
Oxygen and the liberation of placental factors
responsible for vascular compromise
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Maternal endothelial activation in pre-eclampsia is attributed to the release of unknown factors from a hypoperfused
placenta. To further characterize these factors, we have used a serum-free placental villous explant culture model and
investigated the effect of the liberated soluble factors produced on human endothelial cell cultures. Term placental
villous explants from uncomplicated pregnancies were cultured for 4 days in 20, 6 or 1% O2 to mimic placental hyperoxia,
normoxia and hypoxia. Medium collected from viable explants was applied to cultured human uterine microvascular
endothelial cells. Medium conditioned by hypoxic explants caused a significant decrease in endothelial cell ATP levels and
mitochondrial dehydrogenase activity, suggestive of a reduced metabolic rate. An additional reduction in mitochondrial
membrane potential and increased endothelial cell death occurred as the oxygen concentration to which explants had
been exposed decreased. Effects of the hypoxic explant medium were also seen ex vivo in a wire myography model of
myometrial artery function, with increased vasoconstriction and attenuated vasodilation following exposure to hypoxic
explant medium. These results suggest that hypoxia (1% O2) may stimulate the release of soluble factors from the
placenta, which have an adverse effect on endothelial cell metabolism and mitochondrial integrity in vitro. These
potentially pathogenic factors are now being characterized.
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There is accumulating evidence for a pathogenic model of
pre-eclampsia in which deficient trophoblast invasion
of maternal spiral arteries leads to a poorly perfused feto-
placental unit. The hypoperfused placenta is thought to
release into maternal circulation factors that cause wide-
spread activation of the vascular endothelium and the clinical
syndrome. In vitro studies support the existence of a
circulating bioactive factor: for example, exposure of either
cultured cells or resistance arteries to plasma from women
with pre-eclampsia leads to altered endothelial function.1–5

A major risk factor for pre-eclampsia is reduced
uteroplacental blood flow in mid-pregnancy,6 suggesting that
hypoxia could play an important role in the etiology of the
disease. Several in vitro studies provide evidence that
placental hypoxia is related to pathophysiology. For example,
increased trophoblast shedding into the maternal circulation,
which occurs in women with pre-eclampsia, is seen when
villous tissues are cultured at 2% O2.

7 Changes to the normal
trophoblast life cycle occur under hypoxic conditions,

evidenced both by increased rates of cytotrophoblast
proliferation7 and reduced syncytial fusion in vitro.7,8

Hypoxia (2% O2) also inhibits activin A production by tro-
phoblast9 and downregulates syncytin expression,10 both of
which are necessary for fusion. Alterations in the production
of vasculogenic mediators such as vascular endothelial
growth factor (VEGF), placental growth factor and soluble
fms-like tyrosine kinase-1 (sFlt-1), from trophoblast cells
occur under reduced oxygen,11,12 similar to the alterations in
production seen in pre-eclampsia, and these have also been
proposed to contribute to disease pathogenesis.13,14

A method for identifying pathogenic components in
pre-eclampsia would aid our understanding of the disease
and could also facilitate the identification of at-risk
women. Preliminary characterization studies have demon-
strated that the vasoactive factor in plasma is likely to be a
protein or associated with a protein.15 Plasma complexity,
and the fact that a few abundant proteins contribute to over
85% of its proteome,16 makes the direct identification of
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low-abundance proteins in maternal blood highly proble-
matic. To test the hypothesis that oxygen regulates the
production of soluble factors from the placenta, which
influence vascular endothelial cell function, conditioned
medium from explants exposed to different oxygen tensions
was applied to endothelial cells in culture and bioassays
measuring different aspects of endothelial cell function were
conducted. The methodology described can form the basis
of future protocols to identify pathogenic components of
placental origin.

MATERIALS AND METHODS
General
This study was performed with approval from the Ethics
Committee of Central Manchester Healthcare Trust for
implementation in St Mary’s Hospital. Informed written
consent was obtained for all tissues used in the study, in
compliance with the Helsinki Declaration. Term placentae
(37–42 weeks gestation) were obtained at delivery (vaginal or
post-elective Caesarean section) from women with otherwise
uncomplicated pregnancies. Myometrial biopsies were
obtained at delivery by Caesarean section from the upper lip
of the lower segment incision, from women with
uncomplicated pregnancies. Unless otherwise stated, general
chemicals were obtained from Sigma-Aldrich (Poole, UK).

Villous Explant Culture
Three areas of each placenta were sampled randomly from
midway between the chorionic and basal plates, and were
dissected within 30min of delivery. The villous tissue was cut
into pieces of similar weight (approximately 5mg) and three
pieces were cultured on a single individual Netwell support
(15-mm diameter, 74-mm mesh; Corning, NY, USA).
Cultures were maintained at 371C in a humidified gas mix-
ture of 1, 6 or 20% O2 to mimic physiological and non-
physiological intervillous oxygen tensions, with 5% CO2 and
N2 in 1.5ml of serum-free microvascular endothelial cell
culture medium (TCS Cellworks). Preliminary studies
demonstrated that explants were maintained in this serum-
free medium for 5 days of culture without loss of viability, as
measured by human chorionic gonadotropin secretion and
lactate dehydrogenase (LDH) release.17 Medium for the
explants was changed and replaced with pre-oxygen-condi-
tioned medium every 24 h for 5 days. The medium was
collected from day 4 of culture (B96 h), when hormone
production was rising exponentially.18 Collected samples
were centrifuged at 3000 g to remove cellular debris and the
supernatants were aliquoted and stored at �801C for later
investigation in the endothelial bioassays.

Cell Culture
Uterine microvascular endothelial cells (UtMVEC) were
obtained from Cambrex (product code CC-2564; Verviers,
Belgium) (passage three, and used up to passage ten). These
consist of endothelial cells from small uterine vessels,

including both spiral arteries and vessels preceding the spiral
arteries. The culture medium was the same as that for
placental explant cultures (microvascular endothelial cell
medium), supplemented with fibroblast growth factor
(20 ng/ml), epidermal growth factor (10 ng/ml), penicillin
(100U/ml), streptomycin (100 mg/ml) and 5% fetal
bovine serum (Gibco, Paisley, UK). The cultures were grown
as monolayers in a humidified atmosphere of 5% CO2

at 371C. Unless otherwise stated, for all endothelial
bioassays, cells were plated into 96-well culture plates at a
density of 5000 cells/well in standard medium and left
for 24 h to attach. Medium was removed and the wells
washed in phosphate-buffered saline (PBS) (� 2) before
applying 50% explant-conditioned medium from day 4
of culture (at 20, 6 or 1% O2) and 50% standard serum-free
medium.

MTT Test
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) test estimates mitochondrial oxidative pro-
cesses in living cells.19 Mitochondrial dehydrogenase cleaves
MTT to generate a quantitative colorimetric assay of
mitochondrial redox potential. A variety of dehydrogenase
enzymes in active mitochondria convert the water-soluble
tetrazolium dye MTT to its reduced form, resulting in the
formation of blue fomazan dye. Cells were cultured in clear
96-well plates (Corning Costar, High Wycombe, UK). An
MTT stock solution of 5mg/ml in PBS was prepared and
added to each well at a quantity equal to one tenth of the
total volume. Further incubation was conducted for 3 h at
371C in an atmosphere of 5% CO2. At the end of this period,
the solution was carefully aspirated and the cells washed with
PBS. A 100-ml volume of dimethylsulfoxide was subsequently
added to dissolve the blue-colored formazan particles. The
plate was read in a microplate reader at an absorbance of
550 nm.

Measurement of Cellular ATP
Direct measurements of ATP levels were obtained using the
bioluminescent ViaLight kit (Cambrex) based on a luciferase/
luciferin reaction assay. For these experiments, endothelial
cells were cultured in clear-bottomed, white-welled, 96-well
culture plates (Corning Costar) designed for optimal lumine-
scence measurements, and the bases were covered before
taking readings. Following removal of culture medium,
nucleotides were released from the cultured endothelial cells
by the addition of 50 ml of cell lysis reagent. After at least
10min at room temperature, 100 ml of ATP-monitoring
reagent containing luciferin–luciferase was added to each well
and the plate was loaded into a Gemini XS fluorescent plate
reader (Molecular Probes, Paisley, UK) and luminescence was
detected. After 2min the ATP levels were measured and the
results were expressed as relative light units.
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Determination of Mitochondrial Transmembrane
Potential
Mitochondrial transmembrane potential (DCm) was
determined using the dual-emission mitochondrial dye JC-1,
(5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolocarbo-
cyanine iodide). JC-1 is a lipophilic, cationic molecule
capable of crossing the plasma membrane and specifically
binding to the mitochondrial membrane. In the cytosol and
the mitochondria, at low DCm the monomeric form of JC-1
fluoresces green (emission B525 nm), whereas within the
mitochondrial matrix at high DCm, JC-1 is able to form
aggregates, which fluoresce red (emission B590 nm).
Excitation and emission spectra of the dual-emission probe
JC-1 were determined using wavelength scans on the Gemini
XS fluorescent plate reader. The excitation peak was at
490 nm, with the emission maximum at 530 nm for the
monomer, and the excitation peak and the emission max-
imum for the aggregate were 530 and 600 nm, respectively.
On the basis of these findings, the excitation filter 490 nm
and the emission filter 530 nm were selected for the green
signal, and excitation filter 530 nm and emission filter
600 nm were selected for the red signal for further
measurements. Cultured cells were grown in black-welled,
96-well plates for fluorescent readings (Corning Costar), and
the plate bases were covered before reading. Cells were in-
cubated with JC-1 at a final concentration of 1 mM at 371C
for the last 30min of the experiment. Red and green fluore-
scence were quantified using the fluorescent plate reader.
Mitochondrial depolarization was induced in the cells by
applying different concentrations of the mitochondrial in-
hibitor antimycin A (5–20 mM) for 1 h. Antimycin A inhibits
the flow of electrons from cytochrome b to cytochrome c1 in
the energy-coupling site of the respiratory system.

Measurement of Endothelial-Cell Apoptosis/Necrosis
Apoptotic cells were identified by the terminal dUTP
nick-end labeling (TUNEL) method, using a commercial kit
that labels DNA strand breaks using fluorescein (Roche
Diagnostics). UtMVEC were grown on glass coverslips in
24-well plates. Following incubation with 50% explant-con-
ditioned medium for 6 h, cells were fixed with 4% (v/v)
paraformaldehyde in PBS for 20min at room temperature.
Following three washes in PBS, cells were incubated with
permeabilization solution (0.1% Triton (v/v) in 0.1% sodium
citrate (w/v) in H2O) for 8min and again washed in PBS.
Slides were allowed to air dry before applying 40 ml of
TUNEL reagent per coverslip, and incubating at 371C for 1 h
in a humidified chamber in the dark. The working TUNEL
reagent solution was prepared according to the manu-
facturer’s instructions. For positive control slides, sections
were treated with 3000U/ml DNase I for 10min at 251C
before the TUNEL reaction. After incubation with TUNEL
reagent, coverslips were washed in PBS and mounted
using mounting medium containing propidium iodide
(Vectashield, Peterborough, UK). Quantification of the

number of TUNEL-positive nuclei per field was blinded from
a total of six random fields per coverslip. The total number of
nuclei per field was also counted, and TUNEL-positive nuclei
were expressed as a percentage of the total number of nuclei
per microscopic field. A total of 18 images were taken for
each condition, using conditioned medium from three
separate explants. LDH release from cells exposed to explant
medium was determined using a cytotoxicity detection
kit (Roche Diganostics, Lewes, UK) according to the
manufacturer’s instructions.

Angiogenesis Assay
When seeded onto an extracellular matrix such as Matrigel
(BD Biosciences, Oxford, UK), endothelial cells undergo an
angiogenic-like process characterized by tubule formation.
The length and number of tubules formed provide a simple
measurement of angiogenesis. The angiogenic assay was
carried out as described previously.20 Briefly, UtMVEC were
plated onto Matrigel-coated 24-well plates (B3� 104 per
well) in the presence of 50% explant-conditioned medium
from 20, 6 or 1% oxygen cultures, and 50% microvascular
endothelial cell medium. Plates were incubated at 371C for
6 h under 20% oxygen, and cells were then fixed using
ice-cold 70% ethanol. Endothelial tubules were visualized
by staining with eosin. For each well, eight fields were
systematically selected across the plate in an identical pattern.
All samples were run in duplicate and a total of 64 images
were taken for each oxygen condition.

Wire Myography
Myometrial biopsies were obtained at delivery by Caesarian
section and placed directly in ice-cold physiological salt
solution (PSS, containing the following (in mM): 119.8 NaCl,
25 NaHCO3, 4.7 KCl, 2.4 MgSO4, 1.6 CaCl2, 1.2 KH2PO4, 6.1
glucose, 0.034 EDTA; pH 7.4). Myometrial small arteries were
identified under a stereomicroscope, dissected and carefully
cut into length of approximately 2-mm and mounted onto
two 40-mm steel wires in a wire myograph (M610; Danish
Myo Technology, Aarhus, Denmark) as previously
described.21 Myometrial artery diameter was 274±20 mm
(n¼ 33 arteries from nine patients). Following mounting,
vessels were bathed in 6ml of PSS at 371C and normalized to
0.9 of L13.3 kPa using the classical normalization procedures
described elsewhere.21,22 Vessels were continuously gassed in
5% CO2 in air (o20% O2; 156mmHg).

Contraction/Relaxation Responses of Myometrial
Small Arteries
Vessel viability was assessed by constriction with 120mM
potassium solution (KPSS; equimolar replacement of NaCl
with KCl). Following constriction, vessels were washed to a
stable baseline with 6ml PSS. Dose–response constriction
curves to arginine vasopressin (AVP; 0.1–10 nM; five doses,
2-min intervals) were constructed, followed by relaxation to
bradykinin (BK; 0.01–1000 nM; six doses, 2-min intervals).
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Upon completion of the dose–response curves, vessels were
washed to a stable baseline tension using 6ml PSS, and
then washed with 6ml of 50% standard culture medium
(microvascular endothelial cell medium)/50% PSS. Pilot
experiments indicated that after incubation of vessels in
standard cell culture medium for 6 h, contractility was lost,
with no response to increasing doses of AVP being apparent
(data not shown), and therefore a 2-h incubation period
was selected for further analysis. Vessels were incubated
with hypoxic (1% O2) explant-conditioned medium (50%
explant-conditioned medium, 50% PSS), or with control
medium (50% culture medium, 50% PSS). Following
incubations, the vessels were washed in PSS and constriction
and relaxation to AVP and BK was repeated as outlined
above. Vessel tension, expressed as DT (active wall tension,
mN/mm), was transformed to active effective pressure (kPa)
to standardize data by vessel diameter, and then data were
expressed as percentage of KCl constriction to standardize for
variations in vessel contractile ability. Relaxation was ex-
pressed as a percentage of the maximum constriction to AVP.

Measurement of Release of Vasoactive Substances,
Nitrite, Endothelin-1 and Prostacyclin
Cells were grown in 24-well culture plates at 50 000 cells/well,
and treated with 50% explant medium from normoxic,
hyperoxic and hypoxic placental explants as described above.
After 24 h of incubation, supernatants were collected,
centrifuged to remove cellular debris and stored at �801C
until assay. Nitrite production was determined by a colori-
metric assay, following the spontaneous oxidation of nitrite
oxide under physiological conditions. This assay is based on
the Griess diazotization reaction.23 An aliquot of cell super-
natant (150 ml) was mixed with 20 ml Griess reagent (1%
sulfanic acid and 0.1% N-(1-naphthyl)ethylenediamine di-
hydrochloride in 5% phosphoric acid; Molecular Probes) in a
clear 96-well plate. After incubation at room temperature for
30min, absorbance was read at 548 nm. A standard curve was
generated using serial dilutions of sodium nitrite. Production
of prostacyclin (PGI2) by endothelial cells was determined by
measuring the level of the stable metabolite 6-keto-pros-
taglandin F1a (6-keto-PGF1a) by a competitive colorimetric
enzyme immunoassay (Assay Designs, Cambridge, UK). This
assay is based on the competitive binding of 6-keto-PGF1a
with a fixed amount of alkaline phosphatase-labelled 6-keto-
PGF1a for sites on a sheep polyclonal antibody. A quantitative
two-step colorimetric sandwich ELISA (R&D Systems,
Abingdon, UK) was used for the quantitative determination
of endothelin-1 (ET-1) in the endothelial cell supernatants.

Removal of Abundant Proteins
Particulate material was removed from the explant medium
using a 0.45 mm syringe filter. An IgY immunodepletion
column (ProteomeLabt Spin Column; Beckman Coulter,
UK) was then used to simultaneously remove 12 highly
abundant proteins from the explant medium. The spin

column removed the following: albumin, IgG, IgA,
haptoglobin, transferrin, a-1-antitrypsin, fibrinogen,
a-2-macroglobulin, IgM, a-1-acid glycoprotein, apolipopro-
tein A-I and A-II. The column was run according to
manufacturer’s instructions apart from substituting the
provided Tris-based dilution buffer by PBS.

Measurement of VEGF and sVEGFR-1
Human VEGF and human sVEGFR-1 were detected in the
collected explant-conditioned medium using Quantikine
immunoassay kits (R&D Systems) according to manu-
facturer’s instructions. The minimum detectable doses of
either VEGF or sVEGFR-1 using these immunoassays were
typically less than 5 and 3.5 pg/ml, respectively. Samples
were run in duplicate.

Statistical Analysis
Data were analyzed using Graphpad Prism (version 4.0; San
Diego, CA, USA). Values from the in vitro endothelial
bioassays are expressed as medians with interquartile ranges,
and, due to the small sample sizes, the statistical significance
of differences among the groups was tested using non-para-
metric one-way Kruskal–Wallis ANOVA or Friedman test for
repeated measures, followed by Dunn’s post hoc multiple
comparisons. All samples were run in triplicate. Myography
data are represented as mean±s.e.m.; ‘N’ refers to the
number of patients; ‘n’ refers to the number of vessels.
Myography data from dose–response curves were trans-
formed using log or arcsine transformation for agonist-in-
duced constriction or relaxation of myometrial small arteries
as appropriate. Following transformation, data were com-
pared using the parametric two-way ANOVA test with
Bonferroni multiple comparison post hoc analysis. All data
were considered significant at Po0.05.

RESULTS
Effect of Explant-Conditioned Medium on MTT
Reduction
The effects of explant-conditioned medium on mito-
chondrial redox potential and cellular viability were
examined using the MTT test, which measures mitochondrial
succinate dehydrogenase activity. MTT reduction following
exposure of UtMVEC to explant-conditioned medium for 6 h
was compared with cells in standard control medium. There
was a significant decrease in MTT reduction (Figure 1a–c),
suggesting a drop in the number of metabolically active cells.
As shown in Figure 1d, there was a progressive reduction in
metabolic activity following 6 h exposure to the explant
medium as the oxygen tension of the explants decreased.
After 24 h of exposure to the explant medium, the effect of
oxygen was lost and the level of MTT reduction was similar
(Figure 1e).
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Effect of Explant-Conditioned Medium on
Endothelial-Cell ATP Levels
To further assess the effect of explant medium on the
functional integrity of UtMVEC, cellular ATP levels were
determined using a bioluminescence assay. Compared with
cells in control medium, a significant decrease in ATP was
apparent in the presence of explant-conditioned medium
from all oxygen tensions at 6 h of culture (Figure 2a). The
oxygen concentration used had a significant effect on
endothelial cell ATP levels. Following 6 h of exposure, a
stepwise reduction in cellular ATP was observed as the
oxygen concentration of the explant-conditioned medium
decreased (Figure 2b). ATP levels were equivalent in cells
exposed to explant medium from different oxygen tensions
for the longer incubation period of 24 h (Figure 2c). After
removal of particulate material from the explant-conditioned
medium using a 0.45-mm spin filter, a trend toward reduced
cellular ATP following exposure to hypoxic (1% O2)
medium, compared with hyperoxic (20% O2), was apparent
(Figure 2d; Mann–Whitney test, P¼ 0.0556; N¼ 5).
Similarly, following immunodepletion of abundant proteins
from the medium, a significant reduction in ATP levels was

maintained following the exposure of UtMVEC to hypoxic
compared with hyperoxic explant-conditioned medium
(Figure 2d).

Effect of Explant-Conditioned Medium on DWm

To examine the effects of explant-conditioned medium
on DCm, endothelial cells were probed with the cationic
fluorescent dye JC-1. JC-1 exhibits potential-dependent
accumulation in mitochondria, which is indicated by a shift
of fluorescence emission from green (B525 nm) to red
(B590 nm). As demonstrated in Figure 3a, the ratio of
red signal to green signal in endothelial cells decreased with
increasing concentrations of the mitochondrial inhibitor
antimycin. A reduction in the red:green ratio was evident
with the lowest antimycin concentration (5mM; Dunn’s
post-hoc test, Po0.05). After application of explant-condi-
tioned medium to the cells, a reduction in red:green
fluorescence ratio was observed as the oxygen concentration
of the explant medium decreased (Figure 3b). This reduction
in the red:green fluorescence ratio is indicative of
mitochondrial depolarization. The decrease in mitochondrial
membrane potential in cells exposed to hypoxic (1% O2)

Figure 1 The effect of oxygen-conditioned explant medium on MTT reduction. (a–c) MTT reduction in UtMVEC exposed to 20 (a), 6 (b) or 1% oxygen-

conditioned placental explant medium (c) compared with cells exposed to oxygen-conditioned control medium for 6 h of culture. Treatment with explant-

medium from each oxygen tension resulted in a significant decreases in MTT reduction compared with cells incubated with control medium (Po0.05 in all

cases, Wilcoxon signed-ranks). (d) Reduction of MTT in cells exposed to 20, 6 or 1% oxygen-conditioned medium for 6 h. A significant decrease in MTT

reduction occurred as the oxygen tension of the explants decreased (Po0.05, Friedman). (e) No significant differences in MTT reduction were observed

following exposure of cells to explant-conditioned medium for 24 h. The ends of the boxes define the 25 and 75th percentiles, the line inside the box

defines the median and the whiskers show the maximum and minimum values, N¼ 8; *Po0.05.
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compared with normoxic (6% O2) medium was maintained
following both the removal of particulate material using a
0.45-mm filter (Figure 3c; Mann–Whitney test, Po0.05;
N¼ 6) and the subsequent immunodepletion of abundant
proteins from the medium (Figure 3c; Mann–Whitney test,
Po0.05; N¼ 4), as evidenced by a decreased red:green
fluorescent ratio.

Effect of Explant-Conditioned Medium on Cellular
Apoptosis/Necrosis
Altered mitochondrial membrane potential may be sugges-
tive of the early stages of apoptosis. To determine the effect

of explant-conditioned medium on endothelial cell death,
TUNEL staining was carried out. Figure 4a shows
representative immunofluorescence images of cells exposed
for 6 h to 20, 6 or 1% O2-conditioned explant medium.
TUNEL-positive nuclei (green) were expressed as a propor-
tion of the total number of nuclei (red) per field (Figure 4b).
Very few or no TUNEL-positive nuclei were seen after
exposure of cells to medium conditioned with either 20 or
6% oxygen. Compared with either 20 or 6% O2, medium
from placental explants conditioned under hypoxia (1% O2)
significantly increased the proportion of TUNEL-positive
nuclei, suggestive of an increase in cell death. LDH release

Figure 2 The effect of oxygen-conditioned explant medium on cellular ATP levels. Cellular ATP levels following exposure of UtMVEC to oxygen-conditioned

placental explant medium. (a) Exposure of cells to oxygen-conditioned explant medium for 6 h resulted in significant decreases in cellular ATP levels

compared with cells in control medium for each oxygen tension (Po0.01 in all cases, Wilcoxon signed-rank test; N¼ 8). Explant medium data are

represented as a percentage of cellular ATP levels in control medium (dotted line). (b) The oxygen concentration of the placental explants had a significant

effect on cellular ATP levels following 6 h exposure, with a stepwise reduction in ATP as the oxygen concentration of the explant medium decreased

(Po0.001 Kruskal–Wallis test followed by Dunn’s post hoc analysis; N¼ 8). (c) No significant differences in cellular ATP levels were determined following

exposure to explant conditioned medium for 24 h (N¼ 8). (d) Following immunodepletion of abundant proteins from explant conditioned medium, the

reduction in ATP following exposure to hypoxic (1% O2) explant medium was still apparent (Po0.05, Mann–Whitney test; N¼ 5). *Po0.05; **Po0.01;

***Po0.001.

Figure 3 The effect of oxygen-conditioned explant medium on JC-1 fluorescence. (a) A reduction in the JC-1 red:green fluorescence ratio was

demonstrated following exposure of cells to 5–20 mM antimycin A. Asterisks indicate values significantly different from untreated cells (Po0.05 and Po0.01,

Kruskal–Wallis test and Dunn’s post hoc analysis). (b) Application of explant-conditioned medium to the cells resulted in a reduction in red:green

fluorescence ratios as the oxygen concentration of the explant medium decreased (Po0.001, Kruskal–Wallis test and Dunn’s post hoc analysis; N¼ 12).

(c) The reduction in the red:green fluorescence ratio following cell exposure to hypoxic (1% O2) in comparison with normoxic (6% O2) explant medium was

maintained following the removal of particulate material (Po0.05, Mann–Whitney test; N¼ 6) and subsequent immunodepletion of abundant proteins

(Po0.05, Mann–Whitney test; N¼ 4). *Po0.05; **Po0.01; ***Po0.001.
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from the cells was measured as a marker of necrosis
following exposure to explant-conditioned medium. There
was no change in LDH release when cells were exposed to
explant medium under differing oxygen concentrations
(Figure 4c).

Effect of Explant-Conditioned Medium on Angiogenesis
UtMVEC cultured on Matrigel were exposed to explant
medium conditioned with 20, 6 or 1% O2. Figure 5 shows
that cells in hypoxic explant medium (1% O2) had reduced
average tubule length compared with cells exposed to 20 or
6% O2 explant medium. Hypoxic medium also caused a
slight increase in tubule number relative to hyperoxic
medium.

Effect of Explant-Conditioned Medium on
Vasoconstriction of Myometrial Arteries Ex Vivo
Myometrial small-artery contractility ex vivo, in response to
AVP is shown in Figure 6. Following a 2 h incubation, there
was a significant decrease in vessel contractility compared
with the constriction produced before the application of
culture medium, in vessels exposed either to control
(unconditioned) or hypoxic explant medium (Figure 6a and
b). The data demonstrate that standard culture medium has
a detrimental effect on the vessel response, perhaps due
to differences in the ion content of the culture medium
compared to PSS, the usual assay buffer for such
experiments.5,21,22 Microvascular endothelial cell culture
medium has the same Ca2þ concentration as PSS (1.6mM),

Figure 4 The effect of oxygen-conditioned explant medium on cell death. (a) TUNEL staining of cultured UtMVEC exposed to 20, 6 or 1%

oxygen-conditioned explant medium for 6 h. Nuclei fluoresce red, while TUNEL-positive nuclei fluoresce green. (b) TUNEL-positive nuclei were expressed

as a proportion of the total number of nuclei per field. Cells exposed to hypoxic (1% O2) explant medium displayed in increased TUNEL-positive nuclei

(Po0.001 Kruskal–Wallis test and Dunn’s post hoc analysis) (N¼ 3, n¼ 18). (c) No significant changes in LDH release occurred from cells exposed to explant

medium from differing oxygen tensions (N¼ 9). **Po0.01; ***Po0.001.
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but four times higher levels of Mg2þ (10mM medium,
2.4mM PSS). However, the residual response was sufficient
to compare the properties of explant medium generated at
differing oxygen concentrations. Vasoconstriction was
significantly enhanced after exposure to hypoxic explant
medium, compared with that seen after exposure to control
medium (Figure 6c). This suggests that exposure to hypoxic
explant medium modifies vasoconstriction of myometrial
small arteries.

The Effect of Explant-Conditioned Medium
on Vasodilatation of Myometrial Arteries Ex Vivo
AVP-constricted myometrial small arteries exhibited
dose-dependent relaxation to increasing concentrations of
BK (Figure 6b). Following 2 h of exposure to standard culture
medium, enhanced relaxation was observed compared with
freshly isolated vessels. This was also evident in vessels
exposed to hypoxic explant medium (Figure 6b(i) and (ii)).
Exposure of the vessels to hypoxic explant medium resulted
in a significant attenuation of endothelium-dependent

relaxation, compared with vessels exposed to control medium
(Figure 6b(iii)).

The Effects of Explant-Conditioned Medium on
Endothelial-Cell PGI2, Nitrite and ET-1 Production
The release of vasoactive metabolites from cultured
endothelial cells was assessed after incubation with
explant-conditioned medium. Media under all oxygen
concentrations stimulated UtMVEC to produce the
vasodilator 6-keto-PGF1a over the 24-h incubation period
(Figure 7a). Similarly, all media stimulated an equivalent rate
of nitrite release from the endothelial cells (Figure 7b). The
release of the vasoconstrictor ET-1 from cultured endothelial
cells over the 24-h incubation period was also unaltered
following exposure to hypoxic explant medium (Figure 7c).
No statistically significant differences were therefore seen in
the release of any vasoactive metabolite tested, following
exposure of endothelial cells to explant medium from
differing oxygen concentrations.

Figure 5 The effect of oxygen-conditioned explant medium on angiogenesis. (a) Light micrographs showing the appearance of tubules formed by UtMVEC

seeded on Matrigel with either 20, 6 or 1% oxygen-conditioned explant medium. Tubule length (b) and tubule number (c) were determined by image

analysis. Hypoxic explant medium (1% O2) caused both a significant reduction in average tubule length (b) (Po0.001 Kruskal–Wallis test and Dunn’s post

hoc analysis) and an increase in the average tubule number (c) (Po0.05 Kruskal–Wallis test and Dunn’s post hoc analysis), N¼ 4, n¼ 64. *Po0.05;

***Po0.001.

Oxygen and bioactive placental factors

NJ Robinson et al

300 Laboratory Investigation | Volume 88 March 2008 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


Levels of VEGF and sVEGFR-1
in the Explant-Conditioned Medium
VEGF and its soluble receptor sVEGFR-1 were measured in
the explant-conditioned medium. Detectable levels of
sVEGFR-1 were present in media under all oxygen
concentrations, with no significant changes in levels as the

oxygen tension altered (Figure 8a). Levels of free VEGF were
undetectable in the explant-conditioned medium in ELISA.
Levels of sVEGFR-1 in the explant medium far exceed the
levels reported to interfere with the VEGF immunoassay
(Z500 pg/ml), and this may therefore account for the
inability to measure free VEGF.

Figure 6 The effect of oxygen-conditioned explant medium on constriction and relaxation of myometrial arteries. Concentration–response curves for

AVP-induced constriction (% of KCl constriction) (a) and BK-induced relaxation (% of maximum constriction) (b) of myometrial arteries. A 2-h incubation in

either control medium (a, i; N¼ 9, n¼ 18) or in hypoxic-explant medium (a, ii; N¼ 8, n¼ 15) resulted in a significant reduction in constriction (open triangle,

dotted line) compared with the preincubation curve (closed square, solid line; Po0.001, two-way ANOVA in both cases). (a, iii) Exposing the arteries to

hypoxic explant medium (open triangle, dotted line) significantly shifted the concentration–response curve for AVP upwards, compared with arteries

exposed to control medium (closed square, solid line; Po0.05, two-way ANOVA). Exposure of myometrial arteries for 2 h to either control medium

(b, i; N¼ 9, n¼ 18) or hypoxic-explant medium (b, ii; N¼ 8, n¼ 15) (both open triangle, dotted line) resulted in enhanced vasodilatation in response

to BK, compared with the pre-medium relaxation curve (closed square, solid line; Po0.001 and Po0.01, respectively, two-way ANOVA). (b, iii) The

BK-induced relaxation of myometrial arteries exposed to hypoxic explant medium (open triangle, dotted line) for 2 h was significantly greater than that of

vessels exposed to control medium (closed square, solid line; Po0.05, two-way ANOVA). Data are mean±s.e.m. *Po0.05; **Po0.01; ***Po0.001.
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DISCUSSION
Plasma complexity hinder the characterization of bioactive or
pathogenic factors in maternal blood. We have optimized
serum-free conditions for the culture of placental villous
explants and the subsequent testing of liberated factors on
primary endothelial cell function. Explant cultures from
human placental tissue derived at term provide a mechanism
for examining the effects of key variables such as oxygen
concentration on the release of bioactive factors from the
placenta. Under normal physiological conditions, intervillous
oxygen tensions at term have been estimated at
45–50mmHg, which can be replicated in vitro using 5–6%
ambient oxygen levels.24,25 Variations in oxygen concentra-
tion in culture were used to replicate the suggested condi-
tions of the placenta in pre-eclampsia, thereby stimulating
events which may encourage protein liberation. 6% oxygen
was thought to represent normoxia for the placenta at term,
and 20 or 1% oxygen levels were used for either hyperoxia or
hypoxia, either of which may be relevant to the aberrant
perfusion of the placenta in pre-eclampsia.

This study has demonstrated that hypoxia (1% O2)
stimulates the liberation of factors from the placenta,
which influence the metabolic status and the mito-
chondrial integrity of microvascular endothelial cells in vitro.
Decreasing oxygen concentrations used during explant
culture significantly altered the release of factors that affected
viability, metabolism, angiogenic properties and cell death of
primary cultured endothelial cells. These findings support a
model of pre-eclampsia in which soluble factors released by
the placenta cause the generalized endothelial pathology
associated with the disease, and demonstrate the suitability of
the explant model for studies of placenta-dependent
pregnancy pathology.

Following exposure to explant-conditioned medium from
each oxygen tension, a decreased rate of MTT reduction was
seen when compared with cells in standard culture medium.
Compared with medium under other oxygen tensions, the
rate of MTT reduction was relatively lower following
exposure of endothelial cells to hypoxic placental explant
medium, indicating a greater alteration of oxidative meta-
bolism and a decrease in the mitochondrial redox potential.
An acute effect of the hypoxic explant medium on
endothelial cell metabolic function was evident, with no
changes in MTT reduction (or cellular ATP levels) after the
longer 24-h exposure time, suggesting some population
recovery. A decrease in MTT reduction was previously
demonstrated in human umbilical vein endothelial cells
exposed to placental extracts from women with pre-
eclampsia compared with normotensive women,26 and this
effect was reduced by trypsin digestion and heat treatment.

The damage of mitochondrial integrity or the loss of DCm

is an early event in the initiation and activation of apoptotic
cascades.27,28 During this process, the electrochemical
gradient across the mitochondrial membrane collapses. In
this study, the fluorescent cationic carbocyanine dye, JC-1,
was used to signal the loss of DCm. Hypoxic explant medium
caused a significant disruption of DCm, as demonstrated by a
decrease in the JC-1 aggregate-to-monomer ratio. Further
evidence for induction of apoptosis in the endothelial cells

Figure 7 The effect of oxygen-conditioned placental medium on the release of vasoactive metabolites. The release of vasodilators 6-keto-PGF1a (a) and

nitrite (b), and vasoconstrictor ET-1 (c), from cultured UtMVEC following the application of oxygen-conditioned placental explant medium. No significant

changes in release were determined as the oxygen concentration decreased; N¼ 8.

Figure 8 The measurement of liberated VEGF and sVEGFR-1 from the

placental explants. Free VEGF and its soluble receptor sVEGFR-1 were

measured in the explant-conditioned medium by immunoassay. Free VEGF

was undetectable (not shown), but sVEGFR-1 was present in explant

medium under all oxygen concentrations, with no significant changes in

levels as the oxygen tension altered; N¼ 8.
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following exposure to hypoxic explant medium was obtained
using the TUNEL assay.

The electrochemical gradient across the mitochondrial
membrane collapses during the early stages of apoptosis. This
collapse is thought to occur through pore formation in
mitochondria by proapoptotic regulators such as dimerized
Bax, or activated Bid, Bak or Bad proteins,29–32 causing
cytochrome c release into the cytoplasm and ultimately re-
sulting in caspase activation. The balance between the anti-
apoptotic Bcl-2, which prevents cytochrome c release from
mitochondria, and the proapoptotic Bax, is thought to be
important in controlling apoptosis. Increased Bax expression
and decreased Bcl-2 expression have previously been
demonstrated from cultured cytotrophoblasts under hypoxic
conditions.33,34 In pre-eclampsia, which is associated with
altered trophoblast cell turnover and increased apoptosis,
altered expression of pro- and antiapoptotic factors have also
been reported.35,36 Changes in the expression of pro- and
anti-inhibitory proteins such as Bax and Bcl-2 could provide
a possible mechanism for the alteration in mitochondrial
membrane potential and increased cell death following
exposure of the endothelial cells to hypoxic-conditioned
explant medium seen here.

Mitochondrial membrane potential can be used as an
indicator of cellular viability, reflecting the flow of hydrogen
ions across the mitochondrial inner membrane during the
electron transport chain, and the generation of ATP through
oxidative phosphorylation. We have previously shown that
plasma from women with pre-eclampsia causes a significant
reduction in endothelial cellular ATP levels.37 This was
accompanied by a simultaneous increase in the activity of the
nuclear enzyme poly(ADP-ribose) polymerase (PARP).
Application of the synthetic PARP inhibitor PJ34 reversed the
effect of the pre-eclamptic plasma on endothelial cellular ATP
levels, implying that PARP activation played a significant
role in the pathogenesis of endothelial dysfunction in
pre-eclampsia. Here, restricted oxygen (1%) significantly
enhanced the capacity of placental-conditioned medium to
reduce ATP in endothelial cultures. In vivo, following
cytotrophoblast differentiation and fusion to form syncytio-
trophoblast, terminal differentiation occurs within the
syncytium. This eventually leads to packaging of apoptotic
material into syncytial knots and smaller vesicular structures,
which are shed into maternal circulation. In normal preg-
nancy, trophoblast cells and syncytiotrophoblast micro-
particles are spontaneously shed from the placenta into the
maternal circulation as part of the of normal placental
physiologic turnover.38–40 Syncytiotrophoblast membrane
microparticles have previously been prepared in vitro from
term placental villous explant cultures.41 Furthermore there
is evidence that microparticulate material can affect
endothelial integrity.42 In the present study, following the
removal of particulate material, exposure to hypoxic explant
medium still resulted in both an increase in cell death, as
evidenced by mitochondrial depolarization, and reduced

endothelial cellular ATP levels. Thus, it appears that placental
factor(s) other than shed microparticles can affect
endothelial cell metabolism. Immunodepletion of 12 highly
abundant proteins (including albumin, transferrin and
fibrinogen) did not reduce the effect of the hypoxia-condi-
tioned explant medium on mitochondrial membrane
polarization or cellular ATP. This suggests that the active
factor liberated under hypoxia is not associated with these
abundant proteins.

Hypoxia is known to have a significant effect on early
placental development, with low placental oxygen in
early pregnancy promoting branching angiogenesis and hy-
percapillarization, resulting in a majority of intermediate
villi.43 This is an effect similar to that occurring in vivo at
high altitude and with maternal anemia.44 As pregnancy
develops, uterine blood flow increases, resulting in a
predominance of non-branching angiogenesis. Oxygen
regulation of placental vascularization is thought to be
mediated by angiogenic factors, including VEGF, PLGF and
angiopoietin-1.45–47 Previous experiments have shown that
placental explant medium conditioned at 3% O2 significantly
decreased tubule length and increased branching in HUVEC
cells, compared with medium under 20% O2, and this effect
could be blocked using neutralizing antibody to VEGF.20

Current data using UtMVEC with explant-conditioned
medium from differing oxygen tensions support these find-
ings. sVEGFR-1 was present in the explant medium, but its
levels were not altered by culture under differing oxygen
tensions. Free VEGF was undetectable in the explant
medium. The VEGF sandwich ELISA measures the combined
free-form levels of the VEGF splice variants VEGF-121, -145,
and -165, and the inability to detect it in the explant medium
suggests that VEGF may be sequestered by soluble receptor.
The levels of sVEGFR-1 (6% O2, 3.4±0.36 ng/ml) in pla-
cental explant medium were similar to those previously
measured in maternal sera from normal pregnancies
(1.8±0.48 ng/ml).48 Our findings are consistent with those
of Brownbill et al (2007),49 who determined, using a
placental perfusion model, that free VEGF was not present in
the maternal circulation.

A further question to address was whether soluble factors
from placenta alter vessel function. Hypoxic explant medium
increased the vasoconstriction response to AVP in compar-
ison with vessels exposed to standard medium. AVP
promotes constriction by direct (endothelium-independent)
stimulation of V1 receptors on vascular smooth muscle.50 We
have previously demonstrated that plasma from women with
pre-eclampsia is capable of reducing endothelium-dependent
relaxation of myometrial vessels from normal pregnant
women.3 In the present study, hypoxic explant medium also
decreased vessel relaxation in response to BK. Increased
vasoconstriction and reduced vasodilatation of myometrial
vessels exposed to hypoxic explant medium failed to correlate
with changes in the release of vasoactive metabolites (eg,
nitrite, ET-1, 6-keto-PGF1a) from cultured endothelial cells.

Oxygen and bioactive placental factors

NJ Robinson et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 88 March 2008 303

http://www.laboratoryinvestigation.org


A possible explanation for the effect seen on vascular
reactivity is that factors present in the hypoxic explant-con-
ditioned medium are capable of altering the sensitivity of
the smooth-muscle receptors to the vasoactive agents. This
mechanism is the focus of current investigations.

In summary, this study demonstrates that hypoxic condi-
tions stimulate from placental villous tissue the secretion of
soluble factors that are capable of affecting endothelial me-
tabolic status and mitochondrial integrity, and also alter
vascular function. It is hoped that placental explants can be
used to identify bioactive soluble factors that are released into
maternal circulation. We aim to combine high-throughput
endothelial bioassays with fractionation, depletion and mass
spectrometric techniques to identify secreted factors
responsible for the metabolic compromise of vascular
endothelial cell status in pre-eclampsia.
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