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Abstract
Oxidative stress-induced antioxidant adaptive response would be particularly important to cells in high reactive oxygen species
(ROS) environments. We aimed to determine the dynamic adaptive response of antioxidant enzymatic systems in sheep corpus
luteum (CL) during PGF2a-induced luteal cell death. Activities of superoxide dismutase (SOD1 and SOD2), catalase (CAT),
glutathione peroxidase (GPX) and glutathione reductase (GSR), and in situ DNA fragmentation were determined in CL at
day 10 of the estrous cycle (0 h) and at 12, 24 or 48 h after PGF2a injection. A decrease in plasma progesterone concentration
was first observed at 6 h after treatment (P , 0.05). Apoptotic cells were rarely observed in the CL at 0 h (less than 0.7%), and
their incidence increased (P , 0.01) by 12 h post-PGF2a (11.7%) and remained thereafter elevated through 48 h. Activities of
SOD1, SOD2, GPX and GSR were not changed at any time points after PGF2a treatment. CAT activity increased at 12 h
(P , 0.01) and at 24 h (P , 0.05) after PGF2a treatment as compared to that at 0 h. These findings demonstrate that PGF2a

induce luteal cell death without depressing the activity of antioxidant enzymes. It is suggested that transient increase in CAT
activity is an adaptive response of the CL to oxidative stress induced by PGF2a.
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Introduction

During the reduction of molecular oxygen to water,

reactive oxygen species (ROS) are produced in low

quantities as by-products of normal aerobic metab-

olism. An increase in the generation of ROS beyond

the ability of intracellular antioxidant defenses is

called oxidative stress, also defined as an imbalance

between oxidants and antioxidants in favor of the

oxidants, potentially leading to cellular damage [1].

ROS include superoxide anion radical ðOz2
2 Þ; hydroxyl

radical (OHz) and hydrogen peroxide (H2O2). Under

physiological and pathophysiological conditions, the

generation of ROS in biological systems is known to

damage lipids, proteins and nucleic acids [2] and

ultimately lead to cell death. To prevent cell death

caused by ROS, aerobic cells are endowed with

enzymatic antioxidant defense systems. Superoxide

dismutase (SOD), catalase (CAT) and glutathione

(GSH)-dependent enzymes are the key and compli-

mentary antioxidant enzymatic systems that protect

cells against toxic and damaging effects of ROS [3].
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Copper–zinc SOD (SOD1), which is located in the

cytoplasm, and manganese SOD (SOD2), which is

located in the mitochondria, both belong to the first

enzymatic step that plays a vital protective role by

catalyzing the conversion of O2
z2 into H2O2 [4,5].

Unlike Oz2
2 radical, H2O2 is relatively stable and has a

higher oxidant potential. In the presence of iron, H2O2

and Oz2
2 can interact in a Haber–Weiss reaction to

generate OHz which is thought to be a powerful

initiator of lipid peroxidation [2]. CAT, found

primarily within peroxisomes and glutathione peroxi-

dase (GPX), present in significant amounts in the

cytoplasm, both belong to the secondary defense

mechanism against ROS by catalyzing the conversion

of H2O2 to H2O [6]. GPX detoxifies H2O2 to H2O

through the oxidation of reduced GSH and metab-

olizes lipid hydro peroxides to less reactive hydroxy

fatty acids [6]. The ability of GPX to reduce H2O2 or

other hydro peroxides is dependent on the activity of

glutathione reductase (GSR). This enzyme catalyses

the reduction of the oxidized form of glutathione

(GSSG) to GSH with NADPH as the reducing agent

[6]. Therefore GSR is an important component of the

cellular anti-oxidant defense mechanism as it main-

tains adequate levels of reduced-GSH. Glutathione-

dependent enzymes represent therefore a coordinately

regulated defense against ROS-induced oxidative

stress [7].

Oxidative stress has been implicated in a large

number of human diseases including atherosclerosis,

pulmonary fibrosis, cancer, neurodegenerative dis-

eases and aging [8]. ROS-induced oxidative stress play

an important role in apoptosis [9,10]. ROS also

function as double-edged swords: while excessive

ROS production damages DNA, low levels of ROS

affect cell signaling in physiological processes [11].

Over the last two decades, a great deal of evidence has

been published suggesting that ROS affect multiple

physiological processes such as sperm development,

oocyte maturation, ovulation, follicular and luteal

steroidogenesis, implantation and early embryo

development [12,13]. There is also evidence that

ROS cause pathological processes affecting female

reproduction, such as infertility, endometriosis, pre-

eclampsia, fetal embryopathies, preterm labor and

abortions [14]. Yet the relationship between ROS-

induced oxidative stress and the pathophysiology of

these diseases is not clear, largely due to a lack of

fundamental insights regarding cellular adaptive

responses to oxidant environment under both phys-

iological and disease states.

The prostaglandins (PG’s) are a group of oxygenated

fatty acids that have been found in all mammalian

tissues and they are important bioregulators as well as

participants in pathological states [15]. Regression of

the corpus luteum (CL) or luteal regression is an

example of physiological degeneration of cellular

structure, which is a necessary event of the mammalian

reproductive cycle. Luteal regression is characterized

by two associated events: loss of the capacity of the CL

to synthesize and secrete progesterone (functional

luteal regression) and death of luteal cells (structural

luteal regression). In many mammalian species, PGF2a

is implicated in the process of functional and structural

luteal regression [16]. A role of ROS in regulating

ovarian steroidogenesis was first proposed based on the

presence of Oz2
2 in the rat ovarian tissue and its cyclic

changes during the estrous cycle [17]. Then, most

investigations reported that both natural and PGF2a-

induced functional luteal regression in the rat are

associated with a loss of progesterone production and

an increase in the production of ROS [18,19]. ROS are

also produced during enzyme reaction, particularly by

the cytochrome P-450 family implicated in steroido-

genesis [6,20] and by the arachidonic acid cascade

during PG’s synthesis [21], and thus ROS are

considered as by-products of normal steroid and PGs

synthesis by the CL.

The oxidative stress-induced adaptive response as a

defense mechanism would be particularly important

to cells in high ROS environments. Luteal cell’s highly

oxidizing environment and constant exposure to ROS

due to their high capacity to synthesize and secrete

steroid hormones make the CL an excellent in vivo

model for studying the antioxidant adaptive response

of these cells to ROS-induced oxidative stress and

luteal cell death. The dynamic and rapid changes in

antioxidant enzymatic activities may indicate how a

cell or organ might respond to ROS oxidizing

environment. The antioxidant enzymatic defences

against ROS act synergistically to protect cells against

ROS-induced oxidative stress and DNA damage [3,7]

and should not be considered separately. The present

study was therefore designed to determine the

activities of key intracellular antioxidant enzymes,

namely SOD1, SOD2, CAT, GPX and GSR, and the

time course of in situ DNA fragmentation, character-

istic of apoptotic cell death, in functionally active and

healthy mature CL of the estrous cycle and in

regressed CL obtained from ewes 12, 24 or 48 h

after treatment with PGF2a.

Materials and methods

Animals and tissue collection

All procedures relating to care and use of animals were

approved by the French Ministry of Agriculture

according to the French regulation for animal

experimentation (authorization no 78–34). The

study involved 16 cyclic ewes of the Préalpes-du-Sud

breed. All the ewes were treated for 14 days with intra-

vaginal sponges containing 40 mg fluorogestone

acetate (Intervet, Angers, France) to synchronize

estrus as described [22]. Each ewe received immedi-

ately after removal of the sponges an intramuscular
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injection of 500 IU of equine chorionic gonadotropin

(eCG, Intervet). Twelve ewes were injected (i.m.) with

10 mg of PGF2a (Dinolyticw, Pharmacia, Guyan-

court, France) at day 10 of the estrous cycle and the

CL were collected 12, 24 and 48 h (n ¼ 4 ewes per

group) after PGF2a-injection. Control CL (CL of

ewes not given PGF2a) were obtained at day 10 of the

estrous cycle (0 h, n ¼ 4 ewes). In all the ewes, ovaries

were obtained by surgery under general anesthesia and

the CL were immediately dissected from the

surrounding ovarian tissue and weighed. For the

determination of luteal cell death, a piece of each CL

was fixed overnight in 4% para-formaldehyde in

phosphate-buffered saline (PBS), pH 7.4, washed in

PBS, dehydrated through a series of increasing

concentrations of ethanol, cleared in xylene, and

embedded in paraffin wax. The remaining luteal tissue

was snap-frozen in liquid nitrogen and stored at

2808C until processed for the antioxidant enzyme

activities.

In situ detection of luteal cell death

Luteal cell death was identified with the In Situ Cell

Death Detection Fluorescein Kit (Roche Diagnostics,

Mannheim, Germany). This assay detects nuclear

DNA fragmentation in apoptotic cells by terminal

deoxynucleotidyl transferase (TdT)-mediated dUTP

nick-end labeling (TUNEL). Briefly, tissue sections

6mm thick were prepared, mounted on silane-coated

slides (3-amino-propyltriethoxysilane-coated slides;

Sigma-Aldrich Chimie Sarl, Saint Quentin Fallavier,

France), dehydrated through a series of decreasing

concentrations of ethanol (100–70%) to water. They

were then treated with 100mg/ml Proteinase K

(Sigma-Aldrich Chimie Sarl) in 10 mM Tris, pH

8.0, for 30 min at 378C and washed with PBS, pH 7.4.

The slides were submerged in 0.1 M sodium citrate for

30 min at 708C and then washed with PBS. Sections

were incubated 60 min at 378C with the TUNEL

mixture, washed with PBS and counterstained with an

aqueous solution of propidium iodide (DNA-PREP

stain, Beckman Coulter Co. Fl, Miami, USA). Tissue

sections were analyzed under a fluorescent micro-

scope. Negative control sections were processed

identically except that the labeling enzyme (terminal

deoxynucleotidyl transferase) was omitted. Four

different optical fields (magnification X250) were

selected in a random manner for each CL tissue

section and used to calculate the percentage of

apoptotic nuclei. Tissue sections were also processed

for routine histology and stained with haematoxylin

and eosin for morphological analysis.

Antioxidant enzyme activity assays

Frozen unthawed luteal tissues obtained at 0, 12, 24 or

48 h after PGF2a injection from each ewe were

homogenized separately in cold phosphate buffer

(50 mM, pH 7.4) and then the homogenates were

centrifuged at 15,000g for 30 min at 48C. The

resulting supernatant was used for determination of

protein concentration and measurement of enzymatic

activities. Protein concentrations were determined by

Lowry’s method [23].Total SOD activity was

measured using the pyrogallol assay as previously

described [24], based on the competition between

pyrogallol oxidation by superoxide radicals and

superoxide dismutation by SOD. To measure SOD2

activity, sodium cyanide was included to inhibit SOD1

activity. SOD1 activity was calculated by subtracting

SOD2 activity from total SOD activity. The rate of

auto-oxidation is taken from the increase in the

absorbance at 420 nm. One unit of SOD activity is

defined as the amount of the enzyme required to

inhibit the rate of pyrogallol auto-oxidation by 50%.

CAT activity was measured by a simple and rapid

method as previously described [25]. In this method,

the rate of hydrogen peroxide decomposition by CAT

was followed at 240 nm. One unit was defined as the

decomposition of 1 mmol hydrogen peroxide per

minute per milligram protein. GPX activity was

measured using the glutathione reductase-NADPH

method [26]. Enzyme activity was determined by a

coupled assay system in which oxidation of gluta-

thione was coupled to NADPH oxidation catalyzed by

glutathione reductase. The rate of glutathione

oxidized by tertiary butyl hydroperoxide was evalu-

ated by the decrease of NADPH in the presence of

EDTA, excess reduced glutathione and glutathione

reductase. The rate of decrease in concentration of

NADPH being recorded at 340 nm. GPX activity was

expressed in terms of nM of NADPH oxidized per

minute per milligram of protein. GSR activity was

assayed by the standard method of NADPH oxidation

[27]. In this assay, oxidized glutathione is reduced to

glutathione by GSR which oxidizes NADPH to

NADPþ. NADPH consumption was determined at

340 nm. Enzyme activity was expressed in terms of

nM of NADPH oxidized per minute per milligram of

protein.

Blood sampling and progesterone assay

Blood samples were taken from each ewe by jugular

venipuncture beginning 30 min before PGF2a treat-

ment and then continued every 6 h until the surgical

removal of ovaries. After centrifugation (3000g, 48C)

for 30 min, plasma was stored at 2208C until assayed.

Plasma was analyzed for concentrations of progester-

one as a means to monitor the timing of functional

luteal regression, using a validated radioimmunoassay

in unextracted plasma as described [28], except

that charcoal–dextran solution was used instead of

polyethylene glycol for the separation of bound

and free radioactivity. Tritiated progesterone

Antioxidant adaptive response during luteal cell death in vivo 253
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([1,2,6,7–3H]–progesterone, sp.act. 88 Ci mmol1)

was obtained from Amersham International

(Amersham, Bucks, UK) and a specific antiprogester-

one antibody was obtained from the Institut Pasteur

(Paris, France). All plasma samples were run in

duplicate in a single assay. The minimum detectable

concentration of progesterone was 0.1 ng/ml, and

the intra-assay coefficient of variation was less

than 10%.

Statistical analysis

Data were expressed as mean ^ SEM. The number of

positively stained apoptotic cells was counted in 4

random fields/section/CL and results are expressed as

the percentage of apoptotic cells of the total number of

cells counted at each time after PGF2a treatment. The

data were analyzed by one-way ANOVA followed by a

Turkey multiple comparison test (PRISM Graph Pad

version 2; Graph Pad Software, San Diego, CA,

USA). The acceptable level of significance was set at

P , 0.05.

Results

PGF2a injection induces functional luteal regression

Plasma progesterone concentrations (ng/ml) before

and after PGF2a treatment are shown in Figure 1. A

significant decrease (P , 0.05) in plasma progester-

one concentration was first observed at 6 h after

PGF2a treatment as compared with the level at 0 h.

Then plasma progesterone further decreased

(P , 0.001) at and after 12 h post-PGF2a treatment.

PGF2a injection induces luteal cell disorganization

Representative histological features of fully healthy

CL collected at day 10 of the estrous cycle (0 h) from

non-treated ewe and regressed CL obtained at

different time points (12, 24 and 48 h) from PGF2a-

treated ewes are shown in Figure 2. In the healthy CL,

the predominating cell type is the large polyhedral

luteal cells which were relatively uniform in shape and

had abundant cytoplasm containing central rounded

nuclei. At 12 h after treatment with PGF2a, the large

luteal cells still appeared morphologically similar to

that seen in the healthy CL but are irregular in outline.

Marked morphological changes characteristic of luteal

regression occur 24 h after PGF2a treatment, particu-

larly cellular disorganization and apparent nuclear

chromatin condensation. Widespread cellular disor-

ganization and prominent shrinking of luteal cells

occur 48 h post-PGF2a treatment. At this stage of

PGF2a-induced luteal regression, nuclear chromatin

condensation, densely staining pyknotic bodies and

vacuoles became a predominant morphological fea-

ture of the CL.

PGF2a injection induces luteal cell death and structural

luteal regression

We used in situ nick-end labeling (TUNEL) method

to determine the onset and the time course of

nuclear DNA fragmentation within luteal tissue

during PGF2a-induced luteal regression. The fluor-

escent nuclear DNA fragments were rarely detected in

luteal tissues of the healthy functional CL, whereas

they were extensively present in the regressed CL

(Figure 2). Irrespective of time after PGF2a treatment,

the distribution of DNA fragments was heterogeneous

within the region of the CL examined, and DNA

fragments were easily detected. The weight of CL

recovered at 0 h was different (P , 0.01) from that

recovered 24 and 48 h following PGF2a treatment

(Figure 3). The percentage of apoptotic nuclei of

luteal cells increased (P , 0.01) at 12, 24 and 48 h

post-PGF2a treatment compared to that at 0 h

(Figure 3). There was no difference between apoptotic

indices in CL collected at different time points after

PGF2a treatment.

Activities of SODs, CAT and GSH-dependent enzymes

during PGF2a-induced luteal regression

The activities of SOD1 and SOD2 in the CL collected

from the non-treated ewes (0 h) were not different

from those in the CL collected from ewes at 12, 24 and

48 h after PGF2a treatment (Figure 4). The activity of

CAT increased 12 h (P , 0.01) and 24 h (P , 0.05)

after PGF2a treatment compared to that at 0 h, but

was not different in the CL collected 48 h following

PGF2a treatment (Figure 4). The activities of GPX

Figure 1. Mean (^SEM) plasma progesterone concentration

before (0 h) and at different time points after PGF2a treatment.

Ewes were treated (i.m.) with 10 mg of PGF2a at day 10 of the

estrous cycle. *P , 0.05, **P , 0.001 compared with value at 0 h.
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and GSR in the CL collected from the non-treated

ewes (0 h) were not different from those in the CL

collected from ewes at 12, 24 and 48 h after PGF2a

treatment (Figure 4).

Discussion

The inhibition of nuclear DNA cleavage in cultured

isolated rabbit CL with SOD, CAT or a putative

stimulator of endogenous GPX [29], the induction of

apoptotic DNA fragmentation in bovine luteal cells by

down-regulation of GPX [30] and the induction of

apoptosis in cultured bovine luteal cells by simul-

taneous treatment with H2O2 and with a specific

inhibitor of GPX [31] suggest a role for SOD, CAT

and GPX in the maintenance of CL structure through

inhibition of luteal cell death. In addition, depletion of

non-enzymatic antioxidant ascorbic acid occurs

following PGF2a treatment of rats [32,33] and pigs

[34] and during spontaneous luteal regression in rats

[35], and has been suggested to be one of the possible

intracellular mechanisms by which PGF2a exercises its

luteolytic action. Recently, it was proposed that

PGF2a by decreasing the expression of free radical

scavenger proteins facilitates the accumulation of

ROS, which in turn initiates a cascade of events that

will finally cause luteal cell death in the mouse CL

during luteal regression [36]. In the present study, we

investigated the intracellular antioxidant response in

sheep CL during PGF2a-induced functional luteal

regression and cell death. The activities of SOD1,

SOD2, GPX and GSR in the CL were not different

between the different time points after PGF2a

treatment (12, 24 and 48 h) and from those in the

control group (CL of ewes not given PGF2a). In

addition, the activity of CAT significantly increased at

12 and 24 h after PGF2a treatment as compared to

that in the control group. These results demonstrate

for the first time that oxidative DNA damage in luteal

cells is not related to the enzymatic antioxidant status

in these cells. The results of the present study also

indicate that cleavage of DNA into oligonucleosome

occurs in the sheep CL during PGF2a-induced

functional and structural luteal regression in vivo

Figure 2. Histological feature representation of the luteal tissues and in situ identification of apoptotic nuclei by fluorescence labeling of

nicked DNA in CL of vehicle-treated control ewes (0 h) and PGF2a-treated ewes at different time points after treatment. Sections (6mm) were

stained with hematoxylin and eosin or subjected to TUNEL analysis. In hematoxylin and eosin photographs (left panels, X400), note that

luteal cells have normal size and appearance in CL of vehicle-treated ewes (0 h), whereas they were abnormal in the CL of ewes obtained 12 h

post-PGF2a treatment. Densely staining bodies are easily distinguishable in CL recovered 24 h after PGF2a treatment and increased then after

at 48 h post-injection. In TUNEL photographs (middle panels, X250 and right panels, X400), non-fragmented nuclei are stained red

(propidium iodide) whereas apoptotic nuclei with fragmented DNA are stained red and yellow–green. Note that CL recovered 12, 24 and 48 h

after PGF2a treatment displayed a high number of TUNEL-positive apoptotic cells compared with CL of vehicle-treated control. Ewes were

treated (i.m.) with vehicle or 10 mg of PGF2a in vehicle at day 10 of the estrous cycle.
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without any depression in the activities of key

antioxidant enzymes. They do not support the

hypothesis that depletion of the activities of key

intracellular antioxidant enzymes during luteal

regression contributes to the initiation and/or the

progression of luteal cell death in response to

progesterone withdrawal induced by PGF2a.

Our results show that luteal cell death, although

detectable at a very low level in functionally active CL,

increased rapidly following PGF2a treatment. The

present study extend previous report [37]. In that

study, sheep CL were not obtained until 16 h

following treatment with 10 mg of PGF2a. In our

study, we showed that extensive luteal cell death could

be demonstrated as early as 12 h after PGF2a

treatment. Our current finding is in agreement with

previous report [38] in which inter-nucleosomal DNA

fragmentation (DNA laddering), as measured by

DNA gel electrophoresis, was observed 12 h after

PGF2a treatment in sheep. Since fragmentation of

Figure 3. Mean (^SEM) CL weight and incidence of TUNEL-

positive apoptotic nuclei of luteal cells in the vehicle-treated ewes

and the PGF2a-treated ewes at different time points after treatment.

The number of positively stained apoptotic cells were counted in 4

random fields per section per CL (a mean of 1680 cells were counted

for each CL). Ewes were treated (i.m.) with vehicle or 10 mg of

PGF2a in vehicle at day 10 of the estrous cycle. Results represent the

mean (^SEM, n ¼ 4 ewes per group). *P , 0.05, **P , 0.01

compared with value at 0 h.

Figure 4. Changes in the activities of SOD1, SOD2, CAT, GPX

and GSR in the sheep CL collected from ewes at day 10 of the

estrous cycle (0 h) and at different time points after PGF2a

treatment. Ewes were treated (i.m.) with vehicle or 10 mg of PGF2a

in vehicle at day 10 of the estrous cycle. Results represent the mean

(^SEM, n ¼ 4 ewes per group). *P , 0.05, **P , 0.01 compared

with value at 0 h.
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nuclear DNA constitutes the final cell event of

apoptosis, rapid and relatively high incidence of

DNA fragmentation mediated in the luteal cells 12 h

after PGF2a treatment (present study) must therefore

involve early activation of intracellular apoptotic

signaling cascade that precedes the DNA cleavage, at

least in part via activation of key proteolytic enzyme,

caspase-3. Indeed, DNA laddering in sheep CL

removed 12 h after an i.m. injection of 7.5 mg of

PGF2a at day 10 of the oestrous cycle occurred

concomitantly with an increase in caspase-3 activity

[39]. All these findings support the hypothesis that

PGF2a-induced luteal cell death is mediated, at least

partly, by oxidative stress.

A decline in the activities of key antioxidant

enzymes in the regressing CL may result in increased

intra-luteal concentrations of ROS which induce

functional and structural CL regression. Yet PGF2a

did not deplete the activities of SOD1, SOD2, GPX

and GSR in sheep CL (present study). Furthermore,

the observations that treatment of rats with luteolytic

doses of PGF2a induces a rapid transient increase in

ROS formation within minutes of treatment and

before decreases of progesterone secretion suggests

that an early event in luteal regression may involve

stimulation of ROS production leading to rapid

irreversible inactivation of progesterone synthesis

[40,41]. In the present study, the choice of 12, 24

and 48 h time point following PGF2a treatment to

study adaptive response of key antioxidant enzymatic

systems and luteal cell death in vivo is in some way not

informative of change in ROS levels in our exper-

imental model. Therefore, it will be of interest to

investigate intra-luteal ROS production in the ovine

CL during the processes of luteal formation, develop-

ment and regression.

Glutathione in its reduce form (GSH) can either act

as a substrate in the cytosolic GSH redox cycle or is

able to directly inactivate ROS [42]. Little is known

about the level of GSH in the tissue of the

reproductive system under different physiological

states. In addition, the regulation of GSH components

in the female reproductive tissues by PGs under

natural physiological environment of the cell in living

animals is currently unknown. The enzyme GSR, by

generation of GSH, indirectly participates in the

protection of cells against deleterious effects of ROS

and is involved in the maintenance of the redox status

of cells. In the present study, GSR activity in the CL

collected from the non-treated ewes was not different

from that in the CL collected from ewes at different

time point after PGF2a treatment. Under these

experimental conditions, intraluteal GSH levels

would be maintained by GSR. Interestingly, it has

been found that luteal regression was associated with a

transient increase in ovarian GSH in rats [33].

Furthermore, it has been shown from in vitro

experiments that J2 series of the PGs (PGJ2) at low

sublethal concentrations induces an adaptive protec-

tion response through augmentation of cellular GSH

synthesis [43–45]. Although our current work did not

examine GSH, is it possible that PGF2a also altered

the luteal GSH components.

Luteal cell death occurs in the CL of several

mammals including sheep [37] and human [46] only

after the drop in luteal progesterone production

during luteal regression. In the present study we

showed that peripheral levels of progesterone fell

rapidly within 6 h and then further decreased at and

after 12 h post-PGF2a-treatment. Consequently fol-

lowing rapid progesterone withdrawal, CL exhibited

extensive luteal cell death (12 h post-PGF2a injec-

tion). However, it is unclear whether luteal cell death

occurs because of rapid ROS generation by PGF2a

treatment or whether progesterone withdrawal by

PGF2a treatment promotes ROS generation and

subsequent luteal cell death. Although it is difficult

to conclude that withdrawal of progesterone within

hours of PGF2a treatment is the cause or the

consequence of PGF2a-induced extensive luteal cell

death as evaluated by studying in situ nuclei under-

going DNA fragmentation in the CL of sheep (present

study), there is increasing evidence that progesterone

promotes survival of luteal cells. This includes:

1) progesterone antagonist induces apoptotic cell

death in bovine luteal cells [47] and in late pregnant

rat CL [48]. In addition, in vivo administration of

progesterone delayed the occurrence of DNA frag-

mentation in postpartum rat CL [49]. From all these

findings, one can speculate that the rapid decline in

progesterone production (present study) within hours

after PGF2a treatment contributes to the initiation

and progression of luteal cell death in the sheep luteal

cells. In support with this conclusion are the recent

results showing that intraluteal progesterone sup-

presses apoptosis in bovine luteal cells through the

inhibition of Fas and caspase-3 mRNA expression and

inhibition of caspase-3 activation [50].

Adaptive response to ROS-induced oxidative stress

may function as an important component of a cell’s

defense system and contributes to the maintenance of

cellular integrity in high ROS environments. Adaptive

response to oxidative stress has been observed in

microorganisms and mammalian cells [51,52]. Mam-

malian cells actively respond to oxidative stress by

setting up many different reactions that increase cell

defense or lead to adaptation to oxidant environments

[52]. The adaptive response of eukaryote cells to

oxidative stress induced by ROS has been reported

in vitro. Exposure of cultured hamster tracheal

epithelial cells [53], rat neonatal cardiac myocytes

[54] and Chinese hamster lung fibroblasts [55] to

H2O2 selectively up regulates CAT, but not GPX. The

antioxidant defence systems, CAT and GPX, were

enhanced in neural PC12 cells by the their pre-

treatment with low doses of H2O2, suggesting that this
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adaptive response enriches the cellular antioxidant

defence systems, thereby enhancing cell tolerance

against the forthcoming oxidative insults induced by

H2O2 and related hydroxyl radicals [56].To our

knowledge, the selective in vivo increase of CAT

activity reported in the sheep CL in response to

PGF2a-induced cell death (present study) has not

previously been highlighted in mammalian CL and in

other steroidogenic tissues and organs. In the present

study, luteal cells exhibited several morphological

changes characteristic of structural CL regression and

the percentage of apoptotic nuclei of luteal cells

significantly increased at 12 h after treatment with

PGF2a. At that time, the activity of CATwas maximal.

From these findings, one can speculate that the rapid

decline in progesterone production (6 h post-PGF2a

treatment) contributes to the initiation of luteal cell

death, and that the CL can no longer be rescued even

in the presence of high activity of CAT, because

irreversible structural luteal regression has occurred.

Nevertheless, only 11.7% of total luteal cells exhibited

nuclear DNA fragmentation. This raises question on

specific sites of changes in activities of antioxidant

enzymes. Indeed, enzyme activities were determined

in whole luteal tissue and thus it is possible that CAT

may be overexpressed only in surviving cells. It is

therefore tempting to suggest that adaptive response of

the CL to PGF2a-induced oxidative stress through up-

regulation of CAT activity may function as an

important component of luteal cell’s defense against

ROS formation and thus contributes to the mainten-

ance of luteal cellular integrity.

In conclusion, these in vivo findings demonstrate

that PGF2a induces CL progesterone withdrawal and

luteal cell death in sheep CL without depressing the

activity of key intracellular anti-oxidant enzymes

involved in the defense mechanism; i.e. SOD1,

SOD2, CAT, GPX and GSR. It is suggested that

transient increase in CATactivity is a specific adaptive

response of the CL to oxidative stress induced by

PGF2a.
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