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BACKGROUND: Defects in extravillous trophoblast (EVT) function could contribute to placental dysfunction resulting in adverse obstet-
rical outcomes. Adverse obstetrical outcomes have been highly correlated with intrauterine infection; however, the mechanisms linking
infection to placental dysfunction remain unclear. We investigated the effects of inflammation on EVT cytokine production and invasion
early in pregnancy and determined the cell signaling pathways mediating this response.

METHODS AND RESULTS: In our model of inflammation, EVT cells, isolated following first trimester pregnancy terminations (n = 6) were
stimulated with lipopolysaccharide (LPS). LPS induced a dose-dependent increase in interleukin (IL)-8 and IL-6 protein production
(P < 0.01) and decreased EVT invasion (P = 0.01) versus control. The LPS-mediated changes in cytokine production (P < 0.001) and invasion
(P < 0.001) were reversed by dexamethasone (DEX). Exposure to LPS resulted in an increase in mitogen-activated protein kinase (MAPK)
signaling pathway phosphorylation, including p44/42 MAPK (P < 0.01), p38 MAPK (P < 0.05), MAPK extracellular signal-regulated kinase
/2 (MEK1/72) (P < 0.01) and stress-activated protein kinase/c-Jun N-terminal kinase (JNK; P < 0.001), which was reversed by DEX (P <
0.05) for all MAPKs except p38. MAPK-specific inhibitors to MEKI/2 (U0126), p38 MAPK (SB 202190) and JNK (SP 600125) significantly
reversed the LPS-mediated increase in IL-6 (P < 0.001) and IL-8 (P < 0.001) production. While U0 126 reversed the LPS-induced decrease
in EVT invasion (P < 0.001), SB 202190 (P < 0.001) and SP 600125 (P < 0.001) decreased EVT invasion, further indicating that MEK /2 phos-
phorylation may be inflammation dependent while p38 MAPK and JNK phosphorylation occurs independently of an inflammatory stimulus.

CONCLUSIONS: LPS increased IL-8 and IL-6 and decreased EVT invasion through activation of MAPK signaling. MEK/2 activation may
contribute to placental dysfunction, in the setting of inflammation-associated adverse obstetrical outcomes.
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Introduction

A successful pregnancy is directly dependent on normal development
of the placenta and adequate function of the trophoblast cells. The
extravillous trophoblast cells (EVTs) are a highly proliferative and
migratory cell population that invades the uterine spiral arteries

allowing for an increase in maternal blood flow to the placenta
(Brosens et al., 1967; Kurman, 1992; Graham and Lala, 1992; Genbacev
etal., 1993; Kaufmann and Castellucci, 1997). Adverse obstetrical out-
comes, including pre-eclampsia, intrauterine growth restriction (IUGR)
and preterm birth, are often diagnosed during the later stages of preg-
nancy; however, there is a growing body of research which suggests that
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these adverse obstetrical outcomes may all stem from a common
abnormality in placental function (Ness and Sibai, 2006).

Defects in EVT cellular function involving inflammatory factors
within the placental environment could be contributing to the placen-
tal dysfunction seen in IUGR, pre-eclampsia (Arechavaleta-Velasco
et al., 2002; Dadelszen and Magee, 2002; Dadelszen et al., 2003)
and preterm birth (Goldenberg et al., 2000; Gongalves et al., 2002;
Lamont, 2003). Although signs of systemic illness or inflammation
are not seen in most women with adverse pregnancy outcomes, evi-
dence of localized inflammation (histological chorioamnionitis) is
observed in >85% of spontaneous preterm births delivered at <28
weeks gestation (Yoon et al., 2000) suggesting that intrauterine infec-
tion may occur early in pregnancy, preceding any observed pregnancy
complications (Gongalves et al., 2002). Thus, infection and/or inflam-
mation occurring at the maternal—fetal interface during early preg-
nancy could contribute to the abnormal placental function
associated with adverse obstetrical outcomes. However, the specific
mechanisms regulating this process are unknown.

The innate immune system comprises cells that express a series of
receptors known as the toll-like receptors (TLRs) (Janeway and Medz-
hitov, 2002; Medzhitov and Janeway, 2002). TLRs have the ability to
recognize uniquely expressed, pathogen-associated molecular pat-
terns, such as bacterial lipopolysaccharide (LPS). LPS is recognized
by the TLR4 receptor (Poltorak et al., 1998; Hoshino et al., 1999),
which most commonly acts through a MyD88-dependent intracellular
signaling pathway, activates nuclear factor (NF)-kB and consequently
initiates an immune response, including an increase in cytokines and
co-stimulatory molecules (Medzhitov and Janeway, 2002, Takeda
et al., 2003; Abrahams et al., 2005). While transcription factors such
as NF-kB are common to several cell types and play a general role
in the regulation of inflammatory genes, other intracellular signaling
pathways, such as the mitogen-activated protein kinase (MAPK)
pathway, have also been shown to be activated during an inflammatory
state. Previous studies have shown that LPS activates the MAPK
pathway including extracellular signal-regulated kinase (ERK) (ERKI/
2; 44 and 42 kDa, respectively), stress-activated protein kinase/c-Jun
N-terminal kinase (SAPK/JNK), MAPK/ERK Kinase [MAPK extracellu-
lar signal-regulated kinase (MEK)I|/2] and p38 MAPK in many cell
types, specifically in term syncytiotrophoblasts (Lucchi and Moore,
2007), trophoblasts (Jiang et al., 2007) and choriodecidua explants
(Shoji et al., 2007), providing evidence that the MAPKs are involved
in the placental immune response. Additionally, MAPKs have been
shown to regulate trophoblast motility and migration (Chakraborty
et al., 2003; Qiu et al., 2004a,b; LaMarca et al., 2008; Prast et al.,
2008). Collectively, these data suggest that MAPK pathways may
provide a mechanistic link between inflammation and trophoblast inva-
sion in placental tissues. There are no studies to date that have inves-
tigated the effects of LPS on first trimester EVT MAPK activity.

We hypothesize that local infection and/or inflammation at the
level of the uterus/decidua are key contributors to the pathogenesis
of certain pregnancy complications. We theorize that micro-
organisms, specifically gram-negative bacteria which express LPS, can
activate TLR4 (Lien et al., 2000; Tapping et al., 2000) in trophoblasts,
resulting in production of the pro-inflammatory cytokines, interleukin
(IL)-8 and IL-6 and altered trophoblast invasion. While it has been
posited that placental dysfunction, resulting from activation of the
innate immune response, is involved in the development of many

adverse obstetrical outcomes (Kaga et al., 1996; Elovitz et al., 2003;
Adams Waldorf et al., 2008), there is a paucity of research focused
on the effects of infection and inflammation on first trimester placental
EVT function. Therefore, the present studies were performed to help
to elucidate the effects of inflammation on placental EVT function, in-
cluding the production of pro-inflammatory cytokines and trophoblast
invasion, and to determine if the MAPK signaling pathway regulates
this response. Our studies, in a model system, could help to identify
novel mechanisms involved in the regulation of cytokine expression
and trophoblast invasion during an inflammatory state and thus identify
new potential treatment targets or biomarkers early in pregnancy,
before the onset of clinical symptoms, for those women with
adverse obstetrical outcomes.

Materials and Methods

Cell culture

The collection of first trimester EVTs was approved by the Institutional
Review Board at the University of Pennsylvania (IRB# 700943). Patient
consents were not required.

Primary EVTs were isolated from first trimester villous tissue using a
modified protocol originally described by Graham et al. (1992) and
Getsios et al. (1998). Briefly, finely minced chorionic villi, collected from
de-identified elective first trimester pregnancy termination tissues
(n=6), were cultured at 37°C in RPMI 1640 medium containing 20%
fetal bovine serum (FBS). EVTs, which outgrow from attached villous frag-
ments, were separated from villous tissue on the 10— |2th day of culture.
The isolated EVTs were cultured and propagated in RPMI 1640 medium
containing 20% FBS. The EVTs used in our experiments were previously
characterized by immunostaining for the trophoblast cell markers
cytokeratin-8 and -18 and human leukocyte antigen-G (HLA-G)
(Neudeck et al, 1997). In previous preparations in our laboratory,
>95% of isolated trophoblast cells stained positive for cytokeratin-8 and
-18 and HLA-G (Koi et al., 2002). In the current study, staining for
cytokeratin-7 and integrin alpha-1 provided further evidence of the
purity of the EVT cell population, as shown by other investigators using
similar primary cultures, and confirming the purity of our EVT cell prepara-
tions (Graham et al., 1992; Getsios et al., 1998).

Our preliminary experiments investigating the response of the isolated
primary EVTs to LPS treatment by measuring IL-8 released into the
media showed a wide range of cytokine production (data not shown).
We hypothesize that this is most likely a result of the genetic variation
in TLR responsiveness observed in human studies (Kline et al., 1999;
Schwartz, 2001). While all six placentas tested showed a response to
LPS, we used only those EVTs isolated from the three placentas that
showed a more robust response (greater than |5-fold increase in IL-8
expression) to perform the following experiments because we were
most interested in determining the function of trophoblast cells in the
presence of an inflammatory response.

Immunocytochemistry

To verify the purity of the isolated EVT cells, they were stained for
trophoblast-specific markers cytokeratin-7 and integrin alpha-1. EVTs
were plated at 2 x 10° cells/ml onto glass chamber slides. After 24 h,
the slides were fixed with 10% buffered formalin. EVTs were stained
using the avidin:biotin enzyme complex method following the protocol
provided with the Vectastain Elite ABC Kit (Vector Laboratories, Burlin-
game, CA, USA). The primary antibodies used were a mouse monoclonal
antibody to cytokeratin-7, clone OV-TL 12/20 (Dako, Carpinteria, CA,
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USA) at a 1:50 dilution and a mouse monoclonal antibody to integrin
alpha-1, clone FBI2 (Millipore, Billerica, MA, USA) at a dilution of
1:100. The secondary antibody was a biotinylated horse anti-mouse
immunoglobulin G followed by the addition of the avidin:biotin enzyme
complex (ABC). Sections were stained brown with 3,3’-diaminobenzidine
(Sigma Chemical Co., St. Louis, MI, USA) and counterstained with hema-
toxylin (Dako, Carpinteria, CA, USA) before being dehydrated and
mounted. To validate the staining procedure, EVTs were incubated
without the primary antibody. Staining for each antibody was performed
on duplicate slides with each slide containing a section incubated with
and without (negative control) the primary antibody. Stained cells were
photographed at x |10 magnification.

Trophoblast cell treatments

EVTs were cultured as described above, plated at | x 10° cells/ml and
grown until 90% confluent. These cells were exposed to LPS (Escherichia
coli 055:B5) (0—100 pg/ml) (Sigma, St. Louis, MO, USA) for 24 h.
Primary EVT cells, cultured in 1640 RPMI medium containing 20%
charcoal-stripped (steroid-free) FBS, were pretreated with dexametha-
sone (100 nM) (DEX; Sigma) for 2 h prior to LPS (I pg/ml) treatment.
DEX vehicle control (ethanol)-treated EVTs were included in these
experiments. Experiments investigating the involvement of the MAPK
pathway in trophoblast function were performed by pretreating EVTs
with MAPK-specific inhibitors (50 wM), including U0126 (MEKI/2 inhibi-
tor), SB 202190 (p38 MAP Kinase inhibitor) and SP 600125 (JNK inhibitor)
(Calbiochem, Gibbstown, NJ, USA), for | h prior to LPS treatment (I jg/ml)
for 24 h. MAPK inhibitor vehicle control [dimethylsulfoxide (DMSO)]-
treated EVTs were included in these experiments. The medium was
collected and used for the assays described below.

Cytokine enzyme-linked immunosorbent
assay

Previous studies have shown that gram-negative bacteria (LPS)-induced
activation of TLR4 results in up-regulation of cytokines in term tropho-
blasts (Shimoya et al., 1992; Ma et al., 2006), therefore, we measured
IL-8 and IL-6 protein in cell culture media from EVT (n=4) cells after
24 h of treatment with LPS (0—100 pg/ml) with or without DEX
(100 nM) or MAPK inhibitor (50 M) pretreatment. IL-8 and IL-6 were
measured by ligand specific commercially available enzyme-linked im-
munosorbent assay (ELISA) kits using reagents from R&D Systems (Minne-
apolis, MN, USA). Data from experiments measuring IL-8 and IL-6 after
DEX or MAPK inhibitor pretreatment are expressed as a percentage of
LPS-treated EVTs at baseline. IL-8 and IL-6 ELISA results are representa-
tive of four independent experiments.

Matrigel invasion assay

The invasiveness of primary EVTs (n = 3) through an extracellular matrix
(ECM) was measured using a commercially available cell invasion assay kit
(Chemicon, Temecula, CA, USA). Briefly, EVTs (I x 10° cells/ml) were
plated onto ECMatrix gel-coated cell culture inserts in 24-well plates
and exposed to LPS (0.1 wg/ml) with or without DEX (100 nM) or
MAPK inhibitor (50 wM) pretreatment. An LPS (0—1 pg/ml) dose—
response experiment was performed (data not shown) and the 0.1 pg/ml
dose of LPS was the lowest effective dose resulting in a robust change
in trophoblast invasion. After 72 h, the non-invading cells and the ECMa-
trix gel from the upper surface of the inserts was removed using a cotton-
tipped swab. Invasive cells on the lower surface of the membrane were
stained with 0.2% crystal violet. The membranes were mounted on micro-
scope slides. Stained cells from three random microscope fields at x20
magnification were photographed, counted and analyzed. Data from

experiments measuring EVT invasion after DEX or MAPK inhibitor
pretreatment are expressed as a percentage of control (non-treated
cells). Invasion assay results are representative of EVTs isolated from
three different placentas run in duplicate wells.

Lactate dehydrogenase cytotoxicity assay

The viability of EVTs after treatment with LPS (I wg/ml) or MAPK inhibi-
tors (50 wM) was determined by measuring lactate dehydrogenase (LDH)
leakage into the medium using the CytoTox 96 Non-Radioactive Cytotox-
icity Assay (Promega Corp., Madison, WI, USA). After collecting cell
culture medium, the trophoblast cells were lysed with RIPA Buffer contain-
ing protease (Complete Protease Inhibitor Cocktail Tablets, Roche Diag-
nostics, Mannheim, Germany) and phosphatase (Phosphatase Inhibitor
Cocktail 2 and 3, Sigma) inhibitors. Released LDH (an indirect measure
of loss of cell membrane integrity) was measured with a coupled enzymatic
assay that results in the conversion of a tetrazolium salt into a red forma-
zan product. The amount of color formed is proportional to the number
of lysed cells. The enzymatic reaction was measured spectrophotometric-
ally by absorbance readings at 490 nm. The percentage of cytotoxicity was
calculated as experimental LDH (cell culture media)/maximum release of
LDH (cell lysates). Results from the LDH cytotoxicity assay are represen-
tative of LPS-treated cells from seven independent experiments and
MAPK-treated cells from three independent experiments.

Trophoblast cell lysates

Isolated EVTs were plated at | x 10° cells/ml until 90% confluent. These
cells were exposed to LPS (I wg/ml) (Sigma) for O, 5, 10, 20, 40 and
80 min. Experiments with DEX (100 nM) pretreatment (2 h) followed by
LPS were also performed. At each time point, the cells were lysed with
cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) containing
protease (Roche, Indianapolis, IN, USA) and phosphatase inhibitors
(Sigma). Cell lysates were centrifuged and the supernatant was used for
the MAPK multi-target ELISA described below.

MAPK multi-target ELISA

Activation of the MAPK signaling pathway occurs through protein
phosphorylation. Phospho-p44/42 MAPK (Thr202/Tyr204) (ERKI/2),
phospho-p38 MAPK (Thr180/Tyrl82), total MEKI, phospho-MEKI/2
(Ser217/221), total SAPK/JNK and phospho-SAPK/JNK (Thri83/
Tyr185) was measured in EVT cell lysates after LPS treatment (n=15)
with or without DEX pretreatment (n = 4). Phosphorylation of MAPK
pathway members was measured from 0 to 80 min in order to identify
the time of peak activation. Phosphorylated MAPKs were measured by
a multi-target commercially available solid phase sandwich ELISA (Cell Sig-
naling Technology). Data from experiments measuring phosphorylated
MAPK ' signaling proteins in EVTs are expressed as a percentage of
control and are representative of four or five independent experiments.

Statistical analysis

Statistical analysis was performed for all experiments with the Sigma Stat
Software (Statistical Package for the Social Sciences Inc., Chicago, IL,
USA). For data that were normally distributed, one-way analysis of
variance (ANOVA) or repeated measures ANOVA was used. If statistical
significance was reached (P < 0.05), then pair-wise comparison by
Student—Newman—Keuls test or comparison to control by Dunn’s
method was performed. When the treatment groups were unequal
and/or the data were non-parametricc ANOVA on ranks followed by
the Dunn’s method for pair-wise comparisons were utilized. For results
requiring comparisons of multiple groups, two-way repeated measures
ANOVA was used, followed by comparison to control by the Holm—Sidak
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Figure 1 Immunocytochemical staining of cytokeratin-7 (A) and integrin alpha-1 (B) in primary human EVT cells. Formalin fixed EVTs were stained
using the avidin:biotin method. The cells were counterstained with hematoxylin. Positive cells are stained brown and the nuclei are blue. To validate
the staining procedure, EVTs were incubated without cytokeratin-7 (C) or integrin alpha-1 (D) primary antibody. Pictures shown were taken with a

bright-field microscope at x |0 magnification.

method. A P < 0.05 was considered statistically different. All arithmetic
means are presented + SEM. All experiments were performed in
duplicate and repeated at least three times.

Results

Characterization of isolated EVTs

To ensure that our EVT isolation procedure produced a pure popula-
tion of EVT cells, we stained the isolated cells with the trophoblast cell
markers, cytokeratin-7 and integrin alpha-1. As shown by the brown
staining in Fig. |, the isolated EVTs expressed both cytokeratin-7
(Fig. 1A) and integrin alpha-| (Fig. 1B). Additionally, staining done in
the absence of the primary antibodies for cytokeratin-7 (Fig. 1C)
and integrin alpha-1 (Fig. D) showed very little brown color,
validating the specificity of the primary antibodies.

Effect of LPS on EVT IL-8 and IL-6 cytokine
production

After observing TLR4 protein and mRNA in EVTs (data not shown),
we wanted to investigate if these receptors were functional by deter-
mining IL-8 and IL-6 cytokine production after LPS treatment. LPS
treatment (for 24 h) caused a dose-dependent increase in IL-8
(P<0.01) and IL-6 (P < 0.05) production in EVTs when compared
with non-treated cells (Fig. 2A and C, respectively). Additionally,
pretreatment with DEX significantly reversed the LPS (I pg/ml)-
mediated increase in IL-8 (P < 0.001) and IL-6 (P <0.001) in EVTs
when compared with non-treated cells (Fig. 2B and D, respectively).

Treatments with DEX alone and the DEX vehicle control (EtOH)
were unchanged compared with non-treated cells.

Effect of LPS on EVT invasion

The LPS-mediated increase in cytokine response in EVTs led us to
investigate the effects of LPS on trophoblast invasion. LPS treatment
resulted in a decrease in EVT (P=0.01) trophoblast cell invasion
through the ECM (Fig. 3A). Additional experiments examining the
effects of DEX pretreatment on EVT invasion showed a significant
reversal of the LPS-mediated decrease in invasion of EVTs
(P<0.001; Fig. 3B). Treatment with DEX alone or vehicle control
(EtOH) did not alter EVT trophoblast invasion when compared with
non-treated cells. Additionally, treatment with LPS had no effect on
levels of LDH released into the medium from EVTs (0.344 % cytotox-
icity non-treated versus 0.355 % cytotoxicity | pwg/ml LPS, P = 0.70).
EVT proliferation was also unchanged after LPS treatment, as maximal
LDH readings from the cell lysates did not differ (2.58 absorbance of
non-treated versus 2.52 absorbance of | wg/ml LPS, P = 0.96) (data
not shown). These results indicate that the decreased invasion
observed in EVTs was not a result of cell death caused by LPS but
is instead a regulated response to an inflammatory stimulus.

Effect of LPS on the EVT MAPK signaling
pathway

We sought to investigate the molecular signaling pathways responsible
for the observed LPS effect on EVTs, including an increase in cytokine
release and a decrease in invasion. There was a significant interaction
between LPS (I pg/ml) treatment and the time of phosphorylation of
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Figure 2 The effect of LPS on IL-8 and IL-6 protein expression with or without dexamethasone pretreatment in human EVTs. IL-8 (A) and IL-6 (C)
protein expression was measured in EVT cell culture supernatants by ELISA after 24 h of incubation with LPS. Pretreatment (2 h) with DEX (100 nM)
reversed the LPS (I pwg/ml) mediated increase in IL-8 (B) and IL-6 (D) protein expression. DEX alone and ethanol (EtOH) (DEX vehicle control)
treatments were also included as negative controls. Each bar represents mean + SEM. Data in Fig. 2B and D are presented as a percentage of
LPS-treated EVT cells. Three independent experiments were performed with cells isolated from three different placentas. *P < 0.05 versus non-
treated control, one-way repeated measures analysis of variance (RM ANOVA), #P < 0.001 versus LPS, one-way RM ANOVA, Student—
Newman—Keuls (SNK).
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Figure 3 The effect of LPS on first trimester primary EVT invasion with or without DEX pretreatment. (A) EVT cell invasion through a matrigel-
coated membrane was measured after treatment with LPS (0.1 wg/ml). (B) Pretreatment (2 h) with DEX (100 nM) reversed the LPS mediated de-
crease in EVT invasion. DEX alone and EtOH (DEX vehicle control) treatments were included as negative controls. Each bar represents mean + SEM.
Three independent experiments were performed with cells isolated from three different placentas. The data in Fig. 3B are presented as a percentage of
the control non-treated EVTs. *P < 0.01 versus non-treated control, t-test, #P < 0.0l versus LPS, one-way ANOVA, SNK.
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Figure 4 The effect of LPS (I wg/ml) on MAPK phosphorylation with or without DEX (100 nM) pretreatment (2 h) in first trimester primary EVTs.
EVTs were treated with LPS for the specified amount of time. Phosphorylation of p44/42 MAPK (A), p38 MAPK (B), pMEK|/2 (C) and pSAPK/JNK
(D) was measured in cell lysates using a PathScan Multi-Target ELISA. Total MEK| and total SAPK/JNK (not shown) were unchanged with LPS or
LPS + DEX treatment and acted as positive controls for protein levels. Each bar represents mean + SEM. *P < 0.05 versus non-treated control,
two-way RM ANOVA, Holm—Sidak (HS) method, #P < 0.05 versus LPS, two-way RM ANOVA, HS.

p44/42 MAPK (P = 0.006) (Fig. 4A). LPS-stimulated phosphorylation
of p44/42 MAPK increased over time reaching a peak at 20 min
(P<0.0001). DEX significantly reversed the LPS-mediated increase
in p44/42 MAPK activation at the peak of phosphorylation, 20 min
(P=0.008) and at 40 min (P = 0.031). There was a significant inter-
action between LPS treatment and time of p38 MAPK phosphoryl-
ation (P=0.025) (Fig. 4B). However, there were no significant
differences detected in p38 MAPK phosphorylation between LPS
and LPS + DEX at any of the time points measured. Additionally,
there was a significant interaction between LPS treatment and time
of MEK1/2 phosphorylation (P = 0.008) (Fig. 4C). The LPS-mediated
activation of phospho-MEK /2 increased over time reaching a peak at
20 min (P=0.0001). DEX significantly reversed the LPS-mediated
increase in phospho-MEKI/2 at 20 min (P=0.0001), 40 min
(P=10.013) and 80 min (P = 0.031). Similarly, a significant interaction
between LPS treatment and time was seen in the phosphorylation
of SAPK/JNK (P <0.001) (Fig. 4D). LPS-stimulated activation of
phospho-SAPK (pSAPK)/JNK increased over time reaching a peak
at 10 min (P=0.0001). DEX significantly reversed the LPS-mediated
increase in  phospho-MEKI/2 at 5min (P=0.005), 10 min
(P=10.0001) and 20 min (P =0.001). Total MEKI (P = 0.403; data
not shown) and total SAPK/JNK (P = 0.488; data not shown),
which acted as protein controls, were not significantly different at
any of the time points measured. Additionally, no differences were
found between ethanol-treated cells (DEX vehicle control) when
compared with non-treated cells (P = 0.556; data not shown) or in
cells treated with DEX alone when compared with non-treated cells
for all MAPK family members measured (data not shown).

Effect of MAPK inhibitors on IL-8
and IL-6 cytokine production

In order to determine if activation of the MAPK signaling pathway is
contributing to the LPS-induced increase in IL-8 and IL-6 cytokine pro-
duction, we investigated the effect of specific MAPK pathway inhibitors
on cytokine expression. Pretreatment with inhibitors specific to three
different MAPK pathways including MEK1/2 (U0126), p38 MAPK (SB
202190) and JNK (SP 600125), significantly reversed the LPS-induced
increase in both IL-8 (P<0.001) (Fig. 5A) and IL-6 (P <<0.001)
(Fig. 5B). Treatment of EVTs with U0126, SB 202190 or SP 600125
alone had no effect on baseline IL-8 (P = 0.42, 0.45 and 0.60, respect-
ively) or IL-6 (P=0.11, 0.08 and 0.97, respectively) levels (data not
shown). Additionally, treatment with DMSO (MAPK inhibitor vehicle
control) had no effect on IL-8 (P = 0.77) or IL-6 (P = 0.47) cytokine
expression when compared with non-treated cells (data not shown).
Measurements of LDH released into the media after treatment with
all three MAPK inhibitors were not different in EVTs (U0126: 0.22
non-treated versus 0.26 50 uM U0126, P = 0.2, SB 202190: 0.22 non-
treated versus 0.22 50 wM SB 202190, P = 1.0, SP 600125: 0.22 non-
treated versus 0.28 50 wM SP 600125, P=0.7) (data not shown)
when compared with non-treated cells. As such, these results indicate
that the decreased cytokine production observed in EVTs in the
presence of MAPK inhibitors is not secondary to cell death.

Effect of MAPK inhibitors on EVT invasion

involved in the
LPS-mediated decrease in trophoblast invasion, we investigated the

In our effort to determine the mechanism
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Figure 5 The effect of MAPK inhibitor pretreatment (50 wM) on the LPS (I pg/ml)-mediated increase in IL-8 (A) and IL-6 (B) cytokine production
in first trimester primary EVTs. IL-8 and IL-6 protein expression was measured by ELISA in EVT cell culture supernatants following pretreatment with
U0126 (MEKI/2 inhibitor), SB 202190 (p38 MAPK inhibitor) and SP 600125 (JNK inhibitor) for | h prior to the addition of LPS. Treatments with
uo126, SB 202190, SP 600125 or DMSO (MAPK inhibitor vehicle control) alone had no effect on IL-8 or IL-6 expression (not shown). Each bar
represents mean + SEM. Data are presented as a percentage of LPS-treated EVTs. Three independent experiments were performed with cells iso-
lated from three different placentas. *P < 0.001 versus LPS, one-way ANOVA, SNK.
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Figure 6 The effect of MAPK inhibitor pretreatment (50 wM) on
the LPS (I pg/ml)-mediated decrease in first trimester primary EVT
cell invasion. EVT cell invasion through a matrigel-coated membrane
was measured after pretreatment (I h) with U0126 (MEKI/2 inhibi-
tor), SB 202190 (p38 MAPK inhibitor) and SP 600125 (JNK inhibitor)
with or without additional treatment with LPS. Each bar represents
mean + SEM. Data are presented as a percentage of control non-
treated EVTs. Three independent experiments were performed
with cells isolated from three different placentas. *P < 0.001 versus
non-treated control, one-way ANOVA, SNK, #P < 0.001 versus
LPS, one-way ANOVA, SNK.

effects of inhibitors targeted to specific MAPK signaling pathways on
EVT invasion (Fig. 6). EVTs pretreated with a MEK| /2-specific inhibi-
tor (UO126) followed by LPS exposure significantly reversed the
LPS-mediated decrease in invasion (P < 0.001). Pretreatment with
inhibitors specific to p38 MAPK (SB 202190) and JNK (SP 600125)
prior to LPS exposure did not reverse the LPS-induced decrease in
invasion and instead resulted in an even greater decrease in EVT
invasion than those cells treated with LPS alone (SB 202190:

P < 0.001, SP 600125: P<0.001). UOI26 treatment alone had no
effect on EVT invasion when compared with non-treated cells. Treat-
ment with SB 202190 (P < 0.001) and SP 600125 (P < 0.001) alone
resulted in significantly decreased EVT invasion, independent of LPS
treatment. Additionally, treatment with DMSO (MAPK inhibitor
vehicle control) had no effect on EVT invasion (P= 0.77) when
compared with non-treated cells (data not shown).

Discussion

It has been hypothesized that adverse obstetrical outcomes, including
pre-eclampsia, [IUGR and preterm birth, develop as a result of placen-
tal dysfunction during the first trimester of pregnancy. However,
despite some progress in this research field, the underlying mechan-
isms that cause placental dysfunction remain unclear. Therefore, this
current study was designed to investigate the specific mechanisms
associated with inflammation-mediated first trimester placental dys-
function that may precede adverse obstetrical outcomes, and to iden-
tify possible therapeutic targets of intervention early in pregnancy. In
our in vitro model of inflammation, the results clearly show that LPS
induces an increase in the inflammatory cytokines IL-8 and IL-6, and
a decrease in invasion of EVTs that cannot be explained by increased
rates of cell death. The reversal of these effects by DEX, an anti-
inflammatory glucocorticoid (Ray and Prefontaine, 1994; Auphan
et al., 1995) indicates that these results are associated with the activa-
tion of established inflammatory signaling pathways. The observed
LPS-mediated increase in phosphorylation of several MAPK family
members suggests that the MAPK pathway is contributing significantly
to LPS-mediated trophoblast dysfunction. Additionally, we found that
direct inhibition of the MAPK pathway reversed the LPS-induced
increase in IL-8 and IL-6 production by EVTs, suggesting a clear
link between inflammation-associated MAPK phosphorylation and
enhanced cytokine expression. Perhaps even more interesting is the
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observation that MEK/2 phosphorylation, specifically, seems to con-
tribute to the LPS-induced decrease in EVT invasion while p38 MAPK
and JNK seem to mediate EVT invasion independent of an inflamma-
tory stimulus. These results indicate that activation of the MEK/ERK
pathway signaling may be intimately involved in regulating trophoblast
invasion in an inflammatory state. The findings of this study provide
evidence for inflammation-induced placental trophoblast dysfunction
which may ultimately contribute to the development of adverse
obstetrical outcomes.

Recent studies investigating abnormal placental function have clearly
implicated the production and/or release of cytokines as contributing
to the pathophysiology of pre-eclampsia and I[UGR (Tjoa et al., 2004).
Previous studies have demonstrated that LPS treatment enhances cyto-
kine expression in whole placental tissue (Shimoya et al., 1999), term
syncytiotrophoblasts (Ma et al., 2006) and first trimester trophoblasts
(Abrahams et al., 2005). Our findings of increased pro-inflammatory
cytokines, IL-8 and IL-6, in first trimester EVTs are in agreement with
these previous studies even though different placental cell types and
stages of gestation were investigated. Abrahams et al. (2005) utilized
first trimester trophoblasts for their experiments investigating the
effects of LPS on cytokine production (by cytokine array) and found
that IL-8 among other cytokines was significantly increased. Our
results agree with those of others who have found increased IL-6 pro-
duction in response to LPS treatment in a first trimester cytotrophoblast
cellline (Abrahams et al., 2004) and term syncytiotrophoblasts (Ma et al.,
2006). Additionally, the LPS-mediated increase in IL-8 and IL-6 observed
in our study was reversed by DEX pretreatment indicating that the in-
crease in these cytokines is regulated by established inflammatory signal-
ing pathways. Trophoblast cells, which express the necessary TLRs
(Abrahams et al., 2004), play a pivotal role in initiation of the normal
innate immune response, including cytokine production, which is critical
for implantation and to facilitate leukocyte recruitment for host defense
(Woodetal., 1997). While acute inflammation is needed for a successful
pregnancy, a chronic immune response caused by a pathological condi-
tion, such as an intrauterine infection, can result in excessive production
of these same cytokines leading to placental dysfunction. Therefore, the
ability of LPS to induce cytokine expression indicates that first trimester
EVTs have the ability to regulate the innate immune response occurring
within the placenta. Additionally, these results lead to the hypothesis
that the primary function of EVTs, invasion of the uterine spiral arteries,
could be compromised during an inflammatory state.

Very few studies have been performed to investigate the effects of
LPS on EVT invasion. Previous studies which utilized a co-culture
model of HTR-8/SVneo cells and LPS-activated macrophages to
mimic the activation of the immune response in the placenta resulted
in a decrease in trophoblast cell invasiveness (Renaud et al., 2005;
Renaud et al., 2007) indicating that an activated immune response
would cause abnormalities in trophoblast function. Additional studies
found that LPS treatment significantly decreased HTR-8/SVneo migra-
tion (Kim et al., 2005). Similarly, our studies demonstrate that activation
of the innate immune response by LPS results in decreased first trimes-
ter EVT invasion. The LPS-mediated decrease in invasion was reversed
after treatment with DEX, indicating that the effects of LPS on tropho-
blast invasion are specifically related to alterations within the inflamma-
tory pathway and not to other mechanisms.

It is well known that glucocorticoids, such as DEX, exert their
anti-inflammatory effects by increasing the expression of IkB

(Auphan et al., 1995; Scheinman et al., 1995), which is known to
inhibit the NF-kB-mediated increases in expression of genes asso-
ciated with inflammation. As TLR4 signaling pathways are mediated
through NF-kB (Palsson-McDermott and O’Neill, 2004), it is easy
to hypothesize that DEX treatment reversed the LPS-mediated altera-
tions in trophoblast function in part through antagonism of the action
of NF-kB transcription factor. The ability of DEX to block both the
increase in IL-8 and IL-6 cytokines and the decrease in trophoblast
invasion suggests that treatment with DEX early in pregnancy could
potentially prevent placental dysfunction caused by inflammation.
However, additional experiments investigating the effects of DEX
treatment on trophoblast function after an inflammatory exposure
are warranted. It is noted that identifying patients in the first or
early second trimester who are at risk for exposure to intrauterine
inflammation remains problematic.

The ability of LPS to both increase cytokine production and
decrease trophoblast invasion would indicate that cytokine expression
is intimately involved in the regulation of EVT function and thus inva-
sion. Contrary to our results, several studies have found that exogen-
ous IL-6 and IL-8 treatment of HTR8/SVneo cells increased
trophoblast invasion (Jovanovic and Vicovac, 2009; Jovanovic et al.,
2010). While this discrepancy in results may be explained by the
different model systems used, we believe that the effects of IL-6 and
IL-8 alone on trophoblast invasion may not accurately represent the
response of trophoblast cells during an inflammatory state. While
alterations in cytokine levels by an activated immune response play
a role in regulating trophoblast function, the connection between
elevated cytokines and decreased trophoblast invasion is complex
and most likely involves a balance of pro and anti-invasive factors,
including other cytokines/chemokines, integrins, adhesion and
proteolytic molecules.

In order to fully understand the mechanisms involved in
inflammation-induced trophoblast dysfunction, we further investigated
the signaling pathways associated with the LPS-mediated effects on
trophoblast function. We chose to focus on the MAPK pathway
based on previous studies which have not only shown that this
pathway is involved in regulating cytokine production during an inflam-
matory state (Lappas et al., 2007), but also that MAPK pathways con-
tribute to altered trophoblast invasion (Qiu et al., 2004a,b; LaMarca
et al., 2008; Prast et al., 2008). Our findings of LPS-mediated activation
of p44/42 MAPK, p38 MAPK, pMEKI/2 and pSAPK/JNK indicate
that these pathways are significantly involved in the inflammatory re-
sponse within the placenta. The reversal of MAPK phophorylation
with DEX pretreatment further provides evidence that these signaling
molecules are activated during an inflammatory state. Additionally,
pretreatment with inhibitors of MEK1/2, p38 MAPK and JNK reversed
the LPS-mediated increase in IL-8 and IL-6 production, clearly indicat-
ing a direct link between phosphorylation of all three MAPK pathways
and LPS-induced cytokine production. Several studies have previously
shown that LPS activates MAPKSs, including p44/42 MAPK, p38 MAPK
and pJNK, in term choriodecidual explants (Shoji et al., 2007), term
syncytiotrophoblasts (Lucchi and Moore, 2007) and term trophoblasts
(Jiang et al., 2007). In agreement with these studies, our study is the
first to show in first trimester EVTs that LPS mediates phophorylation
of p44/42 MAPK, pMEKI/2 and pSAPK/JNK. While the statistical
analysis of the LPS-mediated phosphorylation of p38 revealed an
overall difference owing to changes in phospho-p38 over time, we
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Figure 7 Proposed MAPK pathways and their inhibitors involved in EVT dysfunction during an inflammatory state. (A) LPS binding to the TLR4
receptor activates a downstream signaling cascade resulting in the phosphorylation of specific MAPKs. Phosphorylation and subsequent activation
of ERK1/2, p38 MAPK and JNK results in the translocation of these MAPKs into the nucleus where they activate transcription factors and up-regulate
the genes responsible for IL-8 and IL-6 cytokine production. Along with the activated MAPKSs, LPS binding to TLR4 results in the activation of NF-«B
which is shown to represent the classical pathway of LPS/TLR4 activation of pro-inflammatory cytokine production. (B) In the presence of LPS, the
activation of TLR4 results in the downstream phosphorylation and activation of ERKI/2 where it crosses into the nucleus, activates transcription
factors and alters the genes responsible for decreased EVT invasion. The LPS-mediated increase in cytokine production and decrease in EVT invasion
are both initiated by a TLR4-dependent signaling pathway but ultimately alterations in specific trophoblast functions occurs through different MAPK
signaling mechanisms. Specific inhibitors of ERKI/2 (U0126), p38 MAPK (SB 202190) and JNK (SP 600125) show points of inhibition within each

pathway. Asterisks denote MAPK proteins measured in our study by ELISA.

found no change in phosphorylation at any of the time points with LPS
treatment or with DEX pretreatment. However, pretreatment of
EVTs with SB 202190 (p38 MAPK inhibitor) reversed the effect of
LPS on IL-8 and IL-6 cytokine production indicating that p38 MAPK
plays a significant role in the induction of cytokines by LPS. In agree-
ment with our studies, activation of both p38 MAPK and pSAPK/
JNK are known to initiate the production of cytokines necessary to
elicit an inflammatory response (Kang et al., 2007). Our results
would suggest that during early pregnancy the presence of LPS, as
might occur with an infection, activates the MAPK pathway resulting
in the production of pro-inflammatory cytokines, IL-6 and IL-8.

Since we have shown that MAPK pathway signaling contributes to
the regulation of LPS-induced cytokine expression, we wanted to
determine if these same MAPK signaling pathways contribute to the
altered trophoblast invasion seen with LPS treatment. Interestingly,
pretreatment with the MEKI/2 inhibitor (U0126) reversed the
LPS-induced decrease in EVT cell invasion while inhibitors of p38
MAPK (SB 202190) and JNK (SP 600125), independent of LPS treat-
ment, reduced EVT invasion even more than LPS-treated cells. This
result strongly suggests that MEKI/2 phosphorylation is an
inflammation-mediated event while the actions of p38 MAPK and
JNK signaling appear to be unrelated to the presence of an inflamma-
tory state. This would first suggest that the MAPK pathway is

intimately associated with trophoblast invasion during normal pregnan-
cies and second that the MEK/ERK signaling cascade plays a predom-
inant role in regulating inflammation-associated trophoblast invasion.
The MEK/ERK pathway has been previously associated with the regu-
lation of gene expression, cellular proliferation, differentiation, angio-
genesis, embryo development and tumor invasion. Interestingly,
previous studies have shown that deletion of the ERK gene results
in embryonic lethality early in mouse development, which is caused
in part by defects in placental development, indicating that ERK
plays an important role in placental function (Regan et al., 2002;
Sohn et al., 2002; Saba-El-Leil et al., 2003; Yan et al., 2003). While
there have been no studies to date which have investigated MAPK
phosphorylation by LPS as a mechanism for decreased EVT invasion,
several studies have implicated MEK/ERK phosphorylation in altered
trophoblast function. Activation of insulin-like growth factor binding
protein-1 and insulin-like growth factor-Il by ERKI/2 has been
shown to promote migration of HTR-8/SVneo cells (Gleeson et al.,
2001; McKinnon et al., 2001). Similarly, other factors have been
shown to stimulate HTR-8/SVneo cell migration and invasion via
phosphorylation of ERK, including endothelin (Chakraborty et al.,
2003), endothelial growth factor (Qiu et al., 2004a,b), prostaglandin
estradiol (Nicola et al., 2008) and hCG (Prast et al., 2008). While
many studies have provided evidence for a role of MEK/ERK activation
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in stimulating trophoblast invasion, a coordinated regulation of factors
stimulating and inhibiting invasion is needed for a successful pregnancy.
Consequently, if these factors are altered by an inflammatory state,
the presence of inflammation, even one that remains at the level of
the uterus, may shift this balance to cause abnormal trophoblast
invasion.

The activation of proteolytic enzymes, particularly the matrix metal-
loprotinases, are essential to trophoblast invasion and movement
through the ECM. Previous studies have pinpointed the up-regulation
of tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) as a critical
factor in the inhibition of trophoblast invasion (Graham and Lala,
[1991). Additionally, ERK phosphorylation has been shown to be
responsible for an increase in TIMP-1 in HTR-8/SVneo cells
(Qiu et al., 2004a,b). These studies, along with our results of an
LPS-mediated decrease in EVT invasion through MEK/ERK phosphor-
ylation, would suggest that LPS may be mediating trophoblast invasion
through alterations in ECM proteases and their inhibitors. Therefore, it
is interesting to hypothesize that LPS could be causing a decrease in
trophoblast invasion through an increase in TIMP-1 associated
mechanisms regulated by ERK phosphorylation. Future studies investi-
gating the interaction between MEK/ERK phosphorylation and the
mechanics of EVT invasion and movement could provide even more
insight into the mechanisms directly controlling trophoblast invasion
in both normal and inflammatory states of pregnancy. Additionally,
these studies could help to pinpoint exact areas within these pathways
that could become possible targets of future treatments for those at
risk of developing adverse pregnancy outcomes.

The results from this study suggest that the presence of a bacterial
pathogen or bacterial by-product, such as LPS, can activate the
TLR4-mediated signaling (Poltorak et al., 1998; Hoshino et al., 1999;
Elovitz et al., 2003) cascade resulting in (i) increased cytokine produc-
tion which initiates an activated innate immune response and recruits
neutrophils and macrophages into the placenta and (i) decreased
trophoblast invasion. While the LPS-mediated increase in cytokine
production and decrease in trophoblast invasion are both likely
initiated by a TLR4 dependent signaling pathway, ultimately alterations
in these specific trophoblast functions occurs through different MAPK
signaling mechanisms. Increased IL-8 and IL-6 cytokine production
seen in the presence of an inflammatory stimulus is mediated by phos-
phorylation of ERK1/2, p38 MAPK and JNK which translocate to the
nucleus and activate transcription factors responsible for cytokine
up-regulation (Fig. 7A). On the other hand, the LPS-mediated
decrease in EVT invasion is regulated by the phosphorylation of
ERK1/2 only (Fig. 7B). While further studies examining the effect of
LPS on trophoblast invasion (and specifically the MEK/ERK signaling
pathways regulating this interaction) are warranted, the LPS-mediated
decrease in invasion of EVT cells, whose primary function is to invade
the maternal uterine spiral arteries, would suggest that an altered
inflammatory state could lead to placental dysfunction and thus con-
tribute to the development of adverse obstetrical outcomes including
preterm birth, pre-eclampsia and IUGR.
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