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Abstract

Stress causes decreased cell accumulation in early periimplantation embryos and the placental
trophoblast stem cells derived from them. Benzopyrene and many other stressors activate stress
enzymes that lead to suppressed stem cell accumulation through diminished proliferation and
increased apoptosis. Trophoblast stem cells proliferate and a subpopulation of early
postimplantation trophoblast cells differentiate to produce the first placental hormones that arise in
the implanting conceptus. These hormones mediate antiluteolytic effects that enable the
continuation of a successful implantation. The normal determination and differentiation of
placental trophoblast stem cells is dependent upon a series of transcription factors. But, these
transcription factors can also be modulated by stress through the activity of stress enzymes. This
review enumerates and analyzes recent reports on the effects of benzopyrene on placental function
in terms of the emerging paradigm that placental differentiation from stem cells can be regulated
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when insufficient production of stem cells is caused by stress. In addition, we review the other

effects caused by benzopyrene throughout placental development.
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INTRODUCTION

Stress on the earliest placenta can have profound effects on immediate loss of the
developing placenta and conceptus in the first trimester and on development of diseases of
placental insufficiency later in the second and third trimesters [Bose et al. 2006; Huppertz
2008]. Our goal here is to define the two key effects of stress, decreased cell accumulation
and modulation of differentiation of placental trophoblast stem cells (TSC). We will
emphasize the kinds of stress effects induced by components of cigarette smoke such as
Benzo(a)pyrene and nicotine, but also describe general stressors from experimental and
clinical studies. These include maternal stress hormones such as epinephrine and cortisol,
and experimental stressors such as hyperosmolar sorbitol that are used by stress
enzymologists to understand the impact of cellular stress on homeostatic and developmental
responses.

Why the clinical interest in this period of development? Stress due to malnutrition /n vivo
[Kwong et al. 2000] or stress during /n vitro fertilization (I\VF) that occurs only during
preimplantation development [Ecker et al. 2004] can cause post-natal effects including
hypertension and learning anomalies. Also, two-thirds of all fertilized human embryos are
lost and most of the loss occurs in the early postimplantation period [Cross et al. 1994].
Since molecular and biological events are linked between late preimplantation and early
postimplantation [Rappolee 2007; Huppertz 2008], the embryos can be used to test a wide
variety of stressors for time- and dose-dependence and then these embryos can be
reimplanted and tested for long-term consequences and their mechanisms.

Preimplantation embryos live free of maternal tissue between ovulation from the ovary and
implantation into the uterus. As they travel through the lumen of the oviduct and uterus, they
can be removed, perturbed during serum-free culture and then reimplanted to test for effects
of perturbations on later placental, fetal, and postnatal development (Fig. 1).

Thus, preimplantation embryos provide a model where time- and dose-dependent molecular
mechanisms can be tested in some embryos while others are re-implanted to correlate and
link these mechanisms to long-term effects. This kind of easy testing for direct effects in
isolated embryos cannot be done /n vivo on oocytes in the ovary or in postimplantation
conceptus in the uterus, because of primary effects on the gestational female.

In addition, the preimplantation blastocyst at 3.5 days after fertilization (E3.5) carries the
first embryonic and placental trophoblast stem cells (ESC and TSC, respectively) that are
the candidate lineages for carrying the long-term effects of toxic stress. The ESC are derived
from the inner cell mass (ICM) of the blastocyst and the TSC are derived from the outer
trophectodermal epithelium adjacent to the ICM. Therefore, late preimplantation embryos
provide an experimental model for studying stress mechanisms and their effects on the
potency versus differentiation of TSC.

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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THE TRANSCRIPTION FACTOR SEQUENCE NECESSARY TO DETERMINE
AND DIFFERENTIATE THE EARLIEST STEPS IN THE PLACENTAL TSC
LINEAGE DURING NORMAL DEVELOPMENT

Four transcription factors have been shown to act in sequence to establish the placental
lineage (Fig. 2) from the two-cell stage embryo at E1.0 to early post implantation
development at E6.0. The first transcription factor required for placental determination is the
TEA DNA-binding domain family member (Tead)4, whose expression is activated at the
two cell stage zygotic genome activation and is necessary for mammalian Caudal type
homeobox transcription factor (Cdx)2 [Yagi et al. 2007]. In turn the Cdx2 transcription
factor is necessary to induce Eomesodermin (Eomes) [Strumpf et al. 2005], and Cdx2
function at E3.5 is sufficient to suppress Oct4 which distinguishes the placental lineage from
the embryonic lineage [Niwa et al. 2005]. Eomes is necessary to express the transcription
factor heart and neural crest derivatives (Hand) expressed (Hand)1 [Russ et al. 2000]. Hand1
is necessary to induce the expression of placental lactogen (PL)1 (also known as chorionic
somatomammotropin hormone, Cshl) in embryos [Sahgal et al. 2005] and is sufficient to
induce PL1 in cultured TSC [Hughes et al. 2004], and PL1 is detected in maternal serum by
E6.0 [Ogren et al. 1989]. Evidence for stress modulation of several of these transcription
factors is discussed below. As suggested in Figure 2, many of the transcription factors
required for the earliest stages of placental TSC determination and differentiation can be
regulated by stress.

EXAMPLES OF STRESS THAT DIMINISH PLACENTAL TSC
ACCUMULATION AND ALTER FUNCTION IN THE EARLY PLACENTA

Malnutrition

Many types of cellular stressors affect embryos and TSC, including shear stress, culture
stress, cytokines, hyperosmolar stress, pollutants such as dioxins and benzo(a)pyrene (BaP),
and microgravity simulation (Fig. 3). All these stress stimuli that have been tested cause a
significant decrease in the rate of TSC accumulation. Ultimately an embryo that has less
TSC will produce fewer differentiated placental progeny and insufficient antiluteolytic
hormones. Thus stress during periimplantation development leads to a higher probability of
implantation failure.

Malnutrition, embryo culture, hypoxia, and lipopolysaccharide (LPS) are pathophysiological
stressors of embryos and TSC. In addition, stress response molecular mechanisms may be
incorporated in signaling in normal, inductive developmental pathways stimulated by Wnt
ligands, retinoic acid, or removal of fibroblast growth factor (FGF)4 from cultured TSC.
Vignettes of several pathophysiological and normal physiological and developmental
responses that may incorporate stress enzymes are enumerated below.

and embryo culture

Decreased cell accumulation is a standard response to stress [Ip and Davis 1998]. Maternal
malnutrition uniquely occurring between E0.5-E4.0 leads to a decreased cell accumulation
rate in the trophoblast lineage and the embryonic lineage [Kwong et al. 2000]. Cell
accumulation rates are lower during embryo culture in media or with experimental stressors
such as hyperosmolar sorbitol [Xie et al. 2006a, 2007b; Zhong et al. 2007]. In highly stress-
activated protein kinase/jun kinase (SAPK/JNK, but shortened to SAPK here, also known as
Mapk8/9) SAPK-activating media such as Hams F12 [Wang et al. 2005], 15% of cells are
TUNEL positive. The least SAPK-activating medium, KSOMaa, can be made to be
equivalent to Hams F12 for decreased cell accumulation rates by adding 200 mM sorbitol
for 24 h of blastocyst culture [Xie et al. 2007b]. But, as little as 50 mM sorbitol is sufficient
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to significantly decrease total cell accumulation after 24 h of blastocyst culture [Xie et al.
2006b]. The fraction of cells in cell cycle (brdU positive) is about 50% lower in Hams F12
than KSOMaa. In fact, it is estimated that about 50% of decreased cell accumulation in
Hams F12 is due to apoptosis and 50% is due to decreased entry into the cell cycle. Thus a
standard sign of stress is decreased cell accumulation rate as the homeostatic response to
stress diverts energy from macromolecular synthesis.

Physiological stressors include hypoxia due to smoking or reproduction at high altitudes.
During persistent hypoxia, intercellular communication is induced that functions to regulate
maternal immune function, increase maternal supply of food, gas exchange, and vascular
enhancement. This occurs via placental hormones that are induced by hypoxia and are
necessary for the survival of the rodent conceptus when gestation occurs under hypobaric
conditions [Ain et al. 2004]. Placental prolactin-like protein (PLP)A regulates the production
of NK cells that regulate trophoblast expansion into the mesometrial chamber and regulates
placental interaction with the uterine mesometrial vasculature. Thus PLPA is an adaptive
response to gestational hypoxic stress.

In cultured TSC, hypoxia [Genbacev et al. 2001] or normal differentiation emulated by
FGF4 removal [Maltepe et al. 2005], induces hypoxia inducible factor (HIF) and modulates
TSC differentiation. Thus transcription factors such as HIF exhibit the “developmental
plasticity” whereby they are regulated by normal and pathophysiological stressors as shown
for other placental transcription factors in Figure 2.

Lipopolysaccharide (LPS)

The cell walls from gram-negative bacteria stimulate the toll-like receptor (TLR)4, an event
that typically activates nuclear factor kappa beta (NFkB)-inducing kinase and SAPK [Akira
2000; O’Neill 2000]. Several signaling enzymes mediate the effect of LPS-induced toll-like
receptor (TLR)4 activation, p38 mitogen-activated protein kinase (MAPK, also known as
Mapk14) [Matsuzawa et al. 2005], SAPK [Matsuguchi et al. 2003], and NFkB in a PKC-
dependent manner [Rolls et al. 2007]. TLR4 is most prominent in syncytiotrophoblast and
myofibroblasts [Ma et al. 2006, 2007]. LPS induces cytokines in syncytiotrophoblast in a
TLRA4-dependent manner in primary syncytiotrophoblasts [Ma et al. 2006, 2007] and in a
first trimester placental cell line [Svinarich et al. 1996].

Although no expression of TLR receptor has been reported in TSC [Liu et al. 2009] or ESC,
Zampetaki et al. [2006] reported that TLR4 expression in mouse ESC is induced by
epigenetic modification, modulation of histone acetylation, and CpG islands, focused mainly
on the TLR4 promoter. Similar modulation of histone acetylation in TSC drives these cells
to differentiate into syncytiotrophoblasts [Maltepe et al. 2005] that express TLR4 in mice
[Ma et al. 2006, 2007]. In agreement with these data in cell lines, TLR4 is detected in the
first trimester but higher expression is detected in the term placenta [Beijar et al. 2006].
Taken together the data suggest that TLR4 is induced during normal TSC differentiation, or
is induced by other stimuli in certain differentiated lineages of TSC, and may act through
stress enzymes to mediate sublethal functions such as induction of cytokines.

Potential physiological functions of stress response pathways occur when stress enzymes
function downstream of developmental signaling mechanisms. This occurs in the non-
canonical pathway downstream of Wnt ligand and retinoic acid signaling.

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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Wnt pathway

The Wnt-frizzled pathway regulates the canonical catenin function in the nucleus but also
induces the non-canonical SAPK/INK function during physiological and developmental
responses [Weston and Davis 2002; Yamanaka et al. 2002]. Wnt signaling is important in
the development and vascularization of the labyrinthine placenta [Monkley et al. 1996;
Ishikawa et al. 2001; Cross et al. 2006].

Retinoic acid pathway

The retinoic acid pathway is important in early development [Rossant et al. 1991; Balkan et
al. 1992], and SAPK is involved with neural crest migration and differentiation of the
extraembryonic endodermal and embryonic neuronal lineages [Kanungo et al. 2000; Li et al.
2001; Wang et al. 2001; Yu et al. 2003; Lee et al. 2004]. Thus SAPK may mediate many
more functions downstream of normal inductive stimuli in addition to the multitude of stress
stimuli illustrated in Figure 3.

MATERNAL STRESS HORMONES HAVE EFFECTS ON THE IMPLANTING
EMBRYO AND PLACENTAL TSC

The implanting embryo and its TSC must coordinate molecular mechanisms mediating
adhesion, invasion, and endocrine integration of maternal and fetal/placental function.
Maternal malnutrition (discussed above) is one maternal stressor, but emerging evidence
suggests that two maternal stress-induced hormones regulate the implanting embryos and
TSC.

Epinephrine receptors are detected in the mouse preimplantation embryo, and expression is
higher in the ICM than the trophectoderm [Cikos et al. 2005]. Epinephrine is sufficient to
reduce cell accumulation in cultured embryos [Cikos et al. 2007] and much of this reduction
in cell number is likely in TSC. Epinephrine has been detected in luminal fluids of the
oviduct and uterus [Levin and Phillips 1983], suggesting that maternal epinephrine could
diminish accumulation rates of stem cells in embryos /n vivo. Further functional studies are
required to distinguish whether the effects of epinephrine are pathologic /n vivo and whether
these effects are detected in the ICM and/or TSC.

Maternal cortisol has a negative effect on fetal development and the placental enzyme
11betahydroxysteroid dehydrogenase inactivates the hormone and protects the fetus from it
[Yang 1997; Burton and Waddell 1999]. Maternal cortisol can decrease placental TSC
proliferation rates /n vitroand /n vivo [Mandl et al. 2006]. Taken together, these data
suggest that maternal stress hormones such as epinephrine and cortisol can downregulate the
size of the placenta and lead to loss of the conceptus, or sublethal runting of the embryo or
fetus. It will be of interest to understand which enzymes mediate the effects of maternal
stress hormones and whether these enzymes are upstream of some of the lethal and sublethal
homeostatic and developmental outcomes illustrated in Figure 3.

Experimental evidence in animal models suggests that maternal stress is teratogenic
[Chernoff et al. 1988; Colomina et al. 1995]. Epidemiological studies also support the
hypothesis that maternal stress is associated with spontaneous abortion in the first trimester
[Fenster et al. 1995; Neugebauer et al. 1996; Maconochie et al. 2007]. Thus, experimental
and epidemiological evidence suggest that maternal hormones could lead to a pathological
cellular stress in the TSC, as well as other stem cells of the implanting embryo.

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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Cellular Stress Effects and Enzymatic Control of Stress Effects

Many of the stressors discussed above induce intracellular enzyme cascades that mediate
molecular and biological effects. The mouse and human kinomes share 510 protein kinases
and contain 30 and 8 unique kinases, respectively [Caenepeel et al. 2004]. A small fraction
of these kinases are induced by cellular stresses that generally use cellular energy stores in
response to stress and decrease cell accumulation rates, either by decreased proliferation
and/or increased apoptosis. SAPK is one of a handful of protein kinases that are activated by
a broad range of physiological, pathophysiological, and pathological stressors in the embryo
and its TSC (Fig. 3).

Biochemistry and cell biology of stress enzymes, SAPK—SAPK is a single
subunit stress enzyme in the mitogen-activated protein kinase (MAPK) family (Fig. 4). This
family contains a subfamily of MAPK/ERK that is usually positive and mitogenic and
another stress enzyme subfamily-p38MAPK that can be mitogenic or mediate decreased
mitogenesis during stress. ERKS is another enzyme in the MAPK superfamily that can be
mitogenic or mediate stress-induced differentiation in embryonic stem cells [Rappolee
2007]. There are three SAPKSs, JINK1/2/3 (also named Mapk8/9/10). SAPK is part of a
cascade of 4 enzymes that amplify stress signals from damage in the nucleus or cytoplasm
[Ip and Davis 1998]. Cytoplasmic SAPK is activated by dual phos-phorylation by the
MAP2kinases, MKK4 and MKK?7 (also known as Mapk2k4/7). Upon activation, SAPK
transits to the nucleus where it phosphorylates and activates members of the AP1 family of
transcription factors. We have found that SAPK mediates biological changes in stressed
TSC and embryos correlated with AP1 activation and attenuation of c-myc [Xie et al. 2007b;
Zhong et al. 2007].

Related SAPK and p38MAPK mediate transcriptional responses in stressed embryos that are
~90% unique [Maekawa et al. 2005; Xie et al. 2008], so we anticipate that the SAPK and
AMP-activated protein kinase AMPK (also known as Prkaal/2) will also mediate different
parts of the global MRNA response to BaP stress.

Biochemistry and cell biology of AMPK—AMPK is a heterotrimer of enzymatic (al,
a2), glycogen-negative regulatory (1, f2), and AMP/ATP ratio positive regulatory (y1, y2,
y3) subunits [Hardie 2003, 2004] (Fig. 4). Activated AMPK is detected by antibodies to the
Thr172 phosphorylation site on AMPKal/a2. AMPK is an energy sensor activated by
conditions such as exercise and diabetes when AMP is high and ATP depleted, and when
glycogen depleted.

SAPK and AMPK mediate some of the stress effects in the early embryo and TSC discussed
below. But, further research is needed to fully understand the role of these two enzymes and
the subset of other enzymes in the kinome that contributes to pathophysiological and
developmental outcomes early in development.

MECHANISMS OF DIMINISHED PLACENTAL TSC ACCUMULATION AND
ALTERED PLACENTAL FUNCTION

Early embryonic and placental runting are contributors to second and third trimester diseases
of placental insufficiency [Pedersen et al. 2008; Bottomley and Bourne 2009]. In
preimplantation embryos and TSC, cellular stresses such as hyperosmolar stress, culture
media, shear stress, simulated microgravity, and stress due to toxins such as benzopyrene,
lead to diminished cell accumulation. For hyperosmolar stress, shear stress, simulated
microgravity, and culture media stress, SAPK is activated [Wang et al. 2005, 2009; Xie et
al. 2006b, 2007a, 2007b; Rappolee 2007; Zhong et al. 2007] and causal both for decreased

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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entry into S phase and for apoptosis [Xie et al. 2006a, 2007b; Zhong et al. 2007]. Thus
SAPK is important in mediating decreased cell accumulation via two mechanisms.

It is also likely that p3BMAPK, AMPK, and other stress-induced enzymes contribute to the
decreasing cell accumulation, mediated through increased apoptosis or decreased entry into
S phase, as these enzymes have these functions in adult somatic cells [Ip and Davis 1998;
Kuan et al. 1999; Jones et al. 2005].

Interestingly, spatial (Fig. 5) and temporal (Fig. 6) effects of 24 h of hyperosmolar stress on
TSC are consistent with a prioritization of stress-induced TSC differentiation to produce the
first differentiated placental progeny that appear soon after implantation [Liu et al. 2009]. It
will be important to follow up these studies to determine if SAPK, AMPK, and other stress
enzymes regulate overlapping and/or distinct parts of the global stress response and to
determine if similar stress responses occur at lower doses of stress.

CIGARETTE SMOKE IMPAIRS HUMAN REPRODUCTION AND IS CLOSELY
ASSOCIATED WITH MAJOR PREGNANCY COMPLICATIONS

It has been well documented that cigarette smoke has adverse effects on reproduction.
Cigarette smoking impairs female fertility. Several studies have reported the negative effects
of maternal smoking on the success rate of /n vitro fertilization and gamete intrafallopian
transfer procedures [Mattison 1982; Baird and Wilcox 1985; Harrison et al. 1990; Rosevear
et al. 1992; Augood et al. 1998]. Maternal cigarette smoking also has serious adverse effects
on the outcome of pregnancy. These include intrauterine growth retardation (IUGR), low
birth weight, spontaneous abortion, and preterm labor [Everson et al. 1988; Salafia and
Shiverick 1999; Shiverick and Salafia 1999; Andres and Day 2000; Kolas et al. 2000; Wang
et al. 2002]. Interestingly, several studies have shown the protective effects of maternal
cigarette smoking on preeclampsia, a major pregnancy complication that has similar
pathological changes of placenta as IUGR. A review by England and Zhang [2007] analyzed
48 epidemiologic studies, and concluded that smoking during pregnancy reduces the risk of
preeclampsia by up to 50% in a dose-response manner. A protective effect was consistently
found in both nulliparous and multiparous, singleton, and multifetal pregnancies, and for
mild and severe preeclampsia [England and Zhang 2007]. However, the underlying
mechanism through which smoking reduces the risk of preeclampsia is unclear. The
regulation of smoking on angiogenesis, endothelium function, and immune system are
suggested to be the target for future studies.

WHAT IS BENZO[A]PYRENE (BAP) AND HOW IS IT PATHOGENIC FOR THE
PLACENTA?

Benzo[a]pyrene (BaP) is a five-ring polycyclic aromatic hydrocarbon (PAHS) that is
mutagenic and highly carcinogenic [Brookes 1977; Aust et al. 1980]. BaP is a product of
incomplete combustion and an important compound of cigarette smoke and urban pollution.
BaP induces cytochrome P4501A (CYP1Al) by binding to the AHR (aryl hydrocarbon
receptor) in the cytosol [van Cantfort and Gielen 1981; Solhaug et al. 2005; Sanyal and Li
2007]. Activated CYP1AL, together with other enzymes, catalyze BaP into benzopyrene diol
epoxide (BPDE), which binds to several classes of macromolecules (DNA, RNA, and
protein) to produce macromolecular adducts [Shamsuddin and Gan 1988; Ginsberg and
Atherholt 1990; Mukherjee et al. 2008]. BPDE-DNA adducts can be detected by ELISA or
immunocytochemistry means using a polyclonal antibody against BPDE [Sanyal et al.
2007]. BPDE-DNA adducts disrupt DNA replication and are mutagenic.

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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Human placenta activates cytochrome p-450 (CYP1A1) expression and activity in response
to maternal cigarette smoke exposure. BPDE-DNA adducts accumulate on the placenta and
affect placental lineage proliferation and differentiation. They can also cross the placenta
barrier and are toxic to the developing conceptus [Everson et al. 1988; Arnould et al. 1997;
Sanyal et al. 2007]. BaP-DNA adducts in placenta and conceptus are considered to be a
biomarker for maternal exposure to cigarette smoke or pollution [Sanyal et al. 2007].

BAP INHIBITS PLACENTAL TSC LINEAGE PROLIFERATION

BaP has been implicated as an environmental endocrine disruptor and growth disregulator
and acts by altering gene expression through the aryl hydrocarbon receptor (AhR). BaP can
act to silence estrogen effects at estrogen response elements of promoters and can decrease
testosterone levels associated with dysregulated spermatogenesis [Inyang et al. 2003;
Hockings et al. 2006]. The induction of cytochrome p450 1A1(CYP1A1) is one of the most
sensitive biomarkers of exposure to AhR agonists [van Cantfort and Gielen 1981]. BaP
significantly inhibited proliferation of human placental cell lines characterized by G2/M cell
cycle phase arrest. Anti-proliferation effect of BaP involved activation of p53, p21/CIP1,
transforming growth factor (TGF)p and suppression of c-myc, and epidermal growth factor
receptor (EGFR) [Zhang et al. 1995; Zhang and Shiverick 1997; Drukteinis et al. 2005].
Phosphoinositol-3-kinase (P1-3K)/Akt/extracellular receptor kinase (ERK), SAPK/JNK, and
p38 mitogen-activated protein kinase (MAPK) have been reported to be involved in the
alterations of cellular proliferation in response to BaP treatment in human embryo lung
fibroblasts [Solhaug et al. 2004; 2005; Du et al. 2006; Gao et al. 2006]. However, the roles
of stress enzymes and pathways in mediating BaP-induced changes of proliferation in
placental lineages have not been reported.

BAP AFFECTS PLACENTAL CELL LINEAGE DIFFERENTIATION THROUGH
REGULATION OF STRESS ENZYMES

It has been clearly demonstrated that BaP inhibits proliferation of placental cell lines, but it
is still unclear if BaP affects the differentiation of placental cell lines, especially TSC. In
addition, the molecular mechanisms involved in alternating the placental cell lineages
proliferation and differentiation upon BaP exposure are almost unknown. Thus, the
identification of signaling molecule and related pathways involved in BaP-induced placental
lineage proliferation and differentiation is essential. Data from our laboratory showed BaP
induced two major stress enzymes, SAPK and AMPK phosphorylation in a dose and time
dependent manner. BaP also induced loss of inhibitor of differentiation (ID)2, a transcription
factor [Xie et al. submitted] that maintains TSC potency. The stress enzyme AMPK is found
to be necessary for the loss of ID2 induced by BaP. In addition, BaP induced transcription
heart and mesoderm inducer (Hand)1 expression that will eventually lead to induction of
placental hormone PL1. Thus the regulation determined of Hand1 and ID2 by SAPK and
AMPK appear to be similar in TSC whether stimulated by hyperosmolar stress or BaP (Fig.
7). However it remains to be determined whether the differentiation induced by BaP is as
strong as that induced by hyperosmolar stress, or whether BaP /n vivo has similar effects.

As mentioned above, maternal cigarette smoke and environmental pollution increased the
risk of many major pregnancy complications including IUGR and preeclampsia. It has been
well demonstrated that all of these pregnancy complications share common changes in
placenta pathology, impaired angiogenesis, and shallow endometrial invasion by placental
cells. It is important to investigate if BaP has an effect on placental angiogenesis.
Angiogenesis is finely controlled by a set of proteins, including angiogenic factors and
angiogenic inhibitors. The appropriate balance between angiogenic factors and angiogenic
inhibitors guarantees the angiogenesis of the placenta.

Syst Biol Reprod Med. Author manuscript; available in PMC 2013 November 21.
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The application of microarray technology allows a shift in focus from one gene or protein at
a time to the study of thousands of genes that change simultaneously in response to a given
stimulus. The effects of BaP exposure on development and diseases have been explored with
the use of microarrays. Ramos et al. [2007] have identified eight discrete classes of genes
altered by BaP challenge in a murine meta-nephrous organ culture system. These genes are
involved in cellular differentiation and proliferation, apoptosis, stress response,
transformation, extracellular remodeling, and transcriptional control. Similar microarray
profiles have been obtained from BaP-treated fetal lung fibroblasts, human mammary
epithelium cells, and human bronchial epithelia cells [Belitskaya-Levy et al. 2007; Keshava
et al. 2009; Sohn et al. 2008]. However, to date there is no such research addressing BaP
induced changes in the array profiles of TSC.

EFFECTS OF BAP ON THE IMPLANTING EMBRYO, PLACENTA, AND
VASCULARIZATION

As components of cigarette smoke, BaP and nicotine also cause placental defects in animal
models. Before implantation into the uterus, cultured E3.5 mouse blastocysts metabolize
BaP to BPDE that binds DNA [Filler and Lew 1981]. Embryos treated with BaP in vitro
activate stress enzymes such as SAPK [Xie et al. 2008], and display a significantly reduced
rate of implantation [lannaccone et al. 1984] and elevated loss soon after reimplantation.
The placenta can also activate BaP to induce harmful metabolites [Manchester et al. 1988;
Madhavan and Naidu 2000], and presumably BaP activates SAPK in the placenta as it does
in TSC in preimplantation embryos, and adult somatic cells [Du et al. 2006; Xie et al. 2008].

Relevance of the doses of BaP studied

BaP levels were tested by gas chromatograph in ovarian follicular fluid of women in IVF
therapy exposed to mainstream smoke and found to average 1.8 ng/mL [Neal et al. 2007].
For women who smoked 12—24 cigarettes/day, BaP was 4-10 ng/mL in follicular fluid and
twice as high in serum. However, other BaP metabolites increased this range by as much as
10 fold (40-100 ng/mL). This is equivalent to ~0.4 uM/0.8 uM/1.2 uM BaP metabolites for
1/2/3 pack/day smokers, respectively. This dose range of BaP has homeostatic effects at the
low end and developmental effects at the high end as recently reported for TSC [Xie et al.

(in press)].

EFFECTS OF BENZOPYRENE ON 2ND AND 3RD TRIMESTER PLACENTAL
INSUFFICIENCY AND CLINICAL RAMIFICATIONS OF SMOKING

Clinical observations indicate that maternal cigarette smoking has significant detrimental
effects on fetoplacental development. In pregnant women who have continued to smoke,
benzo[a]pyrene, a compound of cigarette smoke, is metabolically activated to diol-epoxide
derivative: benzo[a]pyrene-trans-7, 8-dihydrodiol-9,10-epoxide, which accumulates in the
placenta and affects placental lineageproliferation and differentiation. However, studies on
the placentas of smoking mothers show that metabolism of BaP into different metabolites,
and the production of toxic DNA adducts from metabolites /n vitro by human placenta, were
variable and unrelated to the extent of smoke exposure. The metabolic characteristic of
human placenta for xenobiotic exposure substrates is based on the expression and function
of diverse enzymes, hence such metabolism exhibited inter-individual variation for toxic
metabolite production or detoxification of the substrates in response to maternal smoke
exposure [Sanyal and Li 2007]. In addition, Arnould et al. [1997] have shown that in
pregnant women who have continued to smoke, the accumulation of BPDE-DNA adducts in
the placenta, are seen in smaller quantities in the umbilical cord blood, probably because of
the metabolic capacity of the placenta and the transfer of BaP from the mother to the fetus.
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In placental choriocarcinoma JEG-3 cell line, BaP inhibits cell proliferation, which is
correlated with disruption of expression of significant regulators of trophoblast growth
[Zhang and Shiverick 1997].

Several epidemiologic studies suggest that maternal smoking and environmental air
pollutants including second-hand smoke can compromise fetal growth [Sanyal et al. 1994;
Perera et al. 2004]. PAHs such as BaP are widespread air contaminants released by
transportation vehicles, power generation, and other combustion sources such as maternal
smoking. Therefore the effect contributed by maternal smoking may be additive to that
produced by the environment. This fact is highlighted by the study by Perera et al. [2005],
who analyzed BPDE-DNA adducts in maternal (7=170) and umbilical cord blood (/=203)
obtained at delivery from nonsmoking women. These authors found no independent fetal
growth effects of either PAH-DNA adducts or environmental tobacco smoke (ETS), but
adducts in combination with in utero exposure to ETS were associated with decreased fetal
growth. Specifically, a doubling of adducts among ETS-exposed subjects corresponded to an
estimated average 276-g (8%) reduction in birth weight (p=0.03) and a 1.3-cm (3%)
reduction in head circumference (p=0.04). These results confirmed the authors’ earlier
findings [Rauh et al. 2004] in an inner-city minority population that there was no main effect
of BaP-DNA adducts on birth outcomes but there was a significant interaction between the
two pollutants such that the combined exposure to high ETS and high adducts had a
significant multiplicative effect on birth weight (p=0.04) and head circumference (p=0.01)
after adjusting for ethnicity, sex of newborns, maternal body mass index, dietary PAHSs, and
gestational age.

The carcinogenic effect of BaP was assessed in one study. Manchester and Jacoby [1984]
measured monooxygenase activities toward BaP and ethoxyresorufin in placentas from 18
abnormal infants and compared these with activities in placentas from 64 concurrently
studied normal infants for the presence or absence of major somatic anomalies. They found
that placentas from the abnormal infants had significantly lower monooxygenase activities
and higher apparent Kms toward ethoxyresorufin (10(=5) M), indicating that induction of
specific cytochrome P-450 systems occurred less frequently among placentas from abnormal
infants. The reasons for this association could not be ascertained from their study and no
specific maternal condition or environmental exposure associated with lack of
monooxygenase induction was identified.

There are no studies in the literature linking BaP to preterm labor, however, several studies
exist in the literature that suggest preterm labor is more prevalent in mothers who smoke
compared to those that do not [Nabet et al. 2007; Voigt et al. 2007; Vahdaninia et al. 2008;
Wills and Coory 2008]. One such study estimated that additional costs due to neonates born
prematurely because of smoking in Germany in 2002 amounted to 43 million Euros.
However, given that most of the women who smoke cigarettes during pregnancy also drink
alcohol, and both are additive in causing preterm labor and small for gestational age infants,
the individual effect of each may be difficult to tease out in these epidemiological studies
[Odendaal et al. 2009].

Similarly, there are no studies in the literature linking BaP with preeclampsia. However, a
number of previous studies have reported an inverse association between maternal smoking
and preeclampsia [Jeyabalan et al. 2008; Engel et al. 2009]. Jeyabalan et al. [2008]
presented data that suggests that cigarette smoke exposure may decrease the risk of
preeclampsia in part by moderating the anti-angiogenic phenotype observed in the
syndrome. Controversy exists whether smokers who develop preeclampsia have worse
maternal and fetal outcomes than nonsmokers who develop preeclampsia [Pipkin 2008].
However, smoking may only be protective against preeclampsia when there is no
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pregestational hypertension or chronic hypertension and the apparent protection conferred
by maternal smoking may be restricted to young women [Engel et al. 2009].

SUMMARY AND FUTURE STUDIES

It is clear that many types of physiological, nonphysiologic, and environmental stressors can
have immediate catastrophic effects leading to lethality for the conceptus, or lesser effects
leading to diseases of placental insufficiency such as preeclampsia and IUGR, or long-term
effects on neonates and adults. Stress enzymes are likely to mediate the integration of
immediate cellular metabolic responses of cells to stress, as well as more profound but
immediate decisions concerning rate of entry into S phase or commitment to apoptosis.
What has emerged in recent years is that stress also affects oocytes, preimplantation
embryos, and their constituent ESC and placental TSC that ramify into long term effects
lasting for the life of the offspring.

Several areas of research require increased effort. One area is the connection of early
embryonic and TSC stress stimulation with later effects at birth including neonatal and
placental weight, litter size, and amount of resorption. Also a connection needs to be made
with levels of stress and stress enzyme-mediated effects at the end of the period of
embryonic stress with postnatal, lifelong effects.

Much more information is needed about the distinct, integrated, and shared roles of stress
enzymes in the immediate and long-term effects of stress. Of the 510 protein kinases shared
in the human and mouse kinome only a few have been studied for their role in stress
responses. Although the major players in integrating stress responses are a small fraction of
the 510 protein kinases, they are many more than have been studied to date. Biosystems
approaches using noncandidate assays for testing whole transcriptome, proteome,
phosphoproteome, and kinome effects will continue to play an important role in
understanding the integration of stress effects in embryos and TSC.

A third major area of research will be to understand stress responses that more closely
emulate lower dose ranges of the stressors studied to date. High “demonstration” doses are
used to illustrate paradigms for single variable stressors such as hyperosmolar stress and
toxic stressors such as BaP, but follow up studies using longer exposures to lower doses are
needed. Early results suggest that lessons learned at higher doses are likely to be similar and
proportional at lower doses, but this is not assured for all effects.
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ICM inner cell mass
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Cdx Caudal type homeobox transcription factor
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Hand heart and neural crest derivatives

PL placental lactogen

Cshl chorionic somatomammotropin hormone
BaP benzo(a)pyrene

LPS lipopolysaccharide

FGF fibroblast growth factor

SAPK/INK (SAPK) or Mapk8/9

stress-activated protein kinase/jun kinase

PLP placental prolactin-like protein
HIF hypoxia inducible factor

TLR toll-like receptor

NFkB nuclear factor kappa beta

MAPK or Mapk14
AMPK or Prkaal/2

mitogen-activated protein kinase

AMP-activated protein kinase
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IUGR intrauterine growth retardation

BaP Benzo[a]pyrene

PAHSs polycyclic aromatic hydrocarbon

AHR/AhR aryl hydrocarbon receptor

BPDE benzopyrene diol epoxide

CYP1A1 cytochrome p-450

EGFR epidermal growth factor receptor

ERK extracellular receptor kinase

ID inhibitor of differentiation

ETS environmental tobacco smoke
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FIGURE 1.

Preimplantation development. Preimplantation development takes place between
fertilization and implantation and encompasses essential events such as zygotic genome
activation, epithelialization/compaction, and the determination of the TSC and ESC lineages
of stem cells for the placenta and the embryo. Preimplantation development encompasses
the first seven cell divisions and results in the production of determined stem cells for the
embryo and extraembryonic yolk sac endoderm and placental lineages. Soon after
implantation a subpopulation of TSC differentiates to trophoblast giant cells to produce the
first placental hormone placental lactogen (PL)I that contributes to sustaining the corpus
luteum and the life of the conceptus. This requires upregulation of heart and mesoderm
induced (Hand)1 and downregulation of the related basic helix loop helix transcription
factor Inhibition of Differentiation (ID)2.
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FIGURE 2.

TSC differentiation and transcription factors. Normal TSC differentiation is a function of the
sequential expression and function of four transcription factors, the last three being
dependent upon the previous one. Null mutants indicate that each transcription factor in the
series from TEAD4 to Cdx2 to Eomes to Hand1 is necessary for embryonic survival and for
determination and development of the first differentiated placental lineage. Cdx2 has an
additional role in being positively autoregulatory by its own promoter and negatively
regulatory of the Oct4 promoter. Cdx2 thus is a key branchpoint in the determination of TSC
identity and suppression of ESC cell identity in the outer cells of the preimplantation
blastocyst at E3.5 (see Fig. 1). Hand1 and stimulated by retinoic acid (STRA)13 are both
sufficient to induce PL1 when transgenes are overexpressed in TSC. Although Cdx2 is
dependent on TEAD4, Eomes is dependent on Cdx2, and Hand1 is dependent on Eomes, the
first three are transiently expressed during embryo and TSC development and only Handl
(and STRA13) persist in maintaining the differentiated state of some TSC progeny
subpopulations.
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FIGURE 3.

SAPK mediates homeostatic and developmental outcomes in TSC and embryos after
stimulation by several stressors. It is not yet understood how dose- and time-dependent
effects are enzymatically integrated by stem cells in the embryo. But, recent results suggest
that for two stressors, hyperosmolar sorbitol and benzopyrene, homeostatic events occur
over a broad range of concentrations, but cell accumulation and developmental
(differentiation) effect occur at higher doses that begin at a shared common minimum
threshold dose. [Wang et al. 2005, 2009; Xie et al. 2006b, 2007a, 2007b, 2008; Zhong et al.
2007; submitted].
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FIGURE 4.

Stress and the Kinome. Stress may influence a substantial fraction of the 510 enzymes
shared by the human and mouse protein kinase kinome, but several members of the MAPK
family (SAPK/INK, p38MAPK, and ERK5) and the two genes encoding the alpha catalytic
subunit of AMPK are important in numerous examples of the stress response of oocytes,
preimplantation embryos, and TSC. The AMPK and MAPK superfamilies are similar in
being activated by a number of stimuli including many of those listed in Figure 2, but
AMPK has been characterized as an energy cellular sensor, primarily being rapidly activated
by increases in the cellular AMP/ATP ratio that indicates cellular energy depletion. SAPK/
JNK and AMPK are blocked by chemical and polypeptide inhibitors (SP600125 and TAT-
JNK/LINKIZL, and Compound C and AraA, respectively). Activation of endogenous SAPK/
JNK and AMPK is completely correlated with phosphorylation by upstream kinases of
Thr183/Tyr185 and Thr 172, respectively. The amplifying cascade of protein kinases results
in cytoplasmic effects such as metabolic control through management of rate limiting
enzymes in anabolic and catabolic processes, and by nuclear control of transcription factors
that mediate more profound and far-reaching changes in cell potency and proliferation
states.
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FIGURE 5.

Spatial confines of TSC differentiation. TSC differentiation is affected by stress globally on
an mRNA level in a manner suggesting activation of early differentiation of lineages
occurring spatially early after implantation. PL1 transcripts that are markers of placental
lineage (primary trophoblast giant cells) that initially contact maternal vasculature are
induced by stress [Liu et al. 2009]. Markers for later placental lineages such as the
labyrinthine (glial cells missing; GCM) and spongiotrophoblast (TGBP1) are not detected.
The secondary trophoblast giant cell lineage arising soon after the primary trophoblast giant
cell lineage is detected as a partial phenotype (GATA2, STRA13, and proliferin, but not
PLII and PLPA).
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FIGURE 6.

Temporal bounds of TSC differentiation. TSC differentiation is affected by stress globally
on an mRNA level in a manner suggesting activation of early differentiation of lineages
occurring temporally early after implantation. Consistent with the data for induction of PL1
protein, stress-induced PL1 mRNA (Liu et al. 2009). Similar to PL1, mRNA transcripts for
other early placental hormones prolactin like protein- (PLP)M, PLPE and proliferin were
also induced, but later placental hormone mRNA such as PLII, PLPA, PLPN, and others
were not induced [Yamaguchi et al. 1994; Wiemers et al. 2003a; 2003b; Lin et al. 1997a;
1997b; Fassett et al. 2000; Fang et al. 1999].
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FIGURE 7.

TSC differentiation, stress, and mRNA and protein levels. TSC differentiation is affected by
stress globally on the mRNA level and functionally on the protein level. The black lines
show the mechanism where ID2 is lost and Hand1 derepressed to activate the PL1 promoter,
the first marker of differentiation. Stress-induced PL1 protein requires the activity of SAPK
which stabilizes and induces Hand1, and AMPK which induces proteasome-dependent 1D2
loss [Zhong et al. submitted]. The dash-lined box shows that the kinetics of AMPK
induction and 1D2 loss, and AMPK-dependence of 1D2 loss, are the same in E3.5 embryos
and TSC. The solid lined boxes show that like differentiation-inhibiting 1D2 protein,
inhibitory ErrB mRNA is also downregulated by stress, like Hand1 protein, positively-acting
STRA13, Gata2, and HES1 mRNA are upregulated by stress, and like PL1 hormone PLPM,
proliferin, and PLPM hormone mRNA transcripts are also upregulated by stress [Liu et al.
2009]. These studies were carried out using hyperosmolar stress, but BaP also induces
AMPK-dependent ID2 loss in TSC [Xie et al. (in press); Toft and Linzer 2000; Ma and
Linzer 2000].
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