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Abstract

Glucocorticoids (GC) such as hydrocortisone and dexamethasone (DEX) protect steroidogenic granulosa cells against apoptosis

induced by serum deprivation, cAMP, tumor necrosis factor a stimulation or p53 activation. The protective effects were evident both in

primary rat and human granulosa cells, which comprise the main population of the ovarian follicular cells, as well as in steroidogenic

granulosa cell lines established in our laboratory. A correlation between the expression of Bcl-2 protein and protection against apoptosis

induced by DEX was found in granulosa cell lines expressing various levels of Bcl-2. Incubation with DEX leads to development of a rigid

network of actin cytoskeleton and increased incidence of adherence and gap junctions. Higher content of connexin 43 and total cadherins

were found in GC stimulated cells compared to non-stimulated, suggesting that cell contact and intracellular communication contribute to

the DEX induced resistance to apoptotic signals. Activation by DEX of MAPK and Akt/PKB but not p38 supported the view of a

pleiotropic action of GC against apoptotic signals. Granzyme B, a protease characteristic for induction of apoptosis by T-cytotoxic

lymphocytes and natural killer cells, was expressed and augmented during stimulation of apoptosis in the granulosa cells, and its synthesis

and activation was blocked by DEX. It is concluded that GC exerted their anti-apoptotic effects in granulosa cells by multiple

characteristic pathways. Moreover, the presence of endogenous granzyme B in granulosa cells suggest a novel intrinsic alternative

apoptotic pathway that was earlier reported to be mediated uniquely by T-cytotoxic lymphocytes and natural killer cells. The anti-

apoptotic effect of GC may play an important role in the healing process of the ovulatory follicle subsequent to follicular rupture and its

rapid conversion to an active corpus luteum.
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1. Introduction

Ovarian cell death is an essential process for the home-

ostasis of ovarian function in human and other mammalian

species. It ensures the selection of the dominant follicle and

the demise of excess follicles. In turn, this process mini-

mizes the possibility of multiple embryo development and

assures the development of few but healthy embryos

(reviewed in [1–3]). Although several hundred thousands

of primordial and primary follicles are present in the

mammalian ovary before puberty, only very few will fully

mature and ovulate. The others will be eliminated by

atresia, a process that exhibits both the biochemical and

morphological features of programmed cell death, which

includes blebbing of the cell membrane and rearrangement

of the actin cytoskeleton, followed by DNA degradation

[3–6]. Moreover, the demise of the old corpus luteum after

ovulation and formation of a new corpus luteum, assures

the prompt rise and fall of progesterone secretion during

the estrous/menstrual cycle and was also characterized as

programmed cell death [7–11].

GC are widely used as immunosuppressive and anti-

inflammatory agents. They have been shown to inhibit the

expression of cytokines, adhesion molecules and enzymes

involved in the inflammatory process [12]. The effect of

GC on ovarian function in vivo is not completely under-

stood. However, in cultured granulosa cells obtained from

in vitro fertilization (IVF) patients and from rat preovula-

tory follicles, GC were found to enhance gonadotropin/

cAMP induced steroidogenesis [13–15] and protected

efficiently against ovarian apoptotic signals [16], although
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in many cell systems GC are potent inducers of apoptosis

(reviewed in [17,18]).

Regulation of apoptotic signaling is achieved in general

by expression of distinct protein families, such as the Bcl-2

family. The Bcl-2 family consists of two subfamilies; pro-

apoptotic members such as Bax, Bad, Bik, Bim, or Bcl-xS

which initiate or promote apoptotic signals, and anti-

apoptotic members such as Bcl-2, Bcl-xL, Mcl-1, or A1

which block the activation of effector caspases, such as

caspase-3 and caspase-2, which transduce the apoptotic

signals (reviewed in [19]). Bcl-2, present in the outer

mitochondria membrane, has been suggested to block

apoptosis by inhibiting the release from mitochondria of

apoptosis-inducing factors, such as cytochrome c [20,21].

Cytochrome c serves as an important cofactor for the

activation of Apaf-1, which is located in the cytoplasm

and is able to activate caspase-9 [22]. Phosphorylation of

Bcl-2 is required for its proteasome-dependent degradation

[23]. Although the role of Bcl-2 in ovarian function is not

fully elucidated, a growing number of reports have impli-

cated it and related members of this gene family in ovarian

cell death. For example, the bcl-2 gene has been detected in

the ovary of many species [24–26] and ablation of func-

tional Bcl-2 through targeted disruption of the gene in mice

(‘‘knock out’’) leads to significantly fewer oocytes and

primordial follicles in the postnatal ovary [27]. Bcl-2 was

recently found also to be involved in leptin protection

against follicular cell death [28].

Distinct pharmacological modulation of apoptosis is

achieved by GC, such as DEX and hydrocortisone. Depend-

ing on cell type, DEX either elicits apoptosis, in thymocytes

and lymphocytes, or exerts potent anti-apoptotic effects in

Fig. 1. Modulation of Bcl-2 and BAX levels in granulosa cells. (A) Rat granulosa cell line RGSP53 was established by triple transfection of primary rat granulosa

cells, with SV40 DNA, Ha-ras and a temperature-sensitive (Ts) mutant of p53 (p53val135) [60]. Shifting the temperature of growth from 37 to 328 leads to

manifestation of wild-type p53 activity [45,61]. RGSP53-10 cells were cultured for 24 hr in medium containing 5% serum at 378 for 24 hr. The medium was

replaced with serum-free medium alone (CONT), or containing 20 mM forskolin (FK), 100 nM DEX or both (FK þ DEX) at 378. At the end of 24 hr incubation,

an additional 5 hr incubation was carried out in parallel at 32 or 378. Cells were fixed with methanol, stained with propidium iodide, and incidence of apoptosis

(sub G1 fraction) in the different treatments was examined by FACS. (A0) Western blot analysis was performed on cell lysates obtained after identical treatments

as in ‘A’ using specific antibodies to BAX and Bcl-2. (B) Primary cultures of human granulosa cells were incubated with DMEM/F12 medium containing 5% fetal

calf serum for 7 days to release them from desensitization [14] and subsequently in serum-free medium with the indicated stimulants for 24 hr at 378. The culture

medium was replaced with serum-free medium in the absence of stimulants (CONT), or in the presence of 300 IU/mL TNFa alone or with 100 nM of DEX for

24 hr. Percentage of apoptosis was determined as % of positively ‘stained nuclei by TUNEL per total nuclei stained by DAPI. Data are mean of triplicate

plates � SEM; ‘a’ is different from ‘b’ and ‘c’ P < 0:01. (B0) Cell lysates were prepared from identical treatments, as in ‘B’, and Western blot analysis was

performed using specific antibodies to Bcl-2 and b-tubulin. Similar treatments of immortalized granulosa cells showed essentially similar results. HO-23 is a

steroidogenic human granulosa cell line established by triple transfection with SV40DNA, Ha-Ras and Val 135 p53 [60] (modified by permission from [15,16]).
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various cell types such as, lung epithelial cells [29,30],

human neutrophils [31], rat hepatoma cells [32] and glo-

merular endothelial cells [33,34]. Although DEX has been

shown to increase Bcl-2 expression [16] and to suppress up-

regulation of pro-apoptotic members of the Bcl-2 family

such as Bcl-xS and Bak [34,35], as well as to prevent the

down-regulation of Bcl-xL expression, and the activation of

caspase-3 in response to TNFa [34,36], the anti-apoptotic

mechanism of DEX still remains to be fully elucidated.

In our research we present evidence that GC serve as very

potent inhibitors of apoptosis of granulosa cells which

comprise the main bulk of the ovarian somatic cells when

in most cases apoptosis of the ovarian follicle initiates in the

inner layers of granulosa cells facing the follicular antrum

[14–16]. We have discovered that GC prevent apoptosis

induced by cAMP stimulation, p53 activation (Fig. 1) and

TNFa stimulation (Fig. 2). These effectors may play also an

important role in the regulation of ovarian cell death in vivo.

1.1. Role of Bcl-2

We demonstrated that DEX suppressed apoptosis in pri-

mary human granulosa cells and in immortalized human

granulosa cell lines via modulation of Bcl-2 expression

Fig. 2. Attenuation of TNFa-induced apoptosis by dexamethasone in rat preovulatory granulosa cells. Primary cultures were obtained from PMSG-

stimulation immature female rats [15]. Cells were incubated with no stimulants in DMEM/F12 serum free medium (CONT; a, a0, a00), TNFa (300 IU/mL) (b,

b0, b00), or with TNFaþ 100 nM of DEX (c, c0, c00) for 24 hr at 378. At the end of the incubation period cells were fixed with 4% para-formaldehyde and

stained with DAPI (a, b, c) and TUNEL (a0, b0, c0). The same fields were also visualized by phase contrast microscopy (a00, b00, c00). Arrows are indicating

apoptotic nuclei (by permission from [15]).
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[14,16]. This phenomenon was consistent for p53, cAMP

and TNFa stimulation of apoptosis both in primary and

immortalized granulosa cells. The anti-apoptotic effect of

DEX was evident at low concentrations of the hormone

(ED50: 7 nM) and was blocked by the specific inhibitor

RU486, suggesting that the effect of GC is mainly via a

cytosolic receptor [16]. Interestingly, we have recently

discovered that GC enhance the intracellular level of Bcl-

2 protein without affecting the level of its mRNA. Since

DEX affects moderately the turnover of Bcl-2, we suggest

that DEX increases the translation rate of Bcl-2 [37,38].

Higher concentration of polyribosomes in DEX treated cells

compared to non-treated cells may facilitate higher rate of

mRNA translation in Dex-treated cells compared to non-

stimulated cells [39] (and our unpublished observations).

Experiments using cell lines expressing different amounts of

Bcl-2 show that the protective effect of DEX against apop-

tosis, when extremely low levels of the hormone is used, is

evident only in cells that express high levels of Bcl-2,

suggesting intrinsic connection between Bcl-2 intracellular

levels and survival activity of DEX (Fig. 3), although other

mechanisms such as increasing of cell–cell contact and

intercellular communication may also contribute signifi-

cantly to DEX protection against apoptosis in granulosa

cells. We found that DEX did not change BAX levels (Fig. 1).

We therefore suggest that Bcl-2 plays a dominant role

among this gene family in protecting granulosa cells against

apoptosis. DEX and hydrocortisone were found to protect

against TNFa induction of apoptosis both in primary and

immortalized human and rat granulosa cells [15,40]. TNFa
dramatically reduced intracellular levels of Bcl-2 while

DEX abrogates this reduction (Fig. 1). It is therefore sug-

gested that GC prevent apoptosis via blocking the degrada-

tion of this survival factor.

1.2. Role of granzyme B

We have recently discovered that granulosa cells express

granzyme like proteins [41,42]. Using antibodies to gran-

zyme B and the immunoflourescent technique reveal accu-

mulation of granzyme B in small granules. Western blot

analysis demonstrate that the 31 kDa protein of granzyme

B is processed to yield a 27–28 kDa active protease when

cells are stimulated to undergo apoptosis by high levels of

cAMP [41]. It seems that this pathway can bypass mito-

chondria destruction during initial steps of apoptosis and

allows steroidogenesis to go on until total collapse of the

cell is occurred. Interestingly, GC almost completely block

granzyme B production, and these observations suggest

that GC can block multiple pathways that are involved in

apoptosis in granulosa cells (Fig. 4).

1.3. Protease involvement in DEX inhibition

of apoptosis

Activation of caspase-3 is known to participate in gran-

ulosa cell apoptosis induced by gonadotropin starvation

[43,44]. Its activation is evident by cleavage of intact

37 kDa protein to form a 17 kDa fragment. Induction of

apoptosis by forskolin, which elevates intracellular cAMP,

did not show activation of caspase-3 (Fig. 5). In contrast,

induction of apoptosis by activation of p53 (shifting the

growth temperature from 37 to 328) [16,45] clearly activated

caspase-3, while forskolin at 328 did not further stimulate

caspase-3 activation. Notably, DEX abolished the cleavage

of 32 kDa caspase-3 (Fig. 5). A similar behavior was found

for the cleavage of poly-ADP ribose polymerase (PARP), a

113 kDa nuclear protein, that binds specifically at DNA

strand breaks and is a substrate for specific caspases (such as

3 and 7) which cleave PARP to an 89 kDa protein thus

serving as a marker for inducible apoptosis [46].

These data suggest different pathways for cAMP- com-

pared to p53-induced apoptosis, which could explain the

additive effect of p53- and cAMP-induced apoptosis.

Also the data suggest that the anti-apoptotic effect of

DEX could be exerted upstream of the activation of

caspase-3, as well as down stream since DEX protects

against p53 induced activation of caspase-3 and PARP.

Alternative pathways regulating apoptosis in granulosa cells

were recently discovered [41,42]. The contribution of cas-

pase-3 to this process is probably depend on the nature of the

pro-apoptotic signal.

1.4. Role of cell contacts and intercellular

communication

We demonstrated that GC elevated expression of

cadherins and CX-43 which stabilized cell contact and

Fig. 3. Inhibition of apoptosis by DEX in different RGP53 lines. Cells

were cultured for 24 hr in medium containing 5% serum at 378. The

culture medium were replaced with serum-free medium alone or with

0.1 nM of DEX. Cultures were stained with propidium iodide and

processed for FACS analysis. Data of survival, 100%� sub-G1 fraction,

are means from duplicate plates that deviated by <10% of their mean. Cell

lysates were prepared and Western blot analysis was performed using

specific antibodies to Bcl-2. Triangles refer to the basal Bcl-2 levels of the

different RGP53 lines.
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intercellular communication, respectively [14,47]. Cadher-

ins stabilize adherence type junctions. It was recently

suggested that down-regulation of N-cadherin is associated

with granulosa cell apoptosis, since N-cadherin mediated

granulosa cell signaling may play a central role in follicular

and luteal cell survival [9]. Indeed, aggregated granulosa

cells were more resistant to apoptotic signals than single

cells [48]. We showed that expression of cadherin is elevated

following DEX stimulation concomitantly with enlarge-

ment and increased incidence of adherence junctions

[47]. Therefore, we conclude that the anti-apoptotic effect

of GC involves enhancement of cell contact. We have

previously demonstrated that primary granulosa cells grown

on extracellular matrix or in the presence of basic fibroblast

growth factor (bFGF) enhance cell contact and change

cell shape and organization of the actin cytoskeleton corre-

lated with inhibition of apoptosis [49]. Therefore, paracrine

and endocrine factors, which can independently elevate

cell contact and organization of the actin cytoskeleton

may stabilize the cells against apoptotic signals [45].

Fig. 4. Down-regulation by DEX of granzyme B-like protein induced by cAMP in rFSH-17 cells. (A) Western blot analysis of granzyme B without

stimulation (CONT), following 24 hr of stimulation by hFSH and subsequently with 100 nM of DEX or 50 mM of forskolin (FK) or FK þ DEX for an

additional 24 hr. P.C: positive control of B3Z T cells [62]. (B) Progesterone release to the medium (measured by RIA) following the same stimulation,

showing in ‘A’. (C) Percentage of apoptosis was measured by FACS analysis following the same stimulation as in ‘A’ and subsequent methanol fixation. Data

in ‘B’ are means � SEM of triplicate plates: a, b < c, d; a < e, P < 0:05; c0 > a0, b0, d0, e0, P < 0:01.

Fig. 5. DEX inhibition of caspase-3 and PARP cleavage induced by p53 in RGSP53-10 granulosa cells. Cells were stimulated for 24 hr in medium containing

5% serum at 378. The medium was then replaced with serum free medium in the absence of stimulants (CONT) or in the presence of 20 mM forskolin (FK),

100 nM DEX or both (FK þ DEX) for 24 hr at 378. At the end of the second 24 hr incubation an additional incubation for 5 hr was carried out in parallel at 32

or 378. Western blot analysis was performed on cell lysates using specific antibodies to caspase-3 and PARP. The incidence of apoptosis (sub G1 fraction)

were measured by FACS analysis.
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Interestingly, DEX was found to up regulate cadherin

expression in human fibrosarcoma cells [50].

We found that DEX enhanced CX-43 expression and

appearance of intact gap junctions while cAMP also

enhanced expression of CX-43, but a high proportion of

the gap junctions seemed to be internalized [14]. Therefore,

integrity of the junction itself rather than the concentration

of its building blocks seems as important determinant in

preventing apoptosis. In hepatocytes DEX enhanced for-

mation of gap junction and expression of connexin-32 with

no change in the expression of CX-43 [51]. Thus, modula-

tion of CX-43 expression by GC is cell specific.

1.5. Role of protein phosphorylation

In our study we demonstrated a rapid activation (phos-

phorylation) of MAPK and PKB/Akt by DEX.1 Activation

of ERK 1/2 has been proposed to mediate an anti-apoptotic

effect in ovarian granulosa cells [52,53] and activation of

the Akt/protein kinase B signaling pathway has been asso-

ciated with granulosa cell survival [54,55]. By contrast, in

multiple myeloma cells, DEX-induced apoptosis was asso-

ciated with a significant decrease in the activities of MAPK

[56]. Thus, the mechanism by which GC inhibit apoptosis

probably depends on activation of MAPK while induction

of apoptosis in other systems involves MAPK inhibition

[56]. We found that DEX can induce Akt phosphorylation;

this can explain at least in part the mechanism of DEX in

inhibition of apoptosis. In contrast, in myoblasts, where

DEX induces apoptosis, Singleton et al. [57] found that

DEX inhibited the up-regulation of phospho-Akt induced

by IGF-I. This effect correlated with an increased expres-

sion of the p85a subunit of PI3K, which is a negative

regulator of PI3K activity, and therefore reduces Akt activ-

ity [57]. It was also found recently that E-cadherin-

mediated cell contact promotes Akt kinase activity, which

in turn, inhibits caspase-3 activation and thereby maintains

immortalized granulosa cells viability [58]. These results

are in line with our observations that DEX causes an

elevation of cadherins and phospho-Akt levels.

Fig. 6. Multiple pathways regulating steroidogenesis and apoptosis by GC in granulosa cells. Abbreviations: GC, glucocorticoids; mGCR, a putative

membrane glucocorticoid receptor; MAPK, mitogen activated protein kinase; PKB, protein kinase B; StAR, steroidogenic acute regulatory protein; GR,

gonadotropic hormone receptor; P450scc, cytochrome p450 side cleavage chain; hsp, heat shock protein 90.

1 Sasson and Amsterdam, unpublished observations.
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1.6. Possible physiological role of the anti-apoptotic

effect of glucocorticoids in ovarian homeostasis

It was recently hypothesized that GC serve an anti-

inflammatory role during ovulation thereby, promoting

rapid healing of the wound left by follicular rupture in

anticipation of the next ovulatory cycle [59]. Our investi-

gation may deepen our understanding of the mechanism by

which GC exert their anti-inflammatory action in the ovary.

Our recent finding that GC synergize with gonadotropin/

cAMP stimulation of progesterone production [15,16,60]

suggest that the anti-inflammatory action of GC is exerted

by two complementary mechanisms: on one hand, they

induce death of cells that provoke the inflammation, and

one the other hand, they protect the resident cells of the

inflamed tissue by arresting apoptotic signals and by

stimulating post-ovulatory steroidogenesis [17]. Deepen-

ing the knowledge on the cellular and molecular mechan-

isms of the diverse effects of GC in controlling cell death

and differentiation of ovarian follicular cells may facilitate

a more comprehensive use of these steroid hormones in

controlling inflammation and possibly preventing apopto-

sis in some degenerative diseases.

2. Conclusions

GC receptors are expressed in granulosa cells, which

implies the potential for direct action in the ovary. Our

research demonstrates a direct effect of GC on steroido-

genesis and protection against apoptosis induced by serum

deprivation, cAMP, p53 and TNFa in granulosa cells, the

main population of somatic cells in the ovarian follicle.

Enhancement of steroidogenesis by GC is due to up-

regulation of the cytochrome P450scc [13], while protec-

tion against apoptosis by GC was due to a concerted

stimulatory effect on Bcl-2 expression, as well as, on

expression of cadherins and connexin-43, the main build-

ing blocks of adherence and gap junctions (Fig. 6). Thus,

the integrity of cell contact and intracellular communica-

tion plays an important role in the protective effect of GC

against apoptosis. Stimulation of apoptosis in granulosa

cells involved activation of caspase-3, PARP cleavage and

activation of a novel intrinsic apoptotic pathway modulated

by enhancement of synthesis and cleavage of granzyme B

(Fig. 6). All of these pathways were dramatically attenu-

ated by GC. The stimulatory effect of GC on steroidogen-

esis and the inhibitory effect of GC on apoptosis in

immortalized cells were similar to primary cells, suggest-

ing that the immortalized cells can serve as a useful system

to analyze the effects of GC in cells that are closely related

to normal granulosa cells. It is concluded that GC exerted

their anti-apoptotic effects in granulosa cells by multiple

characteristic pathways. Moreover, the involvement of

endogenous granzyme B in granulosa cell apoptosis could

explain an apoptotic pathway that does not lead, at the

initial stages, to the loss of mitochondrial structure and

steroidogenic function. Thus, the inhibitory effect of GC

on granulosa cell apoptosis may serve as an important

regulator of ovarian steroidogenesis and ovarian cell death.
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