after 12 h of
hCG treatment.

3.2. Expression of mRNAs for SOD isozymes

Fig. 2 shows the Northern blot analysis of ovarian
SOD mRNA during the ovulatory process. The amount
of Cuw/Zn-SOD mRNA expression remained unchanged
after hCG injection except for a transient decrease at 6
h after treatment. In contrast, the expression of Mn-
SOD mRNA increased markedly with time and reached
a maximum in 12 h after hCG treatment. Thus, the
extent of Mn-SOD mRNA expression and the enzyme
activity in the ovary did not correlate with each other,

3.3, Effect of SM-SOD on the ovulation

To know the role of superoxide radicals and SOD in
the mechanism of ovulation, effect of a long-acting
SOD (SM-SOD) was studied in hCG-treated rats. Fig,
3 shows the effect of SM-SOD on hCG-induced ovula-
tion. Under control experimental conditions, the ovula-
tion rate was 34.8 *+ 0.8 ova’rat. Tiie ovulation rate
decreased significantly by intravenous administration
of SM-SOD. The inhibition occurred dose-dependently.
The maximum inhibition by SM-SOD was about 55%.
The inhibitory action did not increase even if SM-SOD
was increased up to 10 mg/kg. In contrast, H.O,-inac-
tivated SM-SOD failed to inhibit the ovulation rate,
suggesting that dismutation of superoxide radical per se
was responsible for the inhibition of ovulation.

4, DISCUSSION

The present work demonstrates that ovarian ievels of
SOD activity, particularly that of Mn-SOD, markedly
decreased in hCG-treated rats. This observation sug-
gested that superoxide metabolism in and around mito-
chondria of ovarian cells changed significantly during
the growth of follicles. Despite the marked decrease in
Mn-S0D activity, ovarian levels of its mMRNA increased
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Fig. 1. hCG-induced changes in ovarian activity of SOD isozymes. The

ovary was obtained from 22-day-old control rats, Ovaries were also

obtained from hCG-treated rats at 0, 6 and 12 h after administration.

SOD activities were measured as described under Materials and Meth-

ods, Data show mean * 8.D. derived from the three animals. (A) total
SOD; (0) CwZn-SOD; (@) Mn-SOD,
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significantly after hCG treatment. These results might
suggest that both rates of synthesis and degradation of
Mn-SOD were increased in the ovary of hCG-treated
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animals; the latter process occurred more rapidly than
the former. Since Cu/Zn-SOD activity remained un-
changed during the ovulatory process, the decrease in
Mn-SOD activity might reflect preferential changes in
mitochondrial status in the ovary. In fact, mitochondria
in granulosa cells have been known to undergo swelling
and reveal tubulo-vesicular cristae during the matura-
tion of follicles [17]. Changes in mitochondrial proper-
ties and cell constituents during ovulation should be
studied further.

The mechanism by which the rate of synthesis for
Mn-SOD mRNA is enhanced remains to be studied.
Recent studies revealed that ovarian cancer cells synthe-
sized high levels of Mn-SOD and hence, plasma levels
of this isozyme were increased in patients with ovarian
cancer [18). It should be noted that, in some cell lines,
de novo synthesis of Mn-SOD is enhanced by various
compounds involved in inflammatory reaction, such as
tumor necrosis factor, interleukin-1, lipopolysac-
charides, and phorbol myristate acetate [19-25]. It has
been known that metabolic change similar to that found
in inflammatory tissues also occurs in the ovary, which
is prerequisite to the rupture of maturated follicles [26].
Hence, a wide variety of nonsteroidal anti-inflamma-
tory drugs, such as indomethacin, inhibited the ovula-
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Fig. 2. Northern blot analysis of mRNA for Cu/Zn-SOD and Mn-50D. Control ovaries (-48 h) were obtained from 22-day-old rats. Ovaries were
also obuained [rom rais at 0, 6 and 12 h afler hCG administration. Poly{A)* RNA samples (3 #g/lane) from these ovaries were electrophoresed,
transferred to a nylon membrane, and hybridized as described under Materials and Methods, Densitometric analysis of the hybridization signals
was performed using equai amounts of S-aclin mRNA., (A) Northern biot analysis for Cw2n-SOD, Mn-SOD, and S8-actin mRNAs. (B) Change
in mRNA levels measured by densilometric analysis. Values represent the average of the duplicate samples. (O) Cw/Zn-SOD; (@) Mn-SOD.
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Fig. 3. Effect of SM-SOD and H,O,-inactivated enzyme on the ovula-
tion rate. Before 30 min of hCG-injection, animals were intravenously
administrated with either SM-SOD (O) or H,0.-inactivated SM-SOD
(@). After 12 h of hCG-injection, number of ova in the ampullary (ubes
were counted, Data show mean = 8.D. derived from three animals,

tion [8], These observations might suggest that meta-
bolic perturbation that enhanced superoxide generation
may possibly be involved in the mechanism for ovula-
tion. In fact, significant amounts of macrophages accu-
mulated in the growing follicles and promoted gran-
ulosa cell proliferation [27]. Furthermore, maturation
of follicles in op/op mouse with marked reduction of
macrophages in the ovary and other organs occurs ex-
tremely poorly [28)]. These findings are not inconsistent
with the notion that superoxide radicals generated by
leukocytes may play important roles in the promotion
of ovulatory process.

The present work also demonstrates that SM-SOD
but not H,O,-inactivated enzyme significantly inhibited
the ovulation. Furthermore, subcutaneous administra-
tion of a large dose (30 mg/kg) of native SOD but not
H.0.-inactivated SOD also inhibited the ovulation by
40~50%. Recent study also revealed that SOD inhibited
hCG-induced ovulation in an isolated perfused ovary of
the rabbit [29]. Thus, the inhibition of hCG-induced
ovulation by SM-SOD might principally be due to dis-
mutation of superoxide radicals rather than nonspecific
toxicity of the SM moiety.

SM-SOD circulates bound to albumin with half-life
of 6 h, and accurnulates in injured tissues whose pH is
decreased [10,30]. Hence, SM-SOD effectively dismu-
tates superoxide radicals in the circulation and around
vascular endothelial cells of various tissues thereby de-
creasing oxidative stress [31,32]. SM-SOD also inhibited
the increase in vascular permeability of injured iissues
[33,34]. Preliminary experiments [35] revealed that vas-
cular permeability of the ovary was markedly increased
after hCG treatment by an SM-SOD-inhibitable mecha-
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nism. These observations might suggest that superoxide
radicals increased the vascular permeability of the
ovary thereby promoting the disorganization of constit-
uent cells in follicular walls, a prerequisite step to ovula-
tion. The mechanism and the site(s) for superoxide gen-
eration in the ovary of hCG-treated animals should be
studied further.
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