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There is consensus that ischemia/reperfusion injury associated with preeclampsia (PE) promotes both placental damage
and the release of factors leading to maternal endothelium dysfunction, a hallmark of this potentially life-threatening
syndrome. These factors include plasminogen activator inhibitor-1 (PAI-1) and soluble fms-like tyrosine kinase-1 (sFlt-1).
The goal of this study was to further characterize placental factors involved in the pathophysiology of PE. Thus, DNA
microarray gene profiling was utilized to identify mRNA differentially regulated in placentas from women with severe PE
compared to both preterm (PC) and term control (TC) groups. Microarray studies detected an upregulation of mRNA for
ceruloplasmin, a copper-containing iron transport protein with antioxidant ferroxidase properties, in PE compared to PC
and TC placentas, respectively. Quantitative real-time PCR confirmed these results by demonstrating significant increases
in ceruloplasmin mRNA in PE vs PC and TC placentas. Supporting previous reports, the expression of sFlt-1 and PAI-1 were
also upregulated in PE placentas. Immunohistochemistry localized ceruloplasmin to the intervillous space in PE and PC
placentas, whereas stronger syncytial staining was noted in PE. Western blotting confirmed a significant increase in
ceruloplasmin levels in placental tissue in PE compared to PC groups. PCR identified the presence of mRNA for cer-
uloplasmin in primary cultures of syncytiotrophoblasts, but not villous-derived fibroblasts, suggesting that syncytium is
the site of ceruloplasmin synthesis in placenta. Hypoxic treatment (1% O2) of syncytiotrophoblasts enhanced levels of
ceruloplasmin mRNA approximately 25-fold, a significantly greater upregulation than that noted for PAI-1 and sFlt-1,
suggesting that enhanced ceruloplasmin expression is a sensitive marker of syncytial hypoxia. We suggest that syncytial
ceruloplasmin and its associated ferroxidase activity, induced by the hypoxia accompanying severe PE, is important in an
endogenous cellular program to mitigate the damaging effects of subsequent reperfusion injury at this site.
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The precise etiology of the maternal syndrome of pre-
eclampsia (PE) remains unknown. There is consensus that PE
as well as many cases of idiopathic intrauterine growth
restriction (IUGR), are strongly associated with failed conver-
sion of maternal endometrial spiral arteries in the placental
bed.1 This failure precludes physiological development of the
low-resistance/high-capacitance uteroplacental circulation
observed in uncomplicated pregnancies.2,3 Whether this is
due to shallow trophoblast invasion and/or to decidual
factors remains the subject of debate.1 It is suggested that
hypoxia and/or reperfusion injury at the maternal–placental
interface in PE leads to the release of soluble syncytio-
trophoblast (SCT; ie the outer layer of the trophoblast in

direct contact with maternal blood) factors including eico-
sanoids,4 peroxides,5,6 cytokines,7,8 SCT microparticles,9,10

soluble fms-like tyrosine kinase-1 (sFlt-1),11 endoglin,12 and
plasminogen activator inhibitor-1 (PAI-1).13 These factors
are postulated to contribute to placental damage and
maternal endothelial dysfunction, hallmarks of PE, although
their relative contributions in promoting clinical features of
PE (ie maternal proteinuria and hypertension) remain to be
determined.

The mechanism promoting the increased release of the
abovementioned products by SCT in PE is largely unknown,
although there is clear evidence of hypoxia-driven gene
expression as well as oxidative damage in placentas from
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women with PE and idiopathic IUGR.14–16 Placental levels of
the antiangiogenic factors, sFlt-1 and soluble endoglin, as
well as the antifibrinolytic factor PAI-1, are all increased in
pregnancies with PE.11–13 Conversely, levels of PAI-2, a major
SCT protein, were lower in placentas from women with PE.13

Elevated expression of PAI-1 in SCT was specifically corre-
lated with aberrantly high levels of intervillous fibrin and
placental infarcts in patients with PE.13 The PAI-1, sFlt-1, and
endoglin genes contain hypoxia response elements in their
promoters and their expression in placental cultures is
increased by hypoxia.17–19 It is known that the superoxide
anion, the most common reactive oxygen species (ROS) can
combine with nitric oxide to produce peroxynitrite anions
which damage proteins.5 Increased placental nitrosylation of
proteins and oxidative stress is a biochemical marker of
PE.14,15 In addition, ROS-associated lipid peroxidation is
enhanced in placental villi from pregnancies complicated by
PE.4,20 Placental adaptations to the presence of damaging
oxygen radicals generated during hypoxia/reperfusion injury
associated with PE may include activation of endogenous
antioxidant enzymes including catalase21 and glutathione
peroxidase.22

The goal of the current study was to further characterize
PE-associated placental pathophysiology. Gene profiling
analysis of placental tissues was used to compare patterns of
gene expression in placentas derived from women with PE
compared to both preterm and term controls (PC and TC,
respectively). This strategy revealed increased expression of
ceruloplasmin, a copper-containing iron transport protein
with ferroxidase activity,23,24 in PE compared to both PC
and TC placentas. Validation of gene profiling results was
accomplished by comparing placental expression of cerulo-
plasmin to that of sFlt-1 and PAI-1, which have been
previously documented to be induced in PE. The likely
cellular source of placental ceruloplasmin was then elucidated
using placental tissue and primary cell cultures. Finally,
modulation of ceruloplasmin expression by hypoxia was
investigated, revealing a potential mechanism through which
placental ceruloplasmin expression may be upregulated in
pregnancies complicated by PE.

MATERIALS AND METHODS
Patient Groups and Tissue Collection
We studied placental samples from 32 women enrolled in the
following groups:

(1) severe PE (n¼ 9); (2) PC (n¼ 16); and (3) TC (n¼ 7).
Placentas were collected under protocols approved by the
Human Investigation Committee of Yale University. Written
informed consent was obtained from all participants, prior to
enrollment. Gestational age was established based on men-
strual date confirmed by sonographic examination prior to
20 weeks gestation. Characteristics of the study population
are shown in Table 1.

Severe PE was defined based on the American College of
Obstetricians and Gynecologists criteria: gestational age 420

weeks, systolic blood pressure of 160mmHg or higher, or
diastolic blood pressure of 110mmHg or higher on two
occasions at least 6 h apart, plus proteinuria of at least 5 g in a
24-hour urine specimen or a value of 3þ or greater on
dipstick testing of two random urine samples collected at
least 4 h apart.25 As we have previously described,26 other
elements of the diagnosis included IUGR (o10th percentile
for gestational age), cerebral or visual disturbances (head-
ache, visual changes), epigastric or right upper-quadrant
pain, pulmonary edema or cyanosis, oliguria (urinary output
o500ml/24 h), impaired liver function, and thrombocyto-
penia (o100 000 cells/ml).

The PC group consisted of pregnancies with spontaneous
preterm labor and/or preterm premature rupture of mem-
branes with or without evidence of clinical or histological
chorioamnionitis (CA). All patients in the PE and PC groups
were administered a course of corticosteroids in compliance
with previous clinical recommendations.27 Patients in the PC
group had a clinically indicated amniocentesis to assess in-
fection. Clinical CA was diagnosed by the presence of ma-
ternal fever (more than 37.81C), uterine tenderness, foul
smelling amniotic fluid or visualization of pus at the time of
the speculum examination, and maternal (4100 beats per
minute) or fetal (4160 beats per minute) tachycardia.28,29

Histological examination of the placentas was performed by a
perinatal pathologist (EZ), unaware of the clinical presenta-
tion or outcome. From each placenta, sections of chorionic
plate, fetal membranes, and umbilical cord were examined
for inflammation. Three histologic stages of CA (stage I:
intervillositis; stage II: chorionic inflammation; and stage III:
full-thickness inflammation of both chorion and amnion)
were assigned based on a histologic grading system.30

Term placentas were obtained from uncomplicated preg-
nancies with appropriately grown singleton fetuses delivered
at 37–40 weeks gestation by elective Cesarean section.

Following delivery, placentas were brought immediately to
the laboratory and the decidua basalis layer from a central
cotyledon, free of macroscopic pathology (ie fibrin deposi-
tion or infarcts), was dissected and discarded. Approximately
1 g of underlying villous tissue was collected and snap frozen
in liquid nitrogen and maintained at �801C for use in gene
array, quantitative real-time PCR (qRTPCR), and western
blot studies. In addition, full thickness placental tissue spe-
cimens from both PE and PC groups (n¼ 5) were fixed in
formalin for immunohistochemical analysis as described
below. An additional five placentas from uncomplicated
pregnancies, delivered at term by cesarean section, were used
for the isolation of placental cell cultures.

DNA Microarray Analysis
RNA was extracted from snap-frozen placental samples from
PE, PC, and TC groups (n¼ 3 different placentas for each
experimental group) using Trizol reagent (Sigma-Aldrich,
St Louis, MO, USA). RNA was then purified using the
RNeasy Mini Kit (Qiagen, Germantown, MD, USA), and
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20 mg of purified RNA was submitted to the Keck Facility at
Yale University School of Medicine for analysis of gene
expression using the full human genome chip (HG_U133 Plus
2.0; Affymetrix, Santa Clara, CA, USA) containing approxi-
mately 54K transcripts. Gene expression was analyzed using
GCOS 1.4 GeneSpring (Affymetrix) and GX 7.3.1 (Agilant,
San Jose, CA, USA) software. A twofold cut-off was used to
establish an increase in gene expression as we have previously
described.31

Quantitative Real-Time PCR
RNA was extracted from placental tissue and 5 mg was con-
verted to cDNA. For qRTPCR, a standard curve was created
between 500 pg and 250 ng of cDNA with a Roche Light
Cycler (Roche, Indianapolis, IN, USA) by monitoring
increasing fluorescence of PCR products during amplification as
we have previously described.32 On establishing the standard
curve, quantitation of the unknowns was determined with
the Roche Light Cycler and adjusted to the expression of 18S
RNA from the corresponding unknowns. The primers used
in this study are presented in Table 2 and were synthesized
and gel purified at the Yale DNA Synthesis Laboratory,
Critical Technologies. The identity of amplified products was
confirmed by DNA sequencing. Alternatively, endpoint PCR
was used to examine the expression of ceruloplasmin and 18S

RNA present in whole placental tissue or cultures of fibro-
blasts (FIBs) and SCTs using the primers described above.

Immunohistochemistry
Immunohistochemistry was used to localize ceruloplasmin in
PE (n¼ 5) and PC placentas (n¼ 5) essentially using pre-
viously described techniques.32,33 Paraffin sections (5 mm) of
placental villous tissue were deparaffinized in xylene and
rehydrated with graded ethanol to potassium-phosphate-
buffered saline solution, pH 7.2. Following antigen retrieval
with citrate buffer, the sections were pretreated with 1%
hydrogen peroxide for 15min and then incubated over-
night at 41C with primary antibody to ceruloplasmin (goat
anti-human ceruloplasmin antibody, no. C0911 from
Sigma-Aldrich) at a dilution of 1:100. For a negative control,
serial sections were incubated with a 1:100 dilution of goat
immunoglobulin G (IgG; Sigma-Aldrich, Cat. no. I5256).
Both antibodies were used at a concentration of 10 mg/ml.
The slides were then incubated for 1 h at room temperature
with biotinylated goat anti-rabbit IgG (Jackson Immuno-
chemicals, West Grove, PA, USA; 1:600). Immuno-
histochemical staining was performed with avidin-biotin
staining (Vectastain Elite ABC; Vector Laboratories,
Burlingame, CA, USA) with 3,30-diaminobenzidine/nickel
sulfate as the chromogen solution. The tissue sections were
dehydrated in graded ethanols, cleared, and mounted.

Table 1 Characteristics of the study population at delivery (n¼ 32)

Preeclampsia (n¼ 9) Preterm control (n¼ 16) Term control (n¼ 7) P-value

Demographical characteristics

Age (years, mean±s.e.m.)a 26.7±2.9 25.4±1.4 29.6±2.6 0.412

Nulliparity (n, %)b 6 (67)w 7 (44) 0 (0) 0.025

Gestational age (weeks, mean±s.e.m.)a 30.0±1.1w 28.0±1.1 38.6±0.3 o0.001

Birthweight (g, mean±s.e.m.)a 1208±167w 1238±131 3520±107 o0.001

PPROM (n, %)b 0 (0)* 9 (56) 0 (0) o0.001

Delivery by C/S (n, %)b 8 (89)* 7 (44) 7 (100) 0.009

Clinical and laboratory characteristics

Clinical chorioamnionitis (n, %)b 0 (0) 3 (19) 0 (0) 0.052

Positive amniotic fluid cultures (n, %)b NA 5 (33) NA NA

Systolic blood pressure (mmHg, mean±s.e.m.)a 164.4±4.4*w 107.1±4.0 116.3±3.7 o0.001

Diastolic blood pressure (mmHg, mean±s.e.m.)a 99.6±2.8*w 61.3±2.9 64.7±6.0 o0.001

Dipstick protein (median, range)c 3 [2–4]*w 0 [0–0] 0 [0–0] o0.001

IUGR (n, %)b 3 (33)* 0 (0) 0 (0) 0.015

C/S, cesarean section; IUGR, intrauterine growth restriction; PPROM, preterm premature rupture of the membranes.

*Po0.05 preeclampsia vs preterm control; wPo0.05 preeclampsia vs term control.
a
Data analyzed by one-way ANOVA.
b
Data analyzed by w2 tests.

c
Data analyzed by Kruskal–Wallis ANOVA.
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Visualization and photography was conducted with an
IX71 inverted microscope (Olympus, Mellville, NY, USA).
Representative micrographs are shown in Figure 3.

Western Blotting
Placental tissue extracts for immunoblotting were prepared
by homogenization in buffer containing 50mM HEPES (pH
7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1mM NaF,
1% Triton X-100, 10% glycerol, and additional protease and
phosphatase inhibitors (1mM phenylmethylsulfonyl fluoride,
20mM b-glycerophosphate, 8mM sodium pyrophosphate,
1 mg/ml leupeptin, 1 mg/ml pepstatin A, and 1 mg/ml aproti-
nin (Roche Molecular Biochemicals, Indianapolis, IN,
USA))33 at a ratio of 0.1 g tissue/1ml of extraction buffer.
The lysates were centrifuged at 12 000 r.p.m. for 15min at
41C. The supernatants were normalized for total protein
concentration and samples were then boiled for 3min in 2�
SDS sample buffer with DTT. Approximately 100 mg of pro-
tein was subjected to electrophoresis using 4–15% Tris-HCl
polyacrylamide gradient gels. Following transfer, blots were
incubated with primary antibody at 41C overnight at their
respective dilutions: ceruloplasmin (sheep anti-human;
Abcam, Cambridge, UK; no. ab8813, 1:400), cyclophilin B
(rabbit anti-human; Abcam no. 3565, 1:2000). To detect
ceruloplasmin and cyclophilin B, incubations with the
appropriate secondary antibody conjugates and chemilumines-
cence substrate was carried out as we have previously de-
scribed.33 Sheep serum (Sigma-Aldrich; no. S3772), used at a
1:400 dilution, replaced primary ceruloplasmin antibody
as a control for western analysis. Western blot results were
expressed as a ratio of ceruloplasmin/cyclophilin B obtained
from densitometric analysis of autoradiographs using NIH
ImageJ software (http://rsb.info.nih.gov/ij/).

Cell Culture
Primary cultures of cytotrophoblasts (CTs) were isolated
from human term placentas (n¼ 5) and cultured using
methodologies we have adopted33,34 from previously pub-
lished procedure.35 Briefly, villous tissue was digested and
separated on a continuous percoll gradient. To generate SCTs,
CTs were maintained in medium with 10% fetal bovine
serum (FBS; FBS medium) for 72 h. Under these conditions

CTs spontaneously fuse to form SCTs.34,35 Placental villous
FIBs were isolated based on our previous method,32,33 which
is also a modification of an earlier methodology.36 For study,
villous tissue was minced, digested, and dispersed cells were
filtered through a 160 mm stainless steel sieve. The filtrate was
then centrifuged and resuspended in FBS medium. FIBs were
subcultured and used between passages 3 and 10. Immuno-
cytochemistry studies previously revealed that SCTs
were positive for the trophoblast/epithelial cell marker
cytokeratin 7, but negative for vimentin (FIB marker) and
a-smooth muscle actin (myofibroblast/muscle cell marker).32,34

Cultured FIBs manifested a myofibroblast phenotype based
on staining for vimentin and a-smooth muscle actin, but not
cytokeratin.32,33

Effects of Hypoxic Treatment on Gene Expression
Cultures of SCTs from four different placentas were main-
tained for 24 h under normoxic conditions (21% O2) in a
standard incubator or under hypoxic conditions (1% O2)
using a controlled environment glovebox manufactured by
Coy Laboratory Products (Grass Lake, MI, USA). The glove
box design allows cell culture and treatment under a con-
tinuous hypoxic environment that is generated by a digitally
regulated infusion of a preanalyzed gas mixture of 95% N2/
5% CO2. After incubation, RNAwas isolated from hypoxic or
normoxic cultures using Trizol. Following generation of
cDNA, qRTPCR analysis of ceruloplasmin, PAI-1, and sFlt-1
expression was carried out as described above. Values were
normalized to that of 18S RNA and results from a single
representative experiment are shown. In addition, cumulative
results (n¼ 4), expressed as fold induction promoted by
hypoxic treatment compared to normoxic levels, are also
presented in Figure 6.

Statistical Analysis
We subjected all datasets to normality testing using the
Kolmogorov–Smirnov method. Demographic, clinical, and
laboratory characteristics are reported as a mean±s.e.m.
Most comparisons between groups were performed using
one-way analysis of variance (ANOVA). Kruskal–Wallis
ANOVA was carried out for data that were not normally
distributed and are presented as a mean with range.

Table 2 Primers for qRTPCR

Primers Forward (50-30) Reverse (50-30) Product (bp)

Ceruloplasmin CCCTGGAGAATGGATGCTCA CTAACATGCTTCCCACGGATATT 126

18S RNA GATATGCTCATGTGGTGTTG AATCTTCTTCAGTCGCTCCA 236

PAI-1 TGCTGGTGAATGCCCTCTACT CGGTCATTCCCAGGTTCTCTA 399

sFlt-1 TGTCACTGTTGCTAACTTTC AGAGGTTGGCATCAAAATG 265

PAI-2 GGGTCAAGACTCAAACCAAAG CCTTTGAAGTAGACAGCATTC 103

Cyclophilin B CTCCTTTGAGCTGTTTGCAG CACCACATGCTTGCCATCC 325
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Proportions were compared with w2-tests. Differences in
placental gene and protein expression between groups mea-
sured by western blotting and by qRTPCR studies were
analyzed by ANOVA and Student’s t-test. In addition,
ANOVA was used to analyze the effect of hypoxic treatment
on expression of PAI-1, sFlt-1, and ceruloplasmin in cultures
of SCTs. SigmaStat software was used for statistical analyses.
A Po0.05 was considered significant in all studies.

RESULTS
Characteristics of the Study Population
The characteristics of the three groups in the study popula-
tion are summarized in Table 1. Gestational age at delivery
was significantly earlier in the PE (n¼ 9) group compared to
TC (n¼ 7, Po0.001), but not significantly different than that
of PC (n¼ 16). Three of the nine pregnancies from the PE
group were also complicated by IUGR. Of the 16 pregnancies
in the PC group, 5 showed evidence of clinical and histo-
logical CA and/or had positive amniotic fluid cultures.

Expression of Ceruloplasmin mRNA in Placentas from
PE, PC and TC Groups
Gene array studies using three different placentas from each
of the three study groups initially revealed that ceruloplasmin
expression was enhanced 11- and 5-fold in PE vs PC
(Po0.01) and PE vs TC (Po0.01) groups, respectively. The
gene array results are not yet published. qRTPCR was then
carried out to verify changes in placental gene expression in
the complete study population. We observed that levels of
placental ceruloplasmin mRNA in the PE group, normalized
to that of 18S RNA, was increased 32- and 4-fold that of the
PC and TC groups, respectively (Po0.001 for both com-
parisons, Figure 1a). Similarly, when results were normalized
using the housekeeping gene cyclophilin B, ceruloplasmin
expression in the PE group was upregulated approximately
fivefold and threefold that of PC and TC groups (Po0.05 for
both comparisons, Figure 1b). It is of note that in patients
with isolated preterm IUGR, matched for gestational age with
PE and PC groups, levels of placental ceruloplasmin expres-
sion were not increased (Figure 1c). This indicates that
enhanced placental ceruloplasmin expression is associated
with severe PE, not IUGR. In addition, in Figure 1c we also
show that when the PE group is subdivided into patients with
and without IUGR, and the PC group is subdivided into
patients with (CA) and without (idiopathic preterm delivery)
infection, ceruloplasmin levels in the PE only group was
significantly increased compared to both PC groups. No
other comparison between groups was significant. This
demonstrated that placental ceruloplasmin levels are increased
compared to gestational age-matched controls irrespective of
infection. Thus, qRTPCR confirmed findings of the gene
array studies and showed that levels of ceruloplasmin mRNA
are increased in placentas from pregnancies with PE com-
pared to PC and TC.

As PE is known to be associated with increased placental
levels of PAI-1 and sFlt-1,11,13 we determined whether
expression of these factors was induced in placentas from
women with this condition. As shown in Figure 2a, qRTPCR
revealed that PAI-1 levels in PE placentas were increased
sevenfold that of PC (Po0.001) and twofold that of TC
(Po0.01). Similarly, expression of sFlt-1 in PE placentas
(Figure 2b) was increased 42-fold that of PC (Po0.001) and

Figure 1 Quantitative real-time PCR (qRTPCR) analysis of placental

ceruloplasmin expression. RNA was extracted from whole placental tissue

from pregnancies with preeclampsia (PE), preterm control (PC), and term

control (TC) groups and converted to cDNA. Levels of ceruloplasmin (CP)

expression were then determined by qRTPCR and normalized to levels of

18S RNA (a) or cyclophilin B (b). In (c) the PE group was subdivided into

patients without and with IUGR (PE and IUGRþ PE, respectively), and the PC

group was subdivided into patients without and with infection (idiopathic

preterm delivery (IPTD) and chorioamnionitis (CA), respectively). Placentas

from pregnancies with isolated IUGR were also analyzed. Results are

expressed as a meanþ s.e.m. from the indicated number of different

placentas per group, and results were analyzed by ANOVA. *Po0.05 vs PC

and TC groups; **Po0.001 vs PC and TC groups; ***Po0.05 vs IPTD and CA

groups.
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12-fold that of TC (Po0.001). Conversely, levels of PAI-2
mRNA in TC were approximately twofold higher than that
found in PE (Po0.05) and PC (Po0.01) placentas (Figure 2c).
This result is consistent with the previous observation that
PE was not associated with increased placental expression
of PAI-2.13

Placental Ceruloplasmin Protein Expression
Immunohistochemistry was carried out to localize cer-
uloplasmin in placentas obtained in PE and PC groups
(n¼ 5). Representative micrographs of each group are shown
in Figure 3. Staining for ceruloplasmin was noted in the in-
tervillous space in association with fibrin in both PE and PC
groups, denoted by arrows in the low magnification micro-
graphs in Figure 3a and b, respectively. In addition, syncytial
staining for ceruloplasmin, denoted by arrowheads, was
greater in the PE group under low (Figure 3a) and high
magnification (Figure 3c), compared to PC (Figure 3b and d).
Staining within the villus core was primarily restricted to fetal
capillaries in which ceruloplasmin was likely sequestered
from fetal blood (Figure 3c). No staining was observed in
the PE placenta when primary antibody was replaced with
nonspecific goat IgG (Figure 3e).

Western blotting was employed to determine the level of
ceruloplasmin protein expression in placental extracts from
pregnancies with PE and PC (n¼ 6). We noted that cer-
uloplasmin was detected at a molecular weight of approxi-
mately 140 kDa, and a minor band was noted at 100 kDa

(Figure 4a, top blot). These results are consistent with
molecular weights reported for placental forms of
ceruloplasmin.37,38 No signal was obtained when primary
antibody was replaced with control sheep serum (not
shown). Cyclophilin B, the housekeeping protein control, was
detected at the predicted molecular weight of approximately
20 kDa (Figure 4a, bottom blot).39 Following normalization
to cyclophilin B expression (Figure 4b), we observed that
ceruloplasmin protein levels in the PE group were approxi-
mately threefold that found in the PC group (Po0.01).

Ceruloplasmin mRNA Expression in Placental Tissue and
Cell Cultures
RNA was then isolated from whole placental tissue as well
as cultures of FIBs and SCTs obtained from three different
placentas. Following generation of cDNA, levels of
ceruloplasmin and 18S RNA expression were determined by
conventional PCR. We noted that ceruloplasmin mRNA was
expressed by term placental tissue and cultured SCTs, but not
by FIBs (Figure 5, top panel). Levels of the 18S RNA
housekeeping gene were similar in all samples (Figure 5,
bottom panel). These results indicate that SCTs are the likely
source of placental ceruloplasmin.

Regulation of Syncytial Ceruloplasmin Expression by
Hypoxic Treatment
Cultures of SCTs were maintained for 24 h under normoxic
or hypoxic conditions and levels of ceruloplasmin mRNA
were determined following conversion to cDNA and analysis
by qRTPCR. Expressions of PAI-1 and sFlt-1 were also
examined because these factors have been demonstrated to
increase in placenta under hypoxic conditions.17,18 Results
were normalized to that of 18S RNA. As shown in Figure 6a–c,
the results from a single representative experiment indicated
that hypoxic treatment enhanced expression of PAI-1,
sFt-1, and ceruloplasmin approximately 1.6-, 6-, and 20-fold,
respectively. Cumulative results from four independent
experiments indicated that hypoxic treatment induced
ceruloplasmin expression 23.7±3.2-fold, significantly greater
than the 1.7±0.2-fold and 5.4±0.6-fold induction in PAI-1
and sFlt-1 levels, respectively (Po0.001). This indicates that
enhanced syncytial ceruloplasmin expression is a sensitive
marker of syncytial hypoxia.

DISCUSSION
Ceruloplasmin was first described as a member of a copper-
containing oxidase family of enzymes.23 Despite this fact,
ceruloplasmin is not involved in the transport or metabolism
of copper.23 Decreased serum levels of ceruloplasmin were
noted in patients with Wilson’s disease, establishing the basis
for a clinical test that is still used today.40 Early studies
showed that iron accumulated in liver as well as tissues
of pigs fed a copper-free diet, and administration of
ceruloplasmin rapidly promoted the release of iron to the
circulation.41,42 Using a dog liver perfusion system it was
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Figure 2 Analysis of placental PAI-1, sFlt-1, and PAI-2 expression in

placentas by qRTPCR. Levels of placental PAI-1 (a), sFlt-1(b), and PAI-2 (c)

gene expression in PE, PC, and TC groups were determined by qRTPCR and

normalized to that of 18S RNA. Nine, sixteen, and seven placentas were

analyzed for all three genes in PE, PC, and TC groups, respectively. Results,

expressed as a meanþ s.e.m., were analyzed by ANOVA. *Po0.01 vs TC and

Po0.001 vs PC; **Po0.001 vs PC and TC; þPo0.01 vs PE and PC.
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demonstrated that ceruloplasmin treatment promoted a
rapid release of iron by the liver which was incorporated into
transferrin.43 Of note, ceruloplasmin was also demonstrated
by the same group to be a ferroxidase.44 The ferroxidatic
activity of ceruloplasmin is an important function of this
enzyme because even trace amounts of iron can produce
hydroxyl radicals through the Fenton reaction which can
destroy cellular architecture.23,24 Ferroxidatic activity of cerulo-
plasmin is known to convert toxic ferrous iron to less
toxic ferric iron, which reduces oxidative damage to lipids,
proteins, and DNA.23,24

Ceruloplasmin is known to be an acute phase reactant, and
its concentration in serum is upregulated during infection,
inflammation, and tissue trauma, mediated by inflammatory
cytokines.45,46 Its expression has also been shown to increase
under hypoxic conditions.47 Although liver is its major
source, ceruloplasmin has also been identified in several other

tissues including spleen, lung, brain, testis, and placenta.48,49

More recent studies demonstrate that ceruloplasmin is syn-
thesized as a glycophosphatidyl inositol-anchored protein
generated by alternative splicing of exons 19 and 20 in Sertoli
cells and astrocytes.50,51 In addition, a ceruloplasmin mRNA
generated from alternative splicing of exon 18 has also been
detected in extrahepatic cells.52 In the current study we used
primers that amplified sequences from 340 to 465 in the
ceruloplasmin gene located in exons 2 and 3. Therefore, our
methodology would detect all relevant ceruloplasmin mRNA
species. The circulating form of ceruloplasmin is a protein
with 1046 amino acids with a molecular weight of approxi-
mately 132 kDa.23 Studies using antibody to circulating
ceruloplasmin detected a protein homolog in BeWo
choriocarcinoma cells at molecular weights of 140 and
110 kDa.37,38 Our western blot studies revealed a pre-
dominant species at 140 kDa in placental tissue. As our

Figure 3 Immunohistochemical detection of ceruloplasmin in placenta. Immunohistochemistry was used to localize ceruloplasmin in villi of a placenta from

PE (a, c, and e) and PC (b and d) groups. These representative micrographs were from pregnancies delivered at approximately 31 weeks of gestation. Arrows

indicate diaminobenzidine/nickel sulfate staining for ceruloplasmin in the intervillous space for both PE and PC placentas in (a) and (b), respectively.

Conversely syncytial staining, denoted by arrowheads, was more intense in the PE placenta (a and c). No staining was observed in the PE placenta when

nonspecific goat IgG replaced the anticeruloplasmin antibody (e). (a), (b), and (e), � 200; (c) and (d), � 640.
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present work and prior studies37,38 detected ceruloplasmin in
placental cell extracts and tissue using an antibody directed
against the circulating form, this suggests that the same
epitope is present in placental tissue and in circulating forms
released by the liver.

Our results specifically indicated that placental levels of
ceruloplasmin are increased in pregnancies with severe PE.
This conclusion is based on several lines of experimental
evidence. First, gene array analysis and qRTPCR revealed
increased ceruloplasmin expression in placentas from preg-
nancies with PE compared to both PC and TC groups. This
indicated that levels of placental ceruloplasmin mRNA are
elevated in pregnancies with PE whether or not gestational
age at delivery is controlled for. It is of note, that cerulo-
plasmin mRNAwas not altered in placentas from pregnancies
with CA compared to gestational age-matched PCs
without clinical and histological evidence of infection. This
demonstrated that infection per se does not regulate placental

ceruloplasmin expression. Although it is acknowledged that
there is no true ‘control’ group for patients with preterm PE,
our results clearly demonstrate that placental ceruloplasmin
expression is clearly upregulated in the PE group vs patients
matched for gestational age. In addition, our qRTPCR results
also demonstrate that ceruloplasmin levels were not elevated
in patients with isolated IUGR. Thus, although the etiology
of PE and IUGR are both suggested to result from failed
conversion of maternal spiral arteries early in pregnancy,1

this indicated that enhanced placental ceruloplasmin
expression accompanies severe PE, not IUGR.

It was noted by qRTPCR that levels of the housekeeping
gene cyclophilin B were not statistically different in the PE,
PC, and TC groups (not shown). Levels of 18S RNA were
comparable in PE and TC, but levels of 18S RNA in the PE
group were approximately one-half that of PC (Po0.05).
Potential variation in placental housekeeping gene expression
in PE led to our decision to use two genes to normalize
qRTPCR results. Thus, it is likely that the induction of
placental ceruloplasmin gene expression in patients with PE
compared to PC may be closer to the 5-fold increase found
when cyclophilin B was used to normalize results, rather than
the 32-fold increase when 18S RNA was used. Gene array
results, which are not standardized by housekeeping genes,
revealed an 11-fold induction in the PE group vs PC.

Our western blot results revealed increased levels of cerulo-
plasmin protein in the PE group of placentas compared to
the PC group, although this difference was not as large as that
noted for changes in mRNA expression. There are several
potential explanations for this observed difference in relative
levels of placental ceruloplasmin protein and mRNA
expression. The most likely one is that tissue extracts used for
western blotting contained placental ceruloplasmin as well as
circulating forms of this protein present in maternal and fetal
blood. The levels of ceruloplasmin in maternal and cord
blood were found to range from approximately 200 to
900 mg/ml and 60 to 120 mg/ml, respectively.53–55 In fact,
immunohistochemistry did reveal ceruloplasmin staining in

Figure 4 Detection of placental ceruloplasmin expression by western

blotting. Western blot analysis of whole placental tissue extracts was

carried out to assess the relative levels of ceruloplasmin in PE and PC

groups (n¼ 6 different placentas per group). Ceruloplasmin (CP) was

detected at a molecular weight of approximately 140 kDa (top blot, a),

cyclophilin B (Cycl) served as a housekeeping protein control (bottom blot, a).

Quantitation of ceruloplasmin protein levels was performed by

densitometry following normalization to cyclophilin B expression and is

presented in (b). Results are expressed as a mean (cerulolplasmin/

cyclophilin ratio � 10)þ s.e. The values for the PE and PC groups were

10.9±2.7 and 3.8±3.4, respectively. *Po0.01 vs PC group by Student’s

t-test.

Figure 5 PCR analysis of ceruloplasmin expression in tissue and cells

isolated from term placentas. RNA was extracted from whole placental

tissue, or cultures of syncytiotrophoblasts (SCTs) and fibroblasts (FIBs)

obtained from three different placentas. Following conversion to cDNA,

endpoint PCR was carried out to detect ceruloplasmin (CP, top panel) and

18S RNA (bottom panel). The size of the amplified product is indicated at

the right of the figure.
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the intervillous space of both PE and PC groups, most likely
reflecting the presence of maternal protein at this site. Thus,
western blot results may have underestimated the relative
difference in placental ceruloplasmin levels between PE and
PC groups due to the presence of maternal ceruloplasmin in
tissue extracts. It is also possible that changes in protein or
mRNA stability are responsible for the somewhat discordant
results of ceruloplasmin protein and mRNA expression.

Following the establishment of increased ceruloplasmin
expression in placentas from pregnancies with PE, we then
sought to determine its potential cellular source. Im-
munohistochemistry revealed more prominent syncytial
staining in the PE group compared to PC. However, because
SCTs are in direct contact with maternal blood, syncytial
staining detected by immunohistochemistry could be due to
maternal ceruloplasmin bound to the surface of chorionic
villi. To determine which cell types in placenta may synthe-
size ceruloplasmin, we then isolated RNA from whole tissue
and primary cultures of SCTs and FIBs, and examined cer-
uloplasmin expression by PCR. Our results indicate that SCTs
express ceruloplasmin mRNA and are the likely source of
placental ceruloplasmin. It is of note, that PE was associated

with a 60% increase in ceruloplasmin levels in maternal
serum in one study53 and a 16% increase in another.55 It
has not been determined whether placental ceruloplasmin is
secreted, thus its contribution to the PE-associated increase
of this protein in maternal serum is not known.

Given our finding that placental ceruloplasmin levels are
increased in PE, the question arises as to which factors may
lead to its enhanced expression in these pregnancies. One
possibility is that placental hypoxia associated with PE1,2

increases placental ceruloplasmin expression as has been
noted for macrophages and monocytes.47 Our results using
primary cultures of SCTs show that ceruloplasmin expression
is exquisitely sensitive to hypoxic treatment. In fact, the
approximate 25-fold induction in ceruloplasmin expression
was significantly greater than the effect on expression of PAI-1
and sFlt-1. It is relevant that placental levels of both PAI-1
and sFlt-1 are increased in pregnancies with PE,11,13 and were
demonstrated to be induced in trophoblast under hypoxic
conditions.18,56 Thus, our results suggest that ceruloplasmin
may be a sensitive marker of syncytial hypoxia in pregnancies
with PE. We did not detect secreted ceruloplasmin in con-
ditioned media from cultures of SCTs by western blotting.

Figure 6 Induction of ceruloplasmin expression in SCTs by hypoxic treatment. Primary cultures of SCTs were maintained for 24 h under normoxic (N) or

hypoxic (H) conditions and levels of PAI-1 (a), sFlt-1 (b), and ceruloplasmin (CP, c) were determined by qRTPCR and normalized to level of 18S RNA. Panels a

to c depict results from a single representative experiment. Cumulative results from four independent experiments, expressed as fold induction by hypoxic

treatment (meanþ s.e.m.), are shown in (d). *Po0.001 vs PAI-1 and sFlt-1 by ANOVA.
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This suggests that levels of ceruloplasmin were most likely
below the sensitivity of the assay, or possibly, the epitope
detected in ceruloplasmin released by the liver was absent in
ceruloplasmin secreted by SCTs in vitro.

Several recent studies have used gene array technology to
identify alterations in placental gene expression associated
with PE.16,57–59 Only one specifically identified ceruloplasmin
to be increased in expression in placentas with PE compared
to gestational-age matched controls,16 but this finding was
not verified by qRTPCR, nor was the analysis of cell-type
specific expression and regulation of ceruloplasmin docu-
mented as in the present report. There are several possible
explanations why other studies did not report changes in
placental ceruloplasmin expression in association with PE.
Firstly, we only included placentas derived from women with
severe preterm PE or HELLP syndrome. Secondly, placentas
were obtained from term deliveries in one study.59 Although
corticosteroids were administered to all patients in PE and
PC groups in our study, this issue is not addressed in another
report.57 In addition, racial and/or ethnic differences of pa-
tient study groups may also exist, tissue preparation and
RNA extraction protocols vary, and gene array studies cast a
wide net and not all differences may be reported.

It is interesting to speculate as to the potential role of
elevated placental ceruloplasmin in PE. The disorder is
characterized by increased placental expression of ROS, lipid
peroxidation, and damage to villous architecture.4,5,15,20 It
has been suggested that increased placental expression of the
antioxidant enzymes glutathione peroxidase and catalase may
serve as an adaptive/protective mechanism to limit oxidative
damage in PE.21,22 Our findings suggest that increased levels
of placental ceruloplasmin in PE may result in enhanced
ferroxidatic activity in this tissue, thereby oxidizing excess
ferrous iron to the less toxic ferric form. We conclude that
syncytial ceruloplasmin, induced by hypoxia associated with
severe PE, may be important in an endogenous cellular
program to mitigate the damaging effects of subsequent
reperfusion injury at this site.
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