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Preeclampsia is a pregnancy-specific disease characterized by hypertension, proteinuria, and oxidative
stress in the placenta. During the last trimester of gestation, calcium (Ca2+) transport from mother to
fetus increases dramatically in response to the increased demand for Ca2+ caused by bone mineralization
in the fetus. Ca2+ supplementation can significantly reduce the incidence and severity of preeclampsia or
delay its onset. Ca2+ transport channels (CTCs) include transient receptor potential vanilloid 6 (TRPV6),
plasma membrane Ca2+ ATPase (PMCA1), and Na+/Ca2+ exchangers (NCKX3 or NCX1). We hypothesized
that trans-placental Ca2+ exchange in preeclamptic trophoblasts may be compensated for successful fetal
bone mineralization. The roles of cell membrane channels (TRPV6, PMCA1, NCKX3 and NCX1) were
examined in placental primary cells and in normotensive and preeclamptic placentas. The biomarker
gene for preeclampsia, soluble fms-like tyrosine kinase-1 (sFLT1) or marker for oxygen-sensitive gene,
hypoxia-sensitive inducible factor 1a (HIF-1a), were up-regulated in the preeclamptic placentas and
hypoxic cells. The detection of sFLT1 and HIF-1a genes demonstrated that our experimental conditions
were suitable to verify a preeclamptic condition. In women experiencing preterm labor, CTC expressions
was found to be increased in the fetal and maternal regions of the preeclamptic placenta compared to the
observed in normotensive placenta. During term labor, TRPV6 and PMCA1 were highly expressed in the
fetal and maternal sections of preeclamptic placenta, while the expression of NCKX3 and NCX1 was
reduced. In addition, the expression of CTCs was altered in hypoxia-stressed placental cells. Taken
together, our findings demonstrated that the expression of CTCs was regulated by hypoxia stress in pla-
centa tissues and cells, suggesting that our experimental in vitro hypoxic conditions were similar to those
of preeclampsia. Furthermore, impaired Ca2+ metabolism found in preeclamptic syncytiotrophoblasts
was resulted from hypoxic stress, which may induce expression of Ca2+ transport proteins in the placenta
to maintain the balance between maternal and fetal Ca2+ demand during pregnancy.

� 2012 Published by Elsevier Ireland Ltd.
48
60

61

62

63

64

65

66

67

68

69

70
1. Introduction

The placenta is a highly vascularized organ, and its major func-
tion is to mediate maternal–fetal exchange of required solutes,
mineral (such as Ca2+) and oxygen for successful development of
the fetus. The placenta is also fundamental organs involved in
the pathogenesis of preeclampsia. Preeclampsia, a pregnancy-
specific disease, is a major contributor to maternal and perinatal
morbidity and mortality (Sibai et al., 2005), and occurs 7–10% in
pregnancies (Walker, 2000). This syndrome is characterized by
maternal gestational hypertension, and proteinuria and fetal
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symptoms including reduced amniotic fluid, abnormal oxygena-
tion, and intrauterine growth retardation (IUGR) in 30% of cases
(Redman and Sargent, 2009). This disease is principally character-
ized by impaired cytotrophoblast invasion and abnormal remodel-
ing of the spiral arteries (Huppertz, 2008). In preeclampsia, villous
injury is related to poor perfusion/oxygenation in the inter-villous
space, uteroplacental hypoxia, and oxidative stress (Cindrova-
Davies, 2009; Huppertz, 2010). Hypoxic stress resulting from
abnormal remodeling of spiral arteries is thought to be an impor-
tant factor in preeclampsia (Nishi et al., 2004), which exposes the
placenta to fluctuating oxygen concentrations (Kingdom and
Kaufmann, 1999). This stress induces the placenta to release
inflammatory cytokines, apoptotic waste, and anti-angiogenic
factors (Redman and Sargent, 2009).
ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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A biomarker gene of oxygenation, hypoxia-sensitive inducible
factor 1a (HIF-1a), is abundantly expressed in the placenta in cases
of preeclampsia, and generally used to identify the hypoxia stress-
mediated conditions in diverse tissues and cell lines (Hoar et al.,
2004; Kumai et al., 2007; Zhao et al., xxxx). HIF-1a is a major trans-
ducers of hypoxia signaling in human placenta that modulates the
expression of various genes (Rajakumar and Conrad, 2000;
Semenza, 2001), and the level of HIF-1a protein is increased under
hypoxia in syncytiotrophoblasts, cytotrophoblasts and the placen-
tal vasculature (Ietta et al., 2006). The expression of soluble fms-
like tyrosine kinase-1 (sFLT1), a known preeclampsia biomarker
is highly expressed under both preeclamptic and hypoxic condition
(Podjarny et al., 2004; Maynard et al., 2003, Karumanchi and
Stillman, 2006). sFLT1, an anti-angiogenic factor, binds to vascular
endothelial growth factor (VEGF), pro-angiogenic proteins, and
placental growth factor (PIGF), preventing prevents their interac-
tion with endothelial cell receptors (Maynard et al., 2003). VEGF
signaling inhibitors have been found to induce hypertension and
proteinuria (Yang et al., 2003). These secreted soluble factors are
thought to alter endothelial metabolic processes, mitochondrial
integrity, and vascular function to induce preeclampsia (Robinson
et al., 2008).

Preeclampsia is considered a multi-systemic disorder and it is
currently unclear precisely which factors are involved in the path-
ogenesis (Sibai et al., 2005). The most effective treatment for pre-
eclampsia is delivery itself. However, several randomized trials
have reported the effective use of various methods to reduce the
rate or severity of preeclampsia (Sibai et al., 2005), including Ca2+

supplementation (Hofmeyr et al., 2007; Belizan et al., 1991).
Although two clinical trials evaluating the ability of dietary Ca2+

supplementation to prevent preeclampsia produced disparate re-
sults (Belizan et al., 1991; Levine et al., 1997), increased intracellu-
lar Ca2+ levels have been implicated in the development of cell
injury and hypoxic stress (Seta et al., 2004). Furthermore, Ca2+ en-
try blockers have been reported to protect against cellular necrosis
caused by experimental ischemia in the liver, kidney and other tis-
sues (Peck and Lefer, 1981; Lee and Lum, 1986). Epidemiologic data
suggest an inverse correlation between dietary Ca2+ uptake and the
incidence of hypertensive disorders during pregnancy in diverse
populations (Hofmeyr et al., 2007).

Ca2+ is a universal intracellular second messenger involved in
many processes such as signal transduction, neurotransmission,
enzyme and hormone secretion, cell cycle regulation, and pro-
grammed cell death (Levine et al., 1997; Lee and Lum, 1986; Pitkin,
1983; Abramovich et al., 1987). Several alterations in maternal
Ca2+ homeostasis have been identified in cases of preeclampsia
(including low urinary Ca2+ excretion along with low circulating
levels of 1,25-dihydroxyvitamin D3, parathyroid hormone-related
peptide, and calcitonin gene-related peptide) (Halhali et al.,
2000; Seely et al., 1992). Ca2+ is actively transported across the pla-
centa at a rate of 140 mg/kg/d to achieve a total of 25–30 mg Ca2+

in a full-term fetus (Salle et al., 1987).
During pregnancy, stable materno-fetal Ca2+ transfer via the

placental blood pool is required for adequate fetal skeletal miner-
alization (Pitkin, 1983). In the placenta, Ca2+ diffuses from the
maternal blood into the cytoplasm of the syncytioblasts through
specific transient receptor potential vanilloid (TRPV) channels via
an electrochemical gradient (Stumpf et al., 2008; Lee et al.,
2009). In the cytoplasm of syncytioblasts, Ca2+ binding proteins
(CaBPs) binds to Ca2+ and shuttles it to the basolateral side of the
cells. Subsequently Ca2+ is actively exported to the fetal blood cir-
culation by plasma membrane Ca2+ ATPase (PMCA) (Belkacemi
et al., 2005; Belkacemi et al., 2002) or Na+/Ca2+ exchangers
(Altimimi and Schnetkamp, 2007). Mammalian plasma membrane
Na+/Ca2+ exchange proteins are divided into two families: one for
which Ca2+ flux is dependent only on Na+ [Na+–Ca2+ exchanger
Please cite this article in press as: Yang, H., et al. Differential expression of calc
preeclamptic placenta. Molecular and Cellular Endocrinology (2012), http://dx
(NCX) 1–3], and another for which Ca2+ flux is also dependent on
potassium [Na+/Ca2+–K+ exchangers (NCKX) NCKX1–4; Dong
et al., 2006; Kraev et al., 2001; Tsoi et al., 1998). The mechanism
of Ca2+ transport in the placenta is still an area of active investiga-
tion and not well understood.

Preeclampsia has been associated with impaired maternal Ca2+

homeostasis. We hypothesized that trans-placental Ca2+ exchange
and/or transport from mother to fetus through trophoblasts may
be modulated by preeclampsia. Therefore, the objectives of our
were to: (1) characterize placental Ca2+ channel activities in the
preeclamptic placenta; and (2) examine the expressions of proteins
involved in preeclampsia such as CTCs (TRPV6, PMCA1, NCKX3, and
NCX1).
2. Materials and methods

2.1. Placental tissue

Tissue was obtained from pregnancies monitored at SCH Medi-
cal Center, Bucheon. Approval of the institutional ethical commit-
tee (#SCHBC-IRB-2010-43) and written patient consent were
obtained before initiating the study. Tissues were recovered from
the placentas of women 28–45 years of age who underwent vagi-
nal or cesarean delivery. Human placental tissues (n = 75) were di-
vided into four groups: Normotensive (PTL) or preeclamptic
preterm labor (PE-PTL), and normotensive (TL) or preeclamptic
term labor (PE-TL). After delivery, placental tissues were dissected
into three sections: fetal (chorionic plate), central (floating villi),
and maternal (basal plate). The tissues were transported to the
laboratory on ice in 10% neutral buffered formalin for immunohis-
tochemistry. For RNA and protein analysis, tissues were snap-
frozen in liquid nitrogen and stored at �70 �C until further use.
Identification of three placental tissue sections was confirmed by
the expression transcriptional markers according to standard crite-
ria (Byrne et al., 2007; Huppertz, 2006).

2.2. Human placental cell (hPC) culture

Primary cultures of hPCs were established from first-trimester
human placentas obtained from elective pregnancy terminations
(Caniggia et al., 1997). Placental tissues (n = 7) were obtained dur-
ing the basal placentation period (7 weeks of gestation) when pre-
eclampsia is caused by a shallowly implanted placenta that is
consequently subjected to hypoxic stress (Caniggia et al., 1997).
The tissues were transferred to 150-mL of warmed calcium- and
magnesium-free Hank’s solution (CMF Hank’s) containing 25 mM
HEPES and 0.125% trypsin (Sigma Chemical Co., St. Louis, MO),
and then incubated in a shaking water bath at 37 �C for 20 min.
The flask was centrifuged and the pellets were resuspended in
4 mL of Dulbecco’s modified eagle medium (high-glucose DMEM;
Gibco-BRL, Grand Island, NY). This suspension was layered over a
preformed Percoll gradient in Hank’s solution, containing 70–5%
Percoll (vol/vol). After centrifugation for 20 min at 1200g, three re-
gions were formed. The middle layer containing placenta cells was
harvested, and the cells were cultured in high-glucose DMEM
supplemented with 10% fetal bovine serum (FBS), 100 lg/ml
streptomycin, 100 U/mL penicillin, and 5 lg/ml plasmocin (pH
7.4). The cells were plated at 37 �C under either standard cell
culture conditions (5% CO2 in 95% air) or hypoxic condition (2%
O2/93% N2/5%CO2) for 24 h.

2.3. Total RNA extraction and quantitative real-time PCR

Placental tissues were rapidly excised and washed in cold, ster-
ile saline (NaCl 0.9%). Total RNA was prepared using TRIzol reagent
ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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(Invitrogen, Carlsbad, CA) and RNA concentration was determined
by measuring absorbance at 260 nm. Total RNA (1 lg) was reverse
transcribed into first-strand cDNA using Moloney murine leukemia
virus (MMLV) reverse transcriptase (iNtRON Bio, Sungnam,
Kyunggi, South Korea) and random primers (9-mers; TaKaRa Bio.
Inc., Otsu, Shiga, Japan). cDNA template (2 ll) was added to 10 ll
of 2� SYBR Premix Ex Taq (TaKaRa Bio) containing 10 pmol of spe-
cific primer pairs as shown in Table 1. PCR were carried out for
40 cycles of denaturation at 95 �C for 30 s, annealing at 60 �C (for
TRPV6, PMCA1, NCKX3 and NCX1) or 58 �C (for HPRT1) for 30 s,
and extension at 72 �C for 45 s. Fluorescence intensity was mea-
sured at the end of the extension phase of each cycle. The threshold
value of fluorescence intensity for all samples was set manually.
The reaction cycle at which the PCR products exceeded this thresh-
old was identified as the threshold cycle (CT) of the exponential
phase of PCR amplification (Tatsumi et al., 1999). The expressions
of TRPV6, PMCA1, NCKX3 and NCX1 were quantified relative to that
of HPRT1. Relative quantification was obtained by comparing CT
values at constant fluorescence intensity (Lee and Jeung, 2007).
The expression of each gene relative to that of HPRT1 was calcu-
lated using the equation: R = 2�[DCT sample�DCT control] (Lee and
Jeung, 2007). All experiments were performed more than three
times.
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2.4. Immunoblot analysis

Placental tissues proteins were extracted using Pro-prep (In-
Tron Inc., Seoul, South Korea) according to the manufacturer’s
instructions. Whole-cell lysates were prepared by 20 strokes of a
Dounce homogenizer, followed by centrifugation at 13,000g for
20 min at 4 �C. Total protein (50 lg per lane) were separated in a
10% SDS–PAGE gel and transferred to a polyvinylidene fluoride
transfer membrane (PerkinElmer Co., Wellesley, MA) in a TransBlot
Cell (TE-22, Hoefer Co.) according to the manufacturer’s instruc-
tions. The blots were blocked with TBS-T containing 5% skimmed
milk for 60 min, then incubated with primary antibodie against
the following factors: TRPV6, NCKX3, NCX1 (goat polyclonal,
1:500; Santa Cruz, CA), PMCA1 (rabbit polyclonal, 1:1000; SWANT,
Bellinzona, Switzerland), or b-actin (rabbit polyclonal, 1:2000;
Santa Cruz). After washing with TBS-T, membranes were incubated
with an appropriate horseradish peroxidase-conjugated secondary
antibody (anti-goat, 1:2000; Santa Cruz, or anti-rabbit, 1:5000;
Santa Cruz) for 1 h at room temperature. After washing, the blots
were developed by incubation in ECL chemiluminescence reagent
(Santa Cruz) and subsequently exposed to Biomax™ Light film
(Kodak) for 1–5 min. Signal specificity was confirmed by blotting
without primary antibody. Bands densities were normalized to
b-actin immunoreactive bands visualized on the same membrane
after stripping the blot and reprobing. The densitry of each band
Table 1
Oligonucleotide sequences for quantitative real-time PCR.

Gene Primer sequences (50 ? 30) Product size (bp)

TRPV6 F: ggagctaggccacttctacg 177
R: atggcaatgaggaggttgag

PMCA1 F: gtggccaaatcttgtggttt 353
R: tcggcatcagtgtcatcaat

NCKX3 F: tcctacatccggctgaatag 156
R: gcacaggaacacaccataca

NCX1 F: ggttgggactaacagctgga 287
R: aatctttcaggccaatggtg

HPRT1 F: tcgagatgtgatgaaggaga 193
R: tatgtcccctgttgactggt

F, forward; R, reverse.

Please cite this article in press as: Yang, H., et al. Differential expression of calc
preeclamptic placenta. Molecular and Cellular Endocrinology (2012), http://dx
was measured using ImageJ software (National Institutes of Health,
Bethesda, MD).

2.5. Immunohistochemistry

CTC localization was observed with immunohistochemistry.
Placental tissues were embedded in paraffin before sections
(5 lm) were cut, deparaffinized in xylene, and hydrated in
descending grades of ethanol. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide in TBS-T for 30 min.
Non-specific reactions were blocked by incubating the sections in
10% normal goat serum for 2 h at room temperature. Sections were
subsequently incubated at room temperature for 4 h with antibod-
ies against TRPV6, NCKX3, NCX1 (goat polyclonal, 1:300; Santa
Cruz), or PMCA1 (rabbit polyclonal, 1:500; SWANT, Bellinzona,
Switzerland), diluted in 10% normal goat serum. After washing
with TBS-T, the sections were incubated with a biotinylated sec-
ondary antibody (goat IgG or rabbit IgG, Vector Laboratories, Bur-
lingame, CA) for 30 min at 37 �C and then incubated with ABC
Elite for 30 min at 37 �C. Diaminobenzidine (DAB; Sigma Chemical
Co.) was used as a chromogen, and sections were counterstained
with Harris hematoxylin before being mounted in Canada balsam.

2.6. Data analysis

Data are presented as means ± SEM and analyzed with a one-
way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison test. Statistical analysis was performed using Prism
Graph Pad (v4.0; GraphPad Software Inc., San Diego, CA). P-
values < 0.05 were considered to be statistically significant.

3. Results

3.1. Characterization of normotensive and preeclamptic pregnancies

To compare the clinical characteristics between normotensive-
and preeclamptic pregnant women, we assessed the gestational-
and maternal age, placental- and fetal weight, systolic- and
diastolic blood pressure of the examined subjects as shown in
Table 2. Although there appeared to be no differences in maternal
age, gestational age, or placental weight between normotensive
and preeclamptic women, high levels of maternal systolic and dia-
stolic blood pressure were observed with PE-PTL compared to PTL.
For the cases of PE-PTL, fetal birth weight was not significantly al-
tered compared to PTL patients. Additionally, the weight of the fe-
tus was not different between TL and PE-TL patients. Maternal
systolic- and diastolic blood pressures were raised with PE-PTL
compared to PTL. For PE-TL patients, maternal systolic blood pres-
sure was also elevated; however, diastolic blood pressure was not
Annealing temperature (�C) Accession number

60 NM_018646

60 NM_001001323

60 NM_020689

60 NM_001112800

58 NM_000194

ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012

http://dx.doi.org/10.1016/j.mce.2012.12.012


287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Table 2
Characteristics of normotensive- and preeclamptic pregnancies used forQ4 placental analysis.

Maternal age
(year)

Gestational age
(week)

Mode of
delivery

Placenta weight
(g)

Systolic BP
(mm Hg)

Diastolic BP
(mm Hg)

Fetus weight
(g)

Preterm
Normotensive

(n = 20)
32 ± 4 31.5 ± 4.5 v:17, c:3 343 ± 75 115 ± 10 73 ± 7 2205 ± 550

Preeclampsia
(n = 20)

30 ± 3 30.5 ± 3.5 v:6, c:14 356 ± 86 168 ± 10a 108 ± 11a 1765 ± 606

Term
Normotensive

(n = 20)
30 ± 3 38.5 ± 1.5 v:16, c:4 491 ± 53 113 ± 8 73 ± 9 3152 ± 447

Preeclampsia
(n = 15)

30 ± 4 38.5 ± 1.5 v:5, c:10 462 ± 28 150 ± 14a 74 ± 5 3020 ± 217

BP, blood pressure; v, vaginal delivery; c, Caesarean section.
a P < 0.05 versus NPP, non-preeclamptic placenta.
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affected. These results suggest that the symptoms of preeclampsia
during preterm labor are associated with more serious problem
compared to those arising during term labor.

3.2. Expression of sFLT1 and HIF-1a in placental tissues and cells

We next examined sFLT1 expression in the fetal, central and
maternal sections of preeclamptic placentas during preterm and
term labors to characterize our experimental samples (Fig. 1A).
The expression of sFLT1 was highly enhanced in all sections of pre-
eclamptic placentas. The greatest increase was observed in fetal
placenta from cases of both preterm and term labors. Expression
of a marker for hypoxic stress, HIF-1a, was also measured in
the placenta tissues. HIF-1a levels were increased in both preterm-
Fig. 1. The expression of sFLT1 and HIF-1a in normotensive and preeclamptic place
normotensive (fetal, central and maternal tissue; n = 20) and preeclampsia (fetal, central a
protein were measured by real-time PCR and Western blotting, respectively. (A) sFLT1 mR
protein expression in whole placenta, and (C) sFLT1 (mRNA) and HIF1 (protein) expressio
under either standard cell culture conditions (5% CO2 in 95% air) or hypoxic conditions (2%
normotensive controls (fetal-, central-, maternal) or normoxic condition.

Please cite this article in press as: Yang, H., et al. Differential expression of calc
preeclamptic placenta. Molecular and Cellular Endocrinology (2012), http://dx
and term-labor preeclampsia placenta compared to normotensive
placenta. However, the expression was not significantly altered
when comparing term and preterm labor (Fig. 1B). To verify
in vitro hypoxic condition, we isolated primary placental cells that
were incubated in the presence or absence of hypoxic stress
(Fig. 1C). As we expected, hypoxic stress significantly induced
sFLT1 and HIF-1a expressions in the placental cells. These findings
suggest that our in vivo and in vitro subjects are suitable to study
preeclamptia-related mechanism.

3.3. Expression of placental CTCs during preterm and term labor

For the next experiment, we evaluated the expression of CTCs in
the placenta tissues. As shown in Fig. 2, TRPV6, NCKX3 and NCX1
nta and placental primary cells. Placental tissues were divided into six groups:
nd maternal tissue; n = 20 [PTL] or 15 [TL]). Placental expression of sFLT1 mRNA and
NA expression in sections (fetal-, central-, maternal-) of placental tissues, (B) HIF-1a
n in hypoxic placenta primary cells. Placental primary cells were incubated at 37 �C
O2/93% N2/5% CO2). aP < 0.05 versus the normotensive controls. bP < 0.05 versus the

ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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Fig. 2. The expression of CTC mRNA in normotensive and preeclamptic placenta. Placental tissues were divided into six groups: normotensive (fetal, central and maternal
tissue; n = 20) and preeclampsia (fetal, central and maternal tissue; n = 20 [PTL] or 15 [TL]). The expression of CTC mRNA was measured by real-time PCR. (A) Preterm labor,
and (B) term labor. White bars indicate normotensive controls while black bars represent preeclamptic placenta. aP < 0.05 versus the normotensive controls (fetal-, central-,
and maternal).

H. Yang et al. / Molecular and Cellular Endocrinology xxx (2012) xxx–xxx 5

MCE 8393 No. of Pages 10, Model 5G

29 December 2012
mRNA levels were significantly increased in the fetal and maternal
preeclamptic placenta compared to normotensive fetal- and
maternal placenta during preterm labor, while central TRPV6,
NCKX3 and NCX1 expression levels were unchanged. PMCA1
mRNA expression was up-regulated in fetal preeclamptic placenta
but not in other sections (central, maternal). Fig. 2B shows the CTCs
expression in normotensive and preeclamptic placentas during
term labor. Similar to that found during preterm labor, PMCA1
mRNA expression was highest in preeclamptic placenta compared
to normal placenta in only the fetal section. In parallel with the
PMCA1 results, TRPV6 mRNA expression in the fetal sections was
increased in preeclamptic placenta compared to normal placenta.
Additionally, NCKX3 and NCX1 expression was down-regulated
in all sections of preeclamptic placenta compare to normotensive
placenta. CTCs protein levels were also altered in the three placen-
tal sections as shown in Fig. 3, which were consistent with changes
observed in mRNA expression. These findings suggest that the
expression of CTCs was perturbed in preeclamptic placenta.
Please cite this article in press as: Yang, H., et al. Differential expression of calc
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3.4. Localization of placental CTC during preterm and term labor

To investigate the spatial expression of CTCs in normotensive
and preeclamptic placentas, CTC localization was analyzed by
immunohistochemistry using antibodies against TRPV6, PMCA1,
NCKX3 and NCX1. TRPV6 was abundantly expressed in the cyto-
plasm of extravillous syncytiotrophoblasts, but not in extravillous
cytotrophoblasts (EVCTs) or endothelial cells in both vein and
arteries (Fig. 4). TRPV6 protein was more strongly expressed in
the fetal and maternal sections of preeclamptic placenta than nor-
mal placenta. Expression of PMCA1, NCKX3 and NCX1 was ob-
served in syncytiotrophoblasts cytoplasm, and was more highly
greater in preeclamptic placenta than normotensive placenta. Dur-
ing term labor, TRPV6 protein was abundantly expressed in the
cytoplasm of syncytiotrophoblasts cytoplasm in the fetal pre-
eclamptic placenta. PMCA1 protein expression was limited in the
syncytiotrophoblasts cytoplasm. The expression of Ca2+ homeosta-
sis proteins, NCKX3 and NCX1, was high in the cytoplasm of both
ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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syncytiotrophoblasts and giant cells in maternal normotensive pla-
centa, and was greater in normal placenta than preeclamptic pla-
centa during term labor. In general, CTC protein expression was
limited to the cytoplasm of the villous syncytiotrophoblast layers
in both preterm and term placenta.
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3.5. Expression of CTCs in the hypoxia-stressed placental cells

To assess whether the expression of Ca2+ transport and homeo-
stasis genes are affected by in vitro hypoxic conditions, CTC expres-
sion in placental primary cell was examined. We isolated the
human placental cells during the first trimester (7 weeks of gesta-
tion) when studies of placenta-related disease during pregnancy
are commonly conducted (Rong-Hao et al., 1996; Abrahams
et al., 2004; Hiden et al., 2008). In the present study, the expression
of TRPV6, PMCA1, NCKX3 and NCX1 was increased by hypoxia
(Fig. 5). CTC protein levels were altered by hypoxia in a manner
to similar to that of mRNAs (Fig. 5B). These results indicate that
the placental CTCs expression was regulated by hypoxia. Although
it is still not clear how hypoxic stress affects the regulation of CTC
gene expression, gene regulation mechanisms may be involved in
the hypoxic stress-mediated phenomenon we observed under pre-
eclamptic-like conditions.
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4. Discussion

Preeclampsia is a pregnancy-specific disease characterized by
the malformation of placental villous due to pseudo-vasculogene-
sis associated with poor exchanging efficiency in the inter-villous
space (Cindrova-Davies, 2009; Huppertz, 2010). Placental CTCs
gene expression profiles in the three sections of normotensive or
preeclamptic placentas during preterm and term labor were eval-
uated in the current study. To verify our experimental conditions,
we first analyzed the expression of genes that serve as preeclamp-
Please cite this article in press as: Yang, H., et al. Differential expression of calc
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sia biomarkers. The expression of sFLT1 and HIF-1a was highly in-
creased in preeclamptic placenta tissues and placental cells
subjected to hypoxic stress. In addition, high levels of maternal
systolic and diastolic blood pressure were observed in PE-PTL pa-
tients compared to PTL individuals. Significant differences in pla-
cental weight were not observed. Fetal weight for PE-PTL
subjects was moderately decreased with preeclampsia compared
to PTL patients. Intrauterine growth retardation (IUGR) refers to
poor fetal growth during pregnancy, which is observed in 30% of
preeclampsia cases. Results from our study indicated that our
in vivo and in vitro experimental models (that induced hypoxic
conditions) are suitable for studying preeclampsia or preeclamp-
tia-like condition.

Hypoxia stress occurs during the development preeclamptic
placenta in the first trimester and is involved in trophoblast differ-
entiation (Walker, 2000). Increases of HIF-1a protein expression
observed in the first trimester are consistent with the low inter-
villous blood flow and physiological hypoxia that have been re-
ported during the early stages of placental development (Rodesch
et al., 1992; Carter, 1997). The expression of sFLT1 reported to be
a preeclampsia-mediated factor is highly expressed in the pre-
eclamptic placenta (Podjarny et al., 2004; Maynard et al., 2003).
sFLT1 is also known as an anti-angiogenic protein that binds to
the pro-angiogenic proteins, VEGF and PIGF, and mediates severe
preeclampsia-symptoms during pregnancy. In cases of preeclamp-
sia, increased production of these biomarkers is associated with
gestational imbalances and contributes to the development of pre-
eclamptic symptoms, such as proteinuria, endotheliosis and edema
(Maynard et al., 2003; Cunningham et al., 2011).

Since Ca2+ metabolism and supplementation are related to pre-
eclampsia, we analyzed the expression of CTCs in fetal, central, and
maternal sections of preeclamptic placentas and hypoxia-stressed
placental cells. Our results showed that CTCs were strongly
expressed on the fetal and/or maternal side of the placenta in
normotensive placenta, and this expression was increased in pre-
ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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eclamptic placenta. We further demonstrated that the expression
of CTCs was regulated hypoxic placental cells. These findings sug-
gest that augmented expression of CTCs during preeclampsia may
be involved in the induction of IUGR during pregnancy, and is asso-
ciated with increased fetal Ca2+ demand. In previous studies, Ca2+

ATPase activity was found to be increased with IUGR (Strid et al.,
2003), while the permeability of Ca2+ ions decreases in the placen-
tal cell layer from IUGR patients (Mughal et al., 1989).

In our study, TRPV6 mRNA and protein were strongly expressed
on the fetal side of the placenta during normal pregnancy. Other
CTCs also showed increased expression on either the fetal or
maternal side of the placenta. These results indicate that differen-
tial expression of CTCs in the three sections of the placenta influ-
ences maternal–fetal Ca2+ transport. Although increases in the
expression of CTCs in the preeclamptic placentas were consistent,
mRNA and proteins expression of these factors in normotensive
placenta fluctuated. It is possible that genes encoding CTCs could
be modulated by post-translational modification since multiple
enzymatic signaling pathways are active in the placenta and enzy-
matic activities could vary depending on the part of placenta. It has
Please cite this article in press as: Yang, H., et al. Differential expression of calc
preeclamptic placenta. Molecular and Cellular Endocrinology (2012), http://dx
been previously reported that CTC proteins are regulated by post-
translational modification mechanisms such as phosphorylation
(Hoenderop et al., 2003; Lee et al., 2006).

In a previous study, Ca2+ concentration was discovered to be
significantly lower in murine TRPV6 KO fetal blood and amniotic
fluid than in wild-type animals (Suzuki et al., 2008). In this study,
transport of radioactive Ca2+ (45Ca2+) from mother to fetus was
approximately 40% lower in TRPV6 KO fetuses than in the wild-
type control. TRPV6 and CaBP-9k were found to co-localize in the
yolk sac, and CaBP-9k mRNA expression is decreased in TRPV6
KO placentas (Suzuki et al., 2008). Spatial variations of gene
expression in the fetal versus maternal side of the placenta have
been reported in previous studies (Suzuki et al., 2008; Koo et al.,
2011). For example, placental expression of TRPV5, TRPV6 and
CaBP-9k are increased on the fetal side of the placenta compared
with to the central- and maternal portions in mice.

In the present study, we found alterations of CTC expression in
normotensive and preeclamptic placentas from premature and
full-term births. Earlier studies showed that approximately 80%
of total fetal Ca2+ accumulates during the last trimester of preg-
ium transport channels in placenta primary cells and tissues derived from
.doi.org/10.1016/j.mce.2012.12.012
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Fig. 5. The expression of CTC in placental primary cell subjected to hypoxic stress. Graphs represent the results of real-time PCR and Western blot analysis. mRNA or protein
expressions was quantified relative to that of HPRT1 or b-actin, respectively. (A) mRNA expression measured by real-time PCR, and (B) protein expression assessed by
Western bloting). aP < 0.05 versus normoxic conditions, indicating a significant difference in CTC expression compared to the negative control.
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nancy (Pitkin, 1983). This Ca2+ transfer enables adequate fetal skel-
eton mineralization and various cellular functions (Pitkin, 1983).
Previous studies have suggested an important role for CTCs in
Ca2+ homeostasis and placental transfer, and have speculated that
TRPV6, PMCA1, NCKX3 and NCX1 are cooperatively involved in
maternal–fetal Ca2+ transport in endometrial cells (Lee and Jeung,
2007; Luu et al., 2004; Yang et al., 2009). Although Bernucci et al.
(2006) demonstrated the functional expression of Ca2+ channels
in human placental syncytiotrophoblasts, the actual role of these
channels has not been accurately determined.

In our study, the localization of CTCs was assessed in three sec-
tions of human placenta during preterm and term labor. CTCs were
abundantly expressed in the cytoplasm of the syncytiotrophoblast
layer. Maternal–fetal Ca2+ transport occurs via two pathways;
paracellular and transcellular. In addition, human placenta permits
highly passive Ca2+ permeability, leading to the extinction of a Ca2+

gradient in the absence of any other transport mechanisms
(Abramovich et al., 1987; Illsley et al., 1984). In the transcellular
pathway, Ca2+ is transported via CTCs such as TRPV, CaBP, and
PMCA (Belkacemi et al., 2005; Belkacemi et al., 2002).

In conclusion, our study showed significant alterations of CTC
expression in cells and tissues derived from preeclamptic placenta.
In cases of preeclampsia, dynamic CTC expression may be involved
in compensated maternal–fetal Ca2+ transfer. In preeclamptic
syncytiotrophoblasts, impaired Ca2+ metabolism resulted from
hypoxic stress, which may induce the expression of Ca2+ transport
proteins in the placenta to maintain a balance between maternal
and fetal Ca2+ demand during pregnancy.
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