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Abstract

Objectives: To investigate whether analysis of granulosa cell apoptosis can be useful in assessing follicular and oocyte maturation and the

regulation of granulosa cell apoptosis by follicular fluid steroids in preovulatory follicles of stimulated women. Study design: Apoptosis in

aspirated granulosa cells (n ¼ 64) was measured using the Annexin V-affinity assay by flow cytometry. Follicular fluid steroids were

determined by ELISA and RIA. Statistics were evaluated using the Levenne test, Student t-test and simple linear regression analysis. Results:

No significant differences in the number and percentage of apoptotic granulosa cells per follicle were observed according to the maturity and

fertilizability of the oocytes by intracytoplasmic sperm injection within these follicles. No correlations were found between levels of steroid

hormones in follicular fluid and the number and proportion of granulosa cells undergoing apoptosis. Conclusions: The percentage of apoptosis

in granulosa cells is not related to oocyte maturity and fertilizability by ICSI or to follicular quality in stimulated cycles of normal women.

However, the possibility cannot be discarded that this parameter may be of importance at other phases of follicular development or in natural

cycles when no treatment that influences follicular physiology is being applied.

# 2003 Published by Elsevier Ireland Ltd.
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1. Introduction

Tissue homeostasis is maintained by a delicate balance

between cell proliferation and cell death. The latter may

arise not only from externally inflicted mechanical or che-

mical damage (necrosis), but also from a suicidal process

that is controlled from within the cell (apoptosis). Apoptosis

differs from necrosis in that the cell plays an active role in its

own destruction. It has characteristic ultrastructural features

(condensation and fragmentation of chromatin) and bio-

chemical changes (caspase proteolytic cascade) [1,2]. The

process is genetically controlled and can be triggered by an

internal clock or by extracellular agents such as hormones,

cytokines and numerous chemical, physical or viral agents.

From a biochemical point of view, one of the most impor-

tant characteristics of the apoptotic process is the loss

of phospholipid asymmetry of the plasma membrane.

Apoptotic cell death is accompanied by a change in plasma

membrane structure by surface exposure of phosphatildyl-

serine (PS), while the membrane integrity remains unchal-

lenged. Surface exposed PS can be detected by its affinity for

Annexin V, a phospholipid binding protein, using fluores-

cently labelled Annexin V and flow cytometry [3]. PS

externalisation is a very early phenomenon during apoptosis,

initiated at a time following the caspase proteolityc cascade

but preceding nuclear condensation and fragmentation of

chromatin [3].

In mammalian species atresia is a prominent feature of

ovarian follicular development [4]. Less than 0.1% of all

follicles present at birth mature and ovulate, whereas more

than 99.9% of the follicles undergo atresia. It has been

shown that follicle atresia is caused by apoptosis which

occurs at first in granulosa cells (GCs) [5]. GCs are essential

in ovarian folliculogenesis, due to the production of factors

that are necessary in a normal follicular maturation process,

like steroids and growth factors. For an adequate follicular

response to gonadotropins, it is necessary a suitable number

of GCs, which is determined by both the rate of proliferation

and the rate of cell death by apoptosis [6].
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The apoptotic process is regulated by different mecha-

nisms. One of the most important is the modulation pro-

duced by gonadotropins and gonadal steroids. Treatment

with estrogens increases follicular growth, ovarian weight

and the mitotic index of GCs [7]. Gonadotropins and estro-

gens have an antiatretogenic effect mediated by the preven-

tion of GC apoptosis and the stimulation of GC mitosis,

whereas androgens enhance GC death by apoptosis [8].

A close relationship has been reported between apoptosis

and assisted reproduction techniques, based on the incidence

of apoptotic GC in the follicle. A lower number of apoptotic

GCs is associated with a higher number of oocytes after

ovarian stimulation [9] and with oocytes with a better out-

come [10–12].

In an attempt to define the regulation of GC apoptosis by

follicular fluid (FF) steroids, we studied the relation between

the percentage of apoptosis in GCs in a preovulatory follicle

and the levels of steroids in FF. To determine whether

analysis of GC apoptosis can be useful in assessing follicular

and oocyte maturation in preovulatory follicles of stimulated

women, we measured these parameters in GCs aspirated

at the time of oocyte retrieval for intracytoplasmatic sperm

injection (ICSI) using the classic method of the Annexin

V-affinity assay. The number and proportion of GCs in

apoptosis was related to the maturity and fertilizability of

the oocytes within these follicles.

2. Study design

GCs were obtained from a total of 64 follicles from

55 couples with male infertility. Repeated semen analyses

for the husband were determined pathological according

to World Health Organization recommendations (World

Health Organization, 1999). All women had regular menstrual

cycles and Day 3 FSH andPRL, and Day 21 progesteronewere

normal. Tubal and uterus normality was based on histerosal-

pingography and ultrasonography studies. The patients ages

ranged from 24 to 36 years.

The women were down-regulated with gonadotrophin

releasing hormone agonist triptorelin (Decapeptyl 0.1, Lasa,

Barcelona, Spain) for 3–5 weeks, starting on cycle Day 21

until the administration of FSHr, when the doses where

reduced by half. After 10–14 days, they received FSHr

(Gonal F, Serono, Madrid, Spain) until the follicles reached

maturity. When more than three follicles had a diameter of

>18 mm, ovulation was stimulated by the administration of

5000 UI of human chorionic gonadotrophin (hCG) (Profasi

HP, Serono, Madrid, Spain). Oocyte retrieval was performed

by transvaginal needle-guided ultrasound aspiration 36 h

after hCG injection. Each follicle was systematically washed

in order to avoid any spill to the next follicle. Oocytes were

enzymatically denuded of cumulus cells with a solution

containing 80 IU hyalorunidase/ml (HYASE, IVF Science

Scandinavia, Gothenburg, Sweden). Corona radiata cells

were removed mechanically with the fire-polished tip of a

Pasteurpipette. Oocytematuritywas judged bymorphological

criteria. The ICSI procedure was carried out only in morpho-

logically normal metaphase II oocytes that had extruded the

first polar body. Motile spermatozoa were selected by the

Swim-up procedure, which consists of washing the semen

with the Gamete medium (IVF Science Scandinavia, Gothen-

burg, Sweden) by centrifugation at 300 � g. The supernatant

was discharged and in the same tube 1 ml of the medium was

added and left standing for 30 min to allow the sperm to swim

up from the pellet. Just before injection 2 ml of the prepared

sperm suspension were added to 5 ml of a polyvinylpyr-

rolidone (PVP) solution (ICSI, IVF Science Scandinavia,

Gothenburg, Sweden) to slow down the spermatozoa. Only

one spermatozoon was aspirated, tail first, from the PVP

solution and was injected into the cytoplasm of the oocyte

through the zona pellucida. The injection pipette was with-

drawn slowly from the oolema and oocytes were placed in

1 ml of IVF medium (IVF Science Scandinavia, Gothenburg,

Sweden) on a four-well dish. Between 16 and 20 h after the

ICSI procedure, oocytes were observed under the stereomi-

croscope (Eclipse TE-200, Nikon, Tokyo, Japan) for the

presence of pronuclei and polar bodies.

After removal of the oocyte from the aspirated FF, it

was centrifuged for 5 min at 400 g, and the supernatant

was collected and stored at �80 8C until its analysis. The

pelleted cells were resuspended in PBS, and were carefully

overlaid on Ficoll-Hypaque (Sigma Diagnostics, St. Louis,

MO, USA) and centrifuged at 400 � g for 30 min. GCs were

collected from the interphase and washed twice with phos-

phate-buffered saline. The total number of cells isolated

were counted on a Neubauer camera.

The FF concentrations of estradiol and progesterone

were determined by ELISA immunoassay commercial kits

(Biomerieux, Marcy-l’Etoile, France). Levels of testosterone

in FF were measured by commercial RIA kits (Orion Diag-

nostica, Espoo, Finland).

Apoptosis was measured using the commercial kit

Annexin V-FITC (R&D Systems, Minneapolis, USA;

Fig. 1). Cells were stained with Annexin V, a phospholipid

binding protein that detects early apoptosis, and with propi-

dium iodide (PI), a membrane impermeable stain, to dis-

criminate between dead and apoptotic cells. Briefly, the

Annexin V incubation reagent was prepared by mixing

10 ml of 10� binding buffer, 10 ml of PI, 1 ml of Annexin

V-FITC and 79 ml of distilled water. The cells were gently

resuspended in the Annexin V incubation reagent in the dark

for 15 min at 18–24 8C. Finally, 400 ml of 1� binding buffer

were added to each sample. After staining, cells were ana-

lyzed by flow cytometry (Cytoron Absolute, Ortho, Madrid,

Spain) within 1 h for maximal signal. Vital cells are negative

for both PI and Annexin V, apoptotic cells are Annexin V

positive and PI negative, while necrotic cells are positive for

both PI and Annexin V. Positive control samples consisted of

lymphocytes treated with 10�4 M dexamethasone for 8 h [9],

while negative controls consisted of GCs without staining

with the Annexin V-FITC kit.
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Shapiro-Wilk’s test was used to test whether data were

normally distributed. The data not conforming to a normal

distribution (number of apoptotic GCs) were mathematically

transformed (log) prior to analysis. Statistics were evaluated

using the Levenne test to check the variance homogeneity.

If this test was significant we used the Welch test to compare

the means, and if it was not, we used the Student t-test.

Simple linear regression analysis was used to show the

degree of linear association between the percentage of

apoptosis in GCs and the hormones studied.

3. Results

Apoptotic GCs were observed in all FFs analyzed, and

ranged between 250 and 123,000 cells per follicle, with a

mean and standard deviation of 8899 � 17,057 apoptotic

GCs. The proportion of apoptotic GCs in preovulatory

follicles averaged 3:3 � 1:9% of the studied cells, with a

range of 0.4–8.0%.

Table 1 shows that the number of apoptotic GCs per

follicle was not significantly different between follicles with

metaphase I oocytes and those with metaphase II oocytes

(8381 � 7536 versus 9064 � 19; 193 apoptotic GCs). No

significant differences in the percentage of apoptosis in GCs

were found in follicles with metaphase I oocytes and those

with metaphase II oocytes. There was no difference in the

number of apoptotic GCs from FF from which fertilized

oocytes were obtained and those with oocytes that remained

unfertilized after ICSI (Table 2). The percentage of apop-

tosis in GCs from FF from which fertilized oocytes were

obtained and those with oocytes that remained unfertilized

after ICSI was similar (3:1 � 0:3% versus 3:5 � 0:5% apop-

totic GCs). No correlations were found between levels of

steroid hormone in FF and the number and proportion of

GCs undergoing apoptosis (Table 3).

4. Comment

It has been claimed that the incidence of apoptosis in GCs

could be indicative of the ovarian function and a prognosis

factor in a program of assisted reproduction techniques.

Oocytes that come from follicles with a low percentage of

GCs in apoptosis have good prognoses, that is, such oocytes

are fertilized and grow into good-quality embryos after IVF

[10–12].

We found no relationship between the percentage of apop-

tosis and oocyte maturity and fertilizability by ICSI. These

results are in accordancewith Saito et al. [13], who did not find

any relationship between GC apoptosis and oocyte fertiliz-

ability by ICSI. However, these authors and others, such as

Nakahara et al. [11], found a correlation between the two

parameters when IVF was used as the assisted reproduction

technique. These findings can be explained by the require-

ment of the IVF procedure of physiologic sperm-oocyte

interactions that succeed only with a good-quality oocyte

(i.e. one with less apoptosis of GCs), whereas ICSI bypasses

these natural barriers by its invasive nature and thus does not

Fig. 1. Granulosa cell apoptosis measured with Annexin V-FITC kit. Cells

in quadrant 4 are apoptotic. Quadrants 1 and 2 represent damaged and dead

cells, respectively, and vital cells are situated in quadrant 3.

Table 1

Relationship between number and percentage of apoptosis in GCs and oocyte maturity

Metaphase I (n ¼ 16) Metaphase II (n ¼ 48) texp P

Number of apoptotic cells 8381 � 7536 (1650–28500) 9064 � 19193 (250–123000) 0.13 N.S.

Percentage of apoptosis 3.8 � 0.5 (0.6–7.0) 3.2 � 0.3 (0.4–8.0) 1.05 N.S.

Values are mean � S:D:. Numbers in parentheses are ranges.

Table 2

Relationship between number and percentage of apoptosis in GCs and oocyte fecundability

Unfertilized (n ¼ 14) Fertilized (n ¼ 34) texp P

Number of apoptotic cells 5657 � 3642 (2000–15800) 10886 � 23011 (250–123000) 0.77 N.S.

Percentage of apoptosis 3.5 � 0.5 (1.0–7.9) 3.1 � 0.3 (0.4–8.0) 0.73 N.S.

Values are mean � S:D:. Numbers in parentheses are ranges.

A. Clavero et al. / European Journal of Obstetrics & Gynecology and Reproductive Biology 110 (2003) 181–185 183



require a good-quality oocyte. These results indicate that if the

quality of the oocyte, measured by the apoptosis in GCs, is

low, it has a greater chance of being fertilized with ICSI than

with the IVF procedure.

Oosterhuis et al. [12] also found an increase in the number

of embryos obtained by IVF from patients with a low

percentage of GC apoptosis. The differences described can

also be attributed to the use of a pool of FF of each patient,

whereas we studied this percentage in FF from individual

follicles. The separation of FF allowed us to study the rela-

tionship between GC apoptosis and the maturity and fertiliz-

ability of the corresponding oocyte. In follicles stimulated

with FSH, a survival factor, GC apoptosis tends to be low

[14], and so it is understandable that we did not find any

relation between GC apoptosis and parameters of oocyte

quality. However, in other stages of follicular development

GC apoptosis could be of importance in the regulation of

follicular physiology.

A further factor that should be taken into account is that

we studied women in treatment due to male factor, whereas

the above authors studied women with gynaecologic dis-

eases. It has been shown that women with endometriosis

[10] and with deficit of ovarian reserve [9,15] have a high

percentage of apoptosis. We consider it necessary to exclude

these patients from the study group for a correct analysis of

this parameter.

In our study, the incidence of apoptosis was 3.3% of the

GCs present in FF. These results contrast with the 0.5% of

GC apoptosis obtained by Seifer et al. [9], a discrepancy that

may be attributed to the use of different techniques of

measuring apoptosis. The loss of plasma membrane asym-

metry is an early event in apoptosis, irrespective of the cell

type, resulting in the exposure of PS residues at the outer

plasma membrane leaflet. Annexin V specifically binds the

PS residues that are exposed on the outer leaflet of the

plasma membrane of apoptotic cells, but is not able to bind

to normal vital cells since the molecule is not able to

penetrate the phospholipid bilayer. In dead cells, the inner

leaflet of the membrane is available for binding of extrinsi-

cally applied Annexin V, since the integrity of the plasma

membrane is lost. The availability of biotin or FITC labelled

Annexin V provides a useful tool to measure apoptosis in

nucleated cells. In this way, vital apoptotic and dead cells

can be discriminated on the basis of a double-labelling for

Annexin V and a membrane impermeable DNA stain, such

as PI, and analysed afterwards by flow cytometry [3]. Note

that the PS exposure analysed in the Annexin V assay is a

very early phenomenon during apoptosis, preceding nuclear

condensation and breakdown of intracellular cytoskeletal

and nuclear matrix constituent [17]. O’Brien et al. [16]

showed that PS externalizations can be measured prior to

the detection of DNA strand breaks; therefore it is reason-

able that Seifer et al. [9] should have found a lower rate of

apoptosis in GCs due to the use of a technique that detects

the presence of DNA fragmentation, an event that occurs

later in the process of apoptosis.

Some authors [10,11,13] have determined lower rates of

apoptosis than we found in this study. There is, however, an

important difference in the techniques used by these authors

and the method used in the present study: they measured the

percentage of apoptosis in GCs using fluorescence micro-

scopy, while in the present study the cells were analysed by

flow cytometry. In the former studies, only the apoptotic

bodies of up to 1000 granulosa-lutein cells were counted

with the use of fluorescence microscopy. Measuring apop-

tosis by flow cytometry has the advantage of allowing the

analysis of far more GCs (>50,000) in a short time, thereby

increasing outcome precision enormously compared with

fluorescence microscopy. In addition, our results coincide

with those obtained by Oosterhuis et al. [12] who also used

flow cytometry to measure the percentage of apoptotic GCs.

We also studied the relationship between GC apoptosis

and steroid levels in FF. No correlation was found between

these parameters. These results can be explained by the

maintenance of steroidogenesis observed in apoptotic GCs

[15], due to the fact that steroidogenic organelles (mito-

chondria, smooth endoplasmic reticulum) remain intact

during bleb formation and nuclear fragmentation.

However, our data neither correlate with the inhibition

of apoptosis observed in cultivated GCs after addition of

estradiol, nor with the enhancement of this process by

testosterone [8]. The differences observed can be attributed

to the different techniques used to measure apoptosis. We

use a technique that detects early apoptosis, and so the

results will be different. Moreover, the cited authors used

rat GCs, which have a different steroidogenic production

from human GCs [18].

In conclusion, the number and percentage of apoptosis

in GCs is not related to oocyte maturity and fertilizability

by ICSI or to follicular quality in stimulated cycles.

Nevertheless, this parameter may be of importance in other

moments of follicular development, or in natural cycles not

subjected to any treatment influencing follicular physiology.
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basal. Rev Iber Fertil 2000;17:29–36.

[16] O’Brien IE, Reutelingsperger CP, Holdaway KM. The use of

Annexin-V and TUNEL to monitor the progression of apoptosis in

plants. Cytometry 1997;29:28–33.

[17] Oberhammer FA, Hochegger K, Froschl G, et al. Chromatin

condensation during apoptosis is accompanied by degradation of

lamin A þ B, without enhanced activation of cdc2 kinase. J Cell Biol

1994;126:827–37.

[18] Maxson WS, Haney AF, Schomberg DW. Steroidogenesis in porcine

atretic follicles: loss of aromatase activity in isolated granulosa and

theca. Biol Reprod 1985;33:495–501.

A. Clavero et al. / European Journal of Obstetrics & Gynecology and Reproductive Biology 110 (2003) 181–185 185


	Apoptosis in human granulosa cells after induction of ovulation in women participating in an intracytoplasmic sperm injection program
	Introduction
	Study design
	Results
	Comment
	References


