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Elisabet Aliagas, August Vidal, Laura Texidó, Jordi Ponce, Enric Condom, and Mireia Mart́ın-Satué
Volume 2014, Article ID 509027, 8 pages

Placental Origin of Prostaglandin F
2𝛼

in the Domestic Cat, Marta J. Siemieniuch, Ewelina Jursza,
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Regulation of the reproductive function in mammals is a
very complex biological process, tightly coordinated by the
interplay between hypothalamic-pituitary axis and gonads. A
myriad of factors regulates both estrous cycle and pregnancy,
through the in situ activation of molecular pathways that
coordinate subsequent cellular changes. As a result, morpho-
logic and functional changes in reproductive organs ensure
the adequate environment for fertilization and pregnancy
establishment. Immune system and local immune regula-
tions earn a prominent role in the coordination of those
processes. Indeed, the immune-endocrine cross talk regulates
several functions at the ovary, such as ovulation, luteal
growth/regression, and at the oviduct it ensures fertilization.
Besides, it enables maternal recognition of pregnancy in
some species, as well as early embryo development and
implantation in the uterus. The nature of the links and
consequences of mutual interactions between the immune
system and physiologic and/or pathologic processes during
pregnancy are complex and still not well recognized. A
proper fetomaternal immune-endocrine cross-talk during
early pregnancy is fundamental for reproductive success.The
subject is vastly discussed in this special issue.

Lipids are determinant for reproduction. I. Wocławek-
Potocka and collaborators review the recent progresses in
lysophosphatidic acid (LPA) signaling research relevant to
human and ruminant reproduction, aiming at the cow as

relevant model to study LPA influence on human reproduc-
tive performance. E. G. Prates and coauthors characterize the
current knowledge on lipids and fatty acidmetabolismduring
oocyte maturation and their implications on fertilization and
embryo development, especially in the pig. Specifically, the
possibility of using chemical molecules to modulate the lipid
content of oocytes and embryos to improve cryopreservation,
as well as their biological effects during different development
stages, is debated.

A. Rapacz-Leonard and coauthors revisit the role of
the immune system in fetal-maternal cross-talk in humans,
cattle, and horses. This review examines physiologic aspects
of pregnancy, pathological pregnancy, and parturition. It is
suggested that, in horses and cows, the expression of paternal
antigens by invading trophoblast cells may modulate the
maternal immune system and prepare it for rapid rejection of
fetal membranes at parturition. Another study from T. Maj
and coworkers address the regulation of peripheral tolerance
ofmaternal immune systemduring pregnancy establishment.
An antigen presentation effectiveness of splenic antigen
presenting cells (APCs) derived from pregnant and
pseudopregnant mice in in vitro conditions was assessed.
They showed that CD80 and CD86 costimulatory molecules
regulate CD4+, T lymphocyte proliferation, and cytokine
response in cocultures with antigen-presenting cells derived
from pregnant or pseudopregnant mice. Nevertheless,
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the implications of these changes await further investigation.
Finally, immunosuppressive M2-like activities of
macrophages at the fetal-maternal interface are required
for the maintenance of immunological homeostasis during
pregnancy. The findings of D. Rami et al. strengthen the key
role of macrophages in counteracting inflammatory stimuli
during pregnancy, suggesting procalcitonin as a possible new
marker of M1-like macrophages.

Three studies address placenta secretory activity. C. Man-
nelli et al. showed that human endometrial cells can retain
bisphenol, thus reducing the availability of this chemical
for the placenta. They highlight the importance of in vitro
models in reproducing the effect of environmental chemicals
on complex systems, such as the fetomaternal interface. The
capacity of feline placenta to synthesize prostaglandin F2𝛼
in a time-dependent manner and the specific enzymatic
pathways were reported by M. J. Siemieniuch et al. In
the study of Siwetz and collaborators was demonstrated
that human placenta is a source of fractalkine, which is
expressed in the syncytiotrophoblast, and can be released
into thematernal circulation by constitutivemetalloprotease-
dependent shedding.

A study in rats determined the effect of azithromycin
on LPS-induced pregnancy loss. A. Er concluded that
azithromycin may be useful for the treatment of infection-
or endotoxemia-dependent pregnancy loss.

One manuscript deals with the functional link between
interleukins and ovarian steroids on the stimulation of
prostaglandins production by endometrial cells from mares.
The article by A. Z. Szóstek and collaborators suggests that
this interaction could be one of the mechanisms responsible
for local orchestrating events in the mare endometrium
during the estrous cycle and early pregnancy including
implantation.

The manuscript by E. Aliagas et al. addresses the expres-
sion of ectonucleotidasesCD39 andCD73 in human endome-
trial cancer, namely, type I endometrioid adenocarcinomas
and type II serous adenocarcinomas. This study strengthens
the involvement of the adenosinergic system in cancer,
emphasizing the relevance of ectonucleotidases as emerging
therapeutic targets in oncology.

The ability of proinflammatory cytokines and endotoxins
in circulation to affect LH secretion from the pituitary is
demonstrated in vivo in ewes by K. Haziak et al.

Y. Fan and coauthors tested the hypothesis that intrapro-
static 5𝛼-dihydrotestosterone exerts an effect on T-cell
recruitment by benign prostatic hyperplasia epithelial cells.
This study shows that intraprostatic 5𝛼-dihydrotestosterone
might regulate the inflammatory response induced by human
prostatic epithelial cell, via modulation of chemokine (C-C
motif) ligand 5 secretion.

Gathering together the present original manuscripts, we
do hope to give a fruitful contribution for the knowledge
of immune-endocrine interactions regulating reproductive
function anddysfunctions in females andmales.Understand-
ing the complexity ofmolecular and cellular pathways linking
inflammation to vascular and nonvascular tissue remodeling,
secretory function and dysfunction in reproductive organs
are vital. Contributing for the identification of potential

molecular targets for future pharmacological interventions in
prevention and treatment of infertility is an asset.

António M. Galvão
Graça M. Ferreira-Dias

Anna Chełmonska-Soyta
Izabela Wocławek-Potocka

Dariusz J. Skarżyński
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During pregnancy in larger mammals, the maternal immune system must tolerate the fetus for months while resisting external
infection. This tolerance is facilitated by immunological communication between the fetus and the mother, which is mediated
by Major Histocompatibility Complex I (MHC I) proteins, by leukocytes, and by the cytokines secreted by the leukocytes. Fetal-
maternal immunological communication also supports pregnancy by inducing physiological changes in the mother. If the mother
“misunderstands” the signal sent by the fetus during pregnancy, the fetus will be miscarried or delivered preterm. Unlike any other
maternal organ, the placenta can express paternal antigens. At parturition, paternal antigens are known to be expressed in cows
and may be expressed in horses, possibly so that the maternal immune system will reject the placenta and help to expel it. This
review compares fetal-maternal crosstalk that is mediated by the immune system in three species with pregnancies that last for
nine months or longer: humans, cattle, and horses. It raises the possibility that immunological communication early in pregnancy
may prepare the mother for successful expulsion of fetal membranes at parturition.

1. Introduction

During pregnancy in larger mammals, the maternal immune
system must tolerate the fetus for months. Although in
mice tolerance is accomplished by suppression of maternal
immune cells, species with longer pregnancies probably
cannot suppress their immune systems to the same extent
because this would make them prone to infections [1].

To examine how the immunological challenge of a long
gestation period is met, we chose three well-studied species
with pregnancies that last nine months or longer: humans,
cattle, and horses. In these species, tolerance is mediated by
Major Histocompatibility Complex proteins, by leukocytes,
and by the cytokines secreted by the leukocytes [2]. If the
mother “misunderstands” the signal sent by the fetus during
pregnancy, the fetus will be miscarried or delivered preterm
[3]. Interestingly, although itmight be assumed that tolerance

would be accomplished in all these species by “hiding” the
fetus from the maternal immune system, paternally inherited
antigens are expressed during early pregnancy by trophoblast
cells in cattle and horses. At parturition, paternal antigens are
known to be expressed in cows, possibly so that the maternal
immune system will reject the placenta and help to expel it
[4, 5].

This review compares fetal-maternal crosstalk that is
mediated by the immune system in humans, cattle, and
horses. It examines physiological pregnancy (in which ges-
tation is not shortened and the fetus is not miscarried or
delivered preterm), pathological pregnancy, and parturition.
It suggests the hypothesis that, in horses and cows, the
expression of paternal antigens by invading trophoblast cells
may educate the maternal immune system and prepare it for
rapid rejection of fetal membranes at parturition.
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Table 1: Classes of MHC I expressed in humans, cows, and horses [6, 25–28].

MHC I Humans Cows Horses

Classical
HLA-A
HLA-B
HLA-C

BoLA-A10, BoLA-A11,
BoLA-A13, BoLA-A14,
BoLA-A15, BoLA-A17,
BoLA-A19, BoLA-A20,

BoLA-CA24, BoLA-CA42B,
BoLA-CC1, BoLA-w12.1,

BoLA-A12 (w12B), BoLA-w7,
BoLA-w9.2

ELA-A1, ELA-A2, ELA-A3,
ELA-A4, ELA-A5, ELA-A6,
ELA-A7, ELA-A8, ELA-A9,

ELA-A10, ELA-A14, ELA-A15,
ELA-A19, ELA-W11, ELA-W13

Nonclassical
HLA-E
HLA-F
HLA-G

BoLA-NC1
BoLA-NC2
BoLA-NC3
BoLA-NC4
MICA
MICB

ELA-A1∗
ELA-C1∗
ELA-E1∗

∗From [25].

2. Major Histocompatibility Complex
Class I (MHC I)

2.1. MHC I Proteins Mediate Communication between the
Fetus and the Mother. There are two classes of MHC I:
classical and nonclassical (Table 1). Classical MHC are highly
polymorphic, which means they have the ability to present
many antigens including foreign antigens [6]. If cells express
these foreign antigens they are attacked by cytotoxic T
lymphocytes (CTL) [7].

Nonclassical MHC I are not polymorphic and present a
so-called “zero” antigen. The “zero” antigen fills a groove in
nonclassical MHC I proteins and is recognized by leukocytes
as a maternal “self ” antigen; however, it is not of maternal
origin. The cells that express “zero” antigen are protected
because cells that do not express any antigen are attacked by
uterine Natural Killer cells (uNK) [8, 9].

Communication between MHC I and leukocytes (uter-
ine Natural Killer cells, macrophages, and T lymphocytes)
induces and maintains maternal tolerance during physio-
logical pregnancy. In humans, cattle, and horses, expression
of MHC I is increased by trophoblast cells that invade the
endometrium as they become more exposed to the maternal
immune system [1].

The pattern of expression of MHC I differs according to
the species. In humans, the trophoblast expresses nonclassical
MHC I. These nonclassical MHC I bind a “zero” antigen that
protects the cells by binding with uNK [8, 9]. In cattle and
horses, the invasive trophoblast expresses classical MHC I
with paternal antigens [10, 11], and this pattern of expression
stimulates a response from cytotoxic T lymphocytes (CTL)
[6, 7].The reasons for different patterns of expression ofMHC
I on invasive trophoblast are not clear, although this might
be associated with the structure of the placenta in different
species.

2.2. Humans (Invasive Placenta). In humans, nonclassical
MHC I enters the maternal circulation, which is probably
facilitated by the invasive placenta structure (hemochorial
placenta) that has been found in this species, as well as

in apes, monkeys, and rodents [12]. In these species with
invasive placentas, a part of the trophoblast that is called
the extravillous trophoblast destroys 3 layers of endometrial
tissue so that it can be in direct contact with maternal
blood. The blood passes through a disk-shaped zone, which
maternal arteries and veins access from the endometrium.
Nourishment is passed to the fetus through 3 layers of
cells in highly vascularized villi that sink into this disk and
are washed by maternal blood [13]. To ensure that enough
blood can circulate through this disk, blood pressure in the
maternal arteries is increased by a process called spiral artery
remodeling [8, 9, 14].

The structure and expression of the MHC I that mediate
tolerance and support of pregnancy have been best defined
in humans, in which MHC I are referred to as Human
Leukocyte Antigen (HLA) (Table 1). Human classical MHC
I are polymorphic and are known to exist in several classes
[6]. Of these classes, only HLA-C bind “zero” antigens. HLA-
C is expressed on the entire surface of the trophoblast villi
(Figure 1) [15].WhenHLA-C is bound by theKIR2D receptor
on uterine Natural Killer cells (uNK), this leads to optimum
blood supply to the trophoblast, thus supporting the fetus
[16].

The nonclassical MHC I are not polymorphic, and “zero”
antigens are expressed by all 3 known classes: HLA-E, HLA-F,
andHLA-G [17–19].TheseHLA are soluble and are expressed
on the whole surface of the trophoblast villi (the villous
and extravillous trophoblast) (Figure 1). Nonclassical HLA
mediate both tolerance and support of pregnancy [1, 18–23].

Tolerance is induced by HLA-G, which is known to
enter the maternal circulation and bind with the leukocytes
immunoglobulin-like receptors (LIR-1 and LIR-2) on uNK,
macrophages, and T lymphocytes. After binding, the leuko-
cytes are inactivated and express more LIR-1 receptors [1, 16,
18–23] (Table 3).

Even in pathological pregnancies, only HLA that induce
tolerance have been found, that is, HLA with “zero” anti-
gens. Yang et al. [24] took samples from the trophoblast
during pregnancy and cultured them with INF-gamma, a
strong proinflammatory cytokine. Normally, when tissues
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Blood

Extravillous
trophoblast

Expression of
HLA-G
HLA-E
HLA-F
HLA-C

on extravillous
and villous
trophoblast
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part

Fetal
part

Arteries

Villous trophoblast

Figure 1: Expression ofMHC I proteins (HLA) on the surface of the villous and extravillous trophoblast in humans. Only tolerancemediating
HLA are expressed.

are treated with this cytokine, they respond by expressing
HLA-A and HLA-B. These are classical MHC I that induce
inflammation and their expression of immune rejection
might lead to recognition by cytotoxic T lymphocytes and
immune rejection. However, the cultured trophoblast cells in
this experiment continued to express only tolerance-inducing
HLA-G. This suggests that the mechanisms that lead to
expression of onlyHLAwith “zero” antigen during pregnancy
are extremely robust, although they remain unknown.

2.3. Cows (Noninvasive Placenta). Ruminants are known
to have noninvasive placentas [12]; of these species, cows
have been studied the most. In noninvasive placentas, the
trophoblast has no contact with maternal blood. Instead,
nourishment is passed from the mother to the fetus through
structures called placentomes [34]. In cows, there are 70–120
placentomes scattered throughout the entire placenta [35].
Placentomes consist of vascularized villi that originate in the
trophoblast and the corresponding endometrial crypts into
which the villi fit. Nourishment passes from the maternal
to the fetal blood through six layers of cells, three in the
endometrium and three in the trophoblast villi [12].

In cows, MHC I are referred to as Bovine Leukocyte
Antigen (BoLA) (Table 1). Unlike in humans, classical BoLA
with paternal antigens are known to be expressed during
physiological pregnancy, in addition to nonclassical BoLA
with “zero” antigens [36–38]. Throughout all of pregnancy,
the paternal antigens are expressed on binuclear cells, which
have a role in supporting pregnancy. Binuclear cells originate
in the trophoblast, although the exact details of their origin
are unknown. The cells migrate from the trophoblast and
invade the endometrium, where they fuse with endometrial

cells to create giant trinuclear cells. These giant cells lose the
paternal antigens and express no BoLA at all (Figure 2) [10,
36]. Giant cells help to stabilize pregnancy by secreting bovine
placenta lactogen, which influences ovarian and placental
steroidogenesis and alters maternal metabolism to support
fetal growth and development [39].

In cows, nonclassical BoLA bind “zero” antigens, and
they may have a role in inducing tolerance. Unlike humans,
these nonclassical BoLA have not been found on the entire
surface of the trophoblast but only on the regions between the
placentomes (interplacentomal region) and between the villi
(arcade region) [10]. Moreover, these BoLA have only been
found during the last trimester of pregnancy, not throughout
the entire pregnancy as in humans [2, 10]. Nonclassical BoLA
are produced in both nonsoluble and soluble forms [37], so
it can be speculated that the soluble BoLA also bind LIR-
1 receptors on leukocytes in cows, which could inhibit the
leukocytes, similar to as in humans.

During clone pregnancies in cows, classical BoLA with
paternal antigens have been found on the trophoblast surface
during the first month of pregnancy [40]. It is speculated that
this presentation of paternal antigens is connected with the
high number of clone pregnancies that are lost due to attack
by activated cytotoxic T lymphocytes (CTL) [37, 40]. It is
not known why paternal antigens are only presented on the
trophoblast in these pregnancies, but it is likely that this is
due to altered gene expression caused by the nuclear transfer
process [40].

2.3.1. Parturition in Cows. Although little is known about
immunological activity at the time of parturition, research in
cows suggests that expulsion of fetal membranes is promoted
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Figure 2: Expression of classical MHC I (BoLA) proteins in the cow placenta. Classical BoLA are expressed only onmigrating binuclear cells
and they disappear when binuclear cells fuse with endometrial cells (creating trinucleated cells).

when the maternal immune system rejects paternal antigens
that are presented by the fetal membranes [4, 5]. Classical
BoLAwith paternal antigens have been found to be expressed
by cows at parturition [41–43]. This expression is probably
necessary for placenta maturation. The trophoblast villi are
the contact zone in the placentomes, and, up to one month
before parturition, the endometrial epithelium undergoes a
thinning process and then disappears completely. This histo-
logical change leads to loosening of the contact area, so that
the trophoblast epithelium contacts the connective tissue of
the endometrium (the placenta changes from epitheliochorial
to synepitheliochorial) [44, 45].

In addition, when paternal antigens are presented by
classical BoLA protein on the surface of chorion cells [46],
the antigens are recognized by T lymphocytes (CD 8+). This
recognition can be seen as an increased migration of these
lymphocytes to the placenta surface. The increased chemo-
tactic activity of the lymphocytes has been well investigated
in cows and this activity decreases when cows retain fetal
membranes [44].

In a study by Benedictus et al. [47], classical BoLA
compatibility from the point of view of the immune systems
of both the calf and the dam gave a significantly higher
risk of retention of fetal membranes with an odds ratio
of 16.25. In a study by Streyl et al. [48] that compared
mRNA expression 6 to 26 days before parturition with
expression during physiological parturition, upregulation of
certain genes during parturition suggested that increased
numbers of leukocytes were present in the fetal-maternal
contact zones in the placentomes. Nothing further is known
about the immunological mechanisms that lead to retention
of fetal membranes in cows or in other species. However,
it is possible that immunological communication during
pregnancy may prepare the cow for rejection and expulsion
of fetal membranes at parturition.This possibility is explored
in Section 4.

2.4.Horses (“Semi-Invasive” Placenta). Horses have an epithe-
liochorial placenta, as do species that are classified as having
a noninvasive placenta [12]. However, because the horse
placenta has a subpopulation of highly invasive trophoblast
cells (called the chorionic girdle), the authors here will refer
to this kind of placenta as “semi-invasive.”This subpopulation
of invasive cells forms a chorionic girdle that encircles the
fetus. By day 35 of pregnancy, cells of the chorionic girdle
adhere to the endometrial epithelium and begin to invade
the endometrium [49–52] (Figure 3). The aggressive invasive
behavior of these cells is similar to the behavior of cells in the
human extravillous trophoblast and to metastatic tumor cells
[53]. The chorionic girdle disappears at about days 36–38 of
pregnancy [50, 54, 55].

Chorionic girdle cells have been found to express MHC I,
which is referred to in horses as Equine Leukocyte Antigen
(ELA) [49, 56]. This expression quickly diminishes after
invasion and is not found in mature endometrial cups [57,
58]. The expression of ELA by other cells during horse
pregnancy and at any other time during pregnancy has not
been investigated. Moreover, it has not been established
whether nonclassical or classical ELA are expressed, nor
whether the ELA bind “zero” or paternal antigens. Evidence
for the binding of paternal antigens by what would probably
be classical ELA is the fact that CD8+ T leukocytes have
been found to be attracted to the cells that express ELA
[29]. These CD8+ T leukocytes have been found around the
chorionic girdle on the same days that MHC I was expressed
[11, 30, 51, 56, 57, 59, 60]. Antibodies to paternal antigens
that were produced by B lymphocytes have been found at
stable levels in the peripheral blood throughout the rest of
pregnancy [54, 61–63]. However, CD8+ T leukocytes were
not found to attack trophoblast cells that were expressing
ELA.Thismay be because the paternal antigens are expressed
for too short a time for the immune system to prepare itself
to attack the paternal-antigen presenting cells (the chorionic
girdle disappears on days 36–38) [50, 51, 54, 55].
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Table 2: Leukocytes that have been found in the placenta during physiological pregnancy in humans, cows, and horses [29–33].

Humans Cows Horses

Leukocytes in placenta

Three major populations:
(i) Uterine Natural Killer (uNK)
cells
(ii)Macrophages
(iii) T lymphocytes
Other less abundant leukocyte
populations:
(i) Dendritic cells
(ii) Natural Killer T (NKT)
(iii) Regulatory T cells

Endometrial macrophages
(as much as half of all immune
cells)
Other less abundant
leukocyte populations:
(i) Dendritic cells
(ii) T lymphocytes

Mostly T lymphocytes
Other less abundant
leukocyte populations:
(i) B lymphocytes
(ii) NK cells
(iii) Eosinophils

Trophoblast

Endometrial
stroma

Maternal
leukocytes

Endometrial
cup-

no ELA
expression

Day 35-36 Day 36–120

Chorionic
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Figure 3: Expression of classical MHC I (ELA) proteins in the horse placenta. ELA are expressed only on the migrating chorionic girdle.
Then ELA expression is downregulated when endometrial cups are created. After some time, the endometrial cups degenerate, and they have
not been detected after day 120 of pregnancy.

When the chorionic girdle invades the endometrium,
it forms distinct nodules in the endometrial stroma. These
nodules are called endometrial cups; mature endometrial
cups do not express any ELA [57, 58] (Figure 3). Endometrial
cups produce equine chorionic gonadotropin (eCG) [64, 65].
eCG stimulates the ovary to produce additional corpus lutea
[66]. The corpus lutea secrete a high level of progesterone,
which supports the pregnancy [3]. The endometrial cups
remain and continue to secrete eCG until about days 90–120,
by which time they have degenerated [54].

The chorionic girdle and the endometrial cups are
important for maintaining pregnancy. In donkey-in-horse
pregnancies there is no chorionic girdle or endometrial cups,
and it has been speculated that this is related to the high rate
of abortions in these pregnancies [67, 68].

Cells in the endometrial cups have IL-22R1 receptors
which bind IL-22, which is secreted by the chorionic girdle.
Binding of Il-22 helps to maintain mucosal immunity, by
facilitating endometrial reepithelization and upregulating
antimicrobial proteins [50].

3. Leukocytes

3.1. Leukocytes (uNK, Macrophages, T Lymphocytes) Not Only
Tolerate Pregnancy But Also Support It. During pregnancy in
all three species described here, maternal leukocytes behave
differently in the uterus than they do in the rest of the
mother’s body. When uNK from humans [9], macrophages
from humans and cows [69, 70], and T lymphocytes from
horses [30] have been taken from pregnant uteruses and
compared to leukocytes taken from the peripheral blood, the
uterine leukocytes were found to be inhibited from engaging
in normal immune responses, although the mother is able to
resist general infection. This phenomenon is known as split
immune tolerance [30].

3.2. Uterine Natural Killer Cells (uNK)

In Humans, Uterine Natural Killer Cells Support the Growth
and Development of the Fetal Unit. In humans, uNK cells
are the most abundant leukocytes in the placenta (Table 2),
and their number remains constant throughout pregnancy
[31]. uNK and their receptors are a type of NK cells that
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Table 3: Definitions of receptors and molecules mentioned in the paper.

Name Full name Presenting cell Function Synonyms

KIR2D
Killer cell

immunoglobulin-like
receptor

NK cells Specific for HLA-C;
inhibitory effect on NK cell CD158 and 2DL3

KIR2DL4
Killer cell

immunoglobulin-like
receptor

NK cells Binds MHC I and activates
NK cells

CD158D, KIR103, 2DL4,
and KIR103AS

LIR-1
Leukocytes

immunoglobulin-like
receptor 1

Immune cells Binds MHC I and inhibits
stimulation

CD85, ILT2, MIR7, LILRB1,
and Ig-like receptor 1

LIR-2
Leukocytes

immunoglobulin-like
receptor 2

Immune cells Binds MHC I and inhibits
stimulation CD58D, ILT4, MIR-10, 2

CD80 CD80 molecule
Macrophages and

activated B
lymphocytes

Involved in costimulatory
signal for T-lymphocytes
activation and works
together with CD86

CD28LG, CD28LG1, and
LAB7

CD86 CD86 molecule Antigen presenting
cells

Involved in costimulatory
signal for T-lymphocytes
activation and works
together with CD80

CD28LG2, LAB72, B7-2,
and B70

CD9 CD9 molecule Cells exosomes

Mediates signal
transduction events for

regulation of cell
development, activation,
growth, and motility

MIC3, BTCC-1, DRAP-27,
TSPAN-29, and MRP-1

are unique to the uterus and they differ structurally from
peripheral NK [71, 72]. The phenotype of uNK (CD56BRIGHT,
CD16−, andCD3−) distinguishes them fromNK in peripheral
blood (CD56DIM, CD16BRIGHT, and CD3−) [62]. uNK do not
attack the trophoblast; this is mediated by nonclassical MHC
I (HLA-G), as mentioned before (Section 2.2).

uNK cells change their structure as pregnancy progresses,
and these changes are related to the roles that uNK play in
inducing tolerance and support of the fetus and placenta. In
the first trimester uNK are granulated [31].The granules con-
tain angiogenic growth factor and vascular endothelial factor
C. Angiogenic growth factor is released when HLA-G binds
to the uNK LIR-1 receptor [73]. This growth factor promotes
spiral artery remodeling and may increase vascularization in
the syncytial villi. Vascular endothelial factor C stimulates the
trophoblast to produce TAP-1 protein. This protein induces
HLA-G protein loading.This seems to be a feedback loop that
helps to stabilize immunological tolerance of the fetus [74]. In
the second trimester uNK undergo a degranulation process
and in the third trimester only degranulated uNK cells
are present in the endometrium [31]. When degranulation
starts, uNK stop secreting the above factors and begin to
secrete IFN-gamma. This cytokine inhibits the migration
of trophoblast cells, protecting the uterus from too much
destruction by these invasive cells [7, 31, 75]. Details about
what induces uNK cells to change their structure have not
been elucidated.

uNK also help support the fetus in other ways. They
induce optimal blood supply for the fetus by participating

in spiral artery remodeling [8, 9, 14, 16] when their KIR2D
receptors bindHLA-C that is present on the surface of the tro-
phoblast. uNK secrete the matrix metalloproteinases MMP2
and MMP9 during implantation on the 8th to 10th day after
ovulation [76]. These enzymes break down fibrous proteins
that are known as the extracellular matrix. By breaking down
this matrix, these metalloproteinases reduce the intercellular
gap between the trophoblast and the endometrium [77]. The
mechanisms that induce uNK to secrete these metallopro-
teinases are unknown.

uNK are inhibited from attacking the fetal unit when
their LIR-1 receptors bind solubleHLA-G that has entered the
maternal circulation (as part of the extravillous trophoblast—
Figure 1). This binding also causes the cells to express
more inhibitory LIR-1 receptors. In addition, the number of
inhibitory LIR-1 receptors increases both on uNK and on
macrophages and T leukocytes when the KIR2DL4 receptors
on uNK are bound by HLA-G [78–80]. It is not known if and
how uNK communicate with the other leukocytes to effect
this change in the number of their inhibitory receptors.

The functions of uNK are important for healthy preg-
nancy in humans. Altered numbers of uNK or decreased
numbers of KIR2D receptors on uNK have been associated
with fetal growth restriction and insufficient trophoblast
invasion [16], miscarriage [81, 82], implantation failure [83],
and preeclampsia [84].

So far, uNK have only been found in human pregnancies.
Some NK cells have been found in the horse placenta [54],
but none in cows; therefore all the information that we have
about the activity of uNK comes from studies with humans.



Mediators of Inflammation 7

3.3. Macrophages

Macrophages Inhibit the Activity of Other Leukocytes. Infor-
mation about the activity of uterine macrophages also comes
mostly from studies with humans.Macrophages protect preg-
nancy in humans throughout all of gestation by inhibiting
the immune response by uNK, T lymphocytes, and other
macrophages [70]. The LIR-1 receptor on macrophages is
bound by HLA-G. After this happens, macrophages do not
secrete the proinflammatory cytokines TNF-alpha and INF-
gamma. Instead they synthesize more LIR-1 receptors and
secrete prostaglandin PGE

2
, which suppresses the activity of

other macrophages, T lymphocytes, and uNK [78–80].
CD9 protein is expressed by uterine macrophages; it is

bound by pregnancy specific protein (PSG), which is secreted
by the trophoblast. After these receptors are bound, the
macrophages secrete IL-10, which inhibits secretion of TNF-
alpha by uNK and T lymphocytes [85, 86].

To prevent activation of maternal T lymphocytes, macro-
phages reduce expression of the costimulatory molecules
CD80 and CD86 and express indoleamine-2,3-dioxygenase
(IDO) [78–80, 86]. IDO is an immunomodulatory enzyme
that catalyses degradation of essential L-tryptophan, which
inhibits proliferation of T lymphocytes and prevents their
activation [87].

3.4. T Lymphocytes

3.4.1. T Lymphocytes Tolerate the Fetal Unit, and They May
Protect It and Support Its Development

Humans. For tolerance of pregnancy, there is a bias toward
cytokines production by CD4+ T-helper (TH2) cells and
against cytokines production by CD4+ TH1 cells [88]. Näıve
CD4+ T lymphocytes recognize HLA-G “zero” antigens
(presented on antigen presenting cells) when the antigens
bind with their LIR-1 receptors. This recognition inhibits
proliferation of CD4+ T-cells, induces their long-term unre-
sponsiveness, and causes differentiation of the CD4+ T-
cells into suppressive TH2 cells [89]. Also, secretion of
proinflammatory TNF-alpha by CD4+ TH1 cells is inhibited
by IL-10 secreted by macrophages [23].

By avoiding the TH1 response, the fetal unit avoids attack
by activated CD8+ cells (CTL). CTL cells are also inhibited
when their LIR-1 receptors bind with HLA-G. Moreover,
suppressorCD4+CD25 cells inhibit activation ofCTL cells by
the same IDOmechanism asmacrophages (mentioned in the
“Macrophages” section) [6]. However, CD8+ T lymphocytes
are present at the sitewhere placenta implantation takes place.
These lymphocytes are thought to protect the pregnancy
against external antigens and to support trophoblast growth
by secreting IL-8, which promotes trophoblast invasion [31].

Horses. In mares, CD4+ and CD8+ T lymphocytes have been
found to cluster around the cells of the invading chorionic
girdle, and around the early, mature, and dying endometrial
cups (which are formed by the fusion of the girdle cells with
endometrial cells) in greater numbers than are found in the
rest of the endometrium [29]. As detailed in the section on

horse MHC I (ELA), the invading cells express ELA with
paternal antigens, but the mature and dying cups do not,
and it is unclear how T cells recognize these cells that do
not express ELA [57, 58]. It is also unclear why CTL do not
destroy the ELA-expressing cells of the invading chorionic
girdle and of the early endometrial cup. It appears that both
a systemic increase in T-cell tolerance during pregnancy and
an unknown inhibitory factor that is produced by trophoblast
cells help protect the ELA-expressing cells [55, 90–92].

4. Discussion

Tomediate tolerance by the maternal immune system during
pregnancies in humans, cows, and horses, which normally
last for ninemonths or longer,MHC I present “zero” antigens,
which are recognized by leukocytes.These leukocytes secrete
cytokines that increase expression of “zero” antigens, further
induce tolerance in other leukocytes, and support pregnancy.
Although the details of this process are best known in
humans, there are findings of immune activity in other
species that have not yet been investigated in humans. Much
remains to be done both to clarify the mechanisms of mater-
nal immunological tolerance in individual species and to find
outwhichmechanisms are common to all placentalmammals
and which species are specific. As Bainbridge [1] points
out, the differences between immunological fetal-maternal
crosstalk in humans, cattle, andhorsesmay exist because their
common ancestor may have had a short gestation period.
Thus, these species may have independently evolved different
mechanisms to protect the fetus from longer exposure to the
maternal immune system.

However, it is interesting to note that, in all three species
examined in this review, invasive trophoblast cells increase
their expression of MHC I as they become more exposed to
the maternal immune system. Bainbridge [1] has advanced
three hypotheses to explain this phenomenon: (1) MHC on
trophoblast cells may help them adhere to and invade mater-
nal tissue, (2) MHC expression may protect the invading cell
from the maternal immune system, although it is difficult
to understand how the paternal antigens on cattle and horse
cells would pacify the maternal immune system, and (3) this
expression of MHC may protect the entire fetoplacental unit
from the maternal immune system, at least in humans, where
HLA-Ghas been found to be able to suppress the proliferation
of peripheral blood lymphocytes [93].

We suggest a fourth hypothesis be added to the three
above: in horses and cows, the expression of paternal anti-
gens by invading trophoblast cells may educate the mater-
nal immune system and prepare it for rapid rejection of
fetal membranes at parturition (Figure 4). In horses, when
trophoblast cells that display paternal antigens invade the
endometrium, CD8+ T lymphocytes are attracted to those
cells [11, 30, 51, 56, 57, 59]. After this, memory CD8+ T-
cells may persist in the mare. This persistence could prepare
the immune system for a rapid response to paternal anti-
gens that are presented at or just before parturition, if the
unknown factor that inhibited the T-cells is not present in
the uterus at parturition. After invasion by chorionic girdle
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Figure 4: Hypothetical mechanism explaining why expression of
classical MHC I during gestation is needed for fetal membranes
rejection during parturition. In cows and horses trophoblast has
no access to maternal blood (in contrast to humans). In these
species trophoblast expresses classicalMHC Iwith paternal antigens
during pregnancy.This expression “teaches”maternal memory cells,
which recognize paternal (foreign) antigen. If during parturition
fetal membranes reexpress classical MHC I with paternal antigens
they will stimulate booster effect from maternal memory cells and
lead to fetal membranes rejection.

cells, antibodies to paternal antigens that were produced by
B lymphocytes have been found to remain at stable levels in
the mare’s peripheral blood throughout the rest of pregnancy
[52, 61–63]. At parturition, the mare’s immune response to
paternal antigens may be similar to what is known to occur
in humans when macrophages recognize foreign antigens:
the macrophages secrete proinflammatory TNF-alpha and
INF-gamma, which activate both other macrophages and T
lymphocytes [85]. Similar mechanisms in cows would help
explain why classical MHC I compatibility from the point of
view of the immune systems of both the calf and the dam gave
a significantly higher risk of retention of fetal membranes
[47].

5. Conclusion

In mammalian species in which pregnancy lasts for months,
the maternal immune system must be able to resist infection

while tolerating paternal antigens that are expressed by the
fetus. Because of the length of pregnancy in these species,
simply relying on extensive suppression of the mother’s
immune response is probably too risky. Humans, cows, and
horses all have gestation periods of nine months or longer,
and they have evolved similar mechanisms for meeting
this immunological challenge. When MHC I present “zero”
antigens, these antigens are recognized by leukocytes, and
these leukocytes secrete cytokines which induce tolerance
in other leukocytes, stimulate the expression of more “zero”
antigens, and help support pregnancy. The details of this
process differ between the three species, and much needs to
be done to determine which mechanisms are common to all
three species, and which are different. In addition, there are
reports that suggest that immunological communicationmay
prepare for and promote rapid rejection of fetal membranes
during parturition in cows and horses, but whether or how
this is done also needs to be determined.
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Clinical studies suggested thatandrogen might be associated with infiltrating T cells in prostate of benign prostatic hyperplasia
(BPH) patients, but detail of T-cell subset and mechanism still remained unclear. The present study tested the hypothesis that
intraprostatic 5𝛼-dihydrotestosterone (DHT) exerts effects on T cells recruitment by BPH epithelial cells. Prostate tissues from
64 cases of BPH patients after transurethral resection of prostate (TURP) were divided into 2 groups: (1) no medication history;
(2) administration of 5𝛼-reductase type II inhibitor-finasteride 5mg daily for at least 6 months before surgery. Group 2 presented
significantly higher CD8+ T cells infiltration than group 1, but no changes in CD4+ T cells (immunohistochemistry and flow
cytometry). In vitro study more CD8+ T cell migrated to the prostate tissue lysates from group 2 and BPH-1 cells in low DHT
condition. Transcription of chemokine (C-C motif) Ligand 5 (CCL5) mRNA in BPH-1 cells and chemokine (C-C motif) receptor
5 (CCR5) mRNA in CD8+ T cells were upregulated in low DHT condition (q-PCR). CCL5 expression was also identified to be
higher in group 2 prostate tissues by IHC.This study suggested that intraprostatic DHTmay participate in regulating inflammatory
response which was induced by human prostatic epithelial cell, via modulating CCL5 secretion.

1. Introduction

Benign prostatic hyperplasia (BPH) is one of the most
common chronic diseases in aging men [1]. The most potent
androgen in men, 5𝛼-dihydrotestosterone (DHT), is widely
accepted to be more essential than testosterone for prostatic
epithelial cell proliferation and function [2]. It is believed
to be largely converted from testosterone in prostate by
the action of 5𝛼-reductase enzyme [3]. So the mainstay
of therapies is the 5𝛼-reductase inhibitors, which regulate
the levels of intraprostatic DHT. Finasteride, a competitive
inhibitor of 5𝛼-reductase-type II with relatively low affinity
for type I [4], has been one of the most commonly prescribed
drugs for the management of BPH. It markedly reduces
intraprostatic DHT concentration [5]. 5𝛼-reductase inhibi-
tors (finasteride) exert a strong apoptotic effect on the DHT-
dependent epithelium, but in some BPH patients finasteride
fails to control symptoms.

To date, chronic inflammation has been recognized as
another key player in the BPH pathogenesis and progression
[6]. Meanwhile, many studies have showed that the majority
of lymphocytes in BPH tissue were T-lymphocytes [7, 8];
infiltration of chronically T lymphocytes and secretion of
inflammatory cytokines with the prostatic gland are consid-
ered a determinant factor in BPH pathogenesis and progres-
sion [9]. Unfortunately, most of the recent studies focused
on the proinflammatory cytokines secreted byT-lymphocytes
and BPH cells [10]. The causes for T-cell infiltration and
immune dysregulation in the prostate remain subjects of
debate.

Themost important potential cause for immune response
in prostate is the prostatic microenvironment [11]. BPH
epithelial cells, an important component of prostatic micro-
environment, are suggested as a key role of the induction of
immune-mediated inflammatory processes [12]. On the other
hand, intraprostatic DHT could affect function of epithelial
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cell directly [13]. Accordingly, it suggests some linkages
between inflammation and intraprostatic DHT. Vignozzi
et al. (2012) [14] reported that intraprostatic testosterone
plays a protective role in metabolic syndrome-associated
prostate inflammation in rabbit model. From a pathophysio-
logical standpoint, some studies showed correlation between
DHT level and inflammation [15], but the detail of T cell
subsets infiltration influenced by BPH epithelial cells and
intraprostatic DHT still remained largely unresolved.

In the present work, we focused on the relationship
between intraprostaticDHT level, BPH epithelial cells, andT-
cell infiltration.We further elucidated the chemokine changes
in different level of intraprostatic DHT.

2. Materials and Methods

2.1. Materials

2.1.1. Patients. The patients were selected by considering
medication duration from themedical records of 726 patients
who underwent transurethral resection of the prostate
(TURP) between January 2008 and December 2011 in Peking
University First Hospital. According to the medication his-
tory, prostate tissue was obtained from 64 prostatic hyperpla-
sia patients by transurethral resection. Patients were divided
into two groups: group 1 consisted of 28 patients who had
been medicated neither with 𝛼-adrenergic blocker nor with
5𝛼-reductase inhibitor; group 2 consisted of 36 patients
treated with finasteride 5mg daily for longer than six months
before surgery. All included samples were pathologically
confirmed as benign prostatic hyperplasia without prostate
cancer or prostatic intraepithelial neoplasia (PIN). And the
patients who had urinary tract infection or previous prostate-
related surgery or were treated with urinary catheter were
excluded from the study.

2.1.2. Reagents and Antibodies. Monoclonal anti-CCL5 anti-
bodies and the recombinant protein IgGwere purchased from
R&D systems (MAB678, MAB002, Minneapolis, MN, USA),
and 500 𝜇g/mL stockwas reconstituted in phosphate buffered
saline (PBS). For anti-CCL5 treatment, stocks were adjusted
to a final concentration of 6 𝜇g/mL. Ficoll-Paque was pur-
chased from Amersham Pharmacia Biotech (17144002, Pis-
cataway, NJ, USA). Collagenase Dwas purchased fromRoche
Diagnostic (100mg, 11088858001 Indianapolis, IN, USA) and
was adjusted to a final concentration of 1mg/mL to use. Anti-
bodies used for flow cytometry included PE-Cy 7-conjugated
mouse anti-humanCD3 antibody (341091), fluorescein isoth-
iocyanate (FITC)-conjugated mouse anti-human CD4 anti-
body (340133), phycoerythrin (PE)-conjugated mouse anti-
human CD8 antibody (340046), PE-Cy 7-conjugated mouse
IgG1, 𝜅 isotype (555872), FITC-conjugated mouse IgG1 𝜅
isotype (555909), or PE-conjugated mouse IgG1𝜅 isotype
(554680). All these FACs antibodies were purchased from
BD Biosciences (NJ, USA). Antibodies used for immuno-
histochemistry included Rabbit anti-CD4(+) (dilution 1 : 50,
ab133616, Abcam, Cambridge, UK), anti-CD8(+) (dilution
1 : 50, RM-9116-S1, Thermo Fisher Scientific, Cheshire, UK),

and the rabbit anti-CCL5 (+) (2 𝜇g/mL, ab9679, Abcam,
Cambridge, UK).

2.2. Experimental Procedures

2.2.1. Blood Sample Preparation. Blood samples were col-
lected in sterile heparinized containers from 6 health persons
at 10mL per tube. Purification of human Peripheral blood
mononuclear cells was performed according to some pre-
vious publications [16]. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll density gradient and blood
was centrifuged for 20min at 2000×g.The cells were washed
twice in phosphate buffered saline (PBS, pH 7.2) without
calcium and magnesium and resuspended in X-VIVO 15
medium (04-418Q, Lonza, NJ, USA) for further analysis.

2.2.2. Prostate Tissue Preparation. Prostate tissue preparation
was performed as the publication description [17]. One part
of fresh prostate tissuewhichwas got from surgerywas placed
in a solution of 1mg/mL Collagenase D (Roche) in RPMI
1640 media containing 10% FBS with DNase I (20 𝜇g/mL;
Sigma-Aldrich, St. Louis, MO, USA). Tissue was minced at
about 1mm3 andplaced at 37∘C for 1 hr for digestion, followed
by passing through a 70 𝜇mfilter.Then the lymphocytes were
isolated by Ficoll density gradient. Then the tissue lysates
were filtered through 0.22𝜇mfilter and 6 cases of these tissue
lysates from each 2 groups were chosen randomly for the
further migration assay. The other part of fresh tissue was
formalin-fixed for the IHC staining.

2.2.3. Cell Culture. The BPH epithelial cell-line, BPH-1, was
purchased from KeyGen Biotech Co., Ltd (KG1008, NJ,
China) and the predominantly CD8(+) T-lymphocytic cell-
line, Molt-3 [18], was purchased from the American Type
Culture Collection (CRL-1552, Rockville, MD, USA) and
grown in RPMI-1640 media containing 1% penicillin and
streptomycin, supplemented with 10% fetal bovine serum
(FBS). All cell lines were cultured in a 5% (v/v) CO

2
humid-

ified incubator at 37∘C. BPH-1 cells of charcoal medium
group were treated with 10% charcoal treated fetal calf serum
(SH30068.03, Hyclone, South Logan UT, USA) for 2 days,
then collected supernatant andBPH-1 cells were harvested for
the further experiment. Peripheral blood mononuclear cells
(PBMC) that were isolated from human blood were grown in
X-VIVO 15 medium (04-418Q, Lonza, NJ, USA) and all the
further experiment would be finished in 2 days.

2.3. Methods

2.3.1. Immunohistochemistry. To determine the expression of
CD4 and CD8 on the cell surface and intracellular CCL5 in
BPH tissues, the specimens fromTUR-P surgerywere fixed in
4% buffered formalin overnight at 4∘C and then dehydrated
in an ascending ethanol series, routinely embedded in paraf-
fin, and sectioned at 3 𝜇m. After conventional deparaffiniza-
tion, hydration, and antigen retrieve, endogenous peroxidase
was inactivated by 3% hydrogen peroxide. The primary
antibodies of the rabbit anti-CD4(+) (dilution 1 : 50, Abcam),
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Table 1: The sequences of q-PCR primers.

Gene Forward primer Reverse primer Size Number
CCL2 AGCAAGTGTCCCAAAGAAGC CATGGAATCCTGAACCCACT 93 NM 002982
CCL5 ACCACTCCCTGCTGCTTTG ACACTTGGCGGTTCCTTCG 212 NM 001278736
CCL8 ATGCTGAAGCTCACACCCTT TCAAGCTCTGACTCTCAGTCCA 363 NM 005623
CCL15 ATATAATAATAAAGAGACAAAAGAGGC TACTCTTTATTAGATGCATTACTTTCA 134 NM 032965
CCL19 AGCTCCTCTGCACCAGACCT TAGTTGTAAACACCAGGCGG 150 NM 006274
CCL21 GATGCAGCGTCTGGACAA TTGGAGCCCTTTCCCTTC 102 NM 002989.3
CCL23 TGTGTCCAGCTTCAGCATTC TTTGAAACGAACAGCGAGTG 126 NM 145898
CCL28 AGAAGCCATACTTCCCATTGC AGCTTGCACTTTCATCCACTG 208 NM 148672
CXCL1 AGGGAATTCACCCCAAGAAC CACCAGTGAGCTTCCTCCTC 204 NM 001511
CXCL2 CTGCCCTTACAGGAACAGAA ATCAGGATTGAACTAACTTGGG 250 NM 002089
CXCL8 ACCGGAAGGAACCATCTCACT ATCAGGAAGGCTGCCAAGAG 75 NM 000584
CXCL9 ATTGGTGCCCAGTTAGCC CATCAGCAGTGTGAGCAGTG 143 NM 002416
CXCL10 GCTGCTACTACTCCTGTAGGAAGG TGGAAGATGGGAAAGGTGAG 159 NM 001565
CXCL11 ATGAGTGTGAAGGGCATGGC TCACTGCTTTTACCCCAGGG 121 NM 005409
CCR1 TCAACAAAGTCACCCACTTCC GTGTCTCCCATGGCTTAGGA 106 NM 001295
CCR3 TGACTGTGAGCGGAGC ATGTATCTGCCCAGGTGC 171 NM 178329
CCR5 GACTCTTGGGATGACGC GATCGGGTGTAAACTGAGC 177 NM 000579
CXCR2 ACATTCCAAGCCTCATGTCC CTTAGAACATAGAGTGCCATGGG 217 NM 001168298
CXCR4 ACGTAAAGCTAGAAATGATCCCC GTACACTGTAGGTGCTGAAATCAAC 190 NM 003467

anti-CD8(+) (dilution 1 : 50, Thermo), and the rabbit anti-
CCL5 (+) (2 𝜇g/mL, Abcam) were used for incubation
at 4∘C overnight. After washings with phosphate-buffered
saline (PBS), the primary antibody was recognized by the
biotinylated secondary antibody (PK-4001, Vector Labs,
Burlingame, CA, USA) at room temperature for 30min and
visualized by VECTASTAIN ABC peroxidase system and
peroxidase substrate DAB kit (SK-4100, Vector Labs).

Themax density of CD4 positive or CD8 positive cell was
defined as ratio between the maximum positive cell number
and all of nuclear cell number under 100x field. And these
indexes were average value by two operators who are blind
to each other and were calculated with Image-Pro Plus 6.0
software (Media Cybernetics, Rockville, MD, USA).

Proteins expression of CCL5 was assessed semiquantita-
tively and a 4-tiered system (0 negative, 1 weak, 2 moderate,
and 3 strong) was used. Two pathologists evaluated the stain
strength and the final result was the average of their scores.

2.3.2. Flow Cytometry. To further study the T-cell sub-
population infiltration among the total T cell, the isolated
lymphocytes from prostate tissues were analyzed by two-
color flow cytometry for phenotypic characterization of T
cells according tomanufacturer’s procedure. Cells were resus-
pended in staining buffer (PBS containing 1% fetal bovine
serum) and stained for 30min at 4∘C with anti-CD3 PE-Cy 7
and anti-CD4 FITC or anti-CD8 PE and their isotype control
antibodies (both from BD Biosciences). Flow cytometry was
done on a Becton Dickinson LSRII (BD Biosciences); 1 × 105
cells were acquired and data were analyzed using Flow Jo
software (BD Biosciences). Then the average percentage of
CD4 positive or C8 positive among total T cell in each group

was calculated. At the same time the CD8+T cells from blood
of healthy persons were also harvested by the same method.

2.3.3. Quantitative PCR. Total RNA was extracted from each
cell line using Trizol (15596-018, Invitrogen, Grand Island,
NY, USA). According to manufacturer’s protocol, cDNA was
synthesized from 1 𝜇g RNA, using a High capacity cDNA
reverse transcription kit (4368813, Applied Biosystem, CA,
USA). The standard PCR conditions included 2 minutes at
50∘C and 10 min at 95∘C followed by 40 cycles of extension at
95∘C for 15 seconds and one minute at 60∘C. Threshold lines
were automatically adjusted to intersect amplification lines
in the linear portion of the amplification curves and cycle
to threshold (Ct) were recorded automatically. Data were
normalized with GAPDH mRNA transcription (housekeep-
ing gene) and the fold change in gene expression relative to
normal was calculated using the ddCtmethod.The sequences
of the gene primers are designed by Primer Premier 5
software (Premier Biosoft International, Palo Alto, CA, USA)
and are shown in Table 1.

2.3.4. Migration Assay. To detect the recruitment of CD8+
T cell by tissue lysates and BPH-1 cells, the tissue lysates or
1 × 10

5 of BPH-1 cells of different treatment were plated
into the lower chamber of the transwells with 5𝜇M pore
polycarbonate membrane inserts (3421 Corning, MA, USA).
1 × 10

5 of CD8+ T cells isolated by flow cytometry from
6 healthy persons and Molt-3 cells were plated onto the
upper chamber. After 6 hrs, the cells migrated into the lower
chamber media were collected and counted by the Bio-Rad
TC10 automatic cell counter. Each sample was assayed in
triplicate and each case was repeated twice.
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Figure 1:The T-cell population infiltrating prostate tissue with/without finasteride treatment. (a) CD8was stained from nomedication group
and finasteride group; scale bar: 100 𝜇m and 20 𝜇m. Negative controls were showed in the bottom left corner, respectively. Data presented as
the percentage of CD8+ T-cell number in all of nuclear cell number (mean ± SEM); ∗𝑃 = 0.013 (𝑡-test). (b) Immunohistochemistry staining
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Figure 2: CD8+ T cells migration in vitro. (a) CD8+ T cell migrated to lower chamber after 6 hrs. Scale bar: 50 𝜇m. (b) Data showed as the
percentage of migrated cell number in total cell number (mean ± SEM). ∗𝑃 < 0.000. (𝑡-test). (c) The migration of molt-3 cells to BPH-1 cells
with/without charcoal medium treatment in the lower chamber. Data presented as the average cell numbers (mean ± SEM). ∗𝑃 = 0.026.
(ANOVA and Newman-Keuls test).

2.3.5. Statistical Analysis. Statistical analyses for continuous
variables involved paired 𝑡-test with SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA). Data were also analyzed through one-way
ANOVA coupled with the Newman-Keuls test and Mann-
Whitney test.𝑃 < 0.05was considered statistically significant.

3. Results

3.1. The Influence of Finasteride Treatment on T Cell Popula-
tion Infiltrating in BPH Prostate Tissue. We detected T-cell
population infiltration between prostate tissue with/ without
finasteride treatment [19]. Firstly, the immunohistochemical
analysis using anti-CD4 and CD8 antibody showed that
CD8+ T cells were identified surrounding the epithelium
area, but CD4+ T cells in stromal area (Figures 1(a) and 1(b)).

Furthermore, as shown in Figure 1(a), the max densities
of CD8+ T cells infiltrated in the finasteride group and in the
no medication group were 0.23 ± 0.06, 0.14 ± 0.04, and they
were significantly higher in the finasteride group than in the
no medication group (𝑃 = 0.013). However, CD4+ T cells
infiltration showed no difference (Figure 1(b)). Then flow

cytometry data was consistent with the IHC staining. The
tissues of group 2 presented a significantly higher percentage
of CD8 positive cells among all total T-lymphocytes than
tissues of group 1 (21.36% versus 8.78%, Figure 1(c)).

3.2. The CD8+ T Cells Migration In Vitro. To study the
potential cross talk between infiltrating CD8+ T cell and
prostate epithelial cells as seen in BPH specimens (Figure 1),
we established a coculture model for CD8+ T cell migration
assay. As shown in Figures 2(a) and 2(b), more than 60%
of CD8+ T from blood of health persons migrated to the
prostate tissue lysates from the finasteride group. It was
significantly higher than nomedication group (64.02%versus
10.31%).

This data was then confirmed in BPH epithelial cell-line.
As shown in Figure 2(c), BPH-1 cells which were pretreated
with charcoal medium had more capability to recruit Molt-3
cells (𝑃 = 0.026).

3.3. Induction of Chemokines in BPH-1 Cells Stimulated by
Changes of DHT Level. The q-PCR was used to assay for
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Figure 3: Induction of chemokines in BPH-1 cells stimulated by changes of DHT level. (a) Q-PCR screening of a panel of cytokine factors
that could be responsible for BPH-1 cell promoted T-cell migration. Compared to the BPH-1 cells cultured with normal medium, mRNA
transcription of CCL5 was upregulated in BPH-1 cells with charcoal medium treatment; ∗𝑃 = 0.014 (𝑡-test). (b) Transcription of chemokine
related receptors mRNA was detected by q-PCR. ∗𝑃 = 0.018 (ANOVA and Newman-Keuls test). (c) The interruption assay by adding CCL5
neutralizing antibody in above migration system. Data presented as the average cell numbers in lower chamber (mean ± SEM). ∗𝑃 = 0.031
(ANOVA and Newman-Keuls test).

the most reported chemokines that are related to attracting
T cells [20, 21] from BPH-1 cells with normal versus charcoal
medium. The transcription of CCL5 mRNA in BPH-1 cells
was higher in lower DHT condition (1.18 ± 0.02) than those
in normal condition (0.37 ± 0.05) (Figure 3(a)). In addition,
mRNA level of CCR5 was also upregulated nearly 3-fold
in Molt-3 cells after coculture with BPH-1 cells in charcoal
medium as shown in Figure 3(b).

Next, interruption assaywas detected by usingCCL5 neu-
tralizing antibody in the migration system. It was shown that
blocking CCL5 led to significantly suppressing the Molt-3

cells migration toward BPH-1 cells in low DHT condition
Figure 3(c).

3.4. CCL5 Expression in Clinical Samples with/without Finas-
teride Treatment. The CCL5 expression was investigated in
aboveBPHpatients by IHC staining as shown in Figure 4.The
results showed that CCL5 expression located in the epithelial
area. Meanwhile, immunoreactive score was higher in the
finasteride treatment group (2.79 ± 0.26), compared to the no
medication group (1.41 ± 0.28).
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Figure 4: CCL5 immunolocalization in prostate tissue samples by IHC. (a) CCL5 was stained from no medication group and finasteride
group. Magnification and negative control are the same as mentioned before. (b) The average immunoreactive score of CCL5 in different
group was quantified (mean ± SEM). ∗𝑃 = 0.002 (Mann-Whitney test).

4. Discussion

At present, so many studies have shown the role of chronic
inflammation in BPH development. Cytokines, growth fac-
tors like IL6, IL8, IFN-r produced by T-lymphocytes, and
BPH cells are involved in altering tissue remodeling and
hyperplastic growth at each stage of BPH [2]. However,
few literatures focused on the aetiology of BPH chronic
inflammation. Potential causes include infectious agents,
exposure to other environmental and dietary factors, and
hormonal and metabolic derangements [22]. In this study,

we aimed to dissect the induction of immune response by
prostatic environmental factors.

It is reported that prostatic immune inflammatory cells
consist of 70% T lymphocytes, 15% B-lymphocytes, and 15%
macrophages, as well as mast cells [23] (and our unshown
data). Hence, in the present study, we focused on the T-cell
subpopulation. To the best of our knowledge, 6 months finas-
teride treatment means low intraprostatic DHT level in these
patients [24]. The IHC and flow cytometry results showed
that finasteride treatment could lead to more infiltration of
CD8+ T cells but not CD4+ T cells.
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Figure 5: Mechanism and regulatory pathway of low intraprostatic DHT-promoted CD8+ T cell infiltration in BPH prostate tissue. Low
intraprostatic DHT level could promote BPH epithelial cells to recruit more CD8+ T cells via upregulation of CCL5 mRNA transcription.

The IHC results in this study showed CD8+ T cells
localized surrounding epithelial area in BPH tissue. BPH
epithelial is an important component of microenvironment
in the prostate tissue. It can acquire the ability to express
class II MHC molecules [25]. BPH epithelial cells have been
previously described to act as a key cell, indicating their
potential role in inducing and sustaining an autoimmune
response within the prostatic gland [26]. To better investigate
whether androgens could directly suppress T-cell infiltration,
we performedmigration assay by using BPH-1 cells andMolt-
3 cells in vitro studies with/ without low androgen condition.
Data in vitro were consistent with in vivo IHC staining.

Results in this study demonstrated that intraprostatic
DHT has strong immune suppressive effects on CD8+ T
cell infiltration induced by BPH epithelial cells. Some other
groups have also discussed the similar study. Vignozzi et al.
highlighted that DHT exerts an immune regulatory role on
human prostatic stromal cells, inhibiting their potential to
actively induce and/or sustain autoimmune and inflamma-
tory responses [27]. Park and Shim found that finasteride
might interfere with the anti-inflammatory reaction induced
by doxazosin in combination of doxazosin and finasteride
treatment [28]. Here we detectedmore patients and identified
the T cell subsets which infiltrated in the prostatic tissue after
finasteride treatment. Importantly, we also tried to find the
key chemokine.

To further dissect howBPH-1 recruitedmoreMolt-3 cells,
we applied q-PCR to examine the expression of T cell related
chemokines in BPH-1 cells at low DHT level. We found that
CCL5 which functions as a chemokine playing a critical role
in the recruitment of T cells [29] was expressed significantly
higher in BPH-1 cells with androgen deprivation. We also
found that CCR5 which is the natural CCL5 coreceptor [30]
was upregulated in Molt-3 cells after coculture with BPH-1
cell in low androgen condition.

Then CCL5 expression was identified in the clinical sam-
ple mentioned above. Higher expression of CCL5 is showed
in BPH tissues after finasteride treatment by immunohisto-
chemistry. Importantly, the CCL5 was localized surrounding

the epithelial area. In normal and BPH prostate tissue, infil-
trating CD8+ T cells are mainly localized around epithelial
ducts [31, 32]. Herein, the CCL5 expression was consistent
with the distribution of CD8+ T cells. It suggested that CCL5
may be the key chemokine which secreted by BPH epithelial
cells to recruit CD8+ T cells after anti-DHT therapy.

In conclusion, the most striking finding of the present
study is that DHT exerts an immune regulatory role on
human prostate epithelial cell, inhibiting their potential to
actively induce inflammatory responses, and CCL5 which
secreted by prostate epithelial cell is the key chemokine in
this progression (Figure 5). Alternative anti-DHT therapy
could lead to increased inflammation in prostatic tissue.
This is might be a cause for treatment failure of 5𝛼-
reductase inhibitors. Anti-inflammation furthermore via tar-
geting CCL5 combined with anti-DHT therapy in patients
with BPH may be warranted in the future.
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Immune phenomena during the preimplantation period of pregnancy are poorly understood.The aim of our study was to assess the
capacity for antigen presentation of splenic antigen-presenting cells (APCs) derived from pregnant and pseudopregnant mice in in
vitro conditions. Therefore, sorted CD11c+ dendritic cells and macrophages F4/80+ and CD11b+ presenting ovalbumin (OVA) were
cocultured with CD4+ T cells derived from OT-II mice’s (C57BL6/J-Tg(TcraTcrb)1100Mjb/J) spleen. After 132 hours of cell culture,
proliferation of lymphocytes (ELISA-BrdU), activation of these cells (flow cytometry), cytokine profile (ELISA), and influence of
costimulatory molecules blocking on these parameters were measured. We did not detect any differences in regulation of Th1/Th2
cytokine balance. CD86 seems to be the main costimulatory molecule involved in the proliferation response but CD80 is the
main costimulatory molecule influencing cytokine secretion in pregnant mice. In conclusion, this study showed that CD80 and
CD86 costimulatory molecules regulate OT-II CD4+ T lymphocyte proliferation and cytokine response in cocultures with antigen-
presenting cells derived from pregnant and pseudopregnant mice. The implications of these changes still remain unclear.

1. Introduction

It is well established that tolerance of maternal immune
system is decisive for pregnancy success. The tolerogenic
maternal immune response against paternal alloantigens
not only is achieved in the presence of a fetus, but also
may be a consequence of several overlapping physiological
mechanisms. Most of the immune responses associated with
pregnancy have been described in the context of mid-
gestation, while the shaping of immune mechanisms in early
pregnancy, especially within the preimplantation period,
is still poorly understood. Three events inducing immune
tolerance against a semiallogeneic conceptus may play a
crucial role in the preimplantation period of pregnancy: (i)
the influence of sex hormones in the sex cycle [1–6]; (ii) the

presence of an oocyte or embryo [7–10]; (iii) and the presence
of semen in the female reproductive tract [11–18]. We paid
attention to this period of pregnancy because it seems to be
significant for establishment of peripheral tolerance to fetal
antigens without impairment of the capability of effective
anti-infectious defense. Therefore, potent activity of antigen-
presenting cells (APCs) may be crucial for these events. In
a previous study we found that mating changed the level of
costimulatory molecules CD40, CD80, and CD86 and MHC
class II on splenic APCs (CD11c+, F4/80+, CD11blow, and
CD11bhigh) before implantation [19].

In opposition to local response, peripheral awareness of
early pregnancy may be decisive for a generation of split
tolerance, which is believed to operate during pregnancy of
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placental mammals [20]. Differential expression of costimu-
latory molecules on spleen APCs of mated v. pseudopregnant
mice was observed by us mainly at day 3.5 after conception.
Moreover, we observed that the costimulatory potential of
F4/80+ macrophages measured by the expression level of
costimulatory molecules seemed to be higher in comparison
with other populations of APCs studied by us. In an in vivo
experiment, where blocking antibodies against costimulatory
molecules were given i.p. at day 3.5 after mating, cytokine
expressionwasmodulated after administration of anti-CD40,
anti-CD80, and anti-CD86 at day 10.5 [19]. Administration of
anti-CD40 (stimulating antibody) and anti-CD86 (blocking
antibody) decreased the possibility of pregnancy, whereas
blocking the CD40 molecule led to an increase of Treg
lymphocyte concentrations. We hypothesize that the changes
in the levels of CD80 and CD86 during preimplantation
period of pregnancy have functionalmeaning and are directly
connected with regulation of T cell response. Therefore,
we evaluated antigen presentation potency of splenic APCs
isolated frommice in the preimplantation stage of pregnancy.
For this aim, sorted dendritic cells CD11c+ and F4/80+
and CD11b+ macrophages loaded with ovalbumin (OVA)
were cultured with CD4+ T cells derived from OT-II mice’s
(C57BL6/J-Tg(TcraTcrb)1100Mjb/J) spleen. We found that
proliferation of CD4+ T lymphocytes depends entirely on
CD86 availability both in pregnant and pseudopregnant
mice; however, cytokine production in pregnancy is mainly
regulated by the CD80 costimulatory molecule.

2. Materials and Methods

2.1. Animals. Adult (8-week-old) female C57BL/6J, male
DBA/2J, andmale Balb/c strains ofmicewere purchased from
the Experimental Medicine Center, Medical University of
Bialystok (Poland). OT-II mice were purchased from Charles
River Laboratories (France). The animals were housed in a
constant light-to-dark ratio of 12 : 12 hours under specific
pathogen free (SPF) conditions. All described procedures
were approved by the Local Ethics Committee of the Insti-
tute of Immunology and Experimental Therapy in Wroclaw
(permission number 4/2009).

2.2. Mating and Induction of Pseudopregnancy. The stage of
the estrous cycle was determined every day (8:00–10:00AM)
by cytology of vaginal smears. The smears were stained with
a Cytocolor kit (Merck, Germany), according to the manu-
facturer’s instructions. Females in estrus were mated with the
male Balb/c or DBA/2J mice. The female-to-male ratio was
1 : 1. The act of mating was confirmed by the presence of a
vaginal plug next morning (considered as day 0.5). Because
the presence of the vaginal plug does not verify pregnancy,
these animals are described as mated. Pseudopregnancy was
induced by mechanical stimulation of the uterine cervix
when the females were in estrus. Pseudopregnancy was
confirmed by analysis of vaginal smears in the morning after
stimulation and in consecutive days before killing. This con-
trol has an important advantage over the control consisting of
cyclic nonpregnant mice because the pseudopregnant mice

have the same endocrine background as pregnant females.
Animals displaying the continuous microscopic image of
metestrus were recognized as pseudopregnant. At 3.5 days
after mating, mice were euthanized by cervical dislocation.

2.3. Isolation of Spleen Cells. Freshly acquired spleens were
weighed and immediately pushed through a 40 𝜇m sieve to
obtain a single cell suspension. The cells were incubated for
1min in 0.84% ammonium chloride solution for erythrocytes
lysis. Next, leucocytes suspensions were centrifuged (400 g,
5min) and supernatants were discarded. To remove debris,
the cells were washed twice in Dulbecco’s PBS [21].

2.4. Magnetic Cell Sorting. CD11c+, CD11b+, and F4/80+
were isolated from a suspension of total spleen cells in PBS
supplemented with 2mM EDTA (Sigma-Aldrich, Poznan,
Poland) and 0.5% BSA (Sigma-Aldrich) according to the
producer’s instructions. We used a magnet, columns, and
magnetically labeled antibodies from Miltenyi Biotec. In the
case of F4/80+ cells we performed indirect staining with
anti-F4/80 FITC (eBioscience, Vienna, Austria) and anti-
FITCmagnetic beads, whereas CD11c+ andCD11b+ cells were
labeled directly. CD4+ T cells were isolated with a kit for
negative selection (depletion of non-CD4+ cells). In the case
of splenic APCs, we sorted CD11c+ at the beginning, next
F4/80+ cells, and CD11b+ cells at the end. In all cases the
purity of sorted cells was 85%or higher, as determined by flow
cytometry.

2.5. T Cells/APC Cocultures. Sorted CD11c+, F4/80+, and
CD11b+ cells were suspended in RPMI 1640 (Sigma-Aldrich),
10% fetal calf serum (FCS, Invitrogen), and L-glutamine-
penicillin-streptomycin stock from Sigma-Aldrich 1 : 100 and
treated with mitomycin C (Santa Cruz Biotech.) for 15min
and at 37∘C. After triple washing in PBS, the cells were
resuspended in complete RPMI 1640 supplemented with
10 𝜇M OVA (Sigma-Aldrich). After counting, the cells were
diluted to a concentration of 6 × 105 and 50 𝜇L of suspension
was added to a 96-well U-bottom culture plate (Becton Dick-
inson). The cells were treated with suppressive Armenian
hamster anti-mouse CD80 (clone 16-10A1) and suppressive
rat anti-mouse CD86 antibody (clone PO3.1; all functional
grade antibodies were purchased from eBioscience). Control
cells were treated with appropriate isotype controls: rat IgG2a
or Armenian hamster IgG (eBioscience, functional grade
immunoglobulins). After 30min treatment with antibodies
we added OT-II CD4+ T cells (6 × 103 cells per well). The
total volume for each well was 100 𝜇L and final concentration
of each antibody was 5 𝜇g/mL.The cells were incubated for 6
days, in 5%CO

2
and at 37∘C. APC : T cell ratio was 5 : 1.These

cells were cocultured for 132 hours.

2.6. BrdU Proliferation Assay. Certain cocultures were des-
tined for proliferation assay with the colorimetric BrdU
proliferation ELISA kit (Roche). Briefly, the cells were treated
with bromodeoxyuridine (BrdU) 12 hours before the end of
incubation. After centrifugation of plates, the pellets were
dried for 15min with a hair dryer and fixed/denatured for
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60min at room temperature (RT), according to the producer’s
instructions.Next, the plateswere blocked for 30minwith 2%
BSA solution and BrdU was detected by direct staining with
anti-BrdU-POD antibody (90min, RT). After triple washing,
an enzymatic reaction with TMB as the substrate was carried
out for 7min and impeded with H

2
SO
4
. Absorbance at

wavelength 𝜆 = 450 nm was measured within 15min after
H
2
SO
4
addition. Since the procedure was performed on

distinct plates and days, isotype control treated cells were
considered as a reference measurement and the results of
costimulatorymolecule blockade are depicted as a percentage
of the reference value.

2.7. Cytokines ELISA. Supernatants from cocultures were
stored at −80∘C after collecting. IFN-gamma, IL-2, IL-4, IL-
10, IL-12, and TGF-beta were measured using murine Ready-
SET-Go kits from eBioscience. Briefly, Costar 96-well ELISA
plates were coated with specific antibodies overnight (4∘C)
and blocked for 1 hour, RT. Next, supernatants diluted 1 : 10
and standard concentration of cytokines (100 𝜇L/well) were
incubated overnight at 4∘C, washed three times, and incu-
bated with biotinylated specific detection antibodies (60min,
RT). After further triple washing, we added horseradish
peroxidase-conjugated avidin and incubated the plates for
30min, RT. Washed plates were next incubated for 10min in
the dark at RT with TMB substrate and inhibited with 50 𝜇L
of 1M H

2
SO
4
. A
450

was measured on a spectrophotometer
within 15min from the protocol endpoint.

2.8. Flow Cytometry. All antibodies and isotype controls for
cell labeling were purchased from eBioscience (USA) and
were diluted in PBS with 2% normal mouse serum (Sigma-
Aldrich). After 132-hour coculture incubation, the cells were
stained in a total volume of 50 𝜇Lwith anti-CD4-FITC (clone
RM4-5, final concentration 1.2 𝜇g/mL) and anti-CD25-PE
(clone PC61.5, 0.24 𝜇g/mL) or isotype controls which were
used at the same concentration as specific antibodies. After
45min of incubation at 4∘C, the cells were washed twice
in PBS and then fixed in 1% buffered formaldehyde. The
samples were acquired with a FACSCalibur II Cytometer
(Becton, Dickinson and Company). We performed FACS
analysis to determine the ratio of total number of activated
(CD4+CD25+) T cells to nonactivated (CD4+CD25−) cells.

2.9. Statistics. All statistical calculations were performed in
Statistica 7 (StatSoft). The shape of data distribution was
assessed with the Shapiro test and analysis of quantile-
normal plots. Homoscedasticity was tested with Levene’s test.
Student’s t-test (parametric) or Wilcoxon (nonparametric)
test was performed on the basis of data distribution shape.

3. Results

3.1. Proliferation ofOT-II CD4+ TCellsDepends onAvailability
of CD86. To assess the involvement of CD80 and CD86
molecules in activation of T cells, we enrichedmurine splenic
APCs populations: macrophages (F4/80+ or CD11b+ cells)
and dendritic cells (CD11c+ cells). The cells were obtained

from both pseudopregnant mice (control) and mated ani-
mals (experimental group). Next, the APCs were loaded
with OVA and exposed to OVA-specific OT-II CD4+ T
cells. Additionally, the cocultures were treated with anti-
CD80 and anti-CD86 blocking antibodies or relevant control
immunoglobulins. After 6 days we performed the test for
proliferation and expression of T cell activation marker
CD25. The proliferation test revealed that in most cases
treatment of costimulatorymoleculeswith specific antibodies
led to similar effects in mated and pseudopregnant mice.The
blockade of CD80 significantly increased the proliferation of
T cells only in the presence of F4/80+ cells obtained from
pseudopregnant animals (𝑃 = 0.002; Figure 1(a)). Although
the capability of CD11b+ cells to elicit T cells proliferation
seemed to be similar, this observation was not significant
due to higher variance. Insignificant increases of proliferation
were also observed after anti-CD80 treatment in the same
populations of APCs in pregnancy. The CD80 molecule
blockade seemed to have completely no effect on OT-II T
cell proliferation in culture with dendritic cells. On the other
hand, blockade of CD86 led to decreased proliferation ratio
of these cells in cultures with all types of studiedAPCs both in
pregnancy (𝑃 = 0.002 for CD11c+ cells; 𝑃 = 0.005 for F4/80+
cells;𝑃 = 0.007 for CD11b+ cocultures) and pseudopregnancy
(𝑃 = 0.01, 𝑃 = 0.02, and 𝑃 = 0.04, resp.) (Figure 1(a)).
Additionally, we performed FACS analysis to determine the
ratio of total number of activated (CD25+) and nonactivated
(CD25−) CD4+ T cells. The representative flow cytometry
dot-plots are shown in Figure 2. The changes in the ratio
of CD25+/CD25− T cell number were convergent with the
proliferation test in the case of CD86 blockade on F4/80+
(𝑃 = 0.01 in pregnancy; 𝑃 = 0.008 in pseudopregnancy)
and CD11b+ macrophages (𝑃 = 0.002 and 𝑃 = 0.01,
resp.). However, treatment of CD11c+/T cell cocultures with
anti-CD80 led to a decrease in CD25+/CD25− ratio (𝑃 =
0.006 for pregnancy and 𝑃 = 0.008 for pseudopregnancy)
(Figure 1(b)). Notably, the proliferative response was not
affected under these conditions (Figure 1(a)).

3.2. Cytokine Profiles Differ in the Presence of Anticostim-
ulatory Molecules In Vitro. Next, in supernatants from the
above-mentioned cocultures we assessed the level of IFN-
𝛾, IL-2, IL-4, IL-10, IL-12, and TGF-𝛽 by ELISA (Figure 3).
The concentration of IFN-𝛾was significantly changed only in
cocultures of OVA-specific T cells with F4/80+ macrophages
(𝑃 = 0.02 for both anti-CD80 and anti-CD86 treatment;
Figure 3(a)) isolated from pseudopregnant but not mated
animals. IL-2 level was downregulated after blockage of CD80
on F4/80+ cells isolated from both mated (𝑃 = 0.003;
Figure 3(b)) and pseudopregnant (𝑃 = 0.028; Figure 3(a))
mice. In pseudopregnancy we also observed a decrease of
the IL-2 level in cultures containing CD86-blocked CD11b+
cells (𝑃 = 0.02; Figure 3(a)). IL-4 concentration was affected
only in anti-CD80-treated cells. Blockade of CD80 in B6mice
led to a decrease of IL-4 concentration in cocultures with
all studied APCs populations (𝑃 = 0.02 for CD11c+ cells,
𝑃 = 0.007 for F4/80+ macrophages, and 𝑃 = 0.009 for
CD11b+ cells; Figure 3(a)), but in mated females we observed
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Figure 1: Proliferation and activation of OVA-specific T cells cocultured with splenic APCs isolated from mated or pseudopregnant female
mice after blockade of CD80 and CD86. (a) Proliferation estimated by BrdU incorporation and ELISA. Data were presented as percentages
of absorbance for blocked molecules in comparison with isotype control (mean ± SEM). (b) Activation of T cells was expressed as the ratio of
total number of CD4+CD25+ cells to the total number of CD4+CD25− cells. Data were presented as percentages of CD4+CD25+/CD4+CD25−
for blockedmolecules in comparisonwith isotype control (mean± SEM).𝑁 = 10 animals per group; Student’s t-test (parametric) orWilcoxon
(nonparametric) test, ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
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Figure 2: Representative dot-plots of flow cytometric analysis of an expression of CD25 molecules on OT-II CD4+ lymphocytes after
coincubation with CD11c+, F4/80+, and CD11b+ spleen cells isolated from pregnant mice.

a significant decrease in the presence of F4/80+ (𝑃 = 0.028;
Figure 3(b)) and—in contrast to pseudopregnant mice—
an increase in cocultures with CD11b+ cells (𝑃 = 0.046;
Figure 3(b)). We observed a decrease in IL-10 concentration
in the presence of CD11c+ cells in pseudopregnant and
pregnant mice (𝑃 = 0.005 and 𝑃 = 0.04, resp.). The
difference between pseudopregnant and pregnant mice was
related to a decrease of IL-10 concentration in cocultures
with CD80-blocked F4/80+ cells (𝑃 = 0.01; Figure 3(b)) and

a decrease of this cytokine level in cocultures with CD86-
blocked CD11c+ cells (𝑃 = 0.04; Figure 3(a)). In the case
of IL-12, the concentration was downregulated in cocultures
with CD11c+ cells of B6 animals treated with anti-CD80 Ab
(𝑃 = 0.046) and anti-CD86 Ab (𝑃 = 0.04) (Figure 1(a)). IL-
12 level was affected by CD80 blockade of all studied APC
populations isolated from pregnant mice (𝑃 = 0.018 for
CD11c+ cells; 𝑃 = 0.018 for F4/80+ cells; 𝑃 = 0.028 for
CD11b+ cocultures; Figure 3(b)). TGF-𝛽 concentration was
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Table 1: Summary of influence of blockade of CD80 and CD86 costimulatory molecules on proliferation of OT-II CD4+ T lymphocytes and
cytokine concentration in pseudopregnant and pregnant mice.

Pseudopregnancy Pregnancy
CD11c+ F4/80+ CD11b+ CD11c+ F4/80+ CD11b+

80 86 80 86 80 86 80 86 80 86 80 86
IFN-g ↑ ↓

IL-2 ↓ ↓ ↓

IL-4 ↓ ↓ ↓ ↓ ↑

IL-10 ↓ ↓ ↓ ↓

IL-12 ↓ ↓ ↓ ↓ ↑

TGF-b ↓ ↓ ↓ ↓

BrdU ↓ ↑ ↓ ↓ ↓ ↓ ↓

↑: increased proliferation or cytokine concentration, ↓: decreased proliferation or cytokine concentration.

decreased after blockade of stimulation of T cells (anti-CD80
Ab) with F4/80+ cells isolated from both control (𝑃 = 0.01;
Figure 3(a)) and experimental mice (𝑃 = 0.04; Figure 3(b)).
However, in mated but not pseudopregnant animals anti-
CD80 Ab treatment led to a decrease in concentration in the
case of CD11c+ cells (𝑃 = 0.03). Addition of anti-CD86 Ab
to cocultures prompted a decrease in the level in the case of
F4/80+ (𝑃 = 0.036) (Figure 3(b)). Cumulatively, these results
led to the observation that CD80 is the main costimulatory
molecule influencing secretion of cytokines in pregnant mice
(Table 1).

4. Discussion

Our research on CD4+ T lymphocytes and the cytokine
secretion profile in in vivo [19] and in vitro conditions high-
lights the distinct role of CD80 and CD86 molecules. Data
concerning other experimental models, such as human nor-
mal pregnancy and miscarriage, experimental autoimmune
encephalomyelitis (EAE), or a murine model of leishmani-
asis, also indicate differential action of these costimulatory
molecules. It is obvious that these costimulatory molecules
take part in the regulation of cytokine production. However,
each of them may be differentially engaged in the regulation
of cytokines synthesis. For instance, the level of mRNA
expression for CD86, but not CD80, is positively correlated
with the level of Th1 cytokines during human miscarriage
[22]. In a model of EAE a blockade of CD80 or CD86
has different effects: blockade of CD80 interactions with its
ligands leads to production ofTh2 cytokines and cessation of
disease symptoms, while CD86 blocking has adverse effects
[23]. In a murine model of leishmaniasis a blockade of
CD86 results in inhibition of Th2 cytokine secretion and
enhancement of the Th1-type immune response, while a
blockade of CD80 exerts the opposite effect [24]. On the other
hand, in in vitro experiments Th1/Th2 mechanisms are not
strictly connected with the presence of CD80 or CD86. Data
from coculture experiments of antigen-specific T cells with
APCs isolated fromCD80KOorCD86KOmice indicate that
CD86 and, to a lesser extent, CD80 are involved in regulation
of both IFN-𝛾 and IL-4 production, but without preferential

support of a Th1 or Th2 response [25]. Similarities in CD80
and CD86 action under the scope of Th1/Th2 balance were
demonstrated in other experimental models, for example,
in human PBMCs or murine CD4+ T lymphocytes cultured
in in vitro conditions [26–28]. Additionally, the outcome of
cytokine production is dependent on other factors, such as
antigen density and priming/restimulation. For example, if
CD4+ T cells recognize an antigen with low affinity/avidity,
they are committed to Th2 cells; otherwise, they are redi-
rected to Th1 development [29]. Moreover, the role of CD80
and CD86 can be distinct in priming or restimulation, since
previous in vitro study demonstrated that blockade of CD86
influences the production of IL-4, but CD80 blockade has
an effect only after restimulation and is related to both IL-
4 and IFN-𝛾 [30]. In the context of pregnancy, the blockade
of CD80 and CD86 molecules in early stages of gestation
abortion-prone mice (CBA/JxDBA/2) increased production
of Th2 cytokines and frequency of Treg cells and decreased
the fetal resorption [31, 32].

In our in vitro experiments we observed that cytokine
production from CD4+ OT-II T cells cocultured with splenic
APCs after blockade of CD80 and CD86 is not specifi-
cally related to Th1 or Th2 profile (Table 1). However, we
can draw a few other conclusions. Firstly, the influence of
blockade of costimulatory molecules with specific Ab is
cell-type dependent. From studied populations of splenic
APCs, blocking of costimulatory molecules affected mainly
F4/80+ cells, whereas CD11c+ and CD11b+ cells were targeted
to a lesser extent. In a previous study we observed that
at embryonic day 3.5 all studied costimulatory molecules
(CD40, CD80, and CD86) were upregulated on the surface
of F4/80+ cells, in contrast to the population of CD11c+ and
CD11b+, where the observed increased expression of these
molecules was not even [19]. Thus, we can speculate that
F4/80+ macrophages may be the main cell population of
murine splenic APCs affected during the preimplantation
period of pregnancy and these cells are primarily linked
with the regulation of the immune response. Secondly, in
pregnancy most changes were induced by blockade of CD80
and resulted in diminished secretion of both Th1 and Th2
cytokines. Only TGF-beta production was diminished by
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Figure 3: Changes in cytokine profile detected in cocultures of OVA-specific T cells with splenic APCs isolated from pseudopregnant (a) or
mated (b) femalemice after blockade of costimulatorymolecules CD80 and CD86. Data were presented as increase/decrease of concentration
in comparison to appropriate isotype control-treated cultures (mean ± SEM). 𝑁 = 10 samples per group. Student’s t-test (parametric) or
Wilcoxon (nonparametric) test, ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

a blockade of both costimulatory molecules. However, an
increase in cytokines production (IL4 and IL-12) was also
observed, but only in the case of CD11b+ cells. In pseudo-
pregnancy, both costimulatory molecules were involved in
cytokine production regulation. Thirdly, in pregnant mice
IFN-𝛾 production was not dependent on availability of both
costimulatory molecules. Additionally, the proliferation of T
cells was decreased after blockade of CD86 both in pregnant

and pseudopregnantmice while CD80 blockade had no effect
on proliferative response except for F4/80+ macrophages as
stimulatory cells in the group of pseudopregnantmice, where
they led to an increase of proliferation.Moreover, the changes
in ratio of CD25+ to CD25− T cells were convergent with the
results of BrdU assay; CD86 blockade on F4/80+ and CD11b+
macrophages suppressed both proliferation and generation of
activated T cells. Since this effect is not visible in cocultures



Mediators of Inflammation 7

of T cells with DCs, this observation suggests that CD86
may regulate activation of T cells during their interaction
with macrophages. On the other hand, the effect of anti-
CD80 treatment limited frequency of activated T cells only
in the presence of DCs, but not macrophages. In this case,
however, the intensity of proliferation was not affected, while
the concentrations of studied cytokines were clearly affected
by CD80 blockade. Thus, CD86 seems to be the main cos-
timulatory molecule involved in the proliferation response
in both pregnant and pseudopregnant mice, whereas CD80
is engaged in stimulation of cytokine production, especially
in the group of pregnant mice (Table 1). Nevertheless, in our
previous paper we showed that splenic APCs during preim-
plantation period of pregnancy clearly upregulate CD86,
while CD80 expression was changed to a lesser extent [19].
Therefore, our current observation indicating that blockade
of CD80 decreases the cytokines synthesis can be irrelevant
in the in vivomodels and require more detailed analysis. Still,
the effect of CD86 blockade is consistent with our former
study. We postulate that regulation of CD86 expression
on macrophages may be an important mechanism tuning
tolerant immune response during early stages of pregnancy.

5. Conclusions

In summary, this study showed that CD80 and CD86 cos-
timulatory molecules differentially regulate OT-II CD4+ T
lymphocyte proliferation and cytokine response in cocultures
with antigen-presenting cells derived from pregnant and
pseudopregnant mice. Proliferation of T cells depends on
the availability of CD86 molecules, but CD80 molecules are
involved in the regulation of cytokines secretion in pregnant
mice. It seems that CD80 phenotype does not promote
cytokine production in pregnancy.
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The chemokine fractalkine is considered as unique since it exists both as membrane-bound adhesion molecule and as shed
soluble chemoattractant. Here the hypothesis was tested whether placental fractalkine can be shed and released into the maternal
circulation. Immunohistochemical staining of human first trimester and term placenta sections localized fractalkine at the apical
microvillous plasma membrane of the syncytiotrophoblast. Gene expression analysis revealed abundant upregulation in placental
fractalkine at term, compared to first trimester. Fractalkine expression and releasewere detected in the trophoblast cell line BeWo, in
primary term trophoblasts and placental explants. Incubation of BeWo cells and placental explants with metalloprotease inhibitor
Batimastat inhibited the release of soluble fractalkine and at the same time increased the membrane-bound form. These results
demonstrate that human placenta is a source for fractalkine, which is expressed in the syncytiotrophoblast and can be released
into the maternal circulation by constitutive metalloprotease dependent shedding. Increased expression and release of placental
fractalkine may contribute to low grade systemic inflammatory responses in third trimester of normal pregnancy. Aberrant
placental metalloprotease activity may not only affect the release of placenta derived fractalkine but may at the same time affect the
abundance of the membrane-bound form of the chemokine.

1. Introduction

During human gestation the placenta as a temporal villous
organ fulfills a wide spread panel of pregnancy maintaining
functions, including exchange of gases and metabolites,
regulation of water balance, and secretion of endocrine
factors. The vast majority of placenta derived endocrine
factors are synthesized in the syncytiotrophoblast, which—as
a unique epithelium-like layer without lateral cell borders—
covers all placental villous trees as well as parts of the
inner surfaces of chorionic and basal plates. Thus, the
syncytiotrophoblast lines the intervillous space and hence is
exposed to maternal blood [1]. Beside analogues of virtually
all known classical hypothalamic and pituitary hormones,
the human syncytiotrophoblast also synthesizes steroid hor-
mones, monoamines, adrenal-like peptides, cytokines, and
chemokines [2, 3].

Chemokines are classified into four subfamilies according
to the number and spacing of the first two cysteine residues in

a conserved cystein structuralmotif [4].These four subclasses
are referred to as C, CC, CXC, and CX

3
C, where C is a

cysteine and X any amino-acid residue. The CX
3
C subclass

was discovered in the late 1990s and contains only one
member, termed fractalkine, or CX3CL1 [5]. Fractalkine is
synthesized as a 373 amino-acid transmembrane molecule,
comprising an extracellular N-terminal domain, a mucin-
like stalk, a transmembrane 𝛼-helix, and a short cytoplas-
mic tail [6, 7]. The extracellular domains, representing the
chemokine domain and the mucin-like stalk, can be shed
by metalloproteases into a soluble isoform [8–10]. Thus,
fractalkine exists as both, a membrane-bound and a soluble
form—a situation considered as unique amongst the group
of chemokines. While the soluble form has chemoattractive
activity for monocytes, natural killer cells, and T-cells, the
membrane-bound form promotes flow resistant adhesion
of leukocytes to endothelial cells via its corresponding G
protein-coupled, 7-transmembrane receptor CX3CR1 [11].
Based on that, fractalkinemay be considered as inflammatory
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chemokine expressed in activated endothelial and epithelial
cells, as well as in dendritic cells, lymphocytes, osteoblasts,
neurons, and microglial cells [12–14]. According to tissue
distribution analysis fractalkine mRNA is most abundantly
expressed in brain, heart, kidney, lung, and pancreas but can
also be detected in human placenta [5].

However, current knowledge on placenta derived
fractalkine and its implications on pregnancy is limited and
based on a small number of studies. Placental fractalkine
expression was initially demonstrated in villous trophoblast
and the amniotic epithelium,whichwas suggested as resource
for substantial release of soluble fractalkine into amniotic
fluid of human second and third trimester pregnancies [15].
Studies by Hannan et al. showed fractalkine expression by
semiquantitative RT-PCR in primary endometrial epithelial
cells and the trophoblast cell lines JEG-3, AC1M-32, and
AC1M-88 [16]. Migration and adhesion studies by the
same group suggested fractalkine to be involved in embryo
implantation processes [17]. Recently, increased placental
fractalkine expression was suggested to contribute to
increased microvessel density in placental tissue from
pregnancies complicated by diabetes mellitus [18].

In the light of the broad panel of factors released from
human placenta it could be assumed that fractalkine is
one of them. However, experimental evidence for placental
fractalkine release has not been provided so far. Thus, we
aimed to analyse the spatiotemporal expression of placental
fractalkine and tested the hypothesis whether it can be shed
and released into the intervillous space, that is, the maternal
circulation.

2. Methods

2.1. Human Placenta Tissue Samples. The study was approved
by the ethical committee of the Medical University of Graz
and informed consent was obtained from the women. First
trimester placentas (mean gestational week: 9.4 ± 1.7) were
obtained from women (mean maternal age: 28.1 ± 6.2 years;
mean body mass index: 24.2 ± 5.0) undergoing pregnancy
terminations for psychosocial reasons. Term placentas were
obtained after delivery (mean gestational age: 39.4 ± 0.9
weeks) from healthy women (mean maternal age: 34.8 ± 3.7
years; mean body mass index: 23.4 ± 4.4) with singleton
pregnancies and no clinical evidence of infection. Pregnan-
cies complicated by hypertension, preeclampsia, metabolic
disease, steroid treatment, AIDS, alcohol abuse, and/or drug
abuse were excluded.

2.2. Immunohistochemistry. Formalin fixed and paraffin-
embedded (FFPE) tissue sections (5𝜇m) from ten first
trimester and ten termplacentas weremounted on Superfrost
Plus slides (Menzel/Thermo Fisher Scientific). After standard
deparaffination, tissue sections were subjected to antigen
retrieval by boiling slides in Epitope Retrieval Solution pH9.0
(Novocostra, Leica) for 7min at 120∘C in a decloaking cham-
ber (Biocare Medical). Sections were immunostained using
a staining robot (Autostainer 360, Thermo Fisher Scientific)
and the UltraVision Large Volume Detection System HRP

Polymer Kit (Thermo Fisher Scientific) according to manu-
facturer’s instruction. In brief, hydrogenperoxidase blockwas
used for 10min to block endogenous peroxidase. Washing
steps with TBS including 0.05% Tween 20 (TBS/T; Merck)
were followed by background blocking with Ultra V Block
for 5min. Monoclonal anti-human CX3CL1/fractalkine anti-
body (clone 81513, R&D Systems) was diluted 1 : 1000
(0.5 𝜇g/mL working concentration) in Antibody Diluent
(Dako) and incubated on slides for 30min at RT. After TBS/T
washing steps, Primary Antibody Enhancer was applied to
slides for 10min at RT. Following another washing, detection
was achieved by incubationwith the anti-mouse/rabbitUltra-
Vision HRP-labelled polymer system (15min) and 3-amino-
9-ethylcarbacole (AEC, Dako), according to manufacturer’s
instructions. For negative controls, slides were incubated
with negative control mouse IgG1 (Dako) at the same
concentration as mentioned above. Moreover, specificity of
monoclonal anti-human CX3CL1/fractalkine antibody was
evaluated by an antibody preadsorption approach. For this
purpose monoclonal anti-human CX3CL1/fractalkine anti-
body (1 : 1000, 0.5 𝜇g/mL working concentration) was mixed
in Antibody Diluent with an excessive amount of recombi-
nant human full length fractalkine (5𝜇g/mLworking concen-
tration, rhCX3CL1/Fractalkine, R&DSystems) and incubated
with gentle shaking 1 h at RT. A mixture containing solely
monoclonal anti-human CX3CL1/fractalkine antibody was
incubated in parallel and served as control. After incubation
immunohistochemistry was performed as described above.
Nuclei were stained with hemalaun and slides were mounted
with Kaiser’s glycerol gelatine.

2.3. Culture of BeWo Cells. BeWo cells were purchased from
the European Collection of Cell Cultures (ECACC) and
cultured in DMEM/F12 (1 : 1, Gibco), supplemented with
10% FCS, penicillin/streptomycin, amphotericin B, and L-
glutamine, at 37∘C in a humidified atmosphere containing
5% CO

2
in air. Cells between passage 10 and 20 were

used for in vitro experiments. Differentiation of BeWo cells
was induced with forskolin, which was supplemented to
the culture medium with a final concentration of 20𝜇M
(10mM stock in DMSO). For experiments testing different
concentrations of the metalloprotease inhibitor Batimastat
(Tocris Bioscience), 1 × 105 BeWo cells were seeded in 24-
well culture dishes (Nunc, Thermo Fisher Scientific) and
1mL/well of above described culture medium. For all other
BeWo cell experiments, cells were seeded in 12-well culture
dishes (2 × 105 cells/well) and 2mL/well culture medium.
One day after seeding, cells were incubated with culture
medium supplemented with or without forskolin (20𝜇M)
and Batimastat (10 𝜇M). Cells cultured in culture medium
containing equal volumes of DMSO served as solvent con-
trols. At the end of incubation conditioned culture media
were collected for subsequent immunoassay measurements.
Cells were washed with buffered saline and lysed with RIPA
buffer (Sigma-Aldrich) including Protease Inhibitor Cocktail
(Roche Diagnostics, Indianapolis, IA, USA).

2.4. Analysis of Cell Viability. The effect of Batimastat on
viability of BeWo cells was analyzed by a methyl tetrazolium
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salt (MTS) based cell viability assay (CellTiter 96 AQueous
One Solution Cell Proliferation Assay, Promega), according
to manufacturer’s protocol. In brief, 2.5 × 104 BeWo cells
were seeded in 100 𝜇L culture medium per well in a 96-well
dish. One day after seeding, cells were incubated in culture
medium supplemented with Batimastat (10 𝜇M) or solvent
control DMSO (0.1%) for 48 h. After incubation, 20 𝜇L MTS
solution reagent was added to each well and plates incubated
for 1 h. Thereafter absorbance was recorded at 492 nm using
a plate reader and absorbance values for DMSO control were
set to 100%.

2.5. Isolation and Culture of Primary Trophoblasts. Primary
trophoblasts were isolated from chorionic villi of four term
placentas by enzymatic digestion and Percoll density gradient
centrifugation as described previously [19]. Cells were seeded
in 6-well culture dishes (3 × 106/well) and 2mL/well DMEM
(Gibco) supplemented with 10% FCS and cultured in a
hypoxic workstation (BioSpherix) under 8% oxygen at 37∘C.
One day after seeding culture medium was exchanged with
DMEM/EBM (1 : 1, Gibco/Lonza) supplemented with 7.5%
FCS and cells incubated for another 48 h under 8% oxygen
at 37∘C.

2.6. Placental Explant Culture. Villous tissues from human
first trimester (𝑛 = 7, between gestational week 7 and 12)
and term placentas (𝑛 = 3, between gestational week 38 and
40) were washed thoroughly in buffered saline and dissected
into small pieces of approximately 5mgmoist mass. Placental
explants were cultured in DMEM/F12 (1 : 1, Gibco) supple-
mentedwith 10%FCS, penicillin/streptomycin, amphotericin
B, and L-glutamine with or without Batimastat (10 𝜇M) in a
hypoxic workstation (BioSpherix) under 2.5% oxygen (first
trimester explants) and 8% oxygen (term explants) for 5
days at 37∘C. Placental explants cultured in culture medium
containing the same volume of DMSO served as controls.
After incubation, conditioned culture media were collected
and placental explants homogenized in RIPA buffer with
Protease Inhibitor Cocktail using a tissue homogenizer (IKA
TA10 basic, Ultra-Turrax).

2.7. Analysis of Placental Explant Viability. Viability of pla-
cental explants was evaluated after culture by immuno-
histochemical staining of proliferation marker Ki67 (clone
MIB-1, 1 𝜇g/mL, DAKO) and 𝛽hCG (clone H-298-12, 1 : 10,
bioprime/biologo) as described in immunohistochemistry
section. Both Batimastat treated and control explants showed
proliferation of cytotrophoblasts and synthesis of 𝛽hCG
in the syncytiotrophoblast. Moreover, effect of Batimastat
treatment was analyzed and compared with DMSO control
by measurement of released lactate dehydrogenase (LDH)
activity in culture supernatants using LDH Cytotoxicity
Detection Kit (Takara Bio Inc., eubio, Vienna; Austria)
according to manufacturer’s protocol. Obtained absorbance
values were normalized to total protein of respective explant
homogenates and DMSO control set as one.

2.8. Gene Expression Analysis. Total RNA from trophoblasts
and placental tissues was isolated using a column based

RNA isolation kit (SV Total RNA Isolation System, Promega)
including an on column DNase treatment step. After qual-
ity check, total RNA was subjected to quantitative gene
expression analysis using a One-Step RT-PCR Kit (Qia-
gen) and a predesigned expression assay for fractalkine
(Hs CX3CL1 QF 1 QuantiFast probe assay, Qiagen) accord-
ing to manufacturer’s instructions. In brief, 100 ng total RNA
of each sample was mixed with kit components in a total
reaction volume of 20 𝜇L. Samples were analyzed in triplicate
in 96-well plates (Roche Diagnostics) and a Bio-Rad CXF96
Real-Time PCR System. Cycle conditions included reverse
transcription for 20min at 50∘C, an initial PCR activation
step for 5min at 95∘C, and subsequent 2-step cycling with
denaturing for 15 s at 95∘C and annealing/extension for 30 s
at 60∘C for a total of 40 cycles. Ct values were automatically
generated by the CFX Manager 2.0 software (Bio-Rad) and
relative quantification of gene expression was calculated
by standard ΔΔCt method using the expression of beta-2-
microglobulin (Hs B2M QF 2 QuantiFast probe assay, Qia-
gen) as reference. B2M was validated by comparison with
the expression of other reference genes, ribosomal protein
L30 (Hs RPL30 QF 1 QuantiFast probe assay), hypoxanthine
phosphoribosyltransferase 1 (Hs HPRT1 QF 2 QuantiFast
probe assay), and 18S rRNA (Hs RN18S1 QF 2 QuantiFast
probe assay) and showed no significant developmental or cell
differentiation dependent changes.

2.9. Immunoblotting. Placental villous tissue was thoroughly
washed with PBS and homogenized in RIPA buffer including
Protease Inhibitor Cocktail using a tissue homogenizer.
After determination of protein concentration according to
Lowry et al., 60 𝜇g total protein was applied and sepa-
rated on precast 10% Bis-Tris gels (NuPAGE, Novex; Invit-
rogen). 100 ng recombinant human full length fractalkine
(rhCX3CL1/Fractalkine, R&D Systems) was applied as posi-
tive control. Electrophoresis was followed by semidry blotting
of proteins on 0.2𝜇m nitrocellulose membranes (Trans-
Blot, Bio-Rad Laboratories). Blotting efficiency was deter-
mined by staining membranes with Ponceau S solution
(Sigma Aldrich). Immunodetection was conducted with a
chemiluminescent immunodetection kit (Western Breeze;
Invitrogen) according to manufacturer’s instructions. Mon-
oclonal anti-human CX3CL1/fractalkine antibody (clone
81513, R&D Systems) was diluted in blocking solution
1 : 500 (1 𝜇g/mL working concentration) and applied to the
membrane overnight at 4∘C. For normalization membranes
were incubated with monoclonal anti-beta actin antibody
(1 : 20.000; clone AC-15, Abcam, Cambridge, UK). Images
were acquired with FluorChem Q System (Alpha Innotech,
Cell Bioscienes, Santa Clara, CA, USA) and band densities
were analyzed with Alpha View SA software 3.4.0. Each tissue
homogenate was analyzed in three independent immunoblot
experiments. Results are presented as a ratio of relative
fractalkine and beta-actin band densities, with first trimester
samples set to one.

2.10. Fractalkine ELISA. Fractalkine was measured in cell
culture supernatants and cell lysates as well as tissue
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homogenates using a quantitative sandwich enzyme
immunoassay (Human CX3CL1/Fractalkine Quantikine
ELISA, R&D Systems). Cell culture supernatants were
centrifuged at 1.500×g and 4∘C for 5min. Cell lysates and
placental explant homogenates were centrifuged at 8.000×g
and 4∘C for 10min. After centrifugation 100 𝜇L of clear
supernatants was subjected to immunoassays according
to manufacturer’s instruction. Complete culture medium
incubated without cells and RIPA buffer served as blank for
fractalkine measurement in conditioned supernatants and
cell lysates, respectively. Samples were measured in duplicate
and obtained fractalkine concentrations normalized to total
cell protein or total tissue protein, respectively, which was
determined in lysates according to Lowry method.

2.11. Statistical Analysis. Data were analyzed using SigmaPlot
12.5 and are presented as means ± SEM. Data were subjected
to Normality Test (Shapiro-Wilk test) and Equal Variance
Test. In case of normally distributed data differences between
groups were tested using two-tailed t-test. Otherwise Mann-
Whitney Rank Sum Test was applied. A 𝑃 value of less than
0.05 was considered statistically significant.

3. Results

3.1. Spatiotemporal Fractalkine Expression inHumanPlacenta.
Immunohistochemical staining of human first trimester pla-
cental sections localized fractalkine at the apical microvillous
plasma membrane of the syncytiotrophoblast (Figure 1(a)).
The fetal endothelium, villous cytotrophoblasts, and extravil-
lous trophoblasts in cell columns did not express fractalkine
(Figures 1(a) and 1(b)). In first trimester decidua fractalkine
was detected at the apical plasma membrane of uterine
glandular epithelial cells (Figure 1(c)). Neither spiral arteries
nor uterine veins showed endothelial staining (Figures 1(c)
and 1(d)). In human term placenta fractalkine was detected
at the apical plasma membrane of the syncytiotrophoblast
(Figure 1(e)). No staining was observed in the fetal vascular
endothelium of terminal villi and stem villi (Figures 1(e) and
1(f)).

To get an idea of putative changes of placental fractalkine
expression over gestation, placental tissues were analyzed
at first trimester and term. Quantitative gene expression
analysis revealed a 15.1-fold (±0.9) increase in placental
fractalkinemRNAexpression at term,when compared to first
trimester (Figure 2(a)). On protein level, placental fractalkine
was detected by immunoblotting of first trimester and
term placenta tissue homogenates and corresponded with
recombinant 90 kDa full length fractalkine, which served as
positive control (Figure 2(b)). In contrast to quantitative gene
expression analysis, semiquantitative band densitometry of
immunoblots showed only a 1.7-fold (±0.1) increase of pla-
cental fractalkine at term, when compared to first trimester
(Figure 2(c)).

3.2. Fractalkine Expression in the Trophoblast Cell Line
BeWo and Primary Term Trophoblasts. Immunohistochem-
istry suggested the syncytiotrophoblast to be the main source

of placental fractalkine expression. In order to substan-
tiate this finding the trophoblast cell line BeWo, a well
accepted model for the villous trophoblast population, show-
ing secretion of pregnancy-specific hormones as well as good
syncytialization, that is, formation of trophoblast syncytia
in vitro [20], was tested for its capacity to express and
release the chemokine. While basal expression of fractalkine
mRNA was low but detectable in untreated BeWo cells,
incubation with forskolin, a reagent known to induce BeWo
cell differentiation and syncytialization [21], led to a time
dependent increase over time with a 22.1-fold (±1.6) upreg-
ulation compared to vehicle control after 48 h (Figure 3(a)).
Forskolin induced fractalkine expression in BeWo cells was
accompanied by a 9.8-fold increase in the release of soluble
fractalkine, which accounted for 2.91 (±0.34) ng/mg cell
protein after 48 h incubation (Figure 3(b)).

Since trophoblast cell lines may differ in some aspects
when compared to their primary counterpart [22], primary
trophoblasts shown to spontaneously form syncytia in vitro
[23] were isolated from term placenta and tested for their
capacity to release soluble fractalkine. Analysis of super-
natants from primary term trophoblasts showed continuous
release of soluble fractalkine, which increased by 39.5%
between 24 h and 48 h of incubation (Figure 3(c)).

3.3. Inhibition of Placental Fractalkine Release by the Metal-
loprotease Inhibitor Batimastat. Data from trophoblast cul-
ture provided strong evidence that fractalkine is not only
expressed but also released from villous trophoblast. Since
data on placental fractalkine release have virtually not been
described so far, it was tempting to test if the previously
described mechanism of metalloprotease mediated shedding
of the transmembrane form also applies for human placenta,
that is, human trophoblast. For this purpose the release of sol-
uble fractalkine was first analyzed in forskolin treated BeWo
cells in presence and absence of themetalloprotease inhibitor
Batimastat, which has previously been shown to effectively
block fractalkine shedding in other cell types such as smooth
muscle cells and hepatic stellate cells [24, 25]. Incubationwith
5 𝜇M and 10 𝜇M Batimastat decreased the release of soluble
fractalkine by 67.1% and 91.6%, respectively, compared to
cells treated without the inhibitor after 48 h (Figure 4(a)).
Analyses of cell lysates from forskolin stimulated BeWo cells
incubated with or without Batimastat revealed that inhibition
of soluble fractalkine release was accompanied by a 3.1-fold
increase of cell associated fractalkine compared to control
after 48 h (Figure 4(b)). To ensure that observed effects were
not due to changes in cell viability, Batimastat treated and
control cells were analyzed using a MTS based viability
assay. Accordingly, Batimastat treatment slightly but not
significantly decreased the relative number of viable BeWo
cells in proliferation by 4.3% compared to control after 48 h
(Figure 4(c)).

The situation observed in BeWo cells was at least in part
reflected in explant culture of human first trimester and
termplacenta. In first trimester placental explants, Batimastat
decreased the release of soluble fractalkine by 17.8% after
5-day culture, which did not reach statistical significance.
However, analyses of respective tissue homogenates revealed
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Figure 1: Immunohistochemical localization of fractalkine in human placenta. In first trimester placental villi fractalkine was only detected
at the apical microvillous plasma membrane of the syncytiotrophoblast ((a) and (b), black arrow), but not in the fetal endothelium ((a),
arrowheads), villous cytotrophoblasts ((a) and (b), open arrows), and extravillous trophoblasts in cell columns ((b), asterisk). In first trimester
decidua fractalkine was detected at the apical plasmamembrane of uterine glandular epithelial cells ((c) and (d), open arrows), whereas spiral
arteries ((c), arrowheads) and veins ((d), open arrowheads) did not show any staining. In term placenta fractalkine was detected at the
apical plasma membrane of the syncytiotrophoblast ((e) and (f), black arrows). The fetal vascular endothelium of all villous types including
terminal villi ((e), arrowheads) and stem villi ((f), arrowhead) did not express fractalkine. Specificity of the antibody was evaluated on serial
first trimester placenta sections using an antibody preadsorption approach and negative control mouse IgG, respectively. While incubation
with the antibody alone confirmed the above described staining pattern (g), preadsorption of the antibody with recombinant fractalkine
almost completely abolished staining (h). Incubation with negative control mouse IgG revealed no staining (i). Scale bar represents 50 𝜇m.

a significant 1.6-fold increase of tissue associated fractalkine
in explants incubated with Batimastat, when compared to
controls after 5 days (Figure 5(a)). In explants from human
term placenta, incubation with Batimastat showed a consid-
erable decline of soluble fractalkine release by 56.3%, while
at the same time the fraction of tissue associated fractalkine
increased 1.5-fold when compared to controls (Figure 5(b)).
Comparison of controls from first trimester and term explant
experiments revealed a 5.0-fold increase in tissue associated

as well as released fractalkine towards term. However, the
ratio of released versus tissue associated fractalkine remained
constant and was 2.1 in both first trimester and term pla-
cental explants, suggesting constitutive shedding of placental
fractalkine.

In order to determine any cytotoxic effects of Batimastat
on placental explants, the release of LDH into the culture
medium was analyzed after culture and showed a slight but
nonsignificant increase by 8.5% and 10.4% after Batimastat
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Figure 2: Analysis of fractalkine expression in humanfirst trimester and termplacenta tissue. Quantitative real-timeRT-PCR analysis showed
a 15.1-fold (±0.9) increase of fractalkinemRNAexpression in term (𝑛 = 8) compared to first trimester (𝑛 = 9) placental tissues (a). Immunoblot
analysis of first trimester and term placenta tissue homogenates detected a protein band, corresponding with recombinant 90 kDa human full
length fractalkine (rhF), which was applied as positive control. Shown is one representative immunoblot (b). Semiquantitative band analysis
revealed a 1.7-fold (±0.1) increase in fractalkine protein expression at term (𝑛 = 7) compared to first trimester (𝑛 = 8) (c). Values are given as
mean ± SEM. ∗∗∗𝑃 ≤ 0.001.

treatment of first trimester and term explants, respectively,
when compared to controls (Figure 5(c)).

4. Discussion

The concept of the dual nature of fractalkine, acting both as
soluble chemoattractive factor and transmembrane adhesion
molecule, can be well applied for fractalkine expressed in
human placenta. Data fromplacental explant and trophoblast
culture provide strong evidence that placental fractalkine is
constitutively released from the syncytiotrophoblast into the

maternal circulation via metalloprotease dependent shed-
ding. When speculating about a putative role of shed pla-
cental fractalkine in the fetal-maternal cross-talk, important
aspects of placental development should be considered.
During early pregnancy perfusion of the intervillous space
withmaternal blood is not yet fully established, and thus shed
placental fractalkinemay not act locally onmaternal CX3CR1
expressing cells, but rather in an endocrine way. In doing so,
placenta derived fractalkine may contribute to the low grade
systemic inflammatory responses described to occur in third
trimester of pregnancy [26–28]. This assumption is in good
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Figure 3: Analysis of fractalkine expression and release in the trophoblast cell line BeWo and primary term trophoblasts. Incubation
with forskolin (20𝜇M) increased fractalkine mRNA expression in BeWo cells in a time dependent manner and showed a 22.1-fold (±1.6)
upregulation compared to control (DMSO, 0.2%) after 48 h (a). Forskolin treatment of BeWo cells induced a 9.8-fold increase in secretion
of soluble fractalkine compared to control after 48 h (b). In primary term trophoblasts secretion of soluble fractalkine increased between
24 h and 48 h incubation by 39.5% (c). Data in (a) and (b) are presented as mean ± SEM from three independent experiments performed in
triplicate. Data in (c) are presented as mean ± SEM from four different trophoblast preparations. ∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, ∗∗∗𝑃 ≤ 0.001.

agreement with increasing expression and release of placental
fractalkine towards term.

Mild inflammatory responses were suggested to cont-
ribute tomaternalmetabolic changes, resulting in insulin res-
istance and hyperlipidaemia, which accommodate increased
energy demands of the growing fetus. Contribution of pla-
cental fractalkine to the maternal pool of soluble fractalkine

during gestation is hard to estimate and should include the
fact that the entire surface of placental villi at term with
approximately 12–15m2 represents only a very small area
compared to approximately 4000–7000m2 endothelium of
maternal blood vessels [1, 29]. Expression analysis of other
proinflammatory cytokines, such as TNF-𝛼, IL-6, IL-1𝛼,
and IL-1𝛽, showed no difference between preeclamptic and
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Figure 4: Effect of Batimastat on the release of soluble fractalkine in the trophoblast cell line BeWo. Increasing concentrations of the
metalloprotease inhibitor Batimastat (5 𝜇Mand 10 𝜇M, resp.) inhibited forskolin (20 𝜇M) induced upregulation of fractalkine release in BeWo
cells after 48 h (a). Inhibition of fractalkine release by Batimastat (10 𝜇M)was accompanied with an increase in cell bound fractalkine in BeWo
cells after 48 h (b). Batimastat (10 𝜇M) slightly but not significantly decreased viability of BeWo cells compared to control (𝑃 = 0.456) (c).
Data are presented as mean ± SEM from three independent experiments performed in triplicate. ∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, ∗∗∗𝑃 ≤ 0.001.

normal placental explants, suggesting a rather marginal con-
tribution of placenta derived cytokines to systemic inflamma-
tion [30].

Based on placental explant experiments, the ratio
between shed to membrane-bound fractalkine seems to

remain constant from first trimester until term but may
be influenced by parameters such as gene expression,
half-life of both variants, and metalloprotease dependent
shedding. The phenomenon of increased membrane-bound
fractalkine in cells treated with Batimastat was explained
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Figure 5: Effect of Batimastat on the release of soluble fractalkine in placental explants. In first trimester placental explants Batimastat (10𝜇M)
slightly but not significantly decreased the release of soluble fractalkine, whereas at the same time tissue associated fractalkine increased,
compared to control (DMSO, 0.1%) after 5-day culture (a). Incubation of term placental explants with Batimastat (10𝜇M) led to a considerable
decline in fractalkine release and was accompanied with an increase of the tissue associated fractalkine fraction after 5-day culture (b).
Analysis of culture media from first trimester and term placental explants showed slight but not significant increase of released LDH activity
in presence of Batimastat (10𝜇M) compared to control after 5-day culture (c). Data in (a) are presented as mean ± SEM from seven different
explant experiments performed in triplicate. Data in (b) and (c) are presented as mean ± SEM from three different explant experiments
performed in triplicate. ∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, ∗∗∗𝑃 ≤ 0.001.
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as an accumulation of the membrane-bound form as a
consequence of impaired shedding activity on the cell surface
[24, 25]. Since shedding is mediated by a disintegrin and
metalloprotease (ADAM)10 and ADAM17 [8, 9], which both
can be detected in the syncytiotrophoblast, it is tempting to
speculate about an aberrant activity of thesemetalloproteases
and its consequence on the release of placental fractalkine
in pathological pregnancies. Interestingly, expression of
both metalloproteases has been shown to be increased in
placentas from pregnancies complicated by preeclampsia
[31, 32], suggesting increased shedding and release of
placental fractalkine. This assumption is in line with a recent
case-control study, showing elevated plasma concentrations
of soluble fractalkine in women with preeclampsia [33].
However, whether or not preeclampsia is accompanied with
increased release of placental fractalkine remains open and
requires further in-depth studies.

Detection of fractalkine expression in uterine glandular
epithelial cells is in good agreement with previous stud-
ies showing fractalkine in apical regions of the glandu-
lar epithelium of actively secreting glands of nonpregnant
endometrium as well as in early decidua [34]. When specu-
lating about a physiological function of fractalkine release by
uterine glands it should be considered that early implantation
processes, with the enlarging syncytiotrophoblast invading
not only uterine capillaries but also uterine glands, give rise
to connections between the latter and the intervillous space.
This situation can be observed from approximately day 17
after conception throughout the first trimester, suggesting
delivery of glandular secretion products, including nutrients,
growth factors, and immunomodulatory cytokines into the
intervillous space during first and early second trimester
[35, 36]. Recently, replacement of glandular epithelial cells
by so-called endoglandular trophoblasts has been suggested
as additional mechanism for opening and connection of
the uterine glands towards the intervillous space [37]. Thus,
uterine glands together with the growing syncytiotrophoblast
may contribute to a continuous release of fetal fractalkine into
the intervillous space, that is,maternal plasma.At this stage of
pregnancy autocrine signalling by placental fractalkine may
not completely be excluded, since a study by Hannan et al.
showedweakCX3CR1 staining in the villous trophoblast layer
of human first trimester placenta [16]. However, with ongoing
pregnancy autocrine effects of placenta derived fractalkine
may be neglected, as CX3CR1 can only be detected in the fetal
endothelium but not the villous trophoblast compartment at
term [18, 38].

While placental fractalkine may contribute as soluble
factor to low grade systemic inflammatory responses in the
mother, its role as membrane-bound chemokine located on
the surface of placental villi is rather unclear. Adhesion
of maternal leukocytes to the syncytiotrophoblast may be
considered—if at all—as very rare event in normal preg-
nancy. However, mechanisms preventing CX3CR1 expressing
maternal leukocytes from binding to the syncytiotrophoblast
remain speculative. Specific glycans, like sialyl Lewis X and
Lewis a on glycosylated proteins, such as hCG, have recently
been suggested to play a role in prevention of maternal
leukocyte adhesion to trophoblast [39]. Nevertheless, under

pathological conditions membrane-bound fractalkine could
facilitate adhesion and transmigration ofmaternal leukocytes
through the villous trophoblast layer giving rise to accumu-
lation of maternal immune cells within inflamed villi, as has
been described for infectious villitis and villitis of unknown
etiology [40–42].

5. Conclusion

Thehumanplacenta is a source for the chemokine fractalkine,
which is expressed in the syncytiotrophoblast and released
into the maternal circulation by metalloprotease dependent
shedding. Increased expression and release of placental
fractalkine may contribute to low grade systemic inflam-
matory responses observed in third trimester of normal
pregnancy. Aberrant placental metalloprotease activity may
not only affect the release of placenta derived fractalkine but
may at the same time affect the abundance of the membrane-
bound form of the chemokine.
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Lysophosphatidic acid (LPA) through activating its G protein-coupled receptors (LPAR 1–6) exerts diverse cellular effects that in
turn influence several physiological processes including reproductive function of the female. Studies in various species of animals
and also in humans have identified important roles for the receptor-mediated LPA signaling in multiple aspects of human and
animal reproductive tract function. These aspects range from ovarian and uterine function, estrous cycle regulation, early embryo
development, embryo implantation, decidualization to pregnancy maintenance and parturition. LPA signaling can also have
pathological consequences, influencing aspects of endometriosis and reproductive tissue associated tumors. The review describes
recent progress in LPA signaling research relevant to human and ruminant reproduction, pointing at the cow as a relevant model
to study LPA influence on the human reproductive performance.

1. Introduction

The present paper focuses particularly on one of the simplest
and most potent lysophospholipids, lysophosphatidic acid
(LPA), and summarizes recent knowledge on its biological
impact on human and ruminant reproduction.

2. Lysophosphatidic Acid Production
and Receptor-Mediated Signaling

Lysophosphatidic acid is a simple phospholipid that exerts
many physiological and pathological actions on various
cell types, such as cell proliferation and differentiation [1],
cytoskeletal rearrangement [2], cell-to-cell interactions [3],
and tumorigenesis [4].

So far LPA has been detected in many various biological
fluids such as serum and plasma [5–7], tears [8], ascites [9],

seminal plasma [10], and follicular fluid [11]. Moreover, it can
also be produced in various cell types like endometrial cells
[12, 13], ovarian cells [12, 14–16], mast cells [17], erythrocytes
[18], neurons [19], and many others [20].

While the precise mechanism of LPA metabolism within
most types of cells is still unclear, two general pathways of
LPA production have been demonstrated. In the first pathway
phosphatidic acid (PA) is produced fromphospholipids (PLs)
by phospholipase D (PLD), also called autotaxin (ATX) or
from diacylglycerol by diacylglycerol kinase [21]. In both
pathways there is deacylation of PA to LPA by phospholipase
(PLA)-type enzymes. In the second pathway, PLs are first
converted to lysophospholipids (LPLs) by the action of
secretory (sPLA

2
), PS-PLA

1
, and lecithin-cholesterol acyl-

transferase (LCAT), and then the LPL is converted to LPA
by ATX [22]. The first pathway is mainly involved in cellular
LPA production, while the second pathway is involved in LPA
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production in extracellular body fluids, especially in serum
and plasma. These various ways of LPA synthesis reflect
multiple levels of regulation—or deregulation in the organ-
ism being at different physiological or pathological status—
cancers [4], pregnancy [23], hypertension [24], prostate
disease, or obesity [25]. Moreover, LPA-dependent different
signaling pathways have clear therapeutic repercussions since
pharmaceutical drugs targeting certain enzymes would differ
from those targeting other LPA biosynthetic pathways [26,
27].

In mammals, LPA exerts its action via at least six high
affinity, transmembrane G-protein-coupled receptor (GPCR)
types, LPAR1–LPAR6, and possibly through a nuclear recep-
tor PPAR𝛾 [22, 28–31]. These LPARs are expressed in various
organs and cells [21]. For example, LPAR1 is highly expressed
in the nervous system [32], LPAR2 in immune organs such
as the thymus and spleen [33], and LPAR3 in reproductive
organs such as the ovary and uterus [7, 16, 34, 35]. On the
other hand, LPAR4, LPAR5, and LPAR6 are expressed widely
but at relatively low levels. In that aspect we can find LPAR4
expression in the ovary [30], LPAR5 expression in the small
intestine, spleen, dorsal root ganglion, and embryonic stem
cells [36].However, there is alsomuch evidence of an aberrant
expression of LPA receptors in certain diseases, meaning
especially different types of cancer [37, 38].

The influence of LPA on the reproductive system function
of the female has been examined and described for about 30
years. Since the first reports published by Jarvis et al. [39] in
women, various abnormalities in reproductive performance
on different regulatory levels due to LPA signaling and LPARs
knockout have been also reported in many farm animals
including ruminants [34, 35, 40].

3. Effects of Lysophosphatidic Acid on
the Reproductive Performance in Human

3.1. The Possibility of LPA Synthesis and LPARs Expression
in the Reproductive Tissues. Physiologically, LPA and its
active LPARs have been documented to be present in female
reproductive organs, such as uterus [20, 41, 42], ovary [43,
44], and placenta [43, 45, 46] as well as in the amnion-derived
cells in vitro [47]. Interestingly serum ATX level was higher
in women than in men [48], suggesting possible influence of
LPA on the female reproduction.

3.2. LPA Signaling in the Human Ovary. LPA signaling has
been extensively studied in the physiology of human ovary.
Follicular fluid of the human preovulatory follicle contains
lysophospholipase D—ATX which is responsible for local
LPA production from lysophosphatidylcholine (LPCs) [49].
However LPA in ovaries is produced not only from follicular
fluid’s LPCs, but also from LPCs in granulosa cells and
oocytes. In follicular fluid taken from women programmed
for in vitro fertilization the amount of LPA increases with the
time of incubationwithATX in 37∘C [11]. SerumATX activity
from patients receiving ovarian stimulation was higher than
in women with natural cycles [44]. Moreover, Chen et al.
[44] demonstratedmRNA expression of three LPA receptors,

LPAR1, LPAR2, and LPAR3, in the granulosa-lutein cells from
women undergoing in vitro fertilization. LPAR4 was also
highly expressed in the cortex of the human ovary [30].

LPA signaling plays many crucial roles in ovarian func-
tion such as ovulation, for example. Before ovulation LPA
elevated the level of IL-8, expressed its chemotactic activity
for neutrophils, started the inflammatory reaction, and in
consequence led to tissue degradation and rupture of the
follicle [50]. During the luteal phase human ovary exhibits
complete tissue remodeling with the stages of growth, dif-
ferentiation, and regression [51]. In the early luteal phase
granulosa and theca cells form corpus luteum with high
level of angiogenesis. LPA through the upregulation of IL-
8 and IL-6 stimulated the multistep process of new vessels
formation in the CL [42]. Moreover, LPA induced expression
of angiogenic cytokines, IL-6, and IL-8, in granulosa-lutein
cells fromwomen undergoing in vitro fertilization [42].Thus,
the authors concluded that the induction of these cytokines
by LPA, through its receptor and nuclear factor-kappaB-
dependent pathway, in the stimulated ovaries may contribute
to ovarian hyperstimulation syndrome [42].

3.3. LPA Signaling during Pregnancy. More than a decade
ago Tokumura et al. [49] suggested the involvement of
LPA signaling in maintenance of human pregnancy. These
authors demonstrated increasing levels of LPA and serum
ATX/lysoPLD activity during pregnancy [49]. The elevated
levels of serum LPA found during pregnancy were reported
to arise from both the placenta and the fetus [49]. In the
human placenta LPA can be produced locally by trophoblasts
ATX and thereby control trophoblast proliferation, differ-
entiation, feto-maternal immune interaction, and placental
vascular remodeling [46]. During early pregnancy, placenta
produces many new vessels which are crucial for fetal-
maternal exchange. LPA, through induction of IL-8, could
stimulate the process of angiogenesis in the placenta [45].
Kim et al. [47] also found that LPA modulated cellular
activity and stimulated proliferation of human amnion cells
in vitro.Moreover, Jarvis et al. [39] documented high lysoPLD
activity in human placental tissues, with the highest in the
amnion. The authors suggested that high lysoPLD activity
in the amnion proclaimed that LPA might be involved in
the regulation of labor, due to the direct implications of
this membrane in the initiation of the labor [39]. More-
over, Jeng et al. [52] demonstrated that LPA upregulated
transcriptional activity of oxytocin (OT) receptors in vitro
which resulted in sensitization of myometrial cells to OT. In
uterus in the end of gestation the sensitivity of myometrium
to OT increases robustly, which in turn induces uterine
contractions leading to labor. Other important process in
induction and maintenance of smooth muscle contraction is
stress fiber formation. LPA enhanced stress fiber formation
in human myometrial cells in vitro and thereby increased the
efficiency of uterine contractions in the beginning of labor
[53].

The process of embryo implantation includes interaction
between the endometrium and the embryo (adhesion and
invasion), inflow of innate immune cells, and vascularization.
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LPA has been presented to be involved in implantation on
many various levels. In human decidual cells, LPA increased
embryo outgrowth as the result of RhoA signaling [54]. It
also stimulated chemotaxis of NK cells and monocytes by
inducing the transcription of MCP-1 and GRO-𝛼, respec-
tively, and thereby contributed to regulation of the innate
immunity of the fetus [45]. Iwasawa et al. [46] documented
that LPA activated lymphocytes and dendritic cells that
induced inflammatory reaction which is essential in the
process of implantation. Moreover, in an in vitro model
of embryo implantation LPA increased the outgrowth of
embryos on decidual cells [54]. Through IL-8 stimulation
LPA participated in new vessels formation around the
embryo [45].

The pleiotropic roles of LPA in the function of the
reproductive tract are demonstrated not only by the increased
amount of LPA in body fluids and in the area of reproductive
organs but also by the tissue-specific, regulated expression of
its receptors. Wei et al. [55] demonstrated that LPAR3 levels
decreased in the middle and late secretory endometrium
(when the implantation occurs) of women with endometrio-
sis. Decreased LPAR3 expression was correlated with the
expression of other uterine receptivity biomarkers, such as
osteopontin or HOXA10, all regulated by progesterone (P4)
[55]. The authors claimed that reduced expression of these
genes may explain P4 resistance associated with endometrio-
sis [55].

LPA signaling can also have adverse effects during preg-
nancy. Li et al. [56] detected high levels of LPAR2 and LPAR3
gene expression in the placentas of patients with gestational
hypertension and preeclampsia. Moreover, it has been doc-
umented that LPA elevated arterial blood pressure [57] and
vasoconstriction [58]. Taking into consideration, increasing
levels of LPA during pregnancy [49] and LPA involvement
in elevating blood pressure, we might suppose the adverse
effects of this lipid in the terminating stages of pregnancy.
In addition, accumulation of LPA in blood contributed to
platelet-monocyte coaggregate formation [59] as well as
enhanced platelet aggregation and adhesion [60] which in
turn might have resulted in thrombosis during pregnancy.
Tokumura et al. [61] also presented the direct association of
elevated levels of LPA in blood circulation with induction
and/or progression of systemic vascular dysfunction seen in
patients with preterm labor or preeclampsia. On the other
hand, LPA might also contribute indirectly to infection-
related preterm labor via the induction of arachidonic acid
(AA) metabolites. Mikamo et al. [62] presented elevated
levels of LPC, the substrate for LPA, and AA in human
uterine endometrial cells exposed to extracts from pathogens
involved in intrauterine infection.

3.4. LPA Signaling in the Reproductive Tissue Associated
Tumors and Other Disorders of Reproductive Functions. LPA
signaling may also play a role in pathogenesis of both benign
and malignant endometrial tumors. Billon-Denis et al. [63]
presented LPA influence on the growth of leiomyomas or
fibroids. Treatment of leiomyoma tumor-derived cell line
with LPA entailed DNA synthesis through ERK activation

[63]. The authors also proposed that LPA produced in
leiomyomas in vivo may have been involved in tumor cell
proliferation [63]. There are also reports indicating that LPA
promoted endometrial cancer invasion via the induction of
matrix metalloproteinase-7 (MMP-7) [64, 65]. Rapizzi et al.
[66] used the cervical cancer cell line, HeLa, to study the roles
of LPA in cervical cancer. In these studies, LPA inducedHeLa
cell migration and survival [66].

LPA signaling may also play a role in breast cancer
progression. Kitayama et al. [67] suggested the involvement
of the upregulation of LPAR2, but not LPAR1 or LPAR3, in the
mammary gland carcinoma pathogenesis in the breast cancer
of postmenopausal women. Other studies from breast cancer
cell lines indicated that both LPAR1 and LPAR2 mediated
LPA-induced chemotaxis in breast carcinoma cells [68]. LPA
signaling was also involved in breast cancer cell proliferation
[69]. Boerner et al. [70] demonstrated that LPA-dependent
overexpression of EGF receptor (a prognostic indicator of
a poor outcome in tumors) was involved in breast cancer
progression [70].

Ovarian cancer is the most thoroughly studied cancer
with respect to LPA signaling in carcinogenesis. There are
two types of data in the literature, demonstrating the direct
and indirect roles of LPA in the pathogenesis of the tumors.
Sutphen et al. [71] and Xu et al. [72] demonstrated that
elevated levels of LPA in the plasma and ascites of ovarian
cancer patients, promoted ovarian cancer cell proliferation.
LPA signaling may also exert its role in ovarian cancers
indirectly through regulating telomerase, involved in tumor
progress [73], IL-6 and IL-8 involved in tumor angiogenesis
[74], or COX-2, correlated with possibility of metastasis [75].

Moreover, the regulation of LPARs may also play a
significant role in LPA signaling in ovarian cancer. Wang
et al. [76] proved that LPAR2 and LPAR3 were upregulated
in ovarian cancer tissues. Sengupta et al. [77] demonstrated
that LPAR3 was a key receptor for mediating the chemotactic
activity of LPA in ovarian tumors. On the other hand, LPAR1
was demonstrated to be the key receptor in mediating ascitic
LPA effects on other cells [78].

Overlooking the available data in the literature on the
role of LPA in human reproduction we can summarize
that the past decade shaded new light on the importance
of LPA signaling not only under physiological but also
pathological conditions. LPA is produced locally in
human reproductive tissues and controls ovarian cycle
and pregnancy as well as various abnormalities in the female
reproductive tract. Engagement of LPA in the maintenance
of pregnancy manifests by its action on the uterus, ovary,
fetal membranes, and placenta. LPA can also affect the
fetus itself by controlling the process of implantation and
vascularization of the embryo. However, there are also
reports on adverse effects of LPA in the female reproduction,
especially during tumorigenesis. Since in the available
literature there are often registered opposite effects of LPA
on the reproductive performance in human as well as
the research on human tissues is ethically restricted and
new LPA-targeted therapeutic strategies are demanded, it
is important to find a good animal model to study LPA
influence on the function of the female reproductive organs.
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4. Relevance of a Cow Model to
Human Reproductive Performance

Properly designed studies to examine the effects of LPA
on the reproductive performance in humans should be
done in human subjects. However, this is very hard to
accomplish, since human studies are difficult to carry out
because of their typical complexity and dependence on
mostly retrospective data rather than the treatment-based
outcomes measured in animal models including the bovine
one. Moreover, all the complications in the design and
interpretation of human studies, combined with the ethical
issues regarding experimentation in humans, continuously
increase interest in studies that utilize animal models. On
the other hand, the relevance of studies performed in animal
models to human health has been questioned many times in
the literature, since in almost all animals used as a model
many weak points can be found. Taking above arguments
into consideration, it has been well documented in the
literature that the cow can be one of the quite relevant
animal models for studying human reproduction. In the
bovine reproduction we can find many similar aspects in the
ovarian physiology, early embryo development, pregnancy
as well as assisted reproductive techniques [79, 80]. There-
fore, we believe that the cow model has broad applicabil-
ity and may be used to extend investigations to different
physiologic/pathologic states and to other species including
humans. Moreover, the bovine model ensures a greater
availability of biological material compared to studies in
human.

5. Effects of Lysophosphatidic Acid on the
Reproductive Performance in Ruminants

5.1. The Possibility of LPA Synthesis and LPARs Expression in
the Reproductive Tissues. In the bovine ovary, Boruszewska
et al. [81] demonstrated ATX and PLA2 expression in bovine
granulosa cells, which documented the possibility of LPA
synthesis in bovine follicles, with ATX playing the major role
in this process (Figure 1). LPA was also detected in picomole
concentrations in the bovine CL throughout the estrous cycle
and early pregnancy [16].The concentration of LPA in the CL
increased from days 2–4 to days 17–19 of the estrous cycle and
during the estrous cycle was significantly higher than during
early pregnancy [16]. The detected presence of LPA as well as
enzymes responsible for LPA synthesis and specific LPARs in
the CL tissue and the follicle indicate that bovine ovary can
be a site of LPA synthesis during the estrous cycle and early
pregnancy [7, 16, 81].

In ruminant uterus, the influence of LPA on the endome-
trial function was studied for the first time by Liszewska et
al. [34] in sheep. This study revealed the involvement of LPA
signaling in early embryo development. The authors found
increased levels of LPA in ovine uterus at the time of early
pregnancy, suggesting that LPA signaling contributed to the
cross-talk between mother and embryo at the beginning of
gestation [34].

In the cow, we were the first to demonstrate that LPA
is locally produced and released from bovine endometrium
during estrous cycle and early pregnancy [7]. We found
significantly higher concentration of LPA in the blood taken
from uterine vein on days 17–19 of the estrous cycle than
in the blood from jugular vein. Moreover, we found high
concentrations of LPA in the endometrial tissue [7]. LPA
concentration in the bovine endometrium did not differ
either during estrous cycle or early pregnancy (before implan-
tation); however, it was significantly higher on days 17–19 of
pregnancy than on days 17–19 of the estrous cycle.

Studying intracellular localization of the enzymes respon-
sible for endometrial LPA synthesis, we demonstrated that
ATX and PLA

2
were immunoexpressed both in epithelial

and stromal cells [82, Figure 1]. Boruszewska et al. [82] also
found that LPA concentration was significantly higher in
epithelial than instromal cells and ATX and PLA

2
expression

was higher in epithelial than instromal cells in bovine
endometrium. This study demonstrated that epithelial cells
are the main source of LPA in the bovine endometrium
[82]. Similarly, in sheep, Liszewska et al. [34] found api-
cal localization of ATX in glandular and luminal cells of
endometrium. The authors also found that ATX activity was
orientated towards the uterine lumen. Liszewska et al. [34]
also documented that ATX level was 4- to 5-fold higher in
the ovine uterus than in the trophectoderm. The authors
postulated that LPA detected in the ovine uterus may be
due to ATX activity on the maternal side [34]. However,
in ovine conceptuses elevating expression of ATX was also
demonstrated, which documented that the trophectoderm
may also contribute to the production of LPA during preg-
nancy [34]. The data obtained in cows and sheep strongly
suggest thatepithelial cells of the bovine endometrium are the
main source of LPA inthese species. However, a supporting
role of stromal cells in LPA synthesis cannot be excluded.

The potential role of LPA depends on both its local
concentration and the distribution of LPARs in the area of
reproductive tissues. In the bovine follicle, Boruszewska et
al. [81] detected all types of LPARs at mRNA level in gran-
ulosa cells (Figure 1). However, LPAR1 transcript abundance
was approximately 16- to 23-fold higher than expression of
LPAR2, LPAR3, and LPAR4 mRNA [81]. In the bovine CL
four types of LPARs were detected both during the estrous
cycle and early pregnancy [16]. However, of the four LPARs
examined, LPAR2 and LPAR4 were expressed the most
strongly in the bovine CL [16, Figure 1]. In the bovine CL,
high expression of LPAR4 compared with the other receptors
during the estrous cycle and early pregnancy, as well as the
dynamic changes of LPAR2 and LPAR4 during early preg-
nancy, probably accounts for the contribution of LPA to dif-
ferent events during the estrous cycle and pregnancy, namely,
the contribution to P4 secretion, modulation of interferon
(IFN)𝜏 action during early pregnancy [16], or modulation of
luteolysing cytokines action in the CL at the late luteal stage
[83]. The data obtained by Kowalczyk-Zieba et al. [16] in the
bovine CL do not completely agree with the results of Budnik
and Brunswig-Spickenheier [84], who showed that LPA
exerted its actions on bovine luteal cells only via LPAR2. The
mRNAexpression of all LPARs in granulosa cells aswell luteal
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Figure 1: Schematic model illustrating the possible lysophosphatidic acid signaling in the bovine reproductive tract (LPA—lysophosphatidic
acid; LPAR—lysophosphatidic acid receptor; PGFS—prostaglandin F

2𝛼
synthase; PGES—prostaglandin E

2
synthase; ATX—autotaxin;

PLA
2
—phospholipase A

2
; FSH—follicle stimulating hormone; FSHR—follicle stimulating hormone receptor; E

2
—estradiol; CYP19A1—

cytochrome P450 aromatase; 17𝛽HSD—17𝛽-hydroxysteroid dehydrogenase; TNF𝛼—tumor necrosis factor 𝛼; TNFR1—tumor necrosis factor
𝛼 receptor type 1; IFN𝛾—interferon 𝛾; IFN𝜏—interferon 𝜏; Casp3—caspase 3; Fas/FasL—Fas antigen/Fas ligand; OAS1—2,5-oligoadenylate
synthase; ISG15—ubiquitin-like IFN-stimulated gene 15 kDa protein; StAR—StAR protein; P450 scc—cytochrome P450; 3𝛽HSD—3𝛽-
hydroxysteroid dehydrogenase; PGF

2𝛼
—prostaglandin F

2𝛼
; PGE

2
—prostaglandin E

2
; and P4—progesterone). LPA derived from the blood

plasma and produced in the uterus and ovary induces auto- and paracrine actions on the bovine endometrium, corpus luteum (CL), and the
follicle. In the bovine endometrium LPA acting via LPAR1 induces PGE

2
and inhibits PGF

2𝛼
actions. In the ovarian follicle, LPA stimulates

E
2
production and FSH action in granulosa cells via increased expression of the FSHR and 17𝛽-HSD. In the bovine CL, LPA stimulates P4

secretion through stimulation of 3𝛽HSD. LPA augments IFN𝜏-dependent stimulation of ISG15 and OAS1 expression in the steroidogenic
cells of the bovine CL. LPA suppresses TNF𝛼 and IFN𝛾, induced luteal cell apoptosis via inhibition of the stimulatory effect of the cytokines
on the expression of Bax, Fas—FasL system, TNFR1, and Casp3 activity in the cultured steroidogenic luteal cells, which orientates the cells
towards the survival state.

cells indicates that the bovine follicle and the CL represents a
target for LPA action in the bovine reproductive system.

In sheep, Liszewska et al. [85] demonstrated that the
expression of LPAR1 and LPAR3 in the ovine endometrium
was regulated according to the estrous cycle. On the other
hand, at day 12 of pregnancy, expression of both LPAR1
and LPAR3 in the endometrium was significantly reduced in
comparison with day 12 of the estrous cycle [85]. The authors
supposed that the decrease of LPARs expression in the
endometriumwas the result of the beginning of rapid growth
and elongation of the ovine embryo, as well as modulation
by various factors from conceptus origin [85]. However,
in the ovine trophectoderm during the peri-implantation
period LPAR1 and LPAR3 expression was the most abundant
at the time of embryo implantation [34].Moreover, Liszewska

et al. [34] demonstrated perinuclear/nuclear and membrane
localizations of LPAR1 in ovine conceptuses and trophec-
toderm cells cultivated in vitro, whereas LPAR3 was found
only in the cell membrane in both systems. In the ovine
uterus, LPAR1 was predominantly present in the stromal
tissue, whereas LPAR3 was mostly detected in the epithelial
structures [85]. In the bovine endometrial tissue only LPAR1
expression was detected [7]. LPAR1 expression increased
from early to late luteal stage of the estrous cycle and reached
the highest level at late luteal stage and on days 17–19 of
early pregnancy [7]. On the other hand, LPA1 expression on
days 8–10 of pregnancy was lower than that on days 17–19 of
pregnancy but higher than on days 8–10 of the estrous cycle
[7]. Boruszewska et al. [82] found higher LPAR1 expression in
stromal than in epithelial cells.These results are in agreement
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with the fact that LPA on days 8–10 and 16–18 of the estrous
cycle and early pregnancy stimulated prostaglandin (PG) E

2

synthesis only in the in vitro cultured stromal cells [13, 40].
Theoverall results suggest that LPA in bovine endometrium is
producedmainly by epithelial cells and affectsmostly stromal
cells acting via LPAR1.

Studying receptor and intracellular mechanism of LPA
action in the ovine trophectoderm cells, Liszewska et al. [34]
found that LPA stimulated the phosphorylation of ERK1/2
in vitro and a specific antagonist of LPAR1 and LPAR3
receptors (VPC32183) blocked this effect. This study directly
evidenced that LPARs operate and are functionally coupled
to signal transduction mechanisms in trophectoderm cells
[34]. In other cell types, the activation of ERK1/2 accounts
for the proliferative effect of LPA [86]. Therefore, Liszewska
et al. [34] claim that LPA amongst other factors in the
uterus may be involved in the elongation of the conceptus
during the peri-implantation period in the sheep as well as
in mediating the cellular differentiation required for ovine
embryo implantation. Liszewska et al. [34, 85] also reported
that LPA stimulated changes in the organization of actin
and tubulin architecture in ovine trophectoderm cells as well
as in uterine epithelial cells in vitro. Therefore the authors
suggested that LPA may be involved in the mechanisms
regulating morphological changes both in the embryo and
the uterus during conceptus adhesion to the uterus in
ewes during the implantation process Liszewska et al. [34,
85].

The studies concerning receptor and intracellular mecha-
nisms of LPA action in the bovine endometrial cells revealed
that LPA stimulated PGE

2
production, cell viability, and

intracellular calcium ionmobilization in the cultured stromal
endometrial cells via LPAR1 receptor activation [87].

In ruminants, the dynamic LPA synthesis and LPARs
expression and action in the follicle, CL and uterus suggest
that LPA plays autocrine and/or paracrine roles in the
reproductive tract acting via various active LPARs.

5.2. LPA Influence on Estradiol (𝐸
2
) Production and Follicle

Stimulating Hormone (FSH) Action in Granulosa Cells of the
Bovine Ovarian Follicle. In bovine follicles, Boruszewska et
al. [81] were the first to demonstrate the influence of LPA on
E
2
synthesis and secretion in the granulosa cells (Figure 1).

The authors documented that LPA and LPA together with
FSH stimulated E

2
production by cultured granulosa cells

in vitro [81, Figure 1]. Since E
2
promotes follicular develop-

ment by regulating steroid production and the expression of
gonadotrophin receptors in the bovine granulosa cells [88–
90], Boruszewska et al. [81] presumed that LPA participated
in ovarian follicle growth and differentiation. It has been
well documented that E

2
secretion is stimulated by FSH [91,

92], which acts by binding to specific, transmembrane FSH
receptor (FSHR) [88, 89]. Boruszewska et al. [81] documented
that LPA and LPA together with FSH stimulated FSHR gene
expression in bovine granulosa cells.

Boruszewska et al. [81] also investigated the effect of
LPA on the E

2
synthesis pathway. Granulosa cells are able

to convert thecal androgens to E
2
by cytochrome P450 aro-

matase (CYP19A1) and 17𝛽-hydroxysteroid dehydrogenase-
(17𝛽-HSD-) catalyzed reactions [88, 90, 92, 93]. In the study
of Boruszewska et al. [81], LPA did not influence CYP19A1
transcript level, while treatment with LPA, FSH, and LPA
together with FSH resulted in increased 17𝛽-HSD mRNA
expression in granulosa cells (Figure 1).

Concluding, LPA stimulates E
2
production and FSH

action in granulosa cells of the bovine ovarian follicle via
increased expression of the FSHR and 17𝛽-HSD genes, which
in turn might account for the participation of LPA in ovarian
follicle growth and differentiation.

5.3. The Action of LPA on Bovine CL during the Luteal Phase
of Estrous Cycle and Early Pregnancy. In ruminants in vivo
action of LPA was only examined in the cow [7, 40]. In
these studies it was demonstrated that LPA administered
into aorta abdominalis affected P4 and PG secretion during
the luteal phase of the estrous cycle. The dose of 1𝜇g LPA
administered into the aorta abdominalis stimulated P4 and
PGE
2
concentration in the blood [7].Woclawek-Potocka et al.

[7] also showed that the inhibition of endogenous LPA action
via the infusion of LPA1 receptor antagonist (Ki16425) caused
the decrease of P4 and PGE

2
concentrations, which suggested

LPA influence on both endometrium and the CL. Moreover,
Woclawek-Potocka et al. [40] found that in the heifers infused
deeply into the vagina, near the cervix of the uterus with 1mg
LPA, spontaneous luteolysis was prevented, and the func-
tional lifespan of the CL was prolonged in comparison with
animals of the control group (Figure 2).The possibility of LPA
action on P4 synthesis in the steroidogenic cells of the bovine
CL was confirmed in the in vitro studies of Kowalczyk-Zieba
et al. [16].The authors found that LPA stimulated P4 secretion
via stimulation of 3𝛽-hydroxysteroid dehydrogenase/5Δ-4Δ
isomerase (3𝛽HSD) expression in steroidogenic CL cells [16].

We also found that LPA did not express only direct
luteotropic action [16] but also indirect luteoprotective role
inhibiting cytokine mediated regression of the bovine CL
[83].We examined the possibility of LPA-dependentmodula-
tion of tumor necrosis factor (TNF)𝛼 and IFN𝛾 actions at the
late luteal stage—when the luteolysing cytokines act themost.
It has been documented before that TNF𝛼 togetherwith IFN𝛾
can serve as mediators of luteolytic actions of PGF

2𝛼
via

inhibiting P4 production and stimulating apoptosis of the
cultured bovine luteal cells [94–96]. Physiologically, in the
organism, not only activated macrophages and lymphocytes
produce TNF𝛼 and IFN𝛾 but also fibroblasts and endothelial
cells [97, 98]. Penny et al. [97] and Sakumoto et al. [99]
demonstrated that total amount of TNF𝛼 and IFN𝛾 rise
significantly just after initiation of luteolysis, as the reason
of a great amount of lymphocytes infiltrating the CL at
this time. Moreover, Skarzynski et al. [100] demonstrated
before that TNF𝛼 in low concentrations caused luteolysis
(decreased P4 level), which could be augmented by various
factors, including IFN𝛾. Concerning the possibility of LPA-
dependent modulation of TNF𝛼 and IFN𝛾 actions at the late
luteal stage, Woclawek-Potocka et al. [83] demonstrated that
LPA reversed the inhibitory effect of TNF𝛼 and IFN𝛾 on P4
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Figure 2: Concentrations of progesterone in peripheral blood
plasma of heifers infused with saline (grey bars), LPA (1mg; line), or
LPA (1mg) together with blocker of LPARs (VPC32183; 1mg; dotted
line) on day 15 of the estrous cycle. (Adapted from [40].)

synthesis in the cultured bovine steroidogenic cells. These
data are consistent with previous data obtained in vivo that
LPA administered into aorta abdominalis or intravaginally
increased P4 secretion in the cows during the luteal phase of
the estrous cycle [7, 40, Figure 2]. In heifers, LPA-dependent
prevention of the spontaneous luteolysis and prolongation of
the functional lifespan of the CL in vivo were also reported
before [40]. These results seem to be important because
the midluteal stage represents a critical period in the CL
lifespan for P4 secretion [101]. Woclawek-Potocka et al. [83]
hypothesized that at the midluteal stage of estrous cycle, if
the female becomes pregnant, that continued secretion of P4
from the CL can be directly supported by LPA or indirectly
by reversing luteolyting action of TNF𝛼 and IFN𝛾.

Woclawek-Potocka et al. [83] also documented that LPA
suppressed TNF𝛼- and IFN𝛾-induced luteal cell apoptosis
(Figure 1), which is known to occur during structural lute-
olysis [102, 103]. In the bovine CL it was demonstrated that
LPA inhibited the stimulatory effect of TNF𝛼 and IFN𝛾
on the expression of one of the mitochondrial regulatory
proteins, Bax, which in turn orientates the cells towards the
survival state [83]. In addition, apoptosis on the receptor
level can also be initiated via TNF super family receptors
(TNFRs). Sakumoto et al. [99] and Taniguchi et al. [96]
demonstrated that TNF𝛼 induced apoptotic cell death of
cultured bovine luteal cells mainly acting via TNFR1, whereas
TNFR2 is the type of the receptor associated mainly with
the prosurvival action of this cytokine in the organism [104].
In the study of Woclawek-Potocka et al. [83], LPA inhibited
only the stimulatory effect of TNF𝛼 and IFN𝛾 on TNFR1
expression in the cultured steroidogenic luteal cells on days
8–12 of the estrous cycle. The Fas antigen (Fas) also belongs
to the TNF super family receptors which together with Fas
ligand (FasL) transmit basic signals controlling intercellular
apoptosis pathway [105]. Woclawek-Potocka et al. [83] found
that in the presence of LPA, TNF𝛼 and IFN𝛾 did not stimulate
Fas and FasL expression in the cultured steroidogenic luteal
cells on days 8–12 of the estrous cycle. Moreover, it has been
documented before that the inhibition of intraluteal P4 action
by various specific antagonists amplified Fas L-mediated

apoptosis viathe increase of Fas and initiation of caspase
(Casp)8 and Casp3 expressions as well as Casp3 activity in
cultured bovine luteal cells [106].High levels ofCasp8 directly
initiate cleavage of an effector Casp3, thereby initiating
the execution phase of apoptosis [107]. During apoptosis
executed through the mitochondrial pathway, active Casp8
stimulates the binding of proapoptotic Casp to mitochondria
and inhibits association of antiapoptotic Bcl-2. This leads to
the leakage of cytochrome c from the mitochondria into the
cytosol, which in turn promotes formation of the apoptosome
and triggers activation of the effector Casp3 [107]. In the
bovine CL, LPA decreased cleaved Casp3 activity induced
by TNF𝛼 and IFN𝛾 [83]. However, in the bovine CL the
onset of apoptosis is not observed until P4 production has
declined [108, 109]. In this aspect Woclawek-Potocka et
al. [83] surmised that in the bovine CL, in the presence
of LPA, P4 secretion was supported and also TNF𝛼 and
IFN𝛾 could not induce apoptosis (Figure 1). Moreover, LPA
reversed TNF𝛼- and IFN𝛾-induced apoptosis via inhibition
of the stimulatory effect of the cytokines on the expression
of Bax, Fas-FasL system, TNFR1, and Casp3 activity in the
cultured steroidogenic luteal cells, which orientated these
cells towards the survival state [83].

The influence of LPA on early pregnancy in the cow was
also examined [40]. Woclawek-Potocka et al. [40] demon-
strated that LPA had strong effect on P4 and PGE

2
secretion

on days 15–18 of early pregnancy (Figure 3). Moreover, the
authors proved that blocking the effect of endogenous LPA
by administration of VPC32183 significantly decreased preg-
nancy rate compared with control and LPA-treated heifers
[40, Figure 3]. LPA-induced PGE

2
secretion in vivo may

indirectly support CL function [110, 111] and have roles in
establishing and maintaining pregnancy [112, 113]. Thus the
authors suggested that LPA could be a luteoprotective factor
in the bovine endometrium during both the estrous cycle
and early pregnancy establishment in the cow [40]. The data
obtained in the above studies seem to be important because
the examined time frame (days 15–18) represent a critical
period in the establishment of pregnancy. This is the time
of the highest IFN𝜏 production by the conceptus, just before
implantation; therefore, the interactions between LPA and
IFN𝜏 cannot be excluded.

The interactions between LPA and IFN𝜏 were studied
in vitro by Kowalczyk-Zieba et al. [16] in bovine CL. The
authors investigated whether LPA had a direct effect on P4
secretion from bovine luteal cells and whether it modulated
IFN𝜏 action in the luteal cells in vitro [16]. Kowalczyk-
Zieba et al. [16] found that LPA stimulated P4 secretion
from steroidogenic CL cells of the midluteal phase through
stimulation of 3𝛽HSD expression in these cells (Figure 1).
These results are important because the midluteal stage
represents a critical period in the CL lifespan for secretion
of P4 [114]. Kowalczyk-Zieba et al. [16] hypothesized that at
the examined time of estrous cycle, if the female becomes
pregnant, continued secretion of P4 from the CL can be also
supported by LPA. However, Kowalczyk-Zieba et al. [16] did
not find any modulation of IFN𝜏 action on P4 secretion
in the luteal cells of the bovine CL. On the other hand,
Kowalczyk-Zieba et al. [16] proved that LPA augmented IFN
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Figure 3: Concentrations of progesterone in peripheral blood plasma of pregnant (black dots) and nonpregnant (white squares) heifers
infused with saline (a), 1mg of LPA (b), or 1mg of VPC32183 (c). All reagents were infused every 24 hours from day 15 to day 18 after
insemination into the vagina. Different letters in the top right corner indicate significant differences (𝑃 < 0.05) between treated groups (𝑛 = 8
for each group of heifers). (Adapted from [40].)

𝜏-dependent stimulation of ubiquitin-like IFN-stimulated
gene 15 kDa protein (ISG15) and 2,5-oligoadenylate synthase
(OAS1) expression in the steroidogenic cells of the bovine CL
(Figure 1). These two genes are expressed in the bovine CL of
both cyclic and pregnant cows regardless of pregnancy status
but are upregulated only during early pregnancy [115, 116].

The data obtained in cows prove that LPA can be an
additional auxiliary luteotropic factor acting in the CL and
in the endometrium during both the estrous cycle and early
pregnancy establishment.

5.4. The Influence of LPA on PG Synthesis in the Bovine
Endometrium. In ruminants, uterine PGs are crucial compo-
nents in the regulation of estrous cycle and early pregnancy.
Prostaglandin F

2𝛼
is the major luteolytic agent, whereas

PGE
2
has luteoprotective and antiluteolytic properties [111,

117]. Therefore, achieving an optimal PGF
2𝛼

to PGE
2
ratio

is essential for endometrial receptivity, maintenance of CL
action, and P4 secretion as well as accurate pregnancy

establishment [118]. The dynamic PG synthesis and action
in the bovine endometrium [111, 117, 118] and possible
interactions between LPA and PGs as well as mechanisms of
LPA synthesis [119, 120] were well evidenced in the literature.
Woclawek-Potocka et al. [7] tested the hypothesis, whether
LPA signaling affected endometrial AA metabolism not only
in rodents [120–122] and human [123] but also in cattle. In the
bovine endometrium, positive correlation between LPAR1
and PGES expression at early pregnancy was demonstrated
[7]. Moreover, LPAR1 expression was negatively correlated
with the expression of PGFS during early pregnancy [7]. The
authors claimed that these correlations explained that PGE

2

and LPA act similarly and that PGF
2𝛼

and LPA act differently
during early pregnancy in cow [7].

There are also data in the literature on the intracellular
and enzymatic mechanisms of LPA- dependent stimulation
of PG synthesis in the bovine endometrium [7, 40, Figure
1]. In the bovine uterus, LPA stimulated PGE

2
synthesis via

PGES mRNA stimulation only in stromal cells on days 8–
10 and 16–18 of the estrous cycle and pregnancy [13, 40].
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Moreover, LPA inhibited PGF
2𝛼

synthesis via PGFS mRNA
stimulation only in epithelial cells on days 8–10 and 16–18
of pregnancy [13, 40]. Thus, Woclawek-Potocka et al. [13]
suggested that LPA is an additional luteoprotective factor in
the bovine endometrium during both the estrous cycle and
early pregnancy. Since PGE

2
stimulates CL function [110, 111]

and has roles in establishing andmaintaining pregnancy [112,
124], LPA, via stimulation of its synthesis, may be an impor-
tant factor contributing to the establishment of pregnancy in
the bovine endometrium. Woclawek-Potocka et al. [13] also
suggested that this effect might be additionally augmented
by LPA-dependent inhibition of PGF

2𝛼
synthesis during early

pregnancy.The above data seem to be important, because the
examined time frames are crucial phases during early preg-
nancy. First, days 8–10 represent the time of immunological
pregnancy establishment as shown by Kelemen et al. [125],
Barnea et al. [126], and Majewska et al. [127]. Moreover, days
8–10 after conception have recently been considered to be
crucial in terms of early embryonic loss. In cattle, the major
percentage of embryo loss occurs before day 16 following
breeding, with some evidence pointing to greater losses
before day 8 in high-producing dairy cows [128]. On the
other hand second examined time frame—days 16–18 of early
pregnancy represent the time of the highest IFN𝜏 production
by the conceptus, just before implantation. Therefore, the
interactions between LPA and IFN𝜏 at these phases cannot
be excluded.

The data obtained in cows is consistent to a certain extent
with data obtained in ovine trophectoderm cultured cells, in
which LPA induced PGF

2𝛼
and PGE

2
release [34]. However,

the authors of this study excluded the possibility of the effect
of LPA on PG release via changes in the mRNA expression
of PGES and PGFS. Liszewska et al. [34] claimed that, in the
case of trophectoderm cells, the phosphorylation of PLA2 by
extracellular signal regulated kinase (ERK) is a critical step
in the sequence of events leading to mobilization of AA, as
was demonstrated previously by An et al. [129] in Jurkat T
cells in humans. Liszewska et al. [34] hypothesized, that in
trophectoderm cells, LPA-mediated phosphorylation of ERK
may have caused rapid activation of PLA

2
that resulted in a

burst of PG synthesis independent of any modifications in
gene expression. However, there are also reports in human
and rats that LPA increased PGE

2
synthesis in humanmono-

cytic and ovarian cancer cells [130, 131] aswell as ratmesangial
cells [132, 133] via upregulation of PTGS2.Moreover, in mice,
targeted deletion of LPAR3 receptor resulted in implantation
defects accompanied by a reduction in PTGS2 expression and
the levels of PGE

2
and PGI

2
[120].

Despite different intracellular mechanisms of LPA-
induced PG synthesis in the cow and ewe, a new biological
function for LPA interaction with PGs in the contribution of
pregnancy establishment in cows and in the regulation of the
implantation process and embryonic development in ewes
was designated in ruminants.

6. Conclusion and Future Perspectives

There is overwhelming evidence in many studies using a
ruminant model that LPA signaling can have significant

consequences for reproductive health. The effects of LPA
depend on many various conditions such as the target tissue
and physiological status of the animal as well as the phase of
the estrous cycle or pregnancy. However, the most important
issue connected with LPA signaling is the fact that there
is the possibility of LPA synthesis directly in the area of
the reproductive tissues. Therefore, it is crucial to examine
carefully the effects of this biologically active compound on
reproductive outcomes using animal models that can the
most closely mimic reproductive processes in human.

In spite of many limitations in conducting well-designed
human studies, information gathered from already published
ones combined with the large number of the studies already
available in ruminants, clearly demonstrate that LPA has the
ability to influence the reproductive performance of an adult
female.
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A proper fetomaternal immune-endocrine cross-talk in pregnancy is fundamental for reproductive success. This might be
unbalanced by exposure to environmental chemicals, such as bisphenol A (BPA). As fetoplacental contamination with BPA
originates from the maternal compartment, this study investigated the role of the endometrium in BPA effects on the placenta.
To this end, in vitro decidualized stromal cells were exposed to BPA 1 nM, and their conditioned medium (diluted 1 : 2) was used
on chorionic villous explants from human placenta. Parallel cultures of placental explants were directly exposed to 0.5 nM BPA
while, control cultures were exposed to the vehicle (EtOH 0.1%). After 24–48 h, culture medium from BPA-treated and control
cultures was assayed for concentration of hormone human Chorionic Gonadotropin (𝛽-hCG) and cytokineMacrophageMigration
Inhibitory Factor (MIF). The results showed that direct exposure to BPA stimulated the release of both MIF and 𝛽-hCG. These
effectswere abolished/diminished in placental cultures exposed to endometrial cell-conditionedmedium.GM-MSanalysis revealed
that endometrial cells retain BPA, thus reducing the availability of this chemical for the placenta. The data obtained highlight the
importance of in vitromodels including the maternal component in reproducing the effects of environmental chemicals on human
fetus/placenta.

1. Introduction

During pregnancy, two genetically different organisms, the
mother and the fetus, establish a molecular cross-talk [1–3].
In this cross-talk, a huge number of molecules are secreted
by both organisms and act on both sides [4]. The concerted
action of endocrine, paracrine, and autocrine molecules
makes the maternal decidua an immunologically privileged
site, in which the semiallogenic embryo/fetus is allowed to
grow and develop [5, 6]. A correct and timely signalling
between the mother and the fetus/placenta is of paramount
importance for embryo implantation and further develop-
ment [7]. Hormones, such as estradiol-17𝛽 (E2) and proges-
terone (P4), play key roles in the preparation of the maternal

uterine decidua for the implanting blastocyst [8, 9]. Sim-
ilarly, these hormones regulate the development of the
embryo/fetus and the correct process of placentation [10–12].

Among the plethora of molecules that are secreted at the
fetomaternal interface, theMacrophageMigration Inhibitory
Factor (MIF) is a proinflammatory cytokine which has been
shown to play a regulatory role in human pregnancy. MIF
is expressed by the human placenta throughout gestation
and mainly in the early stages of pregnancy [13, 14]. Any
variation of MIF, towards either an increase or a decrease in
the maternal serum, has been associated with complications
in human pregnancy, including miscarriage, preterm labour,
and preeclampsia [15–18]. These data reveal the importance
of MIF in human pregnancy.
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The beta subunit of human Chorionic Gonadotropin (𝛽-
hCG) is specifically secreted by the trophoblast, starting from
the very first stages of gestation [19–21]. It plays a key role in
implantation and in the maintenance of pregnancy [19, 21].

Acting together, immune and hormonal stimuli lead the
maternal tissues to the formation of the decidua at the end of
each cycle. If fertilization has occurred, the blastocyst reaches
the uterine epithelium and implantation starts. The tro-
phoblast cells which form the epithelial covering of the blas-
tocyst first contact the uterine epithelium and then dislodge
the epithelial cells and invade the maternal endometrium
[22]. 𝛽-hCG is the signal of human pregnancy capable
of preventing the corpus luteum from degenerating, thus
allowing blastocyst implantation and placenta development.
Acting on the human endometrium, MIF is able to reduce
the cytotoxicity of decidual NK cells, thus suggesting an
important role in the maternal immunotolerance versus the
semiallogenic fetus [23]. Any unbalance in 𝛽-hCG and MIF
secretion could have serious consequences for pregnancy and
fetal health.

Bisphenol A (BPA) is the prototype of environmental
chemicals, with a well-recognized hormone-like activity and
wide diffusion in several items, including polycarbonate
plastics and cans used for food and beverages [24]. As any
other human being, women in reproductive age and mothers
during pregnancy can be daily exposed to BPA. Contamina-
tion by this chemical can occur through dermal absorption
by using personal care products and detergents, breathing
contaminated air, and drinking or ingesting contaminated
water or food [25, 26]. BPA can bind the receptors of endoge-
nous steroid hormones and thus is able to interact with the
hormone target organs [27–32]. Due to its high lipophilic
property, BPA can be transferred all through the placenta and
reach the fetus [33]. Animal studies showed that pre- and
perinatal exposure to this chemical causes problems to the
newborn such as low birth weight and/or predisposition to
adult degenerative diseases, that is, cardiovascular diseases,
diabetes, obesity, and allergies [34–36]. BPA acts also in
human placenta at concentrations as low as nM [33].

As fetoplacental contamination with BPA originates from
the maternal compartment, this study aimed to investigate
the effect of maternal contamination with BPA on the human
placenta. In the attempt to resemble the complex molecular
interactions between the mother and the fetus in early
pregnancy, a cell-free strategy with conditioned medium
from endometrial stromal cells was used to expose placental
cultures from first trimester of pregnancy. MIF and 𝛽-hCG
were assayed as key molecules of the endocrine-paracrine
secretions for placenta establishment and development.

2. Materials and Methods

This study was conducted within a collaborative project
between the Laboratory of the Department of Reproductive
Immunology and Pathology, Institute of Animal Reproduc-
tion and Food Research, Polish Academy of Sciences, Olsz-
tyn, Poland, and the Laboratory of the Department of Life

Sciences, University of Siena, Italy. If not otherwise specified,
the procedures were carried out in both laboratories.

2.1. Isolation and Culture of Endometrial Stromal Cells.
Biopsies (of about 0.5 cm3 each) from healthy human
endometrium (in total 𝑛 = 3 specimens from different
donors, all from early proliferative phase of cycle) were
obtained from the Prefectural Hospital of Olsztyn (Poland)
(𝑛 = 2 specimens) and from the Hospital of Campostaggia
(Siena, Italy) (𝑛 = 1 specimen) afterwritten informed consent
of the patients and with the approval of the local Ethics
Committee (490/12/BIOET, for the Hospital of Olsztyn, and
VITRO-RIP 2013, for the Hospital of Campostaggia), in
accordance with the Helsinki Declaration guidelines. Dating
of the endometrial tissuewas performed according to the date
of the last menstrual period and to the standard histological
dating performed in the hospital [37]. Stromal cells were
isolated as described by Hombach-Klonisch et al. [38] with
some modifications. Briefly, the tissue was cut into 1mm3
pieces and incubated inDMEM-F12medium,without phenol
red (Sigma-Aldrich, St. Louis,MO, USA), supplemented with
1% antibiotic/antimycotic (Sigma-Aldrich), 0.1% (w/v) albu-
min from Bovine Serum (BSA) (Roche Diagnostics GmbH
Mannheim, Germany), 2.4 IU/mL dispase (Gibco, Grand
Island, NY, USA), 0.05% (w/v) collagenase (Sigma-Aldrich),
and 0.005%DNase I (Sigma-Aldrich) for 20minutes, at 37∘C,
with gentle shaking. After the enzymatic digestion, stromal
cells were separated from epithelial cells with nylon strainers
of 70𝜇m (Becton Dickinson, Falcon, Franklin Lakes, NJ,
USA) and finally 40 𝜇m (BD Falcon) of pore size. Cells
were then centrifugated at 100×g for 10 minutes at 4∘C
and the erythrocytes present in the cell pellet were lysed by
addition of the red blood cell lysis buffer (Sigma-Aldrich).
The cells were finally resuspended in phenol red-freeDMEM-
F12 (Lonza BioWhittaker, Verviers, Belgium) supplemented
with 10% Fetal Bovine Serum (FBS) (Sigma-Aldrich) and 1%
antibiotic/antimycotic (Sigma-Aldrich) and seeded in 6-well
plates (BD Falcon). Medium containing unattached cells was
removed after 2-3 h, in order to further purify the culture.
After reaching 70–80% confluence, cells were then released
from the plates by trypsin/EDTA (Lonza BioWhittaker) and
reseeded, at a concentration of 1 × 106 cells/mL, in 25 cm2
flasks (BD Falcon).

2.2. Characterization and Decidualization of Endometrial
Stromal Cells. Endometrial stromal cells were cultured in
humidified atmosphere of 5% CO

2
in air, at 37∘C in complete

DMEM-F12medium,without phenol red, supplementedwith
10% FBS and 1% antibiotic/antimycotic, until 70–80% conflu-
ence. The purity of the stromal cells from each specimen was
confirmed by flow cytometry and immunocytochemistry as
described below.The cells were then decidualized by priming
with steroid hormones, resembling the conditions of the
cycling endometrium [39, 40]. In particular, cells in 25 cm2
flasks at 70–80% confluence (about 1.3 × 106 cells/flask) were
cultured without hormones for the first three days [38]; then,
in order to mimic the proliferative phase of the cycle, the
mediumwas supplementedwith E2 (10−8M) (Sigma-Aldrich)
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and cultures incubated for a further 3 days. Finally, the cells
were exposed to E2 + P4 (10−8M/10−6M, resp.) (Sigma-
Aldrich) up to 12 days to mimic the secretory phase [40]. Cell
decidualization was confirmed by assaying the secretion of
the Insulin-Like Growth Factor Binding Protein-1 (IGFBP-
1) by an Enzyme-Linked Immunosorbent Assays (ELISA).
The cells were harvested in TriReagent (Sigma-Aldrich) for
normalization of IGFBP-1 concentration with total DNA
content.

2.3. Isolation and Culture of Placental Villous Explants.
First trimester human placenta samples (𝑛 = 3 specimens)
were obtained after elective termination of pregnancy at
weeks 8–10 of gestation from the Hospital of Campostaggia
(Siena, Italy). Collection of tissues was performed after
written informed consent of the patients and with the
approval of the local Ethics Committee (VITRO-RIP 2013),
in accordance with the Helsinki Declaration guidelines.
The tissues were brought to the laboratory and processed
within a maximum of 2 h after collection. The samples
were rinsed in cold serum-free DMEM-F12 without phe-
nol red (Lonza BioWhittaker) and supplemented with 1%
of penicillin/streptomycin (Sigma-Aldrich) and with 1% of
L-glutamine (Sigma-Aldrich), to remove excessive blood.
Villous explants were dissected as previously described
[13]. Briefly, small fragments of villous tips (15–20mg wet
weight) were isolated and placed onMillicell-CMculture dish
inserts (Millipore Corp., Bedford, MA) previously coated
with 180 𝜇L of undiluted Matrigel (Collaborative Biomedical
Products, Bedford, MA) and then transferred to 24-well
culture plates. The explants were maintained overnight in
250𝜇L of serum-free DMEM-F12 in a humidified 20% O

2

and 5% CO
2
atmosphere at 37∘C to allow the attachment

to the Matrigel. The next day, the culture medium in the
outer chamber of the well was replaced with fresh medium
containing the treatments and 250𝜇L of medium containing
the treatments was added to the transwells. This part of the
study was conducted in the Laboratory of the Department of
Life Sciences, University of Siena (Italy).

2.4. Experimental Procedures

2.4.1. Conditioned Medium from In Vitro Decidualized Stro-
mal Cells. In vitro decidualized stromal cells from single
donors were seeded in 25 cm2 flasks (BD Falcon). The cells
were used for the experiments at the second passage of
culture. When a confluence of 80–90% was reached, cells
were maintained in a medium devoid of hormonal stimuli
(phenol red-free DMEM-F12 plus 1% antibiotic/antimycotic
plus 0.1% Bovine Serum Albumin, BSA) for 24 h. Then,
cultures (about 1.3 × 106 cells per flask) were exposed to
1 nM BPA (Sigma-Aldrich) and, further, incubated for 24 h.
Control cultures were exposed to the vehicle (EtOH 0.1%),
as BPA was dissolved in EtOH as well. BPA treatments
and control cultures were carried out in duplicates, in
separated 25 cm2 flasks. At the end of the experiment, the
culture medium of both, BPA-treated and control cultures,
was separately collected in pyrogen-free sterile tubes and

immediately centrifuged at 13000×g at 4∘C for 10 minutes.
The supernatant was subdivided in aliquots and kept at−80∘C
until use for treatment on placental explants (conditioned
medium from stromal cells). Cells were harvested in ice cold
RIPA lysis buffer (Tris base 40mM, NaCl 150mM, EDTA
500 nM, Triton X-100 1%, sodium deoxycholate 0.5%, and
SDS 0.1%), containing protease inhibitor cocktail complete
(Roche), for protein extraction. In total, three experiments
were performed, each one using endometrial tissue from a
single donor.

2.4.2. Treatment of Placental Villous Explants. Villous
explants were exposed to the following media:

(i) C: phenol red-free DMEM-F12, supplemented with
0.05% BSA;

(ii) c-C: conditioned medium from stromal cells pre-
viously exposed to the vehicle alone; this medium
was diluted 1 : 2with freshDMEM-F12 (supplemented
with 0.1% BSA) before being used on the placenta
explants;

(iii) c-BPA: conditionedmedium from stromal cells previ-
ously exposed to 1 nM BPA; this medium was diluted
1 : 2 and used as above described;

(iv) BPA: phenol red-freeDMEM-F12, supplementedwith
0.05% BSA and added with 0.5 nM BPA.

In total, 𝑛 = 3 experiments were performed, each one using
placenta explants from a single donor. BPA treatments and
control cultures were carried out in duplicates; samples from
single explants were collected and processed separately. At
24 h of treatment, 30𝜇L ofmediumwas collected, centrifuged
at 13000×g at 4∘C for 10 minutes, and stored at −80∘C
until MIF and 𝛽-hCG assay. Cultures were added with an
equal volume (30 𝜇L) of the respective exposure medium and
incubated for a further 24 h. At the end of the experiments
(48 h), the total medium was collected, centrifuged, and
stored −80∘C until MIF and 𝛽-hCG assay. Villous explants
were removed from the Matrigel and immersed in ice cold
RIPA lysis buffer for protein extraction.

2.4.3. Measurement of Free BPA in the In Vitro Decidualized
Stromal Cell Cultures. In order to estimate the amount of free
BPA in themedia, 250 𝜇Lof cell suspension at a concentration
of 1 × 106 cells/mL of in vitro decidualized stromal cells was
seeded in 25 cm2 flasks (BD Falcon). When a confluence of
80–90% was reached, cells were maintained in starvation
(devoid of hormonal stimuli, supplemented with 0.1% BSA)
medium for 24 h. The cells were then exposed to EtOH 0.1%
(C) or to BPA (BPA 1 𝜇M; BPA 1 nM) in starvation medium
and incubated for a further 24 h. In each set of samples (C,
BPA 1 𝜇M, BPA 1 nM) medium was assayed for free BPA
either, before (M) and after (T) exposure to the cells. The
cells were washed twice withwarmPhosphate Buffered Saline
(PBS), added with new starvation medium, devoid of BPA,
and incubated for a further 24 h. At the end of this incubation
time, medium (W) and cell lysate (R) were centrifuged at
13000×g at 4∘C for 10 minutes and stored at −80∘C until
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BPA assay. Samples of starvation medium and RIPA buffer
that did not come into contact with cells were also collected
and used as blank samples. The amount of free BPA in the
samples was measured by gas chromatography coupled with
mass spectrometer (GC-MS).

2.5. Methods

2.5.1. Flow Cytometry. Flow cytometric analysis was con-
ducted using the BD FACSAria II flow cytometer one day
after the isolation of a new specimen. After isolation, cells
(about 4 × 106 cells/flask) were plated in 75 cm2 flasks with
complete medium (DMEM-F12, 10% FBS, and 1% antibi-
otic/antimycotic). The day after, cells were washed two times
in warm sterile PBS and detached with Accutase 5x (cell
detachment solution, Thermo Electron). An amount of at
least 1 × 106 cells/mL was used for the flow cytometric analy-
sis. The cell suspension was washed twice in PBS and divided
into test tubes for immunolabeling. In order to find putative
impurities in the cell culture, cells were incubated in the
dark for 30 minutes with fluorescein isothiocyanate- (FITC-)
conjugated monoclonal antibodies against CD31(PECAM-1)
(number F8402, Sigma-Aldrich), a marker of endothelial
cells, and CD326 (EpCAM) (number 342203, BioLegend),
a marker of epithelial cells. The control test tube was not
stained.

2.5.2. Immunocytochemistry. The purity of endometrial cell
cultures obtained was also evaluated in each specimen, by
using immunofluorescent staining for a specific marker of
stromal cells (vimentin) and a specific marker of epithelial
cells (cytokeratin) as described previously [41] with some
modifications. 250𝜇L of cell suspension (1 × 105 cells/mL)
was seeded on Thermanox Plastic Coverslips, in 4-well plate
(ThermoScientific Nunc, Rochester, NY, USA) in complete
DMEM-F12 medium and incubated in humidified atmo-
sphere of 5% CO

2
in air, at 37∘C until confluence (about 5

days of culture). Cells were fixed in paraformaldehyde. After
that, nonspecific binding was avoided by incubation with
rabbit serum (Sigma-Aldrich). Then, slides were incubated
with primary antibody against vimentin (Sigma- Aldrich) or
against cytokeratin (Sigma-Aldrich). A Cy3 labeled antibody
(Sigma-Aldrich) was used as secondary antibody. Coverslips
were mounted in Vectashield with DAPI (Vector Laborato-
ries, Inc., Burlingame, CA).Human endometrial stromal cells
were observed under inverted confocal microscope (Nikon
Eclipse Ti-E).

2.5.3. Tissue and Cell Lysates. Total lysates of placental
explants or endometrial stromal cell cultures were harvested
in RIPA lysis buffer and sonicated on ice. Total lysates were
centrifuged at 12,000×g for 15min at 4∘C and stored at
−80∘C until use. The lysates from placental explants were
assessed for total protein concentration by Bradford Protein
Assay (BioRad), while the lysates from endometrial stromal
cell were assessed for BPA content by Gas Chromatography
coupled with Mass Spectrometry (GC-MS).

2.5.4. ELISA Assays

IGFBP-1. IGFBP-1 analysis was performed in the culture
medium of endometrial stromal cells as a marker of decidu-
alization by using a commercial ELISA assay (R&D Systems).
This was done following the manufacturer’s instructions.
Briefly, the plates were coated with the capture antibody
overnight and, the day after, nonspecific binding was avoided
by incubation with blocking solution (10mMPBS, pH 7.4, 5%
(vol/vol) Tween 20) at room temperature (RT). The standard
and samples were added in duplicates. After washing, the
detection antibody was added and the plates incubated
at RT. Plates were supplied with streptavidin horseradish
peroxidase and then with the substrate solution and finally
incubated for 20 minutes at RT in the dark. The reaction
was stopped by adding the stop solution (2N, H

2
SO
4
). The

optical density of each well was determined at 450 nm by
a microplate reader (ThermoScientific). The concentration
of IGFBP-1 was extrapolated by the software Genesis from
a standard curve ranging from 12.5 to 2000 pg/mL, using
human recombinant IGFBP-1 (R&D Systems) as standard.
The data were normalized against the total cell DNA content,
measured by NanoDrop (ThermoScientific). The IGFBP-1
concentration was expressed as pg/𝜇g of total DNA.

MIF. In order to detect the amount of MIF released in the
medium of villous explants, a colorimetric sandwich ELISA,
previously set up in our laboratory, was used [13]. 96-well
plates were coated overnight at RT with anti-human MIF
monoclonal antibody (2 𝜇g/mL; R&D Systems). The plates
were then washed with washing solution (10mMPBS, pH
7.4, 0.05% (vol/vol) Tween 20), blocked by the addition of
300 𝜇L of blocking solution (10mMPBS, pH 7.4, 1% (wt/vol)
BSA 5% (wt/vol) sucrose), and incubated at RT for 1.5 h.
The standard and the samples were added in duplicates
(100 𝜇L/well) and incubated for 2 h at RT. The plates were
then washed, and 100 𝜇L of biotinylated goat anti-human
MIF antibody (200 ng/mL; R&D Systems) was added to
each well. Plates were incubated for 2 h at RT and then
washed. Streptavidin horseradish peroxidase (Zymed, San
Francisco, CA) was subsequently added to each well, and a
20min incubation at RT followed. The plates were washed
and 3,3,5,5-tetramethylbenzidine (Zymed) was added to each
well; the reaction was stopped after 20min by the addition
of 2N H

2
SO
4
. Absorbance was measured at 450 nm using

a microplate reader (ThermoScientific). The MIF concentra-
tion was extrapolated from a standard curve ranging from 25
to 2500 pg/mL of human recombinant MIF (R&D Systems)
as standard. The sensitivity limit of the assay was 18 pg/mL.
Intra- and interassay coefficients of variation were 3.86 (0.95)
and 9.14 (0.47) %, respectively. The MIF concentration was
expressed as pg/mgof total protein content from its respective
placental explant, measured by Bradford assay (BioRad).

𝛽-hCG. The concentration of the secreted 𝛽-hCG in the
media of the villous explants was assessed by a com-
mercial immunoenzymometric assay following the manu-
facturer’s instructions (Radim SpA, Pomezia, Italy). Stan-
dard with recombinant human 𝛽-hCG and samples were
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added in duplicates to precoated 96-well plates. The enzy-
matic conjugate (monoclonal anti-hCG antibody horseradish
peroxidase-labeled, diluted in Tris-HCl and BSA) was then
added and incubated for 30 minutes at RT. After washing,
the plate was incubated with the substrate solution. The
reaction was blocked by the addition of blocking reagent and
absorbance was measured at 450 nm using an ELISA SR 400
microplate reader (Sclavo, Siena, Italy). The 𝛽-hCG concen-
tration was extrapolated from a standard curve ranging from
12.5 to 2000mIU/mL of human recombinant 𝛽-hCG (Radim
SpA) as standard. The limit of sensitivity was 2mIU/mL
and the linear range of detection was 0–2000mIU/mL. The
data obtained in each sample were expressed as mIU/mg of
total protein content from its respective placental explant,
measured by Bradford assay (BioRad).

2.5.5. GC-MS. GC-MS was used for the determination of
BPA in the tested samples. Quantitative analysis was done
using the technique of isotope dilution mass spectrometry
(IDMS). Calibration phase required the determination cal-
ibration factor (Response Factor: RF) for radiolabeled and
naturally occurring standard:

RF =
𝐴nat ∗ 𝐶isotop

𝐴 isotop ∗ 𝐶nat
, (1)

where 𝐴 isotop is ion peak area for isotopically labeled analyte
(d
16

BPA) present in the standard sample, 𝐴nat is ion peak
area of a naturally occurring analyte (BPA) present in the
sample, 𝐶isotop is d

16
BPA concentration in the standard

sample, and 𝐶nat is BPA concentration in the sample.
The calibration procedure was carried out using high

purity water, and the blank samples were included in the
calculation of the data. The values of the Response Factor
(RF) were determined by using standard solutions containing
known concentration of isotopically labeled BPA analogue
and nine different concentrations of BPA analyte. A known
amount of deuterated BPA standard was added to each
analyzed sample. Then, the concentration of analyte in the
sample was calculated using the designated RF values, the
value of the area was obtained for the analyte in the sample,
and isotopically labeled standard was added to the sample.

The quantitative analysis byGC-MSwas performed in the
monitoringmode (SIM) of the two ions for BPA and two ions
BPA-d

16
at different time intervals. The average blank value

of the obtained results is 1.58 ± 0.13 ng/mL. This part of the
study was conducted in the Laboratory of the Department
of Reproductive Immunology and Pathology, Institute of
Animal Reproduction and Food Research, Olsztyn, Polish
Academy of Sciences, Poland.

2.6. Statistical Analysis. Data were analyzed on GraphPad
Prism Version 5.0 (GraphPad Software, Inc., San Diego, CA).
All data on 𝛽-hCG and MIF are shown as percentage mean
± SD versus C. The data obtained from the GC-MS analysis
are shown as ng/mL ± SD, while the data from IGFBP-1
analysis are shown as pg/𝜇g total DNA ± SD. All data were
statistically analyzed by the nonparametric Kruskal-Wallis
test. Differences were considered significant if 𝑃 ≤ 0.05.

3. Results

3.1. Validity of the Cultures Used. The purity of primary
stromal cells from human endometrium was assessed by
immunocytochemistry using antibodies against vimentin
(a marker of stromal cells) and cytokeratin (a marker of
epithelial cells). As shown in Figure 1, about 100% cells were
immunostained with anti-vimentin (A), while no evidence of
immunostaining was shown with anti-cytokeratin antibody
(B). The table in Figure 1(c) summarizes the information
about the three endometrial specimens used in this study.
Flow cytometry was used to evaluate the percentage of
contaminating endothelial (anti-CD31 antibody) and epithe-
lial (anti-EpCAM antibody) cells (Figure 2). Analysis of
all endometrial specimens (𝑛 = 3) revealed an average
percentage of about 1.25 ± 0.05% of endothelial cells and
0.4 ± 0.17% of epithelial cells (Figure 2). The differentiation
of stromal cells into a decidual phenotype was monitored
throughout the culture by checking the morphology of the
cells that exhibited a polygonal phenotype after 10 days of
primingwith E2 +P4 (10−8M/10−6M) (Figures 3(a) and 3(b)).
Furthermore, decidualization of stromal cells was confirmed
by assaying the release of a decidualization marker, IGFBP-
1, into the culture media. This marker was selected because
endometrial stromal cells start to secrete IGFBP-1, as well
as prolactin, only when they differentiate into decidual cells.
Indeed, IGFBP-1 is highly secreted by the endometrium
during pregnancy and seems to be involved in regulating the
migration of human trophoblast [42].

During the culture, endometrial stromal cells started to
secrete a considerable amount of IGFBP-1 already after 4–
6 days of priming with E2 + P4 (10−8M/10−6M), reaching a
peak after 12 days of hormonal stimulation (with an average
value of secreted IGFBP-1 of 14.27±3.63 pg/𝜇g total DNA on
the 12th day of culture).

As to the villous explants, their viability and functionality
throughout the culture was confirmed by both secretion of
𝛽-hCG and the de novo formation of cellular outgrowths
of extravillous trophoblast during the culture period as
described by Genbacev et al., 1993 [43].

3.2. Endometrial Contribution to BPA Effects on Placental
Secretion of 𝛽-hCG and MIF. Explants of placental villi
were examined for the effect of BPA by both direct and
indirect (endometrial-mediated) exposure. In this study, 0.5–
1 nM BPA were selected, as representative concentrations
of the amount of BPA detected in human fluids [44–46].
Furthermore, such range of concentration proved to be
nontoxic for the placental tissues [33].

Figure 4 shows 𝛽-hCG concentration in the culture
medium of placental explants treated with BPA in medium
either conditioned or not conditioned by endometrial stro-
mal cells. Data were reported as percentagemean ± SD versus
the control. Control placental explants secreted increasing
levels of 𝛽-hCG from 24 to 48 h, thus confirming the
endocrine functional activity of the trophoblast during the
culture time. Direct exposure to 0.5 nM BPA significantly
stimulated the release of 𝛽-hCG at 48 h (𝑃 < 0.01 versus
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(a) (b)

Patient age Stage of estrous cycle Type of intervention
culture

38
Proliferative 

(day 7)
Hysterectomy for 

44 Proliferative 
(day 8)

Hysterectomy for 
leiomyoma

leiomyoma

leiomyoma
33 2nd passage

2nd passage

2nd passage

Proliferative 
(day 10)

Hysterectomy for 

Passage number of cell

(c)

Figure 1: Characterization of human endometrial stromal cells by immunofluorescence. (a) Cells were stained with anti-vimentin antibody
(red staining). Nuclei were stained with DAPI (blue staining). (b) Cells were negative for staining with anti-cytokeratin antibody. Only the
nuclei, stained with DAPI (blue), were visible. Scale bar = 50𝜇m. (c) Table showing the information about the origin of the endometrial
specimens used in the study.

C at 24 h). This increase was also statistically significant
in comparison to 48 h treatment with conditioned medium
from endometrial stromal cells previously exposed to BPA (c-
BPA) (𝑃 < 0.05 BPA 48 h versus c-BPA 48 h) (Figure 4). No
significant differences were observed between the medium
conditioned or not conditioned by endometrial stromal cells
at 24 h treatment (Figure 4). Figure 5 shows MIF concentra-
tion (percentage mean ± SD versus C) in the culture medium
of placental explants treated withmedium conditioned or not
conditioned by endometrial stromal cells. Direct exposure
to 0.5 nM BPA significantly triggered MIF secretion at 24 h
(𝑃 < 0.01 versus C). The effect was lower in explants
exposed to conditioned medium from decidualized stromal
cells previously treated with 1 nM BPA (c-BPA).

3.3. BPA Levels in Decidualized Stromal Cell Cultures. In
order to clarify the putative reason for the different effects
obtained in placental explants between direct and indirect
exposure to BPA, the amount of free BPA in stromal cells or
in the culture medium was analyzed by GC-MS (Figure 6).

For this analysis, we measured free BPA in three different
sets of samples: cells exposed to vehicle alone (C), to BPA
1 𝜇M, and to BPA 1 nM (see Figure 6). In each set of

samples, the medium was assayed before the contact with
endometrial cells (M) and after the exposure of cells for 24 h
(T).The exposed cells were thenwashedwith PBS and further
incubated with medium devoid of BPA for 24 h; at the end of
the incubation, themedium (W) and the cell lysates, obtained
in RIPA buffer (R), were analyzed.

As shown in Figure 6, no BPAwas detected in the samples
containing only the vehicle (C), while the exposure media
with BPA proved to have about the wanted concentration of
BPA, with an average value of 334.95 ± 16 ng/mL (approx-
imately 1.47 𝜇M) for BPA 1 𝜇M and 0.807 ± 0.06 ng/mL
(approximately 3.53 nM) for BPA 1 nM (Figure 6). After
exposure on cells, levels of free BPA in the culture medium
decreased significantly to 204 ± 40 ng/mL, for 1 𝜇M BPA
(𝑃 < 0.001 T versus M), and to 0.317 ± 0.08 ng/mL, for
1 nM BPA (𝑃 < 0.05 T versus M). Interestingly, the medium
obtained from cells first washed and then incubated with
medium devoid of BPA (W) contained 3.95 ± 1.59 ng/mL in
the cultures previously treated with BPA 1 𝜇M (𝑃 < 0.001W
versus M) and 0.347 ± 0.09 ng/mL in the cultures previously
incubated with BPA 1 nM.The washed cells (R) also retained
a significant amount of BPA, which corresponded to 1.89 ±
0.05 ng/mL, for cultures previously incubated with BPA 1 𝜇M
(𝑃 < 0.001 R versus M), and to 0.439 ± 0.16 ng/mL, for
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Cell type Average percentage (%)

Unlabeled (control)

CD31-labeled

EpCAM-labeled

99.18 ± 1.28

1.25 ± 0.05

0.4 ± 0.17

(d)

Figure 2: Representative flow cytometric plots of human endometrial cells, at 1st passage (day 1 after isolation). (a) Unlabeled cells. The
contour plot shows the unstained population of cells. (b) Population of CD31 (EpCAM-1) stained cells, marker of endothelial cells. (c)
Population of CD326 (EpCAM) stained cells, marker of epithelial cells. Data were elaborated with BD FACSAria II Software. (d) Table of
the expression of the cell types expressed as average percentage ± SD of 3 endometrial specimens.

(a) (b)

Figure 3: Representative pictures of human endometrial stromal cells observed under invertedmicroscope (Nikon). (a) Endometrial stromal
cells not exposed to hormonal stimuli.The characteristic spindle-like shape of stromal cells is recognizable. (b) Endometrial stromal cells after
priming with steroid hormones (E2 + P4 for 12 days). The polygonal shape, typical of decidualized cells, is recognizable. Scale bar = 200𝜇m.

cultures previously incubated with BPA 1 nM (𝑃 < 0.05 R
versus M).

4. Discussion

This study showed BPA effects at the fetomaternal interface.
Endometrial stromal cells were selected as a model of the
maternal compartment because of the hemochorial type
placentation in humans. This type of placentation implies in

fact that, after the dislodgement of the epithelial cell layer,
the human trophoblast invades the decidual compartment
taking intimate contact with the stroma and the cells that
compose it. The fetal component is represented by ex vivo
explants of human chorionic villi from first trimester gesta-
tion, a physiological model reflecting placenta establishment
and development in the maternal uterus. In this study,
cultures of placental explants were exposed to 0.5 nM BPA
or to conditioned medium from endometrial stromal cells
previously exposed to 1 nM BPA (the medium was diluted
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Figure 4: Concentration of 𝛽-hCG in the culture media of explants
of chorionic villi exposed to EtOH 0.1% (C), 0.5 nM BPA (BPA), or
conditioned medium (diluted 1 : 2) from decidualized stromal cells
previously exposed to vehicle (c-C) or to 1 nM BPA (c-BPA). The
time course lasted for 24 h (white bars) and 48 h (grey bars). Values
were normalized against villous explant total protein content and
expressed as percentage ± SD versus C at 24 h of 𝑛 = 3 separate
experiments (∗𝑃 < 0.05 BPA 48 h versus c-BPA 48 h).

1 : 2 vol/vol in fresh medium). Endometrial stromal cell-
conditioned medium was used to mimic maternal-mediated
contamination with BPA. The range of BPA concentrations
here selected is consistent with epidemiological studies which
show that BPA is found in human fluids in a range of 0.4–
30 nM [44–46]. Our study revealed two major findings.

(1) Endometrial stromal cells are able to “entrap” BPA
and thus make it less available to the placental
explants.

(2) Endometrial stromal cells can become a source of
BPA if their surrounding environment is devoid of
this chemical.

Both findings are discussed in detail below.
(1) In our study, hormone 𝛽-hCG and cytokine MIF, two

molecules that play key roles in the interactions between
fetal and maternal tissues, were selected as endpoints of BPA
activity in human placenta. The results showed that direct
exposure to BPA stimulated the release of both markers, 𝛽-
hCG and MIF. On the other hand, exposure to conditioned
medium from endometrial stromal cells previously exposed
to BPA did not result in any significant effect on placental
secretion of 𝛽-hCG and MIF. This might suggest a protective
role of endometrial cells against BPA on human placenta. To
clarify the contribution of endometrial stromal cells in min-
imizing BPA effects on the placenta, we assessed the amount
of BPA in the culture media collected from endometrial
cells/culture medium. GC-MS analysis revealed that, after
exposure on cells for 24 h, BPA levels in the culture medium
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Figure 5: Concentration of MIF in the culture media of explants
of chorionic villi exposed to EtOH 0.1% (C), 0.5 nM BPA (BPA),
or conditioned medium from decidualized stromal cells previously
exposed to vehicle (c-C) or to 1 nM BPA (c-BPA). The time
course lasted for 24 h (white bars) and 48 h (grey bars). Values
were normalized against villous explant total protein content and
expressed as percentage ± SD versus C at 24 h of 𝑛 = 3 separate
experiments (∗∗𝑃 ≤ 0.01BPA 24 h versus C 24 h).
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Figure 6: Concentration of free BPA in the culture media and
cell lysates of decidualized stromal cells, detected by GC-MS. C:
exposuremedia containing vehicle (0.1% EtOH); BPA 1𝜇Mand BPA
1 nM: exposure media containing BPA 1𝜇M or BPA 1 nM; M: media
before exposure to the cells; T: media incubated for 24 h with the
cells; W: washing media incubated for 24 h with cells previously
exposed to vehicle (group C) or to BPA (groups BPA); R: cell lysates
in RIPA buffer, after incubation with washing medium. Values are
expressed in ng/mL ± SD of free BPA of 𝑛 = 3 separate experiments
(∗𝑃 < 0.05 versus M; ∗∗∗𝑃 < 0.001 versus M).

were reduced with respect to the given dose. This might
indicate that the diminished response of villous explants on
exposure to endometrial cell-conditioned medium was due
to a lower availability of BPA. Moreover, the data indicate
that BPA is absorbed or metabolized by endometrial stromal
cells. Such hypothesis is supported by animal studies showing
that the rat uterine endometrium is able to sequester and
metabolize BPA, thus protecting the fetus [47]. Metabolic
transformation of BPA occurs in the liver by glutathione
transferases and cytochrome P450 enzymes [48, 49]. These
enzymes are present in the human endometrium and thus
could contribute to BPA metabolism [50–52].
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(2) Endometrial stromal cells after exposure to BPA can
become a source of this chemical. When the cells, first
exposed to BPA, were cultured in a BPA-free environment,
BPA was detected in the culture medium. In agreement
with the lipophilic nature of BPA [53], the findings indicate
diffusion towards the inside or towards the outside of the cell,
following concentration gradient. On these bases, it could be
hypothesized that human endometrium accumulates BPA in
everyday life and may release BPA to the fetal compartment
during pregnancy. In view of the data here collected, it is
important to underline that BPA is transferred through the
placenta [33]. Transport through fetal membranes has been
also demonstrated by the presence of BPA in fetal tissues and
umbilical cord blood [48].

The cell-free strategy here used does not exclude that
molecules potentially induced by BPA and present in the
culture medium of stromal endometrial cells could also play
a protective role in the placenta. Further studies are required
in order to elucidate this issue.

Using the samemodel of placental explants, we previously
showed that 1 nM para-nonylphenol (𝑝-NP), an estrogen-
like chemical, sharing many of its properties with BPA, had
similar effects to the ones observed here, resulting in the
induction of 𝛽-hCG and upregulation of a panel of cytokines,
statistically significant for GM-CSF and IL-10 [54, 55]. The
previous and the present data reveal that estrogen-like chem-
icals, that is, 𝑝-NP and BPA, unbalance endocrine-paracrine
secretion at the fetomaternal interface. BPA concentrations,
namely, 1 nM for endometrial stromal cells and 0.5 nM for
the placenta, are within the average concentrations found in
human tissues and fluids. With regard to pregnancy, levels
detected in maternal and fetal fluids ranged from 1 to 36 nM
[18, 46].

Furthermore, to the best of our knowledge, this study
showed for the first time the role of the fetal-maternal inter-
action in overcoming the effects of an exogenous substance
such as BPA on human placenta. Indeed, we showed that
direct exposure to BPA triggered placental secretion of MIF
and 𝛽-hCG. These effects were abolished in the presence
of conditioned medium from endometrial cells previously
treated with BPA. 𝛽-hCG promotes MIF secretion in the
human endometrium and exerts positive effects, that is,
by stimulating angiogenic molecules such as VEGF [56,
57]. It can be thus expected that 𝛽-hCG modulates MIF
secretion in the human placenta. This could explain the
similar trend observed for these two markers. Under physi-
ological conditions, the secretion of 𝛽-hCG is stimulated by
estrogens, while it is inhibited by progesterone [58]. 𝛽-hCG
promotes differentiation and invasion of the trophoblast and
has immunomodulatory properties [21].The excessive release
of 𝛽-hCG upon exposure to BPA raises concern on the effects
that this chemical could exert at the fetomaternal interface.
Indeed, increased levels of 𝛽-hCG have been reported in ges-
tational pathologies, such as preeclampsia [59, 60]. Similarly,
concentrations of MIF in maternal serum during pregnancy
are critical for the reproductive success and fetal health. In
particular, lower MIF levels in early pregnancy have been
associated with recurrent miscarriage, while higher levels in
late pregnancy have been correlated with preeclampsia, the

main cause of maternal and fetal mortality and morbidity
worldwide [60, 61]. By altering the secretion of these two
importantmolecules at the fetomaternal interface, BPA could
contribute to the onset of pregnancy pathologies and there-
fore be detrimental for fetal and maternal health.

5. Conclusions

By using in vitro models that mimic the maternal and fetal
compartments in human pregnancy, we demonstrated that
very low (0.5–1 nM) concentrations of BPA, an environmental
chemical representing a hazard in the pre- and perinatal life,
alter the placental secretion of hormone 𝛽-hCG and cytokine
MIF, two key molecules of the immune-endocrine cross-
talk at the fetomaternal interface. The endometrial stromal
cells appear to play a protective role in the placenta, as
no effects of BPA were detected when placental cultures
were exposed to BPA-treated endometrial cells conditioned
medium. Although the molecular mechanisms involved still
remain unclear, the data obtained clearly revealed that the
maternal endometrium is able to either accumulate or release
BPA, depending on the surrounding environment. Consid-
ering that contamination with BPA occurs in everyday life,
the potential effects that a long term endometrial accumu-
lation of this chemical might have during pregnancy—on
fetal/placental tissues—are a major concern.
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Oocyte intracellular lipids are mainly stored in lipid droplets (LD) providing energy for proper growth and development. Lipids
are also important signalling molecules involved in the regulatory mechanisms of maturation and hence in oocyte competence
acquisition. Recent studies show that LD are highly dynamic organelles. They change their shape, volume, and location within
the ooplasm as well as their interaction with other organelles during the maturation process. The droplets high lipid content has
been correlated with impaired oocyte developmental competence and low cryosurvival. Yet the underlying mechanisms are not
fully understood. In particular, the lipid-rich pig oocyte might be an excellent model to understand the role of lipids and fatty
acid metabolism during the mammalian oocyte maturation and their implications on subsequent monospermic fertilization and
preimplantation embryo development. The possibility of using chemical molecules to modulate the lipid content of oocytes and
embryos to improve cryopreservation as well as its biological effects during development is here described. Furthermore, these
principles of lipid content modulation may be applied not only to germ cells and embryo cryopreservation in livestock production
but also to biomedical fundamental research.

1. Introduction

Oocyte quality is one of the key limiting factors in female
fertility [1, 2]. The ovarian follicular microenvironment and
maternal signals, mediated primarily through granulosa and
cumulus cells (CC), are responsible for nurturing oocyte
growth and its gradual acquisition of developmental com-
petence [1]. In vitro maturation (IVM) of oocytes can pro-
vide large numbers of mature oocytes which are capable
of supporting embryo development and full development
to term [3]. In livestock production, these techniques can
be useful in breeding programmes and animal genetic
cryoconservation [4]. However, the high intracellular lipid
content of oocytes and embryos has been reported to impair
cryopreservation, with particular relevance in pig [5, 6].

Different strategies can be used to manipulate oocyte or
embryo lipid contents. Nevertheless, a role for lipids in energy
production during preimplantation development as well as
precursors in steroidogenic and eicosanoid pathways has
been proposed [7–9], suggesting that modifications in oocyte
intracellular lipids should be carefully estimated. The high
intracellular lipid content of pig oocytes [10, 11] renders them
an excellent model among mammalian and microlecithal
oocytes to understand the role of lipids and fatty acid
metabolism duringmaturation. Furthermore the oocyte acti-
vating vias seem to be closely related to those regulating the
mobilization of intracellular lipid reserves in the maturating
oocyte [12, 13]. This review will focus on the effects of lipid
modulation by chemical molecules during oocyte culture in
competence acquisition for monospermic fertilization and
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preimplantation embryo development. Various aspects of
lipid droplets (LD) biogenesis and function in the cellular
lipid metabolism during these processes will be further
discussed in eligible species for assisted reproductive tech-
nologies (ART).

2. Oocyte Quality and Developmental
Competence Acquisition

2.1. Morphological and Functional Characterization of
Cumulus-Oocyte Complex. The cumulus-oocyte complex
(COC) composed of the female gamete and the surrounding
cumulus cells (CC) is a complete functional and dynamic
unit playing a pivotal role in oocyte metabolism during
maturation. The bidirectional exchanges of nutrients and
regulatory molecules between oocyte and contiguous CC are
crucial for oocyte competence acquisition, CC expansion,
and early embryonic development [3, 14, 15]. In addition,
the presence of CC during IVM was found to be effective
in regulating the synthesis and concentration of important
cytoplasmic factors such as glutathione (GSH) and Ca2+ [16].
Denuded mature oocytes unquestionably present differences
in Ca2+ homeostasis. In fact, the duration of Ca2+ rise was
reported to be higher but with lower amplitude in denuded
mature pig oocytes compared with those matured in the
presence of CC: COC or denuded oocytes cultured with
CC added to culture medium [17]. Also, the activation of
denuded mature oocytes mediated through Ca2+ peaks
seems to be hampered, interfering with cytoskeleton and
organelles migration, namely, LD and cortical granules, with
repercussions in membrane block to polyspermy.

During in vitro culture of COC, CC underwent a molec-
ular maturation process concomitantly with oocyte nuclear
maturation. Additionally, oocytes actively regulate funda-
mental aspects of CC function via oocyte-secreted factors,
controlling theCOCmicroenvironment. In turn, theCCgene
expression profile varies according to the stages of oocyte
maturation [3, 15]. Ouandaogo et al. [15] used microarrays
to identify a specific signature of 25 genes expression in
CC issued from metaphase II (MII) oocytes compared with
germinal vesicle and metaphase I. This CC expression profile
can be useful as predictors of oocyte quality [3, 15]. Fur-
thermore, the simultaneous expansion of compact layers of
CC surrounding the oocyte and deposition of mucoelastic
material in the extracellular matrix is implicated in sup-
porting both the nuclear maturation and the cytoplasmic
maturation [3, 17, 19]. The beneficial effect of CC during
oocyte growth to stimulate competence acquisition to further
support embryonic development is therefore unequivocal.

2.2. Oocyte NuclearMaturation. Oocyte competence to com-
plete nuclear maturation is acquired at least in two steps:
firstly, oocytes are able to resume meiosis, undergo germinal
vesicle breakdown (GVBD), and progress tometaphase I; sec-
ondly, oocytes are competent to advance beyond metaphase
I, enter anaphase, and proceed to MII [20]. At the end of
thematuration period, themeiotic spindle and chromosomal
rearrangement at MII, as well as the first polar body, can

be observed. Simultaneous with meiosis the cytoplasmic
maturation proceeds. However, when oocytes are collected
fromovaries and placed in culture they immediately reinitiate
meiosis while cytoplasmic maturation is delayed [21].

Several mediator factors are involved in the maturation
of an oocyte [22]. A critical signalling compound is the
gonadotropin secondmessenger, cyclic AMP (cAMP), which
is synthesized in the oocyte and in adjacent CC through
the activation of the constitutively expressed transmembrane
G-protein-coupled receptor [22–24]. The newly synthesized
cAMP stimulates the cAMP dependent protein kinase A
(PKA), whose type Imediates the inhibitory action on oocyte
GVBD, while type II regulates the meiosis-inducing pulse of
cAMP occurring within CC following hormonal stimulation
[12]. Furthermore, the activity of AMP-phosphodiesterase
(PDE) within oocytes hydrolyses cAMP to AMP, due to
the epidermal growth factor (EGF) stimuli, and inactivates
the PKA protein. A positive stimulus for oocyte nuclear
maturation progression concomitantly with the GVBD is
thus induced [12]. In addition, the AMP stimulates the
mitogen-activated protein kinase (MAPK) pathway that can
also be activated by growth factors or gonadotropin stimuli
in CC [12, 25]. In the pig, MAPK sites of activation can be
located either in the GV or in the cytoplasm, representing
sites for nuclear and cytoplasmicmaturation synchronization
[12, 22, 25, 26]. Two isoforms of MAPK proteins were
identified, the extracellular signal-regulated kinase ERK1
and 2 as being involved in the regulation of cell cycle and
microtubule dynamics during metaphase organization [24,
26]. Furthermore, MAPK is implicated in retaining MII
arrest, in the mature oocyte through the regulation of PDE
action on cAMP degradation, and in the maintenance of
maturation promoting factor (MPF) activity [12, 22].

2.3. Oocyte Cytoplasmic Maturation. The oocyte cytoplasmic
maturation is a complex process comprising many organelles
and compounds [2, 3, 17]. Asynchronous or incomplete
cytoplasmic maturation has been indicated as a common
phenomenon in the pig that can predispose oocytes to
multiple sperm penetration through the zona pellucida into
the cytoplasm before the block to polyspermy [21, 27, 28]. It is
especially frequent under in vitro culture conditions [29, 30],
as the prevalence of this pathological situation under natural
conditions is moderate. In vivo polyspermy leads to the
formation of polyploid embryos that die at a very early stage
of development [27]. The physiological changes in oviductal
fluid composition (namely, proteins, glycosaminoglycans,
hormones, and growth factors) during oestrous play a critical
role in gametes maturation and interaction to accomplish
the monospermic fertilization. Modifications in oviductal
fluid or fertilization media composition, spermatozoa con-
centration, interval between mating and fertilization that
includes the period of spermatozoa capacitation, and the
functional state of oocyte cortical granules can all account for
polyspermy. Although extensive attempts have been made to
reduce the penetration of pig oocytes by more than a single
spermatozoon, the high incidence of polyspermy remains a
major obstacle in in vitro embryo production at this species
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[21, 27, 30]. This problem is also present in aged female
gametes of several species, including humans [2, 16, 31].

In vivo, oocytes reach their maturity within the antral
stage of follicular development presenting different diameters
according to species (mouse, hamster, cattle, sheep, pig,
and human). The follicular environment influences oocyte
growth and quality and thus its developmental capacity.
The ooplasm of the growing follicle accumulates glycogen
granules, LD composed of different FA, and proteins closely
depend on the follicular fluid provision of metabolites [7,
14, 32, 33]. Full meiotic competence is reached in oocytes
developing in ovarian follicles with a diameter of 3mm or
more [22, 25]. In vitro, pig oocytes under 90𝜇m in diameter
are unable to resume meiosis, while oocytes measuring 110–
115 𝜇m can complete the first meiotic division and acquire
MII [10, 25]. However, many do not attain an optimal
oocyte diameter before fertilization. During oocyte growth
the enrichment in nutritive substances in the maturating
cytoplasm is essential to support embryonic development.
The cAMP level transiently delays the nuclear progression
and synchronizes it with the synthesis in the cytoplasm
[23, 34]. Furthermore, simultaneous with PKA stimulation,
the protein kinase C (PKC) is activated, delaying meiotic
progression and enhancing cytoplasmic maturation in pig
and cattle oocytes [25, 35]. PKC is also involved in the
regulation of cortical granules exocytosis during the oocyte
fertilization process [36], and thus in the regulation of a
monospermic penetration.

In spite of several efforts, oocyte cytoplasmic maturation
remains a key limiting step for ART. The reasons why
fully grown oocytes are not capable of becoming viable
embryos are still elusive, but incomplete cytoplasmic matu-
ration and/or asynchrony between nuclear and cytoplasmic
maturation are certainly among those critically responsible.

2.4. Oocyte Quality Evaluation. The use of morphological
characteristics and metabolites involved in COC maturation
can provide valuable information for the preselection of
high-quality oocytes to maximize embryonic developmental
outcomes [2]. Currently in in vitro embryo production
techniques, COC are selected based on their morphological
appearance (Figure 1). Different categories of COC can be
distinguished, that is, good, fair, poor, and denuded by an
expertise operator. During oocyte maturation, the cytoplas-
mic expansion can be measured through the diameter or
area to predict oocyte competence ormaturity. A relationship
between oocyte area and its meiotic status has indeed been
identified [32, 33].

Conversely, other morphological characteristics can be
used to predict oocyte quality. The huge number of LD, as
well as their distribution pattern or their interaction with
other organelles and cytoplasmic pigments, is responsible
for the dark colour tone that characterizes the oocyte of
some mammalian species, namely, the pig, cattle, horse, or
even of the minke whale [19, 37–39]. Although this colour
tone seems to be species-specific, it has also been linked to
oocyte quality. In fact, while a dark, almost black, granulated
ooplasm is common in the pig oocyte due to its high lipid

 

Figure 1: Morphological appearance of immature pig oocytes.

content, this is not the case in humans, where dark colour
and cytoplasmic inclusions are related to low oocyte quality
and fertility failure [2, 40]. Cattle and mare oocytes tend
to present also a dark colour tone, although with different
degrees of cytoplasmic transparency closely related to their
maturation status and quality [19, 37, 39]. Even in pig, Cui
et al. [17] showed that a bright gray and uniform ooplasmwas
a marker of better oocyte quality. Several techniques may be
applied to compare lipid contents of oocytes from different
donors, sized follicles, or cultured conditions. A lipid specific
fluorescent dye, Nile red, was used to stain cattle, pig, and
murine oocytes, and different amounts of emitted fluorescent
light were measured according to their cytoplasmic lipid
content [38]. In particular, the gray mean value within the
oocyte fat area was suggested as an appropriate tool to
evaluate the lipid content of a single oocyte [10]. Moreover,
as this is a noninvasive technique, it can be useful to record
oocyte morphology and quality before cryopreservation or
fertilization. The possibility of subsequent use is of upmost
importance in humans or endangered species due to the
limited number of available oocytes.

Besidesmorphological characterization,metabolicmark-
ers are also eligible criteria to evaluate oocyte quality and
estimate its fertilization ability [7]. Oocyte competence can
be assessed by the brilliant cresyl blue test. This test relies on
the measurement of a glucose-6-phosphate dehydrogenase
(G6PDH) activity, an enzyme synthesized in the growing
oocytes, but inactive in those that have finished their growth
phase. The G6PDH converts the dye into a colourless form
being the blue stained mature oocytes of higher quality
[41, 42]. This test has been used in the pig to evaluate
oocyte quality after modifications were made to maternal
diet, and thus in the fatty acid (FA) profile of follicular fluid
[42]. Interestingly, the FA profile in women changes in early
midlife, before the age of 35, and these changes have been
implicated in the decline of fertility [43]. Furthermore, the
evaluation of other enzyme functions, such as Δ-9 and Δ-5
desaturase or its genetic expression monitorized by real-time
PCR, as well as the lipid composition by gas chromatography
analysis, can be used to complete the information about
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Figure 2: A model for lipid droplets (LD) biogenesis ((a), (b)) during pig oocyte (c) maturation: (a), de novo synthesis of LD in endoplasmic
reticulummembrane and (b) LD coalescence process, with lipid trafficking mediated by snare (Snare P, orange batons) and caveolins (orange
coiled lines) proteins (based on a study by Suzuki et al. [18]). Perilipins proteins (TIP47 green batons) involved in the mechanism of lipolysis
regulation. (c) Pig oocyte with 24 hours of in vitro maturation. Scale bar 50 𝜇m. CE, cholesterol esters; ER, endoplasmic reticulum; TGA,
triacylglycerols.

oocyte quality that seems to be closely related to its lipid
composition [9, 11, 15, 42, 43].

3. The Role of Lipids during
Oocyte Maturation and Initial
Embryo Development

3.1. Oocyte and Embryo Lipid Metabolism. The pig oocyte
is known as one of the most lipid rich oocytes in domestic
animals [44]. The long preimplantation period observed in
the pig, has been advanced as an explanation for this huge
lipid content [39]. Moreover, due to the greater litter size,
the huge lipid reservoir within the oocyte may be specifically
required to provide energy until placenta development in the
polytocous species, such as pig and dog. Eventually, embryo
competition may occur for the implantation of the more
competent embryos, thus resulting from the best oocytes.
However, in oocytes from nonpolytocous species, like the
horse [19] or the minke whale [37], the cytoplasm is also
full of lipid inclusions, thus exhibiting a dark colour tone.
The reasons for this great lipid content thus might be species
specific, or even due to a phylogenic relation, as among the
pig and horse ungulates.

Regarding LD composition, a core of neutral lipids is
enveloped by a phospholipid monolayer containing a wide
variety of proteins, embedded in both, the phospholipid
monolayer and within the core [45]. The function of these
cellular proteins in LD fractions is currently being studied.
For instance, perilipins that are located at the LD surface
in adipocytes and nonadipocytes were referred as having
regulatory function in LD lipolysis [13]. According to this
author, perilipin TIP47 was identified in steroidogenic tis-
sues, and so a role for TIP47 in the oocyte lipolysis regulation
may be expected during the maturation process. Moreover,
LD are highly dynamic organelles. Indeed, LD can be de
novo synthesized, refed with free FA, or grow through a
coalescence process of existing droplets, mediated by SNARE
proteins [46] (Figure 2). According to Suzuki et al. [18] LD

Figure 3: Immature pig oocyte with lipid droplets (LD) highlighted
in white colour (LD areas were measured using Image J software)
and scale bar 50 𝜇m.

are thought to be born in the endoplasmic reticulum (ER)
membrane and it is likely that a protein based mechanism
is involved in making lipid esters accumulate locally. Then,
at an initial stage, lipid esters synthesized in the ER are
deposited within its membrane. Afterwards they bud as a
globule covered by the cytoplasmic phospholipids monolayer
[18]. Regardless of LD origin, they are constantly changing
their shape, volume, and location. In particular, in the lipid-
rich pig oocyte the cytoplasm is filled with LD showing
a considerable variation of areas, ranging from 0.3 𝜇m2 to
90 𝜇m2, during the maturation process [10] (Figure 3).

Lipid droplets can be found in association with other
organelles linked to cellular metabolism such as mito-
chondria, ER, endosomes, peroxisomes, and cytoskeleton
[19, 39, 45, 46]. During oocyte maturation, the activity
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and organization of LD and mitochondria are particularly
relevant, since oxidative phosphorylation is themain pathway
to supply ATP for cellular activities [2, 7]. In mature pig and
mare oocytes two distribution patterns were identified for
both LD and mitochondria: an even or homogenous distri-
bution through the ooplasm and an uneven or heterogeneous
allocation [17, 19]. The first distribution is more frequently
observed in the pig [17]. Moreover, the evidence of regions
of “colocalization” between LD and mitochondria and their
relocalization during IVMwas shown to be linked to intracel-
lular oxygen gradients. Hence, Sturmey et al. [39] observed
that the peripheral mitochondrial clustering in pig oocytes
was correlated with higher oxygen availability in this region.
The coexistence of LD and mitochondria in close proximity
was also demonstrated in mature ruminant oocytes [47].
However, in the mare the majority of morphological normal
IVM oocytes shows a polar aggregation of LD, localized
independently of mitochondria that are placed in the hemi-
sphere containing themeiotic spindle [19]. Further studies are
needed to explain these discrepancies among species.

As referred, during human and pig oocyte aging, a
dark colour tone became more pronounced and an irregular
ooplasm was presented [2, 16]. On the other hand, the
morphological changes observed in LD during oocyte mat-
uration may reflect alterations in the nature of stored lipids
[48]. The most abundant intracellular lipids stored within
oocytes were shown to be the triacylglycerols, representing
approximately 36 and 46% (w/w) of total FA in cattle and pig,
respectively [44, 49]. These can be utilized in mitochondrial
𝛽-oxidation to produce energy during oocyte maturation
[7, 39]. Furthermore, the enrichment in phospholipids and
cholesterol during oocyte maturation is crucial to form
membranes during the rapid cell divisions after oocyte fer-
tilization [44]. Besides, phospholipids also play a role in the
second messengers’ synthesis during oocyte maturation and
embryonic development. For instance, in pig oocytes, phos-
phatidylinositol represents 6% of total phospholipids, being
rich in arachidonic (20:4 n-6) and stearic (18:0) acids and
also in palmitic acid (16:0) [49]. Hydrolysis of this membrane
phospholipid yields two second messengers, inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). The IP3 and
its derivative (IP4) increase Ca2+ concentrations, while DAG
stimulates PKC [36, 44], these being particularly important in
oocyte maturation and ability for monospermic fertilization.

Plasmalogens represent another important class of phos-
pholipids in oocyte that has been identified as membranes
constituents, both cytoplasmic and inner cell membranes,
participating in the regulation of their dynamics [11, 49, 50].
They may release the ether vinylic (identified as dimethyl
acetal by liquid-gas chromatography [11]), an analogous
molecule to FA, from the membrane and accumulate in
the citosol to form the diradylglyceride (DdGA). This com-
pound competes with DAG for PKC site of activation,
thus regulating the DAG and PKC activity [50]. Never-
theless, plasmalogens function during oocyte maturation
and embryo development remains unknown. Additionally,
membrane phospholipids composition might differ accord-
ing to the oocyte maturation stage, immature and mature,
but they are also dependent upon oocyte origin (species,

breed, ovaries batch, and nutrition status) [11, 42, 44,
49].

Analysis of FA composition of cattle and pig oocytes
during maturation showed that 16:0, followed by oleic (c9-
18:1), 18:0 were the most abundant FA registered in immature
and mature oocytes, followed by n-6 polyunsaturated fatty
acids (PUFA), specifically linoleic (18:2 n-6) and 20:4 n-6,
which may indicate that oocytes are capable of synthesiz-
ing prostaglandins (PG) and leukotrienes [9, 11, 44, 49].
Prostaglandins, namely, PGE

2
can be critical mediators of CC

expansion and of oocytemeiosis resumption and progression
[8, 51]. Moreover, FA profile of cattle and pig oocytes were
shown to change due to culture media or dietary lipid
supplementation and differences in oocyte FA composition
were related to oocyte developmental competence [9, 11,
42]. Although the role of lipids during oocyte maturation
and early embryo development is currently under research,
their primordial importance in female gamete quality is
unequivocal. Modifications of LD morphology and lipid
metabolism during pig oocyte maturation may interfere with
monospermic fertilization, as referred, but also with embryo
development [10, 11]. Immediately after sperm penetration,
differences are identified in electron density of LD. The LD
density is restored in the pronuclear stage, although the
number and size of droplets seem reduced when compared
to mature oocytes. At 2–4 cell and blastocyst stage, the
features of LD are almost the same as those of pronuclear
zygotes. However differences in LD content of blastomeres
during early in vitro or in vivo embryonic development were
reported [6, 31, 52]. In vitro, the embryo culture media can
also influence the size and number of LD, particularly by
the provision of serum [6, 53]. Strong evidence suggests
that preimplantation embryos are able to utilize FA stored
endogenously or from the culture media as energy substrates
[7, 53]. Notwithstanding differences in the metabolic path-
ways for energy production utilized during embryo devel-
opment were identified. While during cleavage, the pentose
phosphate pathway (PPP) is preferentially used; glycolysis
and 𝛽-oxidation are prominent during subsequent embryo
development. Their activity is intensified during compaction
and blastocyst formation [7, 52, 54, 55]. This energy switch,
occurring during the early embryo development, is believed
to prepare the embryo for implantation, as well as to afford
synthesis of macromolecules from glycolytic intermediates
[56], and may be related/dependent upon the embryonic
genome activation [31]. Adequate chemical or serum supple-
mentation during culture is therefore crucial to allow proper
embryo development [5, 52, 57].

3.2. Insight into Metabolic Disorders Related to Infertility.
Infertility is a huge concern throughout the world both in
animals and humans. Although the economic importance of
the reproductive efficiency in livestock is recognised, herd
fertility has declined over the past 30 years. Reduced oocyte
and embryo quality were identified as major problems of this
substandard fertility [9, 58]. Maternal metabolic disorders
in high producing dairy cows, linked to the negative energy
balance of postpartum or nutritionally induced, may alter
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the endocrine and biochemical composition of the follicular
fluid, compromising both oocyte quality and embryo devel-
opment [59].

Similar reports exist concerning the women fertility
decline due to age and obesity [44, 60]. Furthermore the
increasing incidence of premature signs of ovarian aging in
younger women is also a matter of concern in terms of their
reproductive performance [61]. The reason for such poor
results is related to an aging population of oocytes of poor
quality and a gradual depletion of the follicle pool. Age related
changes in FA profiles, independently of the diet, as well as in
key enzymes of lipidmetabolism,were also identified [44, 61].
In several species obesity impairs both oocytematuration and
metabolism, negatively affecting further development [60].
Besides, both overweight and aged women present a higher
percentage of oocytes with granular and dark cytoplasm
showing reduced fertilizing ability either in vivo or in vitro
[60, 61]. Aged oocytes from several species were also reported
to present reduced capacity for the polyspermic blockage and
altered lipid content [2, 16, 31]. Additionally the distribution
and shape ofmitochondria are alsomodified in these oocytes,
changing from diffuse to aggregate and from spherical to
elongated, respectively. The LD became solidified. These
morphological alterations are concomitant to modifications
in oocyte homeostasis, namely, in ATP synthesized from LD
FA B-oxidation in mitochondria, in Ca2+ rise and amplitude
regulating cytoskeleton and organelles migration, and thus in
oocyte quality [16, 17].

Deregulation of neutral lipids storage in LD has been
linked to a variety of metabolic diseases [62]. In fact, LD
have been the focus of intensive research and it has become
increasingly clear that the molecular machinery in and
around LD regulates synthesis, utilization and trafficking of
lipids and plays a crucial role in cellular lipid metabolism
[18]. As previously mentioned oocyte quality and embryo
development ability are undoubtedly related to LD dynamics
and properties. Understanding the molecular mechanisms
that regulate neutral lipids storage may hold the key to
developing therapeutic tools for these metabolic disorders
related to subfertility/infertility. In fact, new strategies to
prevent and control infertility are urgently needed.

4. Lipid Modulators

4.1. Mechanisms of Action. Lipid modulators are substances
that are capable of reducing and/or modifying intracellular
lipid content of cells.These substances have been successfully
applied in ART, namely, in oocyte maturation and embryo
production [10, 63, 64]. The trans-10, cis-12 conjugated
linoleic acid (t10, c12 CLA) is one of these substances,
being capable of interfering with lipid accumulation and
metabolism in pig adipose explants as well as in pig and
cattle oocytes and embryos [9, 11, 53, 65]. In fact, when
pig and cattle COC were matured with t10, c12 CLA, this
isomer was accumulated in both, oocyte and CC, changing
their FA profiles, especially that of CC [9, 11]. Moreover, the
presence of t10, c12 CLA interfered with oocyte colour tone

and probably in LDmovements and aggregation during mat-
uration [10, 45, 66].The exact mechanism through which this
isomer influences oocyte lipid metabolism remains elusive.
Nevertheless, the t10, c12 CLA appears to affect the PKA
signal transduction pathway, and thus the cAMP cascade of
reactions [67] (Figure 4). On the other hand, an increase in
lipolysis and in cytosolic perilipin associated with smaller LD
was identified in human adipocytes cultured in the presence
of this CLA isomer [68]. Therefore, it is possible that PKA
andMAPK/ERK pathways may be regulated by t10, c12 CLA,
thus interfering with LD lipolysis (Figure 4) and FA content
of oocytes. The analysis of FA and DMA composition of
pig COC showed that independently from cell type, CLA
treatment reduced the proportions of several individual FA
and plasmalogens DMA-16:0, c9-16:1, 18:3 n-6, and tended to
reduce c7-16:1, c11-18:1, and 20:4 n-6 [11]. The released FA or
the accumulated t10, c12 CLA may follow the mitochondrial
𝛽-oxidation to produce energy for maturation progression
or FA synthesis to be used in cell formation during embryo
development [7, 46].

The diterpenoid forskolin is a chemical stimulator of
lipolysis through the activation of adenyl cyclase, whose
effects in pig have also been demonstrated in both oocytes
and embryos [69, 70]. In a recent experiment, forskolin
exposure in different incubation times (44 h, 22 h and 2 h)
interfered in oocyte lipid content and LD morphology and
impaired fertilization beyond 2 h of supplementation, since
it delays meiotic progression and oocyte growth [10]. This
supplementation of pig COC culture medium with forskolin,
during the initial 2 h of IVM, influenced both oocyte and
their CC FA and plasmalogens composition, although their
total contents were not affected [11]. Depending on dose
and exposure time, forskolin treatment may induce a higher
modification in intracellular lipids [10, 11, 70]. As referred,
the cytoplasmic maturation in the developing oocyte implies
LD movements that can induce LD coalescence and thus
morphology modifications. Moreover, by stimulating lipol-
ysis, intracellular LD content may also be modified due to
shrinkage [46]. Once lipolytic substances bind to the catalytic
subunit of the adenylyl cyclase enzyme (Figure 4), the cAMP
is synthesized from the available ATP in the cytoplasm.
Consequently, the increased level of cAMP is responsible for
the activation of PKA [13, 34]. In turn, PKA phosphorylates
endogenous lipases, as the hormone-sensitive lipase (HSL)
and also perilipin protein located at the LD surface [13]. Fol-
lowing phosphorilation, HSL is translocated to the cytoplasm
where it binds to LD surface protein to induce fragmentation
of large droplets into smaller ones, thus increasing accessible
droplet surface and the degradation of its core [13, 46].
In the lipolysis of intracellular lipids, it is considered that
HSL catalyses triglycerides and diglycerides, while mono-
glyceride lipase is required to obtain complete hydrolysis of
monoglycerides [13, 45, 46, 69]. Therefore, sterol metabolism
might be affected by the utilization of lipolytic agents such
as adenylyl cyclase stimulators, during oocyte maturation
progression, interfering with the acyltransferase activity in
translocating the release of cholesterol to the mitochondria,
to be metabolised in pregnenolone and progesterone [8].
Moreover, the increase in available glycerol and free FA may
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induce de novo synthesis of long chain FA by reesterification
and phospholipids formation for membrane assembly during
embryo development [45, 69]. Simultaneously, free FA may
be used to produce energy through the 𝛽-oxidation pathway,
to boost maturation progression as in cattle and pig oocytes
[7].

Alternatively, PES is another lipid modulator that reg-
ulates embryo metabolic pathways. PES increases glucose
metabolism through PPP during embryo culture [63]. Hence,
PES is a strong electron acceptor that readily oxidizes
NADPH to NADP+, thus decreasing NADPH required for
the synthesis of numerous lipids, particularly long-chain FA,
and reducing intracellular lipid content of embryos [5, 63, 64].
While the major intent of reducing intracellular lipid content
is the improvement of blastocyst cryoresistance for subse-
quent embryo transfer, more research is needed to choose the
best pharmacological tools to enhance ART results.

4.2. Oocytes and Embryos Cryopreservation: Effects of Lipid
Content Modulation/Reduction. Considerable progress has
been made in improving and simplifying oocyte and embryo
cryopreservation procedures to be routinely used in transfer
programs. In general, cryopreservation by slow freezing is a
process where extracellular water crystallizes, resulting in an
osmotic gradient that drawswater from the intracellular com-
partment until intracellular vitrification occurs [6, 71]. On the
other hand, in cryopreservation through vitrification, both
intra- and extracellular compartments vitrify after cellular
dehydration has already occurred [71]. These cryopreserva-
tion techniques have been improved tominimise damage and
help oocytes and embryos of different developmental stages
to regenerate through several strategies, using microsurgical
manipulation, cytoskeletal relaxants (such as cytochalasin
B or D), membrane and protein stabilisers, centrifuga-
tion, adjusting the concentration of cryoprotectants and/or
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reducing the cooling volume to a minimum [6, 70, 72–74].
Nevertheless, the success rate is still limited particularly in
oocytes.

The plasmamembrane of oocytes and embryos is the first
cellular structure whose integrity is affected by thermotropic
phase transition. During cooling, irreversible damage occurs
shortly after exposure to low, but not freezing, temperatures
just below 15∘C [75, 76]. In oocytes, the greater cellular
volume and higher cytoplasmic lipid content increase chilling
sensitivity when compared to embryo cells [77]. Further-
more, the less submembranous actin microtubules present
in oocytes account for a less robust membrane and, thus,
cryopreservation can cause disorganization of cytoskeleton
andmeiotic spindle, as well as chromosome and DNA abnor-
malities [37, 77]. Changes in cellular chemical composition
and LD association to other organelles or to the cytoskeleton
were also identified in GV oocytes and phase separations
in the cytoplasm and/or internal membranes in embryos
[37, 75, 76].

Differences in LD colour tone of fresh immature and
vitrified-warmed pig oocytes were identified: gray in fresh
and slightly dark in vitrified oocytes [37]. However, LD size
or distribution was similar. On the contrary, Isachenko et al.
[78] showed that the two types of LD found in pig oocytes,
dark and “gray,” changed their morphology during cooling
into a spherical form with lucent streaks impairing oocyte
developmental competence.

As referred, the high lipid content that has been related to
an increased sensitivity to chilling injury during cryopreser-
vation is particularly important in pigs, but also in cattle [6,
37, 70, 79]. Changing the lipid content of pig or cattle embryos
by removing LD may have a direct effect on embryo survival
during chilling [5, 75, 80]. This process can be performed
by mechanical delipidation through polarization of the cyto-
plasmic LD and subsequent physical removal of excess lipid,
increasing the survival rates of cryopreserved embryos [6, 72,
74]. As an alternative to such invasive techniques that can
damage the cellular structure, it is possible to improve the
success of cryopreservation of in vitro produced embryos by
eliminating serum from the culture medium, or by inducing
chemical delipidation through metabolic manipulation [5,
79]. It has in fact been demonstrated that adding t10, c12
CLA to serum-containing media during in vitro culture of
cattle embryos reduced lipid accumulation and significantly
improved blastocyst survival following cryopreservation [53,
81]. In oocytes, t10, c12 CLA was shown to interfere with lipid
metabolism, both in cattle and pig, reducing lipid content
in pig [9, 10]. Furthermore, by reducing the lipid content of
pig oocytes and embryos, forskolin was shown to increase
cryosurvival following vitrification [69, 70]. Similarly, PES
can be used to reduce cytoplasmic lipid content improving
cryosurvival of cattle embryos [82]. However, the use of PES
during in vitro culture had a limited effect on pig blastocyst
survival after vitrification. Nevertheless, PES increased the
proportion of morula and blastocyst formation, reducing
the index of DNA fragmentation and the cytoplasmic lipid
content of cultured blastocysts [83]. Further studies are
needed to broaden the use of lipid modulators to improve
cryopreservation survival.

5. Conclusion

The lipid content of the pig oocyte, as well as the asynchrony
between nuclear and cytoplasmic maturation, renders it a
good model in the field of oocyte biology research. Knowl-
edge of the pathways and key molecules regulating these
processes may highlight therapeutic possibilities to prevent
the excessive accumulation or to modulate lipid composition
of cytoplasmic droplets. Furthermore, lipid modulators may
also be applied in germ cells and embryo cryopreservation to
improve livestock production. Finally these molecules might
provide tools to overcome lipidmetabolic disorders related to
infertility.
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“Fundamental significance of specific phosphodiesterases in the
control of spontaneousmeiotic resumption in porcine oocytes,”
Molecular Reproduction andDevelopment, vol. 70, no. 3, pp. 361–
372, 2005.

[29] H. Funahashi and R. Romar, “Reduction of the incidence of
polyspermic penetration into porcine oocytes by pretreatment
of fresh spermatozoa with adenosine and a transient co-
incubation of the gametes with caffeine,” Reproduction, vol. 128,
no. 6, pp. 789–800, 2004.
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[65] A. A. F. B. V. José, M. A. S. Gama, and D. D. P. Lanna, “Effects of
trans-10, cis-12 conjugated linoleic acid on gene expression and
lipidmetabolismof adipose tissue of growing pigs,”Genetics and
Molecular Research, vol. 7, no. 2, pp. 284–294, 2008.

[66] H. Aardema, P. L. A. M. Vos, F. Lolicato et al., “Oleic acid
prevents detrimental effects of saturated fatty acids on bovine
oocyte developmental competence,” Biology of Reproduction,
vol. 85, no. 1, pp. 62–69, 2011.

[67] M. S. Ashwell, R. P. Ceddia, R. L. House et al., “Trans-10, cis-
12-conjugated linoleic acid alters hepatic gene expression in a
polygenic obese line of mice displaying hepatic lipidosis,” The
Journal of Nutritional Biochemistry, vol. 21, no. 9, pp. 848–855,
2010.

[68] S. Chung, J. M. Brown, M. B. Sandberg, and M. McIntosh,
“Trans-10, cis-12 CLA increases adipocyte lipolysis and alters
lipid droplet-associated proteins: role of mTOR and ERK
signaling,”The Journal of Lipid Research, vol. 46, no. 5, pp. 885–
895, 2005.

[69] H. Men, Y. Agca, L. K. Riley, and J. K. Critser, “Improved
survival of vitrified porcine embryos after partial delipation
through chemically stimulated lipolysis and inhibition of apop-
tosis,”Theriogenology, vol. 66, no. 8, pp. 2008–2016, 2006.

[70] X.-W. Fu, G.-Q. Wu, J.-J. Li et al., “Positive effects of Forskolin
(stimulator of lipolysis) treatment on cryosurvival of in vitro
matured porcine oocytes,” Theriogenology, vol. 75, no. 2, pp.
268–275, 2011.

[71] J. Saragusty and A. Arav, “Current progress in oocyte and
embryo cryopreservation by slow freezing and vitrification,”
Reproduction, vol. 141, no. 1, pp. 1–19, 2011.



Mediators of Inflammation 11

[72] R. Esaki, H. Ueda, M. Kurome et al., “Cryopreservation of
porcine embryos derived from in vitro-matured oocytes,” Biol-
ogy of Reproduction, vol. 71, no. 2, pp. 432–437, 2004.

[73] C. Cuello, J. Sanchez-Osorio, C. Almiñana et al., “Effect of the
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Procalcitonin (PCT) is one of the best diagnostic and prognostic markers in clinical practice, widely used to evaluate the evolution
of bacterial infections. Although it is mainly produced by thyroid, during sepsis almost all the peripheral tissues are involved
in PCT production. Parenchymal cells have been suggested as the main source of PCT expression; however the contribution
of macrophages is not clear yet. In response to environmental cues, tissue macrophages acquire distinct functional phenotypes,
ranging from proinflammatory (M1) to anti-inflammatory (M2) phenotype. Macrophages at the fetal-maternal interface show
immunosuppressive M2-like activities required for the maintenance of immunological homeostasis during pregnancy. This study
aims to clarify the ability to synthesise PCT of fully differentiated (M0), polarized (M1/M2) macrophages and those cultured either
in the presence of first trimester gravid serum (GS) or pregnancy hormones. We found out that M1 macrophages upregulate PCT
expression following LPS stimulation compared to M0 and M2. The GS downregulates PCT expression in macrophages, skewing
them towards an M2-like phenotype. This effect seems only partially mediated by the hormonal milieu. Our findings strengthen
the key role of macrophages in counteracting inflammatory stimuli during pregnancy, suggesting PCT as a possible new marker of
M1-like macrophages.

1. Introduction

Procalcitonin (PCT) is the prohormone of calcitonin (CT)
and is composed of 116 amino acids with a molecular
mass of about 14 kDa [1]. PCT is usually released into the
circulation from neuroendocrine cells of the thyroid gland
(parafollicular or C cells) [2] and the lungs (K cells) [3],
reaching physiological concentrations lower than 0.05𝜇g/L
in the plasma of healthy people [4]. During an inflammatory
status, PCT derives from almost all cell types and tissues,
including monocytes and parenchymal tissues, making its
upregulation less dependent on one type of cell, tissue, or
organ [5–8]. The synthesis of PCT is mainly stimulated
through bacterial endotoxins lipopolysaccharides (LPS) [9]
and, to lesser extent, from the proinflammatory cytokines IL-
1𝛽, IL-6, and TNF𝛼 [10, 11]. Its levels are however attenuated

by the release of IFN𝛾 in response to viral infections [12]. PCT
is now generally accepted as a good prognostic and diagnostic
marker of bacterial infection, due to its high stability in
serumand its ability to respondmore rapidly to inflammatory
stimuli than other laboratory parameters of infection, such as
C-reactive protein (CRP) and TNF𝛼, making it particularly
suitable for routine laboratory analysis [13]. Macrophages are
an essential component of innate immunity and play a central
role in inflammation and host defense [14, 15]. In response
to environmental cues, mononuclear phagocytes acquire
distinct functional phenotypes, ranging from a “classical”
proinflammatory/antiangiogenic (M1) to an “alternatively”
anti-inflammatory/proangiogenic (M2) phenotype, which
represents extremes of a continuum in a universe of different
activation states [16, 17]. Diversity, plasticity, and flexibility
are hallmarks of cells of the monocytes-macrophages lineage,
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either under physiological or pathological conditions.There-
fore, the functional skewing of macrophages is one of the
best mechanisms to modulate both the systemic and local
immunity [18]. Macrophages play a key role in counteracting
inflammation during pregnancy [19]. This state represents an
intriguing immunological condition, in which an immuno-
surveillance and a repression of the immune system both
coexist, thanks to which the mother is able to tolerate the
presence of the foetus and to quickly respond to local and
systemic inflammatory stimuli [20]. Up to now, there are
several studies in the literature which show freshly isolated
human monocytes expressing PCT [8, 11, 21]; on the other
hand, the contribution of fully differentiated and polarized
macrophages in PCT expression is not known yet. In this
study we investigate the involvement of primary human
macrophages in PCT production, evaluating the modulation
of PCT expression in these immune cells during normal
and inflammatory conditions; besides, we aim to show if
the synthesis of this prohormone can be somehow regulated
during the macrophage polarization towards M1 and M2
phenotypes. Moreover, based on the importance of counter-
acting inflammation during gestation, our study examines
how the human serum of the first trimester of pregnancy
(GS) modulates PCT expression in fully differentiated and
polarized macrophages, analysing its capability to skew their
phenotype in vitro. For the first time, we showed that PCT is
expressed both at gene and protein level in fully differentiated
macrophages, and it is upregulated in those with M1 pheno-
type under stimulation with the proinflammatory stimulus
LPS. Moreover, the GS has the capability to downregulate
PCT expression in human macrophages in vitro, skewing
them into an M2-like phenotype.

2. Materials and Methods

2.1. Reagents and Antibodies. The human cytokines IL-4
and IFN𝛾 were purchased from ImmunoTools GmbH
(Friesoythe, Germany) and IL-10 from PeproTech EC Ltd.
(DBA Italia S.r.l, Milan, Italy). Ultrapure lipopolysaccharide
(LPS) fromE. coli 0111:B4 strainwas obtained from InvivoGen
(Labogen S.r.l., Milan, Italy). Polyclonal rabbit anti-human
PCT was purchased from Abcam (ProdottiGianni, Milan,
Italy). CD68 (Macrosialin, mouse anti-human monoclonal
antibody, and clone EMB11) and CD206 (Macrophage man-
nose receptor 1, mouse anti-human monoclonal antibody,
and clone MCA2155) antibodies were purchased, respec-
tively, from Dako (Milan, Italy) and AbD Serotec (Milan,
Italy). Secondary goat anti-mouse-Cy3 and streptavidin Cy2-
conjugated were purchased from Jackson ImmunoResearch
(LiStarFish, Milan, Italy); biotinylated swine anti-rabbit IgG
were from Dako. The first trimester gravid serum (GS) was
obtained at gestational week 12 (normal pregnant women).
A pool of fresh sera from healthy blood donors was used as
normal human serum (NHS).The sera were heat-inactivated
at 56∘C for 30 minutes prior to use. An informed consent was
obtained from all women participating in the study.The study
was approved by the Bioethical Committee of IRCCS, Burlo

Garofolo, Trieste, Italy. All the samples were immediately
centrifuged, aliquoted, and frozen at −80∘C.

2.2. Isolation and Differentiation of Human Peripheral Mono-
cytes into Macrophages and Their In Vitro Polarization.
Peripheral blood mononuclear cells (PBMCs) from healthy
blood donors were isolated from anonymous buffy coats,
kindly provided by the local blood bank (Immunotransfu-
sional Department, Maggiore Hospital, Trieste, Italy) using
Ficoll-Paque Plus density gradient (GE Healthcare Euro-
clone,Milan, Italy). Residual T andB cells were removed from
the monocyte fraction by plastic adherence, after incubation
for 2 hours at 37∘C and 5% CO

2
in RPMI-1640 GlutaMAX

(Life Technologies, Milan, Italy) supplemented with 10% of
NHS and 1% Penicillin/Streptomycin (Sigma-Aldrich). Fully
differentiated and M1- and M2-polarized macrophages were
obtained by culturing 106 monocytes/mL for 7 days at 37∘C
and 5% CO

2
with the same medium above described and

replaced twice a week. M1 cells were polarized by stimulating
overnight (O/N) with LPS (100 ng/mL) (InvivoGen) and
IFN𝛾 (500U/mL) (ImmunoTools), while M2 macrophages
were polarized by stimulating O/N with IL-4 (20 ng/mL)
(ImmunoTools) and IL-10 (50 ng/mL) (PeproTech) [22, 23].

2.3. Stimulation of Macrophages with First Trimester Gravid
Serum. To avoid the presence of cellular debris, the first
trimester gravid serum (GS) was centrifuged at 10.000 g
for 5 minutes at room temperature (RT) and then filtered
with Costar Spin-X Centrifuge Tube Filters, 0.22𝜇m Pore
CA Membrane (Corning, Turin, Italy). Fully differentiated
macrophages were incubated for 24 hours at 37∘C and 5%
CO
2
in RPMI-1640 GlutaMAX (Life Technologies) supple-

mented with 10% of GS and 1% Penicillin/Streptomycin
(Sigma-Aldrich). Cells were then stimulated for 3 hours at
37∘C and 5% CO

2
in the culture medium with 10% NHS and

LPS at a final concentration of 100 ng/mL, to induce the gene
expression of PCT.

2.4. Stimulation of Macrophages with Progesterone, 17𝛽-
Estradiol, and Human Chorionic Gonadotropin (hCG). Fully
differentiated macrophages were incubated for 24 hours
at 37∘C and 5% CO

2
in RPMI-1640 GlutaMAX (Life

Technologies) supplemented with 10% of NHS and 1%
Penicillin/Streptomycin (Sigma-Aldrich) in the presence of
100 nM of progesterone (PG), 10 nM of 17𝛽-Estradiol (E2),
and 20U/mL of human chorionic gonadotropin (hCG),
hormones that have been used alone or combined all together.
Cells were then stimulated for 3 hours at 37∘C and 5% CO

2
in

the culture medium with 10% NHS and 100 ng/mL of LPS.
Concentrations of the pregnancy hormones were the same as
that reached in the serum of women during the 12th week of
pregnancy.

2.5. Viability Assay. Cell viability was evaluated by Trypan
Blue (Sigma-Aldrich) dye exclusion test. No differences were
observed before and after completing the experiments.



Mediators of Inflammation 3

Table 1: Primer used for qPCR analysis.

Gene Primers Sequence 5 → 3 Annealing temperature (∘C) Amplicon size (bp) Gene bank accession number

18S For ATCCCTGAAAAGTTCCAGCA 60 154 NM 022551
Rev CCCTCTTGGTGAGGTCAATG

PCT For TCTAAGCGGTGCGGTAATCTG 60 85 NM 001741
Rev CAGTTTGGGGGAACGTGTGA

IL-1𝛽 For TTCCCTGCCCACAGACCTTC 66 298 NM 000576
Rev AGGCCCAAGGCCACAGGTAT

IL-10 For CCAAGCCTTGTCTGAGATGAT 61 120 NM 000572
Rev CTGAGGGTCTTCAGGTTCTCC

CD80 For AGGAACACCCTCCAATCTCTG 60 150 NM 005191
Rev GGTCAAAAGTGAAAGCCAACA

CD206 For TATGGAATAAAGACCCGCTGAC 61 133 NM 002438
Rev TGCTCATGTATCTCTGTGATGCT

2.6. RNA Isolation, cDNA Synthesis, and Quantitative Real-
Time PCR (qPCR). RNA was purified from cells with
EuroGOLD trifast (Euroclone) according to the manufac-
turer’s instructions. Total RNA was extracted and reverse-
transcribed as previously described [24]. Quantitative Real-
Time PCR (qPCR) was carried out on a Rotor-Gene 6000
(Corbett, Qiagen, Ancona, Italy) using iQ SYBR Green
Supermix (Bio-Rad, Milan, Italy). Table 1 shows the primer
list used for qPCR. The melting curve was recorded between
55∘C and 99∘C with a hold every 2 s. The relative amount
of gene production in each sample was determined by the
Comparative Quantification (CQ) method supplied as part
of the Rotor Gene 1.7 software (Corbett Research) [25]. The
relative amount of each gene was normalized with 18S and
expressed as arbitrary units (AU) considering 1 AU obtained
from fully differentiated macrophage used as calibrator.

2.7. Immunofluorescence. Isolated PBMCs, obtained as previ-
ously described, were plated for 48 hours at 37∘C and 5%CO

2

in RPMI-1640 GlutaMAX (Life Technologies) supplemented
with 10% of NHS and 1% Penicillin/Streptomycin (Sigma-
Aldrich) on 8-chamber culture slides (BD Biosciences Dis-
covery Labware, Milan, Italy) to allow the adhesion of mono-
cytes, which were left to differentiate for 7 days as reported
above. Cells were incubated for 24 hours at 37∘C and 5% CO

2

in RPMI-1640 GlutaMAX (Life Technologies) supplemented
with 10% of GS and 1% Penicillin/Streptomycin (Sigma-
Aldrich) and subsequently stimulated for 3 hours with LPS
(100 ng/mL) [8]. Macrophages were fixed and permeabilized
with FIX & PERM cell permeabilization kit (Società Ital-
iana Chimici, Rome, Italy) according to the manufacturer’s
instructions and then blocked with human serum (1 : 60) for
30min at RT. Afterwards, cells were incubated with primary
mAb anti-CD68 (1 : 40) (Dako), mAb anti-CD206 (1 : 50)
(Sigma-Aldrich), or rabbit anti-human PCT (Abcam) O/N
at 4∘C. The binding of CD68 and CD206 antibodies was
revealed with goat anti-mouse Cy3-conjugated secondary
antibody (1 : 300), while biotinylated swine anti-rabbit (1 : 50)
was followed by streptavidin-Cy2 (1 : 200) to detect the anti-
PCT polyAb, for 45 minutes in the dark at RT, followed
by 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich)

staining. Slides were preparedwithmounting solution (Dako).
Imageswere acquiredwith LeicaDM3000microscope (Leica,
Wetzlar, Germany) and the pictures were collected using a
Leica DFC320 digital camera (Leica).

2.8. Quantification of PCT Amount on the Culture Medium
of Macrophages. Culture medium of macrophages was taken
under sterile condition in a final volume of 150 𝜇L/sample,
centrifuged at 12.000 g for 2 minutes at +4∘C to avoid the
presence of cellular debris, and maintained at −80∘C until
analysis. The amount of PCT in the culture medium of
macrophages was quantified automatically by the Modular
Analytics E170 Module (Roche Diagnostics, Milan, Italy)
using BRAHMSPCT reagent (Roche,Mannheim, Germany).

3. Statistical Analysis

Statistical analysis was performedwithMicrosoftOffice Excel
2003 (Microsoft Corporation, Redmond, CA, USA). Data
were reported asmean ± S.E.M.Mann-Whitney test was used
to compare two groups of data and 𝑃 value of <0.05 was
considered significant.

4. Results

4.1. Characterization of the Production of PCT in M0 and
M1 or M2 Polarized Macrophages. We initially investigated
the ability of nonpolarized human macrophages (M0) to
secrete PCT in the culture supernatant. The purity of human
macrophages was confirmed with an immunofluorescence
staining against the classical marker CD68 (Figure 1(a)).
The levels of PCT were measured in the harvested super-
natants of macrophages after 24 hours of culture. As shown
in Figure 1(b), unstimulated macrophages produced about
20 pg/mL of PCT and no difference was observed in the
supernatants of the cells stimulated with LPS.

The production of PCT by macrophages was also con-
firmed by the expression of the corresponding mRNA docu-
mented by qPCR (Figure 1(c)). The mRNA expression analy-
sis revealed the presence of transcripts for PCT, confirming
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Figure 1: Human macrophages express PCT at mRNA and protein level. (a) Immunofluorescence analysis of human macrophages
differentiated from PBMCs. Cells were stained with mAb anti-human CD68. DAPI nuclear staining is shown in blue. Original magnification
63x. (b) Levels of PCT secreted in the cell supernatant by cultured macrophages after 24 hours of stimulation with LPS. Data from 5
independent experiments are shown andno statistical significance has been found between treated and untreated cells. (c) RNAprepared from
fully differentiated human macrophages, untreated or stimulated with LPS for 3 and 24 hours, were quantified for PCT and 18S expression
by qPCR. Data from 5 independent experiments are shown and represent the mean ± S.E.M. ∗𝑃 < 0.05 (Mann-Whitney test). (d) Double
Immunofluorescence analysis of human macrophages for PCT (green) and CD68 (red) expression. Overlay images show the PCT localized
throughout the cytoplasm. DAPI nuclear staining is shown in blue. Original magnification 20x (upper panels) and 63x (lower panels). Images
were acquired with Leica DM3000 microscope.
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the synthesis of this protein. In addition, cells stimulated
with LPS for 3 hours did not reveal any modulation in
mRNA expression. Unexpectedly, 24-hour stimulation with
LPS induced a significant downregulation of the transcript
for PCT. To further reveal the presence of PCT in human
macrophages, a triple staining with DAPI and antibodies
against PCT and CD68 was assessed on macrophages cul-
tured in 8-chamber culture slides. PCTwas clearly visible and
localized throughout the cytoplasm as shown in Figure 1(d).

The cells were then polarized into fully differentiated
M1 and M2 macrophages subtypes and characterized for the
expression of some characteristic markers for the two sub-
populations [26]. As shown in Figure 2(a), M1 macrophages
showed upregulated gene expression of both the proinflam-
matory cytokine IL-1𝛽 and the cell surface marker CD80,
whileM2macrophages, compared toM1 polarized or unstim-
ulated macrophages (M0), increased the expression of the
anti-inflammatory cytokine IL-10 and the mannose receptor
C type 1 (CD206).

To assess if the polarization of the mononuclear phago-
cytes causes a different production of PCT, macrophages
were then skewed towards their M1 and M2 phenotypes and
stimulated for 3 hours with LPS to evaluate the modulation
of the gene expression of PCT by qPCR. The synthesis of
PCT was comparable between nonstimulated macrophages
polarized towards their pro- and anti-inflammatory pheno-
types compared to M0 macrophages. Indeed, the synthesis
increased significantly in macrophages with M1 pheno-
type stimulated with LPS, compared to both M0 and M2
macrophages stimulated with the same concentration of the
stimulus (Figure 2(b)). M1 macrophages were also shown
to significantly upregulate (from 4.8 to 6 pg/106 cells) the
production of PCT following a stimulation with LPS for
24 hours, compared to those unstimulated with the same
phenotype.

4.2. Gravid Serum (GS) Induces an M2-Like Phenotype in
Cultured Macrophages. We hypothesized that the hormonal
changes at the beginning of pregnancy may be able to
modulate the phenotype of macrophages. To identify the
effects of the first trimester gravid serum (GS) on the
macrophage activation we evaluated the gene expression of
some pro- and anti-inflammatory markers, modulated dur-
ing the polarization of macrophages. As shown in Figure 3,
we observed that 24 hours of culturing macrophages in the
presence ofGS significantly overexpressed theCD206marker
both at the gene and protein level. In the same experi-
mental conditions, the expressions of IL-10 and IL-1𝛽 were,
respectively, significantly upregulated and downregulated,
meaning that the GS has the ability to skew macrophages
through an anti-inflammatory phenotype. Interestingly, we
showed that macrophages maintained the ability to respond
to proinflammatory stimuli when conditioned with the GS,
as they upregulated the expression of the IL-1𝛽 and TNF𝛼
cytokines in response to the stimulation with LPS for 3 hours
(data not shown).

4.3. In Vitro Effects of the GS and the Pregnancy Hormones on
PCT Expression in Cultured Macrophages. Based on the abil-
ity of the GS to polarize mononuclear phagocytes through an
M2-like phenotype, we evaluated its effect on the expression
of PCT. Macrophages cultured for 24 hours in the presence
of GS and subsequently stimulated with LPS for 3 hours
showed a significant reduction in PCT expression, compared
to those cultured inNHS (Figure 4). Notably, theGS itself was
able to downregulate the expression of PCT in macrophages
during 24 hours of culture, compared to cells cultured in
NHS, although the difference was not significant.

Furthermore, the hormonal milieu of the GS has been
taken into account, trying to understand if it could be
involved in the polarization of macrophages and if it is
able to modulate both PCT and CD206 expression in these
cells. Unexpectedly, the stimulation with progesterone (PG)
induced a significant downregulation of PCT expression,
while we observed an opposite effect of the 17𝛽-Estradiol
(E2). No modulation of the expression of PCT has been
observed inmacrophages stimulated with hCG. Interestingly,
the three hormones together were not able to modulate PCT
expression in macrophages, probably for the opposite effect
of PG and E2 (Figure 5(b)). Note that all these hormones
shared the ability to polarize macrophages through an M2-
like phenotype, as evidenced by the upregulation of the
CD206 expression (Figure 5(a)).

5. Discussion

This is the first detailed study of PCT production by human
macrophages, a powerful biomarker for an early and accurate
diagnosis of bacterial infection [1].

The contribution of macrophages to PCT expression and
secretion is not clear yet. The only study on the production
of PCT by human macrophages in culture is by Linscheid
et al. [8], which showed that macrophages at day 5 of
culture did not express calcitonin or calcitonin gene-related
peptide (CGRP)-I mRNA under basal conditions or after
stimulation with several inflammatory mediators. The study
demonstrated the ability of PBMCs to secrete PCT only after
an adherence to endothelial cells or plastic surfaces. The
induction was transient and it was not detectable after 18
hours of culture. Several studies investigated the production
of PCT by PBMCs with contrasting results [1]. The presence
of PCT has been previously observed by Oberhoffer and col-
leagues [11] in freshly isolated PBMCs both at transcriptional
and translational level. Herget-Rosenthal et al. [27] have also
demonstrated that PCT released by PBMCs, isolated from
controls and patients with advanced chronic kidney disease,
described a correlation between the PCT release fromPBMCs
and the concentration of PCT in the blood. Moreover, Balog
et al. [10] showed that Gram-positive bacteria have the TNF-
inducing ability to elevate the intracellular content of PCT
in human monocytes, although they hypothesized that other
bacterial components can induce PCT directly. Müller et al.
[5], in an animal model resembling human sepsis, found out
that CT-mRNAwas ubiquitously and uniformly expressed in
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Figure 2: M1 polarized macrophages significantly upregulate the expression of PCT compared to both M0 and M2 macrophages under
stimulation with LPS. (a) PMBCs were differentiated in culture for 7 days and polarized O/N with LPS (100 ng/mL) and IFN𝛾 (500U/mL)
or IL-4 (20 ng/mL) and IL-10 (50 ng/mL) for the M1/M2 polarization. mRNA expression levels of CD80 and IL-1𝛽 (M1 markers) and CD206
and IL-10 (M2markers) were measured by qPCR and normalized to those of the human housekeeping gene 18S. (b) RNA obtained fromM0,
M1, andM2macrophages were quantified for PCT and 18S expression by qPCR.The relative amount of mRNA for PCT was normalized with
reference to 18S value. Results were expressed as AUs, in which 1 AU represents the value obtained with untreated macrophages used as a
positive control. Bars represent the mean ± S.E.M. of at least 3 independent experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 (Mann-Whitney test).

multiple tissues throughout the body in response to sepsis,
including peritoneal macrophages.

Our study demonstrates the ability of cultured
human macrophages to produce PCT after 7 days of
culture. Furthermore, we investigated the effect of LPS in

macrophage production of PCT. Our data revealed that
human macrophages constitutively produce PCT under
basal conditions, but are unable to respond to LPS in
terms of PCT expression and production. The main and
novel finding of the present study is that the ability to
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Figure 3: Humanmacrophages conditioned for 24 hours with gravid serum (GS) downregulate the expression of IL-1𝛽 and upregulate IL-10.
Increased expression of CD206was observed at gene and protein level. (a)mRNA expression levels of IL-1𝛽, IL-10, and CD206weremeasured
by qPCR and normalized to those of the human housekeeping gene 18S. Results were expressed as AUs, in which 1 AU represents the value
obtainedwithmacrophages cultured inNHSused as a positive control.The amount ofCD206positivemacrophageswas evaluated by counting
labeled cells using ImageJ (NIH, United States), considering a percentage of positive cells in at least 5 different fields. Bars represent the mean
± S.E.M. of at least 3 independent experiments. ∗𝑃 < 0.02 and ∗∗∗𝑃 < 0.0001 (Mann-Whitney test). (b) Immunofluorescence reveals the
upregulation of the expression of CD206 protein (red) in humanmacrophages cultured for 24 hours in presence of GS. DAPI nuclear staining
is shown in blue. Images were acquired with Leica DM3000 microscope. Original magnification 20x.

increase the production of PCT after LPS stimulation is
acquired when macrophages have been skewed towards
their M1 phenotype. On the contrary, no modulation in PCT
expression was observed inM2macrophages stimulated with
the same amount of LPS. These data are interesting, since
M1 macrophages are generally considered responsible for
resistance against intracellular pathogens and are associated
with acute bacterial infections and sepsis [18]. Furthermore,
based on its structure, it has recently been shown that PCT

can interact with bacterial LPS inducing a decrease of its
proinflammatory effects [21]. These data indicate that the
peculiar ability of M1 to produce PCT is probably associated
with their physiological function of defence.

The other important observation of our study is that
macrophages cultured in GS, obtained from women during
the first trimester of pregnancy, skewed towards an M2-
like phenotype and consequently, when stimulated with LPS,
significantly decreased the level of mRNA for PCT. In an
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Figure 4: The expression of PCT is negatively regulated in human
macrophages conditioned for 24 hours with gravid serum (GS),
reaching significance after stimulation with 100 ng/mL of LPS for
3 hours. mRNA expression levels of these proteins were measured
by qPCR and normalized to those of the human housekeeping gene
18S. Results were expressed as AUs, in which 1 AU represents the
value obtainedwithmacrophages cultured inNHS used as a positive
control. Bars represent the mean ± S.E.M. of at least 3 independent
experiments. ∗𝑃 < 0.05 (Mann-Whitney test).

attempt to identify the factors present in GS serum, able to
modulate the expression of PCT in human macrophages, we
evaluated the effect of PG, E2, and hCG. Our data showed
that hCG has no effect on, while PG downregulates and E2
increases the PCT expression after LPS stimulation. The fact
that the combined stimulation with three hormones does
not have an impact on the modulation of the expression
of PCT indicates that additional factors present in the GS,
for example, cytokines such as IL-10 [28], play a role in the
regulation of the production of this protein in macrophages.
We can speculate that all tissue macrophages change their
phenotype getting in contact with serum derived factors
during pregnancy. Taking into account that placental-derived
components in the GS are more concentrated in the pla-
cental milieu, we can hypothesize that the phenotype of
macrophages obtained in our experiments resembles more
those present at the fetal-maternal interface.

Very recent data from Koldehoff et al. [29] demonstrated
that the gene profile of monocytes during the first trimester
pregnancy differs from the one of monocytes isolated from
nonpregnant women. On the basis of these data, we can
assume that circulating monocytes may be primed by GS
factors too, although this issue needs to be further analyzed.

Pregnancy is associated with a unique immunological
condition, characterized by decidual, as well as peripheral
immune responses adaptation, in order to guarantee mater-
nal tolerance to the foetus [30]. It has been demonstrated
that decidual macrophages express markers of alternative
activation, including CD206 and IL-10 [23]. Furthermore, it
has been previously shown that soluble circulating factors,
present in sera of pregnant women, induce a dendritic
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Figure 5: Expression of CD206 and PCT in human macrophages
conditioned for 24 hours with PG, E2, and hCG or with the three
hormones combined together. (a) The mRNA expression level of
CD206 was measured by qPCR and normalized to those of the
human housekeeping gene 18S. Results were expressed as AUs,
in which 1 AU represents the value obtained with macrophages
cultured in NHS used as a positive control. (b) PCT fold increase
was expressed as ratio between mRNA levels of LPS stimulated and
LPS untreated cells. Bars represent the mean ± S.E.M. of at least 3
independent experiments. ∗𝑃 < 0.05 (Mann-Whitney test).

cell (DC) incomplete activation that was associated with
reduced DC allostimulatory capacity [31]. In this study we
demonstrated that during human physiological pregnancy
macrophages, in response to human pregnant sera, also
undergo profound changes that probably reflect the maternal
systemic reaction to the foetus. Our data showed that also the
synthesis of PCT is strongly downregulated in macrophages
with this particular phenotype, although the response to LPS
is conserved in terms of production of the proinflammatory
cytokine IL-1𝛽 (data not shown).These data are in agreement
with Mor statements [30], which indicate that the immune
system at the implantation site is not suppressed but func-
tionally and carefully controlled. The fact that the expression
of PCT is downregulated indicates that it may probably
have harmful effects to fetal development and pregnancy
progression.

6. Conclusion

In conclusion, our results demonstrated that the expression
and synthesis of PCT after LPS stimulation are a peculiar
ability of M1 macrophages. Furthermore, we found out that
macrophages cultured in first trimester GS acquire an M2-
like phenotype, not allowing them to produce PCT after
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LPS stimulation. Based on these data, we can speculate that
pregnant women might respond less efficiently to sepsis than
nonpregnant women in terms of about 50% reduction of
PCT expression in macrophages. Our data, although they
were obtained only in an in vitro model of cultured human
macrophages, indicate that the slowdown of PCT synthesis
might have an impact on the use of this laboratory marker
for the analysis of the inflammatory status in pregnantwomen
during sepsis and in autoimmune and inflammatory diseases.

Above all, these data support the concept reported byMor
and Cardenas [30] that pregnancy is a unique condition, in
which the immune system is modulated, but not suppressed,
leading to a differential response against bacterial infections,
which is not completely known yet.
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The aim of the present study was to investigate the interaction between ovarian steroids, interleukins and prostaglandins (PG)
in equine epithelial and stromal cells in vitro. In Experiment 1, cells were exposed to IL-1𝛼 (10 ng/mL), IL-1𝛽 (10 ng/mL) or IL-
6 (10 ng/mL) for 24 h and cell proliferation was determined using MTT. In Experiment 2, cells were exposed to progesterone
(P
4
; 10−7M); 17-𝛽 estradiol (E

2
; 10−9M) or P

4
+ E
2
for 24 h and later medium was replaced with a fresh one treated with IL-1𝛼,

IL-1𝛽 or IL-6 (10 ng/mL, each) for 24 h. The oxytocin (OT; 10−7M) was used as a positive control. In Experiment 3, cells were
exposed to P

4
(10−7M), E

2
(10−9M) or P

4
+ E
2
for 24 h and the IL receptor mRNAs transcription was determined using Real-time

PCR. Prostaglandins concentration was determined using the direct enzyme immunoassay (EIA) method. Our findings reveal a
functional linking between ovarian steroids and IL-stimulated PG secretion by equine endometrial cells. This interaction could be
one of the mechanisms responsible for endometrial local orchestrating events during the estrous cycle and early pregnancy.

1. Introduction

Endometrium is a complex tissue, which consists of different
cell types. The overriding purpose of endometrial cyclicity
is the preparation for embryo implantation. Interactions
between prostaglandins (PG) and ovarian steroids play a
crucial role in diverse complex processes in several species.
The ovarian steroids affect the morphological and functional
state of the endometrium. The 17-𝛽 estradiol (E

2
) regulates

sexual behavior, enhances uterine motility, and promotes
secretory activity of the entire reproductive tract. In turn,
progesterone (P

4
) affects endometrial secretion, promotes the

pregnancymaintenance, and inhibits gonadotropin-releasing
hormone (GnRH) secretion and reproductive behavior.
Ovarian steroids have also been demonstrated to affect PG
during the estrous cycle in vivo in the mare [1, 2]. Ovarian
steroid-stimulated PG secretion by equine endometrial cells
was recently evidenced in vitro [3, 4]. Prostaglandins act

locally, modulating endometrial biological processes, such
as cell proliferation, angiogenesis, embryo implantation, or
peripherally on corpus luteum (CL) maintenance and lute-
olysis [5–10].

Interleukins (ILs) are secreted by numerous immune
cells, actingmostly in an auto/paracrinemanner. Interleukins
such as IL-1𝛼 and IL-1𝛽 or IL-6 are known to participate in
the regulation of endometrial PG synthesis in many species
[11–15]. There are two types of IL agonists (IL-1𝛼 and IL-1𝛽)
and both of them determine biological responses via specific
receptor. Although there are two types of IL-1 receptors
(IL-1RI and IL-1RII), only IL-1RI transduces IL-1 signaling
response [16]. Interleukin 6 is a pleiotropic cytokine, which
is produced by different immune and nonimmune cell types
[17]. Interleukin 6 binds to a low-affinity subunit called gp80
or IL-6R𝛼 on the surface of target cells, promoting tIL-6/IL-
6R alpha complex recruitment of signal-transducing subunits
called gp130 or IL-6R𝛽 [17].
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In our study, we hypothesized that there is a functional
link between IL, PG, and ovarian steroids, where ovarian
steroids modulate PG secretion stimulated by IL. To clarify
the interaction of those molecules we investigated: (i) the IL
influence on PG production and epithelial and stromal cell
proliferation, (ii) the modulatory effect of ovarian steroids on
IL-stimulated production of PG, and (iii) the effect of ovarian
steroids on IL receptorsmRNAs transcription.

2. Materials and Methods

2.1. Animals and Endometrial Tissue Collection. Uteri (𝑛 =
10) from cyclic mares at the early luteal phase of estrous cycle
were collected postmortem, from April until the end of July at
a local abattoir.Themareswere healthy as stated by the official
governmental veterinary inspection.The estrous cycle phases
were identified based on P

4
and E

2
analysis in blood serum

and an ovary macroscopic observation [18, 19]. The early
luteal phase is characterized by the corpora hemorrhagica
presence with a plasma concentration of P

4
> 1 ng/mL. At

the mid luteal phase, the developed CL is associated with
follicles 15–20mm in diameter and P

4
> 6 ng/mL. At the

late luteal phase, a regressing CL is present, together with
follicles 30–35mm in diameter and a concentration of P

4

from 1–2.5 ng/mL. The follicular phase is characterized by an
active CL absence and a follicle with various sizes presence
but always >35mm diameter, with a concentration of P

4
<

1 ng/mL [18, 19]. Moreover, the phases were differentiated,
since serum E

2
was present in basal concentration in luteal

phase (around 2 to 10 pg/mL), but it reaches values above
20 pg/mL in the follicular phase [20]. The entire uterus
was collected within 5min of an animal’s death, placed
in sterile, incomplete (Ca2+ and Mg2+ free) Hank’s bal-
anced salt solution (HBSS) supplemented with gentamicin
(20𝜇g/mL; Sigma-Aldrich, Madison, USA, #G1272) and 0.1%
bovine serum albumin (BSA; Sigma-Aldrich, Madison, USA,
#A9056), kept on ice, and transported quickly to laboratory.
Small pieces of endometrium from each uterus were placed
in buffered 4% paraformaldehyde for histological analysis
[18], for further classification according to the scoring system
developed by Kenney [21]. Only cells derived from category
I endometria of Kenney [21] classification were used in
the present study. Animal treatment procedures and tissue
collection were approved by the Local Animal Care and Use
Committee in Olsztyn, Poland (Agreements No. 51/2011).

2.2. Epithelial and Stromal Cells Isolation and Culture. A total
of 10 uteri from mares in early luteal phase of the estrous
cycle were used. The equine epithelial and stromal cells were
isolated following the methodology recently described [22].
Cells were cultured at 38∘C in a humidified atmosphere
of 5% CO

2
. The culture medium was Dulbecco’s modified

Eagle’s medium/nutrient F-12 Ham (DMEM/Ham’s F-12;
Sigma-Aldrich, Madison, USA; D8900) supplemented with
10% fetal calf serum (FCS; Sigma-Aldrich, Madison, USA;
#C6278) and antibiotic and antimycotic solution (Sigma-
Aldrich, Madison, USA; #A5955); it was changed every 2
to 3 days. After reaching 90 to 95% confluence (5 or 7

days of the incubation of stromal or epithelial cells, resp.),
cells were trypsinized [22].Further, cells were seeded at a
density of 5 × 105 viable cells/mL for epithelial cells and
2×10

5 viable cells/mL of stromal cells in 24 or 96-well plates,
regarding the experiment. Both cell types viability were
over 90%.The cell culture homogeneity was evaluated using
immunofluorescent staining for epithelial and stromal cell
specific markers (cytokeratin, vimentin, resp.) as described
before [22]. The epithelial and stromal cell homogeneity was
around 97%.

2.3. Experimental Procedures

2.3.1. Experiment 1: The Effect of Interleukin on Epithelial and
Stromal Cell Proliferation. Stromal (𝑛 = 5) and epithelial
(𝑛 = 5) cells derived from passage I were placed in a 96-
well plate. After reaching 50% of confluence, themediumwas
replacedwith freshDMEMwithout phenol red supplemented
with 0.1% BSA and antibiotics and antimycotic solution.
Then, cells were incubated with vehicle or with IL-1𝛼, IL-
1𝛽, or IL-6 (10 ng/mL each). After 24 h, cells prolifera-
tion was measured by MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) method using TOX-1 Kit
(Sigma-Aldrich, Madison, USA, #7H258), according to the
manufacturer’s instructions.

2.3.2. Experiment 2: The Effect of Ovarian Steroids on
Cytokine-Stimulated PG Production by Endometrial Cells.
Epithelial (Figure 1(a); 𝑛 = 5) and stromal (Figure 1(b); 𝑛 = 5)
cells derived from passage I were placed in a 24-well plate
in the culture medium DMEM/Ham’s F-12 supplemented
with 10% FCS and antibiotic and antimycotic solution. Again,
when cells reached 90% of confluence, the medium was
replaced with fresh DMEM without phenol red (Sigma-
Aldrich, Madison, USA; D#2960) supplemented with 0.1%
BSA and antibiotics and antimycotic solution. The epithelial
and stromal cells were incubated with vehicle or with P

4

(10−7M), E
2
(10−9M) or P

4
+ E
2
(10−7M/10−9M) added to

the culture medium for 24 h. The doses for ovarian steroids
were determined based on our former work [4]. Further
on, the medium was replaced with fresh DMEM without
phenol red supplemented with 0.1% BSA and antibiotics and
antimycotic solution. Epithelial and stromal cells were then
incubated with IL-1𝛼/IL-1𝛽/IL-6 (10 ng/mL) for the next 24 h.
The oxytocin (OT; 10−7M) was used as a positive control.
Then, conditioned media were collected into tubes with
5 𝜇L EDTA, 1% acetylsalicylic acid solution (Sigma-Aldrich,
Madison, USA, #A2093), and frozen at −20∘C until further
PG measurement. The total volume of 250𝜇L TRI Reagent
(Sigma-Aldrich, Madison, USA, #T9424) was added to each
well containing cells for single-step DNA isolation. Cells
from four wells were then polled. Deoxyribonucleic acid was
isolated according to TRI Reagent manufacturer procedure.
Deoxyribonucleic acid content was used to standardize the
results.

2.3.3. Experiment 3: The Effect of Ovarian Steroids on IL
Receptor mRNAs Transcription in Epithelial and Stromal Cells
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(a) (b)

(c) (d)

Figure 1: Representativemorphology of cultured equine endometrial: (a) epithelial cells and (b) stromal cells. (c) Epithelial cells identification
by immunofluorescent staining for cytokeratin; (d) stromal cells identification by immunofluorescent staining for vimentin. The scale bar =
50 𝜇m (magnification: ×40).

Culture. Stromal (𝑛 = 5) and epithelial (𝑛 = 5) cells derived
from passage I were placed in a 24-well plate. When the cells
reached 90% of confluence, the medium was replaced with
fresh DMEM without phenol red supplemented with 0.1%
BSA and antibiotics and antimycotic. Epithelial and stromal
cells were incubated with vehicle or with P

4
(10−7M), E

2

(10−9M) or P
4
+ E
2
(10−7M/10−9M) added to the culture

medium for 24 h. After that, culture medium was removed
and cells were washed twice with PBS. To each well 250𝜇𝐿
of Fenozol was added and the cells were removed and kept
frozen until RNA isolation.

2.4. Methods

2.4.1. Total RNA Isolation and cDNA Synthesis. Total RNA
was extracted from epithelial and stromal cells from Exper-
iment 2, after culture using the Total RNA Prep Plus Kit
(A&A Biotechnology, Gdansk, Poland) according to the
manufacturer’s instructions. Ribonucleic acid samples were
stored at −80∘C. Before use, RNA concentration and quality
were determined spectrophotometrically and with agarose
gel electrophoresis. The absorbance ratio at 260 nm and
280 nm (A

260/280
) was approximately 2.The amount of 1 𝜇g of

RNAwas reversed transcribed into cDNAusing aQuantiTect
Reverse Transcription Kit (Qiagen, #205311) according to

the manufacturer’s instruction. The cDNA was stored at
−20∘C until real-time PCR was carried out.

2.4.2. Real-Time PCR. Real-time PCR was performed with
an ABI Prism 7300 sequence detection system using SYBR
Green PCR master mix (Applied Biosystems, Foster City,
CA, USA, #4309155). The sequences for equine IL-1RI, IL-
1RII, IL-6R𝛽, and ACTB primers were previously published
[23]. After a preliminary study, ACTB was chosen as the
best housekeeping gene. All primers were synthesized by
GenoMed (Warszawa, Poland). Total reaction volume was
20𝜇L and contained 1 𝜇L cDNA (1 ng/𝜇L), 2 𝜇L forward
and reverse primers each (250 nM) and 10 𝜇L SYBR Green
PCR master mix. Real-time PCR was carried out as follows:
initial denaturation (10min at 95∘C), followed by 40 cycles
of denaturation (15 s at 95∘C) and annealing (1min at 60∘C).
After each PCR reaction, melting curves were obtained by
stepwise increases in temperature from 60 to 95∘C to ensure
single product amplification.The product specificity was also
confirmed by electrophoresis on 2% agarose gel. The data
were analyzed using the method described by Zhao and
Fernald [24].

2.4.3. PG and Ovarian Steroids Determination. The concen-
tration of PGE

2
in the conditioned medium was determined
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using Prostaglandin E
2
EIA kit (Cayman) according to the

manufacturer’s instruction. The concentration of PGF
2𝛼

was
determined using the direct enzyme immunoassay (EIA)
method as described previously by Uenoyama et al. [25]
with modification.The standard curve for PGE

2
ranged from

16.5 pg/mL to 1000 pg/mL. The intra- and interassay coeffi-
cients of variation (CV) were 3.9% and 8.1%, respectively.
The standard curve for PGF

2𝛼
ranged from 0.19 ng/mL to

50 ng/mL and CV were 4.7% and 9.8%, respectively.
The concentration of P

4
in blood plasma was determined

using EIA as described previously [26]. The standard curve
for P
4
ranged from 0.0925 ng/mL to 25 ng/mL and intra-

and interassay CV were 3.7% and 8.4%, respectively. The
antibodies (Anti-P4, code SO/91/4; kindly donated by Dr. S.
Okrasa, Warmia-Mazury University, Olsztyn, Poland) were
characterized previously [27].

The concentrations of E
2
in blood serum were assayed

by radioimmunoassay (RIA) after extraction with diethyl
ether (extraction efficiency: 89%) as described [28].The anti-
body (Anti-E2, code BS/88/754; gift from Dr. B. Szafranska,
Warmia-Mazury University, Olsztyn, Poland) was character-
ized previously [29]. The intra- and interassay Cv averaged
4.2% and 8.1%, respectively. The E

2
standard curve ranged

from 0.5 to 80 pg/mL, and the effective dose for 50% inhi-
bition (ED50) of the assay was 1.98 pg/mL. The intra- and
interassay Cv averaged 5.2% and 9.5%, respectively.

2.5. Statistical Analysis. The data are shown as the mean
± SEM of values obtained in separate experiments, each
performed in quadruplicate.The statistical analysis of Exper-
iment 1 and Experiment 3 was performed using parametric
one-way ANOVA followed by Newmann-Keuls comparison
test (GraphPad Software version 5, San Diego, USA). The
statistical analysis of Experiment 2 was performed using
nonparametric one-way ANOVA Kruskala-Wallisa followed
by Dunns test. The results were considered significantly
different when 𝑃 < 0.05.

3. Results

3.1. Experiment 1: The Effect of Ovarian Steroids on Epithe-
lial and Stromal Cell Proliferation. Interleukins 1𝛼 and IL-
6 augmented epithelial cell proliferation compared to the
control group (Figure 2(a); 𝑃 < 0.01). In turn, only IL-6
augmented stromal cell proliferation compared to the control
group (Figure 2(b); 𝑃 < 0.01).

3.2. Experiment 2: The Effect of Ovarian Steroids on Cytokine-
Stimulated PG Production by Endometrial Cells. The basal
in vitro PGE

2
and PGF

2𝛼
secretion from epithelial cells

was 1.60 ± 0.924 ng/𝜇g DNA and 2.63 ± 0.343 ng/𝜇g DNA,
respectively. The basal in vitro PGE

2
and PGF

2𝛼
secretion

from stromal cells was 2.02 ± 0.332 ng/𝜇g DNA and 1.38 ±
0.231 ng/𝜇g DNA, respectively. Oxytocin (positive control)
augmented PGE

2
and PGF

2𝛼
secretion from epithelial cells

stromal cells compared to the respective control group (𝑃 <
0.05; Figure 3 to Figure 5).

Interleukin 1𝛼 augmented PGE
2
and PGF

2𝛼
by epithe-

lial (𝑃 < 0.01; 𝑃 < 0.05; respectively; Figures 3(a)
and 3(c)) and stromal cells (𝑃 < 0.05; Figures 3(b) and 3(d))
compared to the respective control group. Epithelial cells
pretreatment with E

2
or P
4
+ E
2
decreased IL-1𝛼-stimulated

PGE
2
secretion compared to the only IL-1𝛼-stimulated group

(𝑃 < 0.05; Figure 3(a)).However, epithelial cells pretreatment
with E

2
or P
4
+ E
2
augmented IL-1𝛼-stimulated PGF

2𝛼

secretion compared to only IL-1𝛼-stimulated group (𝑃 <
0.01; Figure 3(c)). Stromal cells pretreatment with E

2
or

P
4
+ E
2
augmented IL-1𝛼-stimulated PGE

2
(𝑃 < 0.001;

Figure 6(b)) and PGF
2𝛼

(𝑃 < 0.001; Figure 3(d)) secretion
compared to the respective only IL-1𝛼-stimulated group.

Interleukin 1𝛽 augmented PGE
2
and PGF

2𝛼
by epithelial

(𝑃 < 0.05; 𝑃 < 0.01; respectively, Figures 4(a) and 4(c)) and
stromal cells (𝑃 < 0.05; 𝑃 < 0.01; respectively, Figures 4(b)
and 4(d)) compared to the respective control group.

Epithelial cell pretreatment with P
4
+ E
2
augmented

IL-1𝛽-stimulated PGE
2
compared to only IL-1𝛽-stimulated

group (𝑃 < 0.01; Figure 4(a)). Stromal cells pretreatment
with E

2
or P
4
+ E
2
augmented IL-1𝛽-stimulated PGE

2

secretion compared to only IL-1𝛽-stimulated group (𝑃 <
0.01; Figure 4(b)). But stromal cells pretreatment with P

4

decreased IL-1𝛽-stimulated PGE
2
compared to only IL-1𝛽-

stimulated group (𝑃 < 0.05; Figure 4(b)). In turn, stromal
cell pretreatment with P

4
, E
2
, or P

4
+ E
2
augmented IL-1𝛽-

stimulated PGF
2𝛼

compared to only IL-1𝛽-stimulated group
(𝑃 < 0.001; Figure 4(d)).

Interleukin 6 augmented PGE
2
and PGF

2𝛼
secretion by

epithelial cells (𝑃 < 0.05; Figures 5(a) and 5(c)) and
PGF
2𝛼

secretion by stromal cells (𝑃 < 0.05; 𝑃 < 0.01;
respectively, Figure 5(d)) compared to respective control
group. Epithelial cell pretreatment with E

2
augmented IL-6-

stimulated PGE
2
secretion compared to only IL-6-stimulated

group (𝑃 < 0.01; Figure 5(a)). Additionally, stromal cell
pretreatment with E

2
or P
4
+ E
2
augmented IL-6-stimulated

PGE
2
secretion compared to only IL-6-stimulated group (𝑃 <

0.01; Figure 5(b)). Stromal cell pretreatment with P
4
, E
2
or P
4

+ E
2
augmented IL-6-stimulated PGF

2𝛼
secretion compared

to only IL-6-stimulated group (𝑃 < 0.01; Figure 5(d)).

3.3. Experiment 3: The Effect of Ovarian Steroids on IL
Receptor mRNAs Transcription In Epithelial and Stromal Cells
Culture. 17-𝛽 estradiol and/or P

4
upregulated IL-1RI mRNA

transcription in epithelial cell compared to control group
(𝑃 < 0.01; Figure 6(a)). 17-𝛽 estradiol or P

4
upregulated

IL-1RII mRNA transcription in epithelial cells compared
to control group (𝑃 < 0.001; Figure 6(c)). In turn, E

2

downregulated IL-1RI and P4 + E2 downregulated IL-1RII
mRNA transcription in stromal cells compared to control
group (𝑃 < 0.001; Figures 6(b) and 6(d)). 17-𝛽 estradiol and
P
4
+ E
2
upregulated IL-6R𝛽mRNA transcription in epithelial

cells compared to control group (𝑃 < 0.01; Figure 6(e)). 17-𝛽
estradiol and/or P

4
upregulated IL-6R𝛽mRNA transcription

in stromal cells compared to control group (𝑃 < 0.05;
Figure 6(f)). Additionally, E

2
and P

4
+ E
2
increased the

IL-1RI/IL-1RII mRNA transcription ratio in epithelial and
stromal cells (𝑃 < 0.05; Figures 7(a) and 7(b)).



Mediators of Inflammation 5

Control
0

100

200

300

400

C
el

l p
ro

lif
er

at
io

n 
fo

ld
 o

f s
tim

ul
at

io
n

IL-1𝛼
(10ng/mL) (10ng/mL) (10ng/mL)

IL-1𝛽 IL-6

∗∗

∗∗

(a)

0

100

200

300

400

C
el

l p
ro

lif
er

at
io

n 
fo

ld
 o

f s
tim

ul
at

io
n

Control IL-1𝛼
(10ng/mL) (10ng/mL) (10ng/mL)

IL-1𝛽 IL-6

∗

(b)

Figure 2: The effect of IL-1𝛼 (10 ng/mL), IL-1𝛽 (10 ng/mL), or IL-6 (10 ng/mL) on proliferation of (a) epithelial cells (mean ± SEM; 𝑛 = 5)
and (b) stromal cells (mean ± SEM; 𝑛 = 5) after 24 h incubation. All values are expressed as n-fold change from control. Asterisks indicate
significant differences (∗𝑃 < 0.05; ∗∗𝑃 < 0.01) from the respective control, as determined by parametric one-way ANOVA followed by
Newmann-Keuls comparison test.
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Figure 3: The effect of ovarian steroids on IL-1𝛼 stimulated PGE
2
and PGF

2𝛼
production by epithelial ((a), (c)) and stromal ((b), (d)) cells.

The cells were treated with P
4
(10−7M), E

2
(10−9M), or P

4
+ E
2
(10−7/10−9M) for 24 h. Then, the medium was replaced with a fresh medium

and the epithelial cells were stimulated with IL-1𝛼 (10 ng/mL) for 24 h. Oxytocin (OT; 10−7M) was used as a positive control. All values are
expressed as n-fold change from control. letters “a,” “b,” and “c” indicate significant differences (𝑃 < 0.05) between groups, as determined by
parametric one-way ANOVA followed by Newmann-Keuls comparison test.
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Figure 4: The effect of ovarian steroids on IL-1𝛽 stimulated PGE
2
and PGF

2𝛼
production by epithelial ((a), (c)) and stromal ((b), (d)) cells.

The cells were treated with P
4
(10−7M), E

2
(10−9M), or P

4
+ E
2
(10−7/10−9M) for 24 h. Then, the medium was replaced with a fresh medium

and the epithelial cells were stimulated with IL-1𝛽 (10 ng/mL) for 24 h. Oxytocin (OT; 10−7M) was used as a positive control. All values are
expressed as n-fold change from control. letters “a,” “b,” “c” indicate significant differences (𝑃 < 0.05) between groups, as determined by
parametric one-way ANOVA followed by Newmann-Keuls comparison test.

4. Discussion

A short number of studies characterized IL in the equine
endometrium [23, 30]. However, we have recently described
IL-1𝛼, IL-1𝛽, and IL-6 immunolocalization in the equine
endometrium [23]. We also showed that those ILs stimulated
PG secretion through the upregulation of PG synthases
mRNAs transcription in endometrial explants in vitro [23].
Additionally, the equine endometrial upregulation of IL-1𝛼
and IL-6 mRNAs transcription together with an upward
tendency in IL-1𝛽 mRNA transcription was demonstrated
in early pregnancy [30]. However, it has been shown that
ovarian steroids did not affect IL-1𝛼 and IL-6 mRNAs tran-
scription in endometrial explants in vitro [30].

Interleukins stimulate PG production by endometrium in
many species besides the mare [12, 31–34]. Tamura et al. [33]
and Huang et al. [34] showed that IL-1𝛽 upregulated PGE2
secretion and PTGS-2 mRNA transcription in human stro-
mal endometrial cells. Furthermore, the ability to produce
PG in response to IL-1𝛼 in rat stromal cells was confirmed
by Bany andKennedy [31]. In turn, Chen et al. [32] confirmed
that human epithelial cells are able to produce PG in response
to IL-1𝛼 if the culture medium is supplemented with arachi-
donic acid (AA). Several previous studies present diverse

conclusions [12, 31–35]. Tanikawa et al. [12] showed that
IL1𝛼 and IL1𝛽 stimulated in a dose-dependent manner both
PGE2 and PGF2𝛼 production in bovine stromal cells, but this
stimulatory effect of both IL1s was not observed in epithelial
cells. Nonetheless, Betts and Hansen [35] showed that IL-
1𝛽 had no effect on PG production in bovine stromal cells,
but augmented PGE2 and PGF2𝛼 production by epithelial
cells. A comprehensive study concerning IL-6 influence on
PG production by endometrial cells is lacking. Our previous
data showed that IL-6 stimulated PG production by equine
endometrial explants in vitro [23].

Cyclic changes in the endometrium are a complex process
governed by the interplay of several signaling pathways that
critically regulate cell growth and proliferation. Ovarian
steroids play a key role in these processes. In the present
study, we showed that ovarian steroids are not only trig-
gering endometrial PG production, but they also modulate
endometrial cell response to IL. As previously shown, ovarian
steroids stimulated PG production by equine of epithelial and
stromal cells [4]. The analysis of our present findings shows
that E

2
can be amodulator of endometrial cell response to IL.

Additionally, it was found that the response to IL-1𝛼 and IL-6
could be strongly modulated, when compared to IL-1𝛽.
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Figure 5: The effect of ovarian steroids on IL-6 stimulated PGE
2
and PGF

2𝛼
production by epithelial ((a), (c)) and stromal ((b), (d)) cells.

The cells were treated with P
4
(10−7M), E

2
(10−9M), or P

4
+ E
2
(10−7/10−9M) for 24 h. Then, the medium was replaced with a fresh medium

and the epithelial cells were stimulated with IL-6 (10 ng/mL) for 24 h. Oxytocin (OT; 10−7M) was used as a positive control. All values are
expressed as n-fold change from control. letters “a,” “b,” and “c” indicate significant differences (𝑃 < 0.05) between groups, as determined by
parametric one-way ANOVA followed by Newmann-Keuls comparison test.

It was shown that in the mare IL-1𝛼 and IL-6, expression
is upregulated during the follicular phase of the estrous cycle,
following E

2
action [23]. It should be highlighted that the

endometrial tissue response to acting factors results from
epithelial and stromal cell activity. Our findings showed that
the influence of ovarian steroids on IL-1𝛼-stimulated PG
production is dependent on the cell or PG types. Additionally,
we showed that IL-6-stimulated PG production is strongly
increased by E

2
. Interestingly, although we had seen no effect

of IL-6 on PGE
2
secretion by stromal cells, the pretreatment

with E
2
and P

4
+ E
2
caused an increase of PGE

2
secretion.

In turn, the modulation of IL-1𝛽 influence on PG production
by ovarian steroids is less evident, when compared to IL-1𝛼
or IL-6. However, it should be noted that IL-1𝛽 alone has the
strongest influence on PG production from endometrial cells
compared to IL-1𝛼 or IL-6. Regarding the present findings,
the interaction between PG, IL, and ovarian steroids may be
crucial for the local regulation of equine endometrium.

Baring in mind that endometrial IL-1𝛼 and IL-6 expres-
sion are upregulated in follicular phase of the estrous cycle,
their promotion of endometrial cell proliferation and also
that E

2
enhanced their support of PG production; it may be

assumed that these cytokinesmay play a role in local changes,

such as angiogenesis, cell proliferation, and other processes
taking place in endometrium. Additionally, the cross-talk
between PG, IL, and ovarian steroids is highly likely to be
determinant for implantation.

17-𝛽 estradiol positively affected IL-1𝛼- and IL-6-
stimulated PGE

2
production may be a possible mechanism

responsible for the angiogenesis regulation and cell
proliferation in endometrium. Prostaglandin E

2
acts in

an auto-/paracrine manner on proangiogenic factors such
as vascular endothelial growth factor (VEGF) secretion
and angiopoietin-1 and angiopoietin-2 expression [36–38].
Additionally, PGE

2
and PGF

2𝛼
influenced epithelial cells

proliferation in human endometrial cells [7, 8]. Tsujii and
DuBois [9] showed that PGE

2
enhanced proliferation. It

seems that IL-1𝛼 and IL-6 act on cell proliferation directly
and indirectly by PG stimulation.

Once Haneda et al. [30] could not detect the link between
ovarian steroids action and IL-1𝛼 and IL-6 expression around
implantation period, it is possible that this interaction on
that stage of the pregnancy is related to PG production.
Synchronized development of the embryo to the blastocyst
stage, endometrium differentiation to the receptive state,
and cross-talk between the blastocyst and uterine luminal
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Figure 6: The effect of P
4
(10−7M), E

2
(10−9M), and P

4
+ E
2
(10−7/10−9M) on IL-1RI ((a), (b)), IL-1RII ((c), (d)), and IL-6R𝛽 ((e), (f)) mRNA

transcription in epithelial cells (𝑛 = 5) and stromal cells (𝑛 = 5) after 24 h incubation. Results are normalized against ACTB. Data are
presented as fold induction relative to control. Asterisks indicate significant differences (∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001) from the
respective control, as determined by nonparametric one-way ANOVA Kruskala-Wallisa followed by Dunns’a test.

epithelium are fundamental to the implantation process
[39]. In mice and rats, E

2
is essential for preparation of the

P
4
-primed uterus to the receptive state [39]. Various factors

including cytokines, growth factors, homeobox transcription
factors, and PG participate in embryo implantation through
auto-/paracrine and/or juxtacrine mechanisms [39]. In
contrast to other species, in the horse, the role of PG and
IL on the embryo implantation is not described. It was

demonstrated that the targeted disruption of PTGS-2 is the
cause of multiple failures in murine female reproductive
processes that include ovulation, fertilization, implantation,
and decidualization [40, 41]. The concentrations of PGs
are elevated in the areas of increased endometrial vascular
permeability associated with the initiation of implantation
[42, 43] and exogenous PGs can reverse, at least partially,
the effects of indomethacin on implantation in rat [44].
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Figure 7:The effect of P
4
(10−7M), E

2
(10−9M), and P

4
+ E
2
(10−7/10−9M) on IL-1RI:IL-1RII mRNA transcription ratio in epithelial cells ((a);

𝑛 = 5) and stromal cells ((b); 𝑛 = 5) after 24 h incubation. Results are normalized against ACTB. Asterisks indicate significant differences
(∗𝑃 < 0.05; ∗∗𝑃 < 0.01) from the respective control, as determined by nonparametric one-wayANOVAKruskala-Wallisa followed byDunns’a
test.

In turn, IL-1𝛼 and IL-1𝛽 are involved in production
of leukemia inhibitory factor (LIF) [45], granulocyte-
macrophage colony-stimulating factor (GM-CSF), and
colony stimulating factor-1 (CSF-1) production [46]. In-
terleukin 1 stimulates production of metalloproteinases
(MMP) and components of the plasminogen activator
(PA)/PA-inhibitor cascade [47, 48] and also decreases
connexin 43 in human endometrial stromal cells [49]. It
has also been suggested that IL-6 may contribute to tro-
phoblast growth and placental development in humans [50].
In our present work we pointed out the potential interaction
between E

2
, IL, and PG. We suggest that E

2
modulation

of IL-1𝛼- and IL-6-stimulated PG production during the
preimplantation period may participate in event orchestra-
tion, including differentiation of endometrial cells and the
vascular endothelial cell changes accompanying implantation
and subsequent placental development. However, further
studies are required to confirm these assumptions.

The pretreatment with combination of P
4
and E

2
aug-

mented PG production in response to IL in endome-
trial cells. However, this enhancement, with one excep-
tion, was always followed by E

2
increase of IL-stimulated

PG production. Thus, one may conclude that E
2
mainly

increases IL-stimulated PG production.These results suggest
that the mechanism responsible for enhancement of IL-
stimulated PG production by steroids is different in epithe-
lial and stromal cells. In epithelial cells, this mechanism
is associated to IL-1RI mRNA transcription after ovarian
steroids treatment, suggesting that ovarian steroids increase
IL-1 effect on PG production via upregulation of IL-1RI
expression. In stromal cells, a single treatment with E

2

and P
4
did not affect IL-1RI mRNA transcription. Possible

mediators of E
2
action in stromal cells are protein kinase

A (PKA), nuclear factor-𝜅B (NF-𝜅B), and/or extracellular-
signal-regulated kinases 1/2 (ERK1/2), which have been
reported to be involved in the control of PGE2 secretion

and PTGS-2 expression in response to IL-1𝛽 in human
stromal cells [51] and the upregulation of PTGS-2, through
PKA activation in different types of tissues [52, 53]. As an
example, E

2
has been shown to interact with NF𝜅B and

to modulate its activity [54], stimulating PKA activity in
hippocampal neurons [55, 56]. However, new studies are
required to clarify the enhancement of IL-stimulated PG
production by steroids. Additionally, our findings confirmed
that E

2
regulates IL-6-stimulated PG production through

upregulation of IL-6R𝛽 mRNA. However, the influence of
E
2
on IL-6R𝛼 expression should be investigated in the

future.
In summary, it has been shown for the first time that E

2

enhance IL-1𝛼 and IL-6-stimulated PG production. It may
be one of the mechanisms responsible for local orchestrating
events in endometrial tissue during estrous cycle and implan-
tation. Additionally, we suggest that E

2
influence on IL-1- and

IL-6-stimulated PG production may result from activation
of IL-1RI and IL-6R𝛽 mRNAs transcription in endometrial
cells.
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One of the strategies used by tumors to evade immunosurveillance is the accumulation of extracellular adenosine, which has
immunosupressive and tumor promoting effects. The study of the mechanisms leading to adenosine formation at the tumor
interstitium are therefore of great interest in oncology. The dominant pathway generating extracellular adenosine in tumors is the
dephosphorylation of ATP by ecto-nucleotidases. Two of these enzymes acting sequentially, CD39 and CD73, efficiently hydrolyze
extracellular ATP to adenosine.They have been found to play a crucial role in a variety of tumors, but there were no data concerning
endometrial cancer, the most frequent of the invasive tumors of the female genital tract. The aim of the present work is to study the
expression of CD39 and CD73 in human endometrial cancer. We have analyzed protein and gene expression, as well as enzyme
activity, in type I endometrioid adenocarcinomas and type II serous adenocarcinomas and their nonpathological endometrial
counterparts. High levels of both enzymes were found in tumor samples, with significantly increased expression of CD39 in type
II serous tumors, which also coincided with the higher tumor grade. Our results reinforce the involvement of the adenosinergic
system in cancer, emphasizing the relevance of ecto-nucleotidases as emerging therapeutic targets in oncology.

1. Introduction

Extracellular adenosine concentration increases under
metabolically stressful conditions, notably in the tumor
microenvironment [1], where hypoxia is frequently given
[2, 3]. Such accumulation of adenosine mediates, through
four distinct receptors (A1, A2A, A2B, and A3), complex and
diverse effects that lead to tumor immunoescape [4]. This
includes cytoprotection and growth promotion of tumor
cells [5, 6], angiogenesis increase [7, 8], and suppression of
effector (antitumor) T cells [9].

Although cells are provided with adenosine transporters,
themain source of this nucleoside in the tumor interstitium is
the hydrolysis of extracellular ATP, which also accumulates in

tumors, by membrane enzymes known as ecto-nucleotidases
[6, 10]. Different families of these enzymes, acting extra-
cellularly, are responsible for the generation of adenosine
from adenine nucleotides (i.e., ATP, ADP, or AMP): (1)
the ectonucleoside triphosphate diphosphohydrolase (E-
NTPDase) family, that includes four plasma membrane-
boundmembers: NTPDase1 (CD39), NTPDase2, NTPDase3,
and NTPDase8; these enzymes are differentially expressed
and hydrolyze with different affinities nucleoside triphos-
phates and diphosphates to their monophosphate deriva-
tives (e.g., ATP and ADP to AMP); (2) the ectonucleotide
pyrophosphatase/phosphodiesterase (E-NPP) family, capable
of hydrolyzing nucleoside triphosphates to monophosphates
and pyrophosphate (PPi), such as ATP to AMP and PPi;
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(3) the alkaline phosphatase (AP) family, that includes
ubiquitous enzymes degrading broad range of substrates,
such as adenine nucleotides and PPi, releasing inorganic
phosphate (Pi); (4) the 5-nucleotidase family, with only one
member attached to the outer plasmamembrane, the ecto-5-
nucleotidase (CD73), a glycosyl phosphatidylinositol-linked
membrane-bound glycoprotein that efficiently hydrolyses
AMP to adenosine [11–13].

Two members of ecto-nucleotidases families, the E-
NTPDase CD39 and the 5-nucleotidase CD73, acting
sequentially, seem to have a crucial role in tumor-immune cell
interaction [6]. They both are expressed not only by infiltrat-
ing immune cells but also by tumor cells, and their expression
is regulated by hypoxia [10, 14]. Increased CD39 and CD73
expression has been described in various cancer types,mostly
in correlation with a poor prognosis [15–17]. Both molecules
are considered promising therapeutic targets in oncology,
and CD73 has already been proven to inhibit tumor growth
and metastasis in a breast cancer model in mice [18–20].
However, until now there were not available data concerning
ecto-nucleotidases expression in endometrial cancer (EC).
EC is the most frequent of the invasive tumors of the female
genital tract. There are two clinicopathological variants: the
estrogen-related, type I, endometrioid carcinoma, and the
nonestrogen-related, type II, nonendometrioid carcinoma
[21]. Although there are different molecular alterations that
have been already identified in EC, with different prevalence
between tumors [22, 23], there is need to decipher the
complete molecular profile of EC pathogenesis to improve
diagnosis and favor the design of new therapeutic strategies.

The aim of the present work was to study the expression
of CD39 and CD73 in endometrioid (type I) and serous (type
II) EC when compared with nontumoral endometrium. To
achieve this objective, protein and gene expression exper-
iments, as well as in situ enzyme activity assays, were
performed on human endometrial adenocarcinoma samples
and their nontumoral endometrial counterparts.

2. Materials and Methods

2.1. Samples. The ethical principles of this study adhere to
the Declaration of Helsinki, and all the procedures were
approved by the ethics committee for clinical investigation
of Bellvitge Hospital. Endometrial samples from adenocar-
cinoma (endometrioid and serous types) and their corre-
sponding nontumoral tissue (if present) were obtained from
hysterectomy specimens at the Service of Gynecology of Bel-
lvitge Hospital. Fresh samples were cut, embedded in O.C.T.
freezing media (Tissue-Tek; Sakura Finetek, Zoeterwoude,
The Netherlands), snap-frozen in a Shandon Histobath 2
(Neslab Instruments Inc., USA) at the Service of Pathology,
and stored at −80∘C until used. Alternatively, endometrial
samples were obtained from the Tumor Bank of Bellvitge
Biomedical Research Institute (IDIBELL).

Fifteen endometrioid adenocarcinomas (13 grade 1, 2
grade 2; all FIGO stage I) (56–82 years old, median 61) and
fourteen serous adenocarcinomas (grade 3; 9 FIGO stage I, 2
FIGO stage II, and 3 FIGO stage IV) (63–86 years old,median

77), and their adjacent nontumoral endometrium were used
in this study.

2.2. Endometrial Touch Prep Technique. Touch preparations
of endometrial cancer tissue samples were obtained by lightly
pressing the freshly cut tumor surface on clean glass micro-
scope slides, thus generating a tumor cell imprint. Imprints
were immediately air-dried and stored at −20∘C until further
processing. Six endometrioid adenocarcinoma tissue samples
were used to generate the touch preparations.

2.3. Immunolabeling Experiments. Immunohistochemistry
and immunofluorescence experiments were performed as
previously described for human endometrial samples [24].
Briefly, tissue sections of 10 𝜇m thick and touch preparations
were fixed in 10% phosphate-buffered formalin mixed with
cold acetone (Merck, Darmstadt, Germany) for 2.5 minutes.
Fixed samples were rinsed with PBS and preincubated for
1 hour at room temperature (RT) with PBS containing 20%
normal goat serum (Gibco, Paisley, UK) and 0.2% gelatin
(Merck). Samples were then incubated overnight at 4∘C
with the following primary antibodies: anti-human CD39
clone BU61 (Ancell Corporation, Minnesota, MN, USA) at
1/500, mouse monoclonal anti-human ecto-5-nucleotidase
(CD73) clone 4G4 (Abcam, Cambridge, UK) at 1/50, and
rabbit monoclonal anti-human cytokeratin 19 (CK19) clone
EPR1579Y (Abcam) at 1/200. After three washes in PBS,
samples were incubated for 1 hour at RT with the appropri-
ate secondary antibodies: horseradish peroxidase-conjugated
goat anti-mouse (EnVision + system; DAKO, Carpinteria,
USA), Alexa Fluor 488- or 555-goat anti-mouse or anti-rabbit
(Life Technologies, Paisley, UK). Secondary antibody alone
was routinely included as control for the experiments. Nuclei
were counterstained with haematoxylin or, alternatively, in
fluorescence assays, To-Pro-3 or DAPI (Life Technologies)
were used to visualize the nuclei. Samples weremounted with
Fluoromount aqueous mounting medium (Sigma-Aldrich,
Sant Louis, Missouri, MO, USA). The results were observed
and photographed under a light Leica DMD 108 microscope
(Leica Microsystems, Wetzlar, Germany) or, in fluorescence
assays, under a Nikon Eclipse E-800 microscope (Nikon,
Tokyo, Japan) or under a Leica TCS-SL spectral confocal
microscope (Leica).

Results from both tissue samples and touch preparations
were independently evaluated by at least two observers.
Staining distributionwas recorded. Label intensitywas scored
as negative (−), intermediate (+), or strongly positive (++).

2.4. In Situ Enzyme Activity Experiments. For enzyme his-
tochemistry, ADPase and ecto-5-nucleotidase (AMPase)
activities were localized by using the Wachstein/Meisel lead
phosphate method [24, 25] in tissue samples and in touch
preparations. Briefly, fixed samples were preincubated for 1
hour at RT in 50mM Tris-maleate buffer, pH 7.4 containing
2mM CaCl

2
and 0.25M sucrose. Enzyme reaction was

carried out for 1 hour at 37∘C in the same buffer supplemented
with 5mM MnCl

2
, 2mM Pb(NO

3
)
2
, 3% Dextran T250, and

2.5mM levamisole, as inhibitor of alkaline phosphatases, and



Mediators of Inflammation 3

(D)

Se
ro

us
 A

C

(C)

∗

En
do

m
et

rio
id

 A
C

Nontumoral

(A)

Tumor

(B)

(a)

Nontumoral Endometrioid
adenocarcinoma

CD39
Label 
score

++

−

+

Nontumoral Serous  
adenocarcinoma

CD39
Label 
score

++

−

+

(b)

Figure 1: (a) Immunolocalization of NTPDase1/CD39 in nontumoral human endometria ((A), (C)) and in endometrioid (B) and serous
(D) adenocarcinomas. CD39 was immunodetected in the stroma of all samples (asterisks). The expression of CD39 is remarkably higher in
tumors when compared with nontumoral endometria. Scale bars = 100𝜇m. (b) Label intensity score of CD39 in the stroma of nontumoral
human endometrium compared to endometrioid (left plot) and serous (right plot) adenocarcinoma samples. Note that both types of tumors
have a higher label score than their corresponding nontumoral endometria.

in the presence of 200𝜇M ADP or 1mM AMP, as substrate.
For CD39 and CD73 inhibition experiments, 1mM NF279
(Tocris Bioscience, Bristol, United Kingdom) and 1mM
𝛼, 𝛽-meADP (Sigma-Aldrich) were added, respectively, to
both preincubation and enzyme reaction buffers. Control
assays were performed in the absence of nucleotide. The
reaction was revealed by incubating with 1% (NH

4
)
2
S v/v for

exactly 1 minute. Samples were counterstained with haema-
toxylin, mounted with Fluoromount aqueous mounting
medium (Sigma-Aldrich), and observed andphotographed as
described above.

2.5. Isolation of Membrane Enriched Fraction from Tissue
Homogenates. 50–100𝜇g of human tumor (endometrioid
and serous endometrial adenocarcinoma) and nontumoral
tissue samples were homogenized in a buffer containing
20mM Hepes, 250mM sucrose, 0.3mM PMSF, 1mM DTT,
1mM EGTA, and 1mMMgCl

2
(pH 7.4) using a glass homog-

enizer (VidraFoc, Barcelona, Spain). After homogenization,
samples were centrifuged at 600×g for 10 minutes at 4∘C in
a Beckman JA-20 centrifuge. The pellet was discarded and
supernatants were centrifuged at 48,000×g for 20 minutes at
4∘C in a Beckman TI-70 centrifuge.The resulting pellets were
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Figure 2: (a) Enzyme in situ histochemistry in endometrioid ((A), (B)) and in serous ((C), (D)) endometrial adenocarcinomas in the presence
of ADP as substrate, alone ((A), (C)) or together with the inhibitor NF279 ((B), (D)). Strong ADPase activity was detected in the stroma of
both types of tumors ((A), (C) dark brown deposits), while the activity was drastically reduced in the presence of the inhibitor ((B), (D)).
Scale bars = 100𝜇m. (b) ADPase enzyme activity in tissue homogenates of endometrioid (𝑛 = 12) and serous (𝑛 = 14) adenocarcinomas.
Experiments were performed in triplicate for each sample. Data are represented in arbitrary units (AU). ∗Significant differences at 𝑃 < 0.05.
(c) ADPase in situ activity in endometrial touch preparations from human endometrioid adenocarcinomas using ADP as substrate (A) and
in the absence of substrate (B). Scale bars = 50𝜇m.

resuspended in a buffer containing 20mM Hepes, 0.3mM
PMSF, and 1mM DTT (pH 7.4). Protein concentration was
determined by the method of Lowry et al. [26] using bovine
serum albumin as a standard. Samples were kept at −80∘C
until use.

2.6. Enzyme Activity Assays in Plasma Membrane Enriched
Tissue Homogenates. ADPase and AMPase activities were
determined by measuring the amount of Pi using the mala-
chite green colorimetric assay, as previously described [27].

2.7. Quantitative Real-Time PCR. Total RNA from endome-
trial tumor tissue samples was isolated using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany), following themanufac-
turer’s protocol. Total isolated RNA (2 𝜇g) was reversely tran-
scribed into complementary DNA (cDNA) using the First
Strand cDNA Synthesis Kit (Fermentas, Thermo Scientific,
Chicago, IL, USA).

Quantitative real-time PCR (qRT-PCR) was performed
to examine the expression of CD39, NTPDase2, and CD73

genes. Designed large-scale TaqMan low-density array
(TLDA) microfluidic cards (Applied Biosystems, Foster
City, CA, USA) were used. The 384 wells of each card
were preloaded with predesigned fluorogenic TaqMan
probes and primers for CD39, NTPDase2, and CD73.
cDNA (1 𝜇g) combined with TaqMan 2X Universal PCR
Master Mix (Applied Biosystems) were loaded into each
sample-loading port. qRT-PCR reactions were carried out
using the ABI PRISM 7900HT Real-Time PCR System
(Applied Biosystems). Data were collected using the SDS
v2.1 software (Applied Biosystems) and analyzed by the
comparative Ct (ΔΔCt) quantification method using the
Expression Suite v1.0 software (Applied Biosystems). The
relative expression levels of CD39, NTPDase2, and CD73
genes were determined using 18S mRNA as an endogenous
control for normalization. Results are expressed as the
mean of the relative quantification (RQ) of the tested
transcripts (𝑛 = 7 serous adenocarcinoma samples; 𝑛 = 7
endometrioid adenocarcinoma samples) ± the standard
error of the mean (SEM). Results were obtained from five
independent experiments performed using 1𝜇g of cDNA,
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AMP). Scale bars = 50 𝜇m ((A)–(C), (F), insets) and 250 𝜇m ((D), (E)). (b) AMPase in situ activity by enzyme histochemistry in endometrial
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Figure 4: CD39, NTPDase2, and CD73 gene expression in human endometrial cancer tissues. Relative mRNA levels of CD39 (a), NTPDase2
(b), and CD73 (c) analyzed in serous adenocarcinomas (𝑛 = 7), normalized to 18S mRNA levels, and expressed as fold change over
endometrioid adenocarcinomas (𝑛 = 7). Data are expressed as mean ± SEM. ∗∗∗Significantly different from endometrioid (𝑃 < 0.001).

all with duplicate measurements. No signal was detected in
nontemplate controls.

2.8. Statistical Analysis. Statistical analysis was performed
using SigmaStat 3.2 software (SPSS Inc., Chicago, IL, USA).
Values are reported as the mean ± S.E.M. Student’s t-test was
used to compare the means of two independent groups of
normally distributed data.

3. Results and Discussion

Extracellular adenosine in tumors, mainly generated by the
sequential action of ecto-nucleotidases, has immunosup-
pressive effects through a broad range of actions, including
inhibition of antitumor T-cell function, modification of local
interleukin levels, and inhibition of phagocytosis (reviewed
in [28]). In this section we show and discuss our results on

the expression of the ecto-nucleotidases CD39 and CD73 in
type I and type II endometrial carcinomas.

CD39 was immunolocalized in the stroma of both
nontumoral and tumoral endometria (Figure 1(a)). For the
nonpathological endometrium the expression of CD39 has
already been previously described in associationwith stromal
cells and blood vessels [24]. Here we show that label score
was significantly higher for both endometrioid and serous
types of tumors when compared with the corresponding
nontumoral coexisting endometrium (Figure 1(b)). No CD39
labeling was found in endometrial adenocarcinoma epithelia,
as demonstrated with the double staining performed with
the anti-CD39 and anti-CK19 antibodies (see Supplemen-
tary Figure 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/509027).

Strong in situ ADPase activity was detected in the
tumor stroma, coinciding with the CD39 immunolocaliza-
tion (Figure 2(a)). This activity was drastically reduced with
the NTPDase inhibitor NF279, demonstrating its specificity.
Equivalent results were obtained using ATP as substrate
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for the in situ activity assay (not shown). ADPase activ-
ity measured in tumor tissue homogenates demonstrated
that serous (grade 3) adenocarcinomas had significantly
higher activity than endometrioid (grade 1) adenocarcinomas
(Figure 2(b)).

CD73 expression was strongly immunodetected in both
types of tumors, in epithelial structures and in the stroma
(Figure 3(a)), thus partially colocalizing with CK19 (Sup-
plementary Figure 2). Specific CD73 activity, demonstrated
with the inhibitor 𝛼, 𝛽-meADP, matched the immunola-
beled structures (Figure 3(a)). We have already previously
demonstrated that the expression and activity of CD73 are
abundant in nonpathological endometrium [24, 25]. Con-
sequently, due to the high expression of CD73 in tumoral
and nontumoral endometria, label score comparisons were
not possible. Moreover, no differences among tumors were
observed with the enzyme assays either in tissue slices or in
tissue homogenates (not shown).

Immunolabeling and in situ enzyme activity results
obtained with the touch prep technique were equivalent to
those obtained with tissue slices (Figures 2(c) and 3(b)).
The usefulness of the touch prep technique for diagnosis
has already been demonstrated in breast cancer with 100%
sensitivity and specificity in the evaluation of tumor margins
at the time of the surgery [29]. This technique has also
been previously used to demonstrate by immunolabeling a
decreased expression of P2X7 ATP receptor in endometrial
cancer cells [30] and also, recently, the relationship between
p53 expression and the tumor grade [31]. However, to our
knowledge, this is the first report validating the use of touch
preps for enzyme activity studies, therefore opening the
possibility of performing such studies in cytological samples.

In order to determine if the differences in CD39 protein
and ADPase activity between tumor types also involved
gene expression changes, quantitative real-time PCR analyses
were performed (Figure 4). CD39 gene expression was 2-
fold higher in serous endometrial adenocarcinoma than in
endometrioid, coinciding with the data obtained with the
protein (Figure 4(a)). These gene expression changes did
not apply to NTPDase2 (Figure 4(b)), indicating that CD39
upregulation is not a general feature of other members of
NTPDase family. No changes were detected in CD73 gene
expression between the two tumor types (Figure 4(c)).

These results on endometrial tumors add to the list of
human cancers in which CD39 is overexpressed and support
the growing body of evidence that CD39 is a potential ther-
apeutic target for cancer immunotherapy [18]. Our results
also reinforce the relevance of CD73 in tumors. Antibody-
based therapy and pharmacological approaches against
CD73 have been reported to significantly inhibit tumor
growth and improve antitumor immunity in mouse models
[28, 32].

4. Conclusions

Endometrial adenocarcinoma tumors have significantly
higher CD39 expression and activity than their nontumoral
counterparts. Moreover, stronger activities are associated

with type II serous tumors.This also coincideswith the higher
grade of these tumors, but further studies are needed to
establish statistical correlations with the tumor grade in the
case of type I endometrioid tumors.The consequences of this
highCD39 activity in endometrial tumors are increased levels
of AMP, the substrate for CD73, and also highly expressed
in these tumors, which will, in turn, generate increased
immunosuppressive levels of extracellular adenosine.
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In the present study, the question was addressed whether the feline placenta can synthesize prostaglandin F
2𝛼

(PGF
2𝛼
). The PGFS

protein was elevated, particularly at 2.5–3 weeks of pregnancy compared to 7-8 (𝑃 < 0.05) and 8.5–9 weeks (𝑃 < 0.001). Transcripts
for PGFS were significantly upregulated at 2.5–3 weeks of pregnancy and then gradually declined towards the end of gestation
(𝑃 < 0.001). Transcripts for PTGS2were only upregulated in placentas from queens close to term (𝑃 < 0.001) comparedwith earlier
phases. Staining of PTGS2 showed distinct positive signals in placentas obtained during the last week before labor, particularly in
the strongly invading trophoblast surrounding blood vessels, and also in decidual cells. Shortly after implantation, signals for PGFS
were localized in the trophoblast cells. Near term, PGFS stainingwas seenmainly in decidual cells. Both placental PGF

2𝛼
and plasma

PGFM were elevated towards the end of pregnancy (𝑃 < 0.001) compared with earlier weeks of pregnancy. The content of PGF
2𝛼

in extracted placenta mirrored the PGFM level in plasma of pregnant females. During late gestation there is a significant increase
in PGFM levels in maternal blood and of PGF

2𝛼
levels in placental tissue concomitant with an upregulation of placental PTGS2.

1. Introduction

The domestic cat (Felis catus) is seasonally polyestrous, with
ovulation usually provoked by coitus [1, 2]; however in as
much as 30–50% of the cycles, ovulation is spontaneous [3].
During the breeding season, which extends from February-
March until late summer in moderate latitudes [4], the cat
exhibits several estrous cycles. If ovulation is not followed by
pregnancy, the queen enters pseudopregnancy (a nonpreg-
nant luteal phase) that lasts only about one-half of a normal
gestation [5]. The length of the luteal phase in pregnant
queens, accompanied by elevated progesterone (P

4
) levels, is

assumed to be partially driven by luteotrophic and luteolytic
factors of placental origin [6]. In the dog, the uteroplacental
unit seems to serve as the major source for the prepartum
release of the luteolytic PGF

2𝛼
[7–9].

Even though the luteal phase in pseudopregnant cats is
much shorter than in the dog, one may speculate that the
feline CL possesses an intraluteal mechanism that triggers its

demise at the appropriate time.The life-span of the CL in the
pregnant cat is longer than in pseudopregnant queens; how-
ever, it needs to be precisely regulated to allow the onset
of parturition. Although PGF

2𝛼
seems to be a very potent

luteolysin, its role in regulating the CL of pregnancy in cats
is still uncertain. Shille and Stabenfeldt [10] showed that high
doses and repeated treatments with PGF

2𝛼
on days 11–15 after

mating had almost negligible effects on progesterone levels in
cats, which initially diminished but shortly afterwards recov-
ered completely following treatment. Similarly, PGF

2𝛼
given

on days 4 and 5 or 12 and 13 had no effect nor on circulating P
4

neither on CL size as monitored laparoscopically [11]. In
female cats on days 21–25 after mating, luteal function was
transiently depressed after treatment, but eventually the treat-
ment did not alter the length of the luteal phase compared
with untreated cats [10]. However, exogenously administered
PGF
2𝛼
or its analogue has a luteolytic effect on fully developed

CLs after day 33 [12] or day 40 of gestation [13].
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Recently, the PGF
2𝛼
inactivemetabolite 13,14-dihydro-15-

keto prostaglandin F
2𝛼

(PGFM), measured in the feces, was
shown to be a precise pregnancy indicator in several felid
species, including the domestic cat, during the last trimester
of gestation [14]. The uteroplacental complex was proposed
to be a source of PGF

2𝛼
in cats [14]. We hypothesize that

the placenta of the domestic cat synthesizes PGF
2𝛼

in a time-
dependent manner. To address this hypothesis, we examined
in the feline placenta (1) the cellular localization of PGFS
(AKR1C3), (2) the PGFS protein and mRNA content, (3) the
cellular localization of PTGS2 and its mRNA expression, and
(4) the tissue level of PGF

2𝛼
at different gestational stages.

Moreover, in maternal blood plasma the PGF
2𝛼

metabolite
PGFM was measured throughout gestation.

2. Materials and Methods

2.1. Animals, Tissue Sampling, and Preservation. All proce-
dures were approved by the Local Animal Care andUseCom-
mittee in Olsztyn, Poland (61/2010/DTN). Thirty domestic,
healthy cats, aged 1–6 years were brought into a local veteri-
nary clinic for neutering. Ovariohysterectomy was done with
the owner’s request and consent. Four groups were created
with queens ovariohysterectomized according to the follow-
ing schedule.

(1) Postimplantation, early gestation, days 18–21 (2.5–3
weeks), 𝑛 = 8.

(2) Mid gestation, days 28–35 (4-5 weeks), 𝑛 = 8.
(3) Late gestation, days 49–56 (7-8 weeks), 𝑛 = 7.
(4) Before parturition, days 60–64 (8.5–9 weeks), 𝑛 = 6.

Additionally, samples were collected from one cat during
hysterectomy around day 14 of gestation (peri-implantation
period).

The day of mating, known in 18 females, was recorded as
day 0. Confirmation of gestational age, whenever the day of
mating was unknown, was done according to the measure-
ments of the crown-rump length in fetuses and uterine
ampullae diameters or lengths [15, 16]. In addition, mea-
surements of the progesterone (P

4
) values reported in the

literature [17] and confirmed in our last report [18] were per-
formed. Blood was drawn preanesthesia. Blood samples were
collected from the cephalic vein into EDTA-containing tubes
(TycoHealthcareGroupLP,Mansfield,USA) and transported
to the laboratory at 4∘C. Plasma obtained after blood centrifu-
gation (3500×g, 10min) was frozen at −20∘C until P

4
and

PGFM measurements . Direct enzyme immunoassay (EIA)
was done for hormonal analysis.

Tissues were washed immediately after surgery with
sterile saline to remove blood contamination then were
placed into fresh sterile saline at 4∘C and transported to the
laboratory within 1 h. Uterine horns were slit longitudinally
and pieces of uterus with attached placenta were prepared,
washed in fresh saline to remove blood, preserved overnight
at 4∘Cwith RNAlater (Ambion Biotechnologie GmbH,Wies-
baden, Germany), and then stored at −80∘C until total-RNA
extraction. Another fragment of the same placenta was fixed

in buffered 4% formaldehyde for 24 h, dehydrated, and wax-
embedded. Sections (2-3 𝜇m thick) were used to determine
PGFS and PTGS2 protein localization by immunohistochem-
istry. Transcripts of PGFS and PTGS2 were determined using
Real-Time PCR, while the content of PGFS protein was
determined by western blot analysis.

2.2. RNA Isolation, Reverse Transcription, and Real-Time
PCR. Total RNA was isolated from feline placenta using
TRIZOL-reagent according to the manufacturer’s instruc-
tions (Sigma Aldrich, Warszawa, Poland). The RNA content
was measured with a Nanodrop 1000 Spectrophotometer
(Thermo,USA). Prior to reverse transcription, genomicDNA
contaminationwas removed by treatmentwithDNase (Sigma
Aldrich, Warszawa, Poland). Reverse transcription was per-
formed using the ImProm-II Reverse Transcription System
(Promega, Warszawa, Poland) according to the manufac-
turer’s protocol. In brief, an experimental reaction contained
1 𝜇g of RNA in 12 𝜇L of reaction mix, 4 𝜇L of reaction buffer,
2.5 𝜇L of MgCl

2
(final concentration 3mM), 1 𝜇L of dNTP

Mix (final concentration 0.5mM each dNTP), and 1 𝜇L of
ImProm-II Reverse Transcriptase. The final volume of the
RT reaction mix was 20.5𝜇L. The tubes were placed in a
thermocycler (Bio-Rad Laboratories, Hercules, CA, USA)
equilibrated at 25∘C and incubated for 5min. For the next
step, tubes were incubated in a thermocycler for 1 h at 42∘C.
For Reverse Transcriptase inactivation, the temperature was
increased to 70∘C for 15min. Sampleswere kept at−20∘Cuntil
analyzed by Real-Time PCR.

The levels of mRNA expression of target genes were
examined by Real-Time PCRusing specific primers for PGFS,
PTGS2, and cyclophilin A (Cyc). Among several housekeeping
genes that have been already examined for their stability and
efficiency [Jursza, Siemieniuch, 2013, unpublished], Cyc was
used as a housekeeping gene. All primers were purchased
from Sigma Aldrich (Warszawa, Poland) and were tested
in our previous report [18, 19]. The sequences were as
follows: PGFS forward: 5-TCAACCAGAGCAAACTGC-
TG-3, PGFS reverse: 5-CATTCCTTCCCTGAGTTGGA-3
(GenBank accession number HM490147); PTGS2 forward:
5-AACAGGAGCATCCAGAATGG-3; PTGS2 reverse: 5-
GCAGCTCTGGGTCAAACTTC-3 (GenBank accession
number EF036473); Cyc forward: 5-CCTTCTGTAGCT-
CGGGTGAG-3; Cyc reverse: 5-CTTGGAGGGGAGGTA-
AGGAG-3 (GenBank accession number AY029366).

The Real-Time PCR reactions were carried out in an
automated fluorometer ABI PRISM7300 SequenceDetection
System (Applied Biosystems, Darmstadt, Germany) using
SYBR Green Master Mix (Applied Biosystems, Applera,
Warsaw, Poland). The PCR reactions were performed in 96-
well plates. The total reaction volume was 20 𝜇L containing
1 𝜇L cDNA (200 ng), 500 nM each of forward and reverse
primers, and 10 𝜇L SYBR Green PCR Master Mix. Real-time
PCR was carried out as follows: initial denaturation (10min
at 95∘C), followed by 40 cycles of denaturation (15 s at 95∘C),
and annealing (1min at 60∘C). After each PCR reaction,
melting curves were obtained by stepwise increases in tem-
perature from 60 to 95∘C to ensure single product amplifi-
cation. The presence of the product was also confirmed by
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electrophoresis on 2% agarose gel. Relative quantificationwas
performed by normalizing the signals of target genes with the
Cyc signal using the Miner method for quantifying qRT-PCR
results, using calculations based on the kinetics of individual
PCR reactions [20].

2.3. Protein Preparation and Western Blotting. Tissue homo-
genates were prepared with NET-2 lysis buffer containing
50mM Tris-HCl, pH = 7.4, 300mM NaCl, 0.05% NP-40,
and protease inhibitor cocktail (10 𝜇L/mL). Tissues were
centrifuged at 10,000 g for 10min at 4∘C; then proteins in the
supernatant were disrupted using a sonicator (75W for 15 s).
The concentrations of protein were determined by the Brad-
ford assay with a spectrophotometer (SmartSpec Plus, Bio-
Rad). Proteins were solubilized in sample buffer (25mmol/L
Tris-Cl, pH = 6.8, 1% SDS, 5% 𝛽-mercaptoethanol, 10%
glycerol, and 0.01%bromophenol blue), placed onto 12%SDS-
polyacrylamide gel, and separated at 120V. Afterwards, pro-
teins were transferred onto methanol-activated PVDF mem-
branes for 1 h at 100V. To block nonspecific binding, mem-
branes were incubated for 1 h in nonfat dry milk, 5% in PBS
with 0.25% Tween 20. Membranes were incubated overnight
at 4∘C with canine-specific guinea pig polyclonal affinity
purified anti-PGFS (AKR1C3) custom-made antibody (Euro-
gentec S.A., Seraing, Belgium), at a dilution of 1 : 400, as
described by Gram et al. [8]. After this, membranes were
washed three times for 10min in PBS with Tween-20 at 20∘C.
Next, membranes were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Sigma, dilution
1 : 15.000) for 1 h at room temperature (RT).

As a loading control, PVDF were reblotted with anti-
𝛽-actin mouse monoclonal antibody (sc-69879, Santa Cruz
Biotechnology, Rockford, IL, USA, dilution 1 : 1000). Results
were visualized using the SuperSignalWest FemtoMaximum
Sensitivity Substrate according to themanufacturer’s protocol
(Thermo Scientific, USA) and the ChemiDoc XRS+ System
and Image Lab (BioRad). The optical density of bands was
determined using ImageJ software.

2.4. Immunohistochemistry. Formalin-fixed, paraffin-embed-
ded tissues were cut with amicrotome (2-3𝜇m) andmounted
on SuperFrost Plusmicroscope slides (Menzel-Gläser, Braun-
schweig, Germany). The experimental protocol was as pre-
viously described for feline placenta [18]. Briefly, slides were
deparaffinized and rehydrated in a graded ethanol series
and then incubated in citrate buffer (10 nM, pH 6.0) for
15min under microwave irradiation at 560W for antigen
retrieval. Then, sections were incubated in 0.3% H

2
O
2
in

methanol for 30min to quench endogenous peroxidase and
thenwashed in IHC-buffer/0.3%TritonXpH7.2–7.4 (0.8mM
Na
2
HPO
4
, 1.47mM KH

2
PO
4
, 2.68mM KCl, and 1.37mM

NaCl). Blocking of nonspecific binding sites was performed
in 10% goat or rabbit serum. The following primary anti-
bodies were used: canine-specific guinea pig polyclonal
affinity purified anti-PGFS (AKR1C3) antibody (dilution
1 : 400) (Eurogentec S.A., Seraing, Belgium), the same as for
western blot and as recently applied for canine uteroplacen-
tal tissue [8], and affinity purified goat anti-rat polyclonal

antibody raised against the N-terminus of COX2 (Santa
Cruz Biotechnology, Inc., CA, USA). The negative controls
were as follows: slides without the primary antibody and
slides incubated with nonimmunized guinea pig or goat
serum, respectively, at the same dilution and protein con-
centration as primary antibodies. Sections were incubated
overnight at 4∘C. After washing with IHC-buffer, slides were
incubated for 30min at RT with either biotinylated goat
IgG (secondary antibody, dilution 1 : 100) against guinea pig
immunoglobulin (Vector Laboratories, Burlingame, US) or
biotinylated rabbit IgG antibody (dilution 1 : 100) against
goat immunoglobulin (Vectastain ABC Kit, Vector Labora-
tories). For enhancing signals, sections were incubated with
the avidin-biotin-peroxidase complex (Vectastain ABC kit,
Vector Laboratories) for 30min at RT. After washing with
IHC-buffer, sections were allowed to react with the substrate
diamino-benzidine (DAB; DakoCytomation, Glostrup, Den-
mark) according to the manufacturer’s instructions. Slides
were counterstainedwith hematoxylin, rinsed under running
tapwater for 5min, dehydrated in a graded ethanol series, and
mounted in mounting medium DPX (Panreac Quimica Sau,
Barcelona, Spain).

2.5. Placental PGF
2𝛼

Extraction. For PGF
2𝛼

extraction, the
protocol elaborated by Tsang et al. [21] and tested for feline
placental progesterone extraction by Siemieniuch et al. [18]
was applied, with some minor modifications. Briefly, placen-
tal fragments weighing 200–220mg were stored at −80∘C.
After thawing, each tissue sample was homogenized in a glass
vial using a tissue disruptor with 400𝜇L of a Tris buffered
saline containing proteins and sodium azide as preservative
and acidified by addition of 45𝜇L 1NHCl. After adding 3mL
of ethyl ether to the samples, they were vortexed for 10min
and incubated at −20∘C for 4 h. Afterwards, the supernatant
was collected and evaporated to dryness under a stream of
nitrogen at 40∘C. Finally, 400 𝜇L of the Tris buffered saline
was added, mixed, and allowed to sit for 15min at 20∘C. The
sampleswere stored at−20∘Cuntil the immunoassaywas run.

2.6. Prostaglandin F
2𝛼

(PGF
2𝛼
), 13,14-Dihydro-15-keto Pros-

taglandin F
2𝛼

(PGFM), and Progesterone (P
4
) Determination.

For PGF
2𝛼
and PGFMmeasurements, the commercial PGF

2𝛼

high sensitivity EIA kit (ENZO Life Sciences Inc., Farm-
ingdale, NY, USA) and 13,14-dihydro-15-keto Prostaglandin
F
2𝛼

EIA kit (Cayman Chemical Company, Ann Arbor, MI,
USA)were used, respectively, and run according to themanu-
facturers’ instructions.

The sensitivity of the PGF
2𝛼

assay was 0.98 pg/mL. This
assay is based on the competition between free PGF

2𝛼
and a

PGF
2𝛼

tracer for a limited number of PGF
2𝛼
-specific sheep

antiserum binding sites. The cross-reactivity for various
prostaglandins and their metabolites was as follows: PGF

2𝛼

100%, PGF
1𝛼
11.82%, PGD

2
3.62%, 6-keto-PGF

1𝛼
1.38%, PGI

2

1.25%, and PGE
2
0.77%. The inter- and intraassay precision

variation was 6.8% and 10.1%, respectively.
The sensitivity of the PGFM assay was 15 pg/mL. This

assay is based on the competition between free 13,14-dihydro-
15-keto PGF

2𝛼
and a 13,14-dihydro-15-keto Prostaglandin F

2𝛼
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(a) (b) (c)

(d) (e) (f)

Figure 1: PGFS (AKR1C3) protein localization in the uteroplacental unit. Immunohistochemical (IHC) localization of PGFS in the week 2
of pregnant uterus (a) and placenta at week 3 (b), week 6 (c), and week 9 of gestation ((d), (e)). (a) In the feline uterus some weak PGFS
signals are localized in the glandular epithelium (open arrowheads); ((b), (c)) in the placental labyrinth, PGFS expression is localized in
the fetal trophoblast cells (solid arrowheads). ((d), (e)) In the fully developed placenta, towards the end of pregnancy, signals are weaker in
trophoblast cells and are mostly localized in maternal decidual cells (open arrowheads). (f) Isotype control.

tracer for a limited number of 13,14-dihydro-15-keto PGF
2𝛼
-

specific rabbit antiserum binding sites. The cross-reactivity
for various prostaglandins and their metabolites was as fol-
lows: 13,14-dihydro-15-keto PGF

2𝛼
100%, 13,14-dihydro-15-

keto PGE
2
2.7%, and 15-keto PGF

2𝛼
1.8%. The inter- and

intraassay precision variation was 8.3% and 14.5%, respec-
tively.

For P
4
measurement, a commercial Progesterone ELISA

kit (ENZOLife Science) was used and run in accordance with
the manufacturer’s instructions. This kit uses a polyclonal
antibody to P

4
to bind, in a competitive manner, P

4
in a

sample or P
4
with a covalently attached alkaline phosphatase

molecule. The sensitivity of this P
4
assay was 8.57 pg/mL.

The cross-reactivity for a number of related steroids was as
follows: P

4
100%, 5𝛼-Pregnane-3,20-dione 100%, 10-OH-

progesterone 3.46%, corticosterone 0.77%, and deoxycorti-
costerone 0.28%.The inter- and intraassay precision variation
was 8.1% and 9.5%, respectively.

2.7. Statistics. To test the effect of different stages of preg-
nancy on mRNA levels and on PGFM or PGF

2𝛼
concen-

trations, the Kruskal-Wallis Test (a nonparametric ANOVA)
was used followed by the Newman-Keuls Multiple Compar-
ison Test using the statistical software program GraphPad6
(GraphPad PRISM v 6.0; GraphPad Software Inc., San Diego,
CA, USA). PGFM concentrations in plasma or PGF

2𝛼
con-

centrations in the placenta are shown as a mean ± standard
deviation. Significance was defined as values of 𝑃 < 0.05.

3. Results

3.1. Placental Expression of PGFS throughout Pregnancy. In
the uterus at the peri-implantation period (2nd week of
pregnancy), no or very weak signals were observed in the
glandular epithelium (Figure 1(a)). After implantation (3rd
week of pregnancy), and in fully developed placenta at the
7th week of gestation, strong placental signals were localized
in fetal trophoblast cells (Figures 1(b) and 1(c), resp.). Towards
the end of pregnancy (9th week) signals in trophoblast cells
were much weaker, and were localized in the maternal decid-
ual cells (Figures 1(d) and 1(e)). Negative controls showed no
staining (Figure 1(f)).

In the western blot analysis, the PGFS was detected as a
protein with a molecular size of approximately 34–36 kDa.
The expression of PGFS protein was strongly affected by
gestational age (Figure 2).ThePGFS proteinwas upregulated,
particularly in the first period studied, at 2.5–3 weeks of
pregnancy, compared to samples collected at 7-8 gestational
weeks (𝑃 < 0.05) or 8.5–9 weeks (𝑃 < 0.001).

The expression of transcripts for placental PGFS as
determined by Real-Time PCR was strongly time-dependent
(Figure 3(a)). The PGFS mRNA transcripts were mirrored
by PGFS protein expression in western blot analysis. The
PGFS mRNA was significantly upregulated at the 3rd week
of pregnancy and then gradually declined towards the end of
gestation (𝑃 < 0.001).
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Figure 2: PGFS (AKR1C3) protein expression. Time-dependent
expression of PGFS protein in the feline placenta. Tissue
homogenates (30 𝜇g) were used in western blot analysis (𝑛 = 16).
Representative immunoblots are shown. Lower panel represents
densitometric values for PGFS normalized against B-actin (mean ±
S.D.).

3.2. Placental Expression of PTGS2 throughout Pregnancy.
The IHC analysis revealed abundant positive signals in 9th
week feline placenta. Strong staining was observed in the
invading fetal trophoblast cells surrounding maternal blood
vessels (Figure 4(a)). Similarly, strongly positive signals were
observed in the maternal decidual cells in the 9th week of
pregnancy (Figure 4(b)). No signals were noted in the neg-
ative controls (Figure 4(c)). Only weak signals were observed
for placental PTGS2 protein expression during earlier
stages of pregnancy.

The expression of transcripts for placental PTGS2,
as determined by Real-Time PCR, was time-dependent
(Figure 3(b)). PTGS2 mRNA expression was basal during
early and midgestation, started to increase during late gesta-
tion, and was significantly upregulated during the prepartal
phase (𝑃 < 0.001).

3.3. Placental Prostaglandin F
2𝛼

(PGF
2𝛼
) and Blood Plasma

13,14-Dihydro-15-keto Prostaglandin F
2𝛼

(PGFM) Content.
The levels of PGF

2𝛼
extracted from placentas mirrored the

PGFM levels measured in peripheral blood plasma of preg-
nant females throughout gestation, as shown in Figures 5(a)
and 5(b), respectively. Both placental PGF

2𝛼
and plasma

PGFMwere elevated towards the end of pregnancy compared
to the values obtained at the 3rd week of pregnancy (𝑃 <
0.001).

4. Discussion

To examine the role of prostaglandins in the feline placenta
near the end of pregnancy, the transcripts for PTGS2 and
its cellular localization were analyzed. PTGS2, the crucial
enzyme in generating prostaglandin, catalyzes the conversion
of arachidonic acid into endoperoxide PGH

2
, which is a

precursor of all prostaglandins [22, 23]. In the present study,
transcripts for PTGS2 were upregulated in placentas solely
from queens in the last week before termination of the preg-
nancy.These findings are in agreement with a previous report
of an acute increase of PTGS2 transcripts in the placenta in
the dog during prepartum luteolysis [7]. In the present study,
the protein localization of PTGS2 was found in both fetal
trophoblast and maternal decidual cells. In contrast, both
protein and transcripts for PGFS (AKR1C3) were strongly
upregulated soon after implantation, which takes place on
days 12–14 after ovulation in the cat [24]. Transcripts for PGFS
and PGFS protein were rather low in the placenta near the
end of pregnancy. These findings are in agreement with a
report of decreased PGFS transcripts in preparturient dogs,
which led to the conclusion that PGFS (AKR1C3) might be
not responsible for the sharp PGF

2𝛼
elevation just before term

in the bitch [7].
One of the questions addressed in this study was whether

PGFS (AKR1C3), that was shown to promote the direct
conversion of PGH

2
to PGF

2𝛼
[8], is responsible for placental

elevation of PGF
2𝛼
. In the dog, PGFS (AKR1C3) staining

was predominantly localized in the fetal trophoblast cells in
the fetomaternal contact zone, justifying the assumption that
PGFS may play a role in decidualization and placentation;
moreover, PGFS expressionwas low prior to implantation but
distinctly increased thereafter [8]. The cellular localization
of PGFS in the feline placenta from 3 weeks of gestation
is similar to that observed in the dog. Therefore, PGFS is
implicated in the processes of fetal membrane development
and placentation.Thediscrepancy observed between elevated
PGF
2𝛼

concentration in the placenta and downregulation of
PGFS (AKR1C3) protein and mRNA levels may be explained
by the number of enzymes involved in generation of the wide
variety of prostaglandins. PGF

2𝛼
is one of the few primary

prostaglandins derived enzymatically from the endoperoxide
PGH
2
. It can be directly synthesized from PGH

2
by PGF

2𝛼

synthase (PGFS), like AKR1C3 presented herein. However,
other pathways of PGF

2𝛼
synthesis, including enzymes

belonging to the aldo-ketoreductases family, for example,
AKR1B1 or AKR1B5, are possible. The canine PGFS cDNA
sequence has been cloned [25] and classified as an AKR1C3
and is the only canine-specific PGFS isoform known so far
[8]. The feline PGFS cDNA sequencing was based on a dog
cDNA sequence and showed 87% homology with the canine
PGFS [19]. Furthermore, PGF

2𝛼
may originate from conver-

sion of several other prostaglandins, including catalysis of
PGE
2
to PGF

2𝛼
by 9-keto-reductase (9KPGR), or perhaps

even at relatively low expression levels AKR1C3 is still not
rate-limiting for PGF

2𝛼
synthesis.

Recently, elevated concentrations of a stable PGF
2𝛼

metabolite (PGFM) were found in the feces of several felid
species in the last trimester of pregnancy [14]. In the present
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Figure 3: PGFS (AKR1C3) and PTGS2 mRNA expression. Time-dependent expression of feline PGFS (a) and PTGS2 (b) as determined by
Real-Time PCR. Asterisks indicate statistical differences between expression levels during the course of pregnancy (∗𝑃 < 0.05, ∗∗𝑃 < 0.001).
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Figure 4: PTGS2 protein localization in the placenta. Immunohistochemical localization of PTGS2 in feline placenta from the 9th week
of pregnancy. Positive signals are shown in the strongly invading trophoblast surrounding blood vessels (solid arrowheads) (a) and also in
maternal decidual cells (open arrowheads) (b). (c) Isotype control.

0

50

100

150

200

250

4-5 7-8 92-3

∗

∗∗

∗∗∗

∗∗∗

∗∗∗

PG
F 2

𝛼
(n

g/
g 

of
 ti

ss
ue

)

Weeks of pregnancy

(a)

0

1

2

3

PG
FM

 (n
g/

m
L)

Weeks of pregnancy

∗ ∗

∗∗

∗∗

∗∗∗

4-5 7-82.5–3 8.5–9

(b)

Figure 5: Placental PGF
2𝛼

and serum PGFM values. Time-dependent content of PGF
2𝛼

in placenta (a) and PGFM in blood plasma (b) as
determined by immunoassays. Asterisks indicate statistical differences between prostaglandin levels during the course of pregnancy (∗𝑃 <
0.05, ∗∗𝑃 < 0.001, and ∗∗∗𝑃 < 0.0001).
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study, the PGFM level, measured in feline plasma blood
collected just before ovariohysterectomy, was low during the
first and second trimesters of pregnancy and then started to
increase for the last 3 weeks of gestation. Certainly, PGFM
in the maternal plasma may not originate exclusively from
the placenta. Nevertheless, to examine whether the placenta
might support synthesis of PGF

2𝛼
, placental tissues from

different gestational weeks were extracted to obtain PGF
2𝛼
.

The PGFM blood plasma level was mirrored by the placental
PGF
2𝛼

concentration. The lowest amount of PGF
2𝛼

was
observed in tissue collected soon after implantation, indicat-
ing there is no likely biological role at this time. It explains
why in the earlier studies byWildt and coworkers [11] or Shille
and Stabenfeldt [10] PGF

2𝛼
failed to influence P

4
production

or reduce CL size. The first rise in concentration was seen at
the beginning of the second trimester, but the most distinct
increase coincided with the last week of gestation. The very
similar pattern of placental PGF

2𝛼
and its stable metabolite

in feline blood plasma may suggest the placental origin of
PGFM. However, this finding does not rule out an intraluteal
and/or uterine source of PGF

2𝛼
during pregnancy, especially

since components of the underlying synthetic pathways
were already found in the domestic cat CL (Zschockelt and
Siemieniuch 2013, unpublished). This is in contrast with the
canine CL, in which intraluteal prostaglandin synthesis is
associatedwith luteal formation but not with luteal regression
or luteolysis [8, 26, 27]. The strong prepartum increase in
circulating PGF

2𝛼
observed in the dog seems to be originated

from the uteroplacental compartment, where strongly upreg-
ulated expression of the prostaglandin system was reported
[7] and was evidenced by the increased output of PGF

2𝛼

from the canine placenta at the time of parturition [9].
Furthermore, the prepartum increase in peripheral PGF

2𝛼
in

the dog is accompanied by a steep P
4
decline, implicating

its role during luteolysis and/or fetal expulsion [28, 29].
These results partially agree with our present observations
concerning elevated PGFM levels in maternal blood in the
domestic cat and are consistent with the previous report from
our laboratory presenting a considerable decline of P

4
in both

maternal plasma and placental tissue in the last week of feline
pregnancy [18]. The latter observation, however, concerning
the P

4
levels does not relate to the immediate prepartum

time period but describes the strongly diminished P
4
levels

during the last gestational week [18]. At least, the luteolytic
role of PGF

2𝛼
in the second half of feline gestation is generally

accepted, since PGF
2𝛼

or its analogues given to females
with fully developed CLs induces luteolysis and consequent
abortion after day 33 [12] or day 40 of gestation [13].

In conclusion, the data presented here confirms that the
placenta of the domestic cat is capable of synthesizing PGF

2𝛼

in a time-dependent manner. Besides the fact that AKR1C3 is
not a rate limiting enzyme even at relatively low expression
levels, it may still be determinant for PGF

2𝛼
synthesis in the

feline placenta. However, other enzymes and other synthetic
pathways must also be taken into account. The peak of both
placental PGF

2𝛼
and maternal plasma PGFM coincides with

the beginning of the last week of pregnancy in cats, compared
to dogs, in which peak plasma PGFM is observed 24–48 h

before term. Other pathways involved in PGF
2𝛼

synthesis
in the cat placenta are possible and need to be elucidated.
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The present study was designed to examine the effect of intracerebroventricular (icv) administration of antilipopolysaccharide
(LPS) antibody and blockade of Toll-like receptor 4 (TLR4) during immune stress induced by intravenous (iv) LPS injection on the
gonadotropin-releasing hormone/luteinizing hormone (GnRH/LH) secretion in anestrous ewes. Injection of anti-LPS antibody and
TLR4 blockade significantly (𝑃 < 0.01) reduced the LPS dependent lowering amount of GnRH mRNA in the median eminence
(ME). Moreover, blockade of TLR4 caused restoration of LH-𝛽 transcription in the anterior pituitary decreased by the immune
stress. However, there was no effect of this treatment on reduced LH release. The results of our study showed that the blockade
of TLR4 receptor in the hypothalamus is not sufficient to unblock the release of LH suppressed by the immune/inflammatory
challenges. This suggests that during inflammation the LH secretion could be inhibited directly at the pituitary level by peripheral
factors such as proinflammatory cytokines and circulating endotoxin as well.

1. Introduction

An immune stress inhibits reproductive functions in many
animal species and humans [1–4]. Most studies examined
the impact of immune stress on reproductive system activity
that used bacterial endotoxin lipopolysaccharide (LPS) as a
model of infection induced changes. Lipopolysaccharide is
a pathogenic membrane component of virtually all Gram-
negative bacteria and it is released from the surface of repli-
cating and dying Gram-negative bacteria into the circulation
[5]. Bacterial endotoxin is thought to play a major role in the
pathophysiology of septic shock [2]. Endotoxin stimulation
of animal cells occurs through a signalling cascades with
several proteins including CD14 protein, MD-2 protein, and
LPS-binding protein (LBP), a necessary component of cor-
responding LPS receptor called Toll-like receptor 4 (TLR4)
[6, 7]. LPS enters the bloodstream associated with LBP.
Then, LPS-LBP complex binds to the CD14 protein, which
is necessary for the activation of TLR4. CD14, MD-2, and
TLR4 as a whole make up the cellular LPS specific receptor
[8, 9]. After activation by endotoxin, TLR4 transduces its

inflammatory signal through complex intracellular pathways,
leading to activation of transcription factors such as nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
𝜅B), c-Jun N-terminal kinase (JNK), and protein kinases p38
or inducing cell apoptosis [10, 11].

Administration of LPS inhibits tonic luteinizing hormone
(LH) secretion in many species including rats [12], sheep
[13], cattle [1], and nonhuman primates [4] as well as
delays or completely blocks the preovulatory LH surge [14].
In our earlier studies carried out on anestrous ewes, we
showed that suppressive effect of LPS onGnRH/LH secretion
occurs primarily at the level of hypothalamus, changing the
gonadotropin-releasing hormone (GnRH) synthesis and
release as well at the pituitary level by inhibiting release of LH
from gonadotropic cells [15, 16].

Data from literature indicate the existence of many
possible mechanisms mediating antireproductive action of
immune stress. It was shown that the crucial role in
the mediation of the inhibitory influence of inflammation
on GnRH/LH secretion play the role of proinflammatory
cytokines such as IL-1, IL-6, TNF-𝛼 [17, 18]. The results of
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our studies showed that IL-1𝛽 is one of the most important
factors in modulating the function of GnRH neurons in
anestrous ewes during immune stress [19]. However, cytokine
dependent pathway is not only mechanism via an immune
challenge that affects the reproduction processes in animals.
The studies on ewes in anestrous period indicated the
presence ofTLR4mRNA in the hypothalamic structures such
as the preoptic area (POA), the anterior hypothalamic area
(AHA), the medial basal hypothalamus (MBH), the median
eminence (ME), and in the anterior pituitary gland (AP) in
control animals as well as after LPS treatment.The expression
of the gene encoding this receptor in ewes treated with
LPS was significantly higher than that determined in control
animals [20]. It is worth to note that TLR4 expression was
found in the central nervous system (CNS) not only in
microglia cells, but even in neurons [21]. This suggests that
TLR4 and its ligand LPS could be involved in inhibition of
the reproductive function at the CNS and directly influence
GnRH/LH secretion at the hypothalamic or pituitary level.
The question of the possible penetration of endotoxin from
blood to the cerebrospinal fluid (CSF) during immune stress
and thus direct LPS action at the brain level is still open
because the results of in vivo studies are not equivocal. The
study performed on rats showed that peripherally injected
LPS labelled with iodine 125 crossed the blood-brain barrier
(BBB). Although the brain uptake of circulating LPS was
found to be low, it was measurable [22]. On the other hand,
Singh and Jiang [23] suggested that LPS modulates the
functioning and permeability of the BBB but does not cross
it.

The research hypothesis assumes that LPS given peripher-
ally (intravenously—iv) can directly affect the hypothalamic-
pituitary-gonadal axis (HPG) at the CNS level that was
verified.

The aim of our experiments was to study the influence
of the intracerebroventricular (icv) injection of anti-LPS
antibody or blockade of TLR4 receptor during immune stress
induced by iv LPS administration on the GnRH/LH secretion
and TLR4 gene expression in hypothalamus and pituitary of
anestrous ewes.

2. Materials and Methods

2.1. Animals. Thestudieswere conducted on adult, 3-year-old
Polish Longwool ewes in the anestrous season (April-May).
All animals were in good condition, and their body condition
score was estimated at 3 points (on a five-point scale). The
animals were maintained indoors in individual pens and
exposed to natural daylight.The eweswerewell adapted to the
experimental conditions; they always had visual contact with
their neighbours, even during the experimental period, to
prevent the stress of social isolation. The animals were fed a
constant diet of commercial concentrates with hay and water
available ad libitum. One month before starting of the exper-
iment all groups of ewes were cannulated with stainless steel
guide cannulas (1.2mm o.d.) into the third ventricle under
stereotaxic control [24]. The guide cannula was fixed to
the skull with stainless steel screws and dental cement. The

correct placement of the guide cannula into the third ventricle
was established by the efflux of the cerebrospinal fluid from
cannula during the surgery. Additionally, the placement of
the cannula was checked by inspection of the brain after
decapitation. All animals had a venous catheters implanted
into jugular vein the day before the experiment.

All experimental procedures were performed in accor-
dance with the Polish Guide for the Care and Use of Animals
(1997) and were approved by the Local Ethics Committee of
the Warsaw University of Life Sciences.

2.2. Experimental Procedures

2.2.1. Inducing Immune Stress in the Experimental Animals.
Immune stress was induced in treated animals by intra-
venous (iv) bolus injection of an appropriate volume of LPS
(400 ng/kg body weight) from E. coli 055:B5 (Sigma-Aldrich,
St. Louis, MO, USA) dissolved in saline (0.9%w/v NaCl)
(Baxter, Deerfield, IL, USA) at a concentration of 10mg/L
into the jugular vein. The maximum volume of LPS solution
(10mg/L) administered to any animalwas 2.5mL.The control
group received an equivalent volume of saline.

2.2.2. Experimental Schedule. The animals (𝑛 = 20) were
randomly assigned to four experimental groups: (1) “NaCl
control group” (𝑛 = 5), received intracerebroventricular (icv)
injection of Ringer-Locke’s solution (RLs) into the third
ventricle of the brain and 15min later iv injection of NaCl; (2)
“LPS control group” (𝑛 = 5), received RLs (icv) and 15min
later LPS (iv); (3) “anti-LPS group” (𝑛 = 5), received mono-
clonal anti-LPS antibody (Abcam, Cambridge, UK) (icv) in
dose of 10 𝜇g/animal and 15min later LPS (iv); (4) “anti-
TLR4 group”, received (icv) antibodies bindingTLR4 receptor
complex components, anti-LBP (Abcam, Cambridge, UK) in
dose of 20𝜇g/animal, and anti-MD2 (Abcam, Cambridge,
UK) in dose of 10 𝜇g/animal and 15min later LPS (iv). All
antibodies were dissolved in sterile RLs.

Jugular blood samples from each ewe were taken for LH
and cortisol measurement at 15min intervals, beginning 2 h
before endotoxin or saline injection (iv) preceded by the
injection of appropriate substances (icv), and continuing 4 h
after LPS or saline treatment.

Effect of Immune Stress on the Gene Expression in Hypothala-
mic Structures and in the AP. After 2 weeks of convalescence,
the same animals (𝑛 = 20) were used. Hypothalamic
structures (the preoptic area—POA, the anterior hypotha-
lamic area—AHA, the medial basal hypothalamus—MBH,
and the median eminence—ME) and the anterior pituitary
glands (AP) were collected 2 h after iv injection of LPS
or saline preceded by the icv injection of corresponding
substances as described above. The animals were slaughtered
by decapitation, the brains were rapidly removed from the
skulls, and then chosen hypothalamic structures and APs
were dissected. All tissues were frozen immediately after
collection in liquid nitrogen and were stored in −80∘C until
assay.
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2.3. Assays

2.3.1. Radioimmunoassay for LH. The concentration of LH in
plasma was assayed by the radioimmunoassay (RIA) double-
antibody method using anti-ovine-LH and anti-rabbit-𝛾-
globulin antisera and ovine standard (NIH-LH-SO18) as
described by Stupnicki and Madej [25]. The sensitivity was
0.3 ng/mL; intra-assay and interassay coefficients of variation
were 8.3% and 12.5%, respectively.

2.3.2. Radioimmunoassay for Cortisol. The cortisol concen-
trations were determined by the RIA method according to
Kokot and Stupnicki [26], using rabbit anticortisol antisera
(R/75) and HPLC grade cortisol standard (Sigma). The assay
sensitivity was 0.95 ng/mL and the intra-assay and interassay
coefficients of variation were 10% and 12%, respectively.

2.3.3. Relative Gene Expression Assays. Total RNA from
hypothalamic and pituitary tissues was isolated using Nucle-
oSpinRNA IIKit (MACHEREY-NAGELGmbh&Co,Düren,
Germany) according to manufacturer’s protocol. The purity
and concentration of isolated RNA were quantified spec-
trophotometrically by measuring the optical density at 260
and 280 nm in a NanoDrop 1000 instrument (Thermo Fisher
Scientific Inc., Waltham, USA). The RNA integrity was
verified by electrophoresis using 1% agarose gel stained with
ethidium bromide. DyNAmo SYBR Green 2-Step qRT-PCR
Kit (Finnzymes, Espoo, Finland) was used to prepare cDNA
synthesis. As a startingmaterial for this PCR synthesis 800 ng
of total RNA was used.

Real-time RT-PCR was carried out using SYBR Green 2-
Step qRT-PCR Kit (Finnzymes, Espoo, Finland) components
and HPLC-grade oligonucleotide primers synthesized by
Genomed (Poland). Specific primers for determining the
expression of housekeeping genes and the genes of interest
(Table 1) were designed using Primer 3 software. One tube
contained 10 𝜇L PCR Master Mix (2x), 7 𝜇L RNase-free
water, 2 𝜇L primers (1 𝜇L each, working concentration was
0.5 𝜇M), and 1 𝜇L cDNA template. The tubes were run on
the Rotor-Gene 6000 (Qiagen, Duesseldorf, Germany). The
following protocol was used: 95∘C in 15min for activatingHot
Start DNA polymerase and finally the PCR including 30
cycles at 94∘C in 5 sec for denaturation, 56∘C in 20 sec for
annealing, and 72∘C in 15 sec for extension. After the cycles,
a final melting curve analysis under continuous fluorescence
measurementswas performed to confirm the specificity of the
amplification.

2.4. Data Analysis

2.4.1. Plasma Hormones Concentration Data Analysis. All
data are presented as hormone concentration expressed as
mean ± SEM. The results of LPS treatments on the con-
centrations of plasma LH and cortisol were examined by
two-way analysis of variance—ANOVA (STATISTICA; Stat-
Soft, Inc., Tulsa, OK, USA) to identify treatment effects and
significant interactions between the control and experimental
groups. All experiments consisted of a baseline period when

no treatment was given (−2 to 0 h before) and period
when treatments were applied (+1 to +4 h after LPS or
saline injection). Data was integrated over time. ANOVA for
hormone parameters excluded data during the first hour after
LPS or saline treatment to allow time for treatments to take
effect. When a significant treatment by time interaction was
observed, post hoc analysis was conducted to identify treat-
ment effects. TheMann-WhitneyU test was used to compare
pre- versus posttreatment values.

2.4.2. PCR Data Analysis. Relative gene expression was cal-
culated using the comparative quantification option of Rotor
Gene 6000 software 1.7 (Qiagen, Duesseldorf, Germany).The
second differential maximum method [27] was used in this
analysis to calculate reaction efficiencies and a set percentage
of the maximum fluorescence value to calculate the begin-
ning of the exponential phase. To compensate a variation
in cDNA concentrations and the PCR efficiency between
tubes, an endogenous control gene was assayed in each
sample and used for normalization. Initially, three house-
keeping genes glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 𝛽-actin (ACTB), and cyclophilin C (PPIC) were
tested.The BestKeeper was used to determine themost stable
housekeeping gene, for normalizing genes of interest expres-
sion. The BestKeeper was based on the pair-wise correlation
analysis of all pairs of candidate genes [28] and calculates
variations of all reference genes (SD (±Ct)). PPIC was
chosen as the best endogenous control gene. It had the lowest
SD (±Ct) value and a good correlation coefficient with the
remaining analysed housekeeping genes.

The results are presented as relative gene expression of
the target gene versus housekeeping gene, relative expression
value and mean ± SEM.The average relative quantity of gene
expression in control groups was set to 1.0. The significance
of differences between the experimental groups was assessed
by the Mann-Whitney U test.

3. Results

3.1. Effect of Central Injection of Anti-LPS Antibody and
Blockade of TLR4 on Cortisol Release during LPS-Induced
Inflammation. LPS administration significantly (𝑃 < 0.01)
increased plasma cortisol level in all LPS-treated groups (LPS
control, anti-LPS, anti-TLR4) compared with NaCl control
group (Figure 1).

3.2. Effect of Central Injection of Anti-LPS Antibody and
Blockade of TLR4 on LHSecretion during LPS-Induced Inflam-
mation. Intravenous injection of LPS significantly reduced
plasma LH release in all LPS-treated groups (LPS control:𝑃 <
0.01; anti-LPS:𝑃 < 0.05; anti-TLR4:𝑃 < 0.05) comparedwith
the saline control. The central administration of anti-LPS
as well as icv injection of anti-LBP and anti-MD2 did not
influence on lowered LH secretion (Figure 2).

Peripheral administration of endotoxin significantly (𝑃 <
0.05) decreased the gene expression of LH-𝛽 in the AP in LPS
control and anti-LPS groups compared with NaCl control
group. On the other hand, injection of antibodies binding
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Table 1: Specific primers used in real-time PCR for determining the expression of housekeeping genes and genes of interests.

Gene bank acc. number Gene Amplicon size [bp] Forward/reverse Sequence 5 → 3

NM 001034034
GAPDH
glyceraldehyde-3-phosphate
dehydrogenase

134 Forward AGAAGGCTGGGGCTCACT
Reverse GGCATTGCTGACAATCTTGA

U39357 ACTB
beta actin 168 Forward CTTCCTTCCTGGGCATGG

Reverse GGGCAGTGATCTCTTTCTGC

NM 001076910 PPIC
cyclophilin C 131 Forward ACGGCCAAGGTCTTCTTTG

Reverse TATCCTTTCTCTCCCGTTGC

U02517 GnRH
gonadotropin-releasing hormone 123 Forward GCCCTGGAGGAAAGAGAAAT

Reverse GAGGAGAATGGGACTGGTGA

X52488 LH-𝛽
luteinizing hormone beta-subunit 184 Forward AGATGCTCCAGGGACTGCT

Reverse TGCTTCATGCTGAGGCAGTA

NM 001009397
GnRH-R
gonadotropin-releasing hormone
receptor

150 Forward TCTTTGCTGGACCACAGTTAT
Reverse GGCAGCTGAAGGTGAAAAAG

AY957615 TLR4
Toll-like receptor 4 117 Forward GGTTCCCAGAACTGCAAGTG

Reverse GGATAGGGTTTCCCGTCAGT
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Figure 1: The effect of central injection of LPS antibody and
blockade of TLR4 on cortisol release before and after LPS or saline
treatment.Data are presented as amean value± SEM; letters indicate
values that differ significantly according to the Mann-Whitney U
test from “NaCl control before” ( a𝑃 < 0.01); “NaCl control after”
( b𝑃 < 0.01); “LPS control before” ( c𝑃 < 0.01); “anti-LPS before”
( d𝑃 < 0.01); “anti-TLR4 before” ( e𝑃 < 0.01), respectively.

TLR4 receptor complex components anti-LBP and anti-MD2
(anti-TLR4 group) released LH-𝛽 gene expression from the
suppressive effect of LPS administration (Figure 3).

3.3. Effect of Central Injection of Anti-LPS Antibody and
Blockade of TLR4 on GnRH and GnRH-R Genes Expression
during LPS-Induced Inflammation. Injection of LPS signifi-
cantly (𝑃 < 0.01) decreased GnRH gene expression in LPS
control group from hypothalamic structures such as the
POA (by 54%) and the ME (by 50%) compared with NaCl
control group. In the ME, the central administration of
anti-LPS antibody (anti-LPS group) and antibodies binding
TLR4 receptor complex components anti-LBP and anti-MD2
(anti-TLR4 group) significantly (𝑃 < 0.01) reduced LPS
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Figure 2: The effect of central injection of LPS antibody and
blockade of TLR4 on LH release before and after LPS or saline
treatment. Data are presented as a mean value ± SEM. Letters
indicate values that differ significantly according to the Mann-
WhitneyU-test from “NaCl control before” ( a𝑃 < 0.01; A

𝑃 < 0.05);
“NaCl control after” ( b𝑃 < 0.01; B

𝑃 < 0.05); “LPS control before”
( c𝑃 < 0.01; C

𝑃 < 0.05); “anti-LPS before” ( d𝑃 < 0.01; D
𝑃 < 0.05);

“anti-TLR4 before” ( e𝑃 < 0.01; E
𝑃 < 0.05), respectively.

dependent suppression of GnRH gene expression compared
with LPS control group. No effects of iv and icv treatments
on GnRH expression were found in the MBH. The amount
of GnRH mRNA determined in the AHA was too low and
did not enable the quantitative analysis in this hypothalamic
structure (Figure 4).

Gene expression of receptor for GnRH-R significantly
(𝑃 < 0.01) decreased in LPS control groups in the ME and in
the AP compared with NaCl control group. Central admin-
istration of anti-LPS or antibodies binding TLR4 receptor
complex components anti-LBP and anti-MD2 did not affect
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Figure 3: The effect of central injection of LPS antibody and
blockade of TLR4 on the relative LH-𝛽 mRNA level in the anterior
pituitary gland during LPS-induced inflammation. Data are pre-
sented as a mean value ± SEM. Letters indicate values that differ
significantly according to the Mann-Whitney U test from “NaCl
control” ( A𝑃 < 0.05); “LPS control” ( B𝑃 < 0.05); “anti-LPS” ( C𝑃 <
0.05), respectively.
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Figure 4: The effect of central injection of LPS antibody and
blockade of TLR4 on the relative GnRH mRNA level in the
hypothalamic structures (POA, AHA, MBH, and ME) during LPS-
induced inflammation. Each point represents mean ± SEM. Letters
indicate values that differ significantly according to the Mann-
Whitney U test from “NaCl control” ( a𝑃 < 0.01); “LPS control”
( b𝑃 < 0.01), respectively.

GnRH-R gene expression compared to LPS control group
(Figure 5).

3.4. Effect of Central Injection of Anti-LPS Antibody and
Blockade of TLR4 on TLR4 Gene Expression during LPS-
Induced Inflammation. TLR4 gene expression was detected
in four analysed hypothalamic structures and in the AP.
Concomitant administration of LPS (iv) and anti-LPS (icv)
increased (𝑃 < 0.05) mRNA TLR4 level in the MBH but
decreased (𝑃 < 0.01) it in theAP comparedwithNaCl control
group. It has been shown that the administration of LPS
(iv) together with antibodies binding TLR4 receptor complex
components anti-LBP and anti-MD2 (icv) increased TLR4
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Figure 5: The effect of central injection of LPS antibody and
blockade of TLR4 on the relative GnRH-R mRNA level in the
ME and the AP during LPS-induced inflammation. Each point
represents mean ± SEM; “a” indicate values that differ significantly
according to the Mann-Whitney U test from “NaCl control” (𝑃 <
0.01).
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Figure 6: The effect of central injection of LPS antibody and block-
ade of TLR4 on the relative TLR4mRNA level in the hypothalamic
structures (POA, AHA, MBH, and ME) and in the AP during LPS-
induced inflammation. Each point represents mean ± SEM. Letters
indicate values that differ significantly according to the Mann-
Whitney U test from “NaCl control” ( a𝑃 < 0.01; A

𝑃 < 0.05); “LPS
control” ( B𝑃 < 0.05); “anti-LPS” ( C𝑃 < 0.05), respectively.

gene expression in the ME compared with the other groups
(NaCl control: 𝑃 < 0.01; LPS control: 𝑃 < 0.05; anti-LPS:
𝑃 < 0.05). An increase (𝑃 < 0.05; 𝑃 < 0.05) of TLR4 gene
expression in anti-TLR4 group was also demonstrated in the
MBH compared with NaCl control and LPS control groups,
respectively, whereas a decrease (𝑃 < 0.01) in the AP
compared with NaCl control group. In the POA and the AHA
observed differences between analysed groups were not
significant (Figure 6).
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4. Discussion

Our study shows the inhibitory effect of LPS-induced
immune stress on LH secretion in sheep which is consistent
with previous in vivo studies conducted on anestrous ewes
[15, 16]. Other researchers also showed that LPS affects LH
secretion and even disturbs the preovulatory LH surge in
ewes [29, 30]. In castrated rams, LPS significantly reduced
plasma LH level and the number of LH pulses [2]. Likewise,
Refojo et al. [12] demonstrated that endotoxin lowered LH
concentrations by inhibiting several pulsatility parameters
such as frequency, amplitude, and maximum values in male
rats.

The most important regulator of LH secretion is GnRH,
which affects reproduction processes at level of the CNS
by stimulation of the gonadotrophs in the AP to secrete
LH. Functional regulation of LH secretion is mediated by
the pulsatile secretion of GnRH into the hypophyseal portal
vasculature [31]. It has been demonstrated that pulsatile
pattern of LH secretion is a direct reflection of GnRH
secretion from hypothalamus in ovariectomized ewes [32].
Changes in LH secretion observed after peripheral injection
of LPS suggest that immune stress acts on the reproductive
functions at the level of the hypothalamus through alter-
ations of GnRH secretion. Fergani et al. [33] showed that
peripheral endotoxin administration caused disorders in the
GnRH/LH surge. It could be caused by less GnRH release
or that pituitary responsiveness to GnRH may have been
comprised. Previous studies on the ovine model clearly
showed that administration of bacterial endotoxin induced
an immune/inflammatory stress and reduced pulsatile GnRH
secretion [2, 13].

In presented study, bacterial endotoxin lowered GnRH
mRNA level in the POA, where more than half of all GnRH
perikarya are located [34]. It was determined that GnRH
mRNA level in the POA was the highest among other anal-
ysed hypothalamic structures, which confirms earlier reports
that neurons located in the POA synthesized most of GnRH
transcripts in anestrous phase ewes [15]. This fact further
supports the assumption that activity of GnRHergic neurons
in the hypothalamus is modulated by immune stress. How-
ever, it has not been proven that immune challenge affects the
GnRH synthesis at the transcriptional or posttranscriptional
levels. Observed changes in GnRH mRNA content in the
hypothalamic areamay not result fromdecreasedGnRH gene
transcription which is fairly stable [35] but from lowered
accumulation or increased degradation cytoplasmic GnRH
mRNA. This data suggests that the suppressive effect of
immune stress on GnRH release to the hypophyseal portal
blood previously described in sheep [36] could result from
reduced GnRH gene expression in the POA. It is worth to
mention that in the present study there were no significant
changes in GnRH gene expression in the MBH and the
amount of GnRH mRNA in the AHA was below the limit
of detection, which is consistent with previously obtained
results [15] and suggests that in anestrous ewes GnRH
neurons located in these hypothalamic structures do not play
pivotal role in communication between neuroendocrine and
immune systems. It was also found that LPS significantly

decreased GnRH gene expression in the ME, where GnRH
neurons terminals are located. This phenomenon has been
described in detail in our previous study [15] and it has been
suggested that the selective transport of GnRH transcript to
the distal part of neurons occurred in the GnRHergic neu-
rons. Decreased content of GnRH in the ME after LPS treat-
ment could result from decreased transport of GnRH mRNA
to the nerves terminals as well as increased degradation of
GnRH transcript in this structure. It was previously found
that a gradual reduction of the poly(A) tail of mRNA occurs
during its translocation from the perykaryon to the nerve
terminal [37–39]. Therefore, it may be assumed that mRNA
stored in nerves terminals is more sensitive to all factors
affecting the stability of these transcripts than mRNA that
occurs in the region of the neuronal body.

In the present study, decreased GnRH-R gene expression
after LPS administration was determined in the AP and
ME. It supports the previous studies carried out on ovariec-
tomized ewes that immune stress lowered GnRH-R gene
expression in the pituitary gland [40]. Similar results were
also obtained in rats where the administration of LPS affected
the GnRH-R expression both in hypothalamus and pituitary
[41]. The decrease in the level of GnRH-R mRNA in the AP
may be due to lower gonadotrophs stimulation by GnRH,
which is the main factor controlling the amount of its recep-
tors [42]. In turn, the reduction of GnRH-R gene expression
may lead to a decrease GnRH-R expression in gonadotrophs
and lower sensitivity of these cells onGnRH stimulation.This
may lead to lower LH-𝛽 synthesis in the AP.

In the presented study, the injection of endotoxin sig-
nificantly increased the plasma level of cortisol. It fully
supports the previous studies reported about stimulatory
effect of immune stress on cortisol release in various animal
species including sheep [2, 16, 20, 43]. The elevation of the
cortisol release suggests the activation of the hypothalamic-
pituitary-adrenal (HPA) axis, which may result in inhibition
of the HPG axis [2, 43]. Immune challenge stimulates the
synthesis of HPA axis components, such as arginine vaso-
pressin, corticotropin-releasing hormone (CRH), adreno-
corticotrophic hormone, and corticosterone/cortisone from
adrenal cortex [44, 45]. All these factors have an inhibitory
effect on the HPG axis [46, 47]. However, the role of cortisol
and other HPA axis components in the suppression of the
GnRH/LH secretion during immune stress seems to be
ambiguous. Rivest and Rivier [48] demonstrated in rats that
reproductive system inhibited by LPS injection has not been
released from its suppressive action by CRH antibodies
administration, although this administration prevented the
increase in the HPA axis activity. In study carried out on
sheep, Debus et al. [43] demonstrated that the cortisol secre-
tion blockage did not lower the suppression of GnRH/LH
release caused by LPS treatment.

One of the mechanisms through endotoxin that may
modulate the neuroendocrine system is induction of pro-
inflammatory cytokines [23, 49]. However, the main source
of centrally acting cytokines seems to be their local synthesis
in the brain parenchyma [50]. These cytokines can be also
secreted by the BBB cells activated by endotoxin [23, 51, 52] as
well as the choroid plexus cells [53]. It is worth mentioning



Mediators of Inflammation 7

that some amounts of the central cytokines could have a
peripheral origin and cross the BBB due to the existence
of saturated transport mechanism [54]. Another possible
pathway of endotoxin penetration to the brain is through
the organum vasculosum laminae terminalis (OVLT), which
is one of the sensory circumventricular organs, forming the
anterior wall of the third ventricle [55]. This structure is
devoid of the BBB, so OVLT could be a potential location for
LPS bypassing into the brain parenchyma. A direct response
of OVLT cells to exposure to endotoxin or cytokines was
demonstrated by Ott et al. [56]. Their study showed that the
OVLT cells secrete proinflammatory cytokines (e.g., TNF-𝛼,
IL-1𝛽, and IL-6). It has been previously reported that LPS
acting indirectly via stimulation of central cytokines synthesis
affects GnRH secretion in the hypothalamus and can disturb
LH secretion from the AP [13, 18, 19].

On the other hand, one of the mechanisms by which
peripherally administered endotoxin affects central response
is the activation of the afferent vagal nerves by prostaglandins
(PGs), other important regulatory factors of GnRH/LH
levels suppression during immune stress [57]. Rettori et al.
[58] showed that inhibition of prostaglandin E

2
(PGE
2
)

suppressed the release of GnRH/LH.This inhibition could be
caused via PG-dependent pathways. Peripheral administra-
tion of LPS induces synthesis of endogenous cytokines (e.g.,
IL-1𝛽) and activates the projection area of the vagal nerves in
the brain [59]. Presence of receptors for IL-1 was demon-
strated in study of Ek et al. [60] which suggested that IL-1𝛽
stimulates vagal sensory activity. This activation of afferent
nerve fibers by peripherally released cytokines could be a fast
pathway of immune signals transfer from the periphery to the
brain. However, in response to circulating cytokines, a slow
humoral pathway of transmission is activated [61]. Immune
challenge could act as well in this PG-dependent manner
represented by PGs synthesis by cyclooxygenase-2 (COX-2)
around blood vessels [62]. These observations suggest that
PGs play a role in mediating between the immune and
neuroendocrine systems [57, 63].

In our study, TLR4 gene expression was determined
in the hypothalamic structures such as the POA, AHA,
MBH, and ME and in the AP. However, no effect of LPS
administration on TLR4 transcription in all these structures
was observed. These results are partially contrary to our
previous study performed on anestrous ewes [20] where
significant increase of the TLR4 gene expression was deter-
mined. The existence of TLR4 receptor in the hypothalamus
may suggest the possible direct action of LPS in the CNS.
Although experiments carried out on cats [64] seem to
exclude the penetration of endotoxin from the blood to
the brain, the results of experiments conducted on rats are
inconclusive. Singh and Jiang [23] suggest that LPSmodulates
the permeability of the BBB but does not exceed it. However,
in vivo research performed on mice [22] and rats [65]
have shown that iodine-radiolabelled LPS penetrated the
BBB in measured quantities. The study performed on rats
showed that central administration of endotoxin suppressed
the secretion of LH in rats [66]. This proves the potential
of centrally acting LPS to suppress the HPG activity at the
hypothalamic level. In present study, it was determined that

the blockade of TLR4 receptor in the hypothalamus as well
as administration of anti-LPS antibody into the region of
hypothalamus reverses decreasing effect of LPS treatment on
GnRH mRNA level in the ME. However, no effects of these
treatments were observed in the structures where GnRH
neurons perikarya are located. The fact that the blockade of
TLR4 receptor as well as administration of anti-LPS antibody
into the third ventricle restored GnRH mRNA content only
in the ME suggests that these treatments prevented the
inflammation, dependent decreasing of the GnRH mRNA
stability rather than decreasing GnRH gene transcription.
The inhibition of TLR4 receptor as well as decreasing the
number of its interacting ligand could result in decreased
proinflammatory cytokines synthesis in the hypothalamus.
It was previously suggested that acting in the region of
hypothalamus proinflammatory IL-1𝛽 could be responsible
for decreasing the stability of GnRH mRNA and reduction
of its translation [19].

In our study, restoration of LH-𝛽 mRNA content to the
control level was observed only in the anti-TLR4 group.
However, this change in the LH-𝛽 gene expression was
not accompanied by the elevation of the circulating LH
concentration. The lack of parallelism between the increased
LH transcription and the peripheral level of LH in the anti-
TLR4 group suggests that LH release was still inhibited by the
peripheral immune/inflammatory challenges affecting the
HPG axis at the pituitary level. This suppression may result
from the action of proinflammatory cytokines whose recep-
tors are widespread in the pituitary gland [67]. The results of
our ex vivo study showed that IL-1𝛽 is a potent downregulator
of LH secretion directly from the pituitary and suggested
that this direct action of interleukin could have a profound
effect on the suppression of LH release occurring during an
inflammatory state [68]. The in vitro study performed on
the mouse AtT-20 pituitary tumor cells showed that direct
LPS treatment increases the number of IL-1R1 in a dose-
dependent manner [69]. The studies carried out on mice
[70] and sheep [71] also reported the stimulating effect of LPS
on IL-1R1 mRNA. Another inflammatory cytokine involved
in direct modulation of the secretory activity of the pituitary
is IL-6. The in vitro study showed that IL-6 significantly
suppressed GnRH-stimulated LH release from male rats
dispersed pituitaries throughout the dose range but did not
influence basal LH release [72]. It is worth mentioning that
stress caused by LPS injection may increase the number of
cytokines receptors expressed in the AP [73]. The factor sup-
pressing the LH secretion at the level of pituitary could be also
LPS itself. Our previous ex vivo study showed that LPS
directly decreases LH secretion from the ovine AP explants
[74]. It was suggested that the secretion of LH from the
pituitary could be affected directly by LPS and/or could result
from autocrine action of proinflammatory cytokines secrete
by the folliculostellate cells.

5. Conclusions

The study suggests that the blockade of TLR4 receptor in the
hypothalamus during LPS-induced immune stress restores



8 Mediators of Inflammation

the LH-𝛽 transcription in the pituitary gland. However, this
treatment is not sufficient to unblock the release of LH sup-
pressed by the peripheral immune/inflammatory challenges.
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The aim of this study was to determine the effect of azithromycin on LPS-induced pregnancy loss. Thirty-six pregnant female
Wistar rats were divided into 4 equal groups as follows: control group, where 0.3mL of normal saline solution was administered
intravenously on day 10 of pregnancy; azithromycin group, where azithromycin was administered orally at 350mg kg−1 day on days
9, 10, and 11 of pregnancy; lipopolysaccharide group, where LPS was administered intravenously via the tail vein at 160 𝜇g kg−1
on day 10 of pregnancy; and the azithromycin + LPS group, where azithromycin was administered orally at 350mg kg−1 day on
days 9, 10, and 11 of pregnancy and LPS was administered intravenously at 160 𝜇g kg−1 on day 10 of pregnancy. Blood samples were
obtained from the tail vein on day 10 of the experiment. Pregnancy rateswere determined. Tumor necrosis factor-alpha (TNF-𝛼) and
interleukin (IL-10) levels were measured by ELISA. Azithromycin prevented (𝑃 < 0.05) LPS-induced pregnancy loss. Higher TNF-
𝛼 and IL-10 levels were measured (𝑃 < 0.05) in the LPS and azithromycin + LPS groups, respectively. In conclusion, azithromycin
may be useful in infection- or endotoxemia-dependent pregnancy loss.

1. Introduction

The maternal immune system is capable of recognizing
and refusing a response against foetal antigens [1]. One of
the most common unfavorable outcomes during the first
trimester of pregnancy is spontaneous abortion; the rate of
spontaneous abortion is 15%–20% in women [2]. However,
the mechanisms underlying pregnancy loss caused by mater-
nal infections are not clear [3].

Lipopolysaccharide (LPS), an endotoxin derived from
gram negative bacteria, has been used to constitute inflam-
matory response in experimental studies with pregnancy. It
is well known as a trigger of abortion and preterm birth
via proinflammatory cytokines and nitric oxide [4–9]. The
predominant production of T-helper (Th2) cytokines is a
characteristic of normal pregnancy, while a predominant
production of Th1 cytokines is a characteristic of abortion
and recurrent abortion [10]. A change from a Th2-biased
to a Th1-biased cytokine profile in maternal serum results
in complications for pregnant women, such as spontaneous
abortions and preeclampsia [11].

Besides the direct antimicrobial effect, macrolides also
show anti-inflammatory properties [12]. Azithromycin has
similar efficacy compared with erythromycin or amoxicillin;
azithromycin also has fewer adverse effects in the treatment
of pregnant women with Chlamydia trachomatis infections
[13]. Because of this feature, using azithromycin to treat
pregnant women with uncomplicated C. trachomatis infec-
tions is increasing amongst obstetricians [14]. Azithromycin
is clinically effective in the treatment of common respiratory,
skin/skin-structure infections, nongonococcal urethritis, and
cervicitis due to C. trachomatis. Azithromycin is categorized
as a class B drug during pregnancy [15].

The balance between tumor necrosis factor-alpha (TNF-
𝛼) and interleukin (IL-10) is determined for pregnancy
success. Whenever the level of TNF-𝛼 increases, abortion
occurs, while IL-10 supports the pregnancy [10, 11]. Due to
the inexistence of an adequate preventive treatment of early
pregnancy loss, it has been hypothesized that azithromycin
may prevent LPS-induced pregnancy loss because of an
inhibitory effect on TNF-𝛼 and potentiating effect on
IL-10.



2 Mediators of Inflammation

The aim of this study was to determine the effect of
azithromycin on LPS-induced pregnancy loss in rats.

2. Materials and Methods

2.1. Animal. The study protocol was approved by the Ethical
Committee of Necmettin Erbakan University, Experimental
Medicine, Research and Application Center, Konya, Turkey.
Thirty-six female and 9 male Wistar rats (272 ± 44.9 g and
306 ± 16.1 g, respectively, 5-6 months old) were used in this
study. Rats were fed a standard pelleted diet and tapwater was
provided ad libitum as drinking water. Animals were bred in
standard cages on a 12 hr light/dark cycle at room temperature
in a humidity-controlled environment.

2.2. Experimental Procedure. LPS (Escherichia coli, serotype
O111:B4, Sigma-Aldrich Chemie, Deisenhofen, Germany)
and azithromycin (Zitromax, 200mg/5mL, oral suspension,
Pfizer, Istanbul, Turkey)were dilutedwith pyrogen-free saline
to appropriate concentrations.

Female rats were caged with males for 1 day and the
presence of a vaginal plug was designated as day 0 of
pregnancy. Tenth to 12th day in a rat’s pregnancy corresponds
roughly to the first trimester of human pregnancy [16].
Pregnant rats were randomly divided into 4 groups as follows:
control group, where 0.3mL of normal saline solution was
administered intravenously on day 10 of pregnancy (𝑛 = 9);
azithromycin group, where azithromycin was administered
orally at 350mg kg−1 day on days 9, 10, and 11 of preg-
nancy (𝑛 = 9); where LPS group, LPS was administered
intravenously via the tail vein at 160 𝜇g kg−1 on day 10 of
pregnancy (𝑛 = 9); and the azithromycin + LPS group, where
azithromycin was administered orally at 350mg kg−1 day on
days 9, 10, and 11 of pregnancy and LPS was administered
intravenously at 160𝜇g kg−1 on day 10 of pregnancy (𝑛 =
9). Blood samples were obtained from the tail vein on day
10 of the experiment (3 hr after LPS administration) and
all animals were followed during pregnancy. In addition,
animals that did and did not give birth were determined.
At the end of the study, all animals were euthanized under
thiopental sodium anaesthesia (70mg/kg, intraperitoneally;
Pental Sodium 1 g inj., I. E. Ulagay Ilac Sanayi, Istanbul,
Turkey).

2.3. Measurements. Samples were centrifuged and serum
samples were stored at −70∘C until analysis. TNF-𝛼 (eBio-
science Rat TNF-𝛼 kit, sensitivity 11 pg/mL, San Diego,
CA, USA) and IL-10 (eBioscience Rat IL-10kit, sensitivity
1.5 pg/mL, San Diego, CA, USA) levels were determined at
450 nmby commercial ELISAkits with ELISA reader (MWGt
Lambda Scan 200, USA).

2.4. Statistical Analysis. The pregnancy rates of the groups
were evaluated using a chi-square test, and the concentrations
of TNF-𝛼 and IL-10 were compared with ANOVA and the
Tukey test. Data are expressed as the mean ± SE. Number
of offspring in each group was evaluated by ANOVA and
Duncan test. Significance was accepted at the 𝑃 < 0.05 level.

Table 1: Pregnancy rates of groups.

Drug Pregnant/pregnancy loss Labour animals
Control 9/0a 9
Azithromycin 9/0a 9
LPS 9/7b 2
Azithromycin + LPS 9/2a 7
LPS: lipopolysaccharide (160 𝜇g kg−1 intravenously, Escherichia coli
0111:B4). a,bDifferent letters in the same column are statistically significant
(𝑃 < 0.05).

Table 2: TNF𝛼 and IL-10 levels of groups.

TNF𝛼 (pg/mL) IL-10 (pg/mL)
Control ND 90.2 ± 4.31a

Azithromycin 58.2 ± 9.56a 113 ± 15.4a

LPS 128 ± 10.7b 496 ± 149b

Azithromycin + LPS 96.6 ± 10.2c 1130 ± 87.4c

TNF𝛼: tumor necrosis factor 𝛼; IL-10: interleukin-10; LPS: lipopolysaccha-
ride (160 𝜇g kg−1 intravenously, Escherichia coli 0111:B4). ND: not deter-
mined. a,b,cDifferent letters in the same column are statistically significant
(𝑃 < 0.05).

3. Results

All animals were followed during pregnancy. The average
weight of the rats was 272 ± 44.9 g before pregnancy and
375 ± 47.9 g at the end of pregnancy. Azithromycin inhibited
(𝑃 < 0.05) LPS-induced pregnancy loss, and there were no
adverse effects on the pregnancy rate (Table 1). The TNF-𝛼
level was higher (𝑃 < 0.05) in the LPS group, and the IL-
10 levels were lower (𝑃 < 0.05) in the azithromycin and
control groups (Table 2). In addition, the concentration of IL-
10 in the azithromycin + LPS group was significantly higher
(𝑃 < 0.05) than the other groups (Table 2). Offspring rate
was statistically significant (𝑃 < 0.05) in LPS group when
compared to all other groups (Figure 1).

4. Comment

The aim of this study was to determine the effect of
azithromycin on septic abortion. Many endogenous agents,
such as prostaglandins or cytokines, play a pivotal role during
pregnancy [10, 17]. Recurrent spontaneous abortion is classi-
cally defined as three or more pregnancy losses and usually
occurs before 20 weeks of gestation. Recently, recurrent
spontaneous abortion has been redefined as the spontaneous
loss of two or more clinical pregnancies [18, 19]. Adverse
pregnancy outcomes, such as spontaneous abortion, preterm
labour, preeclampsia, and intrauterine growth restriction, can
result from a deregulation of cytokines networks [20].

In the current study, azithromycin alone did not present
a negative effect on the pregnancy rate (Table 1). It has
been reported that the prophylactic use of azithromycin can
decrease procedure-related pregnancy loss andmay be safe in
pregnant women [21, 22].

In the current study, higher pregnancy rates were deter-
mined in the control and azithromycin groups than in the LPS
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Figure 1: The number of offspring in groups. To induce the pregnancy loss with LPS, 160 𝜇g kg−1 LPS (Escherichia coli 0111:B4) was
administered intravenously via the tail vein on day 10 of pregnancy in LPS group. Azithromycin was administered orally at 350mg kg−1
day on days 9, 10, and 11 of pregnancy in azithromycin and azithromycin + LPS groups. Blood samples were obtained from the tail vein on day
10 of the experiment and all animals were followed during pregnancy. Animals that did and did not give birth were determined. a,bDifferent
letters are statistically significant (𝑃 < 0.05).

group (Table 1). In addition, a higher TNF-𝛼 level was
measured in the LPS group (Table 2). The maternal immune
response is determined for pregnancy success. Animal mod-
els have been used to elucidate this question.Themechanism
underlying early pregnancy loss is associated with several
inflammatory molecules; thus, modulation of the inflamma-
tory modules is useful. Excessive inflammation may lead to
unfavourable outcomes, such as spontaneous abortion and
fetal resorption. Areas of implantation are extremely sensitive
to LPS and Th1 cytokines (TNF-𝛼 and lL-2) during early
pregnancy inmice.Thesemolecules have the ability to induce
embryonic resorption [3, 23, 24]. Low doses of LPS, without
affecting mother survival, cause high rates of embryonic
resorption during early pregnancy [3, 25]. Deregulation of
cytokines networks results in adverse pregnancy outcomes
[20]. Th2 cytokines, including IL-10, have a protective role,
while Th1 cytokines, including TNF-𝛼, are abortive factors
in pregnancy [26]. Increased TNF-𝛼 levels caused by LPS
resulted in insufficient placental perfusion, improvement of
thrombotic events, and placental and fetal hypoxia [27].
In the current study, the LPS treatment increased TNF-𝛼
level, which determined a decrease in pregnancy rate. It has
been reported that the LPS-increased TNF-𝛼 level is closely
linked to recurrent pregnancy loss [28]. In another study, the
concentration of LPS-binding protein in amniotic fluid was
increased in patients who had a spontaneous fetal loss [29].

In the current study, azithromycin increased the preg-
nancy rate 3.5-fold when compared to the LPS group
(Table 1). In addition, a higher IL-10 concentration occurred
(𝑃 < 0.05) in the azithromycin + LPS group than those of the
other groups, and the TNF-𝛼 level was lower (𝑃 < 0.05) in
the azithromycin + LPS group than the LPS group (Table 2).
Erythromycin and azithromycin are used in the treatment of
endocervical chlamydial infections and mycoplasma pneu-
monia in obstetric patients [30]. Azithromycin may be more

effective against endometrial infections because it provides
important tissue levels for a long period [31]. Transplacental
passage of azithromycin is limited, and azithromycin and
other macrolide antibiotics are generally accepted to be
safe in pregnancy [32, 33]. Increased pregnancy rates in
the azithromycin + LPS group (Table 1) may reflect the
depressive effect ofmacrolides on proinflammatory cytokines
production and the potentiating effect on the IL-10 level. The
suppressive effects of macrolides, including azithromycin, on
the TNF-𝛼 level and the potentiating effects of these drugs
on the IL-10 level have been reported [31, 34, 35]. Moreover,
IL-10 injections prevent LPS-induced abortions and decrease
LPS-induced fetal death [6, 27].

In conclusion, infection- or endotoxemia-mediated preg-
nancy loss may be prevented by using azithromycin during
the pregnancy period.
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