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Abstract
Apoptosis is thought to play an important regulatory role in placental development and inappropriate trophoblast apoptosis has been
implicated in complications of pregnancy such as pre-eclampsia. Here we show that apoptosis of a human extravillous trophoblast-derived
cell line (SGHPL-4) can be regulated by nitric oxide (NO). Nitric oxide produced exogenously by the addition of NO donors was able to
delay or inhibit apoptosis induced by a combination of tumour necrosis factor ␣ and actinomycin D and to suppress the activity of caspase
3. Treatment with hepatocyte growth factor (HGF) stimulated expression of the inducible isoform of NO synthase and was also able to
protect SGHPL-4 cells from caspase 3 activation and apoptosis. The inhibition of basal NO production with NO synthase inhibitors was
shown to sensitise cells to apoptotic stimuli and to reduce the level of endogenous caspase 3 nitrosylation. The anti-apoptotic effects of NO
in these extravillous trophoblast cells appear to be mediated through the production of cyclic GMP as inhibitors of soluble guanylate cyclase
inhibited the protective effect of both HGF and NO donors.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction
Cytotrophoblast cells from the fetus differentiate, migrate, and invade into the uterine stroma in early pregnancy.
The cytotrophoblast stem cells either fuse to form syncytiotrophoblasts or aggregate to form anchoring villous trophoblasts. The latter give rise to extravillous trophoblasts
which invade the uterine wall and its blood vessels. At this
stage the extravillous trophoblasts remodel the maternal
spiral arteries, displacing smooth muscle and endothelial
cells, to produce a blood vessel with a larger diameter,
increased blood flow, and reduced resistance. This is an
essential step in establishing and maintaining a normal pregnancy and is necessary for the higher blood requirement of

the fetus later in pregnancy. An inability of extravillous
trophoblasts to fully invade into and modify the uterine
environment has been implicated in disorders of pregnancy
such as pre-eclampsia and intrauterine growth restriction
(IUGR)1 [1,2].
Nitric oxide (NO) is an important signaling molecule that
acts in many tissues to regulate a diverse range of physiological processes including vasodilation, neuronal function,
inflammation, and immune function [3,4]. Nitric oxide is
derived from L-arginine in a reaction catalysed by the nitric
oxide synthase (NOS) enzyme, of which three isoforms
exist. Cells of the placenta express at least two of these
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isoforms, the calcium– calmodulin-dependent isoform eNOS
and the calcium-independent isoform iNOS that is expressed following growth factor stimulation [5– 8]. Nitric
oxide is involved in pregnancy through its action as a
vasodilator [9] and its role in regulating trophoblast function. Implantation of the blastocyst [10], trophoblast differentiation [11], and motility and invasion [12] may all be
regulated by NO. Dysregulation of NO production has been
implicated in pre-eclampsia and IUGR [13–16].
Apoptosis of trophoblast cells occurs during normal
pregnancy [17,18], while excessive apoptosis of syncytiotrophoblasts and cytotrophoblasts, including the extravillous population, has been observed in pregnancies complicated with pre-eclampsia [19 –22]. Excessive apoptosis of
trophoblast cells is likely to compromise their ability to
modify the uterine environment and may be a contributing
factor to complications of pregnancy. Trophoblast apoptosis
has been shown to be unusual in many respects; for example, cytotrophoblasts are resistant to CD95/Fas ligand [23]and TRAIL [24]-induced apoptosis. Phosphatidylserine,
typically expressed on the outer surface of apoptotic cells as
a label for phagocytosis, is involved in trophoblast differentiation and is often expressed on the surface of healthy
trophoblasts throughout the placenta [25,26].
Nitric oxide can act both to induce and to protect from
apoptosis depending on the cell type and concentration
[27–30]. Many of the inhibitory effects of NO on apoptosis
are mediated through the elevation of cGMP levels and the
activation of cGMP-dependent protein kinases, although
cGMP-independent mechanisms have also been reported.
One of the main cGMP-independent mechanisms of mediating the effects of NO is the nitrosylation and inactivation
of apoptotic proteins such as caspase 3 [30,31].
There has been little research into the regulation of
extravillous trophoblast apoptosis. Research into the role
and regulation of these cells is hampered by the difficulty of
isolating sufficient quantities of pure primary extravillous
trophoblasts. In this article we have used the extravillous
trophoblast-derived cell line SGHPL-4 as a model to investigate the hypothesis that NO is able to protect extravillous
trophoblasts from apoptosis.
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as were the iNOS inhibitor 1400W and the soluble guanylate cyclase inhibitor NS2028. Camptothecin, the caspase
inhibitor ZVAD-fmk, and the anti-nitrosocysteine polyclonal antibody were obtained from Calbiochem (UK).
Cell lines
SGHPL-4 cells are derived from first trimester human
primary extravillous trophoblasts transfected with the early
region of SV40. Characterization of these cells has confirmed an extravillous trophoblast-like phenotype including
expression of cytokeratin-7, BC-1, HLA Class I, CD9, hPL,
and hCG [12,32,33]. SGHPL-4 cells were cultured using
standard tissue culture techniques in Ham’s F10 medium
supplemented with glutamine (2 mM), penicillin (100 units/
ml), streptomycin (0.1 mg/ml), and 10% (v/v) fetal calf
serum.
Time-lapse digital image microscopy
Apoptosis was observed over time using an Olympus
IX70 inverted microscope equipped with a Hamamatsu
C4742-95 digital camera. The microscope and stage were
enclosed within a heated chamber (37°C) and cells were
cultured in 5% CO2 in air. Images were captured every 15
min and analysed using Image Pro Plus software (Media
Cybernetics, USA). In each treatment 40 cells per field of
view were randomly chosen at the beginning of the timelapse sequence and were scored according to whether they
became apoptotic over the time course of the experiment.
Apoptotic cells were also scored according to the time at
which clear apoptotic morphology was first observed. Apoptotic morphology was considered as cytoplasmic and nuclear shrinkage and a change to a phase bright appearance,
often with the formation of membrane blebs/blisters.
Antisense oligonucleotide transfection

Materials and methods

Cells were transfected with antisense phosphorothioate
derivatives of oligodeoxynucleotides according to the
method of Noiri et al. [34]. Oligonucleotides were synthesized by MWG-Biotech AG (Milton Keyenes, UK) and
were either antisense to iNOS mRNA or a scrambled oligonucleotide sequence as a control.

Materials

Caspase activity assays

Caspase 3 substrate (Z-DEVD-pNA) and anti-PARP
polyclonal antibody were purchased from Biosource UK.
TNF␣ was obtained from Serotec, UK, and HGF was purchased from R&D Systems (UK). The anti-iNOS antibody
(clone N-20), Protein-G Plus-agarose and anti-caspase-3
monoclonal antibody, clone E-8 (and agarose conjugate),
were from Santa Cruz (Autogen Bioclear, UK). Mouse
IgG1 was from Sigma, UK. Nitric oxide donor, PAPANONOate, was purchased from Alexis Biochemicals (UK)

Cells (5 ⫻ 106) were pelleted, resuspended in lysis buffer
(10 mM Hepes, 2 mM EDTA, 0.1% (v/v) NP40, 5 mM
DTT, 1 mM PMSF, 10 g/ml pepstatin A, 20 g/ml leupeptin, and 10 g/ml aprotinin), and incubated on ice for 15
min. The lysates were centrifuged at 10,000g for 2 min, the
supernatant was removed, and protein content was quantified using the Bradford assay. To determine caspase activity
178 l of reaction buffer (100 mM Hepes, 20% (v/v) glycerol, 0.5 mM EDTA and 5 mM DTT) was mixed with up to
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20 l of cell lysate (containing 100 –200 g total protein)
and 2 l of a colorimetric caspase 3 substrate (Z-DEVDpNA, 5 mM stock in DMSO). Volumes were adjusted to
200 l where necessary and plates incubated at 37°C. Absorbance was measured at 405 nm every 30 min to demonstrate enzyme activity. Caspase activity was determined
after 2 h and represented as the percentage change in absorbance of treated cells compared with untreated cells.
Detection of nitrosylated caspase 3
Caspase 3 was immunoprecipitated overnight with an
anti-caspase 3 monoclonal antibody–agarose conjugate following preclearing of the lysate with mouse IgG1 and Protein-G Plus-agarose. Pellets were washed five times with
PBS and finally resuspended in gel loading buffer in the
absence of reducing agents. Following SDS–PAGE, proteins were transferred onto Hybond P membrane (Amersham, UK) and probed with an anti-nitrosocysteine polyclonal antibody at room temperature for 1 h at a 1:1000
dilution. Detection was preformed using ECL Plus (Amersham, UK) according to the manufacturer’s instructions. To
test the specificity of the antibody for nitrosocysteine some
of the samples were treated with 1 mM HgCl2, which
selectively removes nitrosocysteine groups, prior to electrophoresis. Gel loading was controlled by probing with anticaspase 3 monoclonal antibody. All treatments were prepared in triplicate. The bands were quantified using
FluorChem software (Alpha Innotech Corporation, UK)
and results normalised to control for differences in protein
loading.
Western blot analysis
Apoptosis was induced as described above, with Jurkat
cells used as a positive control. Following SDS–PAGE,
proteins were transferred onto Hybond P membrane (Amersham, UK). When detecting poly(ADP-ribose) polymerase (PARP), membranes were blocked for 1 h in 5% (w/v)
nonfat milk. Primary antibody incubation was performed
for 1 h at room temperature at a dilution of 1:1000. Detection was performed using ECL Plus (Amersham, UK) according to the manufacturer’s instructions. Western blots
shown are representative of at least three separate experiments.
Statistics
The time taken to induce apoptosis in 50% of cells, the
EC50 value, was determined by nonlinear regression using
GraphPad Prism (GraphPad Software, USA). Triplicate
EC50 values were then analysed for their statistical significance using a Student t test and error values were expressed
as standard errors of the mean.

Results
Induction of apoptosis in trophoblasts
Incubation of cells with a combination of TNF␣ (30
ng/ml) and actinomycin D (800 ng/ml) induced apoptosis in
90% of SGHPL-4 cells within 16 h and was used throughout
this study to induce apoptosis. Time-lapse digital image
microscopy of a cell undergoing apoptosis is shown in Fig.
1A. Apoptosis was confirmed using the broad-spectrum
caspase inhibitor ZVAD-fmk (50 M), which protected
cells from TNF␣/actinomycin D-induced cell death (data
not shown). Apoptosis was further demonstrated by the
detection of cleaved poly(ADP-ribose) polymerase (PARP)
by Western blot analysis (Fig. 1B).
NO donors delay or prevent the onset of apoptosis
The NO donor PAPA-NONOate spontaneously decomposes at physiological pH (with a half-life of 15 min) to
produce NO. The effect of increasing doses of the NO donor
(10 –100 M) on cell survival following exposure to TNF␣/
actinomycin D was studied. The time taken for TNF␣/
actinomycin D to induce apoptosis in 50% of SGHPL-4
cells was termed the EC50 and was typically 8.4 h (EC50
8.39 ⫾ 0.14 h) (Fig. 2A). When the cells were incubated in
the presence of PAPA-NONOate there was a dose-dependent delay in the onset of apoptosis (Fig. 2B). The addition
of 10 M PAPA-NONOate significantly shifted the time
taken to induce apoptosis in 50% of cells to 12.3 ⫾ 1.43 h
(P ⫽ ⬍0.001). The use of higher concentrations of the NO
donor resulted in an EC50 for the induction of apoptosis of
15.51 ⫾ 0.88 h (50 M PAPA-NONOate, P ⱕ 0.001) and
21.61 ⫾ 2.06 h (100 M PAPA-NONOate, P ⬍ 0.001).
This last dose of the NO donor more than doubles the
survival times of the cells compared with TNF␣/actinomycin D alone (EC50 is increased 164%) (Fig. 2A).
Hepatocyte growth factor upregulates iNOS and delays
the onset of apoptosis
Exposure of SGHPL-4 cells to HGF (10 ng/ml) has been
shown to increase the expression of iNOS protein [12,35]
and was confirmed in Fig. 3A. Treatment of SGHPL-4 cells
overnight with HGF was found to significantly delay the
onset of apoptosis induced with TNF␣/actinomycin D (Fig.
3B). In the absence of HGF treatment TNF␣/actinomycin D
was able to induce apoptosis in 50% of cells in 9.29 ⫾
0.45 h; when the cells were treated with HGF this increased
to 13.52 ⫾ 0.24 h (P ⬍ 0.0028, n ⫽ 3). Treatment of cells
with the iNOS-specific inhibitor 1400W for 24 h prior to the
addition of HGF was able to inhibit this protective effect
(EC50 ⫽ 8.86 ⫾ 0.28 h, P ⬍ 0.046, n ⫽ 3), suggesting that
the HGF-induced protection from apoptosis involves the
generation of NO by iNOS. The protection mediated by
HGF exposure was comparable to that mediated by expo-
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Caspase 3 activity is reduced by an NO donor and HGF
Both exogenous NO in the form of the NO donor PAPANONOate and endogenous NO in the form of HGF-stimulated iNOS expression were able to reduce apoptosis as
measured by time-lapse microscopy. To investigate whether

Fig. 1. (A) Time-lapse images of SGHPL-4 trophoblast cells undergoing
apoptosis in response to treatment with a combination of TNF␣ (30 ng/ml)
and actinomycin D (800 ng/ml). A typical cell at the start of the time course
is shown at time zero. After 8 h exposure to TNF␣/actinomycin D, cells
begin to show cytoplasmic shrinkage and become phase bright. By 12 h
membrane blebs and blisters are commonly observed. The process typically ends with the formation of large blisters, shown here after 14 h (B)
Western blot analysis of PARP cleavage from the full-length 118-kDa
fragment to the cleaved 85-kDa fragment demonstrates that the apoptotic
morphology correlates with typical biochemical events associated with
apoptosis. Jurkat cells are known to undergo apoptosis when treated with
camptothecin and were therefore used as a positive control.

sure to 10 M PAPA-NONOate, but is not as effective as a
100 M dose of the NO donor. To confirm the role of iNOS
in HGF-mediated protection cells were transfected with
antisense oligonucleotides designed to inhibit the translation
of iNOS mRNA (Fig. 3C). It was found that HGF was
unable to inhibit apoptosis in cells transfected with iNOS
antisense oligonucleotides, confirming the hypothesis that
iNOS transcription is necessary for the anti-apoptotic action of
HGF. No effect of scrambled oligonucleotides was observed.

Fig. 2. (A) Effect of the NO donor PAPA-NONOate (100 M) on the
survival times of SGHPL-4 cells exposed to TNF␣ (30 ng/ml)/actinomycin
D (800 ng/ml), as determined by time-lapse digital image microscopy.
Closed circles, TNF␣/actinomycin D; open circles, TNF␣/actinomycin D
⫹ 100 M PAPA-NONOate. The time taken to induce apoptosis in 50%
of the cells (the EC50 value) was determined by nonlinear regression
analysis. Values shown are means ⫾ SEM of triplicate experiments. (B)
Effect of increasing dose of the NO donor PAPA-NONOate on cell survival as determined by time-lapse microscopy analysis. The EC50 values
were determined from the survival curves using nonlinear regression analysis. Values shown are means ⫾ SEM of nine experiments. ***P ⫽
0.0001.
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Fig. 4. Effect of the NO donor PAPA-NONOate (100 M) and HGF (10
ng/ml) on the activity of caspase 3 in lysates from cells treated with TNF␣
(30 ng/ml)/actinomycin D (800 ng/ml) for 18 h. The broad-spectrum
caspase inhibitor ZVAD-fmk (50 M) was also used. Values shown are
means ⫾ SEM of triplicate experiments.

increased survival times correlated with decreased caspase
activity, the activity of caspase 3 was measured. Both
PAPA-NONOate and HGF were able to significantly reduce
the activity of caspase 3 following exposure of cells to
TNF␣ and actinomycin D (in both cases P ⬍ 0.001, n ⫽ 3),
although neither was as effective as the broad-spectrum
caspase inhibitor ZVAD-fmk (Fig. 4).
Inhibition of NO production sensitizes cells to apoptotic
stimuli
The ability of endogenous levels of NO production to
protect SGHPL-4 cells from apoptosis was investigated
using inhibitors of NOS. L-NAME (3 mM) competitively
inhibits all isoforms of NOS and was found to sensitise cells
to apoptosis induced by TNF␣/actinomycin D (Fig. 5),
significantly reducing the time taken to induce apoptosis in
50% of cells from 8.75 ⫾ 0.8 to 4.31 ⫾ 0.29 h (P ⫽ 0.006,
n ⫽ 3). A similar effect was observed when the NOS
inhibitor L-NMMA was used (data not shown). The role
played by iNOS was investigated using the iNOS-specific
inhibitor 1400W (2 mM). It was found that inhibition of
iNOS also sensitised the cells to apoptosis but was less
effective than the use of general NOS inhibitors, reducing
the time taken to induce apoptosis in 50% of cells from 8.75
to 6.93 ⫾ 0.38 h (P ⬍ 0.001, n ⫽ 3).

319

Fig. 5. Time course of apoptosis, as determined by time-lapse microscopy,
induced by TNF␣/actinomycin D in cells pretreated with the iNOS inhibitor 1400W (2 mM, open circles) or the general NOS inhibitor L-NAME (3
mM, open diamonds). Cells treated with TNF␣/actinomycin D only are
also shown (closed circles). Values shown are means ⫾ SEM of triplicate
experiments.

Role of cGMP signaling in the NO-mediated
anti-apoptotic effect
It has been proposed that NO may mediate its antiapoptotic effects through a number of mechanisms including the activation of cGMP signaling [29,36,37] and the
nitrosylation of the caspases, in particular through the nitrosylation of caspase 3 [31,37,38].
To investigate the role of cGMP signaling in protecting
SGHPL-4 cells from apoptosis, cells were incubated in the
presence of the soluble guanylate cyclase inhibitor NS2028
(5 M) prior to addition of the NO donor PAPA-NONOate
(Fig. 6A) or HGF (Fig. 6B). Treatment with 10 M NO
donor increased the EC50 from 8.4 ⫾ 0.14 to 12.3 ⫾ 1.43 h
(P ⬍ 0.001, n ⫽ 9), while pretreatment with the guanylate
cyclase inhibitor reversed this protection, leading to an EC50
of 9.36 ⫾ 1.30 h (P ⬍ 0.0039, n ⫽ 9), suggesting that at
least part of the effect of NO donors is mediated through the
production of cGMP from guanylate cyclase. Addition of
100 M PAPA-NONOate increased the EC50 of apoptosis
induction from 8.4 ⫾ 0.14 to 21.61 ⫾ 2.06 h (P ⬍ 0.0001,
n ⫽ 9). Treatment of cells with NS2028 in addition to
TNF␣/actinomycin D and the 100 M dose of the NO

Fig. 3. (A) Western blot analysis showing iNOS expression (130 kDa) in SGHPL-4 cells either without HGF or following overnight (16 h) exposure to 10
ng/ml HGF. (B) Survival times (EC50 values), as determined by time-lapse microscopy, of SGHPL-4 cells treated with TNF␣ (30 ng/ml)/actinomycin D (800
ng/ml) in the presence or absence of overnight exposure to HGF (10 ng/ml). The iNOS inhibitor 1400W (2 mM) was added 24 h prior to the addition of HGF
to investigate the role of iNOS in the effect of HGF on SGHPL-4 cells. Values shown are means ⫾ SEM of triplicate experiments. (C) Survival times (EC50
values), as determined by time-lapse microscopy, of SGHPL-4 cells treated with TNF␣ (30 ng/ml)/actinomycin D (800 ng/ml). Cells were treated with
overnight exposure to HGF (10 ng/ml) following transfection with either iNOS antisense oligonucleotides or randomly scrambled antisense oligonucleotides.
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Fig. 6. (A) Effect of the guanylate cyclase inhibitor NS2028 on the survival times (EC50 value) of SGHPL-4 cells, as determined by time-lapse microscopy.
Cells were exposed to TNF␣ (30 ng/ml)/actinomycin D (800 ng/ml) in the presence or absence of either 100 or 10 M PAPA-NONOate and the guanylate
cyclase inhibitor NS2028 (5 M). Values shown are means ⫾ SEM of nine experiments. (B) Cells were exposed to TNF␣/actinomycin D in the presence
or absence of HGF (10 ng/ml) and the guanylate cyclase inhibitor NS2028 (5 M). Values shown are means ⫾ SEM of triplicate experiments. **P ⬍ 0.001,
***P ⬍ 0.0001.

donor significantly, but not completely, reversed the protective effect of NO (EC50 ⫽ 18.74 ⫾ 0.61 h, P ⫽ 0.0086, n
⫽ 9), suggesting that some of the effects of the higher

concentration of NO donor are independent of cGMP signaling.
When the guanylate cyclase inhibitor was added to cells
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treated with HGF the result was a reversal of the protective
effect, similar to that observed with the 10 M dose of the
NO donor. Treatment with HGF increased the EC50 for
apoptosis induction from 8.4 to 11.8 h (Fig. 6B), while
treatment with HGF and NS2028 reduced the EC50 to 8.6 h.
This suggests that the anti-apoptotic effects of HGF are
mediated through the production of cGMP from guanylate
cyclase. Inhibition of guanylate cyclase, in the absence of
PAPA-NONOate or HGF had no significant effect on the
induction of apoptosis (data not shown).
Role of caspase 3 nitrosylation in the anti-apoptotic effect
of high doses of NO donors
Inhibition of caspase 3 activity by nitrosylation is one of
the major cGMP-independent mechanisms through which
NO has been shown to regulate apoptosis. Treatment of
cells with the NO donor PAPA-NONOate prior to the induction of apoptosis with TNF␣/actinomycin D was able to
significantly reduce the activity of caspase 3 (Fig. 4). The
mechanism through which NO inhibits caspase 3 activity
was investigated using an antibody against nitrosocysteine
groups. The level of caspase 3 nitrosylation was compared
between untreated cells and cells treated with either an
inhibitor of NOS (L-NAME) or with PAPA-NONOate.
Caspase 3 was immunoprecipitated and electrophoresed under nonreducing conditions by SDS–PAGE. Western blot
analysis with anti-nitrosocysteine antibody revealed that
caspase 3 is heavily nitrosylated in untreated cells and that
the degree of nitrosylation is not significantly increased by
the addition of an NO donor (Fig. 7) (P ⫽ 0.64). The
addition of an NO donor directly to caspase 3 immunoprecipitated from untreated cells was also unable to increase
the degree of nitrosylation (data not shown). Inhibition of
basal NO synthesis by L-NAME produced a significant (42
⫾ 13%, P ⫽ 0.007) decrease in the degree of nitrosylation,
suggesting that basal NO production may be responsible for
nitrosylating; and therefore inactivating, caspase 3.

Discussion
Inappropriate extravillous trophoblast apoptosis has been
implicated in the failure of trophoblasts to fully invade and
modify the uterine environment, potentially leading to complications of pregnancy such as pre-eclampsia [19,21,39].
Nitric oxide inhibits apoptosis in a number of cell types
including leukocytes [40], hepatocytes [37], and endothelial
cells [41] and induces apoptosis in other cell types such as
thymocytes [42], macrophages [43], and smooth muscle
cells [44]. Using the extravillous trophoblast cell line
SGHPL-4, we have investigated the role of NO in regulating
extravillous trophoblast apoptosis.
Nitric oxide donors are commonly used to increase the
concentration of NO experimentally and may mimic the
effect of exogenous NO [37,41]. The NO donor PAPA-

Fig. 7. Western blot analysis to detect nitrosylation of immunoprecipitated
caspase 3. Cells were either not treated or treated with the NOS inhibitor
L-NAME (3 mM) or the NO donor PAPA-NONOate (100 M) for 24 h.
Each treatment was performed in triplicate and bands were quantified using
FluorChem software (Alpha Innotech Corporation, UK). Loading was
normalised by probing the blot with an anti-caspase 3 antibody and quantifying the resulting autoradiograph. Some of the samples were also treated
with HgCl2 to selectively remove nitrosocysteine groups [31]. This treatment reduced the degree of nitrosylation in all samples by an average of
48.6%.

NONOate was able to significantly delay the onset of apoptosis induced by TNF␣/actinomycin D and to significantly
reduce caspase 3 activity. In the placenta, the extravillous
trophoblast may be exposed to NO produced by surrounding
cells such as endothelial cells, macrophages, smooth muscle
cells, and neighboring trophoblasts. Nitric oxide exogenously produced by neighboring cells may be an important
mechanism regulating apoptosis in trophoblasts.
Two isoforms of NO synthase have been identified in the
human placenta, the constitutively expressed eNOS and the
inducible isoform (iNOS), and immunocytochemical studies have shown expression of both isoforms by trophoblasts
including the extravillous population [5– 8]. Treatment of
the extravillous line SGHPL-4 with HGF stimulated the
expression of iNOS, significantly delayed the onset of apoptosis, and inhibited the activity of caspase 3 induced by
TNF␣/actinomycin D. Addition of the iNOS specific inhibitor 1400W to cells treated with HGF reversed its protective
effect, suggesting that the increased survival times of these
cells may be, in part, due to the effect of HGF on iNOS
expression/activity. This conclusion was strengthened through
the use of antisense oligonucleotides specific to iNOS.
These oligonucleotides block the translation of iNOS
mRNA and prevent HGF from stimulating the production of
additional iNOS protein. In these circumstances HGF was
found to be unable to produce an anti-apoptotic effect,
suggesting that its protective effects are mediated mainly
through the transcription of iNOS and the production of NO.
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The effects of stimulating iNOS expression with HGF are
particularly interesting since HGF is known to be essential
for normal placental development [45] and has effects on
extravillous trophoblast invasion and motility [12]. It is
possible that an additional role for HGF during pregnancy is
the protection of trophoblasts from apoptosis.
Cells treated with either a general NOS inhibitor (LNAME) or an iNOS-specific inhibitor (1400W) were significantly more sensitive to apoptosis induced with TNF␣/
actinomycin D than untreated cells, suggesting that basal
NO production affords the cells significant protection from
apoptotic stimuli and that at least some of this basal production may be attributed to iNOS. We have previously
demonstrated that SGHPL-4 cells express eNOS [12] and
have shown that they do not express nNOS (unpublished
data). It seems likely that while the HGF-stimulated production of NO from iNOS leads to enhanced protection
from apoptosis, the basal response of extravillous trophoblast cells to apoptotic stimuli is regulated by NO produced
from both iNOS and eNOS. Endogenous inhibitors of NO
synthesis such as asymmetric dimethylarginine (ADMA)
have been reported to increase in pregnancies complicated
with pre-eclampsia [13]. It is possible that decreased NO
production in extravillous trophoblasts, either through inhibition of eNOS and iNOS by ADMA or through a reduction
in growth factors that stimulate iNOS expression, might
result in increased sensitivity to apoptosis.
A number of mechanisms have been proposed to explain
the role that NO plays in regulating apoptosis. Generally
these mechanisms have been classified as cGMP dependent
or independent. Nitric oxide is able to activate cGMP signaling through interaction with the heme group of guanylate
cyclase [46]. The production of cGMP leads to the activation of cGMP-dependent protein kinases and suppression of
caspase activity [37]. Studies using the inhibitor of soluble
guanylate cyclase, NS2028, revealed a role for cGMP signaling in the protective effect of both low doses (10 M)
and higher doses (100 M) of the NO donor PAPA-NONOate. However, at the higher doses a significant proportion of
the protective effect appears to be independent of cGMP
production. We have previously shown that HGF stimulates
cGMP production in SGHPL-4 cells [12]. The anti-apoptotic effects of HGF also appeared to be mediated through
cGMP signaling as the use of guanylate cyclase inhibitors
significantly compromised the ability of HGF to protect the
cells. This result provides further evidence that the antiapoptotic effects of HGF are mediated, at least in part,
through the production of NO. It also suggests that high
doses of NO may inhibit apoptosis through both cGMPdependent and -independent mechanisms.
The anti-apoptotic effects of NO can also be mediated
through a number of mechanisms independent of cGMP
signaling, in particular the nitrosylation of some of the
caspases, such as caspase 3 [30,31]. Nitrosylation occurs in
the cysteine group located in the active site and leads to
inactivation of the enzyme. Caspase activity assays demon-

strated that exposure of extravillous trophoblasts to the NO
donor PAPA-NONOate was able to significantly reduce the
activity of caspase 3. To determine whether this effect was
through direct nitrosylation of caspase 3 or through an
indirect mechanism, caspase 3 was immunoprecipitated and
analysed for NO modified cysteine residues. Caspase 3 in
untreated trophoblasts was found to be heavily nitrosylated,
suggesting that basal NO production plays an important role
in the regulation of caspase 3 activity. Surprisingly, the
treatment of cells or immunoprecipitated caspase 3 with the
NO donor was unable to increase the degree of nitrosylation, suggesting that in untreated SGHPL-4 cells caspase 3
is fully nitrosylated. This suggests that the suppression of
caspase 3 activity observed following treatment with NO
donors and HGF is mediated through an indirect mechanism, possibly involving cGMP signaling, rather than
through direct nitrosylation.
A portion of the protective effect of high doses of NO has
been shown to be independent of cGMP signaling. While
caspase 3 nitrosylation can be ruled out as a mechanism for
the cGMP-independent effects of high-dose NO, it is possible that other caspases are not nitrosylated in their native
state and are susceptible to higher doses of NO. It is also
possible that other, as yet unidentified, proteins involved in
cell survival could be nitrosylated by NO. We have preliminary evidence that a number of proteins in trophoblasts are
nitrosylated by high doses of NO (unpublished data) and
these are currently being studied.
Inhibition of nitric oxide synthases with L-NAME significantly reduced the degree of caspase 3 nitrosylation and
increased the sensitivity to apoptotic stimuli. These results
suggest that endogenously produced NO is able to directly
regulate apoptosis in trophoblasts through the nitrosylation
of caspase 3. Previous studies in T lymphocytes have also
demonstrated that basal nitrosylation of caspase 3 is an
important regulatory mechanism [31] and have suggested
that following the induction of apoptosis two steps are
required for caspase activation: the processing of caspase 3
zymogen to its active form and the denitrosylation of the
active site cysteine.
Physiological production of NO in trophoblasts results in
significant anti-apoptotic effects. In most cases the increased NO production does not completely inhibit apoptosis, but instead delays its onset. In a rapidly dividing tissue
such as the placenta the balance between cell division and
cell death through apoptosis is crucial to regulating normal
tissue development. Small decreases in the responsiveness
of cells to apoptotic stimuli may lead to a shift in this
balance in favor of cell division, with implications for the
growth rate of the tissue. Conversely, inhibition of NO
synthesis leads to increased sensitivity of cells and may lead
to a shift toward apoptosis. During pregnancy this may
occur due to increases in the levels of endogenous inhibitors
of NO synthases such as ADMA [13] or if iNOS expression
in trophoblasts is not sufficiently stimulated, for example,
by decreases in HGF levels or through downregulation of
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the HGF receptor. Even small changes in the sensitivity of
trophoblasts to apoptotic stimuli may compromise their
ability to invade the uterine decidua and to fully modify the
spiral arteries, potentially leading to complications of pregnancy such as pre-eclampsia.
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