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Abstract
Objective—Placentas are oxidatively stressed during preeclampsia and produce more TNFα and
more thromboxane (TX) than normal. Oxidative stress may cause these abnormalities by
activating NF-κB. We measured levels of activated NF-κB in normal and preeclamptic placentas
and determined whether oxidative stress activates NF-κB in a trophoblast-like cell line.

Methods—We used immunohistochemistry to determine the percentage of the total tissue area
that stained for the p65 subunit of NF-κB in placentas obtained from normal and preeclamptic
pregnancies. In a second set of experiments, we used a reporter plasmid bearing the NF-κB
binding site and transfected it into trophoblast-like cells. The cells were incubated with medium
control, linoleic acid (LA), an oxidizing solution (Ox), or Ox enriched with linoleic acid (OxLA),
TNFα, or OxLA plus TNFα for 20 hours. Cell lysates were analyzed using a dual luciferase assay
kit.

Results—Placentas obtained from women with preeclampsia showed nearly a 10-fold increase in
the extent of area stained for activated NF-κB as compared to normal placentas. In cell culture
experiments, Ox and OxLA induced a 3-fold increase in NF-κB activation as compared to
medium control or LA. TNFα induced a 3-fold increase in NF-κB activation. The combination of
TNFα with OxLA caused a 10-fold increase in NF-κB activation.

Conclusions—Placental NF-κB is activated nearly 10-fold in preeclampsia. Oxidative stress
causes NF-κB activation in a trophoblast-like cell line, which is enhanced by TNFα. These data
suggest that oxidative stress is likely an important in vivo activator of placental NF-κB in
preeclampsia.
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INTRODUCTION
Nuclear factor-κB (NF-κB), a transcription factor involved in inflammatory responses, is
bound to a family of inhibitory IkappaB (IκB) proteins in the cytosol 1, 2. Many stimuli
activate NF-κB, including cytokines and oxidants 3. Upon activation, NF-κB subunits (e.g.,
p65, p50) translocate to the nucleus and regulate the expression of a variety of inflammatory
genes, including those that encode cytokines, such as TNFα, cytokine receptors,
cyclooxygenase-2 (COX-2), growth factors, and cell adhesion molecules 1–3.
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NF-κB is activated in a wide range of human diseases that are associated with increased
oxidative stress and inflammation. These include AIDS, atherosclerosis, rheumatoid
arthritis, osteoporosis, Alzheimer’s disease and ischemia-reperfusion injuries 3. Reactive
oxygen species (ROS) induce NF-κB activation 4–6. In contrast, antioxidants inhibit NF-κB
activation 7.

In preeclampsia, placentas are under oxidative stress and produce more lipid peroxides,
more TNFα, and more of the COX-2 metabolite, thromboxane, than normal 8–11.
Considering that NF-κB regulates the expression of genes for TNFα and COX-2, and that
preeclampsia is characterized by oxidative stress, we hypothesized that 1) NF-κB activation
is abnormally elevated in preeclamptic placentas compared to normal placentas, and 2)
trophoblast cells show increased NF-κB activation under conditions of oxidative stress.

To test our first hypothesis we used a polyclonal antibody specific for the activated form of
NF-κB to immunostain normal and preeclamptic placental tissue. To evaluate our second
hypothesis, we transfected a continuous line of trophoblast-like cells, ED27, with a reporter
plasmid bearing the NF-κB binding site linked to the firefly luciferase gene. The cells were
then incubated in the presence or absence of oxidative stress or TNFα and assayed for
activity of luciferase. We report herein that 1) the degree of NF-κB activation in
preeclamptic placentas is significantly greater than in normal placentas, and 2) oxidative
stress and TNFα dramatically increase NF-κB activation in trophoblast-like cells, but when
oxidative stress and TNFα are combined, there is an enhanced effect.

METHODS
Study Subjects

Placentas were collected at MCV Hospitals, Virginia Commonwealth University Medical
Center immediately after delivery from 4 patients with normal pregnancy and 5 patients with
preeclampsia (4 with severe and 1 with mild preeclampsia). Informed consent was obtained
prior to delivery. The Office of Research Subjects Protection of Virginia Commonwealth
University approved this study. Exclusion criteria were infection, active STDs,
chorioamnionitis, diabetes, and smoking. Preeclampsia was defined as blood pressures of
≥140/90 mmHg on two separate readings six hours apart, proteinuria (≥0.3 gm/24 hours or
≥2+ urine dipstick). Normal pregnancy was defined as blood pressures <140/90 mmHg and
no proteinuria.

Immunohistochemistry
Pieces of villous tissue were cut from placentas immediately after delivery and were stained
for the p65 subunit of NF-κB as previously described 12. Slides were processed by hand and
tissue was lightly counterstained with Hematoxylin. Diaminobenzidine reagent resulted in
brown staining of antigens. An Olympus BH2 microscope with a Color 5 digital camera
linked to IP Lab software (Scanalytics, Fairfax, VA) was used to digitize five different field
of view regions at 400X magnification for each slide. Stained area and total tissue area for
each image were quantified using IP Lab and results are reported as % area stained of total
tissue area in field of view.

Cell Culture
ED27 cells are an immortalized line of trophoblast-like cells. The cells were a gift from
Douglas A. Kniss, Ph.D. of the Department of Obstetrics and Gynecology, Ohio State
University, OH. The ED27 cell line manifests many of the phenotypic properties that have
served as the benchmark for trophoblast cells isolated from villous tissue obtained at term
using conventional methods. For example, they express markers of both extracellular and
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villous cytotrophoblast cells, they synthesize estradiol and progesterone, and they stain
positive for the α and β subunits of human chorionic gonadotropin (hCG) and placental
alkaline phosphatase. When treated with dexamethasone, the cells secrete hCG which is a
hormone produced by syncytiotrophoblast cells during pregnancy. The cells stain positive
for cytokeratin peptide 8, but not for vimentin or von Willebrand factor (Factor VIII). The
cells were originally described as a spontaneously derived continuous line of cytotrophoblast
cells, but Kniss et al. 13 subsequently reported that at some point, the date of which is
unknown, the ED27 cells acquired HeLa cell genetic markers, most likely by contamination
with amnion-derived WISH cells which contain HeLa chromosome markers. Despite this
contamination, the morphology and phenotypic properties of the ED27 cell line diverge in
many key elements from HeLa and WISH cells. The ED27 cell line, even though containing
HeLa cell markers, continues to bear the phenotype of authentic trophoblasts. The
trophoblast-like phenotype has remained stable since their origin making them a useful
model for the study of trophoblast function.

Luciferase Reporter Plasmids
To examine the activation of NF-κB in ED27 cells, transient transfection studies were done
with a pGL3 luciferase reporter plasmid containing the NF-κB binding region of the human
IL-8 promoter upstream from the firefly luciferase gene, as previously described 14. The
identity of the NF-κB binding site on BF2 was confirmed using a BF2 mutant that was
created by site directed mutagenesis. For validation, negative controls received plasmid
bearing the luciferase gene, but lacking an upstream promoter (pGL3-basic), while positive
controls received a plasmid (pGL3-SV40) bearing the strong viral promoter SV40. pRL-TK
which contains a weak herpes simplex virus thymidine kinase promoter region upstream
from Renilla luciferase gene was co-transfected as a control for the transfection procedure.
pRL-TK produced a low level of luminescence.

Transient Transfection Protocol
ED27 cells were plated in 24-well cell culture plates at a density of 40,000 cells/well and
grown for 24 hours in Dulbecco’s Modified Eagles Medium/Ham’s F-12 (DMEM/F-12,
Gibco, Grand Island, NY) supplemented with 15% fetal bovine serum (FBS, BioWhitaker,
Walkersville, MD) to 50% confluence. Cells were transfected with control and reporter
plasmids using SuperFect (Qiagen, Valencia, CA) for 2 hours. Cells were washed with
phosphate buffered saline and then incubated for 20 hours with DMEM-F12/15% FBS
alone, or with DMEM-F12/15% FBS containing either linoleic acid alone (LA, 45 μM), an
oxidizing solution composed of hypoxanthine (3.6 mM) plus xanthine oxidase (0.005 U/ml)
plus ferrous sulfate, 50μM, (Ox), Ox enriched with linoleic acid, 45μM, (OxLA), TNFα (2
ng/mL), or OxLA plus TNFα. Each treatment was done in triplicate. At the end of the 20
hour incubation the medium was removed from each well and passive lysis buffer (Promega,
Madison, WI) was added.

Dual Luciferase Reporter (DLR) Assay
The luciferase content in the freshly lysed ED27 cells was measured using a commercially
available DLR assay (Promega, Madison, WI). Firefly and Renilla luminescence were
measured sequentially for each sample in a luminometer for 20 seconds (Berthold, Lumat
LB9501, Germany). Results are expressed as fold change from cells receiving treatments
(i.e. LA, Ox, OxLA, TNFα, or OxLA plus TNFα) relative to media control cells.

Statistical Analysis
Experimental and patient data were analyzed using a statistical computer software program
(Graph Pad Prism 4.0 for Macintosh, Graph Pad Software, Inc., San Diego, CA,
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www.graphpad.com). Unpaired t-test or Mann Whitney test was used to assess a statistical
difference between two means. One-way ANOVA with Newman-Keul’s post-hoc test was
used to determine the statistical difference for more than 2 means. A probability level of p <
0.05 was considered to be statistically significant. Data are presented as mean ± SE.

RESULTS
Study Subjects

Three of the preeclamptic patients and none of the normal patients were primiparous. All
patients were delivered by caesarean section except one in the preeclamptic group. The
average systolic blood pressure for preeclamptic patients was 162 ± 8 mmHg and for normal
patients was 125 ± 7 mm Hg (p < 0.01). The average diastolic blood pressure for
preeclamptic patients was 94 ± 4 mmHg and for normal patients was 66 ± 1 mmHg (p <
0.01). Preeclamptic mothers averaged 24.5 ± 2.6 years of age and normal mothers 31.3 ± 4.8
years. Preeclamptic patients delivered at 31.0 ± 1.7 weeks of gestation and the normal
patients at 39.3 ± 0.3 weeks (p < 0.01). Newborn weight was 1919 ± 430 g for preeclamptic
patients and 3495 ± 279 g for normal patients (p < 0.05).

Immunohistochemistry
Both normal (n = 4) and preeclamptic (n = 5) placental tissues showed visible staining for
NF-κB (Figure 1B–D). Whereas normal placental tissue displayed very low levels of
staining for activated NF-κB, tissue from preeclamptic placentas stained intensely. The
syncytiotrophoblast cells of preeclamptic placentas stained most intensely for NF-κB.
Cytotrophoblast cells also stained. There was light to moderate staining of cells in the
villous core (possibly tissue macrophages) and sometimes staining of leukocytes in placental
vessels of preeclamptic placentas. Staining was evident in the nuclei, demonstrating
activation of NF-κB (Panel D). When the area of NF-κB staining was quantified,
preeclamptic placentas had nearly ten times the area stained of normal placentas (Figure 2:
17.6 ± 5.2 vs 1.9 ± 0.8 % area stained of total tissue area, p < 0.05). The placenta from the
mild preeclamptic patient had less staining compared to those from patients with severe
preeclampsia.

DLR Assay
Non-transfected cells and cells transfected with either pGL3 basic or the BF2 mutant, did not
exhibit any appreciable firefly luciferase activity in the presence or absence of OxLA
(Figure 3). Cells that received the positive control, pGL3-SV40, showed strong
luminescence (data not shown). The independent effects of LA, Ox, OxLA, and TNFα on
NF-κB-induced firefly luciferase production relative to DMEM/F-12 medium control are
shown in Figure 3 (n = 5). LA had no effect on NF-κB activation. In contrast, OxLA
strongly activated NF-κB (3.5 ± 0.3 fold change p < 0.01). Ox was as effective as OxLA at
activating NF-κB (5.1 ± 0.5 fold change, p < 0.001). TNFα also significantly increased NF-
κB activation to the same extent as OxLA (3.7 ± 0.6 fold change, p < 0.01). The
combination of OxLA plus TNFα further increased NF-κB activation both compared to
medium control (10.4 ± 1.0 fold change, p < 0.001) and to the individual effects of OxLA
and TNFα (p < 0.001).

DISCUSSION
Inflammation and oxidative stress play important roles in preeclampsia, so we hypothesized
that the transcription factor NF-κB would be activated in placentas obtained from women
with preeclampsia. We demonstrate herein that NF-κB activation is significantly increased
in preeclamptic placentas compared to normal placentas. This finding corroborates prior
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work using immunohistochemistry and western blot analysis that showed increased
activation of NF-κB in placentas from preeclamptic patients15. Other works have also
implicated NF-κB in preeclampsia in leukocytes and vascular tissue 12, 16–18. The increase
in placental NF-κB activation is important because NF-κB alters the expression of many of
the genes whose products are elevated in preeclampsia and that contribute to the
pathogenesis of the disorder. It is unlikely that increased NF-κB activation in preeclamptic
placentas was due to the lower average gestational age because in normal pregnancy NF-κB
activity is not significantly increased until the onset of labor19. Placental NF-κB activation
in preeclampsia could explain elevated placental levels of TNFα 11, COX-2 20 and
thromboxane 8.

In the present study, we examined the effects of oxidative stress on NF-κB activation in an
immortalized line of trophoblast-like cells. Our results support the hypothesis that placental
oxidative stress in preeclampsia could result in the activation of NF-κB by demonstrating
that Ox and OxLA strongly activate NF-κB in ED27 cells. We previously reported that
oxidative stress induces other changes in ED27 cells that mimic abnormalities of
preeclamptic placentas. For example, OxLA treatment increased lipid peroxidation in ED27
cells while decreasing the activities of superoxide dismutase and glutathione peroxidase 21.
Increased lipid peroxidation and decreased antioxidant protection are prominent features of
preeclamptic placentas 22, 23.

TNFα also activated NF-κB and had an additive effect to activate NF-κB when combined
with OxLA. This may be significant because TNFα is an inflammatory gene whose
expression is increased by NF-κB 2. Therefore, placental oxidative stress in preeclampsia
may set in motion a positive feedback loop between NF-κB and TNFα that progressively
worsens inflammation in the placenta.

Inflammation in preeclampsia is not limited to the placenta. We recently demonstrated
significant neutrophil infiltration into the maternal systemic vasculature in preeclampsia 24.
This infiltration was associated with inflammation of the endothelium and vascular smooth
muscle as indicated by increased expression of IL-8 and ICAM-1 in the endothelium and
vascular smooth muscle, as well as in the neutrophils themselves. We subsequently reported
that neutrophil infiltration into the maternal vasculature is associated with NF-κB
activation 12.

We chose linoleic acid as a fatty acid of concern for our study because: i) linoleic acid is
significantly higher than normal early in pregnancy in women who later develop
preeclampsia 25, 26; ii) it is significantly higher than normal in women with
preeclampsia 25, 27; and iii) it is higher in the diet of women who develop preeclampsia 28.
The concentrations of linoleic acid that we used are similar to those present in preeclamptic
women 27, and we previously demonstrated that OxLA induces lipid peroxidation in ED27
cells as evidenced by elevated thiobarbituric acid reactive substances concentrations 21. The
observation that NF-κB activation was just as great with Ox as it was for OxLA suggests
ROS as the mediator of NF-κB activation rather than lipid peroxidation.

The additive effect of OxLA and TNFα to activate NF-κB is important in the context of
preeclampsia because both circulating and placental levels of oxidized lipids 23 and
TNFα 11, 29 are elevated. Marked NF-κB activation is consistent with many of the features
of preeclampsia related to inflammation, such as elevated levels of TNFα 11, 29, IL-6 30, 31,
IL-8 24, 32, COX-2 12, 20, cytosolic phospholipase A2 33, 34, intercellular adhesion
molecule-1 24, 35, 36, and vascular cell adhesion molecule-1 37.
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In conclusion, placental levels of activated NF-κB are significantly higher in preeclampsia
than normal pregnancy. Increased placental oxidative stress and TNFα production in
preeclampsia may be responsible for the increased activation of NF-κB.
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Figure 1.
Panel A: Immunohistochemical staining of placental tissue using a mouse IgG monoclonal
isotype control, which served as a negative control. IVS indicates the intervillous space.
Panels B&C: Immunohistochemical staining of normal and preeclamptic placental tissue for
the p65 subunit of NF-κB. Normal placental tissue (panel B) showed sparse staining for NF-
κB. In contrast, preeclamptic placental tissue (panel C) stained intensely for the transcription
factor, particularly the syncytiotrophoblast cells (ST). Staining was also observed in
cytotrophoblast cells, scattered cells in the villous core and in leukocytes contained within
placental vessels (PV) in preeclamptic tissue. Images are 400x. Panel D: Magnified (1000x)
view of preeclamptic placental tissue. Arrows indicate NF-κB staining in the nuclei of
syncytiotrophoblast cells and endothelial cells. Scale bars indicate 50μm.
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Figure 2.
Activated NF-κB in normal versus preeclamptic placentas. The area of stained regions
relative to total tissue area was calculated using IP Lab software. Preeclamptic placental
tissue showed almost a 10-fold increase in NF-κB staining compared to normal placental
tissue. *p < 0.05
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Figure 3.
NF-κB activation in ED27 cells, a trophoblast-like cell line, in response to oxidative stress
and TNFα. A pGL3 reporter plasmid bearing the NF-κB binding site linked to the firefly
luciferase gene was transfected into the cells. The cells were then incubated with either
linoleic acid (LA, 45 μM), an oxidizing solution composed of hypoxanthine (3.6 mM) plus
xanthine oxidase (0.005 U/ml) plus ferrous sulfate, 50μM, (Ox), Ox enriched with linoleic
acid (OxLA, 45 μM), TNFα (2 ng/mL), or OxLA plus TNFα for 20 hours (n = 5). OxLA
induced a 3- fold increase in activation of NF-κB as compared to medium control or LA
alone. TNFα and Ox each independently increased NF-κB activation to the same extent as
OxLA. The combination of TNFα with OxLA increased NF-κB activation 10-fold. These
results were specific for NF-κB because OxLA was not able to induce an increase in
luminescence when a pGL3 basic plasmid or a mutant reporter plasmid was substituted for
the NF-κB reporter plasmid. ** p < 0.01, *** p < 0.001 Data represent mean ± SE.
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