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Abstract

 

The interactions between insulin-like growth factor-I (IGF-I)

and the renin-angiotensin system (RAS) in follicular growth

and ovulation were studied with the use of an isolated per-

fused rabbit ovary preparation. Ovulation failed to occur in

either control ovaries or the experimental ovaries perfused

with IGF-I in a concentration of 1, 10, or 100 ng/ml in the

absence of gonadotropin. Exposure to IGF-I stimulated the

secretion rate of angiotensin II-like immunoreactivity (Ang

II-IR) in perfused rabbit ovaries in a dose-dependent man-

ner. The percent increase in follicle diameter in ovaries per-

fused with IGF-I for 12 h was significantly correlated with

the secretion rate of Ang II-IR at 12 h after exposure to

IGF-I. The addition of IGFBP-3 to the perfusate did not in-

duce ovulation in the absence of gonadotropin, but exposure

to IGFBP-3 inhibited hCG-induced ovulation in a dose-

dependent manner. In addition, IGFBP-3 significantly re-

duced the ovarian secretion rate of Ang II-IR and prosta-

glandins stimulated by hCG administration. Intrafollicular

plasminogen activator (PA) activity significantly increased

within 4 h after exposure to 100 ng/ml of IGF-I, compared

with that in control ovaries perfused with medium alone.

The concomitant addition of IGFBP-3 to the perfusate sig-

nificantly reduced the IGF-I-stimulated PA activity in the

preovulatory follicles at 4, 6, and 8 h after exposure to IGF-I.

However, IGFBP-3 alone affected neither the ovarian secre-

tion rate of Ang II-IR nor intrafollicular PA activity. Expo-

sure to streptokinase, an exogenous PA, in vitro stimulated

both follicular growth and the intrafollicular Ang II-IR con-

tent. In conclusion, IGF-I enhances both ovarian Ang II

production and follicular development by stimulating in-

trafollicular PA activity. (

 

J. Clin. Invest.

 

 1996. 98:308–316.)
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Introduction

 

The concept of classical endocrine control of ovarian function
has now been extended to a more complex regulatory system,

including paracrine and autocrine modulating mechanisms (1,
2). Among many factors, locally produced intraovarian insu-
lin-like growth factors (IGFs)

 

1

 

 and their binding proteins (IG-
FBPs) and the renin-angiotensin system (RAS) have been
shown to play important roles in the control of folliculogenesis
and ovulation (1, 3–7). IGFs as well as IGFBPs are produced
by ovarian granulosa cells (4, 5, 8). IGF-I acts synergistically
with gonadotropins in stimulating a variety of granulosa cell
functions, including estrogen and progesterone production and
the formation of LH receptors (1, 9, 10). Furthermore, rat
granulosa cells possess specific IGF type I receptors (10). We
previously demonstrated that growth hormone (GH) amplifies
gonadotropin actions in the process of follicular development
and ovulation, at least in part, stimulating ovarian IGF-I pro-
duction (11). The biological effects of IGF-I are modulated by
a family of IGFBPs in a complex and incompletely understood
manner (5, 12–14). In the ovary, IGFBP-3 appears to neutral-
ize the actions of gonadotropin and IGF-I, probably via its
ability to sequester IGF-I (12, 13, 15).

A functional local RAS is also known to exist in the ovary
(6, 7, 16–19). The findings of higher follicular concentrations of
prorenin, renin and angiotensinogen in humans and the identi-
fication of angiotensinogen and renin messenger RNA in the
rat ovary support the presence of a local RAS in the ovary
(16–19). Pellicer et al. (6) demonstrated that intraperitoneal
administration of an angiotensin II (Ang II) receptor antago-
nist, saralasin, blocked ovulation in immature rats treated with
gonadotropins. We also found that Ang II administration at
2-h intervals induced oocyte maturation and ovulation in in
vitro perfused rabbit ovaries in the absence of gonadotropin
(20). In addition, the rate of Ang II secretion in perfused rab-
bit ovaries was enhanced during the ovulatory process by ex-
posure to hCG, and the concomitant addition of saralasin in-
hibited hCG-induced ovulation in vitro in a dose-dependent
manner (7, 20). These observations point toward a potentially
important role of ovarian RAS in the preovulatory cascade.

Perfusion of isolated rabbit ovaries provides an opportu-
nity to conduct detailed studies of the intact organ under care-
fully regulated conditions that are independent of systemic in-
fluences (7, 11, 21). Previous in vitro studies (7, 11, 20) revealed
the possible involvement of IGF-I in follicular growth and oo-
cyte maturation and the function of locally produced Ang II as
a significant autocrine or paracrine modulator in the process of
ovulation. We conducted the present study to investigate inter-
actions between the IGF-I-IGFBP system and the RAS in fol-
licular growth and ovulation.
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 Abbreviations used in this paper:

 

 Ang II-IR, angiotensin II-like im-
munoreactivity; GH, growth hormone; hCG, human chorionic gona-
dotropin; IGF-I, insulin-like growth factor-I; IGFBP-3, insulin-like
growth factor binding protein-3; PA, plasminogen activator; PG,
prostaglandin; RAS, renin-angiotensin system.
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Materials and Methods

 

Animals.

 

A total of 157 sexually mature female Japanese white rab-
bits weighing 3.5–4.5 kg were used in the present study. They were
cared for according to the guidelines of Keio University School of
Medicine. Rabbits were isolated for a minimum of 3 wk before the
experimental procedure and were caged individually and fed water
and a diet of Purina rabbit chow ad libitum under controlled light and
temperature conditions. The rabbits were anesthetized with intrave-
nous administration of sodium pentobarbital (32 mg/kg). After hep-
arin sulfate (120 U/kg) was administered for anticoagulation, laparot-
omy was performed. Five ovaries were excluded from further study,
because they had fewer than three mature follicles, or 50% or more
of the surface follicles were hemorrhagic.

 

Ovarian perfusion.

 

Although the details of the standard perfu-
sion system have been modified over the years, the basic components
have remained constant (22, 23). The ovarian artery and vein were
cannulated in situ after ligation of the major anastomotic connec-
tions, as previously described (21, 22). The ovary was removed along
with its artery, vein, and supporting adipose tissue and immediately
placed in a perfusion chamber. The perfusion fluid consisted of 150
ml of medium 199 (GIBCO BRL, Gaithersburg, MD) containing 1%
bovine serum albumin (BSA) (Fraction V powder; Sigma Chemical
Co., St. Louis, MO), which was supplemented with heparin sulfate,
insulin, streptomycin, and penicillin G and adjusted to a pH of 7.4.
BSA was added to the basic perfusion fluid to increase the oncotic
pressure and reduced edema formation. Ovaries were observed every
15 min throughout the 12 h of perfusion for evidence of follicle
growth and rupture. At the time of follicle rupture, the ovulated
ovum surrounded by its cumulus mass was recovered carefully from
the ovarian surface with a Pasteur pipette. The time interval between
human chorionic gonadotropin (hCG) administration and follicle
rupture was recorded. The ovulatory efficiency (percent of follicles 

 

.

 

 1.5
mm that ovulated) was calculated for each group.

 

Biochemical materials.

 

Recombinant human IGF-I was pur-
chased from Amersham International (Amersham, UK). Nonglyco-
sylated recombinant human IGFBP-3 was kindly provided by Dr. C.
A. Maack (Cletrix Pharmaceuticals, Inc., Santa Clara, CA). Synthetic
Ang II was purchased from Sigma Chemical Co. 

 

125

 

I-Ang II (2,200 Ci/
mmol) was obtained from New England Nuclear (Boston, MA).

 

Experimental design.

 

The first experiment using 18 rabbits was
undertaken to determine whether the addition of IGF-I to the perfu-
sate stimulates the production of Ang II-like immunoreactivity (Ang
II-IR) in perfused rabbit ovaries. The serum levels of IGF-I in rabbits
ranged from 10 to 20 ng/ml and did not show any significant changes
during the preovulatory process. Accordingly, one ovary from each
rabbit was perfused with recombinant human IGF-I in a concentra-
tion of 1, 10, or 10

 

2

 

 ng/ml. The contralateral ovary was simultaneously
placed in a separate chamber containing medium alone to serve as a
control. Six ovaries were treated with each dose of IGF-I. Ovarian
perfusion was carried out for 12 h after administration of IGF-I. In
ovaries perfused with 10

 

2

 

 ng/ml of IGF-I, the concentration of IGF-I
in the perfusate ranged from 70 to 80 ng/ml 12 h after perfusion. Folli-
cles with a diameter greater than 1.2 mm were measured at the onset
of perfusion using a pair of slide calipers (Mitsutomo Co., Tokyo, Ja-
pan). The mean number of mature follicles per ovary was 5.24

 

6

 

0.28
(range, 4–7). The follicle diameter of the ovary before perfusion was
defined as 100%. The follicle diameter was also determined at 12 h
after the onset of perfusion, and the percent increase for each follicle
was calculated. Both arterial and venous samples were obtained be-
fore perfusion and 1, 2, 4, 6, 8, and 12 h after perfusion to determine
the ovarian secretion rate of Ang II-IR. The perfusate was introduced
through the ovarian artery cannula and was collected from the cannu-
lated vein and recycled. The arterial samples were taken from the ap-
paratus at a site just before perfusate entered the cannulated ovarian
artery, while the venous samples were collected from effluent
through the cannulated vein. The ovarian secretion rate of Ang II-IR
was calculated by determining the difference in concentrations of

Ang II-IR between the venous and arterial samples, as described pre-
viously (21). Samples were stored at 

 

2

 

80

 

8

 

C until the concentrations
of Ang II-IR were determined.

In the second experiment to determine the effects of IGFBP-3 on
hCG-induced ovulation and production of Ang II-IR, one ovary was
perfused with IGFBP-3 in a concentration of 1, 10, 10

 

2

 

, or 10

 

3

 

 ng/ml.
The contralateral ovary of each rabbit was simultaneously placed in a
separate chamber with medium alone and served as a control. 30 min
after the onset of perfusion, 50 IU of hCG (CH-446, biological activ-
ity 3,830 IU/mg; Organon, Oss, The Netherlands) was added to the
perfusate of both ovaries. Ovaries were perfused for 12 h after hCG
administration. Six ovaries were treated with each dose of IGFBP-3.
In another group of six rabbits, one ovary was perfused with 10

 

3

 

 ng/ml
of IGFBP-3 and the contralateral ovary was perfused with medium
alone. Ovarian perfusion was performed for 12 h after administration
of IGFBP-3. Both arterial and venous samples were obtained before
the administration of hCG and 1, 2, 4, 6, 8, and 12 h thereafter to de-
termine the ovarian secretion rates of Ang II-IR and prostaglandins
(PGs). Samples were stored at 

 

2

 

80

 

8

 

C until the concentrations of Ang
II-IR and PGs were determined.

The third experiment using six rabbits was undertaken to deter-
mine whether Ang II reverses the inhibitory effects of IGFBP-3 on
hCG-induced PG production and ovulation in perfused rabbit ova-
ries. Both ovaries were perfused with 10

 

3

 

 ng/ml of IGFBP-3. 30 min
after the onset of perfusion, 50 IU of hCG was added to the perfusate
of both ovaries. Ang II was dissolved in PBS (GIBCO BRL) at a con-
centration of 1.0 mg/ml. The solution (100 

 

m

 

g) was administered as a
bolus injection of one ovary every 2 h for 12 h of perfusion (7, 20),
while 0.1 ml of PBS was administered every 2 h in the contralateral
ovary. Both arterial and venous samples were obtained before the ad-
ministration of hCG and 1, 2, 4, 6, 8, and 12 h thereafter to determine
the secretion rate of PGs. Samples were stored at 

 

2

 

80

 

8

 

C until the
concentrations of PGs were determined.

The fourth experiment using 72 rabbits was conducted to assess
the effect of IGFBP-3 on IGF-I-stimulated plasminogen activator
(PA) activity in the preovulatory follicles. Ovaries were perfused with
medium alone, 10

 

2

 

 ng/ml of IGFBP-3, 10

 

2

 

 ng/ml of IGF-I, or 10

 

2

 

 ng/ml
of IGF-I plus 10

 

2

 

 ng/ml of IGFBP-3. Ovarian perfusion was termi-
nated before and 2, 4, 6, 8, and 12 h after IGF-I administration. At
least three ovaries from three different rabbits were examined at each
interval. Mature follicles were excised immediately at each time of
the perfusion and stored at 

 

2

 

80

 

8

 

C until intrafollicular PA activity was
determined.

The final experiment using 26 rabbits was undertaken to deter-
mine whether streptokinase, an exogenous plasminogen activator,
stimulates follicular growth and intrafollicular Ang II-IR content of
perfused rabbit ovaries in the absence of gonadotropin. Ovaries were
perfused with 100 U of streptokinase (Sigma Chemical Co.). At least
six ovaries from six different rabbits were examined at each interval.
The diameter of follicles greater than 1.2 mm was measured at the on-
set of perfusion. The mean number of mature follicles per ovary was
5.68

 

6

 

0.36 (range, 4–8). The first ovulation in this system occurred at
6 to 8 h after exposure to 100 U of streptokinase (24). Therefore, ova-
rian perfusion was terminated before and 2, 4, 6, and 8 h after expo-
sure to streptokinase. In another group of six rabbits, one ovary was
perfused with 100 U of streptokinase. The contralateral ovary was
perfused with 100 U of streptokinase plus 10

 

3

 

 ng/ml of IGFBP-3.
Ovarian perfusion was performed for 6 h after streptokinase adminis-
tration. The follicle diameter was determined at each duration of per-
fusion and the percent increase was calculated for each follicle. Ma-
ture follicles were immediately excised and stored at 

 

2

 

80

 

8

 

C until the
intrafollicular Ang II-like immunoreactivity content was determined.

 

Measurement of Ang II-like immunoreactivity in follicles and per-

fusates.

 

Perfused rabbit ovaries were removed at each time during
the perfusion and placed in ice-cold physiological saline. Mature folli-
cles were isolated under a dissecting microscope. Four to eight folli-
cles were placed in 1 ml of ice-cold 20 mM sodium phosphate buffer
containing 10,000 IU/ml of aprotinin (Sigma Chemical Co.), homoge-



 

310

 

Yoshimura et al.

 

nized with a Bio-Mixer (Kenis Scientific Institute, Tokyo, Japan), and
then centrifuged at 15,000 

 

g

 

 for 30 min at 4

 

8

 

C. Ang II-IR was ex-
tracted using the method described by Beadwell (25) with minor
modifications. After 

 

125

 

I-Ang II was added to estimate the recovery
rate, the supernatants and perfusate samples (0.1 

 

z

 

 0.6 ml) were sus-
pended in 30 mg of florisil to absorb Ang II-IR in the samples. The
mixtures were centrifuged at 400 

 

g

 

 for 10 min and washed twice with
1 ml of distilled water. The precipitates were eluted twice with 0.5 N
hydrochloric-acetone solution and centrifuged at 400 

 

g

 

 for 5 min. 1 ml
of petroleum ether was added to the supernatant to separate unsub-
stituted fatty acids. The aqueous extract were evaporated under a
stream of nitrogen gas. The extracts containing Ang II-IR were re-
constituted in 500 

 

m

 

l of 0.05 M borate buffer (pH 8.5) containing
1.2% BSA 0.5% NaCl, and 0.1% EDTA-2Na. Aliquots of these ex-
tracts were used for RIA of Ang II-IR and determination of recovery
rates. The average recovery rate for Ang II-IR was 89.5%. The Ang
II-IR in the tissue extract and perfusate was examined by RIA using

 

125

 

I-Ang II purchased from New England Nuclear Co. (Boston, MA)
and rabbit antiserum against an Ang II-BSA conjugate (26). The an-
tiserum cross-reacted as follows: 0.3% with angiotensin I, 10

 

2

 

4

 

% with
[Sar

 

1

 

-Ala

 

8

 

]Ang II, 30.8% with angiotensin III, 46.0% with des-[Arg

 

1

 

,
Asp

 

2

 

]Ang II, and 100% with [Val

 

5

 

]Ang II. The standard curve for
this assay ranged from 0.75 

 

z

 

 500 pg/tube. The intra-assay and inter-
assay coefficients of variation for Ang II-IR were 11.7 and 12.9%, re-
spectively.

 

Measurement of prostaglandin.

 

PG was extracted as previously
described (27). The average recovery rates of PGF

 

2

 

a

 

 and PGE

 

2

 

 were
79.4 and 84.8%. The concentrations of PGF

 

2

 

a

 

 and PGE

 

2

 

 were mea-
sured by RIA kits supplied by Amersham International Plc (Amer-
sham Corp, UK). Prostaglandin F

 

2

 

a

 

 and PGE

 

2

 

 antibodies cross-
reacted 2% with other closely related PGs. Intra-assay and interassay
coefficients of variation were 8.2 and 9.8%, respectively, for PGF

 

2

 

a

 

,
and 7.6 and 9.2%, respectively, for PGE

 

2

 

. The sensitivities of the as-
say for PGF

 

2

 

a

 

 and PGE

 

2

 

 were 3 and 43 pg/tube, respectively.

 

Measurement of PA activity in follicles.

 

Intrafollicular PA activ-
ity was determined using a Spectrolyse tissue PA (t-PA) activity assay
kit produced by American Diagnostic, Inc. (New York, NY), as de-
scribed previously (28). Briefly, the preovulatory follicles were ex-
cised, minced, and homogenized in 0.1 M Tris-HCl buffer (4 vol) and
0.5 M potassium thiocyanate (1 vol) at pH 7.4 in a homogenizer. The
homogenate was centrifuged at 2,900 

 

g

 

 at 4

 

8

 

C for 20 min and the su-
pernatant was used in the assay. This assay is based on the functional
parabolic rate assay. Fibrinolytic activity, expressed in IU, was deter-
mined using a human melanoma PA reference standard (Lot 831517
of the NIBSC, London, UK). The standard curve for PA ranged from

0.2 to 3.0 IU/ml. The intra-assay and interassay coefficients of varia-
tion were 6.9 and 8.4%, respectively.

 

Statistical analysis.

 

Data are presented as the mean

 

6

 

SEM. Nor-
mal distribution of data on the percent increase in follicle diameters
and ovulatory efficiency was obtained by arcsine transformation and
assessed using analysis of variance. Differences in PA activity in folli-
cular tissues and in concentrations of Ang II-IR and PGs among the
treatment groups during perfusion were assessed by two-way analysis
of variance, with the two independent variables being time of perfu-
sion and treatment group. This analysis was followed by Scheffé’s test
to determine the difference between two groups. The correlation be-
tween follicular growth and the secretion rate of Ang II-IR was also
evaluated by analysis of variance. A regression line was estimated us-
ing the least-squares method of curve fitting. Differences were con-
sidered statistically significant if the 

 

P

 

 value was 

 

,

 

 0.05.

 

Results

 

In the first experiment, ovulation failed to occur in either the
control ovaries or the experimental ovaries treated with IGF-I
in a concentration of 1, 10, or 10

 

2

 

 ng/ml in the absence of gona-
dotropin. The concentrations of Ang II-IR in arterial and
venous samples increased gradually by IGF-I administration
(Fig. 1). We found previously that exogenously administered
Ang II decreased as the increasing duration of ovarian perfu-
sion, suggesting that Ang II could be metabolized in the per-
fused rabbit ovaries (20). In the subsequent experiment, there-
fore, the ovarian secretion rate of Ang II-IR in the in vitro
perfused rabbit ovaries was determined. The secretion rate of
Ang II-IR, which was calculated by determining the difference
in concentrations of Ang II-IR between the venous and arte-
rial samples, was very low in the unstimulated control ovaries
during the entire perfusion period (Fig. 2). Exposure to IGF-I
in a concentration of 10 or 10

 

2

 

 ng/ml significantly enhanced
the secretion rate of Ang II-IR in perfused rabbit ovaries
within 2 to 4 h. In addition, IGF-I stimulated the secretion of
Ang II-IR in perfused rabbit ovaries in a dose-dependent man-
ner. The relationship between follicular growth and the secre-
tion rate of Ang II-IR in rabbit ovaries perfused with different
concentrations of IGF-I is shown in Fig. 3. The percent in-

Figure 1. Changes in concentrations of Ang II-IR in arterial and 
venous samples. Rabbit ovaries were perfused with IGF-I in a con-
centration of 102 ng/ml. The arterial samples (s) were taken from the 
apparatus at a site just before perfusate entered the cannulated ova-
rian artery, while the venous samples (d) were collected from efflu-
ent through the cannulated vein. Data points are the mean6SEM of 
at least six ovaries from six different rabbits.

Figure 2. Effects of IGF-I on secretion rates of Ang II-IR by per-
fused rabbit ovaries. Rabbit ovaries were perfused with medium 
alone (s), or with IGF-I in a concentration of 1 ng/ml (j), 10 ng/ml 
(m), or 102 ng/ml (d). Ovarian secretion rate (pg/min/ovary) was cal-
culated by determining the difference in concentrations of Ang II-IR 
between venous and arterial samples. Data points are the 
mean6SEM of at least six ovaries from six different rabbits. Values 
with asterisks differed significantly from values in ovaries perfused 
with medium alone; *P , 0.05, **P , 0.01; ***P , 0.001.
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crease in follicle diameter in ovaries perfused with IGF-I for
12 h was significantly correlated with the secretion rate of Ang
II-IR at 12 h after exposure to IGF-I.

Treatment with 50 IU of hCG induced ovulation in vitro in
all ovaries perfused with medium alone, or with 1 or 10 ng/ml
of IGFBP-3, whereas two of six ovaries treated with hCG plus
10

 

2

 

 or 10

 

3

 

 ng/ml of IGFBP-3 failed to ovulate (Table I). Ovula-
tion did not occur in ovaries perfused with either medium
alone or 10

 

3

 

 ng/ml of IGFBP-3 in the absence of gonadotro-
pin. The mean number of ovulations per ovary was signifi-
cantly lower in ovaries perfused with 10, 10

 

2

 

 or 10

 

3

 

 ng/ml of
IGFBP-3 than in hCG-treated controls. The time of ovulation
did not differ significantly among any of the treatment groups.
Exposure to IGFBP-3 inhibited hCG-induced ovulation in a
dose-dependent manner (Fig. 4).

The secretion rate of Ang II-IR significantly increased
within 1 h after exposure to hCG, reaching its maximum at 6 h

and declining thereafter (Figs. 2 and 5). The concomitant addi-
tion of IGFBP-3 to the perfusate significantly reduced the ova-
rian secretion rate of Ang II-IR stimulated by hCG adminis-
tration at 4 and 6 h (Fig. 5). In the absence of hCG, however,
IGFBP-3 alone did not affect the ovarian secretion of Ang II-
IR. The secretion rates of PGE

 

2

 

 and PGF

 

2

 

a

 

 in ovaries per-
fused with medium alone remained low throughout the 12-h
perfusion period (Fig. 6). There was no significant difference
in the ovarian secretion rates of PGE

 

2

 

 and PGF

 

2

 

a

 

 between
ovaries perfused with medium alone and with IGFBP-3. Expo-
sure to hCG significantly increased the production of PGE

 

2

 

 at
4, 6, 8, and 12 h, and of PGF

 

2

 

a

 

 at 6, 8, and 12 h, compared with
that in ovaries perfused with medium alone. The concomitant
addition of IGFBP-3 to the perfusate significantly reduced the
hCG-stimulated ovarian secretion rates of PGE

 

2

 

 and PGF

 

2

 

a

 

.
The addition of Ang II in the perfusate at 2-h intervals re-

versed the inhibitory effect of IGFBP-3 on hCG-induced ovu-
lation (Table II). The ovulatory efficiency in hCG-treated ova-
ries perfused with IGFBP-3 plus Ang II did not differ
significantly from that in ovaries treated with hCG alone (Fig.
4). The time of ovulation in hCG-treated ovaries perfused with
IGFBP-3 alone and with IGFBP-3 plus Ang II did not differ
significantly. Additionally, Ang II significantly stimulated the

Figure 3. Relationship between follicular growth and the secretion 
rate of Ang II-IR in perfused rabbit ovaries. Ovaries were perfused 
with medium alone (s), or with IGF-I in a concentration of 1 ng/ml 
(j), 10 ng/ml (m), or 102 ng/ml (d). Six ovaries from six different rab-
bits were used in each treatment group. Ovarian secretion rate of 
Ang II-IR was calculated by determining the difference in concentra-
tions of Ang II-IR between venous and arterial samples at 12 h after 
IGF-I administration. The diameter of each follicle was measured at 
the onset of perfusion and 12 h later, and the percent increase in each 
follicle was determined. Data on the mean percent increase in mature 
follicles in one ovary were subjected to arcsine transformation (folli-
cle growth index). A significant correlation between the percent in-
crease in follicle diameter and the secretion rate of Ang II-IR was 
noted (r 5 0.6285, P , 0.005).

 

Table I. Effects of IGFBP-3 on hCG-induced Ovulation

 

hCG
(50 IU)

hCG (50 IU) 

 

1

 

 IGFBP-3

IGFBP-3
(10

 

3 

 

ng/ml)
Medium

alone1 ng/ml 10 ng/ml 10

 

2

 

 ng/ml 10

 

3 

 

ng/ml

 

No. of ovaries ovulated 24 6 6 6 6 6 6

No. of ovaries ovulating 24 6 6 4 4 0 0

No. of ovulations per ovary* 5.12

 

6

 

0.21 4.83

 

6

 

0.49 3.83

 

6

 

0.54

 

‡

 

2.39

 

6

 

0.48

 

§

 

2.20

 

6

 

0.62

 

§

 

0 0

Time of ovulation (h)* 9.27

 

6

 

0.49 8.63

 

6

 

0.36 9.01

 

6

 

0.24 8.53

 

6

 

0.78 8.78

 

6

 

0.56

*Mean

 

6

 

SEM. 

 

‡

 

Significantly (

 

P

 

 < 0.01) compared with hCG-treated ovaries. 

 

§

 

Significantly (

 

P

 

 < 0.001) compared with hCG-treated ovaries.

Figure 4. Effect of IGFBP-3 on hCG-induced ovulation. Ovaries 
were perfused with medium alone or with IGFBP-3 in a concentra-
tion of 1, 10, 102 or 103 ng/ml. 30 min after the onset of perfusion, 50 
IU of hCG was added to the perfusate. Ovulatory efficiency was de-
fined as the percentage of mature follicles that proceeded to rupture 
during 12 h of perfusion. Data represent the mean6SEM of six ova-
ries from six different rabbits. a, P , 0.05; b, P , 0.01; c, P , 0.001).
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secretion rates of PGE2 and PGF2a in ovaries perfused with
hCG plus IGFBP-3 within 2 to 4 h (Fig. 7). The reduction in
PG production by IGFBP-3 was completely blocked by the
concomitant addition of Ang II.

Intrafollicular PA activity in ovaries perfused with medium
alone or IGFBP-3 alone remained low throughout the 12-h
perfusion period (Fig. 8). PA activity increased significantly
within 4 h after exposure to 102 ng/ml of IGF-I, compared with
that in control ovaries perfused with medium alone. The in-
trafollicular PA activity reached maximal levels at 6 h after ex-
posure to IGF-I and declined gradually thereafter, returning to
levels similar to those in controls by 12 h. Concomitant addi-
tion of IGFBP-3 to the perfusate significantly reduced IGF-
I–stimulated PA activity in the preovulatory follicles at 4, 6,
and 8 h after exposure to IGF-I.

Exposure to streptokinase in vitro stimulated both follicu-
lar growth and the intrafollicular Ang II-IR content in perfused
rabbit ovaries (Fig. 9). The Ang II-IR content significantly in-
creased at 4, 6, and 8 h after streptokinase administration. The
follicle diameter increased in streptokinase-treated ovaries as
the intrafollicular content of Ang II-IR content increased sig-
nificantly. However, IGFBP-3 affected neither the streptoki-
nase-stimulated Ang II production nor follicular growth
(Table III).

Discussion

Recent studies derived from our laboratory have demon-
strated that GH amplifies gonadotropin actions in the process
of follicular development and ovulation by stimulating ovarian
IGF-I production (11). In addition, exposure to IGF-I in vitro
significantly stimulated follicular growth and the production of
estradiol (E2) in in vitro perfused rabbit ovaries in the absence
of gonadotropin or GH (29). In the present study, the addition
of IGF-I to the perfusate significantly stimulated the secretion
rate of Ang II-IR in perfused rabbit ovaries. This stimulatory

action of IGF-I on ovarian secretion rates of Ang II-IR was
dose dependent. These findings suggest that the effects of
IGF-I are either exerted directly on the ovary or are mediated
via an IGF-I–dependent process in rabbits, supporting the hy-
pothesis that Ang II and IGF-I, which are thought to be impor-
tant local regulators in the ovary, interact with one another in
the process of follicular growth and ovulation. The existence of

Figure 5. Effect of IGFBP-3 on hCG-stimulated secretion rate of 
Ang II production in perfused rabbit ovaries. Ovaries were perfused 
with medium alone (s), 102 ng/ml of IGFBP-3 alone (n), 50 IU of 
hCG alone (d), or 50 IU of hCG plus 102 ng/ml of IGFBP-3 (m). 
Ovarian secretion rate of Ang II-IR was calculated by determining 
the difference in concentrations of Ang-II-IR between venous and ar-
terial samples. Data points represent the mean6SEM of six ovaries 
from six different rabbits. Values with asterisks differed significantly 
from values in ovaries perfused with medium alone; *P , 0.05; **P , 
0.01; ***P , 0.001. Values with daggers differed significantly from 
values in hCG-treated ovaries; †P , 0.05.

Figure 6. Effect of IGFBP-3 on hCG-induced PG production in per-
fused rabbit ovaries. Ovaries were perfused with medium alone (s), 
102 ng/ml of IGFBP-3 alone (n), 50 IU of hCG alone (d), or 50 IU of 
hCG plus 102 ng/ml of IGFBP-3 (m). Data points represent the 
mean6SEM of six ovaries from six different rabbits. Values with as-
terisks differed significantly from values in ovaries perfused with me-
dium alone; *P , 0.05; **P , 0.01; ***P , 0.001. Values with dag-
gers differed significantly from values in hCG-treated ovaries; †P , 
0.05; ††P , 0.01.

Table II. Effects of Ang II on the Inhibitory Effect of IGFBP-3 
in hCG-induced Ovulation

hCG-treated ovaries

IGFBP-3
(103 ng/ml)

IGFBP-3 (103 ng/ml)
1 Ang II (100 mg/2 h)

No. of ovaries perfused 6 6

No. of ovaries ovulating 5 6

Ovulatory efficiency (%)* 32.4610.4 66.769.3‡

Tie of ovulation (h) 9.2560.62 8.8860.42

*Percentage of mature follicles that proceeded to rupture during perfu-

sion. ‡Significantly (P < 0.05) compared with ovaries perfused with IG-

FBP-3 alone.
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an intraovarian IGF system complete with ligands, receptors,
and binding proteins at the levels of the somatic ovarian cells
suggests a variety of significant physiological effects in vivo (1,
4, 5, 10, 12). To the best of our knowledge, stimulation of ova-
rian Ang II production by IGF-I treatment has not been re-
ported previously. However, exogenously administered IGF-I
did not induce ovulation in vitro in the absence of gonadotro-
pin (29), despite the significant increase in ovarian secretion of
Ang II-IR. This implies that components other than Ang II
within the preovulatory follicular environment may also be re-
quired for follicles to rupture.

Locally produced Ang II functions as a significant auto-
crine or paracrine modulator in the processes leading to ovula-
tion (6, 7, 16, 17, 20). We demonstrated previously a direct ef-
fect of Ang II on the rabbit ovary, suggesting that Ang II may
play a critical role in the ovulatory cascade (7, 20, 30). The ad-
dition of saralasin, a peptide Ang II antagonist, to the perfu-
sate blocked hCG-induced ovulation in vitro in a dose-depen-
dent manner (20). The plasma concentration of prorenin
increased almost exactly at the time of ovulation (16, 31), and

gonadotropin stimulated renin activity and Ang II-IR in follic-
ular fluids (32). In addition, exposure to hCG in vitro en-
hanced intrafollicular renin activity and the secretion rate of
Ang II-IR in perfused rabbit ovaries (20, 30). In IGF-I-treated
ovaries, as determined in the present study, a significant corre-
lation was observed between follicular growth and the secre-
tion rate of Ang II-IR in perfused rabbit ovaries, suggesting
that IGF-I may enhance follicular development by stimulating
ovarian production of Ang II.

The synthesis and secretion of IGFBPs are thought to play
important roles in the regulation of IGF hormonal action at
the target cell level at a time when the extracellular concentra-
tion of IGF-I remains constant (33–35). Depending on the cir-
cumstances, IGFBPs can either inhibit (35) or stimulate (34)
the action of IGF-I on mammalian cells, but their predominant

Figure 7. Effect of Ang II on the inhibitory effect of IGFBP-3 in 
hCG-induced PG production in perfused rabbit ovaries. Ovaries were 
perfused with 103 ng/ml of IGFBP-3. 30 min after the onset of perfu-
sion, 50 IU of hCG was added to the perfusate of both ovaries. Ang II 
(100 mg) was administered as a bolus injection of one ovary every 2 h 
for 12 h of perfusion (d), while 0.1 ml of PBS was administered every 
2 h in the contralateral ovary (m). Data points represent the 
mean6SEM of six ovaries from six different rabbits. Values with as-
terisks differed significantly from values in ovaries perfused with IG-
FBP-3 plus hCG, *P , 0.05; **P , 0.01; ***P , 0.001.

Figure 8. Effect of IGFBP-3 on IGF-I-stimulated PA activity in the 
follicles. Ovaries were perfused with medium alone (s), 102 ng/ml of 
IGFBP-3 alone (n), 102 ng/ml of IGF-I alone (d), or 102 ng/ml of 
IGF-I plus 102 ng/ml of IGFBP-3 (m). Ovarian perfusion was termi-
nated before and 2, 4, 6, 8, and 12 h after IGF-I or IGFBP-3 adminis-
tration. Data points represent the mean6SEM of at least 15 follicles 
in three ovaries from three different rabbits. Values with asterisk dif-
fered significantly from values in ovaries perfused with medium 
alone; *P , 0.01; **P , 0.001. Values with daggers differed signifi-
cantly from values in IGF-I-treated ovaries; †P , 0.05; ††P , 0.01.

Figure 9. Effects of streptokinase on follicular growth and intrafollic-
ular Ang II-IR content. Ovaries were perfused with 100 Units of 
streptokinase. Ovarian perfusion was terminated before and 2, 4, 6, 
and 8 h after exposure to streptokinase. The follicle diameter was de-
termined at each time during perfusion and the percent increase was 
calculated for each follicle. The intrafollicular Ang II-IR content (pg/g 
tissue) was determined for each follicle. Data represent the 
mean6SEM of at least 24 follicles in six ovaries from six different 
rabbits. Values with asterisks differed significantly from values in un-
stimulated ovaries; *P , 0.05.
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effect on ovarian follicular cells in vitro appears to be inhibi-
tory (12, 13, 15). Although this development adds a new level
of complexity to the interaction with IGF-I at the cellular
level, the precise biological role(s) of IGFBPs in the ovulatory
process remains to be clarified. The present study demon-
strated that IGFBP-3 inhibited hCG-induced ovulation in a
dose-dependent manner in perfused rabbit ovaries, implying
that IGFBP-3 impairs some biochemical events required for
ovulation. In addition, IGFBP-3 significantly reduced the ova-
rian secretion rate of Ang II-IR and PGs stimulated by expo-
sure to hCG. The present findings, using in vitro perfused rab-
bit ovaries, are consistent with the in vivo data obtained with
the technique of ovarian intrabursal administration, showing
that locally administered IGFBP-3 inhibited follicle rupture in
gonadotropin-treated immature female rats (36). We found
previously that exposure to hCG significantly stimulated both
the tissue concentrations of IGF-I in perfused rabbit ovaries
(11) and the intrafollicular IGF-I mRNA levels (20). Cotreat-
ment with IGFBP-3 and hCG dose-dependently inhibited the
stimulatory effect of hCG on ovulation, suggesting a media-
tory role of endogenously produced IGF-I. Growing evidence
supports the view that Ang II in ovarian RAS is the center-
piece of an intraregulatory loop involved in promoting key
ovulatory events (17, 20, 28, 31). In the rabbit ovary, Ang II
has been shown to induce ovulation, at least in part, by a
mechanism that depends on a stimulatory effect of Ang II on
PG production (7). In the present study, IGFBP-3 significantly
inhibited hCG-stimulated PG production, concomitant with
the blockade of ovulation. In addition, Ang II reversed the in-
hibitory effect of IGFBP-3 on hCG-induced ovulation and PG
production. This implies that the inhibition of Ang II produc-
tion by IGFBP-3 leads to the reduced levels of PGs. Alterna-
tively, IGFBP-3 may block hCG-induced ovulation via a
mechanism involving the inhibition of hCG-stimulated ovarian
Ang II production.

Significant stimulation of intrafollicular PA activity in ova-
ries treated with IGF-I is consistent with the results of a recent
study showing that IGF-I stimulated PA activity in rat astro-
cytes, the functions of which are related to cell proliferation,
migration and differentiation during development (37). A
number of growth factors, including epidermal growth factor
(38), IGF-I (39) and platelet-derived growth factor (40), are
known to regulate PA; the modulation of PA activity by spe-
cific growth factors varies widely depending on the cell type.
PA is thought to be involved in several physiological processes
within the ovary, such as cellular differentiation, follicular mat-

uration, and ovulation (24, 28, 41, 42). The increase in intrafol-
licular PA activity observed in IGF-I–treated ovaries was al-
most identical to that observed previously in mature follicles
following exposure to hCG (28). Pellicer et al. (42) have dem-
onstrated that follicular development is impaired by inhibitors
of serine proteases in the rat, suggesting that an increase in PA
activity in preovulatory follicles may be of particular impor-
tance in the process of follicular development. Attention has
focused recently on IGFBPs in the process of follicle rupture
(36), suggesting that locally produced ovarian IGFBPs may
modulate the synthesis of receptors for LH on the granulosa
and theca interna cell surfaces and may also affect proteolytic
enzyme activities necessary for ovulation. We found recently
that IGFBP-3 contributes to the regulation of intrafollicular
PA activity during follicular development and ovulation
evoked by gonadotropin exposure (29). In the present study,
concomitant addition of IGFBP-3 to the perfusate significantly
reduced the intrafollicular PA activity stimulated by IGF-I.
These findings suggest that IGF-I may enhance follicular
growth by stimulating ovarian PA activity, and that IGFBP-3
may modulate the proteolytic enzyme activity required for fol-
licle rupture.

Gonadotropin induction of follicular PA activity leads to
plasmin formation, activates latent collagenase, and initiates
the proteolytic enzyme changes that lead to ovulation (24, 41,
42). Exposure to streptokinase, an exogenous PA, of in vitro
perfused rabbit ovaries caused rapid composition of connec-
tive tissues and dissociation of follicular collagen fibrils, lead-
ing to follicular growth and rupture in the absence of gonado-
tropin (24). The present study demonstrated that streptokinase
stimulated both follicular growth and the intrafollicular con-
tent of Ang II-IR in perfused rabbit ovaries. Although hCG-
induced increase in Ang II-IR was significantly blocked by IG-
FBP-3, IGFBP-3 affected neither the production of Ang II nor
follicular growth evoked by streptokinase. This implies that
IGFBP-3 may block the stimulatory effects of hCG on in-
trafollicular PA activity by neutralizing endogenously pro-
duced IGF-I. There is ample evidence for the presence of non-
renin enzymes in other extrarenal tissues that participate in the
production of Ang II from angiotensinogen (43–45). Chro-
matographic separation of renin-like enzymes had yielded
fractions containing nonrenin neutral or acidic proteases capa-
ble of generating Ang I from angiotensinogen (46). An in vitro
study has also shown that tissue PA can cleave Ang II from ei-
ther tetradecapeptide renin substrate or purified human angio-
tensinogen (47). We speculate that serine proteases, including
PA and plasmin that are produced by follicular cells after a go-
nadotropin surge (48, 49), may participate in the local regula-
tion of Ang II and the amplification of local RAS activity in
the ovary. In preovulatory follicles, the abrupt rise of Ang

Table III. Effects of IGFBP-3 on Streptokinase-stimulated Ang 
II Production and Follicular Growth

Streptokinase
(100 IU)

Streptokinase (100 IU)
1 IGFBP-3 (103 ng/ml)

No. of ovaries perfused 6 6

No. of follicles 32 36

Ang II-like immunoreactivity*

(pg/g tissue) 275634 303646

Percent increase of follicle diameter‡ 31.565.4 34.366.6

*Intrafollicular Ang II-like immunoreactive content was determined for

each follicle. ‡Follicle diameters were determined before perfusion and

6 h after perfusion.

Figure 10. Proposed hypothesis of interactions between intraovarian 
IGF-I-IGFBPs and the renin-angiotensin system in the process of fol-
licular development and ovulation.
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II-IR following gonadotropin surge (30) may be achieved by
activation of the ovarian RAS via the PA pathway. Since the
increase in the ovarian secretion rate of Ang II-IR is related to
follicular development in IGF-I-treated ovaries, it is also possi-
ble that this aspect of follicular development is, to a degree,
under the control of Ang II stimulated by the increase in in-
trafollicular PA activity.

We propose the following working model for interactions
between intraovarian IGF-I-IGFBP-3 and the ovarian RAS in
the process of follicular growth and ovulation (Fig. 10). A go-
nadotropin surge stimulates intraovarian production of IGF-I
during follicular development (11). The increase in ovarian
IGF-I synthesis stimulates intrafollicular PA activity. IGFBP-3
blocks the stimulatory effects of gonadotropin in the ovulatory
process by neutralizing endogenously produced IGF-I, result-
ing in reduced intrafollicular PA activity. An increase in in-
trafollicular PA activity is required for the process of follicular
development (28, 42). Intrafollicular PA activity stimulates the
generation of Ang II in the preovulatory follicles by activation
of prorenin to renin and/or by direct cleavage of angiotensino-
gen (46, 47). Elevated intrafollicular Ang II stimulates ovarian
PG production (7), leading to follicular growth and disruption
of the wall of the ovarian follicle required for ovulation. In
conclusion, IGF-I enhances ovarian Ang II production and fol-
licular growth by stimulating intrafollicular PA activity. Thus,
IGF-I and Ang II may interact with one another in the mecha-
nisms controlling follicular development and ovulation.
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