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Background: Oxygen plays a central role in human placental pa-
thologies including preeclampsia, a leading cause of fetal and ma-
ternal death and morbidity. Insufficient uteroplacental oxygenation
in preeclampsia is believed to be responsible for the molecular events
leading to the clinical manifestations of this disease.

Design: Using high-throughput functional genomics, we determined
the global gene expression profiles of placentae from high altitude
pregnancies, a natural in vivo model of chronic hypoxia, as well as that
of first-trimester explants under 3 and 20% oxygen, an in vitro organ
culture model. We next compared the genomic profile from these two
models with that obtained from pregnancies complicated by pre-
eclampsia. Microarray data were analyzed using the binary tree-
structured vector quantization algorithm, which generates global
gene expression maps.

Results: Our results highlight a striking global gene expression sim-
ilarity between 3% O2-treated explants, high-altitude placentae, and
importantly placentae from preeclamptic pregnancies. We demon-
strate herein the utility of explant culture and high-altitude placenta
as biologically relevant and powerful models for studying the oxygen-
mediated events in preeclampsia.

Conclusion: Our results provide molecular evidence that aberrant
global placental gene expression changes in preeclampsia may be due
to reduced oxygenation and that these events can successfully be
mimicked by in vivo and in vitro models of placental hypoxia. (J Clin
Endocrinol Metab 90: 4299–4308, 2005)

MIMICRY OF A complex biological system ex vivo is a
challenging task, generally limited in the extent to

which either normal or pathological processes can be mod-
eled. This is particularly true of the human placenta, which
is characterized by tightly regulated trophoblast differenti-
ation events during the first trimester of pregnancy, and
complex dysregulation in pathological pregnancy. Early pla-
cental development (�8–10 wk gestation) occurs under low
oxygen conditions (15–20 mm Hg or �2% O2), when the
intervillous space is separated from the maternal uterine
circulation by endovascular trophoblastic plugs obstructing
the opening of uteroplacental arteries (1). This low O2 envi-
ronment is critical for early embryonic development. At 8–10
wk gestation, endovascular invasion ensues. Oxygen tension
is known to regulate this process (2–4). Invasion coincides
with progressive dislocation of endovascular plugs, giving
rise to a dramatic increase in O2 tension within the intervil-
lous space reaching 55–60 mm Hg (�8% O2) at the initial

stages of intervillous perfusion (5). This decreases to a mean
of approximately 40 mm Hg toward the end of the third
trimester as a result of increasing O2 extraction from the
placenta and the fetus. Various locations within the same
placenta are differentially perfused as central regions (prox-
imal to the umbilical cord) are more oxygenated when com-
pared with distal/peripheral organ sites (6). Hence, villous
trophoblast cells can encounter fluctuations in O2 tension,
depending on their spatial location and blood flow (6). These
developmental and hemodynamic events, regulated by O2

throughout placental development, act synergistically to reg-
ulate placental development and ensure a healthy outcome.
Failure of the oxygen-associated developmental events con-
tributes to placental disease (7–9).

Abnormal first-trimester trophoblast differentiation is as-
sociated with pregnancies complicated by preeclampsia
and/or intrauterine growth restriction (IUGR). Preeclamp-
sia, a disorder unique to humans, affects 5–10% of all preg-
nancies and remains a leading cause of fetal and maternal
morbidity and mortality (10, 11). A key histopathologic cor-
relation is shallow invasion and aberrant remodeling of ma-
ternal spiral arteries, which leads to decreased uteroplacental
perfusion. Reduced perfusion in the preeclamptic placenta
has been linked to inflammatory processes, oxidative stress,
and even infarctions (12, 13). Experimental hypoxia is cor-
related with preeclampsia features, inducing trophoblast cell
death, release of proinflammatory cytokines, and oxidative
stress (7, 14–16). The putative effect of reduced oxygenation
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on global gene expression changes in placental tissues from
preeclamptic patients remains unclear.

In vitro methods mimicking the effects of reduced oxygen
in the human placenta are important if we are to understand
the dysregulated molecular events characteristic of pre-
eclampsia and IUGR. Several models are commonly used,
including transformed cell lines, primary isolated cytotro-
phoblast cells, and organ culture. However, there is substan-
tial disagreement as to the relevance and utility of these
models. We therefore attempted a systematic comparison of
global patterns of gene expression in in vitro first-trimester
chorionic villous explants cultured under low and high O2
conditions; high-altitude (HA) placental tissue as an in vivo
model of chronic hypoxia; and preeclampsia, a complex dis-
order widely believed to be associated with placental hyp-
oxia. Using unbiased gene profiling, we found that aberrant
gene expression in preeclampsia may be the result of reduced
oxygenation and that placental explants under low-oxygen
and HA placenta mimic this situation.

Patients and Methods
Tissue sampling

Tissue collections were performed in compliance with participating
institutions’ ethics guidelines and in accordance with the guidelines in
The Declaration of Helsinki. Each participant provided written informed
consent. First-trimester human placental tissue (5–6 wk gestation, n �
10; 12–13 wk gestation, n � 12) was obtained from elective terminations
by dilatation and curettage. Preeclamptic placentae [PE; n � 11 including
two complicated by IUGR, and one complicated by hemolysis elevated
liver enzymes and low platelets, 10 nonlabor, one labor] and preterm,
normotensive, age-matched, control placentae (AMC; n � 9, four mul-
tiplets and five preterm labor, all in labor) were collected from deliveries
at Mount Sinai Hospital. High-altitude (HA) and moderate-altitude
(MA) placental samples (n � 8 each) were collected from normal, healthy
pregnancies with spontaneous vaginal deliveries in women living at
3100 and 1600 m in Colorado. The Leadville group (3100 m) exhibited
decreased overall birth weights relative to MA pregnancies (1600 m).
Ten term placentae, obtained from cesarean deliveries without labor
(C/S group) in healthy normotensive patients at sea level (Toronto,
Canada), were also included as an additional control group. In addition,
five term normal healthy placentae were used as a neutral internal
reference control allowing for normalization of microarray data across
various chips. The C/S group and the term reference group were normal
and within healthy physiologic range for all maternal and fetal clinical
parameters. Due to organ heterogeneity, multiple specimens were sam-
pled from central and peripheral regions and both the maternal and fetal
sides of term and age-matched control placentae. Areas with calcified,
necrotic, or visually ischemic tissue were omitted from sampling. The

preeclamptic group was selected to represent classic severe early-onset
preeclampsia according to both clinical and pathological criteria based
on the American College of Obstetrics and Gynecology criteria (17). All
preterm and term control groups did not show clinical or pathological
signs of preeclampsia, infection, or other maternal or placental disease.
Clinical parameters for PE, AMC, MA, and HA participants are sum-
marized in Table 1.

Human chorionic first-trimester villous explant culture

First-trimester explant culture was performed as described previ-
ously (3, 18). Explants were maintained at 37 C in either standard tissue
culture condition (5% CO2-95% air) or maintained in an atmosphere of
3% O2-92% N2-5% CO2 for 48 h. Four sets of explants from four different
placentae were used. A minimum of nine explants per experimental
condition (3% O2 vs. 20% O2) was examined.

RNA isolation

Total RNA was isolated from individual placentae using an RNeasy
kit (QIAGEN, Santa Clarita, CA). RNA quality and integrity was
checked on denaturing 1.2% agarose gel. Only RNA samples demon-
strating 28S to 18S rRNA ratio of 2:1 or more (as determined by den-
sitometric analysis) were included in study. RNA was prepared to a final
concentration of at least 1 �g/�l.

Microarray experiments and analyses

Figure 1 summarizes how microarray experiments were conducted.
The labeling and hybridization procedures were according to University
Health Network Microarray Centre’s indirect labeling protocol (http://
www.microarrays.ca/support/proto.html). Tissue samples were
pooled for the microarray experiments. The purpose of a pooling strat-
egy was 2-fold. First, this strategy enabled thorough sampling, as mul-
tiple samples from the same experimental condition were combined.
Second, pooling increases the signal to noise ratio within the expression
data set, diminishing the false-positive discovery rate for clusters of
differentially or similarly expressed genes across different experimental
conditions (19). All cyanine-3-labeled experimental samples were com-
pared with the same neutral pooled RNA sample, obtained from five
term placentae acquired from vaginal deliveries of normotensive
healthy women (reference RNA). The purpose of choosing a pooled
reference sample was to introduce a basic normalization parameter,
which improves the reliability of gene expression comparison across
different experimental conditions as well as arrays (19). An equal
amount of RNA (10 �g) of each individual test sample from each ex-
perimental condition was pooled. Fluorophore-labeled cDNA was hy-
bridized to 1.7k version 4 human microarrays, containing 1700 double-
spotted well-characterized human genes (http://www.microarray.ca;
for a complete list of genes and related information spotted on 1.7k
version 4 arrays refer to http://www.microarrays.ca/support/glist-
s.html). Arrays were scanned using a GenePix 4000 microarray scanner

TABLE 1. Clinical parameters of participants

Moderate altitude (n � 8) High altitude (n � 8) Preterm control (n � 9) Preeclamptic (n � 11)

Mean maternal age (yr) 29.0 � 2.5 29.0 � 6.7 30.5 � 4.8 28.9 � 6.0
Mean gestational age [wk (range)] 39.4 � 1.4 (37–41) 39.1 � 1.3 (37–41) 29.5 � 4 (23–35) 29.2 � 2.9 (25–34)
Blood pressure (mm Hg)

Systolic 112 � 6 117 � 8 114 � 4.2 181 � 10.5
Diastolic 71 � 6 75 � 4 70 � 7.0 111 � 6.0

Proteinuria Absent Absent Absent 3.4 � 1.5
Edema Absent Absent Absent Present: 82%

Absent: 18%
Fetal weight (g) A.G.A.: 3553 � 312 A.G.A.: 2947 � 190 A.G.A.: 1300 � 730 A.G.A.: 1160 � 352

(P � 0.001 vs. MA)
Mode of Delivery CS: 1 CS: 2 CS: 5 CS: 10

VD: 8 VD: 8 VD: 5 VD: 1

Data are presented as mean � SD. Maternal age of participants ranged from 18 to 39 yr. A.G.A., Appropriate for gestational age; VD, vaginal
delivery; CS, cesarean section delivery.
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and spot density was analyzed using the GenePix Pro 4.0 Acquisition
and Analysis software (Axon Instruments, CA).

Global gene expression profiling and data visualization was per-
formed using the binary tree-structured vector quantization (BTSVQ;
http://www.cs.toronto.edu/�juris/btsvq/downloads.html) software
as previously described (20). BTSVQ performs unsupervised clustering
of full gene expression profiles and supports intuitive visualization of
obtained clusters, both as a binary tree and component planes of self-
organizing maps (SOMs). Additionally, genes in two highly conserved
areas of SOMs between 3% O2-treated explants, HA, and PE were se-
lected for further analysis. Genes within these two areas within these
hypoxia groups were subjected to statistical analysis to obtain lists of
genes that were statistically similar to one another (among 3% explants,
PE and HA) but significantly different from their respective control
samples, i.e. 20%-treated explants, MA and AMC samples. Differential
significance between two experimental conditions (i.e. HA vs. MA) was
defined at a 95% confidence interval with P � 0.05 as determined by
Student’s two-way t test performed for individual genes (spotted twice
on two to three different arrays). As previously reported, a pseudocolor
matrix was generated with the Matlab R12 software (MathWorks Inc.,

Natick, MA) to display the correlation between representative samples
from the three hypoxic conditions (3% explants, HA and PE) and their
controls (21).

Quantitative real-time PCR

To test whether pooled samples vs. individual samples would differ
significantly when analyzed for gene expression, the vascular endothe-
lial growth factor (VEGF) and the integrin �6 Assay-on-Demand Taq-
man probes and primers (Applied Biosystems, Foster City, CA) were
used in quantitative real-time PCR (qPCR) analyses to validate differ-
ential gene expression as predicted by the BTSVQ and statistical anal-
yses. Analysis was done using the DNA Engine Opticon 2 system (MJ
Research, Waltham, MA), and data were normalized against expression
of 18S rRNA as previously described (22). Each individual sample that
had been combined in the pooled experimental sample as well as the
pooled sample used in the array experiment was assessed for differential
gene expression. qPCR analyses were performed using three replicates
of each condition at all times. Statistical significance was determined by
Student’s t test, significance as defined as P � 0.05.

Results
Unsupervised clustering using BTSVQ algorithm

The raw data using full gene expression profiles (first- and
third-trimester tissues) was subjected to an unsupervised
analysis using BTSVQ software. BTSVQ combines a partitive
k-means clustering and an SOM algorithm to achieve unsu-
pervised clustering of both samples and genes. This type of
unsupervised analysis divides the parent data set (data from
all arrays using all gene expressions) into a binary cluster tree
by iteratively using a k-means algorithm with k � 2 (Fig. 2A).
SOM was then applied to clustered samples based on their
quantified gene expression profiles. Partitive clustering re-
sults were cross-verified with the clusters generated by
SOMs. Clustered genes, represented using SOMs, were then
used to identify differentially expressed genes and visualize
the global pattern of the two physiological hypoxia models
(high altitude and explants cultured at 3% oxygen) and the
pathological hypoxia (preeclampsia) samples. For each level
of the binary tree, the genes are ranked both with respect to
the likelihood of the gene being differentially expressed
across all the samples in the same cluster and t statistics. This
provides an accurate method of excluding genes with vari-
able expression across samples as well as genes with low
significance and thus enables selection of the most differen-
tiating genes between clusters. The cluster structure in gene
space is visualized using component planes of the already
computed SOM.

For simplicity, we depicted the first subdivision of the data
set into two children, using all gene expressions. The first
cluster (child 1) contained all the arrays from first-trimester
samples (tissue from 5 to 13 wk gestation and villous explant
tissues treated under 3 and 20% oxygen). The second cluster
(child 2) included all the third-trimester samples (AMC, PE,
and the term samples from HA, MA, and nonlaboring term
C/S placentae). This observation indicates that BTSVQ, as
previously demonstrated (20), subdivides a pooled microar-
ray data set into biologically meaningful clusters, in this case
into two distinctive groups based on gestational age (first-
and third-trimester samples).

FIG. 1. Experimental strategy for microarray study. Flow chart rep-
resents sequential steps taken to increase reliability and reproduc-
ibility from expression profiling. Left, Pooled samples in each exper-
imental condition (preeclamptic tissues depicted as example, other
conditions include: first-trimester tissues, AMC, term C/S, MA, HA,
3- and 20%-treated explant). Right, Reference sample (originating
from five normal term placentae) used in all experimental conditions
as a normalization parameter. R, Reference sample; P1-P10, patient
RNA samples (preeclamptic tissues).
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Data output: structure and reproducibility

Figure 2B demonstrates the structure of each global ex-
pression profile obtained per microarray. Gene expression
data are transformed into hexagonal map units in a compo-
nent plane of a SOM. Each unit represents a group of genes
with similar expression pattern selected by the SOM algo-
rithm. This achieves data compression with minimal loss of
information. The averaged gene expressions are then pro-
jected into a color space for visualization. Interpolating the
color between individual map units in SOM creates the color
gradient that represents a pseudoexpression value for a
group of genes within a cluster (red corresponding to gene
overexpression, blue representing gene underexpression rel-
ative to the reference sample). As such, a specific area within
the component plane represents the same gene cluster across
all arrays in the study. A similarity in color in the same area
of two different component planes (e.g. 3% oxygen and high
altitude) hence indicates a similar gene expression pattern.
Conversely, difference in color in the same area across var-
ious component planes translates into differential gene ex-
pression. This visualization thus achieves data compression
with minimal loss of information.

To help diminish the noise in microarray experiments
(largely due to hybridization, washing, scanning, spot-

density analysis, array spotting variability, etc.) and increase
statistical power, we repeated arrays in duplicate or triplicate
for each experimental condition. Figure 2B (right panel) dem-
onstrates the reproducibility and consistency of multiple,
replicate arrays derived from the same sample. We also
tested whether pooling vs. examination of individual sam-
ples would bias the results. Global microarray expression
profiling (BTSVQ and statistical analyses) demonstrated that
VEGF transcript, a known hypoxia-induced gene (23), was
differentially expressed between explants cultured under 3
and 20% O2 (3%: 1-fold increase, P � 0.0297), between high
vs. moderate altitude placentae (HA: 1.7-fold increase, P �
0.0437) as well as in preeclamptic relative to age-matched
control tissues (PE: 2.5-fold increase, P � 0.0463), increasing
in conditions of hypoxia. Using qPCR, we demonstrated that
VEGF expression was in fact significantly increased in pre-
eclampsia and 3% explants relative to their respective con-
trols demonstrating the validity of the expression profiling
(Fig. 2C). Importantly, the data further demonstrates that
there is no difference in the results obtained measuring the
individual samples vs. the pooled samples, demonstrating
the power and reliability of the pooling strategy (Fig. 2C).
Additionally, global gene expression analyses also demon-
strated the increased expression of integrin-�6 between the

FIG. 2. BTSVQ analysis of microarray data. A, Unsu-
pervised clustering of all experimental conditions.
BTSVQ divided the sample experimental arrays into two
biologically relevant groups (child 1: first-trimester tis-
sues; child 2: third-trimester tissues). B (left), Gene as-
signment by a SOM. Depicted are hexagonal units of a
component plane (array of nodes), listed with the labels
of genes around clusters selected by the SOM algorithm
using vector quantization. The color gradient represents
gene expression values associated with individual units,
projecting average of gene expressions in a given unit
using this color scheme. Similarly expressed genes in the
same area of component planes across various arrays
have similar color. Differential gene expression results
in color differences between the same areas of different
arrays. B (right), SOM component planes of three dif-
ferent arrays hybridized with the age-matched control
sample and the reference sample. Note a virtually iden-
tical gene expression pattern among the SOM visual-
izations of the three arrays. C, Quantitative RT-PCR for
relative VEGF transcript expression in unpooled (indi-
vidual samples: open bars) vs. pooled samples (black
bars) from preterm AMC and PE tissues as well as from
explants incubated under 20 and 3% oxygen. D, Quan-
titative RT-PCR for relative integrin-�6 transcript ex-
pression in control conditions (open bar; AMC, 20% ex-
plant and MA) relative to the three hypoxia conditions
(PE, 3% explant, HA). Analysis was performed in trip-
licate. *, P � 0.05, Student’s t test.
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various hypoxia conditions and their respective controls (for
all conditions P � 0.05; PE vs. AMC: 1-fold increase, 3 vs. 20%:
2.5-fold increase and HA vs. MA: 0.5-fold increase). This
gene, a well-known marker of immature trophoblast phe-
notype, was further validated using qPCR for its differential
expression in the hypoxia conditions relative to their con-
trols. Figure 2D demonstrates that integrin-�6 expression is
in fact significantly increased in 3% explant, PE and HA
groups relative to 20% explant, AMC and MA samples, once
again validating the accuracy of the expression profile anal-
yses. Furthermore, global array analysis showed increased
expression of a number of genes known to be regulated by
hypoxia inducible factor (HIF) 1 in all three hypoxia exper-
imental conditions tested (Table 2).

Expression profile differences and similarities

Figure 3 demonstrates reproducibility of the gene expres-
sion profiles (duplicate arrays represented in Fig. 3, A–C).
Figure 3A shows the gene expression profile obtained from
first-trimester tissue samples (10–12 wk) and first-trimester
villous explants exposed to 3 and 20% O2. Explants treated
with 3 vs. 20% O2 differ considerably from one another.
Whereas the 20% O2 concentration is well above the in vivo
physiologic oxygen range for placental tissue, we did not
observe substantive alterations in global gene expression
between normal first-trimester tissues (in vivo, 10–12 wk) and
20% O2-treated explants in vitro (Fig. 3A). Figure 3B shows
the gene expression pattern in moderate and high-altitude
placentae, with noticeable differences in expression profile
between the two and between those at sea level (Fig. 3C, term
cesarean deliveries and vaginal deliveries). When PE and
AMCs were compared, we also observed noticeable differ-
ences in their global gene expression profiles (Fig. 3C, center
and right panels). It is important to emphasize that the AMC
group is not a perfect control group because most patients
within this group suffer from preterm labor. As well, it has
been reported that placentae from preterm labor pregnancies
exhibit a certain degree of histological similarity to those
obtained from preeclamptic pregnancies (24). Moreover, the
AMC group also includes four twin pregnancies. Multiple
pregnancies are known to be associated with increased risk
for developing preeclampsia (25). Thus, it is virtually im-
possible to compare gene expression obtained from the early
severe onset PE group with that of a perfect (nonpathologi-
cal) age-matched control group. Additionally, we also ob-
served alterations in the global gene expression pattern be-
tween the term C/S and AMC groups (Fig. 3C, left and middle

panels). The changes observed between these two control
groups (C/S vs. AMC) may be attributed to differences in
mean gestational age and presence of underlying pathology
(leading to preterm labor) as well as absence vs. presence of
spontaneous labor. Future studies are needed to address this
issue.

Finally, there was striking similarity between the expres-
sion profiles of all three experimental models a priori deemed
relevant to hypoxia. First-trimester explants exposed to 3%
O2, placental tissues obtained from high altitude pregnan-
cies, and preeclamptic tissues were all remarkably similar to
one another (Fig. 3D). These data collectively demonstrate
that global gene expression in preeclampsia may be affected
by reduced oxygenation and most importantly that this com-
plex pathology can be mimicked by in vitro and in vivo mod-
els of placental hypoxia. Global gene expression analyses
further demonstrated that the percentage of unchanged
genes between HA vs. 3%, PE vs. HA, and 3% vs. PE was,
respectively, 90.4, 94.4, and 90.8%. We also performed cor-
relation studies to determine the degree of similarity among
the three hypoxia conditions (3% explants, HA and PE) both
graphically and numerically. Figure 3E depicts a graphical
correlation matrix demonstrating a positive significant cor-
relation coefficient between 3% explants and HA conditions
(r � 0.43; P � 0.001). A stronger correlation was observed
between HA and PE (r � 0.5; P � 0.001) and particularly
between 3% explants and PE (r � 0.6; P � 0.001). These data
further demonstrate that our in vitro and in vivo models of
placental hypoxia can successfully mimic a global gene ex-
pression profile similar to that of PE. Of interest, HA con-
ditions showed no correlation relative to its control MA,
whereas low correlation between PE and AMC was noted.
Furthermore, positive correlation between explants main-
tained at either 3 or 20% oxygen was observed. The latter was
not surprising because the same tissues from the same pla-
centae were used in explant cultures.

Clusters of similarly and differentially expressed genes

In addition to performing global expression analyses, we
also selected two highly conserved areas between the SOMs
of 3% O2-treated explants, high altitude, and PE and exam-
ined the similarly and differentially expressed genes con-
tained within these two regions (Fig. 4, areas A and B). Areas
A and B were selected because they differ markedly from
their respective controls (20% O2-treated explants, moderate
altitude, and age-matched control placentae). The list of
genes contained within areas A and B was subsequently

TABLE 2. Known HIF-1-regulated genes increased in hypoxia conditions vs. controls

Unigene
ID Name 3% vs. 20%

(fold change)
HA vs. MA

(fold change)
PE vs. AMC
(fold change)

Hs.296634 Ceruloplasmin (ferroxidase) 0.6 0.4 1.5
Hs.82085 Plasminogen activator inhibitor type 1 5.8 0.2 0.2
Hs.75640 Natriuretic peptide precursor A 4.0 N.S.D. 2.32
Hs.273415 Aldolase A 0.2 0.4 N.S.D.
Hs.349109 IGF-II 0.9 0.12 N.S.D.
Hs.77326 IGF binding protein 3 2.5 2.5 N.S.D.
Hs.73793 VEGF 1.0 1.7 2.5

Values represent fold increase in gene expression in hypoxia conditions (3%, HA and PE) relative to their respective controls (20%, MA and
AMC) as assessed by global array analyses. All reported fold changes are statistically significant (P � 0.05). N.S.D., Not statistically different.
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retrieved and subjected to statistical analysis to yield com-
monly expressed genes among the three different hypoxic
conditions. The table in Fig. 4 depicts the list of similarly
expressed genes in areas A and B among the three conditions

shown in Fig. 4. In addition, we included a list of differen-
tially expressed genes (including fold changes and P value)
in areas A and B, which are increasing in the three hypoxia
conditions relative to their respective controls (Fig. 5).

Discussion

The main objective of this study was to assess, using a
high-throughput genomic approach, the relevance of in vitro
and in vivo models of placental hypoxia for mimicking and
studying gene expression affected by reduced oxygenation
and to relate these findings to placentae affected by tropho-
blast-related disorders. The results clearly demonstrate the
utility of the cultured explant and high altitude placental
models for understanding global patterns of gene expression
under reduced oxygen.

During in vivo placental development and before the open-
ing of the intervillous space, placentation is known to occur
in a low-oxygen environment, required for normal placental
and embryonic development (26). In vitro, extravillous tro-
phoblast cells in a low-oxygen environment maintain a non-
invasive, proliferative phenotype, and low pO2 inhibits dif-
ferentiation of extravillous trophoblast cells along the
invasive pathway (2, 3, 8). Failure of differentiation to the
invasive phenotype is thought to compromise remodeling of
maternal myometrial spiral arteries and may predispose the
developing placenta to a state of chronic or intermittent hyp-
oxia and/or oxidative stress because it is the case in PE (14,
27–29). That hypoxia and/or oxidative stress are important
in this pregnancy disorder is demonstrated on the organis-
mic level by reduced uteroplacental perfusion (Doppler
studies) at the organ level by markers of hypoxia and at the
molecular level by an accumulating body of evidence sug-
gesting dysregulations in HIF-1� expression in preeclampsia
(4, 30–32). These findings underline the importance of in-
vestigating the global effects of reduced oxygenation on tro-
phoblast biology using relevant experimental models.

The use of placental explant models has been previously
subjected to debate (33, 34). In this study we have demon-
strated the suitability, reliability, and power of an in vitro
first-trimester human placental explant model as well as a
naturally occurring high-altitude model of placental hypoxia
for studying the global effects of reduced oxygenation in
placental tissues. Using unbiased global gene expression pro-
filing, we have shown that extrapolating findings from these
models and applying them to an in vivo pathologic context
is a reasonable and reproducible strategy for the study of
oxygen effects on placental gene expression in two distinct
but biologically relevant experimental models.

After the opening of the intervillous space, the oxygen
level within the placenta is approximately 6–8% (5). How-
ever, our results support that using 20% O2 as a standard
control condition in first-trimester explant studies is relevant
to the in vivo situation at the end of the first trimester (after
the opening of the intervillous space to maternal blood). In
preeclampsia, placental perfusion can be decreased 50–70%
(35), potentially resulting in an intervillous oxygen concen-
tration of approximately 2–4% (36). It is not surprising, there-
fore, to observe the close similarity in global gene profiling
between explants incubated under 3% oxygen and pre-

FIG. 3. Global gene expression similarities and differences in exper-
imental groups. A, B, and C, SOMs of duplicate arrays run for each
experimental condition. A, Global gene expression differences be-
tween first-trimester explants treated under 3 and 20% O2 as well as
strong expression similarities between in vivo first-trimester tissues
(12 wk gestation) and explants treated under 20% O2. B, Differential
gene expression between MA and HA placental tissues. C, Global gene
expression differences between PE and AMC samples as well as nor-
mal healthy C/S samples. D, Striking similarity in global gene profile
between 3% O2-treated explants, PE, and high-altitude placentae. E,
Graphical pseudocolor representation of a correlation matrix, show-
ing a relationship among representative arrays from the three hyp-
oxia conditions (3% O2-treated explants; PE; HA) and their respective
controls (20% O2-treated explants; AMC; MA). The color map corre-
sponds to the scale of positive correlation coefficients. Noncorrelated
data display a coefficient of zero (dark blue), and positive significant
correlation ranges from green-yellow to red. The diagonal of the sym-
metric correlation matrix represents self-correlation and thus is equal
to 1 (dark red).
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eclamptic placental tissues. These data represent the first
large-scale molecular evidence that global gene expression in
preeclampsia is recapitulated by reduced oxygenation and
that an immature trophoblast phenotype reminiscent of early
first-trimester gestation (�8 wk gestation) is maintained
(2, 3).

Placentation at high altitude has recently emerged as a
natural in vivo model for studying the hypoxia-related aspect
of placental pathologies such as preeclampsia and IUGR.
Placentae from high altitude pregnancies (�3000 m) have
decreased uterine arterial remodeling, less uteroplacental
arterial invasion, increased proliferation of villous cytotro-
phoblast cells, decreased uteroplacental perfusion, and in-
creased circulating levels of proinflammatory cytokines and
catecholamines, similar to what is observed in preeclampsia

(36, 37). In addition, the incidence of preeclampsia and IUGR
is increased by 2- to 4-fold in pregnancies above 2700 m
accompanied by maternal physiological changes of preg-
nancy that appear intermediate between normal pregnancy
and preeclampsia (36). Gene profiling revealed a dramatic
resemblance in the global gene expression profile between
placentae from high altitude pregnancies and first-trimester
villous explants kept at 3% oxygen. The striking similarity
between these two conditions is likely due to both lowered
PaO2 of the maternal blood entering the intervillous space
and reduced uterine arterial blood flow (�30%) in high-
altitude pregnancies when compared with sea level (36). Our
data demonstrate the first in vivo physiological effect of re-
duced oxygenation on global gene expression in high-alti-
tude placentae. The resemblance between the 3% O2 first-

FIG. 4. Similarly expressed genes. Two conserved areas (A and B) between 3% O2-treated explants, preeclamptic, and HA placentae are
illustrated by black circles across all three conditions and their respective controls (20% O2, AMC, and PE). The table lists all the similarly
expressed (nonsignificant) genes within each area among the three conditions. The unigene ID and gene name are included for reference.
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trimester explants, preeclamptic, and high-altitude tissue
supports the argument that hypoxia induces or maintains a
relatively immature trophoblast phenotype.

The primary objective of our work was not to identify
specific differential gene expression but rather to identify
clusters of genes that may be similarly expressed in condi-
tions of in vivo and in vitro placental hypoxia and relate these
clusters to a pathologic state affected by aberrant placental
oxygenation (preeclampsia). After global gene expression
analyses of the entire set of arrays, we identified a number

of genes commonly expressed among the three hypoxic con-
ditions and substantially different from their respective con-
trols. Some of these, which are known to be affected by
hypoxia and/or in preeclampsia include VEGF; cytochrome
P450; glutathione s-transferase �; endothelin receptor type B;
cadherin 3 (placental); coagulation factors II and VIII; E-
selectin; colony stimulating factor 1; tumor protein p53; IGF
binding protein 6; integrin-�6; and others (38–43). Addi-
tionally, we have reported the increased expression of seven
known HIF-1 regulated genes in the three hypoxic conditions
relative to their respective controls (Table 2). Array analyses
showed significant differences in VEGF and integrin-�6 (lo-
cated outside areas A and B) and glutathione s-transferase �
(located inside areas A and B) between the hypoxia condi-
tions and their respective controls. We validated using qPCR
that VEGF, a well-characterized hypoxia-induced gene (23),
as well as integrin-�6 were differentially expressed in hyp-
oxia conditions vs. control scenarios, increasing under re-
duced oxygenation. It is presently unknown whether inte-
grin-�6 is a hypoxia-regulated gene, as such future studies
should address whether this gene is regulated by oxygen.

Studies have previously reported that VEGF expression is
increased in placental tissue from preeclamptic and high-
altitude pregnancies; in addition, in vitro studies have shown
that VEGF is also augmented in primary isolated trophoblast
cells cultured under reduced oxygenation (36, 44–47). These
findings corroborate our observation of increased VEGF ex-
pression in in vitro and in vivo models of placental hypoxia.
The increased expression of VEGF in preeclampsia and high-
altitude pregnancies could serve as a compensatory mech-
anism for reversal of impaired angiogenesis or as a direct
physiologic adaptive response to reduced oxygenation (36,
46, 48). Studies have shown that trophoblast cells in pre-
eclamptic and high-altitude placentae as well as explants
cultured under low oxygen (3%) exhibit an undifferentiated
proliferative phenotype (2, 3, 8, 36, 49). Interestingly, the
expression of integrin-�6, previously reported to be re-
stricted to undifferentiated/proliferative cytotrophoblast
cells (50), is increased in the current experimental models, a
finding that support the idea that under hypoxia conditions
trophoblast cells maintain an immature phenotype. Finally,
we should point out that preeclampsia is also a condition
characterized by oxidative stress (27). Interestingly, it has
been reported that expression of glutathione s-transferases �,
a member of a family of enzymes with peroxidase activity,
is increased in preeclamptic pregnancies as well as under
hypoxic conditions in carcinogenic cell lines and rats exposed
to hypoxia (51–54). Our results agree with these observations
and may highlight a role for this enzyme as a compensatory
mechanism to prevent further oxidative damage under re-
duced oxygenation.

Transition from an in vivo environment to a more mini-
malist in vitro experimental model often results in loss of
physiological parameters that may adversely affect the in-
tegrity and reliability of the experiment. In this study we
have shown that mimicry of a complex biological scenario in
vitro is in fact feasible. We have demonstrated herein that
aberrant changes in global placental gene expression in pre-
eclampsia may be due to reduced oxygenation and that in
vivo and in vitro manipulations yield similar expression pro-

FIG. 5. Differentially expressed genes. The table lists all the differ-
entially expressed genes within areas A and B increasing in the three
hypoxia conditions relative to their respective controls (significance,
P � 0.05). The unigene ID, fold change, P values, and gene name are
included for reference.
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files relevant to oxygenation of the tissue of interest. Both the
villous explant culture and the high-altitude model are sup-
ported here as biologically relevant models for studying
placental pathologies characterized by aberrant oxygenation.
The functional genomic approach devised in this study is
both powerful and reproducible, meriting further explora-
tion of the similarly and differentially expressed gene clus-
ters examined here.
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