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Mechanisms of cytokine-induced death of cultured
bovine luteal cells
M. G. Petroff*, B. K. Petroff† and J. L. Pate‡
Department of Animal Sciences, Ohio State University, OARDC, Wooster, OH 44691, USA
Tumour necrosis factor α (TNF-α) and gamma-interferon
(IFN-γ) are cytotoxic to bovine luteal cells in vitro and may
contribute to cell death during luteolysis in vivo. In this
study, the mechanism by which luteal cells are killed by
TNF-α and IFN-γ was investigated. Luteal cells were
cultured for 7 days in the presence or absence of TNF-α
and IFN-γ. Inhibitors of arachidonate metabolism or
scavengers of free radicals were included in the culture
media. In addition, the effect of IFN-α on the viability of
cytokine-treated luteal cells was tested. Lastly, untreated
and cytokine-treated cells were subjected to single cell gel
electrophoresis for quantification of DNA fragmentation.
Neither indomethacin nor nordihydroguaiaretic acid,
which are inhibitors of cyclooxygenase and lipoxygenase,
respectively, were able to prevent cytokine-induced cell

Introduction
In many species, luteolysis is the result of pulsatile release of
PGF2α from the uterus, which initiates a complex cascade of
events culminating in a loss of steroidogenesis and cellular
apoptosis. Although luteolysis is induced in vivo by
exogenous treatment with PGF2α, the events are not
mimicked by treatment of luteal cells with this agent in
vitro. Although agonist-stimulated steroidogenesis may be
attenuated by PGF2α in cultured bovine luteal cells, PGF2α
is not cytotoxic to these cells; indeed, these cells can be
stimulated to produce copious quantities of the prostaglandin without causing cell death (Pate and Condon, 1984;
Nothnick and Pate, 1990). Therefore, it is clear that placing
luteal cells into a culture system results in the loss of critical
cellular and chemical mediators of luteolysis.
As cytokines are both cytotoxic to luteal cells and inhibitory
to luteal cell function in vitro (Benyo and Pate, 1992; Jo et al.,
1995a), it is possible that these factors contribute to luteolysis.
Influx of leucocytes, primarily macrophages, during luteolysis
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death. Similarly, both the phospholipase A2 inhibitor
arachidonyltrifluoromethyl ketone and the nitric oxide
synthase inhibitor N G-monomethyl-L-arginine, were largely
without effect. In contrast, while vitamin C did not significantly affect viability, superoxide dismutase plus catalase
increased viability of cytokine-treated cells (P < 0.05), and
IFN-α prevented cell death (P < 0.05). Finally, while
control cells remained free of DNA damage, TNF-α plus
IFN-γ induced significant amounts of DNA damage by 48 h
after initiation of treatment (P < 0.05). In conclusion,
reactive oxygen species, but not arachidonate metabolism
or nitric oxide, contribute to cytokine-induced luteal cell
death in vitro, and the process of cell death may be via
apoptosis. Furthermore, IFN-α may confer protective effects
against cytokine-induced cell death in bovine luteal cells.

has been documented in corpora lutea of many species (pig:
Hehnke et al., 1994; rat: Townson et al., 1996; cow: SpanelBorowski et al., 1997), and their functionality is evident by the
presence of cytokines and chemokines (Bagavandoss et al.,
1990; Ji et al., 1991; Townson et al., 1996). The mRNAs for
tumour necrosis factor α (TNF-α) and gamma-interferon (IFNγ), cytokines which in combination have profound cytotoxic
effects on luteal cells in vitro, are present concomitantly within
the corpus luteum, indicating that these cytokines are
plausible mediators of cytotoxicity in vivo (Petroff et al., 1999).
There is speculation on the possible subcellular mechanisms by which luteal cell death occurs. For example,
Hansel et al. (1991) and Wiltbank et al. (1989) hypothesized that cytotoxicity of luteal cells in vivo results from a
sustained increase in intracellular calcium concentrations
in response to PGF2α. Antioxidants such as vitamin C are
depleted from the corpus luteum during luteolysis; this may
increase the susceptibility of the cells to damage inflicted by
reactive oxygen species and promote cellular damage (Aten
et al., 1992; Endo et al., 1993; Petroff et al., 1998; Tsai and
Wiltbank, 1998). Nitric oxide, which is produced by luteal
cells of rats, also causes cell death in various target cells,
and may have a role in functional luteolysis (Olson et al.,
1996). The aim of the present study was to examine possible
mechanisms by which TNF-α and IFN-γ are cytotoxic to
luteal cells using an in vitro model. The mechanism by
which luteal cytotoxicity is induced by these cytokines was
hypothesized to be the result of one, or a combination of,
the mechanisms described above.
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Materials and Methods
Animals
Corpora lutea were removed by transvaginal enucleation
from nonlactating dairy cows between day 8 and day 12 of
the oestrous cycle (day 0 = day of standing oestrus). Blood
samples were collected from the caudal vein immediately
before lutectomy for determination of plasma progesterone
concentrations. Animals were housed and treated in
compliance with the Agricultural Animal Care and Use
Committee of Ohio State University.

Luteal cell dissociation and culture
Corpora lutea were placed immediately in cold medium
(Ham’s F-12 medium containing 21 mmol sodium bicarbonate l–1, 24 mmol N-2-hydroxyethylpiperazine-N⬘-2ethane sulphonic acid (Hepes) l–1 and 20 µg gentamicin
ml–1; Fisher Scientific, Pittsburgh) for transport to the
laboratory. The corpora lutea were minced and subsequently dissociated with type I collagenase (2000 U g–1
tissue; Worthington Biochemical, Freehold) in medium
containing 0.5% (w/v) BSA (Sigma, St Louis, MO), as
described by Pate and Condon (1982). Viable cells were
counted on a haemocytometer using trypan blue exclusion.
Polystyrene 24-well culture plates were precoated with
Ham’s F-12 medium containing 10% (v/v) bovine calf
serum (Life Technologies, Grand Island) at 37⬚C for at least
1 h, then rinsed with 500 µl serum-free medium. Cells were
plated at a density of 2 ⫻ 105 cells per well in Ham’s F-12
medium (1 ml final volume) containing 20 ng gentamicin
ml–1, LH (10 ng ml–1), insulin (5 µg ml–1), selenium
(5 ng ml–1) and transferrin (5 µg ml–1) (Collaborative
Research, Bedford). Luteal cells were cultured at 37⬚C in
5% CO2 and 95% oxygen for 7 days. After allowing the cells
to attach to the cell culture plates overnight, the cells were
washed free of dead or unattached cells and supplied with
fresh medium. Treatment of the cells was initiated on day 1
of culture (day 0 = day of seeding) and was repeated after
replenishment of medium on days 3 and 5. The luteal cell
conditioned media were collected and stored at –20⬚C until
assayed for PGF2α. Adherent cells were counted using a
25 mm2 ocular micrometer grid on day 7 of culture. As only
viable cells remain attached to the culture plate, the number
of cells remaining attached to the culture surface reflects the
extent of cytotoxicity.
The effects of various inhibitors of arachidonate
metabolism on cytokine-mediated cell death were tested.
Cultured luteal cells were treated with recombinant murine
TNF-α (50 ng ml–1; Gibco, Grand Island, NY), recombinant
bovine IFN-γ (100 U ml–1; Ciba-Geigy, Basel) and either
nordihydroguaiaretic acid (NDGA) (10 ng ml–1; n = 9;
Sigma) or indomethacin (INDO; 10 µg ml–1; n = 4; Sigma),
which are inhibitors of the lipooxygenase and cyclooxygenase pathways, respectively. Cytokine-treated luteal
cells were also treated with both of these agents (n = 6). The
effective inhibitory concentrations of these compounds
were determined previously in our laboratory. Cytokine-

treated cells were treated with arachidonyltrifluoromethyl
ketone (AACOCF3; 10–1000 ng ml–1; Calbiochem, La Jolla,
CA; n = 3), a competitive inhibitor of the 85 kDa cytosolic
phospholipase A2 (PLA2) (Bartoli et al., 1994), to examine
the effects of PLA2 on cytokine-induced cell death. In
addition, luteal cells in the presence or absence of TNF-α
plus IFN-γ were treated with the nitric oxide synthase
inhibitor, N G-monomethyl-L-arginine (L-NMMA, 25 µmol l–1;
Calbiochem; n = 10) or the inhibitors of cellular oxidation,
superoxide dismutase plus catalase (0–1000 U of each per
ml; Calbiochem; n = 3) and vitamin C (0–100 µg ml–1;
Sigma; n = 3). Finally, as IFN-α inhibits TNF-α plus IFN-γstimulated PGF2α and major histocompatibility complex
(MHC) class II expression on luteal cells (Benyo and Pate,
1992; Pate, 1995), the possibility that this cytokine attenuates TNF-α plus IFN-γ-mediated cell death was tested
using recombinant bovine IFN-α (100 U ml–1; Ciba-Geigy;
n = 5).

Nitrate assay
Media from untreated or TNF-α- and IFN-γ-treated luteal
cells were collected on days 3, 5 and 7 of culture and
assayed for the presence of nitrite, the stable metabolite of
nitric oxide, as described by Green et al. (1982). In brief, 50
µl of 1% (w/v) sulphanilic acid in 5% (v/v) H3PO4, 50 µl of
0.1% (w/v) N-(1-naphthyl)ethylenediamine dihydrochloride
(Sigma) and 50 µl luteal cell culture supernatant were
combined in microtitre plates. A standard curve was
generated using NaNO2 (Sigma), and ranged from 8 to
128 µmol l–1. Plates were read immediately on a microtitre
plate spectrophotometer (Biotek Instruments, Winooski, VT)
at 600 nm. Biological positive controls, which consisted of
supernatant obtained from the murine monocyte cell line,
RAW 264.7 (American Type Culture Collection, Bethesda,
MD) were included in each assay. These cells were cultured
in the presence or absence of 100 U recombinant murine
IFN-γ (Gibco) ml–1 or IFN-γ plus L-NMAA as described by
Stuehr and Marletta (1987).

Single cell gel electrophoresis
Single cell gel electrophoresis was performed for detection of DNA fragmentation in individual cells as described
by Green et al. (1996). Corpora lutea were dissociated and
cultured in the presence or absence of TNF-α and IFN-γ
(n = 3). On days 3, 5 and 7 of culture, cells in triplicate
wells were removed from the culture dish and were
resuspended in 1% (w/v) low melting point agarose
(BioRad, Hercules, CA). Cells (85 µl) were placed onto a
slide that was pre-coated with a layer of 1% (w/v) normal
agarose and the layer of agarose-embedded cells was
sandwiched by a third layer of agarose. The slides were
submerged in a lysis buffer (1% (v/v) Triton X-100, 2.5 mol
NaCl l–1, 100 mmol EDTA l–1, 10 mmol Tris l–1, 10% (v/v)
DMSO; pH 10) and incubated in the dark for 1 h at 4⬚C. The
slides were placed subsequently in a horizontal electrophoresis unit containing buffer (1 mmol EDTA l–1, 300
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Table 1. Effects of metabolic inhibitors on cytokine-induced luteal cell death in cultured bovine luteal cells
Inhibitor

Control

Inhibitor

TNF-α + IFN-γ

TNF-α + IFN-γ + inhibitor

Arachidonate inhibitors
INDO* (10 µg ml–1)
NDGA (10 ng ml–1)
INDO + NDGA*
AACOCF3 (10 ng ml–1)

69.5 ⫾ 8.4a
83.0 ⫾ 11.0a
62.7 ⫾ 6.9a
47.9 ⫾ 11.5a

53.0 ⫾ 9.4b
73.1 ⫾ 10.1ab
50.3 ⫾ 6.4b
45.2 ⫾ 9.3a

33.8 ⫾ 4.2c
42.3 ⫾ 7.2b
28.8 ⫾ 4.4c
21.9 ⫾ 8.9b

29.8 ⫾ 6.7c
55.3 ⫾ 12.6b
29.2 ⫾ 6.9c
26.8 ⫾ 11.2c

Oxidation inhibitors
SOD/Cat (1000 U ml–1 of each)
Vitamin C (100 ng ml–1)
L-NMMA (25 µmol l–1)

75.8 ⫾ 5.1a
77.0 ⫾ 3.6
85.8 ⫾ 10.3a

74.3 ⫾ 4.2a
69.8 ⫾ 2.2
78.5 ⫾ 5.7a

29.2 ⫾ 2.0b
37.2 ⫾ 2.9
40.9 ⫾ 5.2b

46.3 ⫾ 5.1c
47.7 ⫾ 6.5
51.5 ⫾ 11.2b

Values are expressed as mean ⫾ SEM number of cells per 0.25 mm2. The results of experiments using one representative concentration of each inhibitor are
shown.
TNF: tumour necrosis factor; IFN: interferon; INDO: indomethacin; NDGA: nordihydroguaiaretic acid; AACOCF3: arachidonyltrifluoromethyl ketone;
SOD/Cat: superoxide dismutase/catalase; L-NMMA: Nω-monomethyl-L-arginine.
abcValues within rows with different superscripts are significantly different (P < 0.05).
*Adapted from Pate and Townson (1994).

mmol NaOH l–1), and equilibrated for 40 min at room
temperature before electrophoresis. Electrophoresis was
carried out for 24 min at 22 V/350 mA. Finally, the slides
were rinsed twice in neutralization buffer (0.4 mol Tris l–1,
pH 7.5) and stained with 20 µg ethidium bromide ml–1.
Observations were made using an Olympus ET10
microscope at ⫻400 magnification. Nuclei with extensive
DNA damage that are subjected to single cell gel
electrophoresis take on the appearance of comets because
the fragmented pieces of DNA migrate away from the
nucleus, forming the ‘tail’ of the comet. In contrast, intact
DNA remains within the nucleus, which appears as the
‘head’ of the comet. Thus, the observed structures are
referred to as comets hereafter. Quantitative image analysis
was obtained using Image-Pro 3 software, and for each
replicate, 20 randomly selected comets from each treatment
were analysed blindly with respect to treatment. Overlapping comets were excluded from analysis. Migration of
DNA was quantified by obtaining a thick band profile with
respect to the horizontal axis of the comet, in which average
pixel intensity was calculated across the width (vertical axis)
of each comet. Line profile histograms were plotted
according to distance from the leading edge of the comet
head on the abscissa versus pixel intensity on the ordinate.
Percentage of total comet DNA constrained within the
comet head was determined by encircling the head and
excluding all regions from the line profile outside the head.
For example, in nuclei containing little or no DNA damage,
comet head DNA would include 90–100% of total DNA,
whereas comet heads in which extensive damage had
occurred may contain as low as 10% of total DNA, the
remainder being in the tail of the comet. This method allows
for the analysis of the degree of DNA fragmentation in
individual cells within a cell population, and for precise
determination of the proportion of cells within the
population with fragmentation.

Radioimmunoassay
Accumulation of PGF2α in cell culture media was
assessed by radioimmunoassay as validated for this
laboratory (Fairchild and Pate, 1991). Anti-PGF2α-keyhole
limpet haemocyanin antibody was donated by R. Fertel
(Ohio State University, Columbus, OH).

Statistical analysis
Cell viability and PGF2α data were analysed by two-way
ANOVA, blocked on animal, followed by the Student–
Newman–Keuls multiple comparisons test. Cells subjected
to single cell gel electrophoresis were categorized according to percentage groups, and mean numbers of treated and
untreated cells within each percentage group were
compared by two-tailed paired t tests. Differences for all
analyses were considered significant at P < 0.05.

Results
Nitric oxide and luteal cell death
As expected, treatment of luteal cells with TNF-α and
IFN-γ resulted in a significant loss in cell viability compared
with untreated control cells. The nitric oxide synthase
inhibitor, L-NMMA, did not affect the viability of the cells
when used alone, and did not prevent cytokine-induced
cell death (Table 1). In accordance with these results,
concentrations of the stable metabolite of nitric oxide,
nitrite, were undetectable in the media of both untreated
and TNF-α plus IFN-γ-treated cells (data not shown).

Arachidonic acid metabolism and luteal cell death
In this experiment, the hypothesis that activation of the
arachidonate metabolic pathway contributed to cytokineinduced cell death was investigated. Cytokine-treated luteal
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cells were incubated in the presence or absence of INDO,
NDGA, or both. Neither of these agents was able to inhibit
cytokine-induced cell death (Table 1). Similarly, when
NDGA and INDO were combined, cell death was not
prevented.
The hypothesis that PLA2 activation mediates cytokineinduced luteal cell death was tested by incubation of
cytokine-treated luteal cells with PLA2 inhibitor AACOCF3.
Concentrations of up to 1 µg ml–1 of this inhibitor were not
cytotoxic to luteal cells (Table 1). At the lowest concentration used (10 ng ml–1), AACOC3 had a slight inhibitory
effect on cytokine-mediated cytotoxicity (P < 0.05), but
higher concentrations of the inhibitor were no more
effective (data not shown).

120

Effect of IFN-α on cytokine-treated luteal cells
As IFN-α can inhibit the ability of TNF-α plus IFN-γ to
induce MHC molecule expression and stimulate prostaglandin production in luteal cells, the postulate that this
cytokine would inhibit TNF-α plus IFN-γ-induced cytolysis
was examined. IFN-α was able to inhibit the cytotoxic
effects of TNF-α plus IFN-γ on cultured luteal cells (Fig. 1a).
As expected, IFN-α also attenuated cytokine stimulation of
PGF2α production by luteal cells (Fig. 1b).

a
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Effects of antioxidants on cytokine-treated luteal cells

3500
PGF2α (pg per 50 000 cells)

Vitamin C or superoxide dismutase/catalase was added to
TNF-α + IFN-γ-treated cells to investigate whether scavengers
of reactive oxygen species would inhibit cytokine-induced
cell death. Neither superoxide dismutase/catalase nor
vitamin C was cytotoxic at the concentrations tested (Table
1). Although the lowest concentrations of superoxide
dismutase/catalase were ineffective in inhibition of cytokineinduced cell death (data not shown), at 1000 U ml–1 the free
radical inhibitors were effective in partially inhibiting cell
death (Table 1; P < 0.05).
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Fig. 1. Effect of interferon α (IFN-α) on cytokine-induced cell
death and PGF2α production in cultured bovine luteal cells. (a)
Data are presented as mean number of cells per 0.25 mm2 (n = 5)
or (b) PGF2α production per 50 000 cells (n = 5). abcDifferent
superscripts indicate significant differences among values
(P < 0.05). TNF: tumour necrosis factor.

DNA fragmentation
Cytokines are known to induce fragmentation of nuclear
DNA characteristic of apoptosis in a variety of cell types;
therefore, the hypothesis that TNF-α and IFN-γ induced
DNA fragmentation in luteal cells was tested. Luteal cells
cultured in the presence or absence of TNF-α plus IFN-γ
were harvested, subjected to electrophoresis and stained to
examine the degree of DNA fragmentation on days 3, 5 and
7 of culture. Representative comets are shown (Fig. 2a–c).
With this procedure, it was possible to analyse the extent to
which DNA fragmentation occurred in individual cells in
response to treatments. Cells sustaining little DNA damage
(Fig. 2a) are represented by comets with large, vividly
stained heads; the nuclear DNA clearly remains intact.
These comets were typical of those observed for all
treatments on day 3 of culture and of the control cells
throughout culture. Cells experiencing intermediate and
large amounts of DNA damage are shown (Fig. 2b and 2c,

respectively); these comets show progressively lower
amounts of undamaged nuclear DNA remaining in the head
regions with corresponding increases in fragmented DNA in
the tail, and are typical of those resulting from cytokinetreated cells.
On day 3 of culture, most of both control and cytokinetreated cells had only a minor degree of DNA fragmentation
(Fig. 3). However, although a significant difference in
viability was not evident at this early stage of culture as
assessed by counting the cells using an ocular micrometer
(data not shown), significantly fewer cytokine-treated cells
had 80–100% of the DNA remaining in the head (Fig. 3a).
On later days of culture (days 5 and 7), very few cytokinetreated cells with minimal DNA damage were present. In
these cultures, increasing numbers of cells with < 50% of
the DNA remaining in the comet head were observed. In
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Fig. 3. DNA fragmentation in response to tumour necrosis factor α
(TNF-α) plus interferon γ (IFN-γ). Data are expressed in histogram
formation and are grouped arbitrarily according to the percentage
of visualizable DNA remaining in the head region of the comets on
days (a) 3, (b) 5 and (c) 7 of culture. The lower the percentage of
DNA remaining in the head region, the greater the degree of DNA
fragmentation. 䊐: Control cells; 䊏: cytokine-treated cells.
*Indicates differences between control and cytokine-treated cells
within a percentage group (n = 3; P < 0.05).
Fig. 2. Comet formation in control and cytokine-treated cultured
bovine luteal cells. Three comets are represented with (a) 92.7%
(control, untreated), (b) 68.5% (cytokine-treated) and (c) 6.8%
(cytokine-treated) of the total DNA visualized remaining in the
head region.

contrast, most control cells remained relatively free of DNA
damage throughout the 7 days of culture (Fig. 3b,c).

Discussion
The loss in structural integrity of the corpus luteum during
luteolysis entails a breakdown of the extracellular matrix,

vascular demise and cellular apoptosis. The intracellular
inducers of apoptosis are diverse in various cell types. In the
corpus luteum, accumulation of reactive oxygen species,
sustained concentrations of calcium and toxic concentrations
of nitric oxide have all been implicated in the initiation of cell
death (Hansel et al., 1991; Rueda et al., 1995; Olson et al.,
1996). As TNF-α and IFN-γ are cytotoxic to luteal cells in
vitro, it has been suggested that these cytokines mediate
cytotoxic effects in vivo (Pate, 1995). Furthermore, these
cytokines are known to initiate apoptosis in other cell types
by the mechanisms mentioned above. The results of the
present study reveal that treatment of luteal cells with
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cytokines results in DNA fragmentation, which is indicative
of apoptosis, and that reactive oxygen species, but not nitric
oxide, PLA2 activation or arachidonate metabolism, may be
at least partially responsible for their cytotoxic effect. The
results of the present study also show that IFN-α exerts a
protective effect against cytokine-induced cytolysis of luteal
cells in vitro.
The demonstration that TNF-α and IFN-γ cause DNA
fragmentation in luteal cells in vitro lends support to the
hypothesis that these cells undergo apoptosis when treated
with cytokines. These results are corroborated by those of Jo
et al. (1995a), who showed that cytokine-treated murine
luteal cells take on the morphological characteristics of
apoptotic cells. The observation that DNA fragmentation is
apparent on day 3 of culture indicates that the process of
cell death may be underway by day 3 of culture (48 h after
initiation of cytokine treatment), before cytotoxic effects are
recognized by microscopic examination (Fairchild and
Pate, 1991). These results agree with the typical time course
required for cell death to occur in response to cytokines in
other model systems.
In some cell types, antioxidants and free radical
scavengers can inhibit TNF-α-induced cell death (Heller
and Kronke, 1994). The results of the present study support
a role for reactive oxygen species in luteal cell death, as the
free radical scavengers superoxide dismutase and catalase
partially inhibited cytokine-induced cell death. When
superoxide is degraded, hydrogen peroxide is produced, so
superoxide dismutase and catalase were combined in the
present study to decrease both superoxide anions and
hydrogen peroxide. Therefore, while it may be concluded
that reactive oxygen species may be involved in cytokineinduced luteal cell death, it is not possible from this study to
determine whether superoxide, hydrogen peroxide or a
combination mediate cytokine action. Depletion of
antioxidants may be important in sensitizing luteal cells to
oxidative damage during luteolysis or during cytokine
treatment in vitro. Vitamin C, superoxide dismutase activity
and catalase activity are depleted from the corpus luteum
during luteolysis (Petroff et al., 1998; Rapoport et al., 1998),
and the mRNA content for antioxidant enzymes declines
during luteolysis (Rueda et al., 1995). Furthermore, vitamin
C, which is the most abundant antioxidant in the corpus
luteum, is depleted by placing luteal cells in culture
(Musicki et al., 1996). Therefore, these conditions probably
predispose luteal cells to oxidative damage during luteolysis
in vivo, and perhaps during cytokine treatment in vitro.
Whether the oxidative damage that occurs during luteolysis
is mediated by cytokines remains to be investigated.
The results of the present study lend little support for a
role of the activation of arachidonate metabolism in
cytokine-induced luteal cell death. Although the lowest
concentration of the PLA2 inhibitor AACOCF3 may have
inhibited cytotoxicity slightly, the inhibitor was not effective
consistently among all animals studied, and higher
concentrations of the agent had no effect. The results
obtained with INDO treatment are consistent with those of

Fairchild and Pate (1991), who showed that indomethacin
did not prevent the modest cytotoxicity of luteal cells
caused by IFN-γ. However, these results are in contrast to
reports in which PLA2, lipoxygenase, and cyclooxygenase
inhibitors completely block TNF-α-induced cell death in
other cell types (Kettelhut et al., 1987; Neale et al., 1988;
Rabinovitch et al., 1990; Suffys et al., 1991). It is thought
that TNF-α-mediated cell killing in other cells is caused by
leakage of reactive oxygen species as a result of
mitochondrial damage or activation of cyclooxygenase and
lipoxygenase (Matthews et al., 1987; Rabinovitch et al.,
1992; Schulze-Osthoff et al., 1992). In recent experiments,
it has been demonstrated that luteal prostaglandin and
leukotriene production are increased during luteolysis, and
that the mRNA for prostaglandin G/H synthase is increased
(Blair et al., 1997; Tsai and Wiltbank, 1998). These
observations have prompted a hypothesis that intraluteal
amplification of prostaglandin synthesis has a role in
luteolysis. However, it seems that activation of these
pathways alone is not sufficient for cell death, despite a
possible role in contributing to release of reactive oxygen
species (Sawada and Carlson, 1991).
Some cell types are resistant to the cytolytic actions of
TNF-α, whereas others are sensitive, and reactive oxygen
species seem to play an integral role in TNF-α-induced
cytotoxicity in TNF-sensitive cells. In fact, a primary
mechanism of cellular defence that TNF-resistant cells are
endowed with is the stimulation of manganese superoxide
dismutase (MnSOD) production. Inhibition of MnSOD
activity renders resistant cells susceptible to actions of TNF
(Wong and Goeddel, 1988; Wong et al., 1989). As TNF-α
alone is not cytotoxic to luteal cells, these cells may be
considered TNF-resistant, perhaps because of stimulation of
MnSOD by TNF-α. Indeed, it has been shown that MnSOD
mRNA content is increased in rat luteal cells treated with
TNF-α (Sugino et al., 1998a). Alternatively, the luteotrophic
hormones prolactin and placental lactogen also increase
amounts of mRNA for MnSOD in these cells (Sugino et al.,
1998b). Therefore, it is possible that the LH present in the
culture medium in the present study also maintained
amounts of mRNA for MnSOD, thus inhibiting TNF-αinduced cell death. In contrast, IFN-γ alone is slightly
cytotoxic to luteal cells, and may render TNF-α-treated
luteal cells susceptible to the cytokine. The mechanism by
which this may occur is not clear, but IFN-γ upregulates
TNF-α receptors in a number of cell types, perhaps
enhancing the sensitivity of cells to TNF-α (Montaldo et al.,
1994; Zhang et al., 1994; Bebo and Linthicum, 1995).
These events may contribute to amplification of the effects
of TNF-α, leading to susceptibility of luteal cells to
cytokines.
A wealth of information has accrued during the past
decade regarding a role for nitric oxide as a potent mediator
of cell death. Nitric oxide is an important effector molecule
of macrophage-induced cytotoxicity and also has a role in
cytotoxicity of some cytokine-treated cells. Nitric oxide
production can be stimulated in target cells by IFN-γ and
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TNF-γ and is increased synergistically by combinations of
these cytokines (Amber et al., 1988). Nitric oxide mediates
interleukin 1β (IL-1β)-induced cytotoxicity in rat ovaries
(Ellman et al., 1993), and it has been postulated that nitric
oxide arises in conjunction with the proinflammatory events
associated with ovulation (Ben-Shlomo et al., 1994). The
results of the present study do not support a role for nitric
oxide in cytokine-induced cell death of bovine luteal cells.
These results are in accord with those of Jo et al. (1995b),
who found that cytokine-induced death of murine luteal
cells was independent of nitric oxide. In contrast, Jo et al.
(1995b) and Olson et al. (1996) found that nitric oxide, as
measured by its stable metabolite, nitrite, is produced by
cultured luteal cells, whereas production of nitric oxide by
bovine luteal cells was not observed in the present study.
Although the latter observations are consistent with the
inability of the nitric oxide synthase inhibitor L-NMMA to
inhibit cytokine-induced cell death, the results of studies in
which nitrite production was observed may indicate a
species or experimental difference in the ability of luteal
cells to produce this free radical intermediate.
A novel finding of the present study was that IFN-α
inhibited cytokine-induced cell death. The mechanism by
which this occurred is not clear, but IFN-α protects some
cell types from apoptosis by enhancing expression of antiapoptotic genes such as Bcl-2 (Jewell et al., 1994). This
cytokine may also serve in an anti-inflammatory capacity in
some situations; it can interrupt autocrine stimulation of IL1β production by mononuclear cells, and it induces
shedding of the TNF-α receptor into blood (Tilg et al., 1995;
Dinarello, 1997). Soluble TNF receptors may serve as
natural antagonists of TNF-α action and may be the
mechanism by which IFN-α prevents TNF-α action in luteal
cells. Further studies are necessary to evaluate this
mechanism. In addition, IFN-α has other effects on cultured
bovine luteal cells; in the presence of high concentrations of
progesterone, this cytokine suppresses IFN-γ-stimulated
MHC class II molecule expression and TNF-α-stimulated
prostaglandin production (Benyo and Pate, 1992; Pate,
1995). IFN-α, in low concentrations, also has mild
stimulatory effects on progesterone production, whereas
high concentrations inhibit progesterone production (Luck
et al., 1992). It is not currently known whether IFN-α is
produced within the corpus luteum of any species, but these
findings indicate that IFN-α, if present, may have important
paracrine actions in relation to the survival of the corpus
luteum.
In conclusion, the results of the present experiments
increase our understanding of the intracellular effectors of
proposed mediators of luteal cell death. It has been
demonstrated that TNF-α and IFN-γ induce DNA
fragmentation in bovine luteal cells. The cytotoxic actions
of TNF-α and IFN-γ do not appear to be mediated by nitric
oxide or arachidonic acid metabolism; in contrast, it
appears that reactive oxygen species are at least partially
responsible for cytokine-induced cell death in vitro. In
addition, it is possible that IFN-α may confer a protective
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effect, preventing many of the actions of TNF-α and IFN-γ
on luteal cells.
Salaries and research support were provided by State and
Federal funds appropriated to the Ohio Agricultural Research and
Development Center, Ohio State University.
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