
INTRODUCTION

Cyclooxygenase (COX) or prostaglandin H2 synthase (PGH2) is
the enzyme that catalyzes the first two steps in the biosynthesis
of prostaglandins (PGs) (DeWitt, 1991; Xie et al., 1991). Two
distinct isoforms of COX are known; COX-1 and -2. The two
isoenzymes are encoded by different genes, and the control of
its expression, regulation of enzyme activity and physiological
functions are very different (Crofford, 1997; DeWitt, 1991;
Pilbeam et al., 1993; Xie et al., 1991). COX-1 is expressed
constitutively and produces PGs involved in cell homeostasis
(Crofford, 1997; Pilbeam et al., 1993). In contrast, the inducible
COX-2 is expressed as an immediate early gene and is involved
in the onset of inflammation and mitogenic responses (DeWitt,
1991; Feng et al., 1993; Kujubu et al., 1991).

Nitric oxide (NO) is a free radical molecule playing key
roles in multiple physiological processes (Moncada et al.,
1991). Synthesis of NO from L-arginine is catalyzed by NO
synthase (NOS). Three different isoenzymes have been
identified in mammalian tissues: two constitutively expressed
NOS isoforms are mainly present in brain (NOS-1) (Bredt et
al., 1991) and endothelia (NOS-3) (Janssens et al., 1992;
Lamas et al., 1992). A third isoform, cytokine-inducible, Ca2+-
independent NOS (NOS-2) is expressed in macrophages,
neutrophils, hepatocytes and other cells, after stimulation with
lipopolysaccharide (LPS) and pro-inflammatory cytokines
(Lowenstein et al., 1993; Lyons et al., 1992; Xie et al., 1993). 

PGs and NO are implicated in the inflammatory response,
and a cross-regulation of both pathways by the end-products
has been suggested. Indeed, several reports have demonstrated
in vivo and in vitro a modulation of PGs biosynthesis by NO
(Salvemini et al., 1995; Swierkosz et al., 1995). Moreover, PGs
and NO are also involved in reproduction, gestation and
parturition. Increased NO biosynthesis has been detected both
in pregnant rats and humans (Conrad et al., 1993a,b). During
pregnancy, NOS-2 activity is expressed in the placental villous
tree where it may act to regulate placental blood flow, fetal
nutrition and growth (Baylis et al., 1996; Casado et al., 1997).
According to these functions, chronic reduction of NO
production in rats during the last third of pregnancy results in
significant intrauterine growth retardation, hypertension and
proteinuria, providing a simple animal model for the study of
pre-eclampsia (Molnar et al., 1994). Moreover, recent works
using mice with homozygous null mutations for genes
encoding PGs receptors or for enzymes of the PG biosynthesis
pathway (for example COX-2 KO mice) demonstrated that PGs
are critical to the mechanism that controls ovulation, pregnancy
and labor (Lim et al., 1997; Nguyen et al., 1997; Sugimoto et
al., 1997). Mice lacking the prostaglandin F receptor were
unable to deliver normal fetuses at term (Sugimoto et al.,
1997), whereas mice lacking the prostaglandin EP4 receptor
did not survive because the ductus arteriosus failed to close at
birth and the lungs were edematous with hemorrhages and
intra-capillary congestion (Nguyen et al., 1997). In addition to
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Recently isolated trophoblasts express nitric oxide synthase
2 (NOS-2) and cyclooxygenase 2 (COX-2), decreasing the
levels of the corresponding mRNAs when the cells were
maintained in culture. The sustained expression of COX-2
and NOS-2 in trophoblasts was dependent on the activation
of nuclear factor κκB (NF-κκB) since proteasome inhibitors
and antioxidants that abrogated NF-κκB activity suppressed
the induction of both genes. The time-dependent fall of the
mRNA levels of NOS-2 and COX-2 paralleled the inhibition
of NF-κκB, determined by electrophoretic mobility shift
assays, and the increase of the IκκBαα and IκκBββ inhibitory
proteins. Isolated trophoblasts synthesized reactive oxygen
intermediates (ROI), a process impaired after culturing the

cells, and that might be involved in the NF-κκB activation
process. Moreover, treatment of recently isolated cells with
ROI scavengers suppressed the expression of COX-2 and
NOS-2. Challenge of trophoblasts with interleukin-1ββ up-
regulated the expression of both proteins, an effect that was
potentiated by lipopolysaccharide. These results indicate
that the physiological expression of NOS-2 and COX-2 in
trophoblasts involves a sustained activation of NF-κκB
which inhibition abrogates the inducibility of both genes.
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these fetal alterations, the number of ovulations was
dramatically reduced in COX-2 deficient mice and,
consequently, females were sterile (Lim et al., 1997).
According to these data, placental production of PGs may lead
to high circulating levels in the fetus, and PGE2 influences fetal
endocrine function, breathing movements and cardiovascular
functions.

Constitutive expression of COX-1, -2 and NOS-2 in placenta
has been described (Casado et al., 1997; Wetzka et al., 1997).
The present study was undertaken to investigate the pathways
involved in the expression of NOS-2 and COX-2 in cultured
trophoblasts, isolated from rat placenta of 21 days of gestation.
Our results show that NOS-2 and COX-2 were significantly
expressed in control isolated trophoblasts and the mRNA levels
corresponding to both genes decreased once the cells were
maintained in culture. Moreover, cultured trophoblasts
increased the levels of COX-2 and NOS-2 upon challenge with
IL-1β, although the expression of NOS-2 and COX-2 was not
influenced by NO and PGs, respectively. Recently isolated
trophoblasts exhibited an important NF-κB activity, and
inhibition of NF-κB blocked the transcription of both genes.
These results suggest that trophoblasts express both genes
through a mechanism involving sustained activation of NF-κB. 

MATERIALS AND METHODS

Chemicals
[α-32P]dCTP (3,000 Ci/mmol) and [U-14C]arginine were from
Amersham (Little Chalfont, Bucks, UK). Cytokines, dibutyryl cyclic-
AMP, dibutyryl cyclic-GMP analogues and LPS from Salmonella
typhimurium were obtained from Boehringer (Mannheim, FRG) or
Sigma (St Louis, MO). Antibodies were from Santa Cruz Laboratories
(Santa Cruz, CA). Tissue cultures dishes were from Falcon (Lincoln
Oark, NJ). Tissue culture media were from Biowhittaker
(Walkersville, MD). The endotoxin content of the solutions was
negligible using the Limulus polyphemus test (Sigma). NS 398 was
from Universal Biological Ltd (London, UK). 1400W (N-(3-
(aminomethyl) benzyl)acetamidine) and DETA-NO ([2-aminoethyl-
N-(2-aminoethyl)-amino]diazen-1-ium-1,2-diolate) were from Alexis
(San Diego, CA). Fluorescent probes were from Molecular Probes
(Eugene, OR).

Isolation and incubation of trophoblasts
Pregnant albino Wistar rats (300-350 g) of 21 days of gestation fed
ad libitum on a standard laboratory diet were used. Pregnancy and
gestational age were determined by standard criteria (Martin-Sanz
et al., 1989) and the animals were killed between 08:30-09:30 hours.
Placenta were removed by Caesarean section. Animals were treated
following the Institutional Animal Care Instructions. Trophoblasts
were isolated by the method of Kishi et al. (1993) as follows: the
tissue was minced with fine dissecting scissors in sterile Hanks’
balanced salt solution (HBSS). After that, the tissue was placed in
HBSS (5 ml/g of tissue) containing 0.1% collagenase type IA
(Sigma), 0.1% hyaluronidase type I-S (Sigma), 0.01%
deoxyribonuclease (DNase-I) and 1% fetal calf serum (FCS) and
incubated for 2 hours at 37°C in a shaking water bath under
continuous gassing with carbogen (O2/CO2, 19/1). The cells were
centrifuged at 150 g for 5 minutes and the resuspended cell pellet
was progressively filtered through nylon membranes of 500, 100 and
50 µm mesh. The cells were resuspended in HBSS and layered on
5 ml of a 40% solution of Percoll prepared in HBSS, then
centrifuged at 700 g for 15 minutes at 4°C. Exhaustive
characterization of these cells has already been published (Kishi et

al., 1993; Wunsch et al., 1986). Morphological observation of the
cells collected from each fraction of the gradient revealed that cell
debris and dead cells were at the top of the gradient. The second
fraction contained three types of cells: giant cells with a single
nucleus or multinuclei, round cells and small round cells in clumps
or as single cells. These cells adhered to the culture dishes and
secreted rat placental lactogen-II (rPL-II). Erythrocytes were
sedimented as a pellet at the bottom of the gradient. The cells from
the second fraction were washed twice with HBSS and the cell
viability was assessed by Trypan blue exclusion criteria and was
always higher than 90%. The cell suspension was washed with
sterile DMEM medium and then resuspended in this medium
supplemented with 50 µg/ml of gentamicin, 50 µg/ml of penicillin
G, 50 µg/ml of streptomycin and 10 mM Hepes, pH 7.4, and plated
at 2-4×106 cells in 6 cm tissue-cultures dishes in a culture medium
containing 2.5 ml of DMEM supplemented with 10% of heat
inactivated FCS. Four hours after seeding the cells, the medium was
aspirated and the plates were washed twice with PBS to remove the
non-adherent cells. The trophoblasts were maintained in 2 ml of
phenol red-free DMEM with 2% of heat inactivated FCS and 10 mM
Hepes, pH 7.4.

Preparation of soluble and microsomal fractions
Cultured cells were washed twice with ice-cold PBS and
homogenized with 1 ml of ice-cold extraction buffer (100 mM Tris-
HCl, pH 7.4, 2 mM EDTA, 10 µg/ml leupeptin, 20 µg/ml aprotinin,
0.5 mM PMSF) followed by three cycles of 15 seconds of sonication
at 4°C. The homogenates were centrifuged at 10,000 g for 15 minutes
at 4°C. Part of the resulting supernatants was used as a soluble
fraction, and the rest centrifuged at 105,000 g for 1 hour at 4°C. The
microsomal pellets were resuspended in buffer (20 mM Tris-HCl, pH
7.4, 0.2 mM dithiothreitol, 0.5% Nonidet P-40), and an aliquot was
removed for protein determination (Bio-Rad protein reagent).
Microsomes were boiled in Laemmli sample buffer (Laemmli, 1970)
and equal amounts of microsomal or soluble protein (20 µg) were
loaded onto a 10% SDS-PAGE, followed by western blotting analysis
(see below).

Preparation of cytosolic and nuclear extracts
A modified procedure based on the method of Schreiber et al. (1989)
was used. Cells (4×106) were washed with PBS and collected by
centrifugation. Cell pellets were homogenized in 200 µl of buffer A
(10 mM Hepes, pH 7.9, 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1
mM dithiothreitol, 0.5 mM PMSF, 2 µg/ml tosyl-lysyl-
chloromethane, 5 mM NaF, 1 mM NaVO4, 10 mM Na2MO4). After
15 minutes at 4°C, Nonidet P40 was added to reach 0.5% (v/v)
concentration. The tubes were gently vortexed for 15 seconds and
nuclei were collected by centrifugation at 8,000 g for 15 minutes. The
supernatants were stored at −80°C (cytosolic extracts) and the pellets
were resuspended in 70 µl of buffer A supplemented with 20% (v/v)
glycerol and 0.4 M KCl, and gently mixed for 30 minutes at 4°C.
Nuclear proteins were obtained by centrifugation at 13,000 g for 15
minutes and aliquots of the supernatant were stored at –80°C. 

Electrophoretic mobility shift assays (EMSAs)
The oligonucleotide sequences corresponding to the distal κB motifs
of the NOS-2 promoter (5′-CCAACTGGGACTCTCCCTTTGG-
GAACA-3′) (Xie et al., 1993) and the rat COX-2 promoter (5′-
GGCAAGGGGATTCCCTTAGTT-3′) (Fletcher et al., 1992) were
annealed with their complementary sequence by incubation for 5
minutes at 85°C in 10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 10 mM
MgCl2, 1 mM dithiothreitol. Aliquots of 50 ng of these
oligonucleotides were end labeled with Klenow enzyme. Nuclear
extracts (4 µg of protein) were incubated with 5×104 dpm of the DNA
probe and the DNA-protein complexes were separated on native 6%
(w/v) PAGE in 0.5% (v/v) Tris/borate/EDTA buffer (Diaz-Guerra et
al., 1996).

N. A. Callejas and others
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RNA extraction and analysis
Total RNA was extracted following the guanidinium thiocyanate
method (Chomczynski and Sacchi, 1987). After electrophoresis in a
0.9% agarose gel containing 2% formaldehyde, the RNA was
transferred to a Nytran membrane (NY 13-N; Schleicher & Schüell,
FRG) with 10× SSC (10× SSC is 1.5 M NaCl, 0.3 M sodium citrate,
pH 7.4). The membrane was prehybridized and the levels of NOS-2
and COX-2 were determined using the EcoRI-HindII fragment from
the NOS-2 (murine) cDNA, and the full length cDNA as probe for
COX-2 (Fletcher et al., 1992), labeled with [α-32P]dCTP using the
Rediprime labeling kit (Amersham). The membrane was washed with
2× SSC and 0.5% SDS at room temperature for 10 minutes and twice
at 42°C for 30 minutes. Quantification of the radioactive emission was
performed in a FUJI BAS 1000 detector, avoiding saturation of the
bands, and followed by exposure to X-ray film (Hyperfilm,
Amersham). Normalization of the blots for RNA lane charge was
performed using the hybridization with a probe specific for the 18S-
ribosomal RNA inserted into PBR322 plasmid and labeled by nick
translation (Casado et al., 1997).

Western blot analysis
The amount of NOS-2 and COX-2 was determined in soluble and
microsomal preparations, respectively. The amount of IκBα and IκBβ
was determined in cytosolic extracts. After determining the protein
content, samples were boiled in Laemmli sample buffer and equal
amounts of protein (20 µg) were size-fractionated in a 10% SDS-
PAGE, transferred to a PVDF membrane (Amersham) and after
blocking with 5% non-fat dry milk, incubated with anti-NOS-2, anti-
COX-2, anti-IκBα or anti-IκBβ (all at 1:1000 dilution) from Santa
Cruz Laboratories. The blot was revealed after incubation with
horseradish peroxidase-conjugated IgG (1:2000) and following the
ECL protocol (Amersham) as recommended. Different exposition
times were performed in each blot to ensure the linearity in the band
intensities. Densitometric analysis of the bands was carried out using
a laser densitometer (Molecular Dynamics).

Determination of metabolites
PGE2 levels were determined in the culture medium using a specific
enzymeimmunoassay (EIA) system and following the indications of
the manufacturer (Amersham). To determine the amount of NO
released nitrate was reduced to nitrite, and this was measured
spectrophotometrically using Griess reagent as described (Diaz-
Guerra et al., 1996). The synthesis of reactive oxygen intermediates
(ROI) was assessed by cytofluorometry and by spectrofluorometry
following the fluorescence of hydroethidine (HE) and 2,7-
dichlorofluorescein (DCF) (Royall and Ischiropoulos, 1993). Flow
cytometry analysis was performed by incubating the cells for 15
minutes with 10 µM of the fluorescent probes. Viable cells were
analyzed using a FACScan cytometer (Becton Dickinson) with
excitation at 488 nm and emission at 620 and 525 nm for HE and
DCF, respectively (Epling et al., 1992; Royall and Ischiropoulos,
1993). Dead cells were detected by propidium iodide staining (5
µg/ml), and were gated out prior to data collection. 

Determination of NOS-2 activity
NOS-2 activity was measured in vivo in trophoblasts following the
production of [U-14C]citrulline from [U-14C]arginine (Terenzi et al.,
1995). Cells (24-well plate) were incubated for 1 hour with 250 µl of
[U-14C]arginine (0.5 µCi, 83 µM) in arginine-free DMEM medium
and the production of [U-14C]citrulline during this time of culture was
determined as follows: the culture was stopped by adding 800 µl of
water to the wells and the homogenate was passed through a DOWEX
AG 50W-X8 column (sodium form; 1 ml of volume). [U-
14C]citrulline was eluted with water (2 ml) and the radioactivity in the
eluate was determined by scintillation counting. Specificity of the
reaction was determined by inhibiting the enzyme with 1400W (50
µM).

Determination of iNOs activity
iNOS activity was measured in macrophage stimulated with LPS
plus/minus 10% of portal blood efflux from the grafted liver,
following the production of [U-14C]citrulline from [U-14C]arginine
(21) as follows: macrophages were incubated for 12 hours with LPS
plus/minus fraction R-10 and R+0, and for another 6 hours with [U-
14C]arginine (0.5 mCi, 83 mM) and in the absence or presence of the
corresponding fractions. The production of [U-14C]citrulline during
this time of culture was determined as follows: the reaction was
stopped by adding 800 ml of water to the plates and the homogenate
was passed through a DOWEX AG 50W-X8 column (sodium form;
1 ml of vol.). [U-14C]citrulline was eluted with water (2 ml) and
the radioactivity in the eluate was determined by scintillation
spectroscopy.

Data analysis
The number of experiments is indicated in the corresponding figure.
Statistical differences (P<0.05) between mean values were
determined by one-way analysis of the variance followed by Student’s
t-test.

RESULTS

Presence of NOS-2 and COX-2 mRNA in isolated
trophoblasts
Total RNA was extracted from cultured trophoblasts of rats at
day 21 of gestation and was hybridized with NOS-2 and COX-
2 probes. As Fig. 1A shows, an important amount of NOS-2
(4.4 kb) and COX-2 (4.5 kb) mRNA was observed at 0 time
(before plating), levels that were maintained 2-5 hours after
plating the cells, and decreased progressively. Cells analyzed
at 24 and 48 hours of culture showed 45% and 92% decrease,
respectively, in the RNA levels of NOS-2. A similar behaviour
of COX-2 mRNA levels was observed. When the activity of
NOS-2 and COX-2 was measured at 24 hours, 50% and 45%
decrease with respect to 0 hours, was observed (Fig. 1B). These
results indicate that trophoblasts from placenta of rats at day
21 of gestation have a physiological constitutive expression of
NOS-2 and COX-2, likely dependent on the presence of
placental factors of which availability is lost following the
isolation and culture. Moreover, analysis by western blot of
NOS-2 and COX-2 in placenta of days 15 to 22 of gestation
showed the presence of these proteins and confirmed previous
results on NOS-2 expression in this tissue (Fig. 1C) (Baylis et
al., 1996; Casado et al., 1997).

Regulation of the expression of NOS-2 and COX-2 in
isolated trophoblasts
Because NOS-2 and COX-2 are expressed in various cell types
in response to pro-inflammatory stimuli, cultured trophoblasts
were incubated with LPS and pro-inflammatory cytokines to
study the inducibility of both NOS-2 and COX-2. As shown in
Fig. 2A, incubation with IL-1β increased 2.2- and 3-fold the
mRNA levels of NOS-2 and COX-2, respectively. LPS barely
enhanced the levels of NOS-2 and decreased those of COX-2;
however, it potentiated the effect of IL-1β. Incubation with
TNF-α decreased the mRNA levels of both genes, while
exhibiting a certain cytotoxicity (see Discussion). When the
amount of NOS-2 and COX-2 protein was measured by
western blot there was good agreement between protein and
mRNA levels (Fig. 2B).
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To determine the activity of both NOS-2 and COX-2, the
accumulation of nitrite plus nitrate and PGE2 in the culture
medium was measured. As Fig. 2C shows, unstimulated cells
produced significant levels of NO and PGE2. Moreover,
incubation with IL-1β increased the synthesis of NO and
PGE2, an effect that was potentiated significantly by LPS.
Since the activity of COX-2 is dependent on arachidonic acid
availability, the high PGE2 synthesis observed in cells treated
with IL-1β and LPS suggests that LPS favors the activation of
enzymes (for example phospholipase A2) increasing
arachidonic acid disposal (Callejas et al., 1999).

To better characterize the inducibility of NOS-2 and COX-
2 in cultured trophoblasts, cells were stimulated with phorbol
esters (PDBu) and permeant cyclic nucleotides, some of them
involved in the expression of these enzymes (Crofford, 1997;
DeWitt, 1991; Hortelano et al., 1992; Xie et al., 1991). As
Table 1 shows, among the factors and conditions assayed only
IL-1β and PDBu increased significantly the accumulation of
NO and PGE2 in these cells. These changes correlated with the

protein levels of NOS-2 and COX-2 measured after treatment
with these stimuli (not shown).

Several reports have demonstrated a modulation of
prostaglandin biosynthesis by NO in various cell types
(Herschman et al., 1997; Swierkosz et al., 1995). To investigate
this possible cross-regulation in cultured trophoblasts, cells
were incubated with NOS-2 inhibitors, NO-donors, COX-2
inhibitors and peroxisomal proliferator activated receptor α
(PPARα) ligands, the latter involved in the expression of COX-
2 (Colville-Nash et al., 1998). As Table 2 shows, the specific
NOS-2 inhibitor 1400W and the less specific inhibitor L-
NAME blocked the accumulation of NOx in the culture
medium but did not affect the release of PGE2. The NO-donors
DETA-NO and GSNO failed to modify the release of PGE2 or
the amount of COX-2 protein. When cells were incubated with
NS389, a specific COX-2 inhibitor, or with the less-specific
COX inhibitor indomethacin, the levels of PGE2 decreased as
expected; however there was an up-regulation of the amount
of COX-2 protein as described in fetal hepatocytes (Callejas et

N. A. Callejas and others

Fig. 1. NOS-2 and COX-2 expression in
cultured trophoblasts and placenta. Trophoblasts
were isolated and cultured for the indicated
period of time and the mRNA levels of NOS-2
and COX-2 were determined. The samples
corresponding to zero time were prepared from
recently isolated cells immediately prior to
plating. The data corresponding to RNA levels
were expressed after normalization for the
content of ribosomal 18S RNA (A). The activity
of NOS-2 and COX-2 was determined in vivo
by the release of [14C]citrulline from [U-
14C]arginine, and by the synthesis of PGE2,
respectively, and following the release of the
end-products for 1 hour (B). The protein levels
of NOS-2 and COX-2 from placental extracts
obtained at the indicated days of gestation were
determined by western blot (C). Results are the
mean ± s.e.m. of four experiments and a
representative northern blot is shown. *P<0.05
with respect to the values at 0 hours.

Fig. 2. Effect of LPS and pro-inflammatory cytokines on NOS-2 and COX-2 inducibility in cultured trophoblasts. Cells (2-4×106) were
maintained in culture for 4 hours prior to stimulation. After changing the culture medium, the trophoblasts were challenged with 1 µg/ml of
LPS, 10 ng/ml of TNF-α, 10 ng/ml of IL-1β or combinations of these. mRNA levels were measured after 6 hours of stimulation (A). The
protein levels of NOS-2 and COX-2 (B), and the accumulation of nitrite plus nitrate and PGE2 in the culture medium (C) were measured after
24 hours of incubation. Results show the mean ± s.e.m. of three experiments. *P<0.05 with respect to the values with IL-1β.



3151NF-κB is constitutively activated in trophoblasts

al., 1999). When peroxisome proliferators such as clofibrate
were used, there was an increase of PGE2 and COX-2 protein
levels, in agreement with previous data (Callejas et al., 1999;
Colville-Nash et al., 1998). COX-2 inhibitors did not affect

NOx synthesis whereas clofibrate inhibited significantly (54%)
NOS-2 activity. These results suggest the absence in these cells
of a cross-regulation between NOS-2 and COX-2 due to the
action of PGs and NO, respectively.

NF-κκB activity and expression of IκκBs in isolated
trophoblasts
Since NOS-2 and COX-2 activities are mainly controlled at the
transcription level, nuclear factors involved in the expression
of these genes would be expected to be active in trophoblasts.
NF-κB was followed by EMSA using as probes the distal κB
motif from the murine NOS-2 promoter and from the rat COX-
2 promoter (nucleotides –409 to –389). Similar results were
obtained with both sequences. As shown in Fig. 3A using the
κB motif form NOS-2, a high basal level of NF-κB activity
characterized by a predominant lower band complex was
detected by EMSA in the nuclear extracts of trophoblasts
before plating (0 time). After 2 and 5 hours of culture there
was a further increase in the levels of the upper-band complex
of NF-κB. At 18 hours of culture the intensity of both bands
decreased notably and remained negligible after 24 hours of
culture. Analysis of the proteins present in the NF-κB
complexes by supershift assays, revealed that the complexes
detected by EMSA corresponded to p50-p65 heterodimers and
p50-p50 homodimers for the upper and lower bands
respectively (Fig. 3B). Moreover, challenge of cultured
trophoblasts (18 hours without stimulation) with LPS plus IL-
1β exhibited the characteristic time-dependent NF-κB
activation, reflecting the capacity of these cells to recruit again
this transcription factor and to express NOS-2 and COX-2 (Fig.
3C,D). NF-κB activation requires phosphorylation, targeting
and degradation of the IκB components of the heteromeric
complexes (Baeuerle and Baichwal, 1997). Therefore, the
measurement of IκBα and IκBβ protein levels provides
additional criteria for the assessment of their rate of synthesis
and the turn-off of the NF-κB activation. As Fig. 4 shows, the
level of IκBβ at 0 time was very low, whereas IκBα was
undetectable. However, following the plating of the cells, there
was an up-regulation of both proteins that started at 5 hours of
culture and increased up to 24 hours. This process was

Table 1. Effect of cytokines, phorbol esters and second
messengers on NO and PGE2 synthesis

NOx, PGE2,
Stimuli nmol/mg of protein ng/mg of protein

None 4.8±0.3 7.2±0.5
IL-1β, 10 ng/ml 14.0±1.1* 21.2±2.8*
PDBu, 100 nM 8.1±1.0* 12.3±1.7*
(Bt)2cyclic AMP, 200 µM 4.3±0.5 7.8±0.8
(Bt)2cyclic GMP, 200 µM 4.6±0.3 7.0±0.6

Cells were incubated for 24 hours with the indicated molecules and the
amount of nitrite plus nitrate and PGE2 was determined. Results show the
mean ± s.e.m. of three experiments. *P<0.05 with respect to the values of
control samples. (Bt)2, dibutyryl nucleotide.

Table 2. Effect of NOS-2 and COX-2 inhibitors, NO-
donors and peroxisomal proliferators on NO and PGE2

synthesis in cultured trophoblasts
NOx, nmol/mg PGE2, ng/mg COX-2 band 

Stimuli of protein of protein intensity (a.u.)

None 4.6±0.4 7.1±0.5 100
1400W, 200 µM 0.7±0.1* 7.0±0.8 102
L-NAME, 200 µM 0.8±0.1* 6.9±0.4 95
DETA-NO, 200 µM ND 6.9±0.3 94
GSNO, 200 µM ND 7.1±0.3 93
NS 389, 50 µM 4.7±0.3 1.1±0.1* 212
Indomethacin, 100 µM 4.2±0.5 0.5±0.1* 184
Clofibrate, 500 µM 2.1±0.3* 14.6±1.1* 299
Retinoic acid 50 µM 4.4±0.5 7.5±0.5 125
Clofibrate + 2.0±0.4* 12.7±0.9* 278

retinoic acid

Cells were incubated for 24 hours with the indicated stimuli and the
amount of nitrite plus nitrate and PGE2 in the incubation medium was
measured. The levels of COX-2 were determined by western blot. Results
show the mean ± s.e.m. of three experiments, or the average band intensity
(n=2) of COX-2. 

*P<0.05 with respect to the values of control samples.

Fig. 3. NF-κB activity decreases in
cultured trophoblasts. The activity of
NF-κB was evaluated by EMSA
using the distal κB site of the murine
NOS-2 promoter. Nuclear extracts
were obtained at the indicated times
after plating the cells, except for the
extract corresponding to zero time
that was prepared from the cell
suspension (A). To determine the
nature of the retained protein
complexes supershift assays were
carried out with the indicated
antibodies and using the 2 hours
sample (1 µg of protein) as source of
the c-Rel proteins (B). Cells
maintained in culture for 18 hours in
the absence of stimuli were
challenged with LPS (1 µg/ml) and
IL-1β (10 ng/ml) and the NF-κB activity from nuclear extracts was assayed at the indicated times (C). The NOS-2 and COX-2 protein levels
were determined 24 hours after stimulation (D). Results show a representative experiment out of three.
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compatible with the inhibition of NF-κB observed in nuclear
extracts obtained at these periods of time (Fig. 3A).

Effect of NF-κκB inhibitors on the expression of NOS-
2 and COX-2 in isolated trophoblasts
To determine the relevance of NF-κB activation in the
constitutive expression of NOS-2 and COX-2 in trophoblasts,
the activity of this transcription factor was inhibited with
antioxidants, that proved to abrogate the expression of NF-κB-
dependent genes in various cell types, and with inhibitors of
the proteasome that favor the retention of the inactive NF-κB

complex in the cytosol via the inhibition of the degradation of
IκB (Baeuerle, 1998; Baeuerle and Baichwal, 1997; Ghosh et
al., 1998; Tawa et al., 1997). As Fig. 5 shows, the proteasome
inhibitor MG-132 (Z-Leu-Leu-Leu-CHO) suppressed both
NOS-2 and COX-2 expression in trophoblasts, and
antioxidants such as PDTC and salicylate acted in the same
way. However, the use of 3-aminobenzamide that protects cells
from oxygen and nitrogen radicals (Nosseri et al., 1994)
yielded different results since it did not inhibit NOS-2
expression, but significantly reduced the amount of COX-2 in
these cells. In addition to the protein levels, the activity of
NOS-2 and COX-2 was also determined (Fig. 5, right) and
good agreement between protein levels and enzyme activity
was observed. 

Having shown that inhibition of NF-κB activity abolished
the expression of NOS-2 and COX-2 in cultured trophoblasts,
and that IκB levels increased progressively once the isolated
cells were kept in culture, we investigated pathways involved
in the maintenance of a constitutively active NF-κB activity.
One likely candidate was the continuous production of reactive
oxygen intermediates (ROI) since these molecules have been
proposed to be physiological activators of NF-κB in various
cell types (Baeuerle and Baichwal, 1997; Mirochnitchenko and
Inouye, 1996). When the release of ROI was evaluated in intact
cells by spectrofluorometry using HE and DCF as probes of
oxygen superoxide and ROI, respectively, an important
synthesis was measured at early times after isolation (Fig. 6,
left). However, the synthesis of ROI decreased progressively to
12% of the original release when measured after 6 hours of
culture. This drop in the synthesis of ROI was confirmed by
flow cytometry analysis of the cells (Fig. 6, right).
Interestingly, despite the broad morphological differences
between the cells in culture, the pattern of synthesis of ROI
could not be ascribed to any defined population, indicating that
almost all the trophoblasts actively synthesizes ROI in the
placenta (FL3 or FL-1 vs FSC plots; upper panels). Moreover,
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Fig. 4. IκBα and IκBβ accumulation in cultured trophoblasts. The
amount of cytosolic IκBα and IκBβ corresponding to the cells
analyzed by EMSA was determined by western blot. Results show
the bands corresponding to a representative experiment out of three,
and the mean ± s.e.m. of the band intensities of three experiments.
*P<0.01 with respect to the values at 0 hours.

Fig. 5. Effect of NF-κB inhibition on the expression of NOS-2 and COX-2 in cultured trophoblasts. Cells were cultured for 24 hours in the
presence of 50 µM MG-132, 60 µM PDTC, 20 mM salicylate and 100 µM 3-aminobenzamidine (3-amB). The levels of NOS-2 and COX-2
protein were determined by western blot at the end of the incubation period and the band intensities were quantified (A; mean of two
experiments). The amount of nitrite plus nitrate (6.7 nmol/mg of protein is 100%) and PGE2 (9.1 ng/mg of protein is 100%) released to the
medium were measured (B). Results show the mean ± s.e.m. of three experiments. *P<0.01 with respect to untreated cells.
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when the synthesis of ROI was attenuated using ebselen as
scavenger (Squadrito and Pryor, 1998), the changes in the
fluorescence of HE and DCF exhibited a dose-dependent
inhibition. Under these conditions, the synthesis of NOx and
PGE2 after 24 hours of culture reflected a decrease proportional
to the effect of ebselen on inhibition of DCF or HE
fluorescence (Table 3). Indeed, ebselen reversed the
accumulation of NOx and PGE2 in the culture medium caused
by IL-1β and PDBu (results not shown).

DISCUSSION

The trophoblast constitutes a highly specialized cell playing a
main role in the traffic of molecules between the fetal and
maternal circulation including nutrients, hormones and factors.
Results from several investigators have suggested the presence
in the placenta of cells synthesizing NO and PGs (Baylis et al.,
1996; Casado et al., 1997; Conrad et al., 1993a,b). The
synthesis of NO in this organ might be due to the activity of
NOS-2 and NOS-3, the enzyme constitutively expressed in
endothelial cells (Casado et al., 1997; Conrad et al., 1993a;
Galea et al., 1995). Although controversy existed regarding the

constitutive expression of NOS-2 in placenta, several groups
observed the presence of immunoreactive NOS-2 in the
sincitiotrophoblasts. Moreover, in animals lacking the NOS-3
gene, the placenta released NO due to the presence of NOS-2
(Galea et al., 1995). In addition to NO, the synthesis of PG by
placenta has been revealed as an essential requirement for
parturition and fetal growth as deduced by the alterations
observed in animals lacking the F receptor for PGs (Sugimoto
et al., 1997). For these reasons we investigated the ability of
isolated trophoblasts to synthesize NO and PGs through the
NOS-2 and COX-2 isoenzymes. The experimental system used
allowed us to establish the presence of important amounts of
NOS-2 and COX-2 mRNA in recently isolated trophoblasts,
suggesting that these enzymes are constitutively expressed in
these cells, at least after day 15 of gestation. Interestingly, the
levels of NOS-2 and COX-2 mRNA dropped progressively
after culturing the cells, indicating that the transcription of
these genes is governed by placental factors that are lost (or
diluted) when the trophoblasts are isolated and maintained in
culture. However, the expression of both genes, for example by
pro-inflammatory stimuli, still persists (DeWitt, 1991; Lyons
et al., 1992; Xie et al., 1991, 1993). In this regard, IL-1β
induced efficiently NOS-2 and COX-2 in cultured trophoblasts
through a mechanism that synergizes with LPS (Anteby et al.,
1998). However, TNF-α not only failed to induce NOS-2 and
COX-2 expression, but decreased the actual protein levels
when compared to non-stimulated cells, and lowered cell
viability reflecting a cytotoxic action of this cytokine in
cultured trophoblasts (microscopic observation of the cells
showed characteristic morphologic alterations of apoptotic
death; results not shown). Expression of COX-2 in response to
TNF-α has been described in first trimester human trophoblasts
(Imseis et al., 1997); however, cytotoxicity of TNF-α has been
previously described in placental tissues (Carbo et al., 1996),
a circumstance that is probably reinforced when cells are
isolated and maintained in culture. 

The promoter region of COX-2 is known in detail in rodents
and human. In mice, the 275 bp region upstream from the start

Table 3. Effect of ebselen on ROI synthesis and NO and
PGE2 release in cultured trophoblasts

DCF HE NOx, nmol/mg PGE2, ng/mg 
Treatment (a.u.) (a.u.) of protein of protein

None 97±11 36±4 5.1±0.3 12.0±1.3
Ebselene, 10 µM 29±3 7±2 2.1±0.3 3.2±0.2
Ebselene, 20 µM 15±2 4±1 1.1±0.2 1.1±0.2
Ebselene, 100 µM 5±1 1 <0.5 0.2

Cells were incubated for 2 hours with the indicated concentrations of
ebselen and the amount of ROI produced at this time was determined
following the fluorescence of DCF and HE. The release of nitrite plus nitrate
and PGE2 to the incubation medium was measured (from 2 to 24 hours) in
cells maintained under these conditions. Results show the mean ± s.e.m. of
three experiments. 

Fig. 6. Synthesis of reactive oxygen intermediates by cultured trophoblasts. Cells were isolated and kept in culture and the synthesis of ROI was
determined at the indicated times using the fluorescent probes HE and DCF. The shift in the fluorescence was measured spectrofluorometrically
(left), or by cytofluorometry (right). The release of ROI as a function of the cell size (upper plots), and the histogram corresponding to the
fluorescence intensity distribution (lower panels) is shown. Results show the mean ± s.e.m. of three experiments (left) or a representative
cytofluorometric plot out of four (right).
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site of transcription contains consensus sequences for the
binding of NF-κB, the nuclear factor for IL-6 expression, as
well as a cyclic AMP response element (CRE) integrated in an
E-box (Crofford, 1997; DeWitt, 1991). However, the
corresponding E-box of the rat COX-2 promoter does not
contain CRE activity, but is critical for the transcription of the
gene. Even though, COX-2 is expressed in various rat cells in
response to cyclic AMP signaling (Morris and Richards, 1996).
Indeed, trophoblasts were unable to express COX-2 in response
to permeant analogues of cyclic AMP, probably because of a
deficient cooperation with other trans-acting factors such as
c/EBPδ, which has been shown to be important for the
expression of COX-2 in response to activation through the CRE
site (Inoue et al., 1995). Regarding NOS-2, the 1.7 kb fragment
of the 5′-flanking region of the gene contains at least 24
consensus sequences for the binding of transcription factors
regulated by pro-inflammatory cytokines, including various
motifs activated in response to IFN-γchallenge, and two copies
of the κB sites which are critical for the expression of NOS-2
in response to a wide variety of stimuli (Lowenstein et al.,
1993; Spink et al., 1995; Xie and Nathan, 1994).

NF-κB activation appears to be required for the expression
of NOS-2 and COX-2 in trophoblasts. Our data show that
abrogation of NF-κB in cultured cells appears to be a likely
mechanism to mediate the decrease in the corresponding
mRNA levels of COX-2 and NOS-2. This suggestion is
supported by two independent observations: on the one hand,
IκBα and IκBβ levels accumulated following the culture of the
trophoblasts, in parallel to the suppression of NF-κB activity;
on the other hand, pharmacological inhibitors of the
proteasome such as MG-132, or antioxidants such as PDTC
and salicylate, inhibited the transcription of both NOS-2 and
COX-2. The mechanism responsible for in vivo NF-κB
activation remains uncharacterized. However, recently isolated
trophoblasts released important amounts of ROI, a process that
progressively decreased after keeping the cells in culture, or
after treatment with ROI scavengers (ebselen). Several groups
have suggested that ROI may activate the proteolytic pathway
leading to the activation of the IκB kinase (IKK) and the
degradation of the inhibitory IκB proteins from the cytosolic
NF-κB complex (Baeuerle, 1998; Baeuerle and Baichwal,
1997). This could be one of the mechanisms physiologically
important for the activation of NF-κB, although the
characterization of stimuli or pathways leading to sustained
ROI production requires further work. 

In conclusion, the sustained co-expression of NOS-2 and
COX-2 in trophoblasts, without noticeable interference
between both enzymes by the corresponding reaction products,
constitutes an uncommon situation in adult mammals, and the
relevance of each pathway for the physiology of reproduction
can be deduced by the important defects that follow after
pharmacological inhibition or genetic abrogation of both
activities (Conrad et al., 1993a,b; Lim et al., 1997; Sugimoto
et al., 1997).

Finally, since COX-2 is up-regulated in various tumors and
in transformed cell lines, the study of the mechanisms
governing its expression in trophoblasts might provide clues to
unravel the contribution of high-output PGs synthesis to events
required for tumor spread and metastasis, a process in part
reminiscent to the events occurring in the course of pregnancy
(Majerus, 1998).
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