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Preeclampsia is a hypertensive complication of hu-

man pregnancy characterized by generalized mater-

nal endothelial cell activation. Circulating pro-inflam-

matory cytokines derived from the placenta are

thought to play a key role. We recently demonstrated

that hypoxia-reoxygenation (H/R) of placental tissues

in vitro causes equivalent oxidative stress to that seen

in preeclampsia. Our aim was to determine whether

H/R also increases production of tumor necrosis fac-

tor-� (TNF-�), and whether conditioned media from

samples exposed to H/R causes activation of human

umbilical vein endothelial cells (HUVECs). Concentra-

tions of mRNA encoding TNF-� were significantly

higher in placental tissues subjected to H/R compared

to hypoxic or normoxic controls. Although there was

no difference in the concentrations of TNF-� protein

in tissue homogenates, levels of TNF-� protein in the

medium were significantly higher after H/R compared

to controls, indicating increased secretion. Further-

more, conditioned medium from samples subjected to

H/R caused increased expression of E-selectin by

HUVECs, and the addition of anti-TNF-� antibodies sig-

nificantly reduced that activation. These results are con-

sistent with our hypothesis that intermittent perfusion

of the placenta, secondary to reduced trophoblast inva-

sion, causes increased secretion of TNF-�, and that this

contributes to the activation of maternal endothelial

cells that characterizes preeclampsia. (Am J Pathol

2004, 164:1049–1061)

Preeclampsia is a human pregnancy-specific disorder,

diagnosed on the basis of newly acquired hypertension

and proteinuria after 20 weeks gestation, that affects 3 to

5% of pregnancies. It is a major cause of maternal and

perinatal mortality and morbidity, and is characterized by

an enhanced maternal systemic inflammatory response

associated with diffuse endothelial cell activation.1,2 Al-

though the mechanisms underlying the pathogenesis are

not fully understood, a key role for plasma cytokines, in

particular tumor necrosis factor-� (TNF-�), has been hy-

pothesized.3–5 Several lines of evidence support the

“TNF-� hypothesis.” Firstly, plasma TNF-� has direct con-

tact with the maternal endothelial cells in vivo. Secondly,

elevated plasma concentrations of TNF-� have been ob-

served in women with preeclampsia as compared to

normal pregnant women.3 Thirdly, chronic infusion of

TNF-� into rats during late pregnancy results in a signif-

icant increase in renal vascular resistance and arterial

pressure.6 Finally, TNF-� has been shown to up-regulate

the expression of numerous molecules such as platelet-

derived growth factor,7 cell adhesion molecules,8 endo-

thelin-1,9 and plasminogen activator inhibitor-110 in en-

dothelial cells, indicating their activation. These

molecules have detrimental effects on the vasculature,

and also characterize preeclamptic pregnancy.2 Other

effects of TNF-� on the endothelium include microvascu-

lar protein leakage3 and reduced acetylcholine-induced

vascular relaxation.11

TNF-� can be produced by a variety of cell types on

appropriate stimulation, including placental cells.12,13

The presence of a placenta is both necessary and suffi-

cient to cause preeclampsia,1 and women with complete

molar pregnancy have higher plasma levels of TNF-�14

and an increased risk of developing preeclampsia com-

pared to normal pregnant women.15 In addition, elevated

levels of TNF-� protein and mRNA have been demon-

strated in the preeclamptic placenta.16,17 Therefore, it is
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likely that the placenta is one of the major sources of

TNF-� production in preeclampsia.

The trigger for placental production of TNF-� in pre-

eclampsia is unknown, although hypoxia has been sug-

gested as a possible etiological factor.18 The most widely

recognized predisposing factor for preeclampsia is defi-

cient invasion of the endometrium by extravillous cytotro-

phoblast cells during the first trimester of pregnancy,

leading to incomplete conversion of the spiral arteries.19

These arteries often additionally display acute atherotic

changes.20 As a result, a consensus has gradually

emerged that the placental lesions associated with pre-

eclampsia arise from a state of chronic hypoxia. To sup-

port this hypothesis, it has been shown that cultured

villous explants from term human placenta produced

more TNF-� under hypoxia (2% O2) than those incubated

under standard culture conditions (20% O2).18

However, a survey of the impact of oxygen on placen-

tal development and structure indicates that the concept

of chronic placental hypoxia in preeclampsia may be

overly simplistic.21 For example, examination of placental

metabolism in preeclampsia reveals that there is no re-

duction in energy supplies as would be expected if there

were indeed chronic hypoxia.22 Furthermore, despite the

numerous claims of placental hypoxia in preeclampsia,

no direct measurements on the dissolved oxygen tension

within the intervillous space have been performed in vivo

to confirm that this is the case. By contrast, pregnancy at

high altitude is the one condition in which it is known that

the oxygen tension of the maternal arterial supply to the

placenta is significantly reduced.23 Examination of pla-

centas from uncomplicated pregnancies at high altitude

reveals that the organ is remarkably normal, and does not

show an increased level of infarction.24 It would appear,

therefore, that a reduced oxygen tension per se does not

cause the lesion most characteristically associated with

preeclampsia.

An alternative mechanism for the placental changes in

preeclampsia is ischemia-reperfusion injury. The reten-

tion of vasoreactivity in the incompletely remodeled spiral

arteries results in the maternal blood flow to the intervil-

lous space being more variable or pulsatile than normal,

as evidenced by Doppler studies.25 We suggest this

leads to fluctuations in the oxygen tension within the

placenta, so providing the basis for a hypoxia-reoxygen-

ation (H/R) type insult. Our previous work has demon-

strated that H/R leads to placental oxidative stress and

apoptotic changes,26,27 two prominent features of the

preeclamptic placenta. Here, we hypothesize that the

stress induced may also regulate production of placental

TNF-�.

The objectives of this study were therefore to deter-

mine whether H/R stimulates production of TNF-� in term

human placental tissues compared to controls kept hy-

poxic or normoxic throughout, to investigate the role of

TNF-� converting enzyme (TACE) in placental production

of TNF-� after H/R, to determine the in vitro effects of

conditioned medium from placental tissues subjected to

H/R on cultured human umbilical vein endothelial cells

(HUVECs), and to define the contribution of TNF-� to the

activation of HUVECs.

Materials and Methods

Reagents were purchased from Sigma Chemical (Poole,

UK), unless otherwise indicated.

Placental Tissue Collection, Culture, and

Conditions

Human term placentas were obtained with ethical ap-

proval and informed consent from uncomplicated preg-

nancies, and villous samples cultured, as previously de-

scribed.27 Conditions for hypoxia, normoxia, and

standard H/R were established as previously detailed.26

For H/R experiments, villous samples were cultured un-

der hypoxic conditions (dissolved PO2 12 to 16 mmHg)

for 3 hours, and then transferred to medium equilibrated

with air/5% CO2 (dissolved PO2 143 to 160 mmHg) in a

separate humidified chamber continuously flushed with

air/5% CO2 for an additional 4 hours. As controls, villous

samples were kept under either hypoxic or normoxic

(dissolved PO2 45 to 62 mmHg) conditions throughout

the 7-hour period with a change of medium at 3 hours.

Supernatant from villous tissue culture was designated as

placental-conditioned medium, while freshly prepared

placental-culture medium was designated as uncondi-

tioned medium.

In a separate set of control experiments villous sam-

ples were subjected to H/R using medium equilibrated

with either air/5% CO2 or 5% O2/5% CO2 (dissolved PO2

45 to 62 mmHg) during the reoxygenation period.

Real-Time Quantitative RT-PCR

Total RNA was extracted from different villous samples

using RNeasy Mini Kits (Qiagen, West Sussex, UK) and

then subjected to reverse transcription using SUPER-

SCRIPT II RNase H Reverse Transcriptase (Invitrogen,

Paisley, UK). Real-time quantitative PCR analysis was

performed with an ABI PRISM 7700 sequence detector

(Applied Biosystems, Foster City, CA, USA). The primers

and probes for TNF-� and TACE were synthesized by

MWG-Biotech Ltd. (Milton Keynes, UK) according to se-

quences reported previously.28 18S ribosomal RNA was

used as endogenous control and each sample was run in

triplicate. Thermal cycling was initiated with a 2-minute

incubation at 50°C, followed by a first denaturation step

of 10 minutes at 95°C and then 40 cycles of 95°C for 15

seconds and 60°C for 1 minute. Relative quantification of

TNF-� and TACE mRNA to 18S ribosomal RNA was cal-

culated by the comparative cycle threshold method.28

In Situ Hybridization

To localize the transcripts of TNF-� mRNA, frozen unfixed

villous samples were cut at 8 �m, fixed in ice-cold 4%

paraformaldehyde in phosphate-buffered saline (PBS),

washed, dehydrated, and then subjected to in situ hybrid-

ization as previously detailed.29 Single-stranded anti-

sense and sense DNA oligonucleotide probes [Human

TNF-� Probe Cocktail (R&D Systems, Oxon, UK)] were

used. These were 3� end-labeled by the addition of de-

1050 Hung et al
AJP March 2004, Vol. 164, No. 3



oxyadenosine 5�-[�-35S] thiotriphosphate (Amersham

Pharmacia Biotech, Buckinghamshire, UK), using termi-

nal deoxynucleotidyl transferase (Roche Diagnostics,

East Sussex, UK). After hybridization and washing, slides

were subjected to emulsion autoradiography. Three pla-

centas were used.

Immunohistochemistry for TNF-� and TACE

After quenching endogenous peroxidase activity and

blocking non-specific binding, sections were reacted

with the following primary antibodies: goat polyclonal

anti-human TNF-� antibody (1:200; R&D Systems) and

rabbit polyclonal anti-human TACE cytosolic domain an-

tibody (1:4000; R&D Systems). Further processing for

colorimetric detection was according to the instructions

for the Vectastain Elite ABC Kit (Vector Laboratories,

Peterborough, UK) using diaminobenzidine as the perox-

idase substrate. Negative controls include substitution of

the primary antibody with non-immune goat IgG or rabbit

serum. Seven placentas were studied.

ELISA of TNF-� in Villous Homogenates and

Placental-Conditioned Media

Frozen villous samples were homogenized, centrifuged,

and protein concentrations determined in the superna-

tants. ELISA was performed using high sensitivity kits

(R&D Systems). All samples (villous homogenates and

corresponding conditioned media) and standards were

assayed in duplicate. Results were normalized per mg

villous protein. Fourteen placentas were analyzed.

Western Blots for TACE

Western blots were performed as previously detailed.26

Protein samples were separated by 8% SDS-PAGE,

transferred to nitrocellulose membranes, and probed with

a goat polyclonal antibody against human TACE (1:1000;

Santa Cruz Biotechnology, Santa Cruz, CA). Six placen-

tas were studied.

Culture of HUVECs

HUVECs were obtained from BioWhittaker UK Ltd. (Wok-

ingham, UK), and grown in complete endothelial cell

growth medium (EGM; BioWhittaker) at 37°C with air/5%

CO2. For individual experiments, the cells were seeded at

a density of 20,000 cells/well in 24-well plates. Each well

contained a 0.1% gelatin-coated coverslip (No. 1 thick-

ness and 13-mm diameter). Cells were not used after the

third passage. After the cells reached 90% confluence,

the medium was aspirated, replaced with fresh EGM with

incremental concentrations of placental-conditioned me-

dium (1%, 10%, 50%) to a total volume of 0.5 ml in each

well, and incubated for the periods indicated. Cells grown in

EGM alone, or in EGM with the same concentrations of

placental-unconditioned media, were used as controls.

Each experimental condition was run in duplicate.

Viability Assay of HUVECs

Viability of HUVECs was measured by the trypan blue

exclusion assay using a hemocytometer.

Immunofluorescence for E-Selectin on HUVECs

After incubating for the indicated time, cells were washed

with ice-cold PBS, fixed with 2% paraformaldehyde in

PBS at 4°C for 20 minutes, and permeabilized with 1%

Tween-20 and 1% Triton-X 100 in PBS at room tempera-

ture for 5 minutes. After blocking non-specific binding,

cells were reacted with mouse anti-human E-selectin

monoclonal antibody (10 �g/ml; R&D Systems) at 4°C

overnight. After washes, cells were incubated with FITC-

conjugated goat anti-mouse IgG (1:50; CN Biosciences,

Nottingham, UK) at room temperature for 1 hour. The

coverslips were inverted, mounted with Vectashield-DAPI

(Vector Laboratories) and observed with a Leica TCS-

NT-UV confocal microscope (Leica Microsystems, Hei-

delberg, Germany). Negative controls were obtained by

substitution of the primary antibody with mouse isotypic

IgG1 (DAKO, Bucks, UK).

For quantification of surface E-selectin expression, all

settings including laser power, the acousto-optic thresh-

old filter, and detection photomultiplier tube gain were

kept constant throughout. To avoid bleaching, digital im-

ages from 15 randomly selected fields for each coverslip

were rapidly saved for later analysis. Quantitative assess-

ment was achieved using the Leica true confocal scan-

ner-Windows NT quantification software to measure total

fluorescent intensity of each field blind to the culture

conditions. The values for the negative controls served as

an index of background fluorescence and were sub-

tracted from the experimental results. Finally, the values

were normalized to the number of cells within the field.

Effects of Anti-TNF-� Antibody on the

Expression of E-Selectin

To determine the contribution of secreted TNF-� to the

expression of E-selectin, placental-conditioned media

from villous tissues subjected to H/R were pre-treated

with a goat anti-human TNF-� antibody (R&D Systems) at

a final concentration of 0.01 to 10 �g/ml at 37°C for 1 hour

before mixing with the EGM. After 24 hours of incubation,

cells were processed as above and the immunofluores-

cence of E-selectin was measured. Controls included omis-

sion of the anti-TNF-� antibody or substitution with non-

immune goat IgG at a final concentration of 10 �g/ml.

Statistical Analysis

Data are presented as mean � SEM or median and inter-

quartile ranges, and statistical analysis was computed with

analysis of variance or Kruskal-Wallis non-parametric tests,

as appropriate. Sheffe’s post hoc tests were performed if

significant effects were determined. Differences between

two groups were evaluated with the Student’s t-test. Statis-

tical significance was set at a P � 0.05.
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Results

Expression of TNF-� mRNA after H/R

In situ hybridization showed that the signal for TNF-�

mRNA was confined mainly within the stromal cells (Fig-

ure 1). In general, villous samples subjected to standard

H/R had more clusters of signal in the stroma than hy-

poxic or normoxic controls. Using real-time quantitative

PCR there was an increase in TNF-� mRNA at 3 hours

under normoxic conditions, but concentrations then re-

mained stable to 7 hours. Hypoxia caused a similar level

at 3 hours, but this doubled at 5 hours and then went

down at 7 hours. By contrast, concentrations in villous

tissues subjected to H/R remained at a median level of

400-fold increase of TNF-� mRNA expression at 7 hours

as compared to time 0 (Figure 1). There was no differ-

ence in concentrations between tissues reoxygenated

with 21% or 5% O2 (P � 0.519, n � 3, data not shown)

Immunohistochemistry for TNF-�

There was an apparent increase in the immunostaining

after 7 hours of in vitro culture compared to time 0 in all

three groups (Figure 2). The staining was mainly in the

stromal area and occasionally in the endothelium. Fur-

thermore, greater staining was noted in the syncytiotro-

phoblast after standard H/R. There was considerable

variability among the placentas tested, however, so it was

difficult to determine whether there was a genuine differ-

Figure 1. In situ hybridization showing signal for TNF-� mRNA were mainly localized within the stromal cells. In general, villous samples subjected to H/R (d) had more
clusters of signal in the stroma than tissues sampled immediately after delivery (a), and kept under hypoxia (b) or normoxia throughout (c). Villous samples incubated
with sense probes served as negative controls (e). Bar, 50 �m. f: Temporal expression of TNF-� mRNA under different culture conditions. Values presented as median
and interquartile ranges for six placentas. *, P � 0.05; **, P � 0.01, compared to time 0; †, P � 0.05, compared to normoxic and hypoxic controls.
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ence in the overall staining intensity between these three

culture conditions.

Concentrations of TNF-� in Villous

Homogenates and Conditioned Media

ELISA on villous tissue homogenates confirmed the im-

pression gained from the immunohistochemistry. After 7

hours of culture there was a significant increase in tissue

concentrations of TNF-� compared to time 0 (Figure 3a).

There was no difference between hypoxia, normoxia, or

standard H/R however, as a 6- to 8-fold range of variation

between placentas was noted. Equally, there was no

difference between tissues subjected to reoxygenation

with either 21% or 5% O2 (P � 0.271, n � 6, data not

shown). By contrast, TNF-� concentrations in the condi-

tioned media were 1 to 200 times higher than those in the

tissue homogenates (Figure 3b). In addition, concentra-

tions were significantly higher in the medium from villous

samples subjected to standard H/R compared to that

from the normoxic controls. Again, no difference was

observed between tissues rexoygenated with 21% or 5%

O2 (P � 0.934, n � 6) (Figure 3c). Taken together, these

data suggest that most of the TNF-� produced was re-

leased into the medium.

Temporal Expression of TACE mRNA after H/R

All three culture conditions showed a similar pattern of

change in TACE mRNA expression; a mild increase at 3

hours that remained stable to 7 hours (Figure 4a). There

was no significant difference between hypoxia, normoxia,

or H/R.

Immunohistochemistry and Western Blot

Analysis for TACE

In tissues sampled immediately after delivery, immuno-

histochemistry revealed that TACE was mainly localized

in the villous endothelium, some of the stromal cells, and,

to a lesser extent, in the syncytiotrophoblast (Figure 4b).

After 7 hours of culture, there was a general mild de-

crease in the immunostaining, particularly in the syncy-

tiotrophoblast (Figure 4, c to e). Western blot analysis

also revealed that there was a decrease, though not

statistically significant, in the tissue concentrations of

TACE after 7 hours of culture (Figure 4f). There was no

significant difference in the levels of TACE between hy-

poxia, normoxia, or H/R.

Placental-Conditioned Medium Reduces the

Viability of HUVECs

Figure 5 shows the effects of incremental concentrations

of placental-conditioned medium (1%, 10%, 50%) with

EGM on the viability of HUVECs. After 24 hours of incu-

bation, the overall viability of HUVECs grown in EGM

alone was 90%. There was a concentration-dependent

response, though not statistically significant, in cells

Figure 2. Immunohistochemistry of TNF-� in tissues sampled immediately after delivery (a), kept under hypoxia (b), normoxia (c), and subjected to H/R (d).
There was an increase in the immunostaining, mainly in the stromal area and occasionally in the endothelium, after 7 hours of culture in all conditions as compared
to time 0. More staining in the syncytiotrophoblast was also noted after H/R. Bar, 50 �m.
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grown in conditioned media from villous tissues kept at

normoxia or in placental-unconditioned media (Figure

5a). The difference became statistically significant in

cells incubated with conditioned media from villous tis-

sues subjected to standard H/R. Incubation with 50%

placental-conditioned medium caused significantly more

endothelial cell death than 1% placental-conditioned me-

dium (Figure 5a, P � 0.05). However, at a final concen-

tration of 50% placental-conditioned medium, there was

no difference in the overall viability between cells grown

in conditioned media from villous tissues subjected to

H/R and those grown in conditioned media from villous

tissues kept at normoxia or in placental-unconditioned

media. As a result, all subsequent experiments were

carried out using a growth medium containing 50% pla-

cental-conditioned medium and 50% complete EGM.

Next, the effects of the length of the incubation period

on the viability of HUVECs grown in a final concentration

of 50% placental-conditioned medium were examined

(Figure 5b). When viability at 48 hours was compared

between the four groups the overall viability was signifi-

cantly lower in cells grown in conditioned media from

villous tissues subjected to H/R (P � 0.01) or kept at

normoxia (P � 0.05), compared to those grown in EGM

alone. When comparisons were made between viability at

24 and 48 hours within each group, it was found that 48

hours of incubation generally resulted in fewer viable

cells, particularly in cells grown in medium containing

placental-conditioned medium from villous tissues sub-

jected to H/R (P � 0.05).

Immunofluorescence for E-Selectin Expression

on HUVECs

Immunofluorescence of E-selectin was first detectable

after 6 hours of incubation and became more apparent at

24 hours on cells exposed to placental-conditioned me-

dia from villous tissues subjected to H/R or kept at nor-

moxia throughout (Figure 6). In contrast, placental-un-

conditioned media caused only a few cells to express

E-selectin at 24 hours of incubation. This was further

confirmed by the quantitative analysis of the immunoflu-

orescent intensity of E-selectin on endothelial monolayers

(Figure 7). At 24 and 48 hours of incubation, E-selectin

was significantly higher on cells grown in placental-con-

ditioned media from villous tissues subjected to H/R or

kept at normoxia throughout, as compared to controls

with EGM alone or with placental-unconditioned media

(Figure 7a). To compare the effects of placental-condi-

tioned medium from villous tissues subjected to H/R and

those from villous tissues kept at normoxia throughout,

immunofluorescent intensity of E-selectin was further nor-

malized per milligram of villous protein to correct for

variation in the size of each villous sample when gener-

ating the conditioned medium. After 24 hours of incuba-

tion, conditioned medium from villous tissues subjected

to H/R significantly caused more E-selectin expression

than conditioned medium from villous tissues kept at

normoxia (Figure 7b). However, the difference became

Figure 3. TNF-� levels in villous homogenates (a), in the conditioned me-
dium (b) after 7 hours of incubation under hypoxia, normoxia, or standard
H/R, and in the conditioned medium (c) following reoxygenation under 5%
O2 and 21% O2. Central bars represent median values; boxes represent
interquartile ranges; and whiskers represent the 90th and 10th percentiles.
*, P � 0.05; **, P � 0.01, compared with time 0; †, P � 0.05, compared to
normoxia. Fourteen placentas were studied for (a) and (b), and six placentas
for (c).
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non-significant at 48 hours of incubation due to increased

variability within the groups.

Effects of Anti-TNF-� Antibody on Expression of

E-Selectin

Figure 8 summarizes the effects of anti-TNF-� antibody

on the expression of E-selectin. Pretreatment of the pla-

cental-conditioned medium from villous tissues sub-

jected to H/R with the anti-human TNF-� neutralizing

antibody at a final concentration of 1 to 10 �g/ml signif-

icantly reduced the E-selectin by 40%.

Discussion

In this study, hypoxia-reoxygenation caused an increase

in placental TNF-� mRNA level, and increased produc-

tion of TNF-� which was principally secreted into the

Figure 4. a: Temporal expression of TACE mRNA under different culture conditions. *, P � 0.05, compared to time 0. However, no significant change was noted
between hypoxia, normoxia, or H/R. Data presented as median and interquartile ranges for six placentas. Immunohistochemistry of TACE (b–e). In villous tissues
sampled immediately after delivery (b), the immunostaining was mainly localized in the villous endothelium, some of the stromal cells and to a lesser extent the
syncytiotrophoblast. After 7 hours of culture, there was generally a mild decrease in immunostaining, particularly in the syncytiotrophoblast, in villous samples
kept under hypoxia (c), normoxia (d), and subjected to H/R (e). Bar, 50 �m. f: Western blot analysis revealed a decrease in tissue levels of TACE, though not
statistically significant, after 7 hours of culture as compared to time 0. There was no significant difference in levels of TACE between hypoxia, normoxia, or H/R.
Data presented as mean � SEM for six separate experiments. Representative blots shown in the above. T, time 0; H, hypoxia; N, normoxia; H/R, hypoxia-
reoxygenation.
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culture medium. The fact that the rise in tissue TNF-�

mRNA, and tissue and supernatant concentrations for

TNF-� protein were the same following reoxygenation

with 5% or 21% oxygen confirms that this is an H/R effect

rather than a hyperoxic insult. Furthermore, conditioned

medium from villous tissues subjected to H/R caused

growth disturbance and expression of E-selectin on cul-

tured HUVECs. It was found that TNF-� in the conditioned

medium contributed, at least in part, to the activation of

HUVECs.

The most likely source of TNF-� production in human

placenta is the villous stromal cells, particularly the mac-

rophages. Our in situ hybridization results localized

TNF-� transcripts principally within the stromal cells, and

are supported by studies using multi-label flow cytom-

etry.30,31 However, other reports have shown TNF-�

mRNA to be present in the syncytiotrophoblast of term

placenta by in situ hybridization, and by RT-PCR on cy-

totrophoblast preparations.12,13 Differences in design

and sensitivity of the probes (oliogonucleotide versus

riboprobes) and the presence of contaminating cells in

the cytotrophoblast preparations may explain these in-

consistencies.

The cause for the increased placental expression and

production of TNF-� is unclear, but generation of reactive

oxygen species (ROS) as a result of H/R may play an

important role. Our previous work has shown that re-

oxygenation with either 5% or 21% oxygen causes exten-

sive formation of ROS within placental tissues.26 Although

little is known about the intracellular signaling cascade

leading to placental production of TNF-�, considerable

information exists concerning the roles of p38 mitogen-

activated protein (MAP) kinase and nuclear factor-�B

(NF-�B) in lipopolysaccharide (LPS)-induced TNF-� pro-

duction in macrophages.32 Using placental explants in-

cubated with LPS in the presence or absence of sul-

fasalazine, an inhibitor for NF-�B activation, Lappas and

colleagues33 demonstrated that NF-�B activation regu-

lates the production of TNF-� in human placentas. Fur-

thermore, evidence from other organ systems such as

heart and kidney shows that ROS can activate p38 MAP

kinase and NF-�B.34 Therefore, the induction of TNF-�

gene transcription following H/R is likely to be due to

direct activation of p38 MAP kinase and NF-�B by locally

formed ROS.

Another possible mechanism for the increased pro-

duction of TNF-� involves increased post-translational

processing by TACE.35 Up-regulation of TACE mRNA

and protein with associated increased enzyme activity

has been reported in in vitro models of ischemia-reperfu-

sion on rat cortical cultures.36 However, we were unable

to detect significant changes in the level of TACE mRNA

and protein in our samples subjected to H/R. It seems

unlikely, therefore, that TACE protein plays an important

part in the increased secretion of TNF-� induced by H/R,

although activity of the enzyme was not studied.

Because the activity of TNF-� is usually exerted over a

short radius via autocrine or paracrine effects, detection

of a substantial increase in the amount of this cytokine in

the culture medium reflects not only excessive produc-

tion but also saturation of the binding capacities of its

receptors within the tissue. This could explain why there

was no difference in the overall immunostaining and lev-

els of immunoreactive TNF-� measured by ELISA in vil-

lous samples subjected to hypoxia, normoxia, or H/R.

The placenta is often thought to be the source of the

increased circulating TNF-� in preeclampsia, but a re-

cent study showed that while concentrations in peripheral

and uterine venous blood were elevated in preeclamptic

patients compared with normal pregnant women, the

ratio between the two was not significantly different from

1.0 for either patient group.37 However, these measure-

ments were performed at the time of caesarean delivery,

by which time the syndrome was fully established and

additional sources of TNF-� may have masked the pla-

Figure 5. a: Effects of increasing concentrations of placental-uncondi-
tioned or -conditioned medium (black bars, 1%; gray bars, 10%; open
bars, 50%) on the viability of HUVECs after 24 hours of incubation. *, P �

0.05; compared to 1% placental-unconditioned or -conditioned medium.
Hatched bar, cells grown in endothelial cell growth medium (EGM)
alone. b: Effects of incubation period on the viability of HUVECs grown
in a final concentration of 50% placental-conditioned medium. Gray
bars, 24 hours of incubation; black bars, 48 hours of incubation. *, P �

0.05; **, P � 0.01, compared to cells grown in EGM alone. †, P � 0.05,
compared to 24 hours of incubation. PCM, cells grown in placental-
unconditioned medium; Normoxia, cells grown in conditioned medium
from villous tissues kept at normoxia throughout; H/R, cells grown in
conditioned medium from tissues subjected to hypoxia-reoxygenation.
Data presented as mean � SEM from four and three different experiments
in (a) and (b), respectively.
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Figure 6. Temporal change of immunofluorescence for E-selectin on HUVECs after incubation with placental-unconditioned medium (a–d), conditioned medium
from tissues kept under normoxia (e–h), or conditioned medium from tissues subjected to H/R (i–l). Immunofluorescence for E-selectin was first detectable after
6 hours of incubation and became more apparent at 24 hours in cells grown in media containing placental-conditioned media from tissues subjected to H/R or
kept normoxic throughout. In contrast, placental-unconditioned media caused only a few cells to express E-selectin at 24 hours.
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cental contribution. The possibility that placental produc-

tion plays an important role in initiating the disease, either

directly or by activating maternal leukocytes during their

passage through the organ, cannot be discounted. In an

in vitro model treatment of cultured syncytiotrophoblast

with TNF-� up-regulated apical expression of ICAM-1 in a

concentration-dependent response, with enhanced

adhesion of maternal monocytes.38 Furthemore, Mel-

lembakken and co-workers39 compared the expres-

sion of adhesion molecules and complement-related

markers on neutrophils and monocytes obtained simul-

taneously from the antecubital and uterine veins during

caesarean sections and found significant activation of

neutrophils and monocytes during utero-placental pas-

sage in preeclamptic, but not in normal pregnancies.

Together, these findings suggest that a local inflamma-

tory response involving enhanced leukocyte-syncy-

tiotrophoblast interaction may contribute to an alter-

native pathogenesis of preeclampsia. When these ac-

tivated leukocytes enter the maternal circulation they

may cause peripheral endothelial cell activation.

There were several reasons why E-selectin was cho-

sen as a marker for endothelial cell activation. First, E-

selectin is endothelial cell-specific and is expressed only

after de novo synthesis following activation.40 Second,

E-selectin plays a key role in the neutrophil-endothelial

adhesion.41 Third, soluble E-selectin has been sug-

gested as an indicator of alteration in the functional state

of the endothelial cells and elevated circulating levels of

soluble E-selectin have been reported in patients with

preeclampsia as compared to normal pregnant wom-

en.42 The kinetics of E-selectin expression in HUVECs

following stimulation by TNF-� have been previously

characterized.40 Expression peaks in 4 to 6 hours, de-

clines to basal levels by 24 to 48 hours, and requires de

novo mRNA and protein synthesis. Our efforts to define

the temporal change of E-selectin expression after incu-

bation with the conditioned medium revealed a persistent

increase at 24 hours and even higher, though not statis-

tically significant, at 48 hours. Other factors, such as

interleukin-1� (IL-1�) and interferon-� (IFN-�), may be

present in the conditioned medium and aggravate or

regulate the expression of E-selectin. This is compatible

with our finding that although pretreatment of the placen-

tal-conditioned medium from villous tissues subjected to

H/R with the anti-human TNF-� antibody reduced the

E-selectin expression in a concentration-dependent re-

sponse, it did not abolish it entirely. IL-1� is another

potent stimulus for the expression of E-selectin40 and

IFN-�, though not itself inducing E-selectin expression,

appears to prolong its expression in endothelial cells in

response to TNF-� stimulation.43

There is clearly an overlap in the effects caused by the

hypoxia and H/R. Both may also arise from the same

underlying problem of impaired conversion of the spiral

arteries, and thus are difficult to separate on a clinical

basis. We must therefore speculate as to which is the

more likely scenario. It is well established that in many

cases of late-onset preeclampsia fetal and placental

weights are normal. This argues against chronic hypoxia

being the causative agent, as does the constancy of

energy levels within the placental tissues.22 Furthermore,

our in vitro work has demonstrated that of the two insults,

H/R is by far the most potent at inducing the placental

changes seen in preeclampsia. Although hypoxia can

induce some of the same changes, it should be noted

that the level of hypoxia used to induce these changes

was almost certainly incompatible with survival of a fetus

in vivo. Finally, the demonstration of increased expression

of xanthine oxidase in the preeclamptic placenta pro-

vides arguably the strongest evidence for the potential of

an H/R injury.44 All these points reinforce the general

concept that, at physiological levels, fluctuations in the

oxygen concentration are more important than the abso-

lute level in regulating cell behavior.

Figure 7. a: Expression of E-selectin on HUVECs after 24 and 48 hours of
incubation in EGM only (hatched bars), in placental-unconditioned me-
dium (open bars) or in placental-conditioned media from tissues subjected
to H/R (black bars), kept at normoxia (gray bars). ***, P � 0.001, compared
to EGM controls at 24 hours. †, P � 0.01; ‡, P � 0.001, compared to EGM
controls at 48 hours. Data presented as mean � SEM for three separate
experiments. b: HUVECs grown in conditioned medium from villous tissues
subjected to H/R (black bars) expressed significantly more E-selectin than
those grown in conditioned medium from villous tissues kept at normoxia
(gray bars) at 24 hours of incubation. The difference became non-significant
at 48 hours. ***, P � 0.001. Data presented as mean � SEM for three separate
experiments.
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Figure 8. Pretreatment of placental-conditioned medium from villous tissues subjected to H/R with incremental concentrations of anti-human TNF-� neutralizing
antibody significantly attenuated expression of E-selectin (b–e), in a concentration-dependent response (f). *, P � 0.05; ***, P � 0.001, compared to cells grown
in placental-conditioned medium only. Hatched bar, placental-conditioned medium with 10 �g/ml non-immune goat IgG. Data represented means � SEM for
three separate experiments. Optical sections were taken through the mid-position of the cells (a–e). Bar, 20 �m.
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