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Damage of the placenta resulting from ischemia-
reperfusion is important to the pathophysiology of
preeclampsia. Here we investigated whether low
concentrations of glyceryl trinitrate (GTN), a nitric
oxide mimetic with anti-apoptotic properties , in-
hibit hypoxia/reoxygenation-induced apoptosis in
the syncytiotrophoblast of chorionic villous ex-
plants from human placentas. Compared with villi
analyzed immediately after delivery or maintained
under normoxic conditions, villi exposed to a 6-hour
cycle of hypoxia/reoxygenation exhibited greater
numbers of syncytiotrophoblasts with terminal dUTP
nick-end labeling (TUNEL)-positive nuclei in the syn-
cytiotrophoblast. This increased number of TUNEL-
positive nuclei was paralleled by higher levels of 4-hy-
droxynonenal (marker of lipid peroxidation),
nitrotyrosine residues, and active caspase-3 and poly-
ADP-ribose polymerase expression. Morphological
analysis of explants exposed to hypoxia/reoxygen-
ation revealed apoptotic and aponecrotic features
similar to those of chorionic villi from preeclamptic
pregnancies. Treatment with GTN during the hy-
poxia/reoxygenation cycle blocked the increases in
the number of TUNEL-positive nuclei and in the levels
of 4-hydroxynonenal, nitrotyrosine, and active
caspase-3. Incubation with GTN also attenuated
the hypoxia/reoxygenation-induced polyADP-ribose
polymerase expression and the apoptotic and apone-
crotic morphological alterations. These results sug-
gest that small concentrations of nitric oxide protect

chorionic villi from hypoxia/reoxygenation-induced
damage and provide a rationale for the use of low
doses of nitric oxide mimetics in the treatment
and/or prevention of preeclampsia. (Am J Pathol 2007,

170:909–920; DOI: 10.2353/ajpath.2007.060665)

Preeclampsia is a disease of human pregnancy charac-
terized by a systemic maternal inflammatory response
associated with endothelial dysfunction, hypertension,
and proteinuria. This condition affects 5 to 7% of all
pregnancies and is the main cause of perinatal mortality
and morbidity in developed countries. There is also evi-
dence that the risk of subsequent cardiovascular disease
is significantly increased in women affected by pre-
eclamptic pregnancies.1,2

Although the pathophysiology of preeclampsia has not
been fully defined, there is evidence that placental oxi-
dative stress attributable to abnormal uteroplacental
blood circulation plays a critical role. In preeclampsia,
the transformation that normally leads to spiral arterioles
with large diameters is defective, and consequently, pla-
cental perfusion is compromised.3,4 Furthermore, it has
been suggested that uteroplacental blood flow in pre-
eclampsia is intermittent or pulsatile, likely attributable to
the persistent sensitivity of the maladapted spiral arte-
rioles to maternal vasopressor molecules.5,6 It has been
postulated that the abnormally decreased and intermit-
tent perfusion of the intervillous space of the placenta
results in oxidative damage and the release of apoptotic
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and aponecrotic placental tissue into the maternal circu-
lation.7 The presence of large amounts of syncytiotropho-
blast microfragments in the maternal circulation is
thought to promote the maternal systemic inflammatory
response and endothelial dysfunction characteristic of
preeclampsia.8 Indeed, an increased prevalence of
apoptotic nuclei has been reported in the syncytiotro-
phoblast of placentas from pregnancies complicated by
preeclampsia.9 Using an in vitro model of hypoxia/
reoxygenation (H/R) that replicates the oxidative stress
that placental tissues undergo during preeclampsia,
Hung and colleagues6 demonstrated that the syncytiotro-
phoblast of normal chorionic villi exposed to H/R under-
goes apoptotic and aponecrotic changes similar to those
observed in the syncytiotrophoblast of chorionic villi from
preeclamptic pregnancies.

In a recent study we demonstrated that carbon mon-
oxide (CO) is able to inhibit the H/R-induced apoptosis of
the syncytiotrophoblast in chorionic villi from term human
placentas.10 Nitric oxide (NO), like CO, is a small poly-
valent molecule that plays a role in regulating multiple
biological functions. It induces vasodilation, regulates
platelet adhesion, is involved in various aspects of vas-
cular remodeling, acts as a neurotransmitter, and is a
mediator of cell growth and apoptosis. Many cell types,
including trophoblast cells, produce NO.11–13 Recent
studies have shown that NO protects cultured extravillous
trophoblast cells from apoptosis through a mechanism
involving the activation of soluble guanylyl cyclase
(sGC).14 Thus, in the present study we used a well es-
tablished explant model6 to determine whether low con-
centrations of the NO mimetic glyceryl trinitrate (GTN;
nanomolar to micromolar range) are able to attenuate the
changes associated with the apoptotic and aponecrotic
effects of H/R in the syncytiotrophoblast of term chorionic
villi. These changes were assessed by a variety of ap-
proaches including the terminal dUTP nick-end labeling
(TUNEL) assay and immunodetection of 4-hydroxynon-
enal (4-HNE, a marker of lipid peroxidation), nitrotyrosine
residues, caspase-3, and polyADP-ribose polymerase
(PARP). Morphological alterations were assessed by light
and electron microscopy.

Materials and Methods

Collection and Culture of Chorionic Villous
Explants

Human term placentas (n � 13) were obtained from
nonlaboring normal pregnancies immediately after cesar-
ean deliveries at Kingston General Hospital. Collection of
placentas was done with the approval of the Queen’s
University Research Ethics Board. After the removal of
the basal plate from placental lobules, tissue cubes of �2
cm3 were dissected from at least seven randomly se-
lected sites free of calcification across the placenta. The
tissue was transferred to the laboratory in a sterile sealed
container in ice-cold phosphate-buffered saline (PBS).

Chorionic villi (5 to 10 mg) from the collected tissue
were dissected on ice, rinsed once with ice-cold PBS,

and twice with CMRL-1066 culture medium (Invitrogen,
Burlington, ON, Canada). Five explants were cultured in
individual Costar Netwell supports (15-mm diameter,
74-�m mesh; Cole-Parmer, Anjou, QC, Canada) in 1.2-ml
culture medium supplemented with 5% heat-inactivated
fetal bovine serum, 2.2 mg/ml NaHCO3, 100 �g/ml strep-
tomycin sulfate, 100 IU/ml penicillin G, 1 �g/ml insulin,
and 2 �g/ml L-glutamine (Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada). For H/R exposures, explants (to-
tal of 65) were treated with or without GTN (1 �mol/L or 1
nmol/L; Sabex, Boucherville, QC, Canada) and incu-
bated for 3 hours in an atmosphere of 0.5% O2 (3.8 mm
Hg), 5% CO2, and 94.5% N2 maintained by means of a
ProOx O2 regulator (Biospherix Inc., Redfield, NY) in a
humidified Plexiglas chamber at 37°C. Tissues were then
transferred to medium continuously flushed with 21%
O2/5% CO2/balance N2 and were incubated in a stan-
dard incubator at 5% CO2 and 21% O2 (159 mm Hg) for
3 additional hours. These reoxygenation conditions were
in accordance to the method of Hung and colleagues6

and were chosen to maximize oxidative stress. Additional
controls consisted of explants (n � 5 placentas, for a total
of 25 explants) kept in normoxic conditions (5% O2, 90%
N2, and 5% CO2) for 6 hours. These oxygen concentra-
tions (38 mm Hg) are similar to those measured within the
intervillous space of the term placenta.15,16 At times 0, 3,
and 6 hours, explants were collected from all experimen-
tal groups and either flash-frozen for molecular analysis
or fixed in 4% paraformaldehyde or 2% paraformalde-
hyde/0.5% glutaraldehyde for histological analysis.

TUNEL Assay and Apoptotic Index

Paraformaldehyde-fixed explants were embedded in par-
affin and cut into serial sections. To assess apoptosis of
the syncytiotrophoblast layer, a fluorescence TUNEL as-
say was performed according to the manufacturer’s in-
structions (In Situ Cell Death Detection kit; Roche Molec-
ular Biochemicals, Laval, QC, Canada). In brief,
deparaffinized, dewaxed, and rehydrated sections were
pretreated with 20 �g/ml proteinase K (Sigma-Aldrich) in
10 mmol/L Tris-HCl for 15 minutes, blocked with 10%
normal goat serum, and then stained for TUNEL using a
reaction mixture containing fluorescein-dUTP. Negative
controls consisted of sections incubated without terminal
deoxynucleotidyl transferase (TdT). All sections were
blinded by a third party and observed with a Leica in-
verted microscope (Leica Microsystems, Heidelberg,
Germany) using a �20 objective lens. Three fields con-
taining a minimum of 900 syncytiotrophoblast nuclei were
randomly selected in each section, and digital images of
the TUNEL-stained (green) and 4,6-diaminodino-2-phe-
nylindole (DAPI)-stained (blue) sections were captured
and deconvoluted using Slidebook 4.1 software (Intelli-
gent Imaging Innovations Inc., Denver, CO). TUNEL-pos-
itive (apoptotic) and DAPI-stained (total) nuclei were
counted in the syncytiotrophoblast layer using Image-Pro
Plus 5.1 software (Media Cybernetics Inc., Silver Spring,
MD). The apoptotic index in each section was calculated
as the percentage of TUNEL-positive syncytiotrophoblast
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nuclei divided by the total number of DAPI-stained syn-
cytiotrophoblast nuclei.

Localization of TUNEL-Positive Nuclei and
4-HNE

Double-fluorescence labeling was used to determine the
localization of TUNEL-positive nuclei and 4-HNE within
chorionic villous explants. In brief, deparaffinized, de-
waxed, and rehydrated sections were pretreated in 20
�g/ml proteinase K (Sigma) in 10 mmol/L Tris-HCl for 15
minutes, blocked with 10% normal goat serum, and
stained for TUNEL. Sections were then sequentially incu-
bated with a mouse monoclonal antibody against 4-HNE
(1:300; Japan Institute for the Control of Ageing, Shizuka,
Japan) for 2 hours and after several washes, the sections
were incubated with a fluorescent goat anti-mouse sec-
ondary antibody (1:600; 555-nm excitation wavelength,
565-nm emission wavelength; Alexa, Invitrogen). The
sections were then subjected to TUNEL staining as per
the manufacturer’s instructions. All sections were
mounted using Vectashield (Vector Laboratories, Burling-
ton, ON, Canada) and observed with a Leica inverted
confocal microscope (Leica Microsystems) at a magnifi-
cation of �60 with simultaneous excitation and detection
of both dyes.

Immunohistochemical Staining for Nitrotyrosine
Residues and the p85 Fragment of PARP

Paraffin-embedded placental sections were randomly se-
lected and deparaffinized by heating at 40°C for 20 min-
utes followed by sequential incubations in Hemo-D and
decreasing concentrations of ethanol (each for 2 to 3
minutes). Endogenous peroxidase activity was quenched
in 3% hydrogen peroxide in methanol, and nonspecific
binding was blocked by incubating the sections in 5%
normal goat serum. After extensive washes with PBS, the
sections were reacted with a rabbit polyclonal anti-nitro-
tyrosine antibody (1:500; Upstate Biotechnology Inc.,
Lake Placid, NY) for 1 hour or with a rabbit polyclonal
anti-PARP p85 fragment antibody (1:500; Promega, Ne-
pean, ON, Canada) for 4 hours at room temperature
followed by the addition of biotinylated anti-rabbit sec-
ondary antibody (1:200; Vector Laboratories). Further
processing of the sections for the detection of nitroty-
rosine residues or the p85 fragment of PARP was per-
formed according to the instructions provided with the
Vectastain Elite ABC kit (Vector Laboratories). Colorimet-
ric detection was achieved using diaminobenzidine as
chromogen and hydrogen peroxide as substrate for
horseradish peroxidase. Quantification of the p85-frag-
mented PARP staining was performed using Image-Pro
Plus 5.1 software.

Western Blot Analysis of 4-HNE, Nitrotyrosine
Residues, Caspase-3, and PARP

To further assess oxidative stress and activation of apo-
ptosis, the levels of 4-HNE, nitrotyrosine residues, active

caspase-3, and PARP were determined by Western blot
analysis of extracts of flash-frozen villous explants (n � 5
to 7 placentas). In brief, explants were cut and lysed
using a buffer containing 2% sodium dodecyl sulfate, 10
mmol/L Tris (pH 7.5), and 0.15 mmol/L NaCl. Lysates
were homogenized and subjected to DNA shearing (10
times with a 25-gauge needle) and centrifugation. The
culture supernatants were collected and stored at �80°C
until use. Samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and the re-
solved proteins were transferred onto an Immobilon-P
membrane (Millipore Corp., Bedford, MA). After a 1-hour
incubation in blocking solution consisting of 5% dry milk
and 0.05% Tween 20 in PBS (PBS-T), the membranes
were incubated with mouse monoclonal antibody against
4-HNE (1:500; Japan Institute for the Control of Ageing),
rabbit polyclonal anti-nitrotyrosine antibody (1:1000; Up-
state Biotechnology), goat polyclonal antibody against
caspase-3 (1:1000; R&D Research, Minneapolis, MN), or
rabbit polyclonal anti-PARP (1:500; Promega) for 1 to 2
hours at room temperature followed by three 5-minute
washes in PBS-T. The membranes were then incubated
with secondary goat anti-mouse (1:4000; Vector Labora-
tories Inc.) or rabbit anti-goat IgG (1:2000; Vector Labo-
ratories Inc.) labeled with horseradish peroxidase. After
three additional 5-minute washes with PBS-T, the blots
were developed using a chemiluminescence Western
blotting plus kit (Perkin Elmer, Burlington, ON, Canada),
and subsequently exposed onto X-OMAT Kodak film
(Eastman-Kodak, Rochester, NY). Uniformity of loading of
protein extracts was determined by probing with a mono-
clonal anti-�-actin antibody (clone AC-15, 1:8000; Bio-
Rad, Mississauga, ON, Canada). Relative intensities of
bands were determined by densitometry using Alpha-
Erase software (Alpha Innotech Corp., San Leandro, CA).

Light and Electron Microscopy

Explants fixed in 2% paraformaldehyde/0.5% glutaralde-
hyde and embedded in araldite resin were used for light
and electron microscopic analysis. Semithin sections (1
�m) were prepared for light microscopy and for the se-
lection of areas to conduct further ultrastructural analysis
at the electron microscopic level. Morphological assess-
ments at the light microscopic level were performed us-
ing toluidine blue-stained sections. For electron micro-
scopic analysis, ultrathin sections (70 nm) were cut and
counterstained with uranyl acetate and lead citrate. An
additional control for the ultrastructural analysis con-
sisted of chorionic villi obtained from placentas of pre-
eclamptic women. Preeclampsia was defined by the de-
velopment of elevated maternal blood pressure (�140/90
mm Hg) and proteinuria (�300 mg/24 hours). Morpho-
logical analysis of tissues was performed using a Hitachi
7000 transmission electron microscope at magnifications
of �3500 to �15,000.

Statistical Analysis

Statistical significance was determined using one-way
analysis of variance, when more than two groups were
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compared, followed by a post hoc Tukey-Kramer test.
Nonpaired and paired Student’s t-tests were used when
only two groups were compared. All statistical tests were
two-sided. Data are presented as the mean � SE, and
were considered significant at P � 0.05.

Results

GTN Decreases the Level of H/R-Induced
Apoptosis in the Syncytiotrophoblast

Explants fixed immediately after delivery and dissection
had very few TUNEL-positive nuclei in the syncytiotro-
phoblast, with a mean apoptotic index of 1.1 � 0.4%
(Figure 1, A and A�). After 3 hours of incubation in 0.5%
O2 without subsequent reoxygenation, the apoptotic in-
dex increased to 11.8 � 1.6% in the untreated control villi
(P � 0.001; Figure 1, B and B�) and to 13.0 � 1.5% and
11.7 � 2.4% (P � 0.01 for both), respectively, in the
explants treated with 1 �mol/L or 1 nmol/L GTN (Figure 1,
C, C�, D, and D�). Apoptotic indices were not significantly
different in control and GTN-treated explants after the
3-hour incubation in hypoxia alone (Figure 2).

Compared with the apoptotic index in the syncytiotro-
phoblast of untreated control explants at the end of the
3-hour incubation in hypoxia, a subsequent 3-hour incu-
bation in 21% oxygen resulted in a further 2.1-fold in-
crease in the apoptotic index (P � 0.001; Figure 1, E, G,
E�, and G�; and Figure 2). In contrast, this increase in
TUNEL staining after the 3-hour reoxygenation period did
not occur in the explants incubated with either 1 �mol/L
or 1 nmol/L GTN (Figure 1, E, G, E�, and G�; and Figure
2). Compared with explants processed immediately after
delivery, the number of TUNEL-positive nuclei in the syn-
cytiotrophoblast of explants incubated under normoxic
conditions (5% O2) for 3 hours did not exhibit a statisti-
cally significant increase (Figure 2). However, after 6
hours in normoxia, the apoptotic index in untreated ex-
plants increased significantly from 0.3 to 5.4% (P � 0.05).
Both untreated control and GTN-treated explants main-
tained at 5% O2 throughout the incubation period exhib-
ited similar levels of apoptosis at 6 hours (5.4 � 0.8%,
5.3 � 1.0%, and 6.7 � 3.4%, respectively; Figure 2).

Immunodetection of 4-HNE and TUNEL Assay

The localization of 4-HNE- and TUNEL-positive nuclei
within chorionic villi was determined by immunofluores-
cence labeling (Figure 3). In placental explants pro-
cessed immediately after delivery, the immunofluores-
cence staining intensity for 4-HNE was very low and
present only in the syncytiotrophoblast (Figure 3A). In
contrast, staining for 4-HNE was much greater in un-
treated explants subjected to a cycle of H/R (Figure 3B).
This increase in 4-HNE expression in the untreated ex-
plants was paralleled by an increase in the number of
TUNEL-positive nuclei in these samples. However, re-
gions of the syncytiotrophoblast that showed intense
4-HNE staining did not always contain TUNEL-positive
nuclei. This may be attributable to the fact that generation

of reactive oxygen species and the subsequent peroxi-
dation of lipids occur early during the H/R stress,
whereas DNA fragmentation is a later event in the apo-
ptotic process. Staining for 4-HNE and TUNEL was mark-
edly attenuated in explants exposed to H/R in the pres-
ence of 1 �mol/L or 1 nmol/L GTN (Figure 3, C and D).
Explants incubated with preimmune IgG exhibited virtu-
ally no detectable levels of fluorescence (data not
shown).

Results of the immunofluorescence staining for 4-HNE
were confirmed by Western blot analysis. As shown in
Figure 3E, compared with the levels of 4-HNE protein
adduct in extracts of explants processed immediately
after delivery, 4-HNE levels in chorionic villi increased by
almost fourfold after H/R (P � 0.05). However, compared
with explants processed immediately after delivery, the
levels of 4-HNE in the GTN-treated explants did not in-
crease significantly.

Immunodetection of Nitrotyrosine Residues and
Cleaved PARP

Explants processed immediately after delivery exhibited
barely detectable levels of nitrotyrosine staining (Figure
4A) or cleaved PARP immunostaining (not shown). How-
ever, after H/R explants exhibited intense immunostain-
ing for both nitrotyrosine (Figure 4B) and cleaved PARP
(Figure 5A). Most of the staining for nitrotyrosine and
PARP was localized to the syncytiotrophoblast, with some
PARP staining also localizing to the stroma. However,
immunostaining for both nitrotyrosine and cleaved PARP
was markedly attenuated in explants exposed to H/R in
the presence of GTN (Figure 4, C and D; and Figure 5, B
and C). Exposure of explants to 5% O2 for 6 hours with or
without GTN resulted in relatively low levels of PARP
immunostaining (Figure 5, E–G). Replacement of the pri-
mary antibody with nonimmune rabbit IgG resulted in the
absence of staining in explants exposed to H/R or main-
tained in 5% O2 (Figure 5, D and H).

Quantitative analysis of PARP staining of the syncy-
tiotrophoblast layer was confirmed by image analysis
using ImagePro software. Results revealed that, com-
pared with untreated explants after H/R, treatment with
GTN (1 �mol/L and 1 nmol/L) led to decreased levels of
syncytiotrophoblast PARP staining after H/R (P � 0.05;
Figure 5I). In explants maintained under normoxic condi-
tions (5% O2) for 6 hours, the levels of cleaved PARP
immunostaining in the syncytiotrophoblast were low and
were not affected by GTN treatment.

Western Blot Analysis of Nitrotyrosine, PARP,
and Caspase-3

Levels of nitrotyrosine residues were assessed to deter-
mine whether endogenous NO leads to peroxynitrite for-
mation and protein nitration after H/R. Nitrotyrosine im-
munoblotting revealed the presence of three nitrated
fragments of 66, 32, and 16 kd in tissue samples exposed
to H/R without GTN (Figure 4E). In contrast, the GTN-
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Figure 1. Nuclear labeling (DAPI, A–G) and TUNEL assay (A�–G�) of villous explants fixed immediately after delivery (A and A�), untreated explants after 3 hours
of hypoxia alone (B and B�), GTN-treated explants after 3 hours of hypoxia alone (C and D and C� and D�), untreated explants after 3 hours of hypoxia and 3
hours of reoxygenation (H/R, E and E�), and GTN-treated explants after H/R (F and G and F� and G�). GTN-treated explants exhibited fewer TUNEL-positive
syncytiotrophoblast nuclei compared with untreated explants after a 6-hour H/R insult. Scale bars � 50 �m.
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treated samples revealed only two bands at 32 and 16
kd. Significantly higher levels of nitrotyrosine residues
were present in tissues exposed to H/R without GTN than
in tissues exposed to H/R in the presence of 1 nmol/L
GTN (P � 0.05) as determined by densitometric analysis
(Figure 4E).

Cleaved PARP immunostaining results were also con-
firmed by Western blot analysis (Figure 5J). Densitomet-
ric analysis revealed that the expression of active frag-
ment 85 for PARP was significantly higher in tissue
samples exposed to H/R alone than in samples exposed
to H/R in the presence of 1 nmol/L GTN (P � 0.05). PARP
levels in control tissues exposed to 5% O2 for 6 hours
were low and unaffected by GTN treatment (not shown).

Active caspase-3 levels were assessed because this
enzyme is a downstream mediator of apoptosis. Expres-
sion of cleaved caspase-3 revealed two polypeptides of
16 and 18 kd (Figure 6). An additional active caspase-3
polypeptide fragment of 20 kd was present only in lysates
from untreated explants exposed to H/R. Densitometric
analysis revealed that the combined levels of these active
caspase-3 polypeptide fragments were significantly in-
creased in explants exposed to H/R without GTN than in
explants processed immediately after delivery (P � 0.05;
Figure 6). In contrast, this increase in the levels of active
caspase-3 fragments did not occur in explants exposed
to H/R in the presence of 1 �mol/L or 1 nmol/L GTN
(Figure 6).

Light and Electron Microscopic Analysis

Light microscopic examination of semithin sections of
chorionic villi fixed immediately after delivery revealed
syncytial nuclei with irregular shapes and normal distri-
bution of chromatin and intact syncytial membranes (Fig-
ure 7A). However, after the H/R insult, the untreated
explants exhibited several morphological features char-

acteristic of apoptosis and/or aponecrosis (Figure 7B).17

These included nuclei with extensive chromatin conden-
sation and separation of the syncytium from the underly-
ing stroma. In contrast, explants treated with GTN (1
nmol/L) displayed decreased amounts of condensed
chromatin and little evidence of syncytial separation from
the underlying stroma (Figure 7C). These changes were
confirmed by electron microscopy (Figure 7, D–F). Ex-
plants processed immediately after delivery had an intact
membrane with abundant microvilli and preserved nuclei
(Figure 7D, inset). After H/R, there was evidence of se-
vere tissue degeneration, with the syncytiotrophoblast
displaying increased vacuolization (Figure 7E), extensive
chromatin condensation, interruption of the membrane
and loss of microvilli (Figure 7E, inset). In explants treated
with GTN throughout the H/R insult, the syncytial mem-
brane was mostly intact and exhibited less chromatin
condensation (Figure 7F); however, compared with villi
fixed immediately after delivery, GTN-treated explants
had reduced numbers of microvilli (Figure 6F, inset).
Some of the morphological features present in chorionic
villi exposed to H/R without GTN, such as disruption of
the syncytial membrane, were also present in chorionic
villi from placentas of preeclamptic women (Figure 7G,
inset).

Discussion

The present study demonstrates that low concentrations
of the NO mimetic GTN can effectively protect the syn-
cytiotrophoblast of third trimester chorionic villi from H/R-
induced apoptosis. Previous studies have shown that NO
can prevent H/R damage in other tissues such as the
heart,18 the kidney,19 and the brain.20 Our results extend
our previous study in which we showed that physiological
concentrations of CO also inhibit H/R-induced damage in
the syncytiotrophoblast of chorionic villi.10 Given the
availability of various NO mimetic agents with known
toxicology and pharmacokinetics, administration of low
doses of such agents may be useful in the treatment
and/or prevention of the systemic inflammation and en-
dothelial activation associated with preeclampsia.

The H/R model used in our study was an adaptation of
the method developed by Hung and colleagues,6 who
showed that exposure of chorionic villous explants to a
7-hour cycle of H/R results in apoptotic and aponecrotic
changes similar to those described here. In our study, the
number of TUNEL-positive syncytiotrophoblast nuclei
was greater in explants exposed to reoxygenation after
hypoxia than in explants maintained under normoxic con-
ditions throughout the incubation period. Hung and col-
leagues6 demonstrated that H/R is a more potent inducer
of syncytiotrophoblast apoptosis than hypoxia alone. Fur-
thermore, blood flow to the intervillous spaces of the
placenta may be intermittent in preeclamptic pregnan-
cies, with periods of ischemia followed by periods of
reperfusion.5,6 As confirmed in our present study, others
have shown that the syncytiotrophoblast of placentas
from women with preeclampsia exhibits apoptotic and
aponecrotic alterations similar to those observed in

Figure 2. Percentage of TUNEL-positive nuclei in untreated versus GTN-
treated villous explants after a 6-hour H/R insult or after a 6-hour incubation
in 5% O2. Treatment of explants with GTN significantly inhibited syncytiotro-
phoblast apoptosis after a 6-hour exposure to H/R. Relatively low levels of
apoptosis were observed in control explants incubated under normoxic
conditions (5% O2) with or without GTN. Asterisk indicates a significant
difference (P � 0.001) between untreated explants after the 6-hour H/R
exposure versus untreated explants after 3 hours of hypoxia alone. The
H/R-exposed group consisted of explants isolated from 13 placentas whereas
the group exposed to 5% O2 consisted of explants isolated from five placen-
tas. Data are presented as means � SE.
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Figure 3. Double labeling for TUNEL (green) and 4-HNE (red) in villous
tissues fixed immediately after delivery (A), in control untreated explants
after a 6-hour exposure to H/R (B), and in GTN-treated explants after a
6-hour exposure to H/R (1 �mol/L and 1 nmol/L GTN; C and D,
respectively). E: Western blot and densitometric analysis performed
using explants from three to six placentas confirmed the above results.
The asterisk indicates a significant difference (P � 0.05) between the
levels of 4-HNE in untreated villi after a 6-hour H/R insult compared with
the levels of 4-HNE in control villi processed immediately after delivery.
Scale bars � 30 �m.
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chorionic villi exposed to H/R in vitro.9 Together, these
findings suggest that the quality of the uteroplacental
circulation is a critical aspect of the pathophysiology of
preeclampsia.

The precise role of endogenous NO in normal preg-
nancy and in the pathophysiology of preeclampsia is still
unclear, and studies in which the circulating levels of NO
metabolites have been measured in women with pre-
eclampsia have yielded confusing results. Regardless of
the levels of placental NO production, it has been postu-
lated that NO availability for normal physiological signal-
ing is decreased in preeclampsia.21 In support of this
hypothesis is the fact that the superoxide anion (O2

�)
generated during cycles of H/R reacts rapidly with NO to
form peroxynitrite, thereby decreasing the amount of free
NO available.22,23 Our immunohistochemistry findings re-
vealed that nitrotyrosine residues resulting from protein
nitration by peroxynitrite were increased in explants ex-

Figure 4. Nitrotyrosine immunohistochemical staining of explants processed
immediately after delivery (A); after 6 hours of H/R (B); after 6 hours of H/R
in the presence of 1 �mol/L GTN (C); and after 6 hours of H/R in the
presence of 1 nmol/L GTN (D). Densitometric analysis of Western blots of
protein extracts (E) showed a significant difference between the levels of
nitrotyrosine in explants exposed to H/R without GTN compared with ex-
plants exposed to H/R in the presence of 1 nmol/L GTN (asterisk indicates
P � 0.05). The presence of 1 �mol/L GTN during H/R did not result in a
statistically significant decrease in the level of nitrotyrosine residues. Data are
presented as the mean relative densities (�SE) of Western blot analyses
performed on explants from four different placentas. Scale bars � 50 �m.

Figure 5. Immunohistochemical and Western blot analysis of the p85 fragment
of PARP. Compared with untreated explants exposed to H/R (A), treatment of
H/R-exposed explants with GTN resulted in decreased syncytiotrophoblast im-
munoreactivity for PARP (B and C). Lower levels of PARP immunostaining were
observed in explants exposed to 5% O2 in the absence or presence of GTN
throughout the 6-hour incubation period (E–G). Negative controls consisted of
sections incubated with nonimmune rabbit IgG (D and H). Combined immu-
nohistochemical staining intensities from five different placentas, as determined
by image analysis using ImagePro, revealed significantly lower PARP staining in
the syncytiotrophoblast exposed to H/R in the presence of GTN as compared
with similar explants exposed to H/R in the absence of GTN (I; single and
double asterisks � P � 0.05 and P � 0.01, respectively; one-way analysis of
variance followed by Tukey-Kramer test). I: Similar analysis revealed much
lower PARP staining intensity in the syncytiotrophoblast of villi maintained
under normoxic conditions (5% O2) but not significant differences in the staining
intensities in control versus GTN-treated explants. Data are presented as
means � SE. J: PARP immunohistochemistry results from explants exposed to
H/R were further confirmed by Western blot analysis. Scale bars � 50 �m.
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posed to H/R, thereby suggesting decreased NO avail-
ability for normal signaling. In addition, there is evidence
that hypoxia increases arginase activity and thus diverts
L-arginine metabolism away from the NO-generating
pathway toward the ornithine pathway.24 In the absence
of L-arginine, NOS itself generates O2

�, which further
leads to increased formation of peroxynitrite instead of
the NO required for normal physiological signaling via
activation of sGC.21 Indeed, it has been reported that in
preeclampsia a lower than normal L-arginine concentra-
tion caused by arginase overexpression redirects NOS-3
toward increased peroxynitrite formation.21,23

Generation of NO is also dependent on the availability
of co-factors and co-substrates including NADPH, FAD,
tetrahydrobiopterin (BH4), and O2.25–28 Consequently,
endogenous NO production is a complex process. How-
ever, there is evidence that when O2 availability is limited,
as is likely the case during the ischemic periods associ-
ated with the placenta in preeclampsia, production of NO
is decreased.27,28 Therefore, decreased NO availability
in the placenta may occur in preeclampsia as a result of
hypoxia, ie, during the periods of ischemia, and also
because of increased O2

� and peroxynitrite levels. Per-
oxynitrite is a potentially toxic molecule with biological
effects that are often opposite to those of NO.21 For
example, peroxynitrite induces cellular apoptosis by ac-
tivating caspase-3 and the subsequent proteolytic cleav-
age of PARP.29 Once PARP is cleaved it no longer sup-
ports the enzymatic DNA repair function, and there is
some evidence that cleaved PARP may inhibit access to
DNA by other repair enzymes.30 Although PARP is not
absolutely required for apoptosis to proceed, the cleav-
age of PARP may contribute to the commitment to apo-
ptosis.30,31 In contrast, it has been reported that NO can
inhibit apoptosis by inactivating caspase-3 activity
through S-nitrosylation.32 In our study we found that small
concentrations of the NO mimetic GTN were able to
inhibit the H/R-mediated stimulation of caspase-3 and
PARP. Whether this effect of GTN is attributable to
S-nitrosylation of sulfhydryl groups requires additional
investigation. However, a previous study provided
evidence that NO is able to inhibit tumor necrosis factor-
induced apoptosis of trophoblast cells through a mech-
anism involving cGMP and independently of caspase-3
inactivation.14

In the present study, evidence of oxidative stress in
explants exposed to H/R was provided by the increased
levels of 4-HNE and nitrotyrosine in the syncytiotropho-
blast layer. Interaction of reactive oxygen species with
polyunsaturated fatty acids of membrane lipids results in
the production of aldehydes and alkenals such as mal-
onaldehyde and 4-HNE.33 These secondary products
react with protein and DNA and are known to be cytotox-
ic.34 Lipid peroxidation increases during the progression
of degenerative conditions, such as H/R-induced tissue
damage35 and the formation of atherosclerotic
plaques.36 In our study, treatment of explants with GTN
resulted in decreased levels of 4-HNE and nitrotyrosine
residues. Although elucidation of the precise mechanism
by which GTN decreases the levels of these molecules in
chorionic villi requires further investigation, there is evi-

dence that small concentrations of NO can attenuate the
cellular injury caused by H2O2, O2

�, and alkyl perox-
ides.37 This protective effect of NO appears to be attrib-
utable to inhibition of lipid peroxidation.38,39 Moreover,
activation of cGMP-dependent protein kinase by NO has
been shown to attenuate oxidative stress-induced lipid
peroxidation and apoptosis in neuroblastoma cells.40

Thus, we propose that maintenance of low levels of NO
activity via administration of small concentrations of NO
mimetic agents protects the syncytiotrophoblast from
H/R-induced apoptosis at least in part through a mecha-
nism involving inhibition of lipid peroxidation. We empha-
size the use of low concentrations (�1 �mol/L) of NO
mimetics because at higher concentrations NO can lead
to phenotypes different from those induced by the low-
concentration cGMP-dependent pathway.41

Caspase-3 plays a crucial role as a final execution
enzyme in both the intrinsic and extrinsic pathways of
apoptosis. It is synthesized as a proenzyme that contains
an N-terminal prodomain followed by a larger subunit
(p17) and a smaller subunit (p12).42 During activation,

Figure 6. Effects of H/R and GTN on the levels of caspase-3 polypeptide
fragments as determined by Western blot analysis. Densitometric data are
presented as means � SE from five placentas and show significantly in-
creased levels of caspase-3 fragments in explants exposed to H/R alone as
compared with the levels of caspase-3 in control explants processed imme-
diately after delivery (0 hours). �-Actin was used to normalize for loading
variability. The asterisk indicates a significant difference (P � 0.05) between
the levels of active caspase-3 in untreated villi after a 6-hour H/R insult
compared with the levels of active caspase-3 in control villi processed
immediately after delivery. Compared with control explants (0 hours), ex-
plants exposed to H/R in the presence of GTN did not exhibit significantly
increased levels of caspase-3 fragments.
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Figure 7. Morphological analysis of chorionic villi at the light (A–C) and electron (D–G) microscopic levels. Villi were processed immediately after delivery (A,
D); after 6 hours of H/R (B, E); and after 6 hours of H/R in the presence of GTN (1 nmol/L; C, F). G: An additional control consisted of villi from a preeclamptic
pregnancy. Apoptotic changes such as the lifting of the syncytiotrophoblast layer and the presence of picnotic nuclei (B, arrows) were more evident in untreated
explants after H/R than in explants treated with GTN (C, F) or fresh placental tissues (A, D). D: Ultrastructural analysis revealed an intact syncytial membrane
with abundant microvilli in villi from uncomplicated pregnancies fixed immediately after delivery (inset). E: After H/R the syncytial nuclei often appeared small
and with extensive chromatin condensation. E, inset: The presence of cytoplasmic vacuolization and loss of syncytial membrane integrity were also evident in
explants after H/R. F: Treatment with GTN during the exposure to H/R resulted in a higher number of well-preserved syncytial nuclei and greater continuity of
the cytoplasmic membrane (inset). Compared with explants fixed immediately after delivery, the number of microvilli in tissues treated with GTN during exposure
to H/R was reduced (inset). Villi from a preeclamptic pregnancy exhibited some of the morphological features as villi exposed to H/R, such as disruption of the
syncytiotrophoblast membrane (G, arrow; inset). Scale bars: 25 �m (A–C); 0.5 �m (D–G).
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cleavage between the large and the small subunits oc-
curs. It was suggested that all forms of caspase-3 con-
taining different versions of the large subunit are active.43

In our study, treatment with GTN prevented the appear-
ance of the 20-kd active fragment of caspase-3 in ex-
plants exposed to H/R. Therefore, because caspase-3 is
responsible for the cleavage of PARP, it was not surpris-
ing that the levels of cleaved PARP in GTN-treated ex-
plants exposed to H/R were also decreased.

Morphological signs of apoptosis and aponecrosis
were present in explants exposed to H/R. These in-
cluded syncytial degeneration, loss of microvilli, and
an increased number of nuclei displaying condensed
chromatin. These alterations were not evenly distrib-
uted throughout the syncytial layer, suggesting that
either the level of oxidative stress was not uniform or
that different regions of the villous tree exhibit hetero-
geneous susceptibility to oxidative stress. Overall,
these morphological alterations induced by H/R were
attenuated in explants treated with GTN.

Although the precise role of NO in the regulation of cel-
lular responses to oxidative stress is not well understood,
there is evidence that at physiological concentrations NO
can act as a redox buffer quenching the oxidation reactions
mediated by reactive species such as O2

� and perox-
ides.37 We propose that oxidative damage to the syncy-
tiotrophoblast is attributable in part to H/R-mediated fluctu-
ations in the level of endogenous NO signaling. Thus,
maintenance of physiological NO activity through adminis-
tration of low doses of NO mimetics may be useful in the
treatment and/or prevention of preeclampsia.
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