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Abstract
The microvasculature of the corpus luteum (CL), which comprises greater than 50% of the total
number of cells in the CL, is thought to be the first structure to undergo degeneration via apoptosis
during luteolysis. These studies compared the apoptotic potential of various cytokines (tumor
necrosis factor α, TNFα; interferon gamma, IFNγ; soluble Fas ligand, sFasL), a FAS activating
antibody (FasAb), and the luteolytic hormone prostaglandin F2α (PGF2α) on CL-derived endothelial
(CLENDO) cells. Neither sFasL, FasAb nor PGF2α had any effect on CLENDO cell viability. Utilizing
morphological and biochemical parameters it was evident that TNFα and IFNγ initiated apoptosis
in long-term cultures. However, TNFα was the most potent stimulus for CLENDO cell apoptosis
at early time points. Unlike many other studies described in non-reproductive cell types, TNFα
induced apoptosis of CLENDO cells occurs in the absence of inhibitors of protein synthesis. TNFαinduced death is typically associated with acute activation of distinct intracellular signaling pathways
(e.g. MAPK and sphingomyelin pathways). Treatment with TNFα for 5–30 min activated MAPKs
(ERK, p38, and JNK), and increased ceramide accumulation. Ceramide, a product of sphingomyelin
hydrolysis, can serve as an upstream activator of members of the MAPK family independently in
numerous cell types, and is a well-established pro-apoptotic second messenger. Like TNFα,
treatment of CLENDO cells with exogenous ceramide significantly induced endothelial apoptosis.
Ceramide also activated the JNK pathway, but had no effect on ERK and p38 MAPKs. Pretreatment
of CLENDO cells with glutathione (GSH), an intracellular reducing agent and known inhibitor of
reactive oxygen species (ROS) or TNFα-induced apoptosis, significantly attenuated TNFα-induced
apoptosis. It is hypothesized that TNFα kills CLENDO cells through elevation of reactive oxygen
species, and intracellular signals that promote apoptosis.

Background
Progesterone derived from the corpus luteum (CL) is required for the establishment and maintenance of a suitable uterine environment during early pregnancy [1,2].
Inappropriate luteal function (i.e. luteal insufficiency)

may contribute to the high incidence of spontaneous
abortions that occur early in mammalian pregnancies [3].
In most species, the luteolytic cascade, starting with loss of
progesterone production and followed by tissue regression (i.e. apoptosis), is initiated by prostaglandin F2α
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(PGF2α) in vivo [4]. However, this process can only be partially recapitulated in vitro using primary cultures of steroidogenic cells. Gonadotropin-induced progesterone
production is attenuated by PGF2α treatment, but this
prostanoid does not activate apoptosis of bovine steroidogenic cells in vitro [8]. These findings helped develop
the concept that additional factors, such as immune cells
[5–7] or cytokines [7,8], contribute to the luteolytic process. Indeed, tumor necrosis factor α (TNFα), interferon
gamma (IFNγ) and/or interleukin-1 beta (IL-1β) have all
been shown to reduce gonadotrophin-induced progesterone synthesis in a number of species [8–12], and TNFα
and IFNγ are known to increase PGF2α production by steroidogenic cells [13–15]. Steroidogenic cell apoptotic paradigms are activated by cytokines generated by several cell
types within the CL, including immune cells and endothelial cells [7,11,16]. The synergistic actions of IFNγ and TNFα, for example, induce steroidogenic cell apoptosis
[13,17], as does soluble Fas ligand (FasL) [18–26]. Furthermore, several acute intracellular signaling events either required for, or associated with, the functional and
structural aspects of luteal regression have been mapped
using in vitro steroidogenic cell cultures [8,27,28].
The microvasculature of the CL is thought to be the first
structure to undergo degeneration via apoptosis during
luteolysis [2,8]. In contrast to information available on
steroidogenic cells of the CL, a gap exists in our understanding of the factors and their associated signaling pathways that initiate apoptosis in the vascular component of
the CL. Elevated TNFα activity may play a role in the apoptosis of CL-derived microvascular endothelial (CLENDO) cells [29]. TNFα is known to initiate apoptosis in
diverse cell types by activating its cognate receptor, TNFRI, a cell surface receptor and member of the tumor necrosis receptor super family (TNFRSF). TNF-RI is also a death
receptor based on the presence of a carboxy-terminal
functional domain known as the death domain. The
death domain serves as a binding domain for cytoplasmic
adapter proteins, which contain a death domain and a
death effector domain (i.e. Fas associated death domain,
FADD)[30] ultimately activating members of the caspase
family resulting in apoptosis. Activation of TNFRI initiates
stress-activated pathways, which often are associated with
the onset of apoptosis in a cell specific fashion.
Of interest to these studies are the three subfamilies within the mitogen-activated protein kinase (MAPK) superfamily including the extracellular signal-related kinases
(ERKs), p38 and c-jun N-terminal kinases (JNKs) [31].
TNFα is one of many cytokines involved in luteal regression. Although the mechanism(s) by which cytokines induce apoptosis vary among cell types, it is presumed that
it involves either an increase in reactive oxygen species
(ROS) or activation of stress-related signaling pathways.
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Interestingly it has been demonstrated that rapid production of ROS in endothelial cells exposed to TNFα is mediated by ceramide [32]. Ceramide is a central figure in the
sphingomyelin pathway, which has also been linked to
stress related signaling and apoptosis [33,34]. This report
provides evidence that cytokines regulate the fate of
CLENDO cells. In the first set of experiments, we identified those factors that initiate CLENDO cell death
amongst a host of cytokines and lipid signaling molecules
that mediate various aspects of luteal structural regression.
In a second series of experiments, we evaluated the activation of several signal transduction pathways known to coordinate apoptosis in other cell types. A working
knowledge of the collective signaling network activated in
CLENDO cells by specific death stimuli is essential to
complete our understanding of how apoptosis is controlled within the CL.

Materials and Methods
Cell culture and treatments
Purified bovine CL-derived microvascular endothelial cell
populations were generated commercially by Cambrex Biosciences (BioWhittaker, Walkersville, MD) as described
in detail [35]. In the present study, CLENDO cells from
frozen aliquots (passage 3) were seeded (5,000 cells/cm2)
in 6- or 24-well plates or 10 cm culture dishes. The cells
were cultured in EGM-2MV, as recommended by the supplier with progesterone (250 ng/ml) and 3% fetal bovine
serum added. Once 90% confluency was reached, the medium was changed and the cultures were maintained in
serum- and growth factor-free conditions (EBM-2 medium) for 24 h. Medium was then removed once again and
fresh serum- and growth factor-free medium was applied.
Cells were allowed to equilibrate for a minimum of 3 h
prior to treatment. Treatment concentrations were based
upon previously published in vitro studies of mixed luteal
cells [13–15,17,29,36] and all experiments were completed a minimum of three times.

To identify putative luteolytic factors that initiate CLENDO cell apoptosis, cells were treated with TNFα (50 ng/
ml; Upstate Biotechnology, Inc.; Lake Placid, NY), bovine
IFNγ (200 IU/ml; generous gift from Dr. Dale Godson,
Veterinary Infectious Disease Organization, University of
Saskatchewan, Saskatoon, Saskatchewan, Canada), sFasL
(50 ng/ml; Oncogene, LaJolla, CA), mouse Fas activating
antibody (Jo2; 500 ng/ml; Pharmingen, San Diego, CA),
human Fas activating antibody (CH-11; 500 ng/ml; Upstate Biotechnology, Inc., Lake Placid, NY), PGF2α (1 µM;
Sigma Chemical Company; St. Louis, MO) or C2 ceramide (50 µM; BioMol; Plymouth Meeting, PA) for 24, 48
and 72 h. To confirm specificity of ceramide in triggering
CLENDO cell death, cultures were treated with sphingosine-1-phosphate (S1P; 10 or 50 µM; BioMol; Plymouth
Meeting, PA) for 48 h. Furthermore, to determine if S1P
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attenuated ceramide- or TNFα-induced cell death, CLENDO cells were first pretreated with S1P for 30 min, followed by application of ceramide (50 µM) or TNFα (50
ng/ml). Finally, to evaluate the impact of glutathione
(GSH), a known inhibitor of TNFα-induced ROS formation and apoptosis, on CLENDO cell survival, cells were
pretreated with control media or GSH (10 mM) for 30
min, and then treated with or without TNFα (50 ng/ml)
for 48 h.

http://www.RBEj.com/content/1/1/17

Parameters of apoptosis
To identify apoptosis-inducing agents in CLENDO cells,
culture medium was removed following treatments, cells
were washed one time with ice cold PBS, and fixed for 10
min with 4% paraformaldehyde. The cells were rinsed one
time with PBS and nuclei stained by placing 200 µl glycerol (80% in 1X PBS) containing 2 µg/ml Hoechst 33258 in
each well. While pyknotic nuclei were visible in adherent
cells in response to some treatments, we also observed a
large number of dead, floating cells as confirmed by
trypan blue staining. Thus, the average number of non-apoptotic cells in 10 fields was determined and presented as
raw values. Biochemical analyses were employed to verify
whether or not cell loss was the result of apoptosis.

Western blot analysis
Protein lysates were collected for Western blot analysis as
described elsewhere [17,35,39]. Briefly, following separation by SDS-PAGE, the proteins (20 µg/lane) were transferred (100 V, 1 h) to polyvinylidene difluoride
membranes. Nonspecific binding was blocked with 5%
fat free milk in TBST [50 mM Tris-HCL (pH7.5) 0.15 NaCl, 0.05% Tween-20] 1 h at room temperature. Membranes were then incubated with primary antibodies to
various MAPK family members overnight at 4°C (phospho-ERK, 1:5000, Promega; Madison, WI; phospho-p38,
1:1000, New England Biolabs, Beverly, MA; phosphoJNK, 1:500, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). Previous studies have demonstrated that these antibodies recognize the phosphorylated (active) forms of extracellular-regulated kinase (ERK), p38, and Jun-Nterminal kinase (JNK) Membranes were then washed (3 ×
5 min each) with TBST buffer and incubated with antirabbit IgG horseradish peroxidase conjugate or antimouse IgG horseradish peroxidase conjugate (1:2000;
Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at
room temperature. The membranes were washed with
TBST as before and the bound antibody was detected using ECL reagents based on the manufacturer's recommendations (Amersham; Piscataway, NJ). X-ray films were
scanned and band intensity was determined using a Kodak-1D software package. Since pJNK, pERK and panERK
appear in two isoforms, both bands were scanned together. To verify equal protein loading membranes were then
stripped and re-probed with the panERK antibody
(1:1000; Transduction Laboratories; Lexington, KY)
which recognizes the constitutively expressed ERKs in bovine CLENDO cells as previously described [35].

Oligonucleosomal DNA fragmentation was used as a biochemical marker of endothelial cell apoptosis in which
cells were untreated for 48 h, treated with TNFα (50 ng/
ml) for 12, 24 or 48, or treated with C2 ceramide (50 µM)
for 12 h. Cells were scraped and separated from culture
medium by centrifugation (1200 rpm, 10 min, 4°C) and
DNA was isolated as described [37]. Following electrophoresis, fragmented DNA (5 µg) was visualized by ethidium bromide staining. To provide a second source of
biochemical evidence that TNFα induced apoptosis, confluent cultures of CLENDO cells were incubated with a
fluorogenic substrate, which detects caspase-3 activity (10
µM, DEVD sequence; Phi Phi Lux; OncoImmunin, Inc,
College Park, MD) at 2 and 8 h after TNFα treatment for
30 min. These times were selected since no visible morphological signs (chromatin condensation or formation
of apoptotic bodies) of apoptosis were evident until after
12 h. Following the incubation, cells were rinsed 3 times
with medium and analyzed by fluorescent microscopy as
described [26,38].

Evaluation of ceramide production in response to TNFα
The amount of ceramide generated by CLENDO cells in
response to TNFα treatment (50 ng/ml) was determined
in three independent sets of experiments via the diacyl
glycerol kinase assay as described [26,40]. Each experiment contained an untreated control that was used for
comparison with TNFα treated samples. Briefly, membrane lipids were extracted (1 ml methanol, 10 min at 80°C) from endothelial cells immediately following treatment and dried under nitrogen gas. Lipids were subjected
to mild alkaline hydrolysis and dried under nitrogen gas.
Ceramide in the lipid extracts were labeled with [32P-ATP]
and the resulting products resolved using thin layer chromatography. Graded levels of commercially purified ceramides were employed as a standard curve. The band in
each lane corresponding to ceramide-1-phosphate was cut
from the chromatography plate and counted in a scintillation counter. Changes in ceramide production in response
to TNFα treatment were presented as a percentage of the
untreated control value.

For Western blot analysis, CLENDO cells were treated
with TNFα (50 ng/ml) or C2 ceramide for 0, 2, 5, 10, 30,
or 60 min. Cell lysates were collected and assayed for active MAPK family members as described below. For measurements of ceramide content in response to TNFα (50
ng/ml) treatment, pre-equilibrated cells were treated with
TNFα (50 ng/ml) for 0, 2, 5, 10 or 30 min and lipids were
extracted as described below.
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Figure 1
TNFα induces loss of viability of CLENDO cells in vitro. (Panel A) CLENDO cells were treated for 48 h with media alone (Ctl),
TNFα (50 ng/ml), IFNγ (200 IU/ml), Jo2 (500 ng/ml), or PGF2α (1 µM). Cells were stained with Hoechst 33258 and the numbers of non-apoptotic cells per field in each of 10 separate fields per dish were counted. (Panel B) CLENDO cells were treated
for 72 h with media alone (control), soluble FasL (50 ng/ml), human Fas activating antibody (CH-11, 500 ng/ml) or bovine IFNγ
(200 IU/ml). Cell viability was determined as described above. These data represent the mean ± SEM of at least three independent experiments. The ''*'' denotes significance (P < 0.05) compared to untreated control.

Statistics
Assignment to treatments was made at random. Raw data
were subjected to least squares analysis of variance followed by Duncan's new multiple range test or the Student
t-tests for paired comparisons. The results were expressed
as the mean ± SEM and a value of P < 0.05 was considered
significant.

Results

TNFα reduces viability of CLENDO cells
To determine which cytokines initiate apoptosis in CLENDO cells we treated the cells for 48 h with TNFα, IFNγ, or
the combination of the two. TNFα treatment resulted in a
significant reduction in CLENDO cell viability (34 %, P <

0.05), which was reduced (P < 0.05) an additional 23 %
by co-treatment with IFNγ (Fig. 1a). Treatment with IFNγ
alone showed no statistical difference in viability compared with the untreated control during the first 48 h of
treatment. Although Fas activating antibody, Jo2, induces
apoptosis in ovarian surface epithelial cells [23], Jo2 had
no effect on CLENDO cell survival. Similarly, treatment of
CLENDO cells with the luteolytic agent, PGF2α, for 48 h
failed to induce apoptosis compared to the untreated
control.
In a second group of experiments, we observed that
CLENDO cells were resistant to apoptosis when treated
for 72 h with sFasL or the human Fas activating antibody
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CH-11. Interestingly, treatment with IFNγ for 72 h
showed a modest increase (P < 0.05) in cell death compared to the untreated control group (Fig 1b).
Treatment with TNFα caused a linear decrease in the
number of non-apoptotic CLENDO cells starting at 24 h
and continuing through 72 h of treatment (Fig. 2a).
CLENDO cells treated with TNFα for 12 h showed no significant difference in the number of non-apoptotic cells
compared with the 72 h untreated control. However,
some cells in the 12 h group showed early signs of apoptosis in that pyknosis and partitioning of nuclei were observed (not shown). To provide biochemical evidence that
the form of cell death observed was apoptosis, assays for
oligonucleosomal DNA fragmentation and caspase-3 activity were performed. Oligonucleosomal DNA fragmentation was evident 12 h after TNFα treatment and
continued through 24 and 48 h (Fig. 2b). Caspase-3 activity (cleavage of Phi Phi Lux) was easily detected by 8 h after TNFα treatment, and was evident as early as 2 h (Fig
2c.).
Ceramide is generated in response to TNFα treatment and
kills CLENDO cells
Previous studies have shown that TNFα, like other death
receptors, stimulates the accumulation of the second messenger ceramide, and that this lipid signaling molecule
can serve as an upstream activator of cell stress signaling
pathways [41]. Measurements of total cellular ceramide in
CLENDO cells revealed that ceramide levels were significantly elevated (P < 0.05) as early as 2 min following
TNFα treatment, and remained elevated through 30 min
of treatment (Fig. 3a.). Treatment of CLENDO cells with
an exogenous source of ceramide (C2, 50 µM) caused a
significant decrease in cell viability starting 24 h after
treatment compared to untreated cells cultured for 72 h
(Fig. 3b). Treatment of CLENDO cells for 48 h with S1P at
either 10 µM or 50 µM concentrations did not induce
CLENDO cell death (data not shown). Furthermore, pretreatment of CLENDO cells for 30 min with S1P did not
prevent ceramide- or TNFα-induced apoptosis (data not
shown). As with TNFα treatment, application of ceramide
to CLENDO cells resulted in oligonucleosomal DNA fragmentation within 12 h, thus confirming apoptosis as the
mechanism of cell death (see Fig. 2b, lane 6).
Acute activation of the mitogen-activated protein kinase
superfamily by TNFα and ceramide
Substantial data support the notion that ceramide serves
as an upstream signaling molecule in the activation of
other signaling pathways such as the mitogen-activated
protein kinase (MAPK) superfamily [33]. In the present
study quantitative measures were performed on members
of the MAPK superfamily using antibodies that recognize
only the phosphorylated, and presumptively active, forms
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of ERK, JNK, and p38. Western blot analysis confirmed
that all three members of the MAPK superfamily were
transiently activated by treatment with TNFα (Fig. 4a).
The levels of phospho-ERKs increased within 5 min of
TNFα treatment, peaked by 10 min and decreased by 30
min (Fig. 4b). Phospho-p38 levels peaked at 5 min and
showed an equally rapid decline in activity. Levels of
phospho-JNK activity increased (P < 0.05) by 10 min and
remained elevated throughout 30 min of incubation with
TNFα (Fig. 4b).
Since ceramide is linked to MAPK signaling pathways [33]
we determined the effect of treatment of CLENDO cells
with an exogenous source of ceramide. Treatment with 50
µM C2 ceramide failed to activate the ERK and p38 MAPK
pathways. However, treatment with C2 ceramide did activate the JNK pathway similar to that observed with TNFα
treatment (Fig. 4c). Phospho-JNK was elevated with in 5
minutes after C2 addition and remained elevated for at
least 30 min.
Glutathione attenuates TNFα-induced cell death
Since TNFRSF induces cell death by causing an efflux of
glutathione (GSH) in other cell types [42] we sought to
determine if pretreatment of CLENDO cells with GSH
would attenuate lethality associated with TNFα treatment.
CLENDO cells pretreated for 30 min with GSH were significantly less susceptible (P < 0.05) to the lethal effects of
TNFα over a 48 h period than cells treated with TNFα
alone (Fig. 5). Treatment with GSH alone had no effect on
the CLENDO cell viability.

Discussion
Treatment of animals with PGF2α or its analogs results in
endothelial cell death in vivo [43], suggesting that PGF2α
may have a direct effect on CLENDO cells. However, the
microvasculature of the CL is composed of a number of
different luteal endothelial cell types; the most common
of which does not express mRNA encoding the PGF2α receptor FP [35,44]. This particular endothelial cell type is
unresponsive to PGF2α treatment [35] in that PGF2α treatment does not increase the secretion of monocyte chemoattractant protein-1 [35] or stimulate well-recognized
PGF2α-responsive intracellular signaling pathways
[35,36]. Lehmann, et al. [45] recently characterized a predominant cytokeratin-negative endothelial cell type in the
bovine CL in addition to a "rare" cytokeratin-positive endothelial cell type. These two cell populations may have
different functional capacities in that they differ in their
expression of FP [44,45], as well as their secreted cytokine
profiles [45]. In the present studies PGF2α was incapable
of directly inducing apoptosis of CLENDO cells. Consequently, there is some question as to whether PGF2α has
any direct effect on CLENDO cell function, which directed
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Figure 2
Apoptosis is the form of luteal microvascular endothelial cell death initiated by TNFα. (Panel A) Cells were treated TNFα (50
ng/ml) for 72 h and cell viability determined after Hoechst staining. The numbers of non-apoptotic cells per field in each of 10
separate fields of view per dish were counted. These data represent the mean ± SEM of at least three independent experiments. The ''*'' denotes significance (P < 0.05) compared to untreated control. (Panel B) Oligonucleosomal DNA fragmentation
of CLENDO cells cultured for 48 h in serum and growth factor free conditions (control, lane 2); or for 12 h (lane 3), 24 h (lane
4), or 48 h (lane 5) with TNFα (50 ng/ml), and for 48 h with ceramide (50 µM, lane 6). Lane 1 shows a low molecular weight
DNA ladder. (Panel C) Cleavage of Phi Phi Lux, demonstrating caspase-3 activity in CLENDO cells treated with TNFα (50 ng/
ml) for 2 or 8 h.
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TNFα activates the sphingomyelin signaling pathway in CLENDO cells. (Panel A) CLENDO cells were treated for up to 30 min
with TNFα (50 ng/ml) and ceramide levels were determined as described in the Materials and Methods. (Panel B) The numbers
of non-apoptotic cells per field in each of 10 separate fields per dish were counted in which cultures of CLENDO cells were
treated with exogenous ceramide (C2, 50 µM) for up to 72 h under serum- and growth factor-free conditions. Ctl, untreated
controls cultured in parallel for 72 h in serum free, growth factor free medium. * = P < 0.05. These data represent mean ± SEM
of at least three independent experiments.

our attention toward other known luteolytic factors (i.e.,
cytokines).
A primary objective of this study was to determine which
cytokines initiate CLENDO cell death. Of the various cytokines tested (TNFα, IFNγ, or sFasL), TNFα was the only
potent initiator of CLENDO cell death. Time course analysis suggested that the loss of viability was rapid (Fig 1a
and 2a) and progressive, with only 30 % of the cells remaining non-apoptotic by 72 hr post-treatment. The
rapid induction of apoptosis in response to TNFα is similar to the microvascular endothelial cell death which was
observed by Friedman and colleagues [29] at higher concentrations of TNFα. One receptor for TNFα, TNF-RI is ex-

pressed throughout the bovine estrous cycle [46], but is
more abundantly expressed by the endothelial cell component than in steroidogenic cells [29].
At physiological concentrations, TNFα induces cell death
in most TNFα responsive cell types via apoptosis. This effect was evident in CLENDO cells by hallmark features of
apoptosis including nuclear chromatin condensation, formation of apoptotic bodies and it was confirmed by an increase in caspase-3 activity and oligonucleosomal DNA
fragmentation. Active caspase-3 is a functional requirement of spontaneous luteal regression in that caspase-3deficient mice retain CL for a longer period of time than
wild type littermates [47]. However, this murine study did
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Figure 4
TNFα and the TNFα-induced second messenger ceramide activate members of the MAPK superfamily. (Panel A) Western blot
of lysates from CLENDO cells treated for up to 60 min with TNFα (50 ng/ml) probed with antibody to phosphorylated ERK,
p38, JNK and pan-ERK. Pan-ERK antibody, which detects all activated and inactivated ERK isoforms was used for normalization.
(Panel B) Graphical representation of the percent change in expression of MAPK superfamily after densitometry of band developed in Western blots analysis as in Panel A and normalization to panERK. These data represent mean ± SEM of at least three
independent experiments. * = P < 0.05. (Panel C) Treatment with ceramide, a product of TNFα treatment in CLENDO cells,
for up to 60 min and Western blot detection of phosphorylated JNK isoforms. This Western blot is representative of similar
results obtained in at least three separate experiments.
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CLENDO cells, whereas sFasL elevates ceramide in primary luteal steroidogenic cells [26]. Ceramide treatment induces apoptosis in both cell types, suggesting that the
sphingomyelin pathway may be a common mediator of
cell death among distinct cell types within the CL.
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Figure 5
Glutathione (GSH) blocks TNFα-induced CLENDO cell
death. CLENDO cells were pretreated with or without the
reactive oxygen species scavenger GSH (10 mM, 30 min)
prior to incubation for 48 h in the presence and absence of
TNFα (50 ng/ml). CLENDO cell apoptosis was determined
as described in the Material and Methods. The data represent
mean ± SEM of at least three independent experiments
where ''*'' denotes P < 0.05 compared to untreated control
(Ctl).

not delineate which luteal cells were affected. Whether
caspase-3 activity is a required component of the luteal
endothelial cell apoptosis paradigm remains to be
determined.
Unlike TNFα, other cytokines (IFNγ or sFasL) or Fas activating antibodies had little effect on the endothelial cell
viability. It is not readily apparent why these cytokines
failed to induce CLENDO cell death, but one explanation
may be the lack of cognate receptors on the cell surface.
Co-treatment of luteal endothelial cells with IFNγ augmented TNFα-induced death, a result that may be explained in two ways. First, it is possible that the signaling
events initiated by the combined treatment of TNFα and
IFNγ are more potent at activating endothelial cell death
than TNFα alone. Alternatively, IFNγ may increase the expression of the death domain containing TNF-RI and thus
increase the luteal endothelial cell death susceptibility
upon exposure to TNFα. This later suggestion has been
shown to be the case in luteal steroidogenic cells for another death receptor, in which Fas mRNA expression increased in response to IFNγ treatment [20,22].
Interestingly, we find that two different cytokines (i.e.
sFasL and TNFα) can activate the sphingomyelin pathway
in two distinct CL cell types. TNFα elevates ceramide in

Sphingomyelin content and luteal cell membrane fluidity
decrease during luteolysis in vivo [48–51]. Ceramide, a
product of sphingomyelin hydrolysis, is a potent stress-activated second messenger and is well established as a functional component of death receptor-mediated apoptosis
[52–54]. Upon treatment of CLENDO cells with TNFα, we
observed a rapid and sustained increase in the production
of ceramide, suggesting that the sphingomyelin pathway
is present and active in these cells. Exogenous ceramide induced CLENDO cell oligonucleosomal DNA fragmentation and reduced cell viability in a manner consistent with
TNFα treatment. The exact role and functional significance of ceramide production in response to TNFα in
CLENDO cell apoptosis are not presently known. However, in some cell types, ceramide production has been
placed at the top of molecular ordering schemes for several signaling cascades as well as increase in reactive oxygen
species. Substantial evidence exists to suggest that stressinduced apoptosis is mediated through activation of
MAPK signaling pathways in non-ovarian cell types.
While these pathways are activated in luteal steroidogenic
cells by diverse cell stressors, including cytokines [55], no
such detailed studies have been completed to date in the
endothelial cell component of the CL. In the present study
we provide evidence that TNFα and a by-product of TNFα
signaling, ceramide, both have the capacity to activate
members of the MAPK family. Activation of MAPK stress
pathways can alter cell viability through multiple mechanisms. For example, TNFα can activate transcription factors that bind genomic DNA and initiate gene expression
of pro-apoptotic genes [56,57].
A number of studies provide evidence that the luteolytic
process may involve a rapid and sustained increase in ROS
[58,59]. Other studies demonstrate that luteal regression
is associated with a dramatic decrease in the mRNAs
encoding enzymes responsible for regulating the intracellular redox state [60]. Death induced by TNFα is also reportedly mediated by an increase in ROS, an event
correlated with a marked decrease in the vital intracellular
ROS scavenger GSH. Activation of TNF-RI and other death
domain containing receptors of the TNF receptor
superfamily have been shown to cause an efflux of GSH,
which contributes to the apoptotic process [42,61]. Provision of GSH in the present study reduced the deleterious
effects of TNFα on CLENDO cells. We suggest that one
mechanism by which TNFα induces CLENDO cell death
is through the formation of ROS, a result that may stem
from depletion of GSH stores in CLENDO cells. Provision
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of exogenous GSH may restore the redox state disrupted
by TNFα treatment. These findings lend support to the notion that TNFα contributes to luteolysis by initiating formation of endothelial cell-derived ROS.
In this study, we have corroborated findings of Friedman
et al [29] that TNFα is a potent apoptotic stimulus of primary luteal microvascular endothelial cells and extend
these findings by characterizing the activation of several
stress-activated signal transduction pathways in response
to TNFα treatment of cultured endothelial cells. Whether
these acute signaling events are linked to, and functionally
required for, down stream apoptotic mechanisms remain
to be determined. Furthermore, the possibility that alterations in GSH metabolism or cellular flux, and thus the redox state, within CLENDOs result from exposure to TNFα
needs to be tested. These experiments as well as future
studies designed to identify the enzymatic pathway(s) and
in which cellular compartment(s) ceramide is generated
in luteal microvascular endothelial cells in response to
TNFα treatment should help determine which, if any, of
the acutely activated signal transduction pathways contribute to luteal endothelial cell apoptosis. In conclusion,
TNFα activates several stress-activated signaling pathways
that may facilitate GSH efflux, and thus increase ROS and
subsequent cell death.

http://www.RBEj.com/content/1/1/17

12.

13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.

Acknowledgements
This work was supported by NIH grants R01-HD35934 (BRR) and RO1HD38813 (JSD), the Vincent Memorial Research Funds (BRR) and the Department of Veterans Affairs (JSD). This work was conducted while JKP was
a Lalor Foundation Fellow.

24.

25.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.

10.
11.

Niswender GD Molecular control of luteal secretion of
progesterone. Reproduction 2002, 123:333-339
Niswender GD, Juengel JL, Silva PJ, Rollyson MK and McIntush EW
Mechanisms controlling the function and life span of the corpus luteum. Physiol Rev 2000, 80:1-29
Hinney B, Henze C, Kuhn W and Wuttke W The corpus luteum
insufficiency: a multifactorial disease. J Clin Endocrinol Metab
1996, 81:565-570
McCracken JA, Custer EE and Lamsa JC Luteolysis: a neuroendocrine-mediated event. Physiol Rev 1999, 79:263-323
Bagavandoss P, Kunkel SL, Wiggins RC and Keyes PL Tumor necrosis factor-a (TNF-a) production and localization of
macrophages and T lymphocytes in the rabbit corpus
luteum. Endocrinology 1988, 122:1185-1187
Pate JL Involvement of immune cells in regulation of ovarian
function. J Reprod Fertil Suppl 1995, 49:365-377
Pate JL and Landis Keyes P Immune cells in the corpus luteum:
friends or foes? Reproduction 2001, 122:665-676
Davis JS and Rueda BR The corpus luteum: an ovarian structure
with maternal instincts and suicidal tendencies. Front Biosci
2002, 7:d1949-1978
Fukuoka M, Yasuda K, Emi N, Fujiwara H, Iwai M, Takakura K, Kanzaki
H and Mori T Cytokine modulation of progesterone and estradiol secretion in cultures of luteinized human granulosa cells.
J Clin Endocrinol Metab 1992, 75:254-258
Wang HZ, Lu SH, Han XJ, Zhou W, Sheng WX, Sun ZD and Gong YT
Inhibitory effect of interferon and tumor necrosis factor on
human luteal function in vitro. Fertil Steril 1992, 58:941-945
Terranova PF and Rice VM Review: cytokine involvement in
ovarian processes. Am J Reprod Immunol 1997, 37:50-63

26.

27.
28.
29.

30.
31.
32.

33.
34.
35.

Kohen P, Castro A, Caballero-Campo P, Castro O, Vega M, Makrigiannakis A, Simon C, Carvallo P and Devoto L Interleukin-1beta
(IL-1beta) is a modulator of human luteal cell steroidogenesis: localization of the IL type I system in the corpus luteum.
J Clin Endocrinol Metab 1999, 84:4239-4245
Benyo DF and Pate JL Tumor necrosis factor-alpha alters bovine luteal cell synthetic capacity and viability. Endocrinology
1992, 130:854-860
Fairchild DL and Pate JL Modulation of bovine luteal cell synthetic capacity by interferon-gamma. Biol Reprod 1991, 44:357363
Townson DH and Pate JL Mechanism of action of TNF-alphastimulated prostaglandin production in cultured bovine
luteal cells. Prostaglandins 1996, 52:361-373
Zhao Y, Burbach JA, Roby KF, Terranova PF and Brannian JD Macrophages are the major source of tumor necrosis factor alpha
in the porcine corpus luteum. Biol Reprod 1998, 59:1385-1391
Suter J, Hendry IR, Ndjountche L, Obholz K, Pru JK, Davis JS and Rueda BR Mediators of interferon gamma-initiated signaling in
bovine luteal cells. Biol Reprod 2001, 64:1481-1486
Vickers SL, Cowan RG, Harman RM, Porter DA and Quirk SM Expression and activity of the Fas antigen in bovine ovarian follicle cells. Biol Reprod 2000, 62:54-61
Quirk SM, Porter DA, Huber SC and Cowan RG Potentiation of
Fas-mediated apoptosis of murine granulosa cells by interferon-gamma,
tumor
necrosis
factor-alpha,
and
cycloheximide. Endocrinology 1998, 139:4860-4869
Quirk SM, Harman RM, Huber SC and Cowan RG Responsiveness
of mouse corpora luteal cells to Fas antigen (CD95)-mediated apoptosis. Biol Reprod 2000, 63:49-56
Quirk SM, Harman RM and Cowan RG Regulation of Fas antigen
(Fas, CD95)-mediated apoptosis of bovine granulosa cells by
serum and growth factors. Biol Reprod 2000, 63:1278-1284
Quirk SM, Cowan RG, Joshi SG and Henrikson KP Fas antigen-mediated apoptosis in human granulosa/luteal cells. Biol Reprod
1995, 52:279-287
Quirk SM, Cowan RG and Huber SH Fas antigen-mediated apoptosis of ovarian surface epithelial cells. Endocrinology 1997,
138:4558-4566
Porter DA, Harman RM, Cowan RG and Quirk SM Susceptibility of
ovarian granulosa cells to apoptosis differs in cells isolated
before or after the preovulatory LH surge. Mol Cell Endocrinol
2001, 176:13-20
Hu CL, Cowan RG, Harman RM, Porter DA and Quirk SM Apoptosis of bovine granulosa cells after serum withdrawal is
mediated by Fas antigen (CD95) and Fas ligand. Biol Reprod
2001, 64:518-526
Pru JK, Hendry IR, Davis JS and Rueda BR Soluble Fas ligand activates the sphingomyelin pathway and induces apoptosis in
luteal steroidogenic cells independently of stress-activated
p38MAPK. Endocrinology 2002, 143:4350-4357
Terranova PF Potential roles of tumor necrosis factor-alpha in
follicular development, ovulation, and the life span of the
corpus luteum. Domest Anim Endocrinol 1997, 14:1-15
Davis JS, May JV and Keel BA Mechanisms of hormone and
growth factor action in the bovine corpus luteum. Theriogenology 1996, 45:1351-1380
Friedman A, Weiss S, Levy N and Meidan R Role of tumor necrosis
factor alpha and its type I receptor in luteal regression: induction of programmed cell death in bovine corpus luteumderived endothelial cells. Biol Reprod 2000, 63:1905-1912
Bodmer JL, Schneider P and Tschopp J The molecular architecture of the TNF superfamily. Trends Biochem Sci 2002, 27:19-26
Weston CR, Lambright DG and Davis RJ Signal transduction.
MAP kinase signaling specificity. Science 2002, 296:2345-2347
Corda S, Laplace C, Vicaut E and Duranteau J Rapid reactive oxygen species production by mitochondria in endothelial cells
exposed to tumor necrosis factor-alpha is mediated by
ceramide. Am J Respir Cell Mol Biol 2001, 24:762-768
Basu S and Kolesnick R Stress signals for apoptosis: ceramide
and c-Jun kinase. Oncogene 1998, 17:3277-3285
Ruvolo PP Ceramide regulates cellular homeostasis via diverse stress signaling pathways. Leukemia 2001, 15:1153-1160
Cavicchio VA, Pru JK, Davis BS, Davis JS, Rueda BR and Townson DH
Secretion of monocyte chemoattractant protein-1 (MCP-1)
by endothelial cells of the bovine corpus luteum: Regulation

Page 10 of 11
(page number not for citation purposes)

Reproductive Biology and Endocrinology 2003, 1

36.

37.
38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

48.
49.

50.
51.

52.
53.

54.

55.

by cytokines but not prostaglandin F2 alpha. Endocrinology
2002,
Chen DB, Westfall SD, Fong HW, Roberson MS and Davis JS Prostaglandin F2α stimulates the Raf/MEK1/mitogen-activated
protein kinase signaling cascade in bovine luteal cells. Endocrinology 1998, 139:3876-3885
Gavrieli Y, Sherman Y and Ben-Sasson SA Identification of programmed cell death in situ via specific labeling of nuclear
DNA fragmentation. J Cell Biol 1992, 119:493-501
Peluso JJ, Pappalardo A and Fernandez G E-cadherin-mediated
cell contact prevents apoptosis of spontaneously immortalized granulosa cells by regulating Akt kinase activity. Biol
Reprod 2001, 64:1183-1190
Chen DB, Fong HW, Westfall SD, Rueda BR and Davis JS Activation
of mitogen-activated protein kinase family (ERK, JNK, p38
HOG) in bovine luteal cells. Biol Reprod 1997, 56(Suppl 1):229
Bose R and Kolesnick R Measurement of ceramide levels by the
diacylglycerol kinase reaction and by high-performance liquid chromatography-fluorescence spectrometry. Methods
Enzymol 2000, 322:373-378
Liu J, Mathias S, Yang Z and Kolesnick RN Renaturation and tumor necrosis factor-alpha stimulation of a 97-kDa ceramideactivated protein kinase. J Biol Chem 1994, 269:3047-3052
van den Dobbelsteen DJ, Nobel CS, Schlegel J, Cotgreave IA, Orrenius S and Slater AF Rapid and specific efflux of reduced glutathione during apoptosis induced by anti-Fas/APO-1 antibody. J
Biol Chem 1996, 271:15420-15427
Juengel JL, Haworth JD, Rollyson MK, Silva PJ, Sawyer HR and Niswender GD Effect of dose of prostaglandin F2α on steroidogenic components and oligonucleosomes in ovine luteal
tissue. Biology of Reproduction 2000, 62:1047-1051
Aust G BE, Lehman R, Kiessling S and Spanel-Borowski K Different
cytokine, adhesion molecule and prostaglandin receptor
(PG-R) expression by cytokeratin 18 negative (CK-) and positive (CK+) endothelial cells (EC). Basic Res Cardiol 1999, 94:406
Lehmann I, Brylla E, Sittig D, Spanel-Borowski K and Aust G Microvascular endothelial cells differ in their basal and tumour
necrosis factor-alpha-regulated expression of adhesion molecules and cytokines. J Vasc Res 2000, 37:408-416
Sakumoto R, Berisha B, Kawate N, Schams D and Okuda K Tumor
necrosis factor-alpha and its receptor in bovine corpus luteum throughout the estrous cycle. Biol Reprod 2000, 62:192199
Carambula SF, Matikainen T, Lynch MP, Flavell RA, Goncalves PB, Tilly
JL and Rueda BR Caspase-3 is a pivotal mediator of apoptosis
during regression of the ovarian corpus luteum. Endocrinology
2002, 143:1495-1501
Riley JC, Cziraki SE and Carlson JC The effects of prolactin and
prostaglandin F2 alpha on plasma membrane changes during
luteolysis in the rat. Endocrinology 1989, 124:1564-1570
Goodsaid-Zalduondo F, Rintoul DA, Carlson JC and Hansel W Luteolysis-induced changes in phase composition and fluidity of
bovine luteal cell membranes. Proc Natl Acad Sci U S A 1982,
79:4332-4336
Carlson JC, Buhr MM and Riley JC Alterations in the cellular
membranes of regressing rat corpora lutea. Endocrinology 1984,
114:521-526
Carlson JC, Buhr MM, Gruber MY and Thompson JE Compositional
and physical properties of microsomal membrane lipids
from regressing rat corpora lutea. Endocrinology 1981, 108:21242128
Grassme H, Jekle A, Riehle A, Schwarz H, Berger J, Sandhoff K, Kolesnick R and Gulbins E CD95 signaling via ceramide-rich membrane rafts. J Biol Chem 2001, 276:20589-20596
Lin T, Genestier L, Pinkoski MJ, Castro A, Nicholas S, Mogil R, Paris
F, Fuks Z, Schuchman EH, Kolesnick RN and Green DR Role of acidic sphingomyelinase in Fas/CD95-mediated cell death. J Biol
Chem 2000, 275:8657-8663
Kolesnick RN, Haimovitz-Friedman A and Fuks Z The sphingomyelin signal transduction pathway mediates apoptosis for tumor necrosis factor, Fas, and ionizing radiation. Biochem Cell
Biol 1994, 72:471-474
Rueda BR, Hendry IR, Ndjountche L, Suter J and Davis JS Stress-induced mitogen-activated protein kinase signaling in the corpus luteum. Mol Cell Endocrinol 2000, 164:59-67

http://www.RBEj.com/content/1/1/17

56.
57.
58.
59.
60.

61.

Karin M and Hunter T Transcriptional control by protein phosphorylation: signal transmission from the cell surface to the
nucleus. Curr Biol 1995, 5:747-757
Karin M and Lin A NF-kappaB at the crossroads of life and
death. Nat Immunol 2002, 3:221-227
Carlson JC, Wu XM and Sawada M Oxygen radicals and the control of ovarian corpus luteum function. Free Radic Biol Med 1993,
14:79-84
Behrman HR, Kodaman PH, Preston SL and Gao S Oxidative stress
and the ovary. J Soc Gynecol Investig 2001, 8:S40-42
Rueda BR, Tilly KI, Hansen TR, Hoyer PB and Tilly JL Expression of
superoxide dismutase, catalase and glutathione peroxidase
in the bovine corpus luteum: Evidence supporting a role for
oxidative stress in luteolysis. Endocrine 1995, 3:227-232
Fernandez V, Videla LA, Tapia G and Israel Y Increases in tumor
necrosis factor-alpha in response to thyroid hormone-induced liver oxidative stress in the rat. Free Radic Res 2002,
36:719-725

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 11 of 11
(page number not for citation purposes)

