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ABSTRACT

Hydroxyurea was used as a model teratogen to investigate the role of
oxidative stréss and stress-response pathways in mediating developmental
toxicity. When administered to pregnant mice during early organogenesis,
hydroxyurea induced fetal death and growth retardation, as well as external and
skeletal malformations. The malformed fetuses displayed hindlimb, vertebral
column, and tail defects. Hydroxyurea treatment enhanced the production of 4-
hydroxynonenal, a lipid peroxidation end product, in malformation sensitive
regions of the embryo. Depletion of glutathioné, a major cellular antioxidant,
specifically enhanced hydroxyurea-induced malformations and elevated the
region-specific production of 4--hydroxynonenal protein adducts in the embryo,
without affecting the incidence or extent of hydroxyurea-induced fetal death or
growth retardation. The major proteins modified by 4-hydroxynonenal were
involved in energy metabolism.v Thus, oxidative stress is important in the
induction of malformations by hydroxyurea.

Exposure to hydroxyurea stimulated the DNA binding activity of activator
protein 1 (AP-1), an early response redox-sensitive transcription factor. Activated
AP-1 was composed mainly of c-Fos heterodimers. Glutathione depletion did not
change the effects of hydroxyurea on AP-1/c-Fos DNA binding actyivities despite
an augmentation of the incidence of embryo malformations. Mitogen-activated
protein kinases (MAPKs) activate AP-1 in response to stress by post-
transcriptional phosphorylation of AP-1 proteins. Hydroxyurea treatment
dramatically enhanced the activation of stress-responsive p38 MAPKs and JNKs

(c-Jun N-terminal protein kinases). Selectively blocking p38 MAPKs enhanced



the incidence of fetal death, whereas selective inhibition of JNKs specifically
elevated the limb defects induced by hydroxyurea. Thus, activation of stress-

response pathways impacts on the response of the embryo to a teratogenic

insult.



RESUME

L’hydroxyurée est un agent tératogéne q‘ue nous avons utilisé afin de
comprendre le réle du stress oxydatif et la signalisation cellulaire induite lorsqu’il
exerce une toxicité sur le développement. Nous avons montre que
I'administration d’hydroxyurée a des souris femelles gestantes pendant le début
de l'organogenése peut induire la movrt in utero, des retards de developpement
ainsi que des malformations externes et squelettiques. Les foetus malformés
présentent des anomalies des bourgeons de membres postérieurs, de la colonne
vertébrales et de la queue. Un traitement & 'hydroxyurée augmente lé production
du 4-hydroxynonenal, un produit de la péroxydation lipidique, dans des régions
particulierement sensibles de 'embryon. De plus, une diminution en glutathion,
un des principaux antioxydants cellulaires, augmente spécifiquement les
malformations induites par I'hnydroxyurée et la production de protéines liées au 4-
hydroxynonenal dans certaines régions de I'embryon, sans affecter I'incidence de
mort feetale ou de retard de développement induit par I'hydroxyurée. Les
protéines modifiées par I'addition du 4-hydroxynonenal sont majoritairement
impliquées dans le métabolisme énergétique. L’ensemble de ces données
suggere que le stress oxydatif est un mécanisme important mis en jeu dans les
malformations induites par I'hydroxyurée.

Nous avons ensuite montré que I'exposition a I'hydroxyurée stimule l'activité de
liaison a 'ADN du complexe AP1 (activator protein 1), un facteur de transcription
rapidement sensible au potentiel d’oxydoréduction. Le complexe AP1 activés par

I'hydroxyurée est principalement composé d’hétérodimére contenant cFos. La



diminutidn de glutathion n'a pas d’effet sur I’éctivité de liaison de I'ADN de AP1
induite par ['hydroxyurée, malgré une augmentation de [lincidence les
“malformations embryonnaires. Les MAPKs (mitogen-activated protein kinases)
peuvent activer AP1 en réponse a un stress, en phosphorylant les protéines du
complexes AP1. Nous avons montré que le traitement a I'hydroxyurée augmente
dramatiquement l'activité¢ de p38 MAPK et JNKs (cJun N-terminal protein
kinases). Le blocage sélectif de p38 augmente f'incidence de mort in utero, alors
que linhibition de JNKs augmente spécifiquement les anomalies induites par
'hydroxyurée au niveau des bourgeons de membres. Ainsi, la réponse de
'embryon a un agent tératogene dépend de la voie de signalisation cellulaire

induite par ce stress.
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CHAPTER ONE

INTRODUCTION



1.1 Statement of the probleﬁ\ and purpose of the investigation

More than 6% of all of the children that are live born every year worldwide
have a major developmental defeCt; most of these children need medical care
(March of Dimes 2006). Morphologic abnormalities are the primary
developmental defects identified at birth. Other manifestations of developmental
defects include low birth weight as well as functional deficits, such as mental
retardation, that are recognized later in infants or during childhood. Every year, it
is estimated that in the world 3.3 million children less than five years old die due
to serious congenital abnormalities; about 3.2 million of those who survive may
be physically or mentally disabled for life (March of Dimes 2006). In addition to
this impact on the live born, developmental defects are respbnsible for 20-30% of
all early pregnancy losses (Wilcox et al., 1999), 10-20% of spontaneous
abortions (Hatasaka, 1994;Zinaman et ai., 1996), and 1-4% of late fetal deaths
and still births (Fretts, 2005). It is impossible to calculate the emotional and
mental costs for developmental defects. The annual dollar costs for one major
developmental defect (spinal bifida) alone is estimafed at $200 million in the
-United States (Sever et al., 1993).

Despite being a significant human health problem, the causes of most
‘developmental defects are presently unknown. Since the thalidomide tragedy in
the early 1960s, the study of developmental toxicology has greatly advanced. We
know now that in utero exposure to a deyelopmental toxicant during critical
periods can disrupt normal development, resulting in congenital abnormalities. It
is generally agreed that about 3% of all developmental defects are attributable to

exposure to a developmental toxicant, and about 25% are induced by exposUre
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of a genetically predisposed individual to developmental toxicants (Nelson and
Holmes, 1989;Holmes, 1997). Based on animal studies, approximately 2,500
chemicals, in addition to a few physical agents and conditions, have been
identified as suspected developmental toxicants in humans (Hansen, 2006).
Despite belonging to diverse groups, strikingly, many of these developmental
toxicants are capable of inducing oxidative stress; these include thalidomide,
phenytoin, heavy metals, irradiation, alcohol, cocaine, cigarette smoke, hypoxia,
hyperthermia, and hyperglycemia, which are all recognized as human
developmental toxicants (Matsuzuka et al., 2005;0rnoy, 2007;Liu and Wells,
1995;Paniagua-Castro et al., 2008;Fantel and Person, 2002). Oxidative stress
can damage cellular macromolecules (membrane lipids, proteins, and nucleic
acids), disturb signal transduption, and alter gene expressions. This may disrupt
normal developmental process. However, given the diversity of these
developmental toxicants, they may initiate multiple mechanisms to influence
embryo development. Thus, the question is what role does oxidative stress play
| in the developmental toxicity induced by exposure to toxicants.

To answer this question, we chose hydroxyurea (HU) as a model
developmental toxicant. HU, a DNA synthesis inhibitor, is widely used in the
treatment of cancer and sickle cell disease (Platt et al., 1984; Kennedy, 1972;
Ariel, 1970). HU induces developmental toxicity in all the experimental species
that ha\)e been studied. Animal studies have shown that HU inhibits- DNA
synthesis and may induce oxidative stress in embryos. We hypothesize that
oxidative stress is critical to hydroxyurea induced developmental toxicity. CD1

mice were chosen as our animal model. Timed pregnant CD1 mice were treated

3



with HU during early organogenesis, the most susceptible period of embryo to
developmental toxicants induced malformations. The relationship between
oxidative stress and developmental toxicity induced by HU, the role of stress-
responsive pathways in HU developmental toxicity, and the proteins and genes
targeted by HU were investigated.

There is no way to completely avoid exposure to environmental factors
during pregnancy. By understanding the role of oxidative stress in developmental
toxicity, our ultimate goal is to provide strategies to prevent developmental

defects.

1.2 Hydroxyurea (HU)

HU (CH4N20;) is a DNA synthesis inhibitor andv has been widely used
clinically for the treatment of sickle cell anemia (Platt et al., 1984), hematological
malignancies such as myelogenous chronic leukemia (Kennedy, 1972), and solid
tumors (Ariel, 1970). Recent studies have discovered its anti-HIV effect in
combination with reverse transcriptase inhibitors (Biron et al., 1996). HU is a
potent developmental toxicant in animal studies. Exposure to HU at doses within
1-fold of the human dose (base on mg/m?) induced developmental toxicity in
various animal models, such as mice, hamsters, cats, dogs and monkeys (FDA,
2001). Pregnant women are advised to avoid taking HU. There are no controlled
developmental toxicity studies in humans. However, a clinical case report of 32
pregnancies with HU exposure described 1 spontaneous abortion and 2 in utero
fetal deaths; among the 24 liveborn infants, 9 were premature, 3 had minor

abnormalities, and 5 presented neonatal respiratory distress (Thauvin-Robinet et
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al., 2001). Despite the potential confounding impact of maternal illness, this

report indicates that HU is a human developmental toxicant.

1.2.1 Mechanism of action

HU inhibits the activation of ribonucleotide diphosphate reductase (RNR)
by destroying a tyrosyl free radical in the catalytic center of the R2 subunit of the
enzyme (Sneeden and Loeb, 2004). RNR catalyzes the reduction of
ribonucleoside diphosphates (NDPs) into deoxyribonucleoside diphosphates
(INDPs); this is the rate limiting step for de novo synthesis of
deoxyribonucleoside triphosphates (dNTPs) (Stubbe, 1990). These dNTPs are
precursors for both DNA replication and repair (Thelander and Reichard, 1979).
Exposure to HU prevents the expansion of dNTP pools when cells enter S phase
and stalls replication forks; HU induces DNA replication stress, triggers the
formation of y-H2AX foci at the collapsed forks (Ward and Chen, 2001), and
arrests the cell cycle at the G1-S boundary (Kurose et al., 2006).

HU induces rapid cell death preferentially in S-phase cells, and this may
be ascribed to the inhibition of DNA synthesis. However, in an early study of
developmental toxicity, a quick onset of cell death, within 2 hours, was observed
in rabbit embryos after maternal exposure to HU during organogenesis, but a
profound inhibition of DNA synthesis occurred around 3-5 hours, as measured by
3H-thymidine incorporation (DeSesso, 1981). Antioxidants or a free radical
scavenger pretreatment delayed the onset of cell death in embryos (DeSesso,
1981; DeSesso and Goeringer, 1990; DeSesso et al., 1994). Corroborating this

finding, the hydroxylamine group (-HNOH) of the HU molecule has the potential
5



to react with oxygen in biological fluids and generate reactive oxygen species,
including hydrogen peroxide (H,O;) and the hydroxyl radical (OH’); these
reactions are shown below (R, organic residue).

R-HNOH+02 —> RNO+H,0,

R-HNOH+H,0—» R-H,NOH"+OH"

H20,+R-H,NOH™—» R-HNOH?* +i-|20 +.0OH (DeSesso, 1979). .

The production of reactive oxygen species can induce oxidative stress,

leading to cell cycle arrest and cell death. DeSesso et al., (1979) proposed the
hypothesis that the reactive oxygen species induced by HU are responsible for

the cell death induced in embryos.

1.2.2 Pharmacokinetics

HU is a water soluble molecule that is rapidly distributed in a volume
similar to that of total body water. After intraperitoneal édministration of.HU to
pregnant rats during organogenesis stage, the half-life of HU was found to be
about 60 minutes in the maternal plasma and estimated at 2-3 hours in the

embryos (Wilson et al., 1975).

1.2.3 HU developmental toxicity in experimental animal models

Studies in rodents have shown that in ufero exposure to HU during
organogenesis results in fetal lethality, fetal growth retardation (low birth weight),
morphological abnormalities (malformations) (Asano and Okaniwa, 1987), and
impaired lung function (Woo_ et al., 2005) and learning ability in live offspring

(Butcher et al., 1973). The malformed mouse fetuses mainly displayed palate,
6



neural tube (curly tail), and skeletal defects. A high incidence of vertebral column
and limb defects were reported. Cell cycle arrest in G1-S phase and cell death
have been observed in rat (Ritter et al., 1973), mouse (Herken et al., 1978), and
rabbit émbryos (DeSesso, 1981) after exposure to HU during organogenesis. In a
recent study, apoptosis has been detected in HU target tissues in mouse
- embryos after exposure to HU on gestational day (GD) 13 (Woo et al., 2003).
Further, increased p53 immunoactivity and enhanced mRNA level of pro-
apoptosis genes, p21, bax, and cyclin G, was reported in an HU target tissue
(Woo et al., 2003). Pretreatment of pregnant rabbits with antioxidants (propyl
gallate, ethoxyquin) or a free radical scavenger (d-mannitol) delayed the HU-
induced rapid onset of cell death _in the embryos and ameliorated HU—induced
developmental toxicity, in particular, limb defects (DeSesso, 1981; DeSesso and
Goeringer, 1990; DeSesso et al. 1994). Thus, oxidative stress may be, at least
partially, involved in HU-mediated developmental toxicity. However, the
underlying mechanism of oxidative stress in mediating HU-induced

developmental toxicity remains elusive.

1.3 Redox stétus and oxidative stress

Reactive oxygen species (ROS) include oxygen ions, peroxides, and
oxygen containing free radicals,v such as superoxide (.0,), hydrogen peroxide
(H202), and hydroxyl radical (.OH). In addition to induction by environmental
stimuli such as irradiation, ROS are inevitablely generated during cellular
metabolism. ROS, due to the unpaired electron in their valence shell, are highly

reactive towards surrounding biological components, including lipids, proteins
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and DNA. Under normal conditions, cellular antioxidant or defense systems can
balance ROS generation by detoxifying them, thus maintaining the cells in a state
of redox homeostasis. However, when the production of ROS overwhelms the
cellular antioxidant capacity, oxidative stress occurs. Oxidative stress can cause
cell cycle a}rrest and induce apoptosis or necrosis, which can disturb embryo
development. This section will provide a brief review of the cellular production
and detoxiﬁcation of ROS, the susceptibility of embryo to oxidative stress during
organogenesis, cellular responses to oxidative stress, and summarize our current

knowledge of the role of oxidative stress in developmental toxicity.

1.3.1 The generation of reactive oxygen species and the antioxidant defense
systems |

Mitochondrial respiration is the major source of ROS; the inevitable
electron leak from the electron-transport chain converts about 1-2% of total
respiratory oxygen into superoxide anion (.O;) (Cadenas and Davies, 2000) (Fig.
1.1). Superoxide can subsequently bé transformed to hydrogen peroxide (H205),
either spontaneously or through catalysis by superoxide dismutase (SOD)
(Mayeda and Bard, 1974). If unchecked, H,O, can be converted into the hydroxyl
radical (.OH) via the Fenton reaction or the superoxide-driven Fenton reaction
(the Haber-Weiss reaction) with transition metals (mainly, Fe?*) (Liochev and
Friddvich, 2002;Miller et al., 1990). The hydroxyl radical is extremely reactive,
with a very short half-life (1(‘)‘9 s in vivo), and may react with the first molecule
encountered (Pastor et al., 2000). Therefore, hydroxyl radicals are considered to

be the most toxic ROS and can cause membrane lipid peroxidation (Esterbauer
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et al., 1991), protein inactivation and degradation (Davies et al., '1991), and DNA
base oxidation and strand breaks (Breen and Murphy, 1995).

A number of cellular antioxidants, such as the reduced forms of
glutathione (GSH), tocopherol and flavonoids, can neutralize ROS; many
antioxidant enzymes can catalyze the detoxification of ROS [reviewed in (Valko
et al,, 2006)]. The enzyme SOD can simultaneously convert superoxide into
hydrogen peroxide (H,0;). Hydrogen peroxide can be broken down into water
and oxygen by catalase (CAT), reduced to water by glutathione peroxidases
(GPX) using reduced glutathione (GSH) as substrate, or can be converted to
water by peroxiredoxin (Prx), using the thioredoxin system. The oxidized
glutathione (GSSG) can be reduced back to GSH by glutathione reductase (GR),
using NADPH as a cofactor. The oxidized Prx can be reduced by Trx
(Thioredoxin). Oxidized Trx can be reduced through TR, using NADPH as a
cofactor (Fig.1.1). Together, these antioxidants and antioxidant enzymes

maintain the cellular redox status.
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1.3.2 The redox status in embryos during organogenesis

During eérly organogenesis, the embryo is most susceptible to induction of
malforfnations by developmental toxicants because, at this stage, the basic
structure of major organs is being formed\ via very rapid cell growth and
differentiation processes. The embryo may also be particularly sensitive to ROS-
mediated damage during early organogenesis. The embryo resides in a relatively
hypoxic environment in the uterus until the establishment of uteroplacental
circulation in early organogenesis (around GD 9 in mice and GD 10 in rats). The
circulatory system brings a sudden surge of oxygen to the embryo.
Concomitantly, the embryo makes a rapid transition from anaerobic to aerobic
metabolism (Akazawa et alb., 1994;Shepard et al., 1970;Tanimura and Shepard,
1970), and mitochondria mature with the development of cristae (Shepard et al.,
1998).The drastically increased consumption of oxygen in the embryo is also
reflécted by the requirements for oxygen in an in vifro embryo culture condition.
GD 9 rat embryos develop normally when the oxygen concentration is 5%,
whereas, GD 10 embryos require 20% oxygen (New, 1978;Sanyal and Wiebke,
1979). Déspite the possibility of an increase in the production of ROS during this
transition period, the embryonic antioxidant defense system is immature
compared to later stages of development. In the rat embryo, the activities of
superoxide dismutase, glutathione peroxidase and glutathione reductase on GD
10 were less than 50% of that on GD 13 (Choe et al., 2001). Thus, it is not
surprising that the embryo may be’ more sensitive to developmental toxicants that

act as oxidants at this early stage of organogenesis.
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1.3.3 Cellular responses to oxidative stress

Oxidative stress disrupts cellula.rl redox status, inducing lipid peroxidation,
protein oxidation, and DNA oxidation. Membrane lipids repreéent the primary
targets of ROS. Lipid peroxidation generates highly reactive and diffusible
aldehydes, such as 4-hydroxyl-2-nonenal (4-HNE), which form adducts with
proteins producing protein nﬁodifications (Esterbauer et al., 1991). Protein
oxidation by ROS leads, in many cases, to the generation of protein-based
carbonyls, which have been used widely as a marker for protein oxidation.
Interestingly, ’a recent study shows that the lipid peroxidation-derived aldehyde
protein adducts may contribute to the major protein carbonyls that are normally
detected (Yuan et al., 2007). Protein modifications may lead to changes in protein
folding and function or increased susceptibility to proteolysis. Modification of
functional and /or signaling proteins can impact cellular functions and disturb
signal transduction. Oxidation of DNA by ROS can induce base oxidation, abasic:
sites and strand breaks, leading to genotoxicity (Halliwell and Aruoma,
1991;Henle and Linn, 1997).

Oxidative stress induces various cellular responses, subh as growth arrest,
stimulation of signal transduction pathways, gene transcription, and repair of
damaged DNA. These events determine whether a cell will die by necrosis,
undergo senescence or apoptosis, or will differentiate, survive and proliferate.
The core event in mediating cellular responses to oxidative stress may be the
changes in gene expression, possibly primarily through the activation of redox-
sensitive transcription factors. Activator protein-1 (AP-1) is one of the most

important early-response redox sensitive transcription factors (Gius et al., 1999).
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In response to oxidative stress, AP-1 regulates the transcription of genes
assdciated with antioxidant vdefence, cell cycle control (e.g., Cyclin D1), and
apoptosis, either as pro-apoptotic factors (e.g., Fas) or anti-apoptotic proteins
(e.g., Bcl-3) (Bakiri et al., 2000;Le-Niculescu et al., 1999;Rebollo et al., 2000).
Interestingly, binding of AP-1 to DNA cannot only upregulate but also repress
gene expression; for example, AP-1 activation has been reported to suppress the
transcription of p53 (Schreiber et al., 1999).

Oxidative streés.stimulates AP-1 activity through a variety of mechanisms.
Post-transiational regulation by mitogen-activated protein kinase (MAPK) is a
major pathway to mediate the activation of AP-1 in response to oxidative stress
(Karin, 1995). MAPK cascades are crucial for transducing signals from the cell
surface into the nucleus, mediating the response of cells to a broad range of
environmental stimuli. Downstream targets of MAPK include transcription factors,
such as AP-1 and p53 (Lin et al., 1998), molecules involved in the detection and
response to DNA damage, such as y-H2AX (Sluss and Davis, 2006) and PARP-1
(Caldini et al.,, 2005), as well as a variety of pro-and anti-apoptotic factors
(Noguchi et al., 2000;Donovan et al., 2002;Yamamoto et al., 1999). In addition,
the AP-1 and MAPK pathways also regulate the respbnses of cells to pHysical
stimuli such as growth factors, and thereby they are crucial for regulating embryo
development. It is well established that the activation of AP-1 and MAPK
pathways is crucial for cell fate determination upon oxidative stress; the role of
these pathways in mediating the embryonic effect of developmental toxicants

remains elusive.

13



1.3.4 Current knowledge of the role of oxidative stress in developmental toxicity

Many developmental toxicants have been found to be able to induce
oxidative stress; these include thalidomide, phenytoin, hyperglycermia, ethanol,
tobacco smoke, cocaine, cadmium, and irradiation (Ornoy, 2007;Paniagua-
Castro et al., 2008;Fantel and Person, 2002;Ku et al., 2007; Kyriakis and Avruch,
1996;Wells et al.,, 1997). Treatment with N-acetylcysteine, a free radical
scavenger and a glutathione precursor, or an antioxidant can prevent, partially or
completely, the 'developmental toxicity of these developmental toxicants.
Furthermore, these developmental toxicants often induce multiple malformations.
In particular, neural tube and limb defects are frequently related to oxidative
stress (Fantel and Person, 2002).

Thalidomide is one of the best studied developmental toxicants.
Thalidomide induces cell death in limbs, resulting in limb truncation; these
malformations have been related to the depletion of glutathione, DNA oxidation,
activation of a redox sensitive transcription factor NF-kB, as well as activation of
AP-1 (c-Jun) through MAPK (Hansen et al, 1999;Hansen and Harris,
2004;Knobloch et al., 2007). Interestingly, HU-induced limb defects may' be
related to oxidative stress as well, since reducing oxidative stress decreased both
the incidence and severity of limb defects (DeSesso et al. 1994). Oxidative stress
is capable of inducing deleterious effects in many types of cells, so how does it
cause tissue-specific malformations? The fate of a cell in response to oxidative
stress is determined by its antioxidant ability, damage repair capacity, and above
all, the ability Ato sense and respond to stress. Interestingly, the antioxidant

system may be not equally distributed throughout the embryo (Beck et al., 2001);
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mitochondria maturation seems to be tissue-specific during the transition from
anaerobic to aerobic metabolism in the embryo (Shepard et al., 1998); the stress
response pathways AP-1 and MAPK may be expressed in a tissue-specific
rﬁanner during embryo development. Thus, the questions are whether HU
induces tissue-specific oxidative stress, and what role the activation of AP-1 and
MAPK pathways might play in HU-induced developmental toxicity. The following
section will clarify why glutathione, a key intracellular antioxidant, was chosen
both to evaluate and manipulate oxidative stress; why the formation of 4-HNE
protein adducts was used to localize oxidative stress in the embryo; why AP-1
and MAPK pathways are important; why the expression of the morphogen, Fgf8
(fibroblast growth factor 8) and DKK1 (dickkopf1), which are critical to limb and
vertebral column development, were chosen as markers of the response of the

embryo to HU exposure.

1.4 Glutathione

Glutathione (L-y-glutamyl-L-cysteinylglycine), present in mammalian cells
in concentrations between 1-11 mM, is the most.ab‘undant celluiar non-protein
thiol and plays a central role in the cellular‘ defense against ROS. Glutéthione
exists in reduced (GSH) and oxidized (GSSG) forms, with GSH predominating
over GSSG (Meister and Tate, 1976). GSH can donate an electron (H") to
neutralize ROS spontaneously, or it may act as a substrate of glutathione
peroxidase to reduce hydrogen peroxide, lipid peroxides and organic
hydroperoxides (Gerard-Monnier and Chaudiere, 1996). During these processes,

GSH itself will be oxidized to GSSG, which can either be reverted to GSH by the
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action of glutathione reductase (GR) or be exported out of cells through
membrane transporters (Keppler, 1999;Dickinson and Forman, 2002). The ratio
of GSSG to GSH is a critical determinant of cellular redox status; and an increase
in this ratio is indicative of oxidative stress.

GSH can form reversible mixed protein disulfides during oxidative stress to
protect proteins from free radical attack (Coan et al., 1992), or it can conjugate
with, and therefore detoxify, Iipid peroxidation end products, either spontaneously
or through catalysis by glutathione transferases (GSTs) (Alin et al., 1985). The de
novo synthesis of GSH'by the sequential actions of gamma-glutamylcysteine
synthetase (y-GCS) and glutathione synthetase (GS), is the primary way to
restore the GSH content in most cells (Griffith and Mulcahy, 1999). The rate
limiting enzyme in glutathione synthesis is y-GCS, a heterodimeric enzyme
comprised of a catalytic (y-GCSC) and modulatory (y-GCSM) subunit. y-GCSC
and y-GCSM may be up-regulated in response to oxidative stress and contribute
significantly to the defense against oxidative stress (Solis et al., 2002;Mulcahy
and Gipp, 1995).

GSH homeostasis is essential for both normal embryo development and}
defense of embryo against developmental toxicants. Mice deficient in GSH die
before GD 8.5 (Shi et al., 2000). Depletion of GSH by L-buthionine-S,R-
sulfoximine (BSO), a selective irreversible inhibitor for y-GCS, has been shown to
disturb organogenesis and exaggerate the effects of developmental toxicants
during organogenesis in vitro and in vivo (Hales and Brown, 199}1 ;Ozolins et al.,
.2002). BSO has commonly been used to enhance oxidative stress in

developmental toxicity studies (Harris et al., 1986).
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1.5 The lipid peroxidation prdduct 4-hydroxy—2-nonena| (4-HNE)

The polyunsaturated fatty acids in plasma membrane represent a primary
target of ROS. 4-HNE is a major end product of membrane lipid peroxidation; 4-
HNE can modify cellular proteins via the formation of 4-HNE-protein adducts
(Esterbauer et al., 1991). It has been suggested that 4-HNE may be a second
messenger of ROS (Zarkovic, 2003). The increase in 4-HNE-protein adducts can
serve as a marker for oxidative stress. The development of antibodies against 4-
HNE modified epitopes on .proteins provides a reliable measurement tool to
localize oxidative stress in the embryo after exposure to developmental toxicants,
using immunohistochemistry analysis. Furthermore, immunoblotting analysis
combined with mass spectrometry can ideﬁtify the proteins modified by 4-HNE,
supplying more information of the molecular pathway of ROS in mediating'
developmental toxicity. This section will provide a brief review of the formation of
4-HNE, protein modifications by 4-HNE, and the cellular responses elicited by 4-

HNE-protein adducts.

1.5.1 The formation and detoxification of 4-HNE

ROS, especially hydroxyl radicals, can attack the polyunsaturated fatty
acids within the pla'sma membrane énd initiate a self-perpetuating chain-reaction,
leading to the generation of lipid peroxides, which in turn break down to yield a
broad array of fragments, notably aldehydes (Sevanian and Hochstein, 1985). 4-
HNE is among the most abundant and cytotoxic of these aldehydes, derived from
the peroxidation of the membrane n-6-polyunsaturated fatty acids, eésentially

linoleic and arachidonic acid (Esterbauer et al., 1991). The basal levels of 4-HNE
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vary considerably in different cell types and are normally below 1 uM; however,
between 10 uyM to 5 mM of 4-HNE can accumulate in membranes during
oxidative stress (Uchida, 2003).

Multiple enzymatic pathways can detoxify 4-HNE. The conjugation of GSH
to 4-HNE catalyzed by GSTs (glutathione‘transferases) is the major way to
prevent the interaction of 4-HNE with cellular components (Hubatsch et al.,
1998;Yang et al., 2001;Gallagher et al., 2007). However, depletion of GSH
leading to the disruption of redox status may also be an important biological
effect of 4-HNE (Nakashima et al., 2003). Other enzymes involved in 4-HNE
metabolism are the aldehyde dehydrogenases and alcohol dehydrogenases that
‘catalyze the reduction of 4-HNE to its innocuous acid or alcohol, >respectively
(Hartley et al., 1995). In addition, aldose reductase and aldo-keto reductase have

been reported to detoxify 4-HNE (Rittner et al., 1999;Srivastava et al., 1995).

1.5.2 Protein modifications by 4-HNE

4-HNE contains three functional groups (a C=C double bond conjugated
with a C=0 carbonyl, and a hydroxyl group at carbon four) which, in many cases,
act synergistically. Therefore, 4-HNE is highly reactive towardé thiol and amino
groups in cellular macromolecules, including peptides, proteins, and nucleic
acids. Quantitatively, proteins and peptides represent the most important group of
4-HNE-targeted biomolecules (Siems and Grune, 2003).

It is well established that 4-HNE can form adducts with protein side chains
via Michael addition (cysteine, histidine, and lysine) or via Schiff base reaction

(lysine) (Uchida, 2003). A study using synthetic polyaminoacid model compounds
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has shown that the order of the molar ratio of 4-HNE/amino acid is ,Cysteine (0.6)
> Histidine (1x107) > Lysine (3x10#) (Poli et al., 2007). Therefore, 4-HNE is most
reactive towards cysteiner in vitro. Of note, the reaction of 4-HNE with cysteine is |
reversible in the presence of physiological concentrations of GSH, and this may
be the only reYersibIe 4-HNE-protein adduct (Carbone et al., 2005b). 4-HNE
modified proteins are normally suscéptible to proteolysis, although the protein-
protein cross-linking caused by 4-HNE may influence protein turnover (Grune and
Davies, 2003).

Since 4-HNE is relatively stable and highly diffusible, the proteins that
have been found to be modified by 4-HNE belong to diverse groups, including its
-own detoxification enzyme (glutathione transferase), other related antioxidant
enzymes (e.g., glutathione reductase, thioredoxin reductase), tyrosine receptors
(e.g., EGFR, epidermal growth factor receptor; PDGFR platelet-derived growth
factor receptor ), energy metabolism enzymes (e.g., GAPDH, glyceraldehyde 3-
phosphate dehydrogenase), cytoskeletal pfoteins (e.g., actin), chaperones (e.g.
heat shock protein 90), carriers (albumin), and vprotein kinases [e.g., c-Jun N-
terminal kinase (JNK, MAPK)] (Vindis et al., 2006;Liu et al., 1999;Aldini et al.,
2006;Fang and Holmgren, 2006;Aoyama et al., 2006;Aldini et al., 2005;Carbone
et al., 2005;|shii et al., 2003;Parola ef al., 1998). Adduction by 4-HNE in most
case irﬁpairs the protein funétion, either by modification of the critical sites
required for protein function or by impairmenf of protein folding. For instance,
inactivation of antioxidant enzymes or disruption of the proper foiding of heat
shock proteins may further exaggerate 4-HNE-mediated damage (Carbone et al.,

2004a;Aoyama et al., 2006;Fang and Holmgren, 2006). In contrast, the formation
20



of 4-HNE adducts may activate tyrosine receptors (e.g., EGFR) and some protein

kinases, such as the JNK (Liu et al., 1999;Parola et al., 1998).

1.56.3 The cellular responses elicited by 4-HNE

Through exogenous addition of 4-HNE into the cell culture medium,
experiments have shown that, at increasing concentrations, 4-HNE induces cell
cycle arrest (Barrera et al., 2004;Laurora et al., 2005), differentiation (Barrera et
al., 1991), and apoptosis (Sunjic et al., 2005), whereas at lower concentrations it
has been found to stimulate proliferation in at least some cell types (Ruef et al.,
1998). This may indicate that the regulation of intracellular concentrations of 4-
HNE may be critical to cell cycle signaling. In agreement with this view, depletion
of 4-HNE, by incorporation of GST isozyme (hGSTA4-4) into adherent human
epithelial cell Iines,‘ caused cell transformation and indefinite proliferation
(Sharma et al., 2004). The transformed cells showed an upregulated expression
of growth promoters, such as, transforming growth factor 1, cyclin-dependent
kinase 2, and the extracellular signal regulated kinases (ERKs), and
downregulated expression of p53.

4-HNE is a potent apoptosis inducer during oxidative stress.
Overexpression of GSTs in cells lead to lower steady-state levels of HNE, and
these cells acquired resistance to apoptosis induced by ROS, UV, and pro-
oxidant xenobiotics (Awasthi et al., 2004). Exogenous addition of 4-HNE to cell
culture medium induces apoptosis in many cells of various origins (Sunjic et al.;
2005;Malecki et al., 2000;Kalinich et al., 2000). 4-HNE-induced activation of the

JNK/AP-1 pathway has been associated with apoptosis in different cell lines
21



(Kutuk and Basaga, 2007). Enhanced activation or expression of p53 has also
been implicated in 4-HNE-mediated apoptosis (Cenini et al., 2007). Furthermore,
induction of cytochrome C release has been suggested to contribute to 4-HNE-
induced apoptosis (Raza and John, 2006). Apart from the classic apoptosis
pathways, 4-HNE forms adducts with GAPDH, leading to GAPDH inactivation
(Ishii et al., 2003), degradation (Tsuchiya et al., 2007), and abnormél aggregation
(Uchida and Stadtman, 1993). GADPH is a classic glycolytic enzyme, however,
accumulating evidence suggests that GADPH is an apoptosis executor during
oxidative stress (Chuang et al., 2005).

Interestingly, while the activation of JNK by 4-HNE is often related to
apoptosis, 4-HNE can induce the expression of y-GCS, the rate-limiting enzyme-
of GSH biosynthesis, through the JNK pathway in a human bronchial epithelial
cell line, thereby leading to a stress adaption response (Dickinson et al., 2002) . It
has been suggested that the effect of 4-HNE on protein kinases is dependent on
the cell type, the concentration and cellular compartmentalization of 4-HNE

(Leonarduzzi et al., 2004).

1.6 Activator protein-1 (AP-1)

Cells respond to oxidative stress-induced damage primarily through changes
in gene expression, which aré closely regulated by transcription factors. In
previous studies in our laboratory, an early response redox sensitive transcription
factor, AP-1, has been found to regulate gene expression in response to
oxidative stress in the rat conceptus at the organogenesis stage (Ozolins and

Hales, 1997). AP-1 was one of the first mammalian transcription factors to be
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identified (Angel and Karin, 1991). The major members of the AP-1 family have
been demonstrated to be immediate early genes (Karin et al., 1997). AP-1 activity
is induced by many physical stimuli, such as growth factors, as well as a plethora
of environmental insults, that include but are not limited to, ROS, alkylating
agents, UV, irradiation, heat shock, alcohol, hyperglycemia, and heavy metals;
these are all known developmental toxicénts.(Qiang and Ticku, 2005;Luo et al.,
2007;Bradbury et al., 2001;Srinivasan et al., 2004:Korashy and El-Kadi,
2008;Kolbus et al., 2000). AP-1 is not only important in mediating normal embryo
development, but also crucial for regulating the cellular stress résponse, leading
to cell survival or death. Thus, the activation of AP-1 in response to HU may
indicate the response of the embryo to the insult by this developmental toxicant.
Using an Enzyme-Linked ImmunoSorbent Assay (ELISA), the DNA binding
activity of AP-1 can be determined readily; AP-1 DNA binding activity may

provide an efficient measure to screen potential developmental toxicants.

1.6.1 The AP-1 family proteins

One major reason for the ability of AP-1 to control a broad range of
biological pfocesses is because it is not a single protein, but a mixture of dimeric
complexes composed of groups of proteins that share an evolutionarily
conserved bZIP (basic leucine zipper) domain (Chinenov and Kerppola, 2001).
The bZIP domain of AP-1 proteihs consists of a basic region directly contacting
DNA, and an adjacent heptad repeat of‘leucine residues (leucine zipper),
mediating dimer formation (Landschulz et al., 1988;Patel et al., 1990;Leonard et

al., 1997). Dimerization by means of the leucine zipper domain juxtaposes the

23



two basic regions to form a symmetric interface that can bind to DNA. The most
well documented AP-1 member belongs to the Jun (c-Jun, JunB, and JunD) and
Fos (c-Fos, FosB, Fra-1, and Fra-2) families. Jun proteins form stable homo- and
hetero-dimers, whereas the Fos proteins require heterodimerization to bind to
DNA. Both homo- and hetero-dirﬁers (Jun-Jun and Jun-Fos) bind with high
affinity to the palindromic AP-1 recognition element (5-TGAG/CTCA-3'), which
are also known as TREs [TPA (phorbol 12-O-tetradecanoate-13-acetate)-
responsive elements] (Angel and Karin, 1991).

Other AP-1 members belong to ATF (activating transcription factors,
ATFa, ATF2, ATF3), JDP (Jun vdimerization proteins, JDP-1 and JDP-2), and Maf
protein families (Chinenov and Kerppola, 2001). ATF forms heterodimers with
Jun (predominantly c-Jun-ATF2) as well as Fos proteins, which preferentially bind
to the cAMP response element (CRE, 5-TGACGTCA-3') rather than TREs (Hai
and Curran, 1991). JDP proteins (especially JDP-2) may dimerize with ¢c-Jun or
ATF-2 (Aronheim et al., 1997;Jin et al., 2001), acting as a repressor of gene
activation mediated by c-Jun or ATF-2, respectively. The heterodimers of Maf
and Jun or Fos proteins interact with recognition sites composed of Maf
(TGCtgaC) and AP-1 (TGAC) half-sites, which further expands the diversity of the
AP-1 target genes (Kerppola and Curran, 1994). Furthermore, Jun proteins can
interact with Maf and the structurally related Nrf2 to form antioxidant/electrophile
response element (ARE/ EpRE) binding complexes, regulating the expression of
antioxidant enzymes upon oxidative stress (Venugopal and Jaiswal, 1998).

| Despite the high degree of structural homology, the different members of

the Jun and Fos families exhibit considerable differences in DNA-binding and
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transcriptional activation. In general, the binding of heterodimers of Jun-Fos to
DNA is more stable than the binding of homodimers (Jun-Jun); c-Jun, ¢c-Fos and
FosB‘ are strong transactivators, whereas JunB, JunD, Fra-1 and Fra-2 exhibit
only weak transactivation potential (Hess -et al., 2004). As a result, the
composition of the AP-1 compléx may modulate a selection of target genes.
Indeed, the cellular composition of AP-1 proteins alters with the cell cycle (Kovary
and Bravo, 1991a) as well as with the type of stimuli (WiSdom, 1999). Previous
studies from our laboratory have found that JunD is a major component of basal
AP-1 DNA binding activity, whereas c-Jun and c-Fos contribute to oxidative
stress-induced AP-1 DNA binding activity in rat embryos during early

organogenesis (Ozolins and Hales, 1999a).

1.6.2 AP-1 in regulation of cellular processes

AP-1 is induced rapidly in response to growth factors and tumour
promoters. Studies undertaken in the past two decades have demonstrated that
AP-1 controls not only cell proliferation and neoplastic transformation, but also
differentiation, survival, and apoptosis (Shaulian and Karin, 2002).

AP-1 controls cell cycle progression. Microinjection of antibodies against
Fos or Jun family proteins blocks the entrance of serum-stimulated quiescent
mouse fibroblasts into S phase (Kovary and Bravo, 1991b). AP-1 binds to the
cyclin D1 promoter and induces its transcription (Herber et al., 1994;Shen et al.,
2008). Consistently, fibroblasts deficient in c-Jun show a severe proliferation
defect, with decreased cyclin D1 expression (Wisdom et al., 1999). The absence
“of c-fos or fos B alone does not influence fibroblast proliferation; c-fos”fosB™
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double knockout blocks the entry of cells into S-phase, and this is correlated with
a specific loss of cyclin D1 induction following serum stimulation (Brusselbach et
al.,, 1995;Brown et al., 1998). Interestingly, c-fos™fosB”" double knockouts are
much smaller than their wildtype counterparts, présumably due to the defect in
cell proliferation (Brown et al., 1998). Similarly, JunD deficient fibroblasts show
growth arrest at G1- S phase; JunD knockout mice also show lower body weights
than their wildtype counterparts (Thepot et al., 2000).

The role of AP-1 in the regulation of cell differentiation has been confirmed
in studies of skeletal development. AP-1 (JunD/Fra2) regulates chondrocyte
terminal differentiation via the induction of the transcription of Mmp-13 (matrix
metalloproteinase-13, also known as collagenase-3) (ljiri et al., 2005). AP-1 (c-
Fos) is required for osteoclast differentiation, since mice deficient in c-Fos display
a complete blockade of osteoclast differentiation (Grigoriadis et al., 1994).
Interestingly, inserting fra-1 into the c-fos locus can totally restore osteoclast -
differentiation, indicating some functional equivalence between c-Fos and fra-1
(Fleischmann et al., 2000). The downstream target gene of AP-1 (c-Fos) in
osteoclast differentiation has been suggested to be NFATc1 (nuclear factof of
activated T cells1) (_Matsuo et al., 2004).

AP-1 regulates the expression of both pro-apoptotic and anti-apoptotic
genes. Consistent with this, the activation of AP-1 may either induce apoptosis or
prevent cell death depending on the cell type and stimulus. AP-1 (c-Jun)
regulates the expression of Dkk1, an apoptosis inducer, during limb
mbrphogenesis and in response to oxidative stress and thalidomide treatment

(Knobloch et al., 2007). AP-1 (c-Jun) may also regulate the expression of Bim, a
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Bcl-2 family protein critical to neuronal apoptosis (Whitfield et al., 2001). Inhibition
of c-Jun activity prevents the neuronal apoptosis induced by growth factor
withdrawal and oxidative stress (Estus et al.,, 1994;Ham et al.,, 1995). Mice
carrying an inactive mutant c-Jun, with serine 63 and 73 replaced by alanine
(Jun®™) are resistant to the kainate-induced neuronal cell death of
hippocampal and cortical neurons (Behrens et al., 1999). Furthermore, mice
deficient in c-Fos are resistant to light induced apoptosis in retinal photoreceptors
(Hafezi et al., 1997)’ indicating that c-Fos may also induce apoptosiAs.‘

In contrast to this pro-apoptotic activity, AP-1 is crucial for cell survival
under some circurﬁstances. Interestingly, a study of fibroblast cells in vitro
provides convincing evidence suppbrting the anti-apoptosis activity of AP-1
during oxidative stress (MacLaren et al., 2004).\ As noted above, fibroblast cells
have been widely Qsed for studies of the function of AP-1 in cell cycle control.
Among AP-1 members, c-Jun null fibroblasts undergo the most severe growth
arrest (G1/S) shortly after culture in vitro (Johnson et al., 1993). Strikingly,
MaclLaren et al., (2004) have found that these c-Jun null fibroblasts can
overcome the growth arrest and proliferate successfully under low oxygen (3%)
culture conditions, rather than the classic culture conditions with 21% oxygen.
The growth arrest in ¢c-Jun deficient fibroblasts was related to the enhanced DNA
damage caused by exposure to 21% oxygen. Interestingly, these investigators
have observed the co-localization of ¢c-Jun with y-H2AX foci in wildtype fibroblasts
after ionizing irradiation; the impact of this co-localization is still unknown. Either
the introduction of exogenous c-Jun or the deletion of p53 can completely

abrogate the proliferation defect in c-Jun null fibroblasts under normal culture
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conditions (21% oxygen) (Shaulian et al., 2000). Corroborating this observation,
in wildtype fibroblasts, c-Jun not only represses p53 gene transcription through |
binding to a variant AP-1 binding site in the p53 promoter, but also inhibits the
transcriptional activity of p53 via a direct interaction (Schreiber et al., 1999).
Altogether, it appears that c-Jun may be a central regulator of cell cycle
progression, DNA damage repair, survival, and apoptosis in response to
oxidative stress in fibroblasts.

Because of the diverse combihations of AP-1 dimers, it is difficult to draw
conclusions with respect to the precise function of each dimer. However, different
AP-1 compositions may have different functions and AP-1 may serve as a site of

the integration for both physical and chemical stress signals.

1.6.3 AP-1 in embryo development

AP-1 proteins display distinct spatial and temporal expressioh and
activation patterns during embryo development; each AP-1 member has a distinct
role in mediating embryo development, despite the existence of some functional
equivalence. Mice lacking c-Jun die between GD 12.5 and GD 14.5 due to
massive apoptosis of hepatocytés; these mutant mice also exhibit heart defects,
probably due to cardiac stem cell dysfunction (Hilberg et al., 1993). Mice lacking
Fra-1 or JunB alone die around GD 10 due to vascular defects in the extra-
embryonic tissues (Schreiber et al., 2000;Schorpp-Kistner et al.,1999). Mice
lacking ATF-2 die shdrtly after birth due to lung defects (Maekawa et al., 1999).

Mice deficient in Fra-2 die within five days after birth due to a not yet identified
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organ dysfunction (Eferl et al., 2007). Mice lacking FosB or ‘JunD are viable,
however, adult females display a nurturing defect and adult males have impaired
spermatogenesis (Brown et al., 1996;Thepot et al., 2000). Mice deficient in c-Fos
survive and are fertile but a lack of ostoclasts results in osteopetrosis (Johnson et
al., 1992).

Tissue-specific knockouts have revealed more functions of AP-1 in
regulating embryo development. Mice with a deletion of c-Jun in keratinocytes
develop normal skin with the exception that keratinocytes in the area of the
eyelids have reduced proliferation and migration, leading to open eyes at birth
(Zenz and Wagner, 2006). Chondrocyte-specific inactivation of c-Jun results in a
severe scoliosis phenotype; this is due to an increased apoptosis of notochordal
cells (Behrens et al., 2003).

Ectopic expression of c-Fos in mice has no evident effects on most
tissues, but results in the transformation of osteoblasts, leading to osteosarcomas
(Grigoriadis et al., 1994). Surprisingly, mice with c-Jun overekpression have no
obvious phenotype, suggestive of a loss of gene dose sensitivity to c-Jun during
evolution (Grigoriadis et al., 1993).

Overall, the genetically modified mouse models indicate that AP-1
members may regulate cell proliferation, survival, differentiation, and migfation
during embryo development. c-Jun may also mediate apoptosis during limb and

central nervous system.
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1.6.4 The regulation of AP-1

Given the complexity and selectivity of action of AP-1 proteins, it is not
surprising that the expression and activity of AP-1 members are tightly regulated
at multiple levels. In general, enhanced AP-1 DNA binding activity can be
achieved by controlling the concentration of proteins, by posttranslational
phosphorylation, or by redox regulation of DNA binding activity (Angel and Karin,
1991;Abate et al.,, 1990). All Fos and Jun family members contain a highly
conserved cysteine residue in their DNA binding domain (Abate et al., 1990).
Reduction of cysteine residues enhances AP-1 DNA binding, while cysteine
oxidation inhibits DNA binding. A cellular protein Ref-1(redox effector factor-1)
can reduce the cysteine residues and serves as a redox regulator of AP-1 DNA
binding activity (Xanthoudakis and Curran, 1992;Xanthoudakis et al., 1994).

Above all, accumulating evidence suggests that phosphorylation by
MAPKs (mitogen activated protein kinases) is a major way to activate AP-1 in
response to different stimuli. Firstly, upon activation, MAPKs can phosphorylate
the existing DNA binding proteins to transcribe genes encoding AP-1 proteins, in
particular, c-Jun and c—Fbs, which are known as immediate-early genes. The
expression of c-jun is regulated mainly by the binding of ¢c-Jun-ATF2 to the CRE
site in its promoter region, thereby forming a positive auto-regulation loop (Gupta
et al., 1995). MAPKs also activate the ternary complex factors (ELK-1), leading to
the expression of c-fos in response to different stimuli (Muller et al., 1997). It is
noteworthy that although Jun and Fos mRNA levels can be rapidly induced by
-various stimuli, this may not be réflected at the protein levels (Angel and Karin,

1991).
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Posttranscriptional phosphorylation of the pre-existing and newly-
synthesized AP-1 proteins by MAPKs can enhance AP-1 transactivation
potential, protein stability, and DNA-binding activity, thereby leading to the
induction of transcription of their target genes (Chang and Karin, 2001). Since
AP-1 members are mainly nuclear | proteins, MAPK cascades have been
suggested to be the major pathways transducing extracellular stimuli to AP-1.
MAPK signal cascades contain three major distinct pathways, including ERKs -
(extracellular signal-regulated kinases), JNK (c-Jun N-terminal kinase), and p38
MAPK pathways. In general, ERKs are preferentially activated by mitogens such
as growth factors, serum and phorbol esters (Troppmair et al., 1994), whereas
JNK and p38 MAPK are often triggered by cytokines and stress stimuli, and
thereby are known as stress-activated MAPKs (Davis, 2000;Zarubin and Han,
2005).

The phosphorylation of c-Jun by JNK is the best stUdied. Once activated,
JNK translocates to the nucleus, where it phosphorylates c-Jun on serines 63
and 73 in the NHy-terminal transactivation domain (Hibi et al., 1993). JNK can
also phosphorylate ATF2 and JunB directly (Li et al., 1999;Morton et ali., 2004)
JunD does not contain a JNK docking site, thereby it can only be pHosphoryIated
after dimerization with other Jun proteins (Kallunki et al., 1996). p38 MAPKs
mainly phosphorylate ATF2 (Barancik et al., 2000). However, a recent study
shows p38 MAPKs can activafe c-Fos upon UV activation (Tanos et al., 2005).
ERKs phosphorylate all Fos proteins (c-Fos, FosB, Fra-1, and Fra-2) in the
COOH-terminal tranvsactivation domain (Gruda et al., 1994;Chen et al.,

1996;Skinner et al., 1997;Murakami et al., 1997). In addition, ERKs can
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phosphorylate ATF-2 and c-Jun in response to growth factors (Ouwens et al.,
2002;Leppa et al., 1998) (Fig. 1.3). |

In addition to this simplified regulation, éach group of MAPKS contains
different isoforms important for regulating different cellular responses.
Furthermore, MAPKs also activate many other substrates, which may crosstalk
with AP-1 to initiate a proper cellular response upon stimuli. Thus, MAPKs wiil be

further discussed in the next section.

1.7 Mitogen-activated protein kinases (MAPKs)

MAPK pathways have been conserved throughout evolution from yeast to
humans, and they are crucial for regulating the cell response to a wide variety of
environmental stresses as well as growth signals (Widmann et al., 1999). MAPK
cascades typically include a three-tiered core-signaling module wherein the
stress-activated MAPK kinase kinase (MAP3K) phosphorylates MAPK kinése
(MAP2K) on its serine and threonine residues,‘ which in turn phosphorylates
MAPK on its threonine and tyrosine residues (Fig.1.3).

As discussed above, three groups of MAPKs have been well studied,
including extracellular signal related kinase (ERK1, ERK2), Jun N-terminal kinase
(JNK1, JNK2, JNK3), and ‘p38 MAPK (p380, p38B, p38y, p380%) (Widmann et al.,
1999). ERK1/2 pathways are normally responsive to growth signaling, such as
growth factors; whereas JNKs and p38 MAPKs are preferentially activated by
inflammatory cytokines and various stress stimuli, such as ROS, UV irradiation,
osmotic stress, and agents interfering with DNA and protein synthesis (Kyriakis

and Avruch, 1996). The specificity of signal transmission is ensured by
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interactions between the components of the MAPK cascade, either directly or via
scaffold proteins (Dhanasekaran et al., 2007). Once activated, MAPKs can dually
phosphorylate (sérine and threonine) a large panel of substrates that include
nuclear - proteins (transcription factors and nuclear protein kinases) and some
cytoplasmic proteins (cytoplasm protein kinases and cytoskeletal proteins)
(Pearson et al.,, 2001). As a result, MAPK pathways control cell survival,
proliferation, differentiation, and death.

Oxidative stress can stimulate MAPK cascades via apoptosis associated
kinase 1 (ASK1), a member of MAP3K family initiating both JNK and p38 MAP
kinase cascades (Matsukawa et al., 2004). Under normal conditions, ASK1 forms
an inactive complex with reduced thioredoxin; oxidation of thioredoxin promotes
the release of thioredoxin, resulting in the activation of ASK1 (Saitoh et al., 1998).
Oxidative stress may also upregulate the activity of MAPKs through suppression
of dual-specificity phosphatases (MAPK phosphatases) (Xu et al., 2004).
Furthermore, 4-HNE may activate JNK directly, as aforementioned (Parola et al.,

1998).
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Figure 1.3 MAPK cascades. Oxidative stress can activate JNK and p38 pathways
via ASK1, a MAP3K. Among the substrates of MAPKs, AP-1 members are shown
in bold, as well as ELK-1, since it regulates the gene encoding c-Fos. c-Mac can
be activated by ERKs and JNKs. PARP-1 can be a substrate for all three groups
of MAPKs. p53 is activated by JNK and p38. PARP-1, poly (ADP-ribose)
polymerase; RSK1, p90 ribosomal S6 kinase; CHOP-1/GADD153, C/EBP-
homologous protein/growth arrest and DNA damage; MEF-2, myocyte-specific

enhancer factor 2. Modified from (Junttila et al., 2007)
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1.7.1 ERK1/2 (extracellular signal-regulated kinase 1/2)

ERK1 and ERK2 are detected at 41 kDa and 43 kDa, respectively
(Hoshino et al., 1999). ERK1/2 activation is mainly responsive to growth factors
and mitogens and, therefore, the activation of ERK1/2 is often related to the
stimulation of tyrosine kinase receptors, such as FGFR (fibroblast growth factor
receptor) and EGFR (epithelial growth factor receptor) (Ullrich and Schlessinger,
1990). Among all the MAP3Ks, Raf and Mos may be the only ones that
exclusively initiate ERK1/2 pathways (Kyriakis et al., 1992;Dent et al., 1992;Force
et al., 1994). Additionally, ERK1/2 pathways may bé triggered by MKKKs (1-3)
and TPL-2 (Lewis et al., 1998;Errede et al., 1995;Gustin et al., 1998;Salmeron et
al., 1996). The MAP2Ks that phosphorylate ERKs are MKK1 and MKK2 (Crews
et al., 1992;Wu et al., 1993). Upon activation, ERK1/2 can pHosphoryIate several
transcription factors, such as the aforementioned AP-1 components (c-Fos, c-
Jun, and ATF-2), as well as Elk-1 and c-Myc (Sears and Nevins, 2002;Cruzalegui
et al., 1999;Sears et al., 1999). ERKs can also phosphorylate some cytoplasmic
and nuclear protein kinases, for example RSK and MAPKAP kinase-2 (Gavin and
Nebreda, 1999;Zhao et al., 1996;Stokoe et al., 1992). ERK pathways have long
been implicated in cell growth, proliferation, and survival (Pearson et al., 2001).
For instance, in addition to AP-1, c-Myc induces the expression of a large number
of genes involved in proliferation and growth (Cowling and Cole, 2006).
Funhermore, activated RSK can phosphorylate, and therefore inactivate, the
proapoptotic protein Bad (Bonni et al., 1999).

During embryogenesis, the activation of ERK1/2 displays a discrete and

dynamic pattern; most of the domains of ERK1/2 activation correspond to the
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regions of FGF signaling (Corson et al., 2003). In agreement with this, the activity
of ERK1/2 has been implicated in somite segmentation and limb development as
a downstream regulator of FGFs (Delfini et al., 2005;Bobick and Kulyk, 2004).
Moreover, targeting inactivation Qf Raf-1 induces embryonic death with increased
apoptosis of hepatocytes and vascular defects in the extra-embryonic tissues
resembling those in mice lacking c-Jun and Fra—i or JunB (Huser et al., 2001).
Knockout MKK1 induces open eye defects, which mimic the phenotype of the
mice with keratinocyte-specific deletion of c-Jun; these open eye defects may be

related to the disruption of EGF signaling (Zhang et al., 2003).

1.7.2 JNKs (c-Jun N-terminal protein kinases)

In contrast to ERK1/2, JNK pathways are not strongly activated in most
cells by mitogens, including EGF and FGF; however, JNK pathways are
vigorously activated by a wide variety -of environmental stressors, such as
oxidative stress, DNA damaging agents (UV, alkylating agents), _fonizing
radiation, heat shock, and mechanical shear stress (Adler et al., 1995;Zanke et
al., 1996;Turner et al., 1998;Li et al., 1996). All of these stimuli input their signals
in the JNK pathway through several MAP3Ks that include ASK, MKKK1-4, TAK-
1, MLK-3, TAO1/2, MTK1, and TPL-2 (Davis, 2000). The MAP2Ks, MKK4 and
MKK?7 then integrate and amplify the signals from MAP3Ks and transmit them to
JNK (Davis, 2000). Interestingly, MKK4 and MKK7 preferentially phosphorylate
JNK on tyrosine and threonine, respectively (Gerwins et al., 1997). As dual
phosphorylation of JNK on tyrosine and threonine is required for its full activation,

and both MKK4 and MKK7 are activated in response to environmental stress, it is
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possible that MKK4 and MKK7 co-operate to activate JNK in response to
environmental stimuli (Lisnock et al., 2000;Lawler et al., 1998).

Three genes, jnk1, jnk2, and jnk3, encoding ten isoforms, have been
identified in mammals (Derijard et al., 1994;Kal|unki et al., 1994;Mohit et al.,
1995). JNK proteins (JNK1; JNK2 and JNK3) are detected at 46 kDa and 54 kDa
(Hibi et al., 1993). While the 46-kDa proteins comprise all three JNK proteins, the
54-kDa proteins are mainly restricted to JNK2 and JNK3. JNK1 and JNK2
isoforms are ubiquitously expressed, while .JNK3 is highly restricted in brain,
heart, and testis in fetal and postnatal mouse (Martin et al.,, 1996;Yang et al.,
1997). The different JNK isoforms can be differentially activated and appear to
- differ in their ability to bind and phosphorylate different substrate proteins (Gupta
et al., 1996). Interestingly, JNK3-c-Jun/AP-1 is responsible for the stress-
mediated apoptosis of neuronal cells, as this apoptosis does not occur in Jnk3
null mice (Yang et al., 1997). Strikingly, 4-HNE-elicited apoptosis may also be
mediated via JNK3 (Bruckner and Estus, 2002). In contrast, JNK1 and JNK2 may
be essential for regulation of region-specific apoptosis during early brain
development; jnk1/jnk2 double mutant embryos die around GD 11 and display an
open cranial neural tube with reduced apoptosis in the hindbrain but a
dramatically increased apoptosis in the forebrain region (Kuan et al., 1999).
Interestingly, this function of JNK1 and JNK2 in early brain dévelopment is
independent of JNK3, as jnk1”jnk3” or jnk2”jnk3” double mutants survive
normally (Kuan et al., 1999). Thus, different JNK isoforms may have distinct

functions.
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JNK can phosphorylate a broad range of protein targets. As noted above,
c-Jun is the most classic substrate for JNKs; other Jun family proteins (Jun B,
Jun D), and ATF-2 can be phosphorylated by JNKs as well (Hibi et al., 1993; Li et
al., 1999;Morton et al., 2004; Kallunki et al., 1996). JNKs can also activate other
transcription factors, including Elk-1 and p53 (Cavigelli et al., 1995;Hu et al,,
1997). In addition, JNKs have many other nontranscriptional substrates
(Bogoyevith and kobe, 2006). In particular, JNK phosphorylates both
antiapoptotic proteins (Bcl-2, Bcl-xL) and proapoptotic proteins (Bad, Bax), and
the consequence of this phosphorylation, either activation or depression,
depends on the cell type and stimulus (Kim et al., 2006;Deng et al., 2001;Yu et
al., 2004;Yamamoto et al., 1999;Kharbanda et al., 2000). Furthermore, JNK
phosphorylates H2AX (Sluss and Davis, 2006) and PARP1 in response to DNA
damage induced by UV and H,0; (Zhang et al., 2007). Thus, the activation of
JNK pathways is critical to the determinant of cell fate in response to stress.
Interestingly, despite the fact that activation of JNK in response to stress has
been mostly related to apoptosis, it has been shown that activation of JNK
uprégulates antioxidant defense (Dickinson et al.,, 2002). As noted above,
different isoforms of JNK may have distinct functions. Furthermore, recent studies
suggest that the consequence of JNK activation is dependent on the duration of
its activation; robust and sustained activation of JNK under severe stress
conditions normally results in apoptosis, whereas transient activation may be

protective (Liu and Lin, 2005).
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1.7.3 p38 MAPKs

Similar to JNKs, the p38 MAPKs are strongly activated by environmental
stress and are inconsistently activated by growth factors (Kyriakis and Avruch,
1996). In most circumstances, the same stimulus that triggers JNK activation also
triggers p38 péthways. Thus, p38 and JNK share similar MAP3K, including
ASK1, MTK1, TAK1, and TAO1/2 (Hutchison et al., 1998;Ichijo et al.,
1997;Yamaguchi et al., 1995;Takekawa et al., 1997;Chen and Cobb, 2001). In
contrast, the MAP2Ks that phosphorylate p38, MKK3 and MKK6, show a high
degree of specificity toward p38, as they do not activate ERKs or JNKs (Enslen et
al., 1998). However, MKK4, the MAP2K that phosphorylates JNK, possesses
some MAP2K activity toward p38, suggesting that MKK4 may represent a site of
integration for the p38 and JNK pathways (Guan et al., 1998).

In vertebrates, there are four isoforms of p38 MAPKs, p38a, p38p3, p38y
and p380, which are detected at 38 kDa (Keesler et al., 1998). While MKK6
activates all p38 isoforms, MKK3 preferentially phosphorylates the p38a, p38y,
and p380 isoforms (Keesler et al., 1998). Furthermore, the expression of p38
MAPK isoforms is cell lineage-specific and different isoforms may respond
distinctly to different stimuli (Hale et al., 1999;Conrad et al., 1999). p38y and
p380 may even exert opposite effects on AP-1 activation (Pramanik et al., 2003).

p38 and JNK often share similar substrates, for example ATF-2, Elk-1, and
p53 (Yang et al.,, 1998;Waas et al., 2001;Kwon et al., 2002). However, some
targets méy be preferehtia"y activated by p38, such as MEF-2, CHOP-
1/GADD153, and protein kinases MAPKAPK-3 (Keren et al., 2006;'Wang and

Ron, 1996;Platanias, 2003). During embryo development, the p38 MAPK
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pathway is essential for chondrogenesis in limb mesenchyme (Oh et al., 2000) ,
whereas, JNK may act downstream of the Wnt-3a signal to inhibit the
differentiation of mesenchyme to chondrocytes (Hwang et al., 2005). As p38
activatés MEF-2 (myocyte-specific enhancer factor 2), p38 also promotes
myogenesis during embryo development (Keren et al., 2006). In response to
stress, both p38 and JNK may be activated, however, they may show distinct and
sometimes antagonistic effects (Engelbrecht et al., 2004).

Given that ERK1/2, JNKs and p38 MAPKSs share many substrates and that
cross-talk is exhibited amongst these substrates, how MAPKs initiate a proper
response to diverse stimuli is not evident. In a recent review, Cuevas et al. (2007)
has proposed that MAP3Ks can serve as “signal hubs” to regulate the specificity
of MAPK activation. Interestingly, ASK1, the oxidative stress sensitive MA‘PSK,
disblays a dynamic and region-specific expression during organogenesis (Ferrer-
Vaquer et al., 2007). Recent studies suggest that, while persistent activation of
ASK1 often induces cell death, moderate or transient activation of ASK1

promotes cell survival and differentiation (Matsuzawa and Ichijo, 2008).

1.8 The potential morphogens influenced by HU

Organogenesis is a tightly regulated process controlled by the temporary
and spatial expression of morphogens. HU-inducéd limb defects may be related
to oxidative stress. HU also induces a high incidence of vertebral defects. Fgf8
(fibroblast growth factor 8) and Dkk1 (dickkopf1) are morphogens that are
important for both limb and vertebral column development. Fgf8 regulates limb

and vertebral development through ERK signals (Delfini et al., 2005;Bobick and
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Kulyk,2004). The expression of Dkk1 in limb may be regulated by JNK
(Grotewold and Ruther, 2002b). Therefore, these two genes were chosen for

evaluation

1.8.1 Fgf8 (fibroblast growth factor 8)

The vertebrate limb is derived from a limb primordium, the limb bud, which
consists of a core of mesenchymal mesoderm covered by an epithelial
ectodermal layer. The apical ectoderm ridge (AER) at the distal tip of the limb bud-
is essential for limb development (Summerbell, 1974). Expression of Fgf8 in the
AER is the earliest step of limb bud initiation; this Fgf8 expression in the AER is
induced by FGF10 in the adjacent mesenchymal mesoderm through Wnt3 /B-
catenin signaling (Martin, 2001). During limb development, Fgf8 is expressed
exclusively in the AER and provides signals to maintain the proliferation of
mesoderm cells in the progress zone (PZ) adjacent to the AER, thereby driving
.the limb growth along the proximal to distal axis (Capdevila and Izpisua
Belmonte, 2001). The Fgf8 signal from the AER also induces the establishment
of the zone of polarizing activity (ZPA) in the posterior meéoderm; the signal
interaction between the ZPA and the AER regulates anterior to posterior (A-P)
polarity of the limb bud (Capdevila and I1zpisua Belmonte, 2001). Removal of the
AER from the limb bud at the limb initiation stage induces complete loss of the
limb; removal of the AER at later stages of limb development leads to the
truncation of the dist_al part of the limb (Summerbell, 1974). Thé formation of the
distal anterior part of the limb structure, especially the first digit, is highly sensitive

to decreased levels of Fgf8. Conditional knockout of Fgf8 in forelimb buds
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induces loss of the AER and mesoderm in the anterior of the forelimb bud,
resulting in hypoplasia of the distal preaxial skeletal elements; the mutant mice
wifh lower expression of Fgf8 in hindlimb exhibit an absence of the first digit of
the hindlimbs (Moon and Capecchi, 2000). Reduction of Fgf8 was suggested to
be related to the digit-loss induced by the developmental toxicant, cadmium
chloride (Elsaid et al., 2007).

Fgf8 is also critical to vertebral column development. Vertebrae are
derived from somites, which are formed in a periodic manner by budding frbm the
presomitic mesoderm (PSM), sequentially from the head to tail, accompanying
the progressive formation of the body axis (Baker et al., 2006). Somite
segmentation is under the control of a “segmentation clock” that drives oscillating
expression of cyclic genes in the PSM. This “segmentation clock” is established
by signals from the caudal end of the tail. Fgf8 is a major signal secreted in the
caudal end of the tail and it can form a gradient in the PSM, driving the somite
segmentation and posterior elongation of the embryo (Dubrulle and Pourquie,
2004). Disruption of Fgf8 signals disturbed somite formation, resulting in vertebral

column defects (Dubrulle et al., 2001).

1.8.2 Dkk1 (dickkopf1)

Dkk1 is a secreted protein that specifically antagonizes Wnt/B-catenin
signaling (Zorn, 2001). Dkk1 was originally>identified as a head inducer (Glinka et
al., 1998); Dkk1 knockout mice show complete loss of the front part of the head

(Mukhopadhyay et al., 2001). However, a closer look at the mutant mice without
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or witH lower expression of Dkk1 revealed that limb and vertebral defects were
found (MacDonald et al., 2004;Mukhopadhyay et al., 2001)

Wnt 3a/B-catenin signaling is required for the induction of Fgf8 in the AER
(Barrow et al., 2003). Overactivation of Wnt signaling results in expansion of the
AER (Soshnikova et al., 2003). Dkk1 is expressed in AER at the time of limb bud
initiation to restrain the Wnt 3a signal. Lack of Dkk1 activity in the AER caused a
pronounced expansion of the AER domain and resulted in extra digits, whereas
ectopic expression of Dkk1 in limb reg'ions resulted in truncation of the distal part
of the limb skeletons (Mukhopadhyay et al., 2001). Consistently, both Dkk1 null
and hypomorphic Dkk1 mutants display postaxial polysyndactyly in limbs
(Mukhopadhyay et al., 2001;MacDonald et al., 2004).

During limb development, programmed cell death has to occur in well-
defined domains to eliminate the cells located between the differentiating
cartilaginous anlagen, sculpting the shape of the limb (Chen and Zhao,
1998;Hurle et al., 1996). In the early stages of limb development (GD 10.5 to GD
12 in the mouse embryo), programmed cell death eliminates the mesodermal
cells located anterior and posterior to the region of formation of the proxim‘al
skeletal components of the limb. At more advanced stages of development (GD
13 to GD 14.5 in the mouse), cell death occurs in the interdigital areas,
eliminating the mesodermal cells located between the developing digits, and thus
separating the digits. Interestingly, during limb development, the Dkk1 expression
domain overlaps with all of these programmed cell death domains but is excluded
ffom the areas of chondrogenesis (Mukhopadhyay et al., 2001). It has been

suggested that JNK-c-Jun may function upstream of Dkk1 in inducing apoptosis
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in the limb. H,O, and UV irradiation enhance apoptosis in limbs via c-Jun-Dkk1
(Grotewold and Ruther, 2002b). Thalidomide-induced limb truncation has been
related to the upvregulation of c-Jun-Dkk1 signaling (Knobloch et al., 2007).

Whnt 3a is secreted in the caudal end of the tail and has been found to be
another} major signal, along with Fgf8, regulating the somite segmentation clock
(Aulehla et al.,, 2003). Interestingly, Dkk1 is also expressed in the PSM
overlapping with the Wnt-3a domain (Grotewold et al., 1999). In the mutant mice
- with hybomorphic expreséion of Dkk1, kinked tails and fused vertebrae are
observed (MacDonald et al., 2004). It has been suggested that Dkk1 may be a

negative feedback regulator in the segmentation clock (Niehrs, 2006).

1.9 Hypothesis

Oxidative stress is involved in HU-induced developmental toxicity; the
activation of AP-1 and MAPK pathways determines the response of the embryo’
to HU exposure during organogenesis.

To address this hypothesis, we chose CD1 mice as our animal model. CD1
mice are easy to breed, and have large litter size and a low spontaneous
malformation rate. HU was administered to timed pregnant mice on .GD 9 by
intraperitoneal injection. The embryo is highly susceptible to oxidative stress and
HU developmental toxicity on GD 9.

Studies were_done to address the following specific objectives:

Objective 1: To determine the ability of teratogenic doses of HU to induce
oxidative stress and AP-1 DNA binding activity in the conéeptus during early

organogenesis.

44



Objective 2. To elucidate the relationship between oxidative stress and
AP-1_activation, and between oxidative stress and the developmental toxicity
induced by HU.

Objective 3: To elucidate the role of MAPK pathways in the developmental
toxicity induced by HU.

Objective 4: To investigate the expression of morphogens (Fgf8 and Dkk1)
and identify the proteins conjugated with 4-HNE after HU exposure.
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- CHAPTER TWO

Activator protein-1 (AP-1) DNA Binding Activity is Induced by Hydroxyurea
(HU) in the Organogenesis Stage Mouse Embryos.

Toxicol Sci. 85(2):1013-232005 (2005)

Jin Yan and Barbara F. Hales
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ABSTRACT

Hydroxyurea is a potent teratogen; free radical scavengers or antioxidants
reduce its teratogenicity. Activator Protein-1 (AP-1) and NF-kB are redox
sensitive transcription factors with important roles in normal development and the
stress response. This study was designed to determine if exposure fo teratogenic
doses of hydroxyurea induces oxidative stress and alters gene expression by
activating these transcription factors. Pregnant mice were treated with saline or
hydroxyurea (400, 500, or 600 mg/kg) on gestational day 9 (GD 9) and killed
either on GD 9, 0.5, 3 or 6 h after treatment, to assess oxidative stress and
transcription factor activities, or on GD 18, to assesé fetal development.
Exposure to 400 mg/kg hydroxyurea did not affect the progeny, whereas
exposure to 500 or 600 mg/kg resulted in dose-dependent increases in fetal
resorptions and malformations, including curly tails, abnormal limbs
(oligodacytyly, hemimélia, and amelia), and short ribs. Hydroxyurea did not
induce oxidative stress, as assessed by the ratio of oxidized to reduced
glutathione, nor did it alter NF-kB DNA binding activity in the GD 9 conceptus. In
contrast, exposure to hydroxyurea at any dose increased AP-1 DNA binding
activity in embryos and yolk sacs 0.5 or 3 h after treatment. Hydroxyurea-
induced c-fos heterodimér activity in the embryo peaked 3-4 fold above control at
3 h and remained elevated by 6 h; in contrast, the activity of c-jun dimers was not
altered by drug exposure. - A dramatic and region-specific increase in c-fos

immunoreactivity was found in hydroxyurea-treated embryos. The induction of
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. AP-1 DNA binding activity by hydroxyurea represents an early, sensitive marker

of the embryonic response to insult.
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INTRODUCTION

Hydroxyurea is a potent teratogen, inducing growth retardation, mortality
and malformations in many experimental species (Aliverti et al., 1980;Chaube
and Murphy, 1966;Wilson et al., 1975). Maternal treatment with hydroxyurea
blocks DNA synthesis and induces cell death in the embryo (Herken et al.,
1978;Scott et al., 1971a). Hydroxyurea inhibits ribonucleotide diphosphatase
reductase, the enzyme that catalyzes the reduction of ribonucleotides to the
corresponding deoxyribonucleotides that are required for de novo DNA synthesis.
However, inhibition of DNA synthesis cannot explain the rapid cell death that is
induced by hydroxyurea. The hydroxylamine (-NHOH) group in the hydroxyurea
molecule is able to react with oxygen, producing hydrogen peroxide (H.O,) that
~is, in turn, converted to the hydroxyl radical (OH) (Freese et al, 1967).
Pretreatment of rabbits with antioxidants (propyl gallate, ethoxyquin,
nordihydroguaiaretic acid) or a free radical scavenger (d-mannitol) delays the
onset of embryonic cell death and lowers the incidence of malformations caused
by hydroxyurea (DeSesso, 1981; DeSesso & Goeringer, 1990; DeSesso et al.,
1994), thus suggesting that the oxidative stress induced by reactive oxygen
species (H20,, OH) contributés to the developmental toxicity of hydroxyurea.

Oxidative damage to embryonic macromolecules has been observed after
maternal exposure to various embryotoxic chemicals (Wells et al,, 1997).
Oxidative. stress disturbs the cellular redox status, inducing oxidative damage to
cellular macromolecules (DNA, lipid and protein) and altering gene expression,
possibly primarily by post-transcribtional modification of redox-sensitive

transcription factors. Activator Protein-1 (AP-1) is a redox-sensitive early
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response transcription factor composed of jun (c-jun, junB and junD) and fos (c-
fos, fosB, fra-1 and fra2) families of nuclear proteins. The AP-1 members form
hetero- (Fos-Jun) or homodimers (Jun-Jun) that recognize the DNA consensus
sequence 5-TGAG/CTCA-3' (Angel and Karin, 1991). Oxidative stress regulates
the acﬁvation of AP-1 through a vériety of mechanisms, including the
phosphorylation of c-Fos or c-Jun by mitogen activated protein kinase (MAPK), or
voxidative/reductive modification of the cysteine residues present in the DNA
binding sites of both c-Fos and c-Juh (Abate et al., 1990;Hirota et al., 1997).
Increased AP-1 DNA binding activity in response to oxidative stress regulates the
transcription of genes associated with antioxidant defense, cell cycle control and
apoptosis, éll processes that are important in protecting embryos from oxi‘dative
damage or disrupting normal development. Previous in vitro studies with
organogenesis stage whole embryos reported that culture induced an increase in
the ratio of oxidized to reduced glutathione (GSSG:GSH) and AP-1 DNA-binding
activity (Ozolins and Hales, 1997;0zolins and Hales, 1999b); depletion of GSH |
with L-buthionine-S,R-sulfoximine induced embryotoxicity and prolonged AP-1-
binding activity (Ozolins et al., 2002).

NF-kB, also a redox-sensitive transcription factor, is involved in
development, positional signalling, and programmed cell death. NF-kB is a
ubiquitous, pleiotropic, muitisubunit transcription factor, made up of five subun‘its
(p50, p52, p65 or RelA, c-Rel, and Rel-B) that form homo- and hetero dimers
(Verma et al., 1995). The predominant forms, p50 and p65 (RelA), are
sequestered in the cytoplasm by association with I-kB; dissociation of the NF-

KB:I-kB complexes followed by translocation of the released NF-kB into the
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nucleusvactivates NF-xB post-translationally. Exposures that induce oxidative
stress, such as H;O,, tumor necrosis factor, phorbol esters, glutathione depletion,
and UV or ionizing radiation, induce NF-kB DNA binding activity (Gius et al.,
1999;Haddad et al., 2000;Li and Karin, 1998;Marshall et al., 2000;Li and Karin,
1999). The regulation of NF-kB is particularly important during develop.ment. NF-
kB may act in the developing limb to disturb fibroblast growth factor (FGF) signals
between the apical ectodermal ridge and the underlying mesenchyme (Bushdid
et al., 1998;Kanegae et al., 1998). Inhibition of NF-kB/Rel activity results in a
dysmorphic apical ectodermal ridge, loss of digit formation, and reversal of the
direction of limb outgrowth. Interestingly, there is evidence that NF-kB may be
involved in the teratogenesis of thalidomide (Hansen et al., 2004) and phenytoin
(Kennedy et al., 2004).

Glutathioné, the major intracellular nonprotein thiol, exists mainly in the
reduced form (GSH). Upon oxidative stress, GSH is oxidized to GSSG, protecting
cellular macromolecules; GSSG can be reduced to GSH in the presence of
glutathione reductase and NADPH. The GSSG:GSH ratio is tightly regulated,
maintaining cellular redox status; this ratio has been used as a marker of
oxidative stress (Bajt et al., 2004;Lauterburg et al., 1984;0zolins and Hales,
1997;Suliman et al., 2004).

The goal of this study was to elucidate the impact of an exposure to
hydroxyurea that is teratogenic during early organogenesis on oxidative stress
and the activation of redox-sensitive transcriptio'n' factors in the conceptus.

Pregnant mice were treated with hydroxyurea on gestational day 9, during early
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" organogenesis, the period of the development most susceptible to oxidative

stress and teratogenic insult.
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MATERIALS AND METHODS
Animals and treatments.

Timed-pregnant CD1 mice (20-25g) were purchased from Charles River
Canada Ltd. (St. Constant, QC, Canada) and housed in the Mcintyre Animal
Resource Centre (McGill University, Montreal, Canada). All animal protocols
were conducted in accordance with the guidelines outlined in the Guide to the
Care and Use of Experimental Animals, prepared by the Canadian Council on
Animal Care. Female mice, mated between 8:00 am and 10:00 am (gestational
day 0, GD O),} were treated with vehicle (saline) or hydroxyurea (Aldrich Chem.
Co., WI, USA) at 400, 500 or 600 mg/kg by intraperitoneal injection at 9:00 am on
GD 9. Dams were killed on GD 9 (0.5, 3 or 6 h after treatment; 7-10
litters/treatment group) or GD 18 (8-10 Iitters/t}eatment group) by cervical
dislocation. On GD 9, the maternal liver was excised; the uterus was removed
and embryos and yolk sacs were dissected out in Hanks' balanced salt solution
(Gibco Laboratories, ON, Canada) for subsequent assessment of transcription
factor activity or oxidative stress. On GD 18, the uteri were removed, and the
numbers of implantations, resorption sites, and live and dead fetuses were
recorded. All the live fetuses were inspected for external malformations. Two
malformed and two normal (without obvious external malformations) fetuses were

randomly chosen from each litter for skeletal double staining and evaluation.

Double staining for fetal skeletal analysis.

Ethanol-fixed fetuses were immersed in a water bath (70°C) for 7 s. The

fetuses were skinned, eviscerated and placed in 95% ethanol overnight. The
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ethanol was decanted and replaced with élcian blue solution (15 mg alcian blue;
80 ml 95% ethanol; 20 ml glacial acetic acid) for 24 h. The solution was then
replaced with 95% ethanol. After 24 h, the ethanol was substituted with alizarin
red S solution (25 mg/l alizarin red S in 1% potassium hydroxide) for 48 h. The
dye was drained and replaced with 0.5% potassium hydroxide for 24 h. The
skeletons were placed in a 2:2:1 solution (2 parts 70% ethanol: 2 parts glycerin: 1
part benzyl alcohol). After 24 h, stained skeletons were placed in 1:1 solution (1

part 70% ethanol:1 part glycerin) for subsequent evaluation and storage.

Glutathione determinations.

At the time of collection, the embryos and yolk sacs from each litter were
placed in 60 pl of RIPA buffer (150 mM NacCl; 1% NP-40; 0.5% deoxycholate; 0.1
% SDS; 50 mM Tris, pH 7.5) containing10 pl/ml protease inhibitor cocktail (Active
Motif, CA, USA). The samples were homogenized with an ultrasonicator (Sonics
& Materials Inc., Newtown, CT) and centrifuged at 10,000 x g for 10 min at 4°C.
From each sample, 30 pl of supernatant was removed, added to 90 pul of 5% 5-
sulfosalicylic acid, and centrifuged at 10,000 x g for 10 min at 4°C. Total
glutathione (GSSG + GSH) and GSSG were measured spectrophotometrically,
using an enzymatic recycling assay, as previously described (Ozolins and Hales,
1997). The remaining supernatant from each sample (prior to the addition of 5-
sulfosalicylic acid) was aliqﬁoted, flash frozen in liquid nitrogen and stored at -
80°C for protein assays (Bradford, 1976) (Bio-Rad Laboratories, ON, Canada)

and the ELISA tests.
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Electrophoretic mobility shift assays (EMSA).

To prepare nuclear extracts, tissues were placed in 3 ml/g ice-cold
complete hypotonic buffer (20 mM Hepes, pH 7.5; 5 mM NaF; 10 uM Na;MoOy;
0.1 mM EDTA; 1 ul/ml 1M DTT; 1 pl/ml detergent) and homogenized on ice with a
pellet pestle (Kontes, Vineland, NJ). After 15 min incubation on ice, the samples
were centrifuged at 4°C for 10 min at 850 g. The pellet was resuspended in 100
ul hypotonic buffer and incubated on ice for 15 min. After the addition of 5 ul of
detergent, the samples were vortexed for 10 s at the highest setting. After
centrifugation at 14,000 x g for 30 s, 5 ul completé lysis buffer was added to the
pellet, which was then sonicated for a few seconds and rocked on ice for 15 mi_n.
The supernatant was obtained by centrifugation at 14,000 x g for 10 min. After
determination of the protein content (Bradford, 1976; Bio-Rad Laboratories, ON,
Canada), the extracts were adjusted to the same protein concentration by the
addition of complete lysis buffer, flash frozen in liquid nitrogen, and stored at
-80°. Hypotonic buffer, lysis buffer, dithiothreitol, protease inhibitor cocktail, and

detergent were supplied in a Nuclear Extract Kit (Active Motif).

DNA fragments containing the AP-1 DNA binding site (5'-
CGCTTGATGAGTCAGCCGGAA-3') were end-labeled with *P-ATP by T4
polynucleotide kinase (Promega Corporation, WI, USA) and purified by
chromatography on a MicroSpin G-25 column (Amersham Biosciences UK
Limited, Little Chalfont, UK). Nuclear extracts (9 ug protein) were incubated for 20
min at 4°C with 4 pl binding buffer supplied in a GelShift kit (Active Motif).

Samples were then reacted with 1 pl labeled AP-1 probe (about 200,000 cpm) for
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20 min at 4°C and electrophoresed én 5% polyacrylamide gels in 1X TGE buffer
at 200 V. Gels were dried, and radi_oactivity was detected by autoradiography at.-
80°C. To confirm the specificityrofr bihding, a 50 fold excess of the unlabeled
oligonucleotide @ probes or mutated AP-1 oligonucleotides  (5'-
CGCTTGAGGAGTCGGCCGGAA-3’) was preincubated with the sample for 20

min at 4°C.

Enzyme-Linked Immunosorbént Assays (ELISA).

Embryo and yolk sac extracts were prepared as described above for
glutathione determinations. The DNA binding activity of the c-Fos heterodimer
complex or the c-Jun homo/heterodimers was detected using ELISA transcription
- factor assay kits (Active Motif). Briefly, a 96-well plate was coated with
oligonucleotide containing the AP-1 consensus site, 5-TGAGTCA - 3'. Complete
binding buffer (30 pl) (10 mM Hepes, pH 7.5; 8 mM NaCl; 12% glycerol; 0.2 mM
EDTA; 0.1% BSA; 0.88 mM DTT, 0.17 mg/ul poly [d(1-C)] ) was added to each
well. To confirm the specificity of binding, 20 pmol AP-1 wild-type oligonucleotide
or 20 pmol mutated oligonucleotide was added to two wells, respectively. As a
positive standard, K562 cell nuclear extract (2.5 pg) in 20 ul complete lysis b‘uffer v
(20 mM Hepes, pH 7.5; 400 mM NaCl; 20% glycerol; 0.1 mM EDTA; 10 mM NaF;
10 uM Na;MoOQ4; 1 mM NaVOs;; 10 mM PNPP; 10 mM B-glycerophosphate; 0.89
mM DTT; 0.01% protease inhibitor cocktail) was added to two wells containing
complete binding buffer. Embryo or yolk sac extracts were diluted with complete
lysis buffer to 20 uyl and then added to the remaining wells; embryo or yolk sac

extracts containing 20 ug proteih were used for the examination of c-Jun dimer
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binding activity and 40 ug protein for the c-Fos dimer assays. The plates were
incubated for 1 h and washed with washing buffer (10 mM phosphate buffer, pH
7.5; 50 mM NaCl; 0.1% Tween 20; 2.7 mM KCI). One hour after the addition of
the phospho-c-Jun or c-Fos antibody, the plates were washed with washing
buffer. HRP-conjugated secondary antibody was added and incubated for 1 h.
After washing, the plates weré developed with developing solution (TMB
substrate solution in 1% DMSO) for 5-10 minutes; the reaction was terminated by
the addition of the stop solution (0.5 M H,SO4). The plates were read on a
- spectrophotometer (SPECTRAmax Plus 384, Molecular Devices Corporation,
Sunnyvale, CA) at 450 nm with correction at 655 nm. The binding activity of
samples was normalized by the relative absorbance of the positive standard and
then divided by the protein content in the -samples. Protein content was
determined in triplicate (Bradford, 1976) (Bio-Rad Laboratories, ON, Canada)

- The NF-kB p65 or p50 dimer DNA-binding activities were detected
separately using the p65 or p50 transcription factor assay kits (Active Motif). The
experiments were done as described above for AP-1 assays except that the
oligonucleotide containing the NF-kB consensus site 5-GGGACTTTC-3" was
immobilized on the 96-well plate, poly [d(1-C)] was replaced by the herring sperm
DNA in the complete binding buffer, DTT was increased to 2 mM in the complete
binding buffer and 5 mM in ‘the complete lysis buffer, and Jurkat nuclear extract
was used as a positive control for NF-kB p65 or p50 dimer binding activities.
Embryo or yolk sac extracts containing 10 pg protein were used for the

examination of p65 dimer binding activity and 40 ug protein for the p50 dimer.
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Immunohistochemistry.

Embryos on GD 9 were fixed for 3 h at 4°C in Bouin’s fluid. After fixation,
the embryos were dehydrated in ethanol, embedded in paraffin and serially
sectioned. The tissue serial sections (5 um) were dried, deparaffinized and
hydrated. The c-Fos immunohistochemistry staining was done using a rabbit ABC
kit (Vector Laboratories, Inc., Burlingame, CA) as follows. The sections were
incubated for 0.5 h in 0.3% H,0, in PBS, followed by 2 rinses for 3 min each with
PBS. The sections were then incubated in blocking serum (1.5%-goat normal
serum in PBS) for 0.5 h. The excess diluent solution was removed from the slides
and the sections were incubated at 4°C overnight with a rabbit polyclonal anti-c-
Fos IgG (sc-52, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted 1:100 in
blocking serum. After 2 rinses for 5 min each with PBS, the biotinylated anti-
rabbit 1gG diluted in blocking serum was applied to the sections for 30 min. After
washing 5 min in PBS, the sections were stained with a 3, 3'-diaminobenzidine
solution, and counterstained with methyl blue. As a negative control for c-Fos

staining, the primary antibody was omitted.

Statistical analysis.

Statistical analyses wére done by two-way analysis of variance (ANOVA),
one-way ANOVA, or one-way ANOVA on rank’s, as appropriate, using the
SigmaStat computer program, followed by a post hoc Holm Sidak TEST. The a

priori level of significance was P < 0.05.
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RESULTS

Developmental toxicity induced by hydroxyurea.

To assess the embryotoxicity of hydroxyurea during early organogenesis,
pregnant mice on GD 9 were treated with varying doses of hydroxyurea (400, 500
or 600 mg/kg) or vehicle and were killed on GD 18. The developmental toxicity
induced by hydroxyurea is illustrated in Figure 2.1. The dead fetuses were
observed as resorptions. The vehicle control group had a low rate of fetal deaths
(Fig. 2.1A). Exposure to 400 mg/kg hydroxyurea did not alter the incidence of
fetal deaths per litter. In contrast, a dramatic increase in fetal death rate was
observed in both the 500 mg/kg and the 600 mg/kg hydroxyurea treatment
groups; in the high-dose treatment group, more than half of the implantations per

litter were resorbed (Fig. 2.1A).

There were no obvious external abnormalities in the control group, with the
exception of one fetus with exencephaly. A few fetuses with curly tails were
found in the litters exposed to 400 mg/kg hydroxyurea, but the rate of
malformations per litter was not significantly different from control (Fig. 2.1B).
However, exposure to 500 or 600 mg/kg of “hydroxyurea ilnduced a dose-
dependent increase in malformations. In the 500 mg/kg treatment group, the
mean number of m-alformed fetuses per litter was 22.2%, while in the high-dose
treatment group, 87.7% of the surviving fetuses were malformed. Both curly tail
and limb malformations were observed; hindlimb malformations predominated but
some fetuses had forelimb abnormalities as well. The hindlimb malformations

were characterized by oligodactyly (missing digits), hemimelia (total or partial
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absence of the distal half of a limb), and amelia (absence of a limb); interestingly,
malformed limbs were usually found on only one side (either left or right),
although there wére fetuses in which the development of both hindlimbs was

abnormal.

Double stained skeletons of representative fetuses from each treatment
group are shown in Figure 2.1D. The cartilage is stained blue and the bone is
red. No skeletal abnormalities were apparent in the control and 400 mg/kg
hydroxyurea treatment groups. In contrast, one third of the surviving fetuses in
the 500 mg/kg treatment group had skeletal abnorfna_lities; the rate of skeletal
malformations reached 90.2% after exposure to 600 mg/kg hydroxyurea (Fig.
2.1C). The skeletal malformations observed included limb malformations (missing

digits, hemimelia, amelia), curly tails, and short ribs (Fig. 2.1D).

The effects of hydroxyurea exposure on AP-1 DNA binding activity.
Electrophoretic mobility - shift assays (EMSA) were done to test the
hypothesis that teratogenic exposures Qf hydroxyurea induce AP-1 DNA binding
activity (Fig. 2.2). In the absence of nuclear extract (free probe), the migration of
the oligonucleotide was not impeded; addition of nuclear extract retarded the
migration of the probe, indicated as the AP-1 DNA binding band. The addition of
excess unlabeled wild type oligonucleotide inhibited this binding, but excess
mutated sequence did not influence the binding (Fig. 2.2A). An increase in AP-1
DNA binding activity (relative to control) was detected in the nuclear extracts
prepared from the hydroxyurea-treated embryos and yolk sacs collected 3 h after

treatment on GD 9 (Fig. 2.2, B and C). DNA binding activity increased in a dose
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dependent manner with hydroxyurea dose (Fig. 2.2B).

Multiple AP-1 family members may contribute to AP-1 DNA binding
activity; various combinations of AP-1 dimers may regulate specific sets of genes,
influencing different cellular functions. The contributions of two of the principal
AP-1 members, c-Jun (c-Jun homodimers or heterodimers) and c-Fos
(heterodimers), to the AP-1 DNA binding activity were detected by ELISA and are
reported in Figure 2.3. AP-1 c-Jun DNA binding activity was not influenced in
either embryos or yolk sacs by hydroxyurea exposure at any dose (400, 500, or
600 mg/kg) or time (0.5, 3, or 6 h) after treatment (Fig. 2.3, A and B). At 30 min
after hydroxyurea treatment, there was also no effect on AP-1 c-Fos DNA binding
activity in embryos (Fig. 2.3C) or yolk sacs (Fig. 2.3D). In contrast, AP-1 c-Fos
DNA binding activity was significantly increased in embryos 3 h after exposure to
any dose of hydroxyurea (Fig. 2.3C). A threefold increase in c-Fos binding
activity was observed in embryos exposed to 400 mg/kg hydroxyurea; a fourfold
indubtion of c-Fos activity was seen in embryos exposed to 500 or 600 mg/kg of
hydroxyurea (Fig. 2.3C). By 6 h, c-Fos activity in embryos exposed to 400 mg/kg
hydroxyurea did not differ from control, but activity remained elevated in embryos
exposed to 500 or 600 mg/kg hydroxyurea. A similar trend was observed in AP-1
c-Fos binding activity in the yolk sac after 3 h or 6 h exposure to hydroxyurea but

these increases were not statistically significant (Fig. 2.3D).

The effects of hydroxyurea exposure on NF-kB DNA binding activity.
NF-kB DNA binding activity consists of homo- or heterodimeric complexes

of members of NF-kB families; of these, the p50/p65 heterodimers and p50
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homodimers are major components. Thus, to determine if hydroxyurea exposure
altered NF-kB DNA binding activity, we examined the binding activities of NF-kB
p65 and p50 dimers by ELISA (Fig. 2.4). The binding activity of NF-kB p65
dimers in the embryo (Fig. 2.4A) was approximately half of that in the yolk sac
(Fig. 2.4B). Interestingly, NF-kB p50 binding activity was lower in embryos (Fig.
2.4C) on GD 9 at 3 h and 6 h post-injection than at 0.5 h; a similar trend was
observed in yolk sacs (Fig. 2.4D) but the differences were not statistically
significant in this tissue. However, hydroxyurea exposure had no effect on NF-kB
p65 or p50 dimer activities in either the embryo or the yolk sac at any time after
treatment (Fig. 2.4). Thus, hydroxyurea exposure did not “non-discriminately”

induce the activity of all redox sensitive transcription factors.

The effects of hydroxyurea exposure on c-Fos immunoreactivity.

To further explore the impact of hydroxyurea exposure on c-Fos in‘ the
embryo, c-Fos immunoreactivity was localized in embryos 3 h after treatment with
vehicle or hydroxyurea (Fig. 2.5), the time point at which c-Fos heterodimer DNA
binding was maximal after drug exposure. C-Fos immunoreactivity was observed
in the control embryo around the circumferences of the forebrain and hind brain,
in the facial-acoustic neural crest complex, in somites, in the neural tube, and in
the heart (Fig. 2.5B). The expression of c-Fos in mice exposed to 400 mg/kg
hydroxyurea (Fig. 2.5C) was similar tq control. Howeve'r, exposure to 600 mg/kg
hydroxyurea dramatically increaséd the amount of c-Fos immunoreactivity in all
the areas in which c-Fos activity was displayed in the control embryos (Fig.

2.5D). In the brain region, c-Fos immunoreactivity was clearly shown around the
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edge of the hindbrain in the control embryo (Fig. 2.5E); in the 600 mg/kg
hydroxyurea treated embryos, immunoreactivity was intense - throughout the
whole hindbrain region (Fig. 2.5H). In the caudal region of the tail of 600 mg/kg
hydroxyurea exposed embryos, c-Fos staining was dramatically increased in the
neural tube and the areé around the' dorsal aorta (Fig. 2.51), compared to control
embryos (Fig. 2.5F). A dramatic increase in c-Fos immunoreactivity in
hydroxyurea-treated embryos was also found in the areas around the blood cells,
in the branchial arch (Fig. 2.5D), and the atrial and ventricular walls of the heart

(Fig. 2.5J).

The Effects of Hydroxyurea on Glutathione Homeostasis

To estimate the oxidative stress induced by hydroxyurea, the GSH
concentrations and the ratios of GSSG:GSH were determined in the maternal
liver, embryos and yolk sacs 0.5, 3, or 6 h after hydroxyurea treatment (400, 500,
or 600 mg/kg). The concentrations in the maternal liver were approximately
twofold higher than those in the embryo or yolk sac (Table 2.1); this is consistent
with a previous report that GSH content is relatively low in the conceptus (Serafini
et al.,, 1991). Exposure to hydroxyurea did not change the GSH content in the
maternal liver, embryo or yolk sac at any one time point (0.5, 3, or 6 h). However,
there was a decrease in GSH content with time in the maternal liver and embryo
after exposure to either 500 or 600 mg/kg hydroxyurea (P =< 0.05, two-way
ANOVA). The GSH concentrations were lower at 6 h than at 0.5 or 3 h in
maternal liver after exposure to 600 mg/kg hydroxyurea (Table 2.1). In the

embryo, exposure to 500 mg/kg hydroxyurea resulted in lower GSH

63



concentrations at 3 h than at 0.5 h, whereas exposure to 600 hydroxyurea
resulted in a decrease in GSH content at both 3 and 6 h compared to 0.5 h
.(Table 2.1). Interestingly, the ratios of GSSG:GSH were about twofold higher in
the maternal liver and yolk sac than in the embryos; variation was high in the yolk
sac. However, GSSG:GSH ratios were not influenced by hydroxyurea exposure
(400, 500, or 600 mg/kg) in the maternal liver, embryo, or yolk sac at any time
(0.5, 3, or 6 h) after hydroxyurea treatment (Table 2.1). Thus, exposure to
hydroxyurea did not induce oxidative stress, as assessed by the ratio of oxidized

to ‘reduced glutathione.
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DISCUSSION

The goal of this study was to determine the relationship between
hydroxyurea teratogenesis during early organogenesis, oxidative stress, and
alterations in gene expression as a consequence of the activation of redox-
sensitive transcription factors, AP-1 and NF-kB. The GSH concentrations
measured in the embryo and yolk sac were less than half those in the maternal
liver, suggesting that tissues in the conceptus may be less protected from
oxidative stress compared to maternal organs. Exposure to teratogenic doses of
hydroxyurea did not alter the GSH content of the maternal livers, embryos or yolk
sacs within any one time point assessed; however, a significant decrease in GSH
content was found from 0.5 h to 3 or 6 h in maternal livers and embryos exposed
to high-doses of hydroxyurea. These data suggest that there may be an
interaction between hydroxyurea and time post-treatment. The times post-
treatment when this interaction occurred correspond to 12 noon (3 h after
hydroxyurea administration ét 9 AM) and 1500 h (6 h after hydroxyurea
exposure); Hepatic reduced GSH concentrations have been reported to be at a
nadir in mice under a normal lighting schedule at 1400 h (White et al., 1987).
Decreased GSH content may be a consequence of either GSH depletion or a
decrease in GSH synthesis. It is interesting that GSH content was not depleted in
the yolk sac affer exposure to high-dose hydroxyurea. One explanation for this
finding may be that the yolk sac has a higher GSH synthesis capacity than the
embryo (Hansen et al., 2004); indeed, GSH synthesis is differentially regulated in

the embryo and yolk sac in response to insult. Alternatively, the high variability in
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GSH content measurements in this tissue may contribute to this tissue difference
in'response.

As the major cellular thiol-disulfidé redox buffer, GSH is important in
maintaining the cellular redox status. Changes in the intracellular thiol/disulfide
status trigger signal transduction pathways which increase antioxidant defences
to maintain redox homeostasis, but at same time, influence normal cellular
function, such as cell proliferation, differentiation, adhesion, or death. In the
embryo, the ratio of GSSG/GSH was about 2-fold lower than in the yolk sac or
maternal liver, suggestingvthat redox homeostasis in the embryo may be different
than that in the maternal liver or yolk sac. Interestingly, after exposure of whole
embryos in cuItufe to diamide, more extensive S-thiolation of protein sulfhydryls
by GSH was observed in the yolk sac compared to embryos proper; thus, protein
sulfhydryls in the yolk sac were more sensitive or accessible to oxidation
(Hiranfuengchok and Harris, 1995).

Exposure to teratogenic doses of hydroxyurea did not significantly induce
oxidative stress in the maternal liver, embryo or yolk sac, as assessed by the .
ratio of GSSG/GSH. Previous studies reported that antioxidants or a free radical
scaVenger delayed the cell death and partially rescued the developmental toxicity
induced by hydroxyurea (Desesso, 1981;DeSesso and Goeringer, 1990;
DeSesso et al., 1994) suggesting that oxidative stress was involved in the
teratogenesis of hydroxyurea. Although hydroxyurea exposure did not alter the
ratio of oxidized to reduced glutathione in the whole conceths, it remains
possible that hydroxyurea may induce a Iocalized oxidative stress in specific

regions of the embryo. The antioxidant defense system is not equally distributed
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throughout the embryo; interestingly, limbs and the neural tube may have lower
antioxidant defenses than do other regions (Mackler et al., 1998).

Significantly, AP-1 DNA binding activity was dramatically increased, even
after exposure to a dose of hydroxyurea (400 mg/kg) which did not induce
developmental toxicity. Higher doses of hydroxyurea (500 and 600 mg/kg), which
were teratogenic, further elevated AP-1 DNA binding activity. If, as seems likely,
there are a number of components that contribute to hydroxyurea teratogenicity,
the risk of having a malformation may be a continuous variable, with a threshold
value (Fraser, 1976). Thus, it is possible that exposure to 400 mg/kg hydroxyurea
induces AP-1 activity but is below the “threshold” for malformations.  AP-1
regulates the transcription of genes that are important in cell differentiation,
proliferation, and apoptosis, all basic proc.esses‘during embryo development.
AP-1 activity may be induced by various noxious stimuli, such as heat shock
(Andrews et al., 1987), heavy metals (Jin and Ringertz, 1990;Ramesh et al.,
1999), and alkylating chemicals (Futscher and Erickson, 1990), all of which can
be teratogenic. Interestingly, c-Fos expression Was elevated in the deciduas of
embryos 6 h after exposure to ethanol on GD 8 (Poggi et al., 2003). Stable
overexpression of Bcl-2, a gene that protects agéinst cell death by apoptosis,
enhanced AP-i DNA binding activity in cell lines (Feng et al.,, 2004). In the
presence of different stimuli and in various cell types, the activation of AP-1 may
have different consequences, from protecting the cell to tfiggering cell death. It is
not clear whether hydroxyurea induced activation of AP-1 indicates a role for AP-
1 in protecting the} embryo from the potential teratogenic insult or in disrupting

normal embryonic development.
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We have shown that c-Fos heterodimers éontribute to the AP-1 DNA
binding activity increase induced by hydroxyurea and that c-Jun homo-/hetero
dimers do not. Different AP-1 members display multiple rolés in regulati»ng
embryonic development. The targeting of individual AP-1 members in transgenic
null mouse experiments has demonstrated that c-Jun, JunB, or Fra-1 are
essential for embryo development, however, mice lacking c-Fos, JunD, and FosB
are viable but héve a variety of birth defects. C-Jun null mice died during the
fetal period due to cardiac defects (Eferi et al.,, 1999); the knockout of Fra-l or
JunB induced embryo lethality as a consequence of defects in the extra-
embryonic tissUes (Schreiber et al., 2000;Schorpp-Kistner et al., 1999). Mice |
lacking FosB or JunD had a nurturing defect, or male sterility, respectively (Gruda
et al., 1996;Thepot et al., 2000). Knockout c-Fos mice were viable and fertile but
lacked osteoclasts, and they produce progeny wit h osteopetrosis (Johnson et al.,
1992;Wang et al., 1992). Overexpression of c-Fos induced the transformation of
osteoblasts leading to osteosarcomas (Wang et al., 1995).

The developmental toxicity of hydroxyurea was characterized by skeletal
malformations, including curly tails, abnormal limbs and short ribs. The evidence
that c—Fovs' is involved in osteogenesis (Closs et al.,, 1990;Sakano et al., 1997)
leads us to suggest that the effects of hydroxyurea on skeletal morbhogenesis
may be a consequence of disturbances in the regulation of c-Fos expression and
activity. The relationship between where increased c-Fos immunostaining was
found in the embryos exposed to hydroxyurea and the subsequent malformations
is interesting. Increased c-Fos immunostaining was found in the somites of the

hydroxyurea-exposed embryos, many of which are likely to develop shortened
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ribs. After exposure to 600 mg/kg hydroxyurea, c-Fos expression increased
dramatically in the caudal region of the neural tube; neural tube defects at the
caudal region of the tail result in curly tail malformations. Although we did not
observe craniofacial defects in this study, hydroxyurea has been reported to
induce craniofacial defects and cardiovascular anomalies in rats (Aliverti et al.,
1980). In utero exposure of rabbits to hydroxyurea altered the embryonic
cardiovascular system as early as 2 min post-treatment, followed by petechial
hemorrhages and hematomas in the forebrain, postocular region, mandibular and
nasal processes, and apparent collapse of the vasculature in the forelimb bud
(Milliéovsky and DeSesso, 1980). Our data show that exposure to doses of
hydroxyurea that are teratogénic dfamati'cally increased the immunoreactivity of
c-Fos in the brain regions and in areas around the blood vessels. It is possible
that the absence of cardiac and craniofacial defects among the fetuses in this
study may be due to the protective effects of c-Fos in this regions or,
alternatively, that the insult in these regions leads to an increase in
embryolethality that is manifested in embryo resorptions. Elucidation of the
different combinations of the c-Fos heterodimers activated by hydroxyurea in
various regions of the embryo may help to explain specificity of the response to
insult. |

| In contrast to the effect on AP-1 DNA binding activity, NF-kB DNA binding
activity was not influenced by hydroxyurea treatment, although both NF-kB and
AP-1 are redox-sensitive transcription factors, and NF-kB is important in limb
development. This may be due to a difference in the sensitivity of these two

transcription factors to insult. These data indicate that different mechanisms are
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involved in regulating the response of embryonic AP-1 and NF-kB DNA binding
activity to stress.

AP-1 DNA binding activity may be triggered by genotoxicity or by oxidative
stress. Hydroxyurea inhibits ribonucleotide reductase, resulting in inhibition of
DNA synthesis, affecting the cell cycle at. Gy to S phase. AP-1 family membérs
are involved in promoting cell cycle progression; specifically, AP-1 has been
linked to the transcriptional regulation of cyclin D1. Stress induces a complex
program of c-Fos and Fra-1 chromatin trafficking that is required for cyclin D1
expression during cell cycle reentry (Burch et al., 2004). The induction of AP-1
DNA binding activity in the conceptus by hydroxyurea may disturb cell cycle
recovery in the conceptus. Whether increased AP-1 DNA binding activity
mediates the response of the conceptus to insult or represents a failed attempt at
self protection, it is evident that it represents é sensitive and early indicator of

insult.
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Fig. 2.1 Effects of hydroxyurea exposure on embryo development. Female mice
received saline (Control, [] ) or hydroxyurea (400 mg/kg,E1; 500 mg/kg, E; 600
mg/kg, g ) on GD 9 and were killed on GD 18. The fetal death rate is expressed
as the percent of total implantations that were dead (mean per litter + SEM; n=8-
10 litters) (A). The external (B) and skeletal (C) malformation rates are expressed
as the percent of the live fetuses that were malformed (mean per litter + SEM;
'n=6-8 litters). Asterisks denote a significant difference from control (*, p<0.05; **,
p<0.01; one-way ANOVA followed by a post hoc Holm Sidak test). Double
stained skeletons are shown in D. The red color represents bone stained by
alizarin red S and the blue depicts cartilage dyed by alcian blue. Arrows indicate
short ribs (SR), curly tail (CT), oligodactyly (Ol), hemimelia (HM), and amelia

(AM).
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Fig.2.2 Representative EMSA of the AP-1 D}NA binding activity in embryo and
yolk sac samples. Nuclear extracts (9 ug) were obtained from embryos (panel B)
or yolk sacs (panel .C) of pregnant mice exposed to vehicle (C) or hydroxyuréa
(L, 400 mg/kg; M, 500 mg/kg; H, 600 mg/kg) on GD 9 (B, C). Binding controls
are shown in panel A. Hela nuclear extract served as a positive control. No
binding was found in the absence of nuclear extract (Free). In the presence of
HelLa nuclear extract (Hela), or embryo nuclear extracts (Ex, thained from
control embryo), a single AP-1 DNA-binding complex was displayed; addition of
50-fold excess of unlébeled oligonucleotide probe (Wt) reduced the AP-1 binding
complex, however, addition of 50-fold excess of mutated AP-1 oligonucleotides

(Mu) did not influence the binding.
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Fig. 2.3. The effects of hydroxyurea exposure on c-Jun homo-/hetero-dimer DNA
binding activity in embryos (A) or in‘yolk sacs (B) or on AP-1 c-Fos heterodimer
DNA binding activity in erhbryos (C) or yolk sacs (D). Female mice received
saline (Control, []) or hydroxyurea (400 mg/kg[ ; 500 mg/kg,[ ; 600 mg/kg,Bl)
on GD 9 and were killed 0.5,~ 3, or 6 h after treatment. The conceptuses were
removed and separated into embryo and yolk sac. The activities of AP-1 dimers
containing c-Jun or c-Fos proteins were separately detected by the ELISA, as
described. The data are vexpressed as means + SEM (ug nuclear extract
stand/ug sample protein); N=7-10 litters. Asterisks denote a significant
difference from control at the same time point (*, p<0.05; one-way ANOVA,

followed by a post hoc Holm Sidak test).
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Fig. 2.4. The effects of hydroxyurea exposuré on NF-kB DNA binding activity in
embryos (A, C) or in yolk sacs (B, D). Female mice received saline (Control, [j)

or hydroxyurea (400mg/kg, [£1; 500mg/kg,

] ; 600mg/kg il ) on GD 9 and were
killed 0.5, 3, or 6 h after treatment. The DNA binding activity of NF-kB p65 dimers
Was detected in embryos (A) or in yolk sacs (B); NF-kB p50 dimer DNA binding
activity was estimated in embryos (C) or in yolk sacs (D) by ELISA. The data are
expressed as means + SEM (pg nuclear extract stand/pg sample protein); N=7-
10 litters. The asterisks denote a significant difference from the same treatment
group at 0.5hr. (p<0.05, one-way ANOVA followed by a post hoc Holm Sidak

test).
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Fig.2.5. Effects of hydroxyurea exposure on c-Fos immunoreactivity. Timed
pregnant female mice received saline, or hydroxyurea, 400 or 600 mg/kg, on GD
9 and were killed 3 h later. The embryos were fixed and sectioned.
Immunoreactive c-Fos in the embryos was detected by immunohistochemistry
with an anti-c-Fos antibody; sections were counterstained with methyl blue. In
the negative control the primary antibody was omitted (A). c-Fos
immunoreactivity in the control embryo was seen in the forebrain (FB), hindbrain
(HB), facial-acoustié neural crest complex (FNC), neural tube (NT), somites (S),
caudal region of the tail (CT), and heart (H). (B) Exposure to 400 mg/kg
hydroxyurea for 3 h did not influence the distribution of c-Fos immunoreactivity.
(C) Exposure to 600 mg/kg hydroxyurea dramatically increased c-Fos
immunostaining in the forebrain (FB), midbrain (MB), hindbrain (HB), bronchial
arch (BA), somites (S), neural tube (NT), caudal region of the tail (CT), and heart
(H). (D) Higher magnification views of the control and 600 mg/kg hydroxyurea
treated embryos in the hindbrain area (E, H), caudal region of the tail (F, I), in
which the dorsal aorta (DA) and neural tube (NT) are indicated, and the heart (G,

J) are provided.
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CONNECTING TEXT

In Chapter Two, we found that HU treatment increased the incidence of
fetal death and malformations, and enhanced the DNA binding activity of AP-1 c-
Fos heterodimers in the embryo. Surprisingly, HU treatment did not influence the
overall GSH contentv and the GSSG/GSH ratio in maternal livers, embryos and
yolk sacs. HU .treétment induced tissue-specific malformations; c-Fos
immunoreactivity was detected in specific regions in the embryo. To further
elucidate the role of oxidative stress in HU developmental toxicity and AP-1 c-Fos
heterodimer DNA binding activity, in the following chapter, BSO was given to
mice before HU exposure to enhance oxidative stress. The localization of
oxidative stress in the embryo was detected by 4-HNE immunostaining; the
impact of BSO pretreatment on HU dev‘elopmental toxicity and AP-1/c-Fos DNA

binding activity was evaluated.
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CHAPTER THREE

Depletion of Glutathione Induces 4-Hydroxynonenal
Protein Adducts and Hydroxyurea Teratogenicity in the

Organogenesis Stage Mouse Embryo

J. Pharmacol. Exp.Ther. 319:613-621 (2006)
Copyrlght © 2006 by The American Society for Pharmacology and
Experimental Therapeutics

Jin Yan and Barbara F. Hales

Reprinted with the permission of the American Society for Pharmacology
and Experiment Therapeutics. All rights reserved.
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ABSTRACT

Glutathione (GSH) homeostasis is important during organogenesis. To
elucidate the impact of GSH depletion in organogenesis stage embryos on
oxidative stress and drug teratogenicity, L-buthionine-S,R-sulfoximine (BSO) was
given to timed pregnant CD-1 mice 4 h prior to exposure to a model teratogen,
hydroxyurea [(400 mg/kg (HU-400) or 600 mg/kg (HU-600)]. Treatment with BSO
or HU alone, or with BSO plus HU-400, did not alter the ratios of GSSG/GSH in
the embryo; in contrast, the combination of BSO plus HU-600 did increase this
ratio at both 0.5 and 3h post-HU, indicating the induction of oxidative stress in the
embryos. Immunoreactivity to a product of lipid peroxidation, 4-hydroxynonenal
(4-HNE) protein adducts, was detected in saline treated embryos; the intensity
and nuclear localization of 4-HNE protein adduct immunoreactivity in specific
regions in the embryo was significantly increased by exposure to BSO alone or
BSO and either dose of HU. BSO pretreatment increased the spectrum and
incidence of external and skeletal malformations (curly tail, hindlimb
malformations, hydrocephaly, exencephaly, open eye, spinal bifida, and
| gastroschisis) induced by HU-400 and HU-600; BSO exposure did not alter the
effects of HU on fetal mortality or fetal weights, or HU induction of c-Fos
heterodimer dependent activator protein 1 DNA binding activity. The formation of
4-HNE protein adducts in teratogen-exposed embryos was localized to regions of
the embryo that were highly susceptible to insult, namely the somites and caudal
neural tube, correlaﬁng the presence of 4-HNE adducts with the disrUption of

pattern formation during organogenesis.
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INTRODUCTION

Glutathione (y-glutamylcysteinylglycine, GSH), synthesized de novo by the
sequential actions of y-glutamylcysteine synthetasé (y-GCS) and glutathione
synthetaée, is the principal non-protein sulphydryl in mammalian cells. GSH
serves mainly as a thiol substrate for enzymes to reduce free radicals and
Hydroperoxides and regulate protein functions. Disturbances in GSH homeostasis
may cause oxidative stress, inducing ‘damage to cellular macromolecules (lipids,

proteins, and DNA).

GSH homeostasis is critical to maintain cellular redox status and essential
for normal embryo development. Targeted disruption of the catalytic subunit of y-
GCS, the rate limiting enzyme for GSH synthesis, induces embryo |e'thality
between gestvational (GD) day 7.5 and GD 8.5 (Shi et al., 2000). Depletion of
GSH with L-buthionine-S,R-sulfoximine (BSO) between GD 10 and 11 in rats
delays embryo growth and enhances embryonic deaths and malformations, both
in vivo and in vitro (Slott and Hales, 1987a;Hales and Brown, 1991;0zolins et al.,
- 2002). Furthermore, GSH homeostasis is involved in défense of the embryo
against teratogens. Thalidomide preferentially depletes GSH in thalidomide-
sensitive species, but not in thalidomide-resistant species (Hansen et al., 2002).
During organogenesis, the addition of GSH protects cultured rat embryos from
the embryotoxicity of the aldehyde acrolein (Slott and Hales, 1987b); disruption of
GSH homeostasis exaggerates the teratogenicity of many drugs, such as 5-

fluorouracil and phenytoin (Naya et al.,, 1990;Wong et al.,, 1989). Although
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oxidative stress has been proposed as a common mechanism of teratogen .

- action, the underlying mec.hanism is not fully understood (Wells et al., 1997).

When oxidative stress occurs, the polyunsaturated fatty acids within the
cellular membrane are a primary target of free. radicals. 4-Hydroxynonenal (4-
HNE), an a,B-unsaturated aldehyde, is a major lipid peroxidation product of n-6
polyunsaturated fatty acids. Relatively mere ‘stable than free radicals, 4-HNE
Vpasses easily among subcellular compartments to react with a variety of
biomolecules bearing thiol and amino groups (Schaur, 2003). Through the
formation of protein adducts, 4-HNE interferes with the activities of various signal
kinases, such as protein kinase C and mitogen-activated protein kinases
(MAPKSs), to regulate cellular processes from proliferation to differentiation and
apoptosis (Leonarduzzi et al., 2004). To the best of our knowledge, the impact of
teratogen exposure on the formation of 4-HNE protein adducts in the conceptus

has not been investigated previously.

Hydroxyurea (HU) is a model teratogen used to elucidate the relationship
between embryotoxicity and oxidative stress (DeSesso, 1979). As a DNA
synthesis inhibitor, HU destroys the free radicals in the catalytic center of
ribonucleotide reductase and induces oxidative stress by generating free radicals.
HU exposure induces extensive cell death in the neural tube region and limb
buds (DeSesso, 1981;(Zucker et al., 1999); antioxidants delay the onset of HU-
induced cell death and reduce the incidence of external abnormalities (DeSesso,
1981;DeSesso et al.,, 1994). We have shown previeusly that exposure to

teratogenic doses of HU on GD 9 in CD1 mice, induces mainly hindlimb and curly
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tail defects (indicative of neural tube defects), as well as a dose-dependent
activation of activator protein 1 (AP-1) (Yan and Hales, 2005). AP-1 is a redox
sensitive transcription factor that consists of Jun/Jun (c-Jun, JunB and JunD) or
junffos (c-Fos, FosB, Fra-1 and Fra2) dimeric nuclear proteins (Angel and Karin,
1991). AP-1 activatioh is important in the embryo during organogenesis and. in

mediating the response to stress (Jochum et al., 2001;Wisdom, 1999).

The goal of this study was to elucidate the impact of disturbances in GSH
homeostasis on HU embryotoxicity; BSO, an irreversible inhibitor of y-GCS, was
used to deplete GSH (Griffith and Meister, 1979); the formation of 4-HNE-protein
adducts and AP-1 DNA binding activity was assessed as indicators of the

response of the embryo to oxidative stress.
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MATERIALS AND METHODS

Animals and treatments.

Timed-pregnant CD1 mice (20-25¢g) were purchased from Charles River
Canada Ltd. (St. Constant, QC, Canada) and housed in the Mcintyre Animal
Resource Centre (McGill University, Montreal, Canada). All animal protocols
were conducted in accordance with the guidelines outlined in the Guide to the
Care and Use of Experimental Aninﬁals, prepared byv the Canadian Council on
Animal Care. Female mice, mated between 10:00 am and 12:00 am (GD 0),
were treated with vehicle (saline) or BSO (Aldrich Chem. Co., Milwaukee, WI) at
600 mg/kg by intraperitoneal injection at 7:00 am on GD 9. After 4 h, female
mice were treated with saline or HU (400 or 600 mg/kg) by intraperitoneal
injection. Dams were euthanized on GD 9 (0.5 or 3 h after treatment with HU; 6-
iO litters/treatment group) or GD 18 (7—10 litters/treatment group) by cervical
dislocation. On GD 9, the embryos were dissected out in Hanks' balanced salt
solution (Invitrogen Canada, Inc., Burlington, ON, Canada) for the subsequent
assessment of GSH and GSSG concentrations, the formation of 4-HNE protein
adducts, and c-Fos dependent AP-1 DNA binding activity. On GD 18, the uteri
were removed, and the numbers of implantations, resorption sites, and live and
dead fetuses were recorded. All the live fetuses were weighed, inspected for
external malformations and then fixed in 95% ethanol for skeletal double staining
and evaluation. Fetuses were skinned and double stained with alcian blue
(cartilage) and alizaﬁn red S (bone) for the analysis of skeletal malformations, as

previously described (Yan and Hales, 2005).
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GSH and GSSG determinations.

At the time of collection on GD 9, four embryos from each litter were fixed
in paraformaldehyde (4%) for immunostaining. The remaining embryos from each
litter were placed in 40 pl of modified RIPA buffer (150 mM NaCl; 1% NP-40;
0.5% deoxycholate; 0.1 % SDS; 50 mM Tris, pH 7.5) containing 10 pi/ml protease
inhibitor cocktail (Active Motif Inc, Carlsbad, CA). The samples were
homogenized with an ultrasonicator (Sonics & Materials Inc., Newtown, CT) and
centrifuged at 10,000 x g for 10 min at 4°C. From each sample, 30 pl of
supernatant were removed and prepared for the measurement of GSH and
GSSG, as previously described (Yan and Hales, 2005). The remaining
supernatant from each sample was aliquoted, flash frozen in liquid nitrogen and
stbred at -80°C for prbtein assays (Bradford, 1976) (Bio-Rad Canada Ltd.,
Mississauga, ON, Canada), enzyme-linked immunosorbent assays (ELISA) tests,

and western blot analysis.

Immunofluorescence Staining.

GD 9 embryos were fixed for 5 h at 4°C in 4% paraformaldehyde. After
fixation, the embryos were dehydrated in ethanol, embedded in paraffin and
serially sectioned (5 pm sections). 4-HNE immunoreactivity was detected using a
M.O.M immunodetection kit (Vector Laboratories, Burlingame, CA) as fqllows.
Tissue sections were deparaffinized and hydrated. After rinsing twice for 2 min
each with PBS, sections were incubated in the working solution of M.O.M. Mouse
IgG Blocking Reagent for 1 h. After further rinses with PBS, two times for 2 min

each, sections were incubated in the working solution of M.O.M Diluent for 5 min.
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Excess Diluent sollution was tipped off the slides and the sections were incubated
for 30 min at room temperature with a mouse monoclonal anti-4-hydroxy-2-

nonenal (4-HNE) antibody (OXIS Research, Inc., Portland, OR) ét 1 pg/ml diluted
in M.O.M. Diluent. After washing two times for 2 min in PBS, the sections were
incubated in the working solution of M.O.M. Biotinylated Anti-Mouse 1gG Reagent
for 10 min, followed by washing two times for 2 min in PBS. The sections were
| stained with Fluorescein Avidin DCS for 5 min, washed two times for 5 min in
PBS, and then mounted with propidium iodide antifade solution (Chemicon
International, Temecula, CA). As a negative control for 4-HNE staining, the
primary antibody was preadsorbed with 4-hydroxy—2-nonena|—diethylacetal (OXIS

Research, Inc.) as described by the manufacturer.

c-Fos ELISAs.
The DNA binding activity of the c-Fos heterodimer complex was detected
using ELISA transcription factor assay kits (Active Motif, CA, USA), as previously

described (Yan and Hales, 2005).

Western blot analysis.

Fifteen micrograms of protein from each sample were separated with 10%
SDS-polyacrylamide gel electrophoresis and théh transferred onto equilibrated
polyvinylidene difluoride membranes (Amersham Biosciences, Buckinghamshire,
UK) by electroblotting. Membranes were blocked in 5% skim milk, and then
probed with primary antibodies against 4-HNE (1:1000; OXIS Research, Inc.) or

B-actin (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) overnight at 4
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°C. After incubatidn with horseradish peroxidase-conjugated secondary
antibodies (1:1000), proteins were detected by enhanced chemiluminescence
(Amersham Biosciences). The bands. were quantified by densitometric analysis
using a Chemilmager 400 Imaging system (Alpha Innotech, San Leandro, CA);

the peak area represents the intensity of the band.

Statistical analysis.

Statistical analyses were done by Chi-square, or by two-way ANOVA, one-
way ANOVA, or one-way ANOVA on rank’s, as appropriate, using the SigmaStat
computer program, followed by a post hock Holm-Sidak or Dunn’s multiple range

test. The a priori level of significance was P < 0.05.
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RESULTS

Effects of BSO and HU on GSH homeostasis.

Whereas exposure to BSO alone did not significantly decrease GSH
concentrations in the embryo by 0.5 h post-treatment, a decrease was observed
at 3 h, compared to vehicle control (Fig. 3.1A). GSH concentrations in embryos
exposed to HU alone (400 or 600 mg/kg) were lower at 3 h post-treatment than at
0.5;1 (p<0.05). BSO pretreatment enhénced the GSH depletion in low-dose (400
mg/kg) HU-exposed embryos 0.5 h post-treatment, and in high-dose (600 mg/kg)

HU-exposed embryos 3 h post-treatment.

The ratios of GSSG/GSH in the embryos were not altered by treatment
with BSO alone or HU alone (400 or 600 mg/kg) at either 0.5 or 3 h, compared
with vehicle control (Fig. 3.1B). However, BSO exposure preceding high-dose HU
(600 mg/kg) dramatically increased the GSSG/GSH ratio compared with vehicle
control at both 0.5 and 3 h post-treatment. Thus, although neither HU nor BSO
alone induced oxidative stress, as assessed GSSG/GSH ratio, the combination

did.

Localization of oxidative stress in the embryo: the formation of 4-HNE
protein adducts.

The formation of 4-HNE protein adducts was assessed to elucidate the
tissue specificity of the response of the embryo to BSO and HU exposure-
induced oxidative stress. Embryos were examined 3 h after HU treatment, at the

time when GSH homeostasis was significantly affected. In the control embryo,
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low amounts of 4-HNE immunoreactivity (green color) were detected in the neural
epithelium, otic pit, branchial arch, mid gut, and the caudal region of the tail (Fig.
3.2A). Exposure to HU alone (400 mg/kg) slightly increased the 4-HNE
immunoreactivity in these regions (green color) (Fig. 3.2B); furthermore, 4-HNE
reactivity was detected in nucleated blood cells (mainly yellow color) in these
embryos (Fig. 3.2G, inset). The green fluorescence indicates that 4-HNE is
localized in the,cytoplasm, while the yellow suggests that the 4-HNE adducts are
present in nuclei. Treatment with high-dose HU (600 mg/kg) dramatically
enhanced 4-HNE reactivity in all of the regions described in control embryos (Fig.
3.2C); in addition, intense staining was observed in blood cells (Fig. 3.2H, inset),
in the somites, and in the neural tube in the caudal region of the embryo (Fig.
3.2C). Most of the 4-HNE immunoreactivity in embryos exposed to 600 mg/kg HU
was in the cytqplasm,}but some appeared to be localized in nuclei, as shown in
high magnification views of the neural tube (Fig. 3.21, inset), and blood cells (Fig.

3.2H, inset).

Compared with vehicle control, BSO alone enhanced 4-HNE
immunoreactivity in the neural tube, particularly in the neural epithelium in the
midbrain region (Fig. 3.2D). Pretreatment with BSO increased the 4-HNE staining
in embryos exposed to 400 mg/kg HU, specifically in the neural epithelium in the
forebrain, in the mid gut, and the somites (Fig. 3.2E); this 4-HNE
immunoreactivity was mainly cytoplasmic, although some nuclear localization,
shown in yellow, is apparent in the forebrain neural epithelium (Fig. 3.2E). In the

embryos exposed to both BSO and high-dose HU (600 mg/kg), the extent of
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nuclear localization of 4-HNE immunoreactivity was dramatically increased in all
the regions described above (Fig. 3.2F), as illustrated in the high magnification
inset of the neural tube close to the caudal region of the tail (Inset, Fig. 3.2J).
However, the integrity of the tissue in tﬁis region was affected, likely as a

consequence of cytotoxicity (Fig. 3.2F).

~There is little information on the nature of the 4-HNE protein adducts
formed in any tissue. We used western blot analysis to elucidate the molecular
weight range of the 4-HNE-protein adducts formed in embryos exposed to
oxidative stress. Two high intensity bands were displayed in the molecular weight
ranges of 150 and» 100 kDa (Fig. 3.2K). Exposure to high-dose (600 mg/kg) HU
alone increased the amounts of the 4-HNE-protein adducts found in both the high
and lower molecular weight bandé (Fig. 3.2 K, L, M). Pretreatment with BSO
tended to increase the formation of 4-HNE-protein adducts in embryos exposed

to either dose of HU.

Effects of BSO pretreatment on the AP-1 c-Fos‘ heterodimer DNA binding
activity induced by HU.

We reported previously that maternal exposure to HU (400 mg/kg or 600
mg/kg) induced c-Fos heterodimer-dependent AP-1 DNA binding activity in the
embryo (Yan and Hales, 2005). Our goal here was to determine the impact of
BSO pretreatment on HU-induced activation of c-Fos binding activity. The relative
binding activity of c-Fos heterodimers in the embryo was enhanced by exposure
to HU alone (400 or 600 mg/kg) at 3 h in a dose-dependent manner (Fig. 3.3).

BSO alone did not influence c-Fos DNA binding activity. Furthermore,
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pretreatment with BSO had no effect on the extent to which HU exposure induced

the activation of AP-1 c-Fos dimers in embryos (Fig. 3.3).

Effects of BSO pretreatment on HU embryotoxicity.

Exposure to BSO aloné on GD 9 did not affect progeny outcome, as
assessed on GD 18 by fetal mortality, live fetal body weights, and external or
skeletal abnormalities (Fig. 3.4, A-D). Exposure to 400 mg/kg HU valone was not
embryo-lethal or teratogenic bﬁt did induce a reduction in fetal weights (Fig.
3.4B). In contrast, exposure to high-dose HU (600 mg/kg) increased the
incidence of fetal deaths, external malformations, and skeletal deformities? in
addition to causing growth retardation. BSO pretreatment did not affect the
incidence of fetal mortality or growth retardation induced by either dose of HU
(Fig. 3.4, A and B). Dead fetuses were observed as embryo resorptions, with the
exception of two fetuses in the 400 mg/kg HU group and one fetus in the 600

mg/kg HU group, which appeared as late fetal deaths.

Although BSO pretreatment did not significantly increase the overall
incidence of malformed fetuses per litter, a 2.4-fold increase in the percent of
malformed fetuses per litter was observed after pretreatment with BSO in the low-
dose HU (400 mg/kg) group and a 1.4-fold increase was observed among litters
exposed to high-dose HU (600 mg/kg) (Fig. 3.4C). However, both the incidence
and the spectrum of specific external malformations were enhanced significantly

by BSO pretreatment of HU exposed dams (Tables 3.1 and 3.2).
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No external malformations were apparent in control fetuses (Fig. 3.5A).
One fetus with hydrocephaly (1 of 63) was observed among the litters exposed to
BSO aloné (Fig. 3.5D). Tail defects (10 of 108) were observed among the fetuses
exposed to low-dose HU alone (400 mg/kg) (Table 3.1; Fig. 3.5B); the
combination of BSO with this dose of HU resulted in fetuses with curly tail,
hindlimb malformations (Fig. 3.5E), hydrocephaly, exencephaly, open eye, spinal
bifida, and gastroschisis (Table 3.1). Tail and hindlimb abnormalities
predominated in the fetuses exposed to 600 mg/kg HU either alone or with BSO
pretreatment (Fig. 3.5, C and F). Low incidences of hydrocephaly, spinal bifida
and open eye defects were found in the 600 mg/kg HU group; forelimb
oligodactyly, spinal bifida, and gastroschisis were observed among the fetuses
~ exposed to 600 mg/kg HU and BSO (Table 3.1). BSO pretreatment particularly
enhanced the incidence of hindlimb defects induced by HU. Although no
hindlimb defects were observed ih the group exposed to low-dose HU alone,
11.5% were observed after exposure to 400 mg/kg HU in combination with BSO.
BSO pretreatment also increased the incidence of hindlimb defects in the 600
mg/kg high-dose HU treatment group, from 31.0% to 68.9%. In addition, 3
fetuses with forelimb defects (ectrodactyly or hemimelia) (Table 3.1; Fig. 3.5, F

and J) were observed uniquely in the litters exposed to BSO and 600 mg/kg HU.

Strikingly, the hindlimb defects observed occurred mainly at the first digit
and included agenesis, truncation or displacement. Defects (aplasia / hypoplasia)
of more than the first digit were observed at a very low frequency, in 1 fetus

(1.7%) in the group treated with high-dose HU alone and 6 fetuses (9.8%) in the
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group exposed to this dose of HU with BSO (Table 3.1; Fig. 3.5K). Interestingly,
in the fetuses exposed to BSO in combination with 400 mg/kg HU, 3 cases of
tibial polydactyly were observed as an extra digit at the great toe, in addition to

the predominant aplasia or hypoplasia at the first toe (Fig. 3.5, E and I).

No apparent skeletal abnormalities were observed in vehicle controls (Fig.
3.6A). Similarly to the external malformations, BSO pretreatment exaggerated the
skeletal malformations induced by HU. In the group treated with 400 mg/kg HU,
the skeletal malformation rate per litter increased 2.3-fold when the darhs were
pretreated with BSO (Fig. 3.4D); exposure to 600 mg/kg HU in combination with
BSO increased the rate of skeletal deformities in live fetuses from 78.8% to
100%. The predominant skeletal abnormalities which were observed consisted of
lumbarsacral vertebral and hindlimb defects (Table 3.2). The vertebral defects
were partial ossification, fusion or misalignment of centra, or misalignment of the
vertebral arch; more severe deformities were found in the fetuses exposed to HU
(400 or 600 mg/kg) in combination with BSO (Fig. 3.6, B, C, E, and F). The
hindlimb defects were mainly at the anterior axis, displayed as ectrodactyly at the
first digit and tibial aplasia or hypoplasia (Fig. 3.6); in the few instances of
forelimb defects, radius agenesis' occurred (Table 3.2). Low frequencies of tail
malfb_rmations (aplasia/hypoplasia), sternal defects (partial ossification,
misalignment), or forked ribs were also observed in the HU treated groups in the
presence or absence of BSO (Table 3.2); pretreatment .with BSO did not

influence either the incidence or the severity of these defects.
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DISCUSSION

In the ;)rganogenesis stage embryo, the inhibition of GSH synthesis with
BSO induced oxidative stress as assessed by the GSSG/GSH ratio, the
formation of 4-HNE protein adducts, and the activation of redox-sensitive
transcription factors such as AP-1. Interestingly, BSO enhanced HU
tefatogenicity without affecting fetal mortality or weights. The effects of the
combination of BSO and HU were region-specific in the embryo, both with
respect to thé maiformations that resulted and the localization of 4-HNE protein
adduct immunoreactivity. Interestingly, region-specific 4-HNE-protein adducts
were found in early organogenesis-stage embryos even in the absence of an
exposure to exogenous chémicals; these adducts were localized mainly to the
neural tube, otic pit, branchial arch, mid-gut, and the caudal region of the tail.
These “naturally occurring” 4-HNE protein adducts were found predominantly in
the cytoplasm. Increases in the formation of 4-HNE adducts may indicate the
presence of higher levels of free radicals in these regions. Alternatively,
differences in the composition of membrane phospholipids may alter
susceptibility to the induction of lipid peroxidation. Finally, region specific
differences in the capacity of the embryo to detoxify 4-HNE by conjugating it with
GSH, catalyzed by the glutathione S-transferases, may be important in

detoxifying 4-HNE in target cells (Awasthi et al., 2005).

The impact of 4-HNE on the fate of the cell is dose-dependent; at low
levels, 4-HNE promotes cell proliferation, while at higher concentrations, it

induces cell cycle arrest, differentiation, and finally apoptosis (Awasthi et al.,
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2005). Exposure to 4-HNE induces vascular smooth muscle growth,
accompanied by the activation of MAPKs (extracellular signal-regulated kinase,
c-Jun N-terminal kinase, and p38), the induction of c-fos and c-jun gene
expression, and AP-1 DNA binding activity (Kakishita and Hattori, 2001). The
generation of 4-HNE in specific regions of the embryo may suggest the
involvement of 4-HNE in the regulation of proliferation, differentiation, and

apoptosis during normal development.

4-HNE regulates cell signal cascades mainly due to the formation of 4-
HNE-protein adducts (Leonarduzzi et al., 2004). Our western blot data show that
there are two predominant 4-HNE-protein adduct bands in the 100- and 150-kDa
regions. Characterization of the identities of the proteins in these bands would
help to elucidate the pathways regulated by 4-HNE during normal orgahogenesis.
In the retina, triosephosphate isomerase, d.enolase, heat shock cognate 70 and
BB2 crystallin were identified as proteins that were frequently modified and had
the highest molar content of 4-HNE (Kapphahn et al., 2006), whereas heat shock
protein 90 was found to be consistently modified by 4-HNE in the liver of alcohol
treated rats (Carbone et al., 2005a). 4—HNE§protein adducts influence a variety of
signal cascades, including signals for limb patterning such as the MAPKs
(Kawakami et al., 2003;Zuzarte-Luis et al., 2004). Although the possibility of
increased membrane leakage by oxidative damage cannot be excluded, an
increase in the nuclear localization of 4-HNE with the increase in HU doses

suggests that 4-HNE may transduce signals from the membrane to nuclear
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compartment. Identification of the proteins conjugated with 4-HNE should help to

elucidate the underlying embryopathy of limb malformations.

The tissue-specific localization of 4-HNE protein adducts, either as part of
~a signal pathway during normal development or as a response to oxidative stress
during abnormal development, may indicate that these specific regions are more
susceptible to oxidant insults. We propose that the specific external and skeletal
malformations induced by exposure to HU are related to the localized increases
in 4-HNE immunoreactivity that we observed in the somites (vertebral column
and hindlimb defects), the caudal end of the neural tube (tail defects), and the
optic vesicle (open eye). Intense 4-HNE-protein adduct immunofluorescence was
also observed in nucleated blood cells, suggesting that hematopoietic cells are
highly susceptible to oxidative stress during the switph frbm glycolysis to aerobic
metabolism. Interestingly, glucose-6-phosphate dehydrogenase, important in
generating the reduced NADPH needed to maintain GSH in its reduced form, is
essential for the establishment of blood circulation at this stége of development
(Longo et al.,, 2002); a deficiency in glucose-6-phosphate dehydrogenase
‘enhances the sensitivity of organogenesis-stage embryos to oxidative stress

(Nicol et al., 2000).

One of the mechanisms by which oxidative stress méy have differential
effects, depending on the endpoint assessed, is via the regulation of redox
sensitive transcription factors such as AP-1. OXidative stress regulates the
acﬁvation of AP-1 through a variety of mechanisms (Abate et al., 1990;Hirota et

al.,, 1997). We report that a BSO pretreatment which decreased GSH and
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increased the formation of 4-HNE protein adducts did not enhance the effects of
HU on c-Fos dependent AP-1 DNA binding activity in mouse embryos. This is
interesting because 4—HNE has been reported to interfere with the activities of
protein kinases which regulate AP-1 activity, namely MAPKs, such as c-Jun N-
terminal kinases, p38, and extracellular signal-regulated kinase1/2 (Leonarduzzi
et al., 2004). In studies with vascular smooth muscle cells, the effects of 4-HNE
on the expression of AP-1 constituents was concentration- and AP-1 family
member specific (Kakishita and Hattori, 2001). Exposure of these cells to 4-HNE
concentrations < 2.5 uM dramatically induced c-fos mRNA expression without
influencing that of c-jun; however, exposure to 4-HNE concentrations from 2.5 to
10 UM resulted in an increase in c-jun expression and a decrease in c-fos mMRNA
concentrations (Kakishita and Hattori, 2001). Concomitantly, AP-1 DNA binding
activity peaked after exposure to 2.5 yM 4-HNE, then declined with increases in
4-HNE concentration (Kakishita and Hattori, 2001). We have reported previously
that HU induced c-Fos immunoreactivity in the GD 9 mouse embryo is localized
in the brain region, branchial arch, somites, neural tube, heart and the areas
around the blood cells in embryos (Yan and Hales, 2005). Here, we demonstrate
that 4-HNE protein adduct immunoreactivity is detected in most of the same

regions.

There is extensive interest in the development of strategies to protect the
conceptus against oxidative stress-mediated insult during organogenesis.
Although maternal dietary antioxidant supplementatioh has clearly been

successful in improving fetal outcomes in animal models of experimental diabetes
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(Cederberg et al., 2001) or after exposure to specific teratogens? including HU
(DeSesso, 1981;Wells et al., 2005), in some instances, high-doses may be pro-
oxidative and enhance adverse effects, such as tumorigenesis in p53 null mice
(Chen and Wells, 2006). If 4-HNE plays an important role in mediating the toxicity
of reactive oxygen species in the embWo, an alternate approach would be to
enhance 4-HNE detoxification by inducing glutathione and the glutathione S-
transferasés; there is evidence that this approach is effective in the protection by
3H-1,2-dithiole-3-thione of cultured cardiomyocytes against 4-HNE (Li et al.,
2005). If, as suggested above, 4-HNE plays a role in mediating the effects of
reactive oxygen species by activating MAPKSs, such as p38 MAPK, treatment with
a MAPK inhibitor may protect the embryo against insult. Interestingly, inhibition
of p38 MAPK rescued hematopoetic stem cells from reactive oxygen species

induced defects in repopulating capacity (Ito et al., 2006).

Clearly, both the formation of 4-HNE protein adducts and the induction of
c-Fos immunoreactivity represent responses of the embryo to insult. We propose
that such localized stress responses play a role in determining the pattern of

malformations induced by exposure of the embryo to a teratogen.
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Fig. 3.1. GSH concentrations (A) or GSSG/2GSH ratios (B) in embryos exposed
to. HU without or with BSO pretreatment. Pregnant mice were given saline (-) or
BSO at 600 mg/kg (+) 4 h before treatment with saline (-) or HU 400 mg/kg (L) or

600 mg/kg (H) on GD 9. Embryos were collected 0.5 or 3 h after HU exposure.

*

Each bar (mean = SEM) represents 6-10 litters. *, significant difference from

vehicle control (- / -) at the same time point (*: p<0.05; **: p<0.01); 1, significant

difference between the HU-treated groups in the presence or absence of BSO
(p<0.05); ¥, significant difference from the same treatment group at 0.5 h

(p<0.05).
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Fig. 3.2. The localization of 4-HNE protein adducts in embryoé exposed to HU
without or with BSO pretreatment. Timed pregnant female mice received saline
‘or BSO 4 h before HU treatment at 400 or 600 mg/kg on GD 9 and were
euthanized 3 h after HU treatment. The embryos were fixed in 4% in
paraformaldehyde and processed for immunofluofescence staining with ah
antibody against 4-HNE. 4-HNE adducts were detected with fluorescein (in
green); embryos were 600 mg/kg; D, BSO; E, HU 400 mg/kg combined with
BSO; F, HU 600 mg/kg combined with BSO. Higher magnification views of the
blood cells in the embryos exposed to HU 400 mg/kg or HU 600 mg/kg are
provided in G or H, respectively. Higher magnification views of the neural tube
close to the caudal region of the tail in an embryo treated with HU 600mg/kg
without or with BSO are provided in | or J, respectively. Arrows indicate forebrain
(FB), midbrain (MB), hindbrain (HB), otic pit (OP), bronchial arch (BA), neural
tube (NT), mid gut (MG), somites (S), and caudal region of the tail (CT). K,
Western blot analysis of 4-HNE protein adducts in Whole embryo lysates
obtained at the same times as indicated above. 4-HNE protein adducts were
detected mainly as two strong bands around 150 or 100 kDa. Quantification of
these bands by densitometry analysis is preéented in L and M, respectively.
Each bar (mean + S.E.M.) represents 5 litters. Asterisks denote a significant

difference from saline control (*, p<0.05; ** p<0.01).
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Fig. 3.3. AP-1 c-Fos heterodimer DNA binding acti‘vity in embryos exposed to HU
without or with BSO pretreatment. Pregnant mice treated with saline (-) or BSO
at 600 mg/kg (+) 4 h before saline (-) or HU 400mg/kg (L) or 600mg/kg (H)
injection, were euthanized 0.5 or 3 h after HU expOsure. AP-1 c-Fos heterodimer
DNA binding activity was measured using an ELISA assay as described under
Materials and Methods. The data are expressed as mean £ S.E.M. (micrograms
of nuclear extract standard per microgram of sample protein); each bar (mean *
S.E.M.) represents 7 to 10 litters. *, significant difference from control (-/-) at the

same time point (P<0.05).
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Fig. 3.4. Effects of BSO pretreatment on HU induced fetal death rate (A), live
fetal weight (B), external malformation rate in live fetuses (C), and skeletal
malformation rate in live fetuses (D). Female mice received saline (-) or BSO at

600 mg/kgv (+) 4 h before treatment with saline (-), HU 400mg/kg (L) or HU
| 600mg/kg (H) and were euthanized on GD 18. The fetal death rate is expressed
as the percentage of total implantations that were dead; the live fetal weight is
expressed as the mean body weights of live fetuses/litter; the external and
skeletal malformation rates are expressed as the percentage of the live fetuses
per litter that were malformed. Data represent means per litter + S.E.M., with 7-
10 litters per treatment group. Asterisks denote a significant difference from

saline control (*, p<0.05; ** p<0.01).
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Fig. 3.5. External malformations induced by exposure to HU without or with BSO.
Limb and tail (short and/or curly) defects were predominant. A, control fetus. A
higher magnification view of the right limb is provided in G; B, HU 400 mg/kg-
treated fetus with curly tail (CT); C, HU 600 mg/kg-treated fetus with curly tail and
hypoplasia of the first digit of the right hindlimb. A higher magnification view of
the right hind limb is provided in H; D, BSO alone-treated fetus with hydrocephaly
(HC); E, BSO with HU 400 mg/kg-treated fetus with curly tail and hindlimb
defects. A higher magnification view of the hind limbs is provided in I: the higher
limb is the right hindlimb with an extra digit at the great toe, indicated by a white
arrow, and the bottom one is the left hindlimb, with first digit agenesis; F, BSO
with HU 600 mg/kg treated fetus with fore- and hind-limb defects and
gastroschiéis (GS). A higher magnification view of the right forelimb or hindlimbs
are provided in J or K, respectively. Only one digit is at the distal part of the right
forelimb (J). The left hindlimb only has two digits (higher limb in K), and the right

hindlimb displays agenesis of the first digit (bottom limb in K).
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Fig. 3.5

HU600mg/kg

HU400mg/kg

sujjeg

O

S

£ ]

112



Fig. 3.6. Double-stained skeletons of the fetuses exposed to HU without or with
BSO. The red color represents bone stained by alizarin red S and thé blue
depicts cartilage dyed by alcian blue. The vertebral defects were predominantly at
the lumbarsacral vertebrae and the anterior axis of hindlimbs. The lumbarsacral
vertebrae are depicted in thé control fetus (A), and a higher magnification view of
the hindlimb of a control fetus is provided in G. Arrow heads indicate the
deformities of lumbarsacral vertebrae: partial ossification of the centra in B (HU
400 mg/kg); partial ossification, fusion, and misalignment of centra in E (HU 400
mg/kg and BSO); partial dssification, fusion and misalignment of centra, and
misalignment of the vertebral arch in C (HU 600 mg/kg) or F (HU 600 mg/kg plus
BSO). Arrows indicate limb defects including tibia aplasia (TA), tibia hypoplasia
(TH), fibula bent (FB), aplasia of the first digit (AFD), hypoplasia of the fifst digit

(HFD), oligodactyly of more than the first digit (OL).
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‘Table 3.1 Incidence and types of external malformations in fetuses following maternal

treatment with hydroxyurea (HU, 400 or 600 mg/kg) or L-buthionine-S, R- sulfoximine

(BSO) plus HU.

Percentages (in parentheses) are represented as the malformed fetuses out of the fetuses examined; a

single fetus may be represented more than once in listing individual defects.

Treatment (mg/kg)
. HU (400) HU (600)
Saline BSO HU (40Q) +BSO HU (600) +BSO
No. of litters examined 9 7 10 10 9 8
No. of fetuses examined 111 63 - 108 113 58 61
Abnormal hindlimb 13(11.5%)** 18(31.0%) 42 (68.9%)**
Aplasia / hypoplasia
11 (9.7%) 17 (29.3%) 35 (57.4%)
of the first digit
Aplasia / h)}poplasia o
1(1.7%) - 6 (9.8%)
of more than one digit
Polydactyly 3 (2.7%)
Amelia 1(1.7%) 1 (1.6%)
Abnormal forelimb
3 (4.9%)
(Ectrodactyly, hemimelia)
Curly/hypoplastic tail 10 (9.3%) 18 (15.9%) 30 (51.7%) 35 (57.4%) .
Hydrocephaly 1(1.6%) 1 (0.9%) 3 (5.2%)
Exencephaly 1 (0.9%)
One open eye 3(2.7%) 2 (3.2%)
Spinal bifida 3(2.7%) 1 (1.7%) 1 {1.6%)
Gastroschisis 1 (0.9%) 4 (6.6%)

** Significant difference at p<0.001 level between the hydroxyurea treated group with or without

BSO pretreatment.
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Table 3.2 Skeletal malformations in fetuses following maternal treatment with

hydroxyurea (HU, 400 or 600 mg/kg) or L-buthionine-S,R-sulfoximine (BSO) plus

HU.

Percentages (in parentheses) are represented as the malformed fetuses out of the fetuses

examined; a single fetus may be represented more than once in listing individual defects.

Treatment (mg/kg)
BSO  Huwoo) MK pueoo)  HLKO0O)
No. of litters examined 7 10 10 9 8
No. of fetuses examined 30 25 63 49 52
Abnormal lumbarsacral vertebrae ° 2(8.0%) 19(30.2%) 22(44.9%) 39(75.0%)*
Abnormal thoracic vertebrae * 2(3.8%)
Abnormal hindlimb 14(22.2%)* 21(42.9%) 41(78.9%)**
Tibia aplasia / hypoplasia 14(22.2%) 21(42.9%) 39(75.0%)
Fibula bent 3(4.5%) 1(2.0%) 12(23.1%)
Digits aplasia / hypoplasia 10(15.9%) 16(32.7%) 32(61.5%)
Femur hypoplasia 1(1.9%)
Amelia 1(2.0%) 1(1.9%)
Abnormal forelimb 2(3.8%)
Oligodactyly 2(3.8%)
Radius aplasia 2(3.8%)
Tail aplasia/hypoplasia 3(12.0%) 11(17.4%) 16(32.7%) 19(36.5%)
- Abnormal Sternebrae ° 2(6.7%) 2(8.0%) 6(9.5%) 10(20.4%) 20(38.5%)
Forked ribs 1(1.6%) 11(22.4%)  6(11.5%)

* Significant difference at p<0.5 or **p<0.001, respectively, between the hydroxyurea-treated

group with or without BSO pretreatment.

2 Vertebral column malformations include a fused, incompletely ossified, misaligned or

misshapen vertebral centra or vertebral arch.

® Sternebral abnormalities include misalignment, incomplete ossification, or an extra ossification

site.
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CONNECTING TEXT

In Chapter Three, increased immunoreactivity of 4-HNE protein adducts
was detected in regions of the embryo that are highly sensitive to HU-induced
malformations, including hindlimb, lumbarsacral vertebral column, and tail. GSH
depletion further enhahced the productionv of 4-HNE protein adducts and
increased the incidence and severity of HU-induced malformations at hindlimb
and lumbarsacral vertebral column, without altering HU-induced fetal death and
growth retardation. This indicated that oxidative stress may mainly attribute to
HU-induced specific malforrﬁatiohs. Surprisingly, the DNA binding activity of c-
Fos heterodimers was not affected by GSH depletion. AP-1 is activated by
MAPKSs via post-translational phosphorylation in response to stress. Thus, in the
following chapter, the effects of HU on the activation of MAPKs are evaluated and
specific inhibitors for MAPKs were used to elucidate the role of MAPKs in HU

developmental toxicity.
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CHAPTER FOUR

p38 and JNK Mitogen-Activated Protein Kinase (MAPK) Signaling
Pathways Play Distinct Roles in the Response of Organogenesis Stage

Embryos to a Teratogen

Jin Yan and Barbara F. Hales
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ABSTRACT

Mitogen-activated protein kinase (MAPK) signaling plays an important role
during embryo development. We hypothesize that MAPK activation is a
- determinant of the fate of organogenesis-stage embryos exposed to insult. To
test this hypothesis, CD1 mice were exposed to a model teratogen, hydroxyurea,
on gestational day 9. Hydroxyurea exposure triggered a dramatic, transient
increase in the activation of p38 MAP kinases and c-Jun N-terminal kinases
(JNKs) in embryos, without activating extracellular-signal regulated kinases 1 and
2 (ERKs 1/2). Selectively blocking p38 MAP kinases with SB203580 enhanced
hydroxyurea-induced fetal mortality without affecting growth retardation or the
incidence of deformities among surviving fetuses. In contrast, selectively blocking
JNKs with L-JNKI1 did not affect hydroxyurea-induced fetal death but doubled the
incidence of hindlimb defects observed. Thus, p38 MAP kinases and JNKs play
distinct roles in protecting the conceptus against insult. Pharmacological
inhibition of teratogen exposure induced MAPK activation has adverse

consequences on the embryo.
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INTRODUCTION

Mitogen-activated protein kinases (MAPKs) are serine/threonine protein
kinases that mediate signal transduction from the cell surface to the nucleus.
Upstream MAP kinase kinase kinases (MAP3Ks) activate MAP kinase kinases
(MAP2Ks), which in turn activate MAPKs by dual-phosphorylation on threonine
and tyrosine residues (Pearson et al., 2001). Downstream MAPK substrates
include transcription factors or their components, such as AP-1 and p53
(Turjanski et al., 2007), molecules involved in the detection and response to DNA
damage, such as PARP-1 and yH2AX (Caldini et al., 2005;Sluss and Davis,
2006), as well as a variety of pro-and anti-apoptotic factors (Bogoyevitch and
Kobe, 2006). Among the most widely studied MAPK families are extracellular-
signal regulated kinases 1 and 2 (ERK1/2), p38 MAP kinases (a, B, y, and &), and
c-Jun N-terminal kinases (JNKs1,‘ 2 and 3) (Turjanski et al., 2007). The ERK1/2
pathways, thought to be triggered preferentially by growth factors and mitogens,
play an important role during development in the regulation of cell proliferation
and differentiation (Turjanski et al., 2007). Activation of the p38 and JNK MAPKs
is triggered by stimuli ranging from growth factors to a variety of stress stimuli,
including intracellular pH changes, ultraviolet irradiation, heat shock, DNA
damaging agents, hyperglycemia, ethanol, hypoxia and oxidative stress (Kyriakis
and Avruch, 1996;Ku et al., 2007). Stress response MAPKs control defense
responses that determine whether cells survive, differentiate or apoptose.

MAPK pathways play crucial roles during normal embryo development.
During mouse embryogenesis ERK is activated in discrete spatial and temporal

domains, correlated with regions of fibroblast growth factor signaling (Corson et
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al., 2003). During limb development, ERK activation may transduce proliferation
and differentiation signals to regulate growth, pattern formation and
skeletogenesis (Bobick et al., 2007). The p38 MAP kinase pathway is essential
for cartilage formation in limb mesenchyme; inhibition of the p38 MAPK pathway
leads to sustained Wnt7a signaling and inhibits precartilage condensation and
chondrogenesis (Jin et al., 2006). JNK pathway signaling is of particulér
importance during neuronal development, as mice lacking both Jnk7 and 2 die
during mid-gastrulation with neural tube defects (Sabapathy et al., 1999). In the
limb, JNK may function downstream of BMP signals to sculpt the limb bud by
triggering programmed cell death through induction of Dkk1, an inhibitor of Wnt
(Grotewold and Ruther, 2002b).

The extent to which disturbances in MAPK signaling pathways mediate
teratogen-induced abnormal development remains to be elucidated. All three
MAPK pathways were activated in organogenesis-stage mouse embryos
exposed in vitro to heat shock, whereas exposure to cyclophosphamide or
staurosporine activated only the p38 MAP kinase pathway (Mirkes et al., 2000).
Induction of Dkk1, a downstream target of JNK-c-Jun, was associ‘ated with
thalidomide induced limb truncations (Knobloch et al., 2007). Cadmium induced
limb reduction defects in C57BL/6N mice were correlated With decreased
activation of ERK1/2 phosphorylation, compéred to the less sensitive SWV strain
(Elsaid et al., 2007).

Reactive oxygen species (ROS) modulate MAPK signaling (Torres and
Forman, 2003). Oxidative stress, an imbalance between the rate of formation of

ROS and their detoxification by antioxidant defense systems, is induced by a
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number of developmental toxicants, including heat shock, cadmium and
thélidomide (Flanagan et al., 1998;Kovacic and Somanathan, 2006). Together,
these findings have led us to propose that oxidative stress-induced modifications
to DNA, proteins and lipids in the embryo disrupt normal development at least in
part by affecting MAPK signaling. In previous studies, we found that in utero
exposure to a model teratogen, hydroxyurea, disturbs skeletal development,
depletes glutathione, increases the formation of | 4-hydroxynonenal protein
adducts, and induces activator protein-1 (AP-1) DNA-binding éctivity in embryos
(Yan and Hales, 2005;Yan and Hales, 2006). AP-1 subunits, Jun, Fos and ATF
proteins, are downstream targets of MAPK signaling (Turjanski et al., 2007).
Furthermore, AP-1 plays a crucial role in the decision of cells to proliferate,
differentiate or die; tight regulation of AP-1 activity is necessary for normal limb
development (Tufan et al., 2002).

The potential use of selective MAPK signaling pathway inhibitors as drugs
has generated intense interest. To test the hypothesi‘s that MAPK signalling
pathways play an important role in determining the response of organogenesis
stage embryos to teratogen exposure, we investigated the impact of maternal
exposure to teratogenic doses of HU on the activation of MAPKs (ERK1/2, JNK,
and p38) in the embryo and evaluated the consequences of selectively blocking
these MAPK pathways on the developmental toxicity of HU. Exposure of
organogenesis stage embryos to a model teratogen transiently activates p38 and
JNK MAP kinases; however, inhibiton of this activation has adverse

consequences to the embryo.
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MATERIALS AND METHODS
‘Animals and treatments.

Timed-pregnant CD1 mice (20-259) were purchased from Charles River
Canada Ltd. (St. Constant, QC, Canada) and housed in the Mcintyre Animal
Resource Centre (McGill University, Montreal, Canada). All animal protocols
were conducted in accordance with the guidelines outlined in the Guide to the
Care and'Use Qf Experimental Animals, prepared by the Canadian Council on
Animal Care. Female mice were mated between 8:00 am and 10:00 am on
gestational day 0 (GD 0). On GD 9, vehicle (saline) or HU (400 or 600mg/kg)
was given to the female mice by intraperitoneal injection at 9:00 am. Dams were
euthanized at 0.5, 3, or 6 h after treatment with HU. The embryos weré dissected
out in Hanks' balanced salt solution (Gib‘co Laboratories, ON, Canada) for
subsequent assessment of the activation of MAP kinases aﬁd c-Jun.

SB 203580 (EMD Biosciences, Inc., La Jolla, CA), a p38 MAP kinase
inhibitor (Cuenda et al., ‘1995), L-JNKIM (C-Jun N-terminal Kinase Peptide Inhibitor
1, L-stereoisomer, Axxora, LLC, San Diego, CA), a JNK inhibitor (Bonny et al.,
2001), or the JNK inhibitor L-TAT control peptide (Axxora LLC), was administered
to the female mice before treatment with} HU (400 or 600 mg/kg) on GD 9. SB
2003580 (chloride form) was dissolved in saline and given to the female mice by
intraperitoneal injection 30 min before HU exposure; L-JNKI1 or the L-TAT control
peptide was dissolved in PBS and administered by tail-vein injection immediately
prior to HU treatment. Dams were euthanized on GD 9 at 0.5, 3, or 6 h after HU
treatment or on GD 18 for the evaluation of developmental toxicity. On GD 9, the

embryos were dissected out in Hanks' balanced salt solution for the subsequent

123



assessment of MAP kinase activation. On GD 18, the uteri were removed, and
the numbers of implantations, resorption sites, and live and dead fetuses were
recorded. All the live fetuses were weighed, inspected for external
malformations, and then _double-stained with Alician Blue (cartilage) and Alizarin
red S (bone) for the analysis of skeletal malformations, as described previously

(Yan and Hales, 2005).

Western blotting.

At the time of collection on GD9, embryos were pooled by Iitter. Whole
tissue lysates were preparéd‘ for phospho-c-Jun and MAP kinase determinations.
Samples were placed in 40 pl RIPA buffer (150 mM NaCl; 1% NP-40; 0.5%
deoxycholate; 0.1 % SDS; 50 mM Tris,A pH 7.5) containing 10 pl/ml of the
protease inhibitor cocktail and 20ul/mi of the phosphatase inhibitor mix (Active
Motif, Carlsbad, CA). The samples were homogenized with an ultrasonicator
(Sonics & Materials Inc., Newtown, CT), and centrifuged at 10,000 g for 15 min at
4°C. The éupernaténts were used for immuno-blotting.

Proteins from each sample (7.5 or 15 ug, for 15 well or 10 well gels,
resp'ectively) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred onto equilibrated polyvinylidene difluoride
membranes (Amersham Biosciences, Buckinghamshire, UK) by electroblotting.
Membranes were blocked with 5% skim milk for 1 h at room temperature, and
then probed overnight at 4 °C with primary antibodies against phospho-c-Juh
(1:1000), phospho-JNK (1:1000), phospho-p38 (1:1000), phospho-ERK1/2

(1:1000), ERK2 (1:1000), or actin (1:5000). Rabbit polyclonal anti-phospho-c-Jun
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(Ser 63), anti-phospho-JNK (Thr1 83/Tyr185), monoclonal anti-phospho-p38
(Thr180/Tyr182), and mouse monoclonal anti-phospho-ERK1/2 (Thr202/Tyr204)
antibodies were pufchased from Cell Signaling Technology (Beverly, MA). Rabbit
polyclonal anti-ERK2 and goat polyclonal anti-actin (I-19) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

After incubation with horseradish peroxidase-conjugated secondary
antibodies (1:10,000) for 2 h at room temperature, proteins were detected by
enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK).
The bands were quantified by densitometric analysis using a Chemi-lmager 400
imaging system (Alpha Innotech, San Leandro, CA); the peak area represents the
intensity of the band. Each experiment was replicated five times with different

litters (n=5).

Statistical analysis.

Statistical analyses were done by Chi- square, or by two-way ANOVA,
one-way ANOVA, or one-way ANOVA on ranks, as appropriate, using the |
SigmaStat computer program, followed by a post hock Holm-Sidak or Dunn’s

analysis. The a priori level of significance was P < 0.05.
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RESULTS

Activation of MAPKs by HU treatment.

Since the maximal increase in AP-1 DNA-binding activity in embryos
exposed to HU occurred 3 h post-treatment (Yan and Hales, 2005), we
determined the activation of MAP kinases in embryos 0.5, 3, and 6 h post-
treatment with low (L, 400 mg/kg) or high (H, 600 rhg/kg) dose HU (Fig. 4.1). The
phosphorylation of MAP kinases (p38, JNK, and ERK1/2) was examined by
immunoblot analysis using phospho-specific MAP kinase antibodies. High-dose
HU induced a transient but dramatic increase in the phosphorylation of p38 and
JNK at 3 h (Fig. 4.1A). The phosphorylation of both p38 and JNK was
significantly higher in the HU-600mg/kg treated groups than thé control groups at
3 h post-treatment; by 6h, the phosphorylation of p38 and JNK was not
statistically different from controls (Fig. 4.1 B and C). Unlike p38 and JNK, the
phosphorylated form of ERK1/2 was not detected by immunoblot analysis, even
after maximally loading the samples. When the same membrane was probed with
an antibody against ERK2, two distinct bands of non-phosphorylated ERK1/2, at
44 kDa and 42 kDa, were revealed (Fig. 4.1A). Therefore, in utero exposure to a
teratogenic dose of HU triggered the activation of two major stress-responsive
MAPKs, p38 and JNK, but did not activate the ERK1/2 pathway. Our next
objective was to determine how HU-induced activation of p38 and JNK

contributes to its embryotoxicity.

126



Inhibition of p38 and JNK MAP kinases.

To elucidate the specific roles of p38 and JNK MAP kinases in mediating
the response of the embryo to insult with HU, we selectively blocked their
signaling pathways. SB203580, a pyridinylimidazole compound, is an ATP
competitive inhibitor of the p38 MAPK pathway (Cuenda et al., 1995). L-JNKI1
(L-stereoisomer), a cell permeable peptide, is a substrate based peptide inhibitor
of the JNK-MAPK pathway (Paliga et al., 2005); L-JNKI1 competitively blocks the
interaction between JNK and its substrates, but does not influence JNKvactivatvion
itself. Since, to the best of our knowledge, this is the first time that either MAPK
inhibitor has been administered in an in vivo study to modify MAPK signaling in
embryos, we determined the appropriate dosages needed to block these
pathways. Timed pregnant mice were given SB203580 (0.5, 1.0, or 3.0 mg/kg) or
L-JNKI1 (1.5 or 3 pl /10g) prior to treatment with HU at 600mg/kg. Embryos were
obtained 3 h after HU exposure, when HU-600mg/kg activation of p38 and JNK
had reached its peak.

SB203580 prevented the HU-600mg/kg triggered phosphorylation of p38
MAP kinase in a dose dependent manner; at 3.0 hg/kg, SB203580 reduced. the
phosphorylation of p38 to a level lower than that in saline controls (Fig. 4.2 A and
F). Furthermore, 3.0 mg/kg SB203580 had no effect on the phosphorylation of
"JNK (Fig. 4.2B, second lane; 4.2H, second bar) or its downstream substrate, c-
Jun (Fig. 4.2C, last lane; 4.2G, Iaét bar). Based on these data, we decided to use
SB 203580 at 3mg/kg dosage for our subsequent study.

L-JNKI1 was gi’ven to timed pregnant mice by tail vein  injection

immediately prior to treatment with HU (600mg/kg) to minimize metabolic
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degradation of the peptide. As shown in Fig. 4.2C and 4.2G, L-JNKI1, at 1.5
ul/10g (about 5 pl per mouse) or 3.0 pl/10g (about 10 ul per mouse), successfully
prevented HU-induced increased phosphorylation of c-Jun (Fig. 4.2, C and G);
the control peptide, at 3.0 pl/10g, had no effect on c-Jun phosphorylation (Fig.
4.2C, lane 5; 4.2G, bar 5). As expected from its mechanism of action, L-JNLI1
(1.5 or 3.0 pl/10g) did not affect JNK phosphorylation (Fig. 4.2; D and H).
Furth/ermore, L-JNKI1 did not block the p38 MAP kinase pathway (Fig. 4.2E;
4.2F, last bar). Since L-JNKI1 at 1.5 pl/10g efficiently blocked the JNK pathway,

we chose this dose for further study.

Effects of p38 MAP kinase inhibition on HU-induced dévelopmental toxicity.

HU at 600mg/kg elevated the rate of fetal deaths, reducéd the body
weights of live fetuses, and increased the rate of external and skeletal
malformations; in contrast, the only effect of maternal exposure to 400 mg/kg was
a reduction in live fetal weights (Figs. 4.4, 4.5). The major external malformations
induced by HU exposure were hindlimb ectrodactyly, fnainly observed as a
completely or partially missing first digit (Tables 4.1-1 and 4.2-1 ).

A variety of skeletal malformations was observed in the high-dose HU-
exposed fetuses (Fig. 4.3); among these, vertebral column defects (fused,
partially ossified, or misaligned vertebrae) (Fig. 4.3C), hindlimb ectrodactyly and
hemimelia (Fig. 4.3, C and D), and curly tail defecté (Fig. 4.3C) were
predominant; fused or mismatched sternebrae (Fig. 4.3E) and fused or forked
ribs (Fig. 4.3, C and E) were observed at low incidences. The hindlimb defects

observed were primarily missing or truncation of the first digit and tibia (Fig. 4.3,
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C and D), and partial or complete absence of more than the first digit, with the

sequence from anterior (first digit) to posterior.

Administration of the p38 inhibitor SB203580 alone did not influence
progeny outcome (Fig. 4.4). Interestingly, rather than rescue the embryos
exposed to HU-600 mg/kg, pretreatment with SB203580 dramatically increased
(from 41.1% to 74.8%) the number of dead fetuses per Iittér (Fig. 4.4A). Dead
fetuses appeared as embryo resorptions. Despite this striking elevation in fetal
mortality, SB203580 inhvibition of p38 activation did not influence other measures
of developmental toxicity in the HU-exposed surviving fetuses from either the 400
or 600mg/kg treatment groups. Similar body weights were found among the
fetuses exposed to HU with or without SB203580 pretreatment (Fig. 4.4B). The
overall incidence of external or hindlimb malformations was not different between
the groups treated with HU alone or SB203580 plus HU (Fig. 4.4, C and D).
Furthermore, malformed fetuses bore similar types of external abnormalities,
whether they had been pretreated with SB203580 or not. As illustrated in Table1-
1, high frequencies of hindlimb and tail defects were observed among the fetuses
treated with HU alone or HU plus SB203580; the incidences of forelimb
abnormalities, open eye defects, and gastroschisis were very low in all groups.
No significant differences in the rate of any individual malformations were found
~ among the groups exposed to HU with or without SB203580 pretreatment. One
fetus in the HU 400mg/kg treatment group had excencephaly (1.0%), while one
the HU-600mg/kg group had spina bifida (1.6%); the incidence of these neural

tube defect rates is too low to be considered significant. Similar results were
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found when skeletal malformations were examined, as shown in Table 4.1-2.
The inhibition of p38 activation did not alter either the spectrum or the frequency
of the HU induced malformations observed (verterbral column, hindlimb,

sternebrae, ribs and forelimb defects).

Effects of JNK inhibition on HU-in‘duced developmental toxicity.

L-JNKI1 alohe did not induce developmental toxicity, nor did it affect the
susceptibility of embryos to HU-induced embryotoxicity, as assessed by the
incidence of fetal mortality (Fig. 4.5A), the extent of growth retardation (Fig. 4.5B)
or the overall incidence of external abnormalities (Fig. 4.5C). Nevertheless, L-
JNKI1  pretreatment = specifically enhanced the incidence of hindlimb
malformations, both external and skeletal, in HU-600mg/kg -exposed fetuses
(Fig. 4.5D, Tables 4.2-1 and 4.2-2).

In the HU;600mg/kg treated group, the frequency of hindlimb defects was
dramaﬁcally increased by L-JNKI1, from 44.9% to 85.7%. In contrast to this
observation, the incidences of other deformities in the HU-exposed fetuses, such
as curly tail defects, forelimb defects, open eye, spina bifida and gastroschisis,
were not affected significantly by L-JNKI1 pretreatment. Evaluation of the fetal
skeletons (Table 4.2-2) revealed similar results: blocking the JNK pathway
increased the incidence of hindlimb defects by more than 2-fold (31.1% versus
74.1%, p<0.01) in the 600mg/kg HU-exposed group. Again, the frequency of
other skeletal abnormalities, including vertebral, sternebrae, rib and forelimb
defects, in the HU-treated fetuses was not altered significantly by L-JNKI1

pretreatment. Interestingly, even though the incidence of hindlimb defects
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increased dramatically in fetuses exposed to HU plus L-JNKI1, neither their
pattern nor their severity was significantly affected. Whether L-JNKI1 was
administered or not, HU-600mg/kg exposure affected mainly the pre-axial skeletal
elements of hindlimbs, shown as ablation or truncation of the tibia (31.1% versus
72.2%) or first digit (28.9% versus 72.2%); truncation of the femur was observed

rarely (2.2% versus 5.6%).
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DISCUSSION

Maternal exposure to teratogenic doses of HU triggered a transitory
activatioh of p38 and JNK MAPKs in the embryo; the ERK1/2 pathway was not
activated. Althbugh phosphorylated ERK1/2 are expressed in restricted regions in
the developing embryo and have an important role in régulating} chondrogenesis
(Bobick et al., 2007), the ERK kinase pathway does not appear to play a role in
the response of the embryo to HU exposure.

The use of pharmécological inhibitors to selectively block activation of
either the p38 or JNK MAPK pathways did not rescue the embryos from HU-
induced embryotoxicity; rather, inhibition of MAPK activétion augmented the
embryotoxicity of HU. Thus, HU-induced activation of p38 and JNK MAP kinases
must have stimulated defense responses in the embryo that protected it from this
teratogen. Interestingly, the consequences ‘of inhibiting MAPK signaling activation
were pathway selective: inhibition of p38 MAP kinase activation enhanced fetal
mortality, whereas inhibition of JNK signaling doubled the incidence of hindlimb
malformations. Indeed, distinct and sometim.es antagonistic effects have been
reported for these two stress signaling pathways previously (Wada et al., 2007).

The conceptal deaths induced by exposure to HU on GD 9 were observed
as resorption sites. We predict that these embryo deaths occurred shortly after
HU exposure since no identifiable tissues remained by GD 18. Murine embryo
development becomes dependent on p38 MAP kinases at the 8-16 cell stage,
when inhibition of p38 MAP kinases disrupts the assembly and functions of
filamentous actin (Paliga et al, 2005). During limb development, bone

morphogenetic proteins (BMPs) activate p38 MAP kinase in interdigital tissues
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undergoing regression, | upregulating some of the genes that mediate
programmed cell death (Zuzarte-Luis et al., 2004). However, p38 MAP kinase
has an opposit.e role in neuronal cells in vitro: inhibitors of p38 promote cell
survival (Horstmann et al., 1998) and have been reported to protect hippocampal
cells against ethanol cytotoxicity (Ku et al., 2007). The mechanism by which
inhibition of p38 MAP kinase activation is detrimental in one syétem, or at one
time during development, and plays a protective role elsewhere remains to be
determined.

Transient activation of JNK appears to specifically modulate the ability of
cells in the hindlimb forming region of the embryo to respond to stress.
Previously, we demonstrated that depletion of glutatione elevated the incidence
of hindlimb abnormalities induced by HU (Yan and Hales, 2006). This increase in
hindlimb malformations was associated with an increase in immunoreactive 4-
hydroxy-2-nonenal (HNE) protein adducts in hindlimb-forming regions. 4-HNE, a
lipid peroxidation end product, increases the phosphorylation of JNK1 and c-Jun
proteins in HBE1 cells and the levels of active phosphorylated forms of ¢-Jun in
cultured neurons (Dickinson et él., 2002;Pugazhenthi et al.,, 2006). We
hypothesize that HU-induced oxidative stress disrupts the redox homeostasis of
the hindlimb forming region of the embryo, increasing 4-HNE pfotein adducts;
either the glutathione depletion or the 4-HNE protein adducts trigger activation of
the JNK pathway and increase AP-1 binding activity. Increased AP-1 binding
activity will induce the transcription and translation of glutamate cysteine ligase,
the rate limiting enzyme in glutathione synthesis, and restore the glutathione pool,

thus limiting the extent of insult during this critical period of limb development.
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Redox homeostasis is critical during limb development. The administration of N-
acetylcysteine, a glutathione precursor, ameliorated both the oxidative stress and
hindlimb defects induced by another model teratogen, 5-bromo-2-deoxyuridine
(Sahambi and Hales, 2006). Furthermore, the species specificity of the
teratogenicity of thalidomide has been attributed to a difference between rabbit
(susceptible) and mouse (resistant) embryo limbs: rabbit limbs have a lower
antioxidant capacity and enhanced susceptibility to glutathione depletion (Hansen
et al.,, 2002).

The limb defects induced by HU appeared specifically as the loss of
preaxial elements, usually the tibia and first digit; in a few fetuses, more than one
digit was missing. Inhibition of stress-activated JNK signalling in the embryo
dramatically increased the incidence of hindlimb malformations but did not affect
the type of defects observed. This is unexpected as JNK-dependent apoptosis
plays a critical role in sculpting limb pattern formation in the chick limb bud
(Grotewold et al., 2002) and the Drosophila leg (Manjon ét al., 2007). In vitro cell
culture studies have shown that the JNK pathway inhibits chondrogenesis
“(Hwang et al., 2005). The role of stress-activated JNK rﬁay be distinct from that
of JNK signaling during normal development. When they become available,
isozyme-specific JNK inhibitors might help to dissect out the contributions JNKs
1, 2 and 3 to the stress response.

Although the downstream consequences of activation of the p38 and JNK
MAPK pathways are clearly distinct, it is possible that they are regulated by a
common upstream pathway. It has been proposed that MAP3Ks serve as “signal

hubs” to regulate the specificity of MAPK activation (Cuevas et al., 2007). ASK1
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is one such MAP3K, upstream of JNK and p38 kinases; furthermore, ASK1 is
preferentially. activated by stress stimuli, specifically by oxidative stress (Cuevas
et al.,, 2007). A dynamic and regional specific expression of ASK1 (apoptosis-
signal regulating kinase1) was found recently in chick and mouse embryos -
(Ferrer-Vaquer et al., 2007), including the limb region. Mice deficient in ASK1
develop normally, but this may be due to gene redundancy (Tobiume et al.,
2001). Although ASK1 was identified initially as a cell death inducer, evidence is
emerging that moderate or transient activation promotes cell survival and
differentiatioh (Takeda et al., 2000).

Selective MAPK signaling pathway inhibitors have potential as drugs for
the treatment of human inflammatory diseases, prevention of acute ischemic
damage, reduction of neurodegeneration, or inhibition of pancreatic B cell death.
Interestingly, there are also natural products, such as resveratrol, tangeretin, and
ligustilide, to which pregnant women may be exposed, that inhibit MAPK signaling
in vitro (Malemud, 2007). In one study in which the impact of manipulation of
MAPK activation on embryo development was evaluated, sorbitol-induced JNK
activation mimicked the effects of hyperglycemia in inducing diabetic
embryopathy (Yang et al., 2007).

It is clear that regulation of MAPK signaling in the conceptus exposed to a
developmental toxicant is cdmplex. We have demonstrated that inhibition of the
transitory activation of MAPK signaling triggered by such an insult has adverse
consequences to the conceptus: p38 MAP kinase and JNK signaling pathways
stimulated defense responses that protected the embryo from damage. The

therapeutic potential of MAPK pathway inhibitors is such that understanding the
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‘ impact of even short term exposure to these substances during pregnancy is a

priority.
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Fig. 41 HU induced the activation of MAP kinases. A, Western blot analysis of
MAP kinases in embryos at 0.5, 3, and 6 h after treatment with HU at 400mg/kg
(L) or 600mg/kg (H). Panel 1: phosphorylated p38 MAP kinase; panel 2:
phosphorylated JNK; panel 3: phosphorylated ERK1/2; panel 4: total ERK1/2. B
and C, Scan densitometry quantification of the phosphorylated p38 bands and
phosphorylated JNK bands, respectively. Each bar (meantS.E.M) represents five

litters. *, significantly different from saline control at the same time point (p<0.05).
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Fig. 4.2. Inhibit‘ion of p38 or JN\K MAP kinases by SB203580 or L-JNKI,
respectively. A, SB203580 at 0.5, 1.5, and 3 mg/kg (SB0.5, SB1.5, and SB3.0)
dose-dependently reversed the phosphorylation of p38 induced by HU at
600mg/kg (HUG00). B, SB203580 at 3mg/kg did not affect the phosphorylation of
JNK induced by HU600. C, L-JNKI1, at 1.5 or 3ul/10g (JNKI1.5, JNKI3.0),
blocked the phosphorylation of the JNK downstream substrate, ¢c-Jun. The L-
TAT control peptide at 3pl/10g (pep 3.0) and the SB203580 at 3mg/kg did not
affect the phosphorylation of c-Jun. D, L-JNKI1, at 1.5 or 3ul/10g, had no effect
on the phosphorylation of JNK. E, L-JNKI1, at 1.5 yl/10g, did not influence the
phosphorylation of p38 induced by HU600. F, G, and H, Scan densitometry
quantification of the phosphorylated p38, c-Jun, and JNK. Values were
normalized against to the corresponding vehicle Acontrol and expressed as fold

changes. n=2-3.
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Fig. 4.3. Double stained skeletons of the fetuses exposed to saline (A, B, F) or
HU-600mg/kg (C-E). Ossified portions of the fetal skeletons are stained red and
cartilage portions are blue. (A) ‘Normal vertebrae, hindlimbs, and tail of a control
fetus; (F) a higher magnification view of the hindlimb of this control fetus. (B)
Normal sternebrae and rib cage of a control fetus. (C) HU-600mg/kg-treated
fetus; arrows indicate the deformed vertebral column (DV), short truncated tibia
(tibia hypoplasia, TH), curly tail (CT), and fused ribs (FB). (D) A higher
magnification image of tHe hindlimb of a HU-600mg/kg-exposed fetus; arrows
indicaté the missing tibia (tibia aplasia, TA) and missing first digit (aplasia of the
first digit, AFD). (E) The fused and mismatched sternebrae and forked ribs of the

HU-600mg/kg-treated fetus.
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Fig.4.4. Effects of p38 MAP kinase inhibition on HU-induced developmental
toxicity. A, Fetal death rates (the percentage of total implantations that were
dead). B, Live fetal weights. C, External malfbrmation rates of live fetuses. Data
‘represent means per litter + S.E.M., with 7 to 11 litters per treatment group. *,
significantly different from vehicle control (*, p < 0.05; **, p < 0.01); t, significant
difference between the HU treated group with or without SB203580 (1, p < 0.05);
statistical analysis was done by two-way, one-way ANOVA, or one-way ANOVA
on ranks, as appropriate. D, Hindlimb malformation rates, the data are expressed
as the percentage of hindlimb-deformed fetuses of the total live fetuses
observed. Fetuses from 7 to 11 litters per treatment group were evaluated. *,
significantly different from vehicle control (*, p < 0.5; **, p < 0.01; Chi-square).
SB, SB203580; (-), saline; (+), SB203580 at 3 mg/kg; L, HU400mg/kg; H,

HUB00mg/kg.
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Fig. 4.5. Effects of JNK inhibition on HU-induced developmental toxicity. (A)
Fetal death rates (the percentage of total implantations that were dead). (B) Live
fetal weights. (C) External malformation rates of live fetuses. Data represent
means per litter + S.E.M., with 7 to 10 litters per treatment group. Asterisks
indicate a significant difference from vehicle control (*, p <0.05, **, p <0.01; one-
way ANOVA or one-way ANOVA on ranks, as appropriate). (D) Hindlimb
malformation rates; the data are expressed as the percentage of hindlimb
deformed fetuses of the total live fetuses observed. Fetuses from 7 to 10 litters
per treatment group were evaluated. *, significantly different from vehicle control
(**, p < 0.01; Chi- square); 1, a significant difference between the HU treated
group with or without L-JNKI1 (1, p.< 0.05). (-), PBS; (+), L-JNKI1 at 1.5 nl/10g

mg/kg; L, HU400mg/kg: H, HUS00mg/kg.
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Table 4.1-1. Effects of inhibition of p38 activation on HU induced live fetal

external malformations.

Treatment (mg/kg) _
Saline SB HU400 SB-HU400 HU600 SB-HU600
No. of litters examined 8 7 9 8 9 11
No. of fetuses examined 97 77 96 90 64 52
(Ectroaactyy, hemimelia 2(53%) 21 (404%)
Curly/hypoplastic tail 3(3.1%) 3(3.3%) 26 (40.6%) 15 (28.8%) '
(Ectrodactyy, hemimelia) 2B1%  T(135%)
Open eye 1(1.1%) 4(6.2%) 1(1.9%)
Spinal bifida 1(1.6)
Gastroschisis 1(1.1%) 2(3.1%) 3(5.8%)
Excencephaly 1(1.0%)

* percentages are represented as the malformed fetuses out of the fetuses examined; a single fetus may be represented more
than once in listing individual defects.

Table 4.1-2. Effects of inhibition of p38 activation on HU induced live fetal
skeletal malformations.

Treatment (mg/kg)

Saline SB HU400 $8-HU400 HU600 $8-HU600

No. of litters examined 8 7 8 8 9 9

No. of fetuses examined 38 62 82 89 61 47
Abnormal vertebrae * 4 (4.9%) 6 (6.7%) 54 (88.5%) 42 (89.4%)
Abnormal hindlimb: 1(1.1%) 31 (50.8%) 21 (44.7%)
Tibia aplasia / hypoplasia 1(1.1%) 29 (47.5%) 20 (42.6%)
Digits aplasia / hypoplasia 30 (49.2%) 19 (40.4%)

Polydactyly 1(1.6%)
Abnormal Sternebrae ° 1(2.6%) 8 (9.7%) 8 (8.9%) 8 (13.1%) 8 (17.0%)
Forked/fused ribs 1(1.1%) 9 (14.8%) 8 (17.0%)
Abnormal forelimb ° 2(3.3%) 3(6.4%)

» percentages are represented as the malformed fetuses out of the fetuses examined; a single fetus may be represented more
than once in listing individual defects.
# vertebral column malformations include fused, incomplete ossification, misaligned or misshapen of the vertebral centra

or vertebral arch.

b sternabral abnormalities include misaligned, fused or incomplete ossification site.
° Forelimb malformations include ectrodactyly or hemimelia.
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Table 4.2-1. Effects of inhibition of JNK activation on HU induced live fetal

external malformations.

Treatment (mg/kg)
Saline L-JNKI HU400 L-JNKIM-HU400 HU600 L-JNKI1-HU600
No. of litters examined 9 7 10 9 8 7
No. of fetuses examined 93 87 112 113 49 56
(Ectrodactyly, hemimeiia) 2(44.9%) 48 (85.7%) "
Curly/hypoplastic tail 4 (3.6%) 7 (6.2%) 10 (20.4%) 18 (32.1%)
(Ec':\rt;rézgtnyal;,f %fr:?:élia) 2(4.1%)
Open eye 4 (3.6%) 5 (4.4%) 7 (12.5%)
Spinal bifida 4 (6.6%)
Gastroschisis 1(0.9%) 4 (6.6%)

. pefcentages are represented as the malformed fetuses out of the fetuses examined; a single fetus may be represented
more than once in listing individual defects.

~e ** Significant difference at p<0.001 level between the hydroxyurea treated group with or without L-JNKI1

pretreatment

Table 4.2-2. Effects of inhibition of JNK activation on HU induced live fetal
skeletal malformations.

Treatment (mg/kg)
Saline L-JNKN HU400 L-JNKI1-HU400 HU600 L-JNKI1-HU600
No. of litters examined 9 7 10 9 - 8 7
No. of fetuses examined 51 56 111 97 45 54
Abnormal vertebrae * 4 (3.6%) 18 (18.6%) 43 (95.6%) 54 (100.0%)
Abnormal hindlimb: 14 (31.1%) 40 (74.1%) **
Tibia aplasia / hypoplasia 14 (31.1%) 39(72.2%) **
Digits aplasia / hypoplasia 13 (28.9%) 39(72.2%) **
Femur hypoplasia 1(2.2%) 3 (5.6%)
Abnormal Sternebrae © 8 (7.2%) 11 (11.3%) 7 (15.6%) 8 (14.8%)
Forked/fused ribs 2(2.1%) 5(11.1%) 2(3.7%)
Abnormal forelimb © 2 (4.4%)

¢ percentages are represented as the malformed fetuses out of the fetuses examined; a single fetus may be represented
more than once in listing individual defects. .

** Significant difference at p<0.001 level between the hydroxyurea treated group with or without L-JNKI-1 pretreatment

% vertebral column malformations include fused, incomplete ossification, misaligned or misshapen of the vertebral centra

or vertebral arch. '

P: sternabral abnormalities include misaligned, fused or incomplete ossification site.

° Forelimb malformations include ectrodactyly or hemimelia.
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CONNECTING TEXT

In the previous chapters, we found that the caudal tissues of the embryo
are specifically susceptib»le to HU-induced malformations; oxidative stress may
disturb the development of the hindlimb and lumbarsacral vertebral column.
Interestingly, inhibition of JNK pathways specifically enhanced the hindlimb
defects. To further elucidate the mechanism of oxidative stress in disrupting the
formation of hindlimb and vertebral column, in the following chapter, we dissected
the embryo into head, body, and caudal part (malformation sensitive region); the
distribution of 4-HNE protein adducts in different part of the embryo was
‘evaluated by Western blot analysis and the proteins conjugated to 4-HNE in the
caudal region of the embryo were identified. Furthermore, the expression of
genes involved in defense against oxidative stress, and limb and vertebral

column development was éevaluated.
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CHAPTER FIVE

Hydroxyurea, A Model Teratogen, Alters Oxidative Stress Responsive
Signaling Pathways and Induces 4-Hydroxynonenal (4-HNE) Protein

Adducts In The Tail Region of Mouse Embryos.

Jin Yan and Barbara F. Hales
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ABSTRACT

In utero exposure to hydroxyurea, a model teratogen, induces hindlimb,
lumbosacral vertebral, and tail defects. This disruption in the pattern formation of
caudal structures is enhanced by inhibition of glutathione synthesis,‘ suggesting
that hydroxyurea-induces oxidative stress in this fegion. To elucidate the basis
for the sensitivity of this region to insult with hydroxyurea, we determined the
effects of treating timed pregnant CD1 mice onv GD 9 on the expression of genes
that mediate the response to oxidative stress and play a role in establishing
caudal structures. The expression of Dickkopf-1 (Dkk1), a secreted Wnt/beta-
catenin signaling inhibitor, was higher in the tail than in the head or body;
exposure to hydroxyurea decreased the expression of both Dkk1 and fibroblast
growth factor, Fgf8 in the tail. Reactive oxygen species (ROS) react with
polyunsaturated fatty lipids to generate 4-hydroxynonenal (4-HNE), an a,B-
unsaturated small aldehyde. The formation of 4-HNE protein adducts was
elevated in the caudal region of control embryos; hydroxyurea-exposure further
elevated 4-HNE-protein adduct formation in this area. 4-HNE-protein adducts in
the tail regions of control and hydroxyurea-exposed embryos indicate the
presence of excess ROS. Proteins fnodified by 4-HNE in the tail region were
identified by 2D gel electrophoresis and mass spectrometric analysis.
Interestingly, three of these proteins, gcheraIdehyde-3-phosphate
dehydrogenase (GAPDH)', glutamate oxaloacetate transaminase 2 (GOT2), and
aldolase 1, A isoform (ALDOA1), are involved in energy metébolism. Strikingly,

hydroxyurea treatment decreased the amount of 4-HNE-conjugated GAPDH and
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‘ altered its electrophoretic mobility, indicating a conformational change. We
propose ‘that GAPDH represents a sensitive target for teratogen-induced

oxidative stress during organogenesis.
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INTRODUCTION

A number of diverse teratogehs induce oxidative stress, yet there is little
information with respect to how this oxidative stress disrupts 'embryo
development (Hansen, 2006). Hydroxyurea (HU) has been studied as a model
teratogen to investigate the role of oxidative stress in chemical teratogenesis
(Yan and Hales, 2005;Yan and Hales, 2006). In utero exposure of CD1 murine
embryos to HU duﬁng organogenesis induces malformations primarily in caudal
tissues, resulting in a high incidence of hindlimb, vertebral colur'nvn and curly tail -
defects (Yan and Hales 2005;Yan and Hales 2006). The hindlimb defects
observed were mainly missing or truncated distal pre-axial skeletal elements,
including the tibia and first digit; the vertebral column defects were most severe at
the Iumbarsacral‘ level and included partial ossification, fusion, and misalignment
of vertebrae. Inhibition of the synthesis of glutéthione with buthionine sulfoximine
ihcreased the incidence of both hindlimb and vertebral defects in HU-exposed
fetuses (Yan and Hales 2006). Thus, HU-induced oxidative stress disrupts the
growth and patterning of caudal structureé. The basis for the enhanced
sensitivity of this region to insult and the molecular pathways that are involved in
mediating this response remain to be identified.

Candidate pathways that are important in limb development include
Dickkopf-1 (Dkk1), a secreted Wnt/beta-catenin signaling inhibitor, and the
fibroblast growth factors Fgf8 or Fgf10. During organogenesis, Dkk1 expression
is observed in the ventral diencephalon, branchial arch, presomitic mesoderm,

heart, limb buds, and tail bud (Grotewold et al., 1999). Mice deficient in Dkk1
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have severe truncation of the head structures anterior to the midbrain, in addition
to extra pre- or postaxial digits and digit fusion (Mukhopadhyay et al., 2001). The
expression of Dkk1 during limb development overlaps with sites of programmed
cell death (PCD) in the anterior and posterior necrotic zones (ANZ and PNZ) and
the apical ectodermal ridge (AER); Dkk1 is excluded from regions of
chondrogenesis. Ectopic expression of Dkk1 in limb regions results in truncation
of the distal part of the limb skeleton, coupled with extensive apoptosis. It has
been suggested that thé induction of c-Jun-Dkk1 by oxidative stress is
responsible for thalidomide }nduced limb reductions (Knobloch et al., 2007).
Fibroblast growth factors, Fgf8 and Fgf10, are also crucial for limb growth
and patterning. Fgf8 is expressed in the limb AER (Mahmood et al.,, 1995),
whereas Fgf10 is expressed in the mesenchyme underneath the AER (Ohuchi et
al., 1997). Fgf10 induces the expression of Fgf8 in the AER, which in turn
maintains the expression of Fgf10. In contrast to Dkk1, Fgf8 and Fgf10 function
mainly as “proliferation and differentiation factors”, regulating limb initiation,
outgrowth, and chondrogenesis (Capdevila and Izpisua Belmonte, 2001). Mice
lacking Fgf10 show complete truncation of both fore- and hindlimbs (Sekine et al.,
11999). A conditional knockout of Fgf8 in limbs results in hypoplasia of distal pre-
axial skeletal elements (Lewandoski et al., 2000;Moon and Capecchi, 2000).
Interestingly, Wnt signaling is upstream of the Fgfs and involved in the positive
feedback loop between Fgf8 and Fgf10 (Martin, 2001). Lack of Dkk1 activity in
the AER causes a pronounced expansion of the Fgf8 domain (Mukhopadhyay et
al., 2001). Reduction of Fgf8 may be related to the digit-loss induced by cadmium

chloride, another teratogen that triggers oxidative stress (Elsaid et al., 2007). In
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addition to regulating limb development, Fgf8 mRNA secreted from the tail bud
forms a gradient in the presomite regions that is critical to somite segmentation
and posterior elongation of the embryo (Dubrulle and Pourquie, 2004). Disruption
of somitogenesis disturbs vertebral column development (Shifley and Cole,
2007). We hypothesize that exposure to HU may disturb the expression of Dkk1,
Fgf8 or Fgf10 in the organogenesis stage embryo. |
Inhibition of glutatﬁione synthesis enhances the teratogenicity of HU and
increases the presenc;e of a product of lipid peroxidation, 4-hydroxy-2-nonenal (4-
HNE) in embryos (Yan and Hales, 2006). 4-HNE, an a,B-unsaturated small
aldehyde, is produced when reactive oxygen species (ROS) react with n-6
polyunsaturated fatty lipids in cell membranes. 4-HNE, a relatively stable and
highly diffﬁsible electrophile, forms adducts with cellular nucleophiles (Esterbauer
et al., 1991); in particular, 4-HNE undergoes Michael addition reactions with
cysteine, lysine, and histidine residues, as well as Schiff-based addition with
lysine residues on proteins (Uchida, 2003). Conjugation with 4-HNE méy modify
. protein folding and function, cause cross-links, or trigger protein degradation
| (Friguet et al., 1994;Carbone et al., 2004a;Carbone et al., 2004b). The proteins
that are conjugated to 4-HNE belong to diverse functional groups, including
energy metabolism (Humphries and Szweda, 1998;Musatov et al., 2002),
chaperone function (Kapphahn et al., 2006), cytoskeletal components (Aldini et
al., 2005), protein kinases (Sampey et al.,, 2007;Parola et al., 1998), and
receptors (Vindis et al.,, 2007). It has been suggested that 4-HNE mediates
signals critical to the regulation of cell proliferation, differentiation and apoptosis

under stress (Uchida et al., 1999;Marinari et al., 2003;Kutuk and Basaga, 2007).
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To date, the role of 4-HNE in oxidative stress induced teratogenicity has not been
investigated. The goal of the current study is to determine if HU exposure
generates region specific 4-HNE protein adducts in the embryo and to identify the

proteins targeted.
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MATERIALS AND METHODS

Animals and treatments.

Timed-pregnant CD1 mice (20-25g) were purbhased from Charles River
Canada Ltd. (St. Constant, QC, Canada) and housed in the Mcintyre Animal
Resource Centre (McGill University, Montreal, Canada). All animal protocols
were conducted in accordance with the guidelines outlined in the Guide to the
Care and Use of Experimental Animals, prepared by the Canadian Council on
Animal Care. Female mice were mated between 8:00 am and 10:00 am on
gestational day 0 (GD 0). On GD 9, vehicle (saline) or HU (400 or 600mg/kg)
were given to the female mice by intraperitoneal injectién at 9:00 am. Dams were
~euthanized 3 h after treatment with HU. .The embryos were dissected out in
Hanks' balahced salt solution (Gibco Laboratories, ON, Canada), and cUt into
three parts (head, body and tail) along the cranial-caudal axis as indicated in
Figure 1A. The head, body, and tail parts from two embryos per litter were put in
RNAlater RNA Stabilization Reagent (Qiagen, Mississauga, ON, Canada), flash
frozen with liquid 'n‘itrogen, and stored at —80°C for subsequent assessment of
gene expression by real-time PCR. Protein extracts were obtained immediately
from the parts of the remaining embryos for each litter for subsequent
assessment of 4-HN‘E-protein adducts by western blot analysis. For two-
dimensional gel electrophoresis, the tail parts from four litters of embryos
exposed to vehicle or HU600 were pooled and subjected to protein extraction

immediately.
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Real time qRT-PCR.

Total RNA was extracted with the RNeasy Micro Kit (Qiagen, Mississauga,
ON, Canada) following the manufacturer's guidelines. The extracted tbtal RNAs
were quantified by spectrophotometric ultraviolet absorbance at 260 nm.
Omniscript reverse transcriptase kits (QIAGEN) were used following the
manufacturer's guidelines to synthesize cDNAs from the RNA samples
(250ng/sample). One microliter of the 25-times diluted reverse transcription final
reaction was used as template cDNA, and Quantitect two-Step SYBR® Green
RT-PCR (Qiagen) was completed using thé Roche LightCycler® '(Roche
Diagnostics, Lavval, Canada), according to the manufacturer's instructions. PCR
thermal cycling parameters were: 94°C for 15 sec, 55°C for 30 sec and 72°C for
20 sec (for 40-55 cycles, depending on the primers). The cDNA from whole
embryos was diluted to 1, 25, 50 and 100 ng/ul for standard curves for
quantification. Transcripts for: Dkk1 (Dickkopf-1), fgf8 or fgf10 (fibroblast growth
factor 8 or 10), Gclc (glutamate-cysteine ligase catalytic subunit), Gclm
(glutamate-cysteine ligase modifier subunit), and Gsfa4 (glutathione S-
transferase, alpha 4) were analyzed; gene expression was ndrmalized against
18S rRNA. The forward (F) and reverse (R) primer sequences used for RT-PCR
were “as follows: Dkk1: F (5-ctgaccacagccatiticct-3) and R (5-
cggagccttcttgtecttt-3');  fgf10:  F  (5-ttcctectegtectteteet-3))  and R }(5’-
ctgaccttgccgttcttctc¥3’); fgf8. F (5-ctcattgtggagaccgatactt-3)) and R (5'-
atacgcagtccttgcctttg-3'); Gcele: F  (5'-catctaccacgcagtcaagg-3') and R (5-
tcgcctccattcagtaacaa-3’); Gelm: F (5'-cacaatgacccgaaagaactg-3') and R (5'-

gacttgatgattcccctget-3'); Gsta4: F (5’-tggagtg-gagtttgaggaaga-3’) and R (5'-
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cctggtctgtgtcageatca-3’); 18S rRNA: F (5-aaacggctaccacatccaag-3’) and R (5'-

cctccaatggatcctcgtta-3).

Protein extraction.

Samples were placed in 10-25 ul RIPA buffer (150 mM NacCl; 1% NP-40;
0.5% deoxycholate; 0.1 % SDS; 50 mM Tris, pH 7.5) containing 10 ul/ml protease
inhibitor cocktail and 20 pl/ml phosphates inhibitor (Active Motif, Carlsbad, CA).
The samples were homogenized with an ultrasonicator (Sonics & Materials Inc.,
Newtown, CT), and centrifuged at 10,000 g for 15 min at 4°C. The supernatants

were collected and stored at -20°C.

Western blot analysis of 4-HNE-protein adducts.

Protein concentrations were determined using the Bio-Rad Bradford
protein assay (Bio-Rad Laboratories, ON, Canada). The amount of 7.5 ug of
protein from each sample was separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (15 wells) and then transferred onto
equilibrated polyvinylidene diﬂuoride‘ membranes (Amersham Biosciences,
Buckinghamshire, UK) by electroblotting. Membranes were blocked with 5% skim
milk for 1 h at room temperature, and then probed by primary antibody against 4-
HNE-protein adducts (1:500) or actin (1:5000) overnight at 4 }°C. After incubation
with horseradish peroxidase-conjugated secondary antibody (1:10,000) for 2 h at
room temperature, proteins: were detected by enhanced chemiluminescence
(Amersham Biosciences, Buckinghamshire, UK). The intensities of the protein

bands were scanned and quantified with a Chemi-lmager 400 imaging system
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(Alpha Innotech, San Leandro, CA); the peak height represents the intensity of

the band.

Mouse monoclonal antibody against 4-HNE-modifided proteins was
purchased from OXIS International Inc., CA and reconstituted with 1 ml of distilled
water to final concentration as 100 ug/ml antibody. Goat polyclohal anti-actin (I-

19) was purchased from Santa Cruz Biotechnology, CA.

Two-dimensional (2D) gel electrophoresis and western blot analysis of 4-
HNE-protein adducts.

Protein determination, separation and mass spectrometry were conducted
by the Genome Quebec Innovation Centre (Montreal, QC, Canada). Protein
concentration was determined with use of 2D Quant Kit (Amersham, Baie D'Urfe,
QC, Canada). Fifty micrograms of protein in 155 pl of Destreak rehydration buffer
supplemented with 1% IPG Buffer (3-.10NL, Amersham) were placed in each of
four chambers of ZOOM IPGRunner Cassette (Invitrogen, Burlington, ON,
Canada). ZOOM Dry Strips (7 cm, pH range 3-10NL, Invitrogen) were placed in
the chambers that were then sealed and left for rehydration for 16 hrs. The
‘cassette was inserted in ZOOM IPGRunner (Invitrogen) and voltage gradient
(200V-2000V) was applied as recommended by the manufacturer. A total of 2000
vhrs was applied. After isoelectrophocusing (IEF) was completed, strips were
equilibrated with SDS using NuPAGE LDS Sample Bvuffer (1X, Invitrogen),
reduced with 2% dithiothreitol (DTT, Amersham), and alkylated with iodacetamide
(IAA, Sigma). Both steps (DTT and IAA) were done at room temperature for 15

min. Electrophoresis in the second dimension (SDS-PAGE) was done on gradient
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4-12% BisTris precast minigels (Invitrogen) immobilized with 1% agarose in XCell
Surelock (Invitrogen). The upper and lower chambers were filled with MOPS
Running Buffer (Invitrogen); molecular weight standards (Broad Range Protein
Molecular Weight Markers, Amersham; 0.9 pg/gel) were placed in the marker
wells and QOOV Were applied for 50 min. After completion of the run, one of every
pair of gels was fixed overnight in 50% methanol/10% acetic acid fixation solution
and stained with silver nitrate by modified Shevchenko’'s protocol (Yan et al.,
2000). Gel images were acquired on an ImageScanner (Amersham) in TIF

format.

Immediately after SDS-PAGE, the second gel was covered with a
nitrocellulose membrane, placed betweén two sheets of Whatman paper and two
sponges, and inserted into an XCell Il Blot Module (Invitrogen). The module was
then placed in XCell SureLock. Transfer Buffer (Invitrogen) supplemented with
10% methanol was added in the module, and protein transfer was carried out at
30V for 1 hr. The quality of the protein transfer was controlled by sfaining with
Ponceau S. The membranes were blocked with 5% skim milk for 1 h at room
temperature after washing off the Ponceau S stain, and then probed with primary
antibodies against 4-HNE-modifided proteins (1:500, OXIS International, Inc.)
overnight at 4 °C. After incubation with horseradish peroxidase-conjugated
secondary antibodies (1:10,000) for 2 h at room temperature, proteins were
detected by enhanced chemiluminescence (Amersham Biosciences,

Buckinghamshire, UK).
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Mass spectrometry.

Protein spots on the silver-stained 2D gels that correspond to those
detected by fmmunoblotting of 4-HNE-modified proteins were excised from the
gel and subjected to trypsin digestion. Sample injection and HPLC separation
- were done using an Agilent 1100 series system (Agilent Technologies,
Mississauga, ON, Canada). Twenty microlitters of digest solution was loaded on
to a Zorbax 300SB-C18 5X0.3mm trapping column and washed for 5 min at 15
MV/min with 3% Acetonitrile (ACN): 0.1% formic acid (FA). Nano-HPLC peptide
sepération was done using a New Objective (Woburn, MA) Biobasic C18
10X0.075mm picofrit analytical column. The gradient was 10% AC‘N: 0.1% FA to

95% ACN: 0.1% FA in 15 min at 200 nl / min.

Mass spectrometry was done with a QTRAP 4000 from Sciex-Applied
Biosystemsv (Concord, ON). Information-dependent ms/ms analysis was done on
the 3 most intense ions selected from each full scan MS with dynamic exclusion
for 90 sec. The survey scan used was an enhanced MS scan from 3500 to 1600
m/z at 4000 amu/sec using Dynamic Fill time. MSMS data was acquired for three
scans from 70 to 1700 m/z using a-fixed 25 ms trap fill time and with QO trapping
activated. Peaklists were generated with Mascot Distiller 1.1 from Matrixscience
(Boston, MA). Searches of sequences from NCBInr database using a rodent
taxonomy filter (157986 sequences) were done with Mascot 1.9 using Trypsin as
digestion enzyme, and carboxyamidomethylation of cysteines as fixed
modification, methionine oxidation as variable modification and 1.5 Da precursor

and 0.8 fragment search tolerances.
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2D Western blot analysis of GAPDH.

Membranes obtained from 2D Western blot of 4-HNE-modified proteins
were stripped once with stripping buffer (2% SDS; 62.5mM Tris, pH6.7; 100mM
B-mercéptoethanol). After washing 3 times with TBST (0.1% Tween-20) for 10
min each, membranes were blocked with 5% skim milk for 1 h at room
temperature, probed with a primary antibody against GAPDH (1:2000, rabbit
polyclonal IgG, Abcam Inc., MA) at 4°C overnight, and incubated with horseradish
peroXidase-conjugated “secondary antibody (1:10000) for 2 h at room
temperature. Proteins were detected by enhanced chemiluminescence
(Amersham Biosciences, Buckinghamshire, UK). The intensities of the protein
spots were quantified with a Chemi-Imager 400 imaging system (Alpha Innotech,

San Leandro, CA).

Statistical analysis.

Statistical analyses were done by two-way ANOVA or one-way ANOVA on
ranks, as appropriate, using the SigmaStat computer program, followed by a
po'st- hock Holm-Sidak or Dunn’s analysis. The a priori level of significancé was P

< 0.05.
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RESULTS

HU-induced changes in gene expression are region specific.

Our first goal was to determine the region specificity of the effects of HU
exposure on the expression of candidate genes in embryos. As indicated in Fig.
- 5.1A, each embryo was cut at two sites, the caudal end of the first branchial arch
(the head) and the cranial end of the third somite from the caudal end of the
embryo (about the 20th somite) (separating the body and the tail). The head part
will form mainly the cranial-facial structures; the body part will form forelimbs,
thoracic and most abdominal organs, the rib cage, and the thoracic and upper
cervical vertebrae; the tail part will form hindlimbs, lower cervical and
lumbarsacral vertebrae, and the tail. Hindlimbs outgrow at the level of the 23rd-
28th somite; embryos were sectioned near the 20™ somite to ensure that hindlimb
outgrowth tissues were found in the tail sections. The cranial and body sections
of embryos are considered to be relatively less sensitive to HU-teratogenesis
after treatment on GD 9, whereas the tail or caudal region is highly sensitive (Yan
and Hales, 2006).

The expression of three genes crucial for limb growth and patterning,
Dkk1, Fgf8 and Fgf10, was analyzed by real-time qRT-PCR (Fig. 5.1B). The
expresSion of Dkk1 was higher in the tail than in the head or body of control
embryos. Interestingly, treatment with HU-600mg/kg significantly reduced Dkk1
expression in both the head and tail sections (Fig. 5.1B). Fgf8 expression was
lower in the body of control embryos than in the tail; this pattern of gene

expression appeared to be reversed for Fgf10, with lower expression in the head
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and tail than the body (Fig. 5.1, C and D). Exposure to HU-600mg/kg significantly
decreased the expression of Fgf8 in all three embryo sections. In contrast, Fgf10
expression was significantly reduced only in the body. Thus, both Dkk1 and Fgf8
were highly expressed in the tail region; furthermore, HU-exposure
downregulated the expression of both of these genes in this malformation-
sensitive area. To explore the basis for the sensitivity of this tissue to insult, we
determined the regional distribution of 4-HNE proteins adducts as an indicator of

oxidative stress.

The distribution of 4-HNE-protein adducts in mouse embryos.

Proteins extracted from the head, body and tail of control and HU-exposed
embryos were analyzed by Western blot analysis to determine the relative
distribution of 4-HNE-protein adducts (Fig. 5.1A). Interestingly, a major 4-HNE
immunoreactive band was observed in the 65 kDa molecular weight range. A
remarkably higher content of these 65 kDa 4-HNE-protein adducts was found in
the tail than in the body and head parts of the embryos treated with HU (400 or
600 mg/kg) (Fig. 5.2A). Multiple low-intensive bands of 4-HNE-protein adducts
were detected below 50 kDa, but none of these adducts showed obvious different
alloc_ations in thfee parts of the embryo after treatment with either saline or HU
(Fig. 5.2A). Quantification of the 4-HNE-protein adducts revealed that, indeed,
the concentration of adducts Was significantly ‘elevated in the tails in all treatment
groups (Fig. 5.2B). HU exposure further increased 4-HNE protein adducts in

these tail regions.
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Since 4-HNE can be detovxified by conjugation to glutathione, we asked
whether the high 4-HNE adduct formation in the tail region was due to relatively
lower expression of y-Gcsc and y-Gesm, subunits of y-glutamylcysteine
synthetase, the rate limiting enzyme for glutathione synthesis. Although the
expression of y-Gcsc showed a trend to decrease from the head to the tail in
control embryos (Fig. 5.2C), this was not staﬁstically significant. HU exposure did
decrease the expreésion of Gesc in the body (Fig. 5.2C) and Gesm in the head
(Fig. 5.2D); neither of these effects explains the elevation in tail region 4-HNE
protein adducts. The conjugation of 4-HNE with glutathione is catalyzed by
GSTA4 (glutathione-S-transferase A4) (Yéng et al., 2001). No region specificity in
the distribution of Gsta4 was observed (Fig. 5.2E); HU treatment significantly

decreased the expression of Gsta4 only in the body.

The identification of 4-HNE-conjugated proteins.

Our next goal was to identify the 4-HNE-protein conjugates that were
enriched in the embryonic tail. The tail parts from embryos treated with saline or
HUB00 were collected and subjected to 2D gel electrophoresis (Fig. 5.3, A and
B). Immunoblot analysis with the antibody against 4-HNE-modified proteins
revealed eight protein spots in both chtroI and HU treated embryos, as shown in
Fig. 5.3C and 5.3B. According to the molecular weight range, spots 7 and 8 may
be the 4-HNE-protein adducts specifically highly concentrated in the tail part,
while spots 1-6 may be more evenly distributed throughout the three embryo

regions.
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Using MS, identifications were aésigned to seven spots (2-8), as
summarized in Table 5.1. The tail-localized 4-HNE-modified proteins were
identified as albumin (ALB, spot 8), chaperonin subunit theta (CCT8) and possibly
| heat shock 60 (HSPD1, spot 7). 2D Western blots (n=2) did not detect a
consistent chahge in the intensfty of these three protein adducts when control
embryos were compared vto HU-exposed embryos. Interestingly, among the
lower molecular weight protein adducts (perhaps not tail specific), three of the
identified proteins are involved in energy metabolism. These include: glutamate
oxaloacetatetransaminase 2 (GOT2, spot 2); aldolase 1, A isoform (ALDOA1,
spot 3); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, spot 5). HU
expo‘sure reéulted in increases in 4-HNE-conjugated GOT2 (1.6-fold), AIDO1A
(1.6-fold), and GAPDH (1.8-fold) compared to controls. The two remaining 4-HNR
modified proteins that were identified are inducible small cytokine subfamily E
member 1 (SCYE!, spot 4) and heterogeneous nuclear ribonucleoprotein A1
isoform a (HNRNP A1A, spot 6). HU exposure increased the amounts of both

SCYEI (1.8-fold) and HNRNP A1A (2.1-fold) compared to control.

GAPDH modifications.

Since We identified GAPDH as a 4-HNE targetiprotein in the malformation
sensitive tail region of HU exposed} embryos and glycolysis is critical at this stage
of organogenesis, we probed the membranes obtained from 2D gel
electrophoresis with antibody to GAPDH (Fig. 5.4). The GAPDH immunoreactive
spot matched the spot on the corresponding silver-stained gel identified by MS

(Fig. 5.4, A-D). Interestingly, HU treatment not only increased the conjugation of
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. 4-HNE to GAPDH, but also decreased the amount of GAPDH detected and
altered the protein conformation of GAPDH, as reflected by a shortened protein

migration trail towards the lower isoelectric point (Fig. 5.4, C and D).
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DISCUSSION

A markedly higher content of 4-HNE-brotein adducts was observed in the
tail, compared to the head or body regions, of both control and HU-exposed
embryos, indicating either that more ROS are generated here or that this area is
less able to detoxify ROS. This enhanced oxidative stress in the caudal area may
be the basis for the susceptibility of this part of the embryo to HU-induced
teratogenesis.

HU exposure decreased the expression of two oxidative stress responsive
genes involved in the development of caudal structures, Dkk1 and Fgf8. Even in
control embryos the expression of Dkk1 was higher in the tail than in the head or
body. It is not likely that the caudal malformations induced by HU are associated
with this downregulation of Dkk1 expression, as previous studies have shown that
teratogens, such as thalidomide, and oxidative stress itself upregulate Dkk1
expression (Knobloch et al., 2007;Grotewold and Ruther, 2002 a, b). Indeed,
increased expression of Dkk1 is associated with increased apoptosis (Grotewold
and Ruther, 2002 a, b). However, the decrease in Fgf8 in the tail region is
consistent with the types of limb malformations induced by HU eXposure, ie.
limbs with distal truncations and missing first digits (Moon and Capecchi, 2000).
Furthermore, the decrease in Dkk1 expression may be a consequence of the
reduction in Fgf8 expression, as Fgf8 signaling in the AER may be required for
the expression of Dkk1 in the underlying mesoderm (Grotewold and Ruther,
2002a). The expression of Fgf8 in limb and tail buds is mediated by Wnt

signaling (Aulehla and Herrmann, 2004) and, in a number of experimental
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systems, oxidative stress antagonizes Wnt signalihg (Shin et al., 2004;Almeida et
al., 2007).

Interestingly, three proteins that are important in energy metabolism,
GAPDH, GOT2, and ALD1A, were identified as 4-HNE modified proteins in the
tail region; the amounts of these modified proteihs were increased inv HU eprsed
embryos. This finding suggests that HU induced oxidative stress may inhibit
energy metabolism in the caudal regions of exposed embryos. The increase in
the binding of 4-HNE to GAPDH after HU treatment changed both the amounts of
GAPDH detected in Western blots and. the protein conformation. 4-HNé
modifications may trigger GAPDH degradétion, decrease glycolytic activity, and
induce apoptosis (Ishii et al., 2003;Botzen and Grune, 2007). This would be
consistent with the suggestion that GAPDH serves as an oxidative stress sensor,
acting as a pro-apoptosis factor (Chuang et al., 2005). HU also enhanced the
conjugation of 4-HNE with SCYE1, a tRNA binding protein that facilitates
apopfosis (van et al.,-2006). Previous studies have reported that HU induced
acute cell death in embryos, including in the limb bud region (DeSesso et al.,
1994). Ectopic cell death in the AER decreased the expression of Fgf8 and
Dkk1(Groteond and Ruther, 2002b).

Additional proteins that were specifically modified by 4-HNE in the tail were
albumin, CCT theta, and possibly HSPD1. The 4-HNE-albumin adduct has been
suggested to be an in vivo marker of oxidative stress (Szapacs et al., 2006).
CCT, a cytosolic chaperonin containing 8 subunits, is important in folding
cytoskeleton proteins (Valpuesta et al., 2002). CCT interacts with its substrates

through a particular combination of the 8 subunits that are critical to the
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conformational change of CCT and conseduent protein folding activity; the theta
subunit participates in the fold'ing of actin and tubulin: (Valpuésta et al., 2002),
both essential in the developing embryo. HSPD1, mainly localized in
mitochondria, is also a chaperonin that is important in the foIding or refolding of
mitochondrial proteins, as well as in facilitating the degradation of misfolded or
denatured proteins (Garrido et al., 2001). In addition, HSPD1 has been
suggested to be a pro-apoptotic chaperone (Garrido et al.,, 2001). If the high
amounts of 4-HNE-albummin, CCT8, and HSPD1 conjugates in the tail regions of
embryos impact on the function of these proteins, it is likely that the trafficking
and functions of other proteins are also disturbed. RNA processing may also be

affected as HNRNP A1, another 4-HNE target, is involved in this funcﬁon (Burd |
| and Dreyfuss, 1994).

Together, these data indicate that the caudal region of the embryo is highly
susceptible' to oxidative stress in response to teratogen exposure. We propose
that the protein modifications induced by this oXidative stress may affect
glycolysis, alter protein trafficking, increase apoptosis, and downregulate the

expression of pattern formation genes.

171



FIG. 5.1. (A) lllustrated the separation of the mouse embryo. Head part (h), from
the cranial end (top) of the embryo to the caudal end of the first branchial archl;
body part (b), the region between the head and tail part; tail part (f), from the
cranial border of the third somites (counted from the caudal end) to the caudal
end of the embryo. (B-D) Real-time gRT-PCR analyzed the expression of Dkk1,
Fgf8, and Fgf10 in three parts of the embryo treated with control (saline) or HU-
600mg/kg (HU600).. Values for each gene were normalized to 18S rRNA levels.
Each bar (mean £ SEM) represents 5 litters. *, denotes a significant difference
from saline control (*, p<0.05; ** p<0.01); T, denotes a significant difference

between different part of the embryo within the same treatment group (1, p<0.05;

11, p<0.01).
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Fig. 5.1
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FIG. 5.2. (A) Western blot analysis of 4-HNE-protein adducts in the three parts of
embryos exposed to vehicle (saline), or hydroxyurea (HU400: 400mg/kg, or
HUG00, 600mg/kg). All 4-HNE protein adducts were quantified by scan
densitometric analysis, as indicated in (B). Each bar (meah + SEM) represents 3
litters. Asterisks denote a significant difference (*, p<0.05; ** p<0.01). (C-E) Real-
time gqRT-PCR analysis of the expression of Gclc, Gelm, and Gsta4. Values for
each gene were normalized to 18S rRNA levels. Each bar (mean + SEM)
represents 5 litters. “*”, denotes a significant difference from saline control (*,
p<0.05); “t”, denotes a significant difference between different parts of the

embryo within the same treatment group (1, p<0.05).
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FIG. 5.3. 2D gel electrophoresis of the tail samples obtained from embryos
treated with saline (controls, A) or HU (600mg/kg, B), and the corresponding 2D
Western blots illustrating immunoreactive 4-HNE-protein adducts (C, control; D,

HU-600mg/kg-treated). Spots 1-8 were analyzed by MS (see Table 1). (n=2)
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FIG. 5.4. 2D gel electrophoresis of the tail samples obtained from embryos
| treated with saline (control, A) or HU (600mg/kg, HU600) (B) and the
corresponding 2D Western blots illustrating GAPDH immunoreactive protein

spots (Control, C; HU600, D). (n=2).
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Fig. 5.4
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Table 5.1. The identification of proteins conjugated with 4-HNE in the tail regions

of embryos.

Spot  Protein name Function . MW pl Sequence

No. ' Coverage (%)

#1 Unnamed protein - 50.4 9.1 24

#2 GOT2 Amino acid 478 913 28
metabolism, Kreb’s cycle

#3 ALDOA Glycolysis 398 8.31 49

#4 SCYE1 Protein translation, - 355 875 40
apoptosis

#5 GAPDH Glycolysis 36.1 8.44 44

#6 HNRNPA1A RNA 343  9.27 23
processing

#7 ALB . Transport protein in 70.7 575 41
serum

#8 CCT8 Chaperone 60.1 5.44 47

HSPD1 (possible) Chaperone 61.1 591 10

MW, molecular weight; pl, isoelectric point
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6.1 Summary

The major goal of this project was to elucidate the role of oxidative stress
and the stress-response pathways in mediating HU-induced developmental
toxicity during early organogenesis. Exposure of CD1 mouse embryos to HU
caused fetal fatality, growth retardation, as well as external and ske'letal
malformations. Depletion of GSH specifically enhanced the HU-induced
malformations and elevated the region-specific production of 4-HNE protein
adducts in the embryo, without affecting the incidence or extent of HU-induced
fetal death and growth retardation.‘ These findings suggest that oxidative stress
plays a major role in the induction of specific malformations by HU.

HU treatment of pregnant mice dramatically enhanced AP-1 DNA binding
activity in their embryos. The AP-1 DNA binding activity induced by HU was
mainly attributable to c-Fos heterodimers; interestingly, despite its effects on the
incidence of embryo malformations, GSH depletion did not alter the effects of HU
on AP-1 DNA binding activity. Exposure to HU also triggered a dramati_c but
transient increase in the activation of p38 MAPK and JNKSs in embryos, without
activating ERK1/2. Selectively blocking b38 MAPK enhanced HU-induced fetal
mortality withoutv,affecting growth retardation or the incidence of deformities
among. surviving fetuses. However, selectively blocking JNKs did not affect HU-
induced fetal death although it doubled the incidence of hindlimb defects
observed. Therefore, p38 MAPKs and JNKs play distinct roles in protecting the
conceptus against insult. In the following subsections, the proposed role of
oxidative stress, AP-1, and MAPK pathways in HU-induced developmental

toxicity will be discussed further.
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6.2 The role of oxidative stress in HU-induced developmental toxicity

- In utero exposure to HU during early organogenesis induced dose-
dependent developmental toxicity. Exposure to HU at 400 mg/kg caused only a
reduction in live fetal weights, whereas exposure to HU at 500 mg/kg and 600
mg/kg dramatically enhanced the rate of fetal death, reduced the body weights of
live fetuses, and elevated the rates of external and skeletal malformations.
Interestingly, HU-induced external and skeletal malformations were primérily
found in caudal tissues, including the hindlimb, lumbarsacral vertebral column,
and tail.

HU exposure did not change the overall GSH content or the ratio of GSSG
to GSH in maternal livers, in embryos, or in yolk sacs compared to controls;
however, a dramatic region-specific increase in 4-HNE immunoreactivity was
induced by HU treatment. Interestingly, even in the absence of HU exposure, an
approximately 2-fold higher level of 4-HNE protein adducts was detected in the
caudal area (malformation sensitiv.e region) than in other parts of the embryo;
exposure to high-dose HU further elevated the production of 4-HNE-protein
adducts in this area. Furthermore, depletion of GSH by BSO specifically
enhanced both the severity and the incidence of malformations located in the
caudal region of the embryo, including hindlimb and Iumbarsacral vertebral
column defects, without altering the}effects of HU on fetal mortality or body
weights. Thus, an enhanced susceptibility to oxidétive stress in the caudal area
may be the basis for the sensitivity of this part of the embryo to HU-induced

teratogenesis.
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Limbs are highly susceptible to oxidative stress-induced malformations
(Fantel and Person, 2002;Hansen et al., 2001). Forelimb buds initiate at the level
of the 8th-12th somites during GD 8.5-GD 9; hindlimb buds initiate at the level of
somites 23 to 27 during GD 9-GD- 9.5 (Agarwal et al., 2003). On GD 9, the
hindlimb initiation sites are localized to the presomitic mesoderm region within the
caudal area of the embryo. .Consist'ently, exposure to HU on GD 9 induced
forelimb defects in only a few fetuses; however, this HU exposure caused a high
frequency of hindlimb defects. The malformed hind and forelifnbs displayed
similar phenotypes: missing and/or truncation of the anterior and distal part of the
limb elements. The malformed hindlimbs showed a high frequency of missing or
truncated first digits and tibia, and a very low incidence of partial or complete
absence of more than the first digit, with a sequence from anterior (first digit) to
posterior. This phenotype closely mimics the loss of the anterior part of the AER
and the underneath mesoderm of the limb bud (Moon and Capecchi, 2000).

‘The anterior and posterior parts of the limb bud are different with respect
to morphogen expression as well as susceptibility to teratogen insult (Lewandoski
et al.,, 2000;Sanders and Stephens, 1991). For instance, Fgf8 is expressed
throughout the AER, whereas Fgf4 is mainly expressed in the posterior portion of
the AER; deletion of Fgf8‘ in the AER only induced cell death in the anterior part
of the AER and in the underneath mesoderm, due to compensation by Fgf4 in the
posterior AER (Lewandoski et al., 2000;(Boulet et al., 2004). In addition, Shh,
another morphogen important for cell proliferation and digit patterning, forms a
gradient from the posterior to anterior regions of the limb bud mesoderm, with no

expression in the region of the first digit (McGlinn and Tabin, 2006). Thus,
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differential regulation of the expression of genes important in pattern formation
may contribute to the susceptibility of the anterior part of the limb bud to oxidative
stress.

A decrease in the expression of Fgf8 was detected in the caudal region of
embryos after HU exposure; a trend towards a decrease in Shh expression was
detected as well (data not shown). Interestingly, a significant decreése in Dkk1,
an apoptosis inducer, was induced by HU in the caudal region. Further studies to
determine how teratogen exposures affect morphogens in the limb bud, using
RNA in situ hybridization, and the localization of cell death in the limb bud, with
whole 'mount TUNEL staining, may help to elucidate the relative roles of
morphogens and cell death in mediating HU-induced limb defects. Interestingly,
a review of drug-induced limb defects in mammals indicates that missing and/or
truncation of digits is the single most common limb defect that occurs almost
twice as commonly in the hindlimb as invt‘he forelimb; furthermore, truncation of
the anterior digits is four times more common than the truncation of the posterior
digits in the hindlimbs (Sanders and Stephens, 1991). If oxidative stress
represehts a common mechanism of limb malformations, antioxidant
supplementation may provide an efficient strategy to prevent and/or ameliorate
limb defects induced by different teratogens.

On GD 9, the caudal area of the embryo consists mainly of the primitive
streak, presomitic mesoderm, and the caudal neural tube. The primitive streak
contains a pbol of pluripotent mesenchymal stem cells which aggregate to form
the tail bud between GD 9.5-GD 10 (Griffith et al., 1592). During organogenesis,

the embryo grows caudally. The stem cells in the primitive streak and tail bud that
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are located at the caudal end of the embryo contribute to this embryo elongation
(Tam and Tan, 1992). These stem cells divide rapidly to generate presomitic
mesoderm and the caudal neural tube; signals in the presomitic mesoderm drive
the formation of a new pair of somites segmented from the presomitic mesoderm
in a head-to-tail sequence every 90-120 minutes in the mouse embryo, alongside
the neural tube (Pourquie, 2001). Somites give rise to the axial skeleton,
including vertebrae and the rib cage; the neural tube gives rise to the central
nervous system. On GD 9, at the time of HU exposure in these experiments,
about 18 pairs of somites (occipital, cervical, and upper thoracic level) have -
formed already. The caudal region of the embryo will produce somites at the
lower thoracic (19th-25th) level from the primitive streak within about 12 h, and
somites at the lumbarsacral level (26th-35th) from the tail bud between GD 9.5-
GD 10 (about 12-24 h after HU exposure) (Tam and Tan, 1992).

HU consistently induced a very low incidence of axial skeleton defects,
from the occipital to the upper part of the thoracic region; in contrast, HU caused
a very high frequency of defects of the lumbarsacral vertebrae and the adjacent
lower part of the thoracic vertebrae. GSH depletion further enhanced the
lumbarsacral vertebral column defects. HU-induced oxidative stress causes the
rapid death of cells, preferentially at S phase (Herken et al., 1978). Both HU
treatment-induced oxidative stress and the activation of stress-response
pathways were relatively trahsitory, peaking at 3 h and beginning to diminish by 6
h after an intraperitoneal dose. Thus, the répidly dividing stem cells in the
primitive streak may be a major target of oxidative stress. Consistent with this, a

dramatical decrease in Fgf8 expression was detected in the caudal part of the
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embryo; Fgfé is produced predominantly in the tip of the tail (Dubrulle and
Pourquie, 2004). Thus, we hypothesize that the loss of rapidly dividing stem cells
in the primitive streak and disruption of tail bud formation may be the major cause
of the lumbarsacral defects induced by HU-mediated oxidative stress.
Determination of the regions of cell death in embryos exposed to HU, combin'ed
with antioxidant treatment, may provide evidence to support this hypothesis.

In addition to its essential role in the formation and segmentation of
lumbarsacral somites, the tail bud produces tail somites (Griffith et al., 1992;Tam,
1984). Reduction of the tail bud, caused by a deficiency in Wnt 3a, induces
lumbarsacral vertebrae defects and loss of the tail (Greco et al, 1996).
IntereStingly, HU induced a relatively low incidence of severe tail truncations;
GSH depletion did not alter the incidence of tail truncation induced by HU. The
somites for the tail are produced befween GD 11-GD 13.5 by the tail bud. Thus,
the low incidence of severe truncation of the tail may suggest that the period of
oxidative stress attack after HU treatment is short and that cell growth recovers
(Woo et al., 2003).

HU exposure induced a high incidence of curly tail defects. Surprisingly,
GSH depletion did not increase further these curly tail defects. Curly tail defects
are often related to a delay in clbsure of the caudal neural tube (Tran et al,,
2002). Thus, curly tail defects represent a common model of neural tube defects
(NTDs). NTDs are among the most common and complex of congenital
anomalies. Two major known risk factors for NTDs are maternal diabetes and
folic acid insLlfficiency during pregnancy. Oxidative stress is associated with both

of these factors. Scavenging oxygen radicals, with the anti-oxidant N-
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acetylcysteine, vaocked the NTD induced by maternal diabetes (Wentzel et al.,
1997). Folic acid is related to GSH synthesis (Zhao et al., 2006); folic acid
supplementation diminished the NTD induced by hyperg|ycemia in rat embryos,
both in vitro and in vivo (Wentzel et al., 2005). Normal closure of the caudal
neural tube occurs between GD 9-GD 9.5. A delay in caudal neural tube closure
has been related to an imbalance in the growth of the somites and the neural
tube and the reduced proliferation of cells in the tail bud (Tran et al., 2002). An
increased production of 4-HNE protein adducts in the caudal heural tube and
related tissues was observed after exposure to HU. Why the transitory elevation
of oxidative stress induced by HU does not enhance cur|y tail defects remains
elusive. Further study, with co-administration of an antioxidant such as N-
acetylcysteine, may help to elucidate the role of oxidative stress in HU-induced
curly tail defects.

We have shown that the caudal region of the embryo is specifically
susceptible to oxidative stress. What are the major targets of oxidative stress in
this area? Proteins modified by 4-HNE in the tail region were identified.
Interestingly, three of the identified proteins are involved in energy metabolism;
these are glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glutamate
oxaloacetate transaminase 2 (GOT2), and aldolase 1, A isoform (ALDOA1). This
finding indicates that oxidative stress may influence embryonic energy
metabolism. Strikingly, the HU-induced increase in 4-HNE conjugation to GAPDH
not only decreased the amount of GAPDH detected (to 50% of control), but also
altered its electrophoretic mobility, indicating a conformational change. This is

consistent with previous reports that 4-HNE can modify GAPDH, resulting in the
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inhibition of glyc§|ytic activity and triggering GAPDH degradation (Botzen and
Grune, 2007;Ishii et al., 2003). GAPDH is a multifunctional protein. Its classic role
is as a glycolytic enzyme. Interestingly, rapidly dividing cells rely mainly on
glycolysis as a source of ATP (Newell et al., 1999). A transition from oxidative to
glycolytic energy production occurs during the G1/S transition (Brand and
Hermfisse, 1997). Glucose utilization and lactate formation increased 18-fold and
38-fold, respectively, during th.ymocyte proliferation (Greiner et al., 1994).
Furthermore, growth factors may regulate cell proliferation via the induction of
glycolysis (Nowak and Schnellmann, 1995;Vander Heiden et al., 2001).

In addition to its crucial role in glycolysis, GAPDH has been suggested to
be an intracellular sensor of oxidative stress and may play an early and pivotal
role in the cascade leading to apoptosis (Chuang et al.,, 2005). GAPDH was
found to be a target of p53 and may serve as a downstream apoptosis mediator
(Chen et al., 1999;Ishitani and Chuang, 1996). Translocation of GAPDH ffom the
cytoplésm to the nucleus appears to be a critical step in the induction of
apoptosis (Dastoor and Dreyer, 2001). An increase in the nuclear localization of
4-HNE-protein adducts was induced by exposure to higher doses of HU and
further elevated by GSH depletion. |

Thus, we hypothesize that GAPDH is a major target of HU-induced
oxidative stress. Further study to elucidate the impact of HU on GAPDH
glycolytic activity and embryonic cell death may shed light on the mechanism of

oxidative stress-mediated developmental toxicity.
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6.3 The role of AP-1 in HU-induced developmental toxicity

A d‘ramatic increase in AP-1 DNA binding activity was detected, using the
“electrophoretic mobility shift assay (EMSA), in embryos and yolk sacs at 0.5 h
and 3 h after exposure to HU (400, 500, and 600mg/kg). In contrast, the activity of
another redox-sensitive transcription factor, NF-kB, was not affected by HU
treatment, indicating that the effect of HU on AP-1 activation may be specific.
Using ELISA with an antibody against either c-Fos or c-Jun, a significant increase
in the DNA binding activity of c-Fos heterodimers was detected in embryos 3 h
after exposure to HU at 400, 500, or 600mg/kg; this activity remained elevated by
6 h in the embryos treated with HU at 500 and 600mg/kg. A trend towards an
increase in c-Fos DNA binding activity was also detected in yolk sacs.
Interestingly, GSH depletion did not alter the effects of HU on AP-1 c-Fos DNA
binding activity. The DNA binding activity of ¢c-Jun dimers was not increased
significantly by HU exposure in the embryos or yolk sacs.

A dramatic increase in c-Fos immunoreactivity was found in HU-treated
embryos. The c-Fos immunopositive regions have some similarity to the 4-HNE
immunopositive regions; however, the regions of c-Fos expression were more
expanded and not specifically localized to the caudal regions of the embryo.
Oxidative stress may regulate AP-1 DNA binding activity via posttranslational
phosphorylation, mediated by MAPK pathways, or via the redox régulation of
conserved cysteine residues in the DNA binding domains of the proteins. A
dramatically increased activation of p38 MAPKs was detected in embryos after
HU exposure following the same time course as c-Fos activation. p38 MAPKs

activate c-Fos in response to UV stimulation (Tanos et al., 2005). Furthermore,
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p38 MAPKs phosphorylate ELK, which regulates c-Fos transcription. Similar to
p38 MAPKs, JNKs were significantly activated. JNKs do not phosphorylate c-Fos
directly; however, JNKs can activate ELK and phosphorylate Jun family proteins,
which cah enhance the expression and transcriptional potential of c-Fovs
heterodimers. As an alternative to these MAPK pathways, a more reduced
nuclear environment may favour AP-1 DNA binding activity by reducing the
cysteine residues in the DNA binding domain of AP-1 componentsv, enhancing
AP-1 DNA binding; oxidation inhibits binding (Xanthoudakis and Curran, 1992).

The nuclear localization of 4-HNE protein adducts was enhanced by
increased doses of HU. Interestingly, direct exposure of vascular smooth muscle
cells to lower concentrations (1 uM-2.5 uM) of 4-HNE enhanced AP-1 activity,
whereas exposure to higher concentrations (2.5 yM-10 pM) of 4-HNE decreased
AP-1 DNA binding activity (Kakishita and Hattori, 2001). Thus, there is a
possibility that the AP-1 DNA binding activity observed is a result of a
combination of different factors during oxidative stress.

Alternatively, the activatibn of c-Fos heterodimers may be due mainly to
the genotoxicity caused by HU-induced inhibition of DNA synthesis. HU exposure
induced profound DNA synthesis inhibition in the embryo, including a dramatic
DNA synthesis inhibition in the neural tube epithelium (Scott‘et al.,, 1971b). High
intensive c-Fos immunoreactivity was detected in the neural tube epithelium. c-
Fos/AP-1 is induced by many types of genotoxic reagents and implicated in
maintaining genomic stability (Christmann et al., 2006). c-Fos deficient cells are
impaired in the abolition of the DNA damage-induced DNA replication blockage

(Christmann et al., 2006;Kaina et al., 1997). While fibroblast cells deficient in c-
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Fos are hypersensitive to a broad spectrum of genotoxic effects induced by
tumouf therapeutic agents, these c-Fos knockout cells are not significantly
hypersensitive to ionizing radiation (Kaina et al., 1997).

The exact roles of AP-1 in HU-induced developmental toxicity are still
unclear. The most obvious remaining question is why there is no significant
increase in AP-1 c-Jun dimer-dependent DNA binding activity. Dramatic
increases in JNK activation and c-Jun phosphorylation were detected in the
embryos at 3 h and 6 h after HU treatment. One possibility is that some
repressors influenced the AP-1 c-Jun DNA binding activity. The AP-1 members
‘JunB, JunD, Fra-1 and Fra-2 exhibit only Weak transactivation potential (Hess et
al., 2004); JunB even antagonizes the effect of c-Jun on the proliferation of
keratinocytes (Zenz and Wagner, 2006). Furthermore, JDP-2 dimerizes with c-
Jun, acting as a repressor of the gene activation mediatéd by c-Jun (Aronheim et
al.,1997). There is also a possibility that a region-specific activation of AP-1 ¢c-Jun
occurred. Inhibition of JNK activation specifically enhanced hindlimb
malformations. Despite the lack of a statistically significant effect, a trend towards
an increase in ¢-Jun dimer .DNA binding activity did occur at 0.5 h after HU
treatment. Consistent with this, an increase in AP-1 DNA binding activity was
found at 0.5 h after HU treatment by EMSA, at a time when c-Fos dimers did not
show any increase in activity. However, this raises another issue. JNK activation
was increased significantly 3 h after HU treatment; at 0.5 h, JNK activation
showed only a slight tendency to increase. This might indicate a high sensitlivity of
AP-1 DNA binding activity to regulation by phosphorylation. However, the obvious

inconsistency between the activation of JNK-c-Jun and AP-1 c-Jun DNA binding
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activity may indicate that although phosphorylated cb-Jun may not contribute to
AP-1 DNA binding, it may have other functions. In fact, a co-localization of c-Jun
with y-H2AX foci was observed in fibroblasts upon ionizing irradiation (MacLaren
et al., 2004). |

AP-1 may regulate the transcription of genes associated with glutathione
synthesis, cell cycle progression, and pro-apoptotic or anti-apoptotic factors
(Dickinson et al., 2002;Bakiri et al., 2000;Le-Niculescu et al., 1999;Rebollo et al.,
2000). During organogenesis, AP-1 members are involved in bone development.
For instance, a tissue-specific knockout of c-Jun results in vertebral column
malformations (Behrens et al., 2003). Deficiency in c-Fos results in a loss of
osteoclasts; ectdpic c-Fos expression results in the transformation of osteoblasts
(Johnson et al., 1992;Grigoriadis et al., 1994). In addition, a tissue specific
knockout of c-Juh causes open eye defects (Zenz and Wagner, 2006). Open eye
defects were observed at a low frequency in the fetuses treated with HU.
Furthermore, inhibition of MAPK pathways enhanced the developmental toxicity
induced by HU. Altogether, these findings might indicate that activation of AP-1
provides a protective effect. However, MAPKs have other potential substrates, so
AP-1 is only one part of the downstream MAPK: pathways that are stimulated by‘
teratogenic insults. To elucidate the precise function of AP-1 members, the
following studies may be required: 1) elucidation of the causality of oxidative
stress with AP-1 activation by antioxidant treatment; 2) evaluation of AP-1 activity
after blocking the MAPK pathways; 3) localization of phosphorylated c-Jun in the
embryo and within cells by immunofluorescence staining; 4) identification of the

proteins in the AP-1 complexes, using the supershift assay and co-
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immunoprecipitation; 5) inhibition of target AP-1 merﬁbers by antisense
techniques; 6) elucidation of the effects of HU treatment in mice with genétically
modified AP-1 mvembers.

Overall, AP-1 DNA binding activity is sensitive to the developmental
toxicity induced by HU. ELISA is an efficient method to detect AP-1 DNA binding
activity. Therefore, AP-1 DNA binding activity has the potential to be a marker for
teratogen insults; however, many studies are still required to validate this

suggestion.

6.4 The role of MAPKs in HU-induced developmental toxicity

Exposure to HU, at a dose of 400 mg/kg or 600 mg/kg, triggered a
dramatic increase in the activation of p38 MAPKs and JNKs in embryos at‘ 3 and
6 h after treatment, without activating ERK1/2. Selectively blocking JNKs with L-
JNKI1 did not affect HU-induced fetal death and growth retardation, but doubled
the incidence of hindlimb defects observed. In contrast, selectively blocking p38
MAPK with SB203580 enhanced HU-induced fetal mortality, without affecting
growth retardation or the incidénce of deformities among surviving fetuses. Thus,
JNKs and p38 MAPKSs play distinct roles to protect the embryo against HU-
induced developmental toxicity.

Strikingly, inhibition of JNK pathways spécifically enhanced the hindlimb
defects induced by HU. GSH depletion further elevated the incidence of hindlimb
defects. Activation of JNKs, but not p38 MAPKs or ERKs, in response to 4-HNE
induced oxidative stress induces the expression of y-GCSC and y-GCSM,

subunits of y-GCS, the rate limiting enzyme of GSH synthesis (Dickinson et al.,
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2002). The activation of JNKs is also required for the induction of GSTA4, the
glutathione transferase isoform responsible for the metabolism of 4-HNE during
oxidative stress (D.esmots et al., 2005). Interestingly, HU exposure did not
- significantly decrease the mRNA concentrations of y-GCSC, y-GCSM, or GSTA4
in the caudal region, but did result in a reduction of these transcripts in other
regions of the embryo. Furthermore, the anterior part of the limb is highly
sensitive to a decrease in the levels of Fgf8. Activation of JNKs was accompanied
by the upregulation of Fgf8 expression during chemical-induced ameloblast
differentiation (Abe et al.,, 2007). Above all, a recent sthy found that the
activation of JNKs in response to oxidative stress modulated a shift from aerobic
metabolism to glycolysis via the phosphorylation of pyruvate dehydrogenase
within mitochohdria (Zhou et al., 2008). This is consistent with our finding that
glycolysis may be a major target of oxidative stress.

The effects elicited by JNKs that are listed above are consistent with a role
in protection of the embryo that is subjected to oxidative stress. However, it is not
known how JNKs m.ight mediate a region-specific protective effect on the
hindlimb. Oxidative stress may stimulate JNKs mainly through activation of ASK1,
a MAP3K (Matsuzawa and Ichijo, 2008). Interestingly, a dynamic and region-
specific expression of ASK1 was detected in chick and mouse embryos, including
the limb region but excluding the caudal end of the tail (Ferrer-Vaquer et al.,
2007). Mice deficient in ASK1 develop normally, perhaps due to gene
redundancy (Tobiume et al., 2001). However, exposure of these ASK1. knockout
mice to HU may provide some interesting information on the embryonic defence

response to teratogen insults.
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Interestingly, JNKs-c-Jun have been suggested to function upstream of
DKK1 to induce apoptosis in limbs during normal development and as a
consequence of the stress induced by thalidomide, H,O,, or UV irradiation
(Grotewold and Ruther, 2002b). Nevertheless, we found a dramatic decrease in -
Dkk1 expression in the caudal region of the embryb. There are lthree JNK
isoforms; JNK1, JNK2 and JNKS3. JNK1 and JNK2 are ubiquitdusly expressed,
whereas expression of JNK3 may be highly restricted to the brain, heart, and
testis in the fetal and postnatal mouse (Martin et al., 1996;Yang et al., 1997). In
addition, these JNK isoforms differ in their ability to bind and phosphorylate
various substrate proteins (Gupta et al., 1996). JNK1 and JNK2 showed different
functions from JNK3 in regulating both embryo development and stress
responses (Kuan et al., 1999). The activation of JNK3 has been asksociated with
neuronal apoptosis induced by different stressors, including 4-HNE (Yang et al.,
1997; Bruckner and Estus, 2002). In contrast, 4-HNE induced the expression y-
GCSC and y-GCSM via the activation of JNK1 in HBE1 cells (Dickinson et al.,
2002). Furthermore, the consequence of JNK activation may be dependent on
the duration of its activation; robust and sustained activation of JNK under severe
stress conditions normally results in apoptosis, whereas transient activation may
be protective (Liu and Lin, 2005). Thus, further studies are required to identify the
JNK isoforms activated by HU and to determine the substrates of these JNKs.

It is intriguing to consider the JNK pathways that may be involved in
protecting embryos against HU-induced limb defects. Firstly, what is the impact of
inhibition of JNKs on glycolysis? Secondly, what pathways are upstream and

downstream .of JNK activation? There are presently no specific pharmaceutical
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inhibitors available for each. isoform of JNK. Antisense techniques, co-
immunoprecipitation, and pharmaceutical inhibitors for JNKs, MKK4, MKK7, or
ASK1, and ASK1, JNK1, JNK2, or JNK3 knockout mice may help to answer these
questions.

With a role that is distinct from the JNKs, the activation of p38 MAPKs may
mainly protect the embryo from lethality. While it. is likely that HU-induced
malformations are due to region-specific oxidative stress, the cause of fetal death
is elusive. The dead fetuses observed are mainly resorptions. Since no
identifiable tissues remained by GD 18, we predict that these embryonic deaths
occurred shortly after HU exposure. GSH depletion did not alter the incidence of
fetal death induced by HU. One suggestion is that inhibition of DNA synthesis
may be related to HU-induced embryonic death. p38 MAPK may play a role as
well, since the activation of p38 often contributes to cell cycle arrest. Indeed, the
activation of p38a and p38p in response to HU treatment prevented mitotic entry
in some cell lines (Rodriguez-Bravo et al., 2007).

Four isoforms of p38 MAPKSs have been identified in vertebrates, including
p38a, p38PB3, p38y and p380 (Keesler et al., 1998). These isoforms have distinct
functions. p38a is required for placental organogenesis; p38a-deficient mice die
at GD 10.5-11.5 as a result of defective placental development (Mudgett et al.,
2000;Adams et al., 2000). In contrast, a single knockout of p38B, vy, 8, or a double
knockout of y and 9, re_sults in fertile and viable mice with no apparent
phenotypes (Beardmore et al., 2005;Sabio et al., 2005). Furthermore, different
isoforms of p38 show different sensitivities to stress stimulation (Conrad et al.,

1999).

197



Thus, further studies are needed to determine the cause of fetal death.
Since the fetal death appears to occur shortly after HU exposure, examination of
embryo histology a short period after HU exposure (e.g., 12, 24 and 48 h), may
help to provide some information on the causes of fetal death and whether all
tissues or only specific vital organs are affected. Secondly, the identification of
the p38 isoforms that are stimulated by HU exposure would be helpful. Although
specific antibodies that recognize each phosphorylated isoform of p38 are not
currently available, there are antibodies specific for non-phosphorylated} p38a,
p38p, p38y, or p380. Detebtion of their location in the embryo after HU exposure
may help in understanding their fuﬁctions. Following this, studies using antisense
techniques or knockoﬁt mice may provide more information about the functions of
various forms of p38 in HU-induced developmental toxicity.

There is growing interest in the therapeutic potential of p38 and JNK
inhibitors; many compounds are undergoing development (Kaminska, 2005;Duan
and Wong, 2006;Kaneto, 2005;Clark et al., 2007). However, inhibition of the
transient activation of JNKs or p38 MAPKs exaggerated teratogen-induced
developmental toxicity. Thus, understanding the impact of expoSure to MAPKs

inhibitors during pregnancy is a priority.

6.5 Conclusions

1) HU exposure during early organogenesis induced fetal death, growth
retardation, as well as external and skeletal malformations. The caudal tissues
are specifically sensitive to HU-induced malformations. HU exposure did not

change the overall GSH content or the ratio of GSSG to GSH in maternal livers,
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embryos, or yolk sacs compared to controls. Interestingly, a markedly high level
of 4-HNE protein adducts was observed in the malformatioh—sensitive caudal
region of the embryos even in the absence of HU exposure; HU treatment further
enhanced the formation of these adducts. GSH depletion specifically increased
the incidence of malformations in caudal tissues, inducing hindlimb and
lumbarsacral vertebral column defects, without altering the fetal death and growfh
retardation induced by HU. Thus, region-specific enhanced oxidative stress may
be the basis for the susceptibility of the caudal region of the embryo to HU-
induced teratogenesis.

2) HU-induced hindlimb malformations displayed loss of the distal and
anterior parts of the limb, mimicking the phenotype of loss of the anterior part of
the AER or mesoderm in the limb bud. The lumbarsacral vertebral column defects
may indicate a disruption of the tail bud located at the caudal end of the embryo.
Fgf8 is expressed in the AER and the caudal end of the embryo at the time of HU
exposure and is essential for the growth of the anterior part of the limb bud and
somite development, respectively. A significant decrease in Fgf8 was detected in
the caudal region of the embryo“after HU treatment. Furthermore, Dkk1 is
important in limb and vertebral column development; a significant decrease in
Dkk1 expression was detected in the caudal region of erhbryos after HU
treatment. Further studies to localize HU-induced cell death and effects on the
expression of Fgf8 and Dkk1 in the embryo are required.

3) Proteins modified by 4-HNE in the tail region were identified. Three of
the -identified} proteins are involved in energy metabolism; these are

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glutamate oxaloacetate
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transaminase 2 (GOT2), and aldolase 1, A isoform (ALDOA1). The conjugation of
4-HNE to GAPDH induced by HU exposure remarkably decreased the amount of
GAPDH detected and altered its electrophoretic mobility, indicating a
conformational change. In addition to its crucial role in glycolysis, GAPDH
induces‘ apoptosis during oxidative stress. Glycolysis is essential for cell
proliferation. HU induces cell death preferentially in S phase. Thus, GAPDH may
be a major'target of HU-induced bxidative stress.

4) HU specifically enhanced the AP-1 DNA binding activity in the embryos
and yolk sacs, without affecting the activity of NF-kB. C-Fos heterodimers were
mainly activated by HU treatment; GSH depletion did not alter the effect of HU on
the activation of c-Fos heterodimers. A dramatic increase in c-Fos
immunoreactivity was found in HU-treated embryos. The c-Fos immunopositive
regions showed some similarity to the 4-HNE immunoreactive areas, but were
more extensive. The determination of whether the enhanced c-Fos AP-1 DNA
binding activity is triggered by oxidative stress or inhibition of DNA synthesis will
require further experiments. In addition, whethér the activation of AP-1 in
response td HU exposure has a positive protective effect needs to be further
elucidated.

5) Exposure to HU induced a dramatic increase in the activation of p38
MAPK and JNKs in embryos, without activating ERK1/2. Selectively blocking p38
MAPK enhanced HU-induced . fetal mortality without affecting growth retardation
- or the incidence of deformities among surviving fetuses. In contrast, selectively

blocking JNKs did not affect HU-induced fetal death but doubled the incidence of
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‘ hindlimb defects observed. Thus, p38 MAPKs and JNKs play distinct roles in

protecting the conceptus against insuit.
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ORIGINAL CONTRIBUTIONS
1. During early organogenesis, the caudal region in the embryo is specifically
susceptible to the induction of malformations by oxidative stress. Antioxidant
supplement may be a promising strategy to prevent or interfere with the

teratogenesis induced by different teratogens.

2. There is a specific increase in the formation of 4-HNE protein adducts in the
malformation sensitive regions of embryos treated with HU. A number of the
proteins conjugated with 4-HNE are involved in embryonic metabolism which
suggests that oxidative stress may target metabolism. Specifically, GAPDH may

represent a major target of oxidative stress in inducing malformations.

3. AP-1 DNA binding activity is specifically enhanced in the conceptus by HU
treatment; this AP-1 DNA binding activity is dependent on c-Fos heterodimers.
AP-1 DNA binding activity has the potential to serve as a marker for teratogen

insult.

4. In the embryo, stress-responsive JNKs and p38 MAPKs are activated by HU
exposure. Inhibition of p38 elevated the incidence of fetal death, whereas,
inhibition of JNKs specifically enhanced the limb defects induced by HU. Thus,
p38 MAPKs and JNKs protect the embryo via distinct pathways. The ability of
MAPKs to protection the embryo against insult with a teratogen may be.
determined both by the nature of the insult and by the tissué-specific stress-
response that is induced. Understanding the impact of MAPKs inhibitors therapy

during pregnancy is a priority.
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