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Inadequate invasion of the uterus by cytotrophoblasts
is speculated to result in pregnancy-induced disorders
such as preeclampsia. However, the molecular mecha-
nisms that govern appropriate invasion of cytotropho-
blasts are unknown. Here, we demonstrate that under
low-oxygen conditions (2.5% oxygen), 2-methoxyestra-
diol (2-ME), which is a metabolite of estradiol and is
generated by catechol-o-methyltransferase (COMT), in-
duces invasion of cytotrophoblasts into a naturally-
derived, extracellular matrix. Neither low-oxygen con-
ditions nor 2-ME alone induces the invasion of
cytotrophoblasts in this system; however, low-oxygen
conditions combined with 2-ME result in the appropri-
ate invasion of cytotrophoblasts into the extracellular
matrix. Cytotrophoblast invasion under these condi-
tions is also associated with a decrease in the expression
of hypoxia-inducible factor-1� (HIF-1�), transforming
growth factor-�3 (TGF-�3), and tissue inhibitor of met-
alloproteinases-2 (TIMP-2). Pregnant COMT-deficient
mice with hypoxic placentas and preeclampsia-like fea-
tures demonstrate an up-regulation of HIF-1�, TGF-�3,
and TIMP-2 when compared with wild-type mice; nor-
mal levels are restored on administration of 2-ME,
which also results in the resolution of preeclampsia-like
features in these mice. Indeed, placentas from patients
with preeclampsia reveal lower levels of COMT and

higher levels of HIF-1�, TGF-�3, and TIMP-2 when com-
pared with those from normal pregnant women. We
demonstrate that low-oxygen conditions of the placenta
are a critical co-stimulator along with 2-ME for the
proper invasion of cytotrophoblasts to facilitate ap-
propriate vascular development and oxygenation
during pregnancy. (Am J Pathol 2010, 176:710–720; DOI:

10.2353/ajpath.2010.090513)

Appropriate organization of the placenta involves the
differentiation of cytotrophoblasts into multinuclear syn-
cytiotrophoblast or extravillous trophoblasts (EVTs).1,2

EVTs play a crucial role in the establishment of utero-
placental circulation. EVTs initiate invasion into the de-
cidua/endometrium at 2 weeks after implantation (inter-
stitial invasion),3 and this invasion by EVTs reaches the
proximal third of uterine wall.4 In addition, EVTs invade
the uterine vasculature (endovascular invasion) and
make direct contact with maternal blood,5,6 a critical step
for fetal viability.

The concentration of oxygen in the early placenta is
�3% O2 (�18 mmHg).7 This hypoxic environment of the
first trimester is believed to facilitate trophoblast inva-
sion.4–6,8–15 However, there is conflicting evidence re-
garding the effect of low-oxygen levels on the invasion of
trophoblasts. Some authors have suggested that low-
oxygen levels may also inhibit trophoblast invasion.16–22

In this report, we employ bioengineering, cell biology,
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and molecular genetics to demonstrate the effect of
2-methoxyestradiol (2-ME) on cytotrophoblast invasion in
the placenta.

2-ME is a natural metabolite of estradiol and is gener-
ated via catechol-o-methyltransferase (COMT); 2-ME is
suppressed in humans with preeclampsia.23 In fact,
COMT-deficient mice exhibit placental hypoxia and a
preeclampsia-like phenotype.23 2-ME suppresses abnor-
mal levels of hypoxia within the placenta and prevents the
emergence of a preeclamptic phenotype in COMT�/�

mice.23 During pregnancy, the serum concentration of
2-ME increases from 2 to 15 nmol/L during the 11th to
16th week of gestation to a peak of roughly 18 to 96
nmol/L during the 37th to 40th week of gestation24; this
increase during pregnancy demonstrates that 2-ME is
naturally present within the placenta at relatively high
levels. 2-ME inhibits hypoxia-inducible factor-1� (HIF-
1�),23,25–27 a transcription factor that regulates the ex-
pression of hypoxia-responsive genes28 and has been
shown to have an inhibitory effect on the trans-differ-
entiation of trophoblasts via induction of transforming
growth factor-�3 (TGF-�3).18 This evidence suggests
that 2-ME may play a role in the regulation of hypoxia-
induced events within cytotrophoblasts via inhibition of
HIF-1�; however, a clear mechanism has not yet been
established.

We, therefore, hypothesized that (1) low-oxygen levels
are required for the invasion of cytotrophoblasts and (2)
2-ME counteracts the deleterious effects of HIF-1�-medi-
ated gene expression and enables cytotrophoblasts to
differentiate into an invasive phenotype to establish
appropriate utero-placental circulation. Here, we used
HTR-8 cells (human, cytotrophoblast cell line), a model
system containing naturally-derived extracellular matrix,
COMT�/� mice, and human placentas from patients with
and without preeclampsia to determine the mechanistic

significance of 2-ME on cytotrophoblast function during
pregnancy.

Materials and Methods

Chamber for in Vitro Hypoxia Studies

We created a glass chamber to minimize random diffu-
sion of oxygen within the chamber (Figure 1A). The mix-
ture of gas contains 5% CO2, 2.5% O2, and 92.5% N2.
Cultured cells were placed into the glass chamber, which
was set at 37°C in an incubator. With a ruthenium-based
probe29–33 to measure the oxygen content within the
media in the glass chamber (Figure 1B), we demon-
strated a drop in oxygen content in the medium to �2.5%
after �8 hours (Figure 1C). When the level of oxygen
reached 2.5%, we began the experiments (t � 0 hours).

Culture of Cytotrophoblasts

We used the human trophoblast cell line, HTR-8, which
was generated as previously described.34 The proce-
dure for the culture of cytotrophoblasts on the extracel-
lular matrix surrogate, Matrigel (MG) (BD Biosciences,
San Jose, CA), was as follows: we (1) added 200 �l of the
liquid form of MG (at 4°C) to each well of a six-well Petri
dish (Falcon, BD, Franklin Lakes, NJ), (2) used a cell
scraper (Falcon) to spread the MG uniformly across the
bottom of the well, (3) placed the coated Petri dish in a
37°C incubator for 10 minutes to allow the layer of MG to
solidify, (4) seeded �80,000 cells (630,000 cells/ml) onto
the layer of MG, and (5) returned the dish to the incubator
for 10 minutes to allow the cells to settle on the MG. After
10 minutes, we added 8 ml-aliquots of culturing medium,
containing 0, 0.2, or 0.5 �mol/L of 2-ME (Sigma-Aldrich,

Figure 1. Hypoxic exposure and imaging. A:
Schematic of the controlled-atmosphere and
glass chamber we used to culture cells in hyp-
oxia. B: Enlarged view of the area enclosed by
the dotted line in A. C: Concentration of oxygen
within the media. We used an oxygen probe to
track the concentration of oxygen and plotted
the depletion as a function of time. The concen-
tration of oxygen in the media in which tropho-
blasts were cultured decreased with time over 7
hours until it equilibrated with the mixture of gas
that was injected into the chamber. D: Examples
of the circularity ratio and the tracing by using
Image J software are shown.
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St. Louis, MO). We then placed a 2 mm-thick sheet of
polydimethylsiloxane (PDMS; Dow Corning, Midland,
MI), which formed a conformal seal with the Petri dish
(Figure 1B). PDMS is a highly gas-permeable polymer
that allows an oxygen exchange from the media and
prevents evaporation of the medium during the experi-
ment. This sheet of PDMS was formed from curing a
mixture of a prepolymer of PDMS and a curing agent at a
ratio of 10:1 (w/w) in a large, flat plastic surface at 70°C
for at least 8 hours. To sterilize the sheet of PDMS, we
sprayed the sheet with 70% ethanol in water (v/v) and
subsequently washed the sheet with sterile PBS. To track
the concentration of oxygen (in the culturing media and in
its gas phase), we punctured the septa on the lid of the
chamber with an 18-gauge, ruthenium-based probe
(Ocean Optics, Dunedin, FL), then punctured the sheet of
PDMS, and brought the probe in contact with the cultur-
ing medium. We used the software provided with the
probe to record oxygen measurements.

Western Blot Analysis

To harvest and lyse the cells after completion of an ex-
periment, we removed the culturing medium from the
MG-coated Petri-dish wells and immediately added 200
�l of cold lysis buffer to each well (50 mmol/L Tris pH 7.5,
0.15 M NaCl, 0.1% SDS, 1% Triton X-100, and 1% de-
oxycholate and protease inhibitor cocktail [Roche, Basel,
Switzerland]). The samples were incubated for 5 minutes
over ice and then scraped from the well. After measuring
the protein concentration by bicinchoninic acid protein
assay method (Thermo Fisher Scientific, Rockford, IL),
we transferred 50 �g of protein lysate to Eppendorf test
tubes and boiled it in the presence of 2X SDS sample
buffer. After centrifugation at 17,000 g for 5 minutes at
4°C, we separated the supernatant on 8% or 12% SDS-
polyacrylamide gels, and we blotted the gels onto poly-
vinylidene difluoride membranes (Immobilon, Bedford,
MA) by using a semidry transfer method. The transferred
protein on the polyvinylidene difluoride membrane was
visualized with Coomassie Brilliant Blue. After blocking
the membrane with Tris-buffered saline-T (0.05% Tween-
20) containing 5% nonfat milk, we incubated the mem-
branes with antibodies against HIF-1� (1:500 dilution;
Novusbio, Littleton, CO), CD31 (1:500 dilution; Dako,
Carpinteria, CA), E-cadherin (1:500 dilution; BD Bio-
sciences, Franklin Lakes, NJ), or tissue inhibitor of met-
alloproteinases-2 (TIMP-2; 1:1000 dilution; Chemicon In-
ternational, Temecula, CA) in Tris-buffered saline-T with
5% bovine serum albumin at 4°C overnight. The mem-
branes were washed three times with Tris-buffered sa-
line-T and incubated with horseradish peroxidase-
conjugated, anti-rabbit secondary antibody (1:10,000
dilution; Promega, Madison, WI) or anti-mouse IgG-
peroxidase antibody (1:1000; Sigma-Aldrich) at room
temperature for 1 hour. The membranes were then
rinsed, and immunoreactive bands were detected with an
enhanced chemiluminescence detection system (Pierce
Biotechnology, Rockford, IL). The equal amount of load-
ing was confirmed with Coomassie brilliant blue staining.

RT-PCR

RNA was isolated from the trophoblast and 0.5 �g of total
RNA was used for making complementary DNA. RT–PCR
was performed with SuperScript II (Invitrogen, Carlsbad,
CA) by using oligo-dT primer (Invitrogen) following the
manufacturer’s instruction. After generating the comple-
mentary DNA, PCR was performed with specific primer
for human TGF-�3 (forward primer, 5�-TTGCAAAGG-
GCTCTGGTGGTCCTGG-3�; reverse primer, 5�-ACTCG-
GTGTTTTCCTGGGTGCAGCC-3�). Conditions for the
PCR were as follows: 95°C for 4 minutes; 95°C for 30
seconds, 61°C for 30 seconds, and 72°C for 30 seconds
(50 cycles); 72°C for 7 minutes followed by 4°C. PCR
product was confirmed by gel electrophoresis.

Imaging Clusters of Cells

An epifluorescent microscope (Leica DM IRB; Leica Mi-
crosystems GmbH, Wetzlar, Germany) with a charge-
coupled camera (Hamamatsu ORCA-ER, Hamamatsu,
Japan) served to image the cells. To determine the area
and perimeter of the projection of the clusters of cells (for
the circularity ratio), we uploaded images into Image J
(NIH). We drew a line to surround the cluster of cells and
used Image J to export the area and perimeter values of
the shape enclosed by the line (Figure 1D).

Circularity Ratio

Shape is an intrinsic property of all objects; we quantified
the shape of these clusters of trophoblasts in terms of the
“circularity ratio,” as a means to differentiate between
those clusters of cells that had long dendritic extensions
and those that did not.35 The circularity ratio (C) of a
particle (or cluster of cells) is defined as the ratio of the
area of the projection of the particle onto the surface of a
plane to that of a circle with the same perimeter (equation
1).35–37 A circle has a ratio of one; a square has a ratio of
�/4, and a very long and narrow shape, or a nearly
circular shape with a very convoluted periphery has a
ratio of nearly zero.35,38

C � 4�Area/Perimeter2 (1)

We examined the projection of the clusters in two dimen-
sions and measured their circularity.39 Clusters of tropho-
blasts that remained compact and circular had values of
C approaching 1; however, clusters of trophoblasts that
did not remain compact and had dendrites extending
from the cluster into the Matrigel had values of C near 0.2
(Figure 1D, Table 1). We repeated the experiments four
independent times and measured a total of 10 clusters for
circularity ratio assessment.

Cell Migration Assay

Cell-migration assays were performed in a Boyden cham-
ber as previously described.40 Polyvinyl-pyrrolidone-free
polycarbonate membranes with 10-�m pores (Neuro
Probes, Inc., Gaithersburg, MD) were coated with Matri-
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gel. The bottom wells of a 12-well Boyden chamber were
filled with RPMI1640 medium containing 10% fetal calf
serum. Wells were covered with the coated membrane
sheet and 2000 cells/well were added into the upper
chamber. Twenty-four hours after the cells were pas-
saged, the chamber was incubated with or without 2-ME
under 2.5% or 17% O2 for 48 hours. Membranes were
stained with Wright-Giemsa, and the number of cells
migrating to the lower chamber was counted.

Animals for in Vivo Experiments

COMT�/� mice were developed by Karayiorgou and col-
leagues41 and were provided as a gift to our laboratory
under an interinstitutional Material Transfer Agreement.
Animal experiments were performed as previously de-
scribed.23 Briefly, at 8 weeks of age, mating cages were
set up (COMT�/�/COMT�/� or COMT�/�/COMT�/�). The
vaginal plug—confirmed mice were separated to other
cages until sacrifice. From day 10 of pregnancy, mice
were injected everyday with 10 ng of 2-ME (COMT�/�

mice) or placebo (olive oil) subcutaneously. Mouse stud-
ies followed the Institutional Animal Care and Use Guide-
lines of the Beth Israel Deaconess Medical Center.

Human Placentas

Human placental samples were obtained from pregnant
women at Brigham and Women’s Hospital (Boston, MA).
All of the samples were collected via an approved insti-
tutional review board protocol. Two groups of women
were studied: women with pregnancies complicated by
severe preeclampsia (as per the definition of the American
College of Obstetricians and Gynecologists Committee on
Practice Bulletins–Obstetrics42; n � 3) and normal pregnan-
cies as control (n � 3). All cases were nulliparous and
unlabored. Preeclampsia was defined as pregnancy-in-
duced hypertension (blood pressure �140/90 mmHg) and
proteinuria (�300 mg/24 hours) in women who were nor-
motensive before pregnancy and had no other underlying
clinical problems such as renal disease.

The placenta was retrieved from the operating room
immediately on its removal from the uterus. It was placed
fetal side up in a sterile pan that was taken for immediate

processing. The amniotic membrane was pealed back
from the fetal surface in an area one half of the way
between the cord insertion and the farthest lateral edge.
This was to exclude any contamination from maternal
blood. The exposed surface was then tented with sterile
forceps and a 1-cubic cm section of tissue was cut free in
such a fashion so as not to penetrate through to the
maternal surface and risk contamination. This portion was
then placed in a 1-cubic cm cryovile and was snap frozen
immediately in liquid nitrogen then stored at �80°C. Total
processing time was 2 to 5 minutes between delivery and
freezing.

Immunohistochemistry

Formalin fixed-deparaffinized (2 minutes in xylene, four
times; 1 minute in 100% ethanol, twice; 30 seconds in
95% ethanol; 45 seconds in 70% ethanol; and 1 minute in
distilled water) human or mouse placental/decidual sec-
tions were used for COMT, HIF-1�, TGF-�3, or TIMP-2
labeling. Immunohistochemistry was performed by using
a Vectastain avidin-biotin complex kit (Vector Laborato-
ries, Burlingame, CA) or a Vector M.O.M peroxidase kit
(Vector Laboratories). The dilutions of primary antibody
are COMT (1:200; Chemicon International), HIF-1� (1:
100; Novusbio), TGF-�3 (1:200; Abcam, Cambridge,
MA), and TIMP-2 (1:100; Chemicon International). In neg-
ative control, primary antibody was omitted and replaced
by blocking solution. We also confirmed that nonspecific
isotype IgG showed no staining. We used a scoring
system to quantify the relative levels of immunoreactivity
in human placentas as previously described.43 Intensity
of immunostaining was scored on an arbitrary scale of 0
to 3 where 0 represents no or faint staining, 1 represents
mild staining, 2 represents moderate staining, and 3 rep-
resents dark and strong staining. At least six high-power
fields (�200) per each human placenta were scored. The
scoring of the samples was performed by two separate
observers blinded to the tissue identity.

Statistical Analysis

The data are expressed as mean � SE. Statistical signif-
icance was determined by using the nonparametric
Mann-Whitney test for comparison of data. Statistical sig-
nificance was defined as P � 0.05. Graphpad Prism (La
Jolla, CA) was used for statistical analysis.

Results

Trophoblast Migration and Clustering on the
Extracellular Matrix (Matrigel)

Cytotrophoblasts that were seeded on MG formed a
monolayer on the surface of MG within 3 hours (data not
shown). Within 24 hours of seeding the cells onto the MG,
we observed that the cells had migrated along the sur-
face of the MG, had found neighbors, and had clustered
(Figure 2, A–D).

Table 1. Circularity Ratios of the Clusters of Trophoblasts

C � 4�
(Area/Perimeter2) 2-ME, �m % O2

Invasive
phenotype

0.88 � 0.0096 0 2.5 No
0.96 � 0.0048 0 17.0 No
0.16 � 0.0072* 0.2 2.5 Yes
0.95 � 0.0081 0.2 17.0 No
0.15 � 0.0070* 0.5 2.5 Yes
0.89 � 0.0141 0.5 17.0 No

A comparison of the circularity ratios of trophoblasts cultured in
2.5% O2 in the presence or absence of 2-ME suggests that the
trophoblasts have adopted a morphology indicative of differentiation to
an invasive phenotype. We repeated experiments four independent
times and measured a total of 10 clusters for circularity ratio
assessment. The results are shown as mean � SE.

*P � 0.01 compared with all 17% O2 or no 2-ME groups.
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Emergence of an Invasive Phenotype in 2-ME
Treated Cytotrophoblasts under Low Oxygen
Conditions

We evaluated the effect of 2-ME on HTR-8 cells under
low-oxygen levels. At 3 hours, the cells remained in a
monolayer (data not shown). After 15 hours of culture, the
trophoblasts clustered and did not demonstrate a mor-
phological difference between all groups (Figure 2, A–D).
At 95 hours in the chamber, cells clustered in high-
oxygen conditions (17% O2, 5% CO2, and 75% N2 in an
incubator) and in low-oxygen levels (in the glass cham-
ber) without 2-ME (Figure 2, E–G, Table 1). Unlike those
cells cultured in high-oxygen conditions, trophoblasts
cultured for 95 hours under low-oxygen levels in the
presence of 2-ME switched to an invasive phenotype
(Figure 2H, Table 1) that is illustrated by long dendrites
extending into the MG. This change in morphology cor-
responded to a lower value of the circularity ratio (Table
1). Trophoblasts cultured in 17% oxygen, or without 2-ME
in 2.5% oxygen, had larger values of C (ranging from
�0.8 to 0.9); this range corresponded with rounder
clusters of cells, without dendritic extensions penetrat-
ing the MG.

This invasive phenotype of trophoblast incubated in
2.5% oxygen with 2-ME was already observed at 72
hours after incubation in this system (Figure 2, I and J);
however, this phenotype was reversible when cells were
cultured for an additional 24 hours in 17% O2 conditions
(Figure 2K), suggesting that both low-oxygen levels

(2.5% O2) and 2-ME play critical roles in changing the
phenotype of the trophoblast from non-invasive to invasive.

Cell Migration Under Low-Oxygen with 2-ME

To confirm the role of low-oxygen levels and 2-ME on the
development of an invasive phenotype in HTR-8 cytotro-
phoblasts, we tested the migratory behavior of cells by
using the Boyden chamber cell migration analysis. HTR-8
cells migrated into the lower chamber in the presence of
2-ME (0.5 �mol/L) under 2.5% oxygen (Figure 2L); how-
ever, such migration was significantly lower in the ab-
sence of 2-ME even under 2.5% oxygen. The 17% oxy-
gen condition induced minimal migration of HTR-8 cells
even in the presence of 2-ME (Figure 2L), suggesting that
both low-oxygen levels (2.5% O2) and 2-ME play critical
roles in the phenotypic change of trophoblast migration.

Endothelial Marker CD31 Expression Is Induced
by 2-ME under Low-Oxygen

Endovascular invasion by trophoblasts is dependent on
the expression of endothelial adhesion molecules, such
as CD31.44 The cells under low-oxygen levels increased
the expression levels of CD31 (135 kDa) either in the
presence or absence of 2-ME (albeit at different levels)
when compared with cells in 17% O2 (Figure 3, A and B).
Other endothelial markers, such as Tie-2 and VE-cad-
herin, were not detected by the Western blot analysis

Figure 2. Differentiation of trophoblasts to an
invasive phenotype by 2-ME and hypoxia. Phase
contrast images (A–K) of trophoblasts cultured
on a layer of MG, in 17% O2 or 2.5% O2, and in
the presence or absence of 2-ME, are shown.
A–D: After 15 hours of culture, the trophoblasts
adopted a spherical morphology where the cells
have clustered. E and F: In 17% O2 for 95 hours,
HTR-8 cells with or without 2-ME are shown. G
and H: 2.5% O2 for 95 hours, trophoblasts with
or without 2-ME are shown. In the presence of
2-ME under hypoxia, trophoblasts exhibit den-
drites (highlighted by arrows in H) extended
into the MG. We repeated experiments four in-
dependent times and measured a total of 10
clusters for circularity ratio assessment. I–K: Loss
of invasive phenotype after returning tropho-
blasts to 17% O2. Trophoblasts cultured with
2-ME under 17% O2 (I) or 2.5% O2 (J) for 72
hours are shown. Similar to H, 72 hours incuba-
tion under 2.5% O2 with 2-ME showed extension
of dendrites, but after an additional 24 hours of
culture under 17% O2, the cells lost the invasive
phenotype (K). L: The results of the Boyden
chamber assay are shown. Incubation that is longer
than 48 hours (72 hours), results in the death of most
cells in this system. The results are shown as mean �
SE. n � 5 in each group. *P � 0.05.
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(data not shown). Despite the invasive phenotype and
expression of CD31 on cytotrophoblasts cultured under
low-oxygen levels with 2-ME, the expression of a epithe-
lial marker protein E-cadherin was unaltered by 2-ME
under 2.5% oxygen in our analysis (Figure 3C); this result
strongly suggests that the expression of endothelial
marker CD31 is not prevented by a sustained expression of
epithelium-associated cell surface proteins (Figure 3C).

Suppression of HIF-1� by 2-ME

HIF-1� was induced in trophoblasts that were cultured
under 2.5% O2 conditions for 3 hours or 95 hours without
2-ME when compared with the cells in 17% O2 (Figure 4,
A and B). In samples cultured in low-oxygen levels for 95
hours with 2-ME, the expression of HIF-1� was sup-
pressed (Figure 4, A and B); however, the expression of
HIF-1� at 3 hours remained unchanged even in the pres-
ence of 2-ME (Figure 4A).

Suppression of TGF-�3 and TIMP-2 by 2-ME
under Hypoxic Condition

HIF-1�-induced expression of TGF-�3 is reported to me-
diate the inhibition of EVT differentiation.16,18 To define
whether 2-ME had an effect on the expression of TGF-�3,
we evaluated the mRNA expression of TGF-�3 by using
RT-PCR. Consistent with previous reports,18 TGF-�3 was
induced in trophoblasts cultured under low-oxygen levels
(Figure 4C), and 2-ME down-regulated mRNA expression
of TGF-�3 (Figure 4C). Such suppression of TGF-�3 by
2-ME under hypoxic condition is associated with TIMP-2
suppression (Figure 4D), even though TIMP-2 is not in-
creased under low-oxygen conditions (Figure 4D).

Down-Regulation of TGF-�3 and TIMP-2 by 2-ME
in Placentas of COMT�/� Mice

To correlate the in vitro data collected thus far with in vivo
processes, the role of 2-ME was analyzed in the placen-
tas of COMT�/� mice. In immunohistochemical analysis
of COMT�/� placentas, expression levels of TGF-�3 sig-
nificantly increased in the spongiotrophoblast layer (Fig-
ure 5,A and B), a region associated with decreasing
levels of oxygen and HIF-1� accumulation.23 The TGF-�3
expression significantly diminished in COMT�/� mice re-
ceiving 2-ME (Figure 5C). An imbalance in the synchro-
nized expression patterns of matrix metalloproteinases

Figure 3. Endothelial cell-specific CD31 expression induced by 2-ME under
hypoxic conditions. A: A representative western blot picture of CD31 (135
kDa) is shown. B: Densitometric analysis of a 135 kDa CD31 protein expres-
sion is shown. Results are shown as the relative expression against 17% O2

without 2-ME as in each set of western blots. Data are shown as the mean �
SE in the graph (n � 3). *P � 0.05. C: No alteration in the expression of the
epithelial cell marker E-cadherin by the presence of 2-ME. Representative
results from three independent experiments are shown.

Figure 4. Suppression of HIF-1�, TGF-�3, and
TIMP-2 by 2-ME under hypoxic condition. A:
Trophoblasts cultured for 3 hours or 95 hours in
17% or 2.5% O2 were harvested, and HIF-1�
levels were analyzed by using Western blot anal-
ysis. The representative results are shown from
at least three independent experiments. B: Den-
sitometric analysis of a HIF-1� protein expres-
sion at 95 hours is shown. Results are shown as
the relative expression against 17% O2 without
2-ME as in each set of western blots. Data are
shown as the mean � SE in the graph (n � 3).
*P � 0.05. C: Total RNA was extracted from
HTR-8 cultures after 95 hours of incubation with
or without 2-ME under 17% or 2.5% O2. Com-
plementary cDNA was synthesized by using 0.5
�g of total RNA, and TGF-�3 expression levels
were analyzed by PCR. The experiment was per-
formed twice and showed the same results. D:
Western blot analysis for TIMP-2 by using cul-
tured trophoblast after 95 hours of incubation
with or without 2-ME under 17% or 2.5% O2 is
shown. The representative results are shown in
three independent experiments.
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and TIMPs could lead to excessive cytotrophoblast inva-
sion, such as that found in choriocarcinoma,45 or could
lead to restricted invasion, such as that found in pre-
eclampsia and fetal growth restriction.8 TIMPs have been
reported to inhibit cytotrophoblast invasion.46 Immuno-
histochemical staining revealed an increased expression
of TIMP-2 that was localized to the spongiotrophoblast
layer of COMT�/� mice placentas (Figure 5, D and E).
In 2-ME-treated COMT�/� mice, immunoreactivity and
expression levels were restored to wild-type levels
(Figure 5F).

Down-Regulation of COMT and Up-Regulation
of HIF-1�, TGF-�3, and TIMP-2 in Placentas of
Preeclampsia Patients

We also examined the immunoreactivity and spatial lo-
calization for COMT, HIF-1�, TGF-�3, and TIMP-2 in hu-
man placental samples (Figure 6). High levels of COMT
activity were observed in placental and decidua vera
samples obtained from pregnant women at term.47–49

Placentas from normal pregnancies showed strong
COMT immunoreactivity in the villous syncytiotrophoblast
layer and also in mesencymal cells, but relatively low
immunoreactivity was present in placentas from pre-
eclampsia patients (Figure 6, A–C). Consistent with in
vitro data and mice experiments, positive immunoreactiv-
ity for HIF-1�, TGF-�3, and TIMP-2 was observed in the
placentas from preeclampsia patients, in comparison
with the much lower levels of expression in the placentas

of women with normal pregnancy (Figure 6, D–L). With
regards to spatial localization, HIF-1� immunostaining
was localized to the syncytiotrophoblast, to the vascular
endothelium, and, to a lesser extent, to the mesenchymal
cells (Figure 6, D and E). TGF-�3 (Figure 6, G and H) and
TIMP-2 (Figure 6, J and K) were mainly localized to
syncytiotrophoblast and to a lesser degree to the mes-
enchymal cells. In non-villous placenta, COMT also ex-
hibited strong expression and intranuclear accumulation
(Figure 6, M and N). Such intranuclear accumulation is
suppressed in preeclamptic placenta (Figure 6, M–O).

Discussion

In this report, we demonstrated that 2-ME enables cy-
totrophoblasts to differentiate into an invasive endovas-
cular phenotype under low-oxygen conditions. At 8 to 10
weeks of gestation, the placenta is hypoxic (�3% O2,
�15 to 20 mmHg); the low level of oxygen results from the
endovascular trophoblast plugs, which obstruct blood
flow from the spiral arteries and prevent the influx of
oxygenated maternal blood.50 The role of low-oxygen
levels in trophoblast trans-differentiation and invasion is
still poorly understood. We demonstrated that the com-
bination of low-oxygen levels and 2-ME are vital initiators
of cytotrophoblast invasion and trans-differentiation.

The process of EVT invasion of the maternal uterus is
critical for the establishment of utero-placental circula-
tion. Uterine invasion by EVTs occurs via two pathways:
(1) an endovascular pathway, where EVTs migrate to the

Figure 5. Down-regulation of TGF-�3 and TIMP-2 by 2-ME in placentas of COMT�/� mice. A–C: The immunohistochemical labeling of TGF-�3 in placenta/
decidua from COMT�/� (A), COMT�/� (B), and 2-ME-administered COMT�/� mice (C) is shown. D–F: The immunohistochemical labeling of TIMP-2 in
placenta/decidua from COMT�/� (D), COMT�/� (E), and 2-ME-administered COMT�/� mice (F) is shown. Formalin-fixed paraffin embedded sections were used
in the analysis. Brownish staining represents positive immunostaining (arrows in B and E). The solid lines indicate the border between placenta and decidua.
The dotted lines indicate the border between the spongiotrophoblast layer and the labyrinth layer of placenta (P, placenta; D, decidua; SP, spongiotrophoblast
layer; L, labyrinth layer). Wild-type mice are designated as COMT�/� mice in the figure. The representative results are shown from three independent experiments.
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Figure 6. Down-regulation of COMT is associated with up-regulation of HIF-1�, TGF-�3, and TIMP-2 in placentas of preeclampsia patients. Immunohistochemical
analysis of villous COMT (A and B), HIF �1� (D and E), TGF-�3 (G and H), TIMP-2 (J and K), and nonvillous COMT (M and N) in placentas from patients with
preeclampsia and normal pregnancy is shown. Brownish staining represents positive immunoreactivity. Each sample was analyzed by immunostaining intensity
in six different areas (indicated as dot), scores were averaged, and statistical analyses were performed (C, F, I, L and O). Three normotensive control placentas
and three severe cases of preeclamptic placentas were analyzed. Formalin-fixed paraffin-embedded sections are used in the analysis. *P � 0.05.
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lumen of the uterine spiral arteries, and (2) an interstitial
pathway, which requires the attachment of cytotropho-
blasts to the maternal decidua, the proteolytic degrada-
tion of extracellular matrix, and finally the migration of
EVTs between decidual and myometrial cells.5,6 EVTs
that have invaded the maternal decidua express an en-
dothelial cell surface marker (CD31) and lose epithelial
markers such as E-cadherin.44,51 In our analysis, despite
the CD31 expression, the loss of E-cadherin was not
observed in the invaded trophoblasts under low-oxygen
levels with 2-ME. It is possible that our results reveal a
“transitional phase” of cytotrophoblast conversion into an
endovascular phenotype, still preserving the epithelial
marker, E-cadherin, at this stage. In this regard, Floridon
et al52 have described that functional E-cadherin expres-
sion is restored in endovascular- and perivascular-in-
vaded cytotrophoblasts, supporting our observation of
E-cadherin expression in the trophoblasts with an inva-
sive phenotype.

The transcription factor HIF-1� is responsible for the
induction of genes that facilitate the adaptation and sur-
vival of cells during low-oxygen levels.28,53 It has been
reported that in the first-trimester cytotrophoblasts, the
expression of HIF-1� parallels that of TGF-�3, which is an
inhibitor of early cytotrophoblast differentiation16,18 and
likely impairs the ability of cytotrophoblasts to adopt an
invasive phenotype. Also, it has been found that anti-
sense inhibition of HIF-1� down-regulates TGF-�3 mRNA
expression in villous explants.18 Consistent with these
findings, we observe that 2-ME, an inhibitor of HIF-1�,
down-regulates TGF-�3 mRNA expression in cytotropho-
blasts cultured under low-oxygen levels. TGF-�3 expres-
sion is also associated with TIMP-2 expression in mice.54

TGF-�3 and TIMP-2 are induced in the spongiotropho-
blast layer of placentas in the COMT�/� mice. Spogiotro-
phoblast-associated glycogen cells, which can invade
the decidua, exhibit similar features as the human cy-
totrophoblasts55 and have been proposed to contribute
to the establishment of maternal-placental circulation.
Although the role of these spongiotrophoblast-associated
glycogen cells are not clear, overproduction of TGF-�3
and TIMP-2 in the placenta of COMT�/� mice may result
in poor establishment of utero-placental circulation,
resulting in decreasing levels of oxygen in the placenta
and emergence of preeclampsia-like phenotype in these
mice.23

Invasion of the placenta by EVTs is believed to occur
primarily in the first trimester.4 However, throughout preg-
nancy the placenta maintains a population of undifferen-
tiated mononuclear cytotrophoblasts within villous tis-
sue.56 Even at term, these villous cytotrophoblasts can
be isolated as a relatively pure population of undifferen-
tiated cells.56 Moreover, EVTs retain the capacity for sus-
tained invasion of the uterus even in the third trimester of
pregnancy.57 We have shown that 2-ME administration in
COMT�/� mice in the latter half of pregnancy suppresses
a preeclampsia-like phenotype.23 Collectively, these re-
sults suggest that low-oxygen levels/2-ME maintain pla-
cental homeostasis throughout the gestational period via
appropriate regulation of cytotrophoblast differentiation
and function.

EVT invasion is strictly regulated and does not go past
the proximal third of uterine wall4; however, the underly-
ing mechanism for this organized and tempered migra-
tion is not well understood. Our results reveal that neither
low-oxygen levels nor 2-ME alone stimulated invasion of
HTR-8 cytotrophoblast cells in our model system. Our
experiments also demonstrated that the invasive pheno-
type of cytotrophoblasts (induced by 2.5% O2 and 2-ME),
were reversible when the chamber conditions were re-
turned to high-oxygen concentrations (�17% O2). We
hypothesize that under hypoxia and adequate concen-
trations of 2-ME, cytotrophoblasts invade the maternal
decidua and uterus (Figure 7A). Further invasion into the
myometrium (proximal third of the uterine wall) is then
regulated by the gradient of oxygen concentration be-
tween the placenta, deciduas, and uterine wall.1,6,17 As
cytotrophoblasts invade the uterine wall and encounter
higher levels of oxygen, the cells lose their invasive phe-
notype (Figure 7A) and their invasion is restricted. In
cases where there is both an inadequate concentration of
2-ME and placental hypoxia, as speculated in pre-

Figure 7. Schematic illustration of extravillous cytotrophoblast invasion into
the uterus. A: With sufficient 2-ME, cytotrophoblast with an invasive pheno-
type can invade up to the proximal third of the myometrium. B: With less
2-ME, the cytotrophoblasts are less invasive; therefore, shallow invasion of
cytotrophoblasts develops.
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eclampsia, cytotrophoblasts still retain a minimal capac-
ity to invade; however, this compromised capacity results
in shallow invasion by trophoblasts—a phenotype ob-
served in preeclamptic placentas (Figure 7B).

In conclusion, we demonstrated unique synergistic
roles of hypoxia and 2-ME in the regulation of appropriate
and organized cytotrophoblast invasion. Our findings
shed further light on the complex interplay between oxy-
gen physiology and the endothelium-like function of tro-
phoblast in placental homeostasis.
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