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INTRODUCTION

Exposure to toxic metals has become an increasingly recognized source of illness 
worldwide. Cd is ubiquitous in the environment, and exposure through food and 
water, as well as occupational sources, can contribute to a well-defi ned spectrum of 
disease. Cd is considered one of the most toxic substances in the environment due 
to the wide range of organ toxicity that it causes, and its long elimination half-life 
of 10-30 years (Nordberg and Nordberg, 2000). Chronic exposure to Cd in man is 
associated with bone, lung, and renal damage (Fells, 1999). Heavy exposure leads 
to the pathology of Itai-Itai disease (Frery et al., 1993). Th e IARC has classifi ed 
cadmium and cadmium compounds as carcinogenic substances in humans (IARC, 
1993).

Cadmium teratogenic eff ects
Cd was fi rst demonstrated to be a teratogen in the golden hamster by Ferm and 
Carpenter (1967). Th e major abnormalities observed were anophtalmia, exencephaly 
and limb defects, and noticeably some of these malformations were protected by zinc 
supplementation (Ferm and Carpenter, 1968). Th ereafter, the teratogenic eff ects of 
Cd were reproduced in other laboratory animals, either in vivo or in vitro, with 
similar results (Ahokas et al., 1980; Baranski, 1987; Chernoff , 1973; Levin and 
Miller, 1980; Parizek, 1964; Simmons et al., 1984; Wardell et al., 1982; Webster, 
1978). Th e malformations observed vary, however, depending on the strain of mice, 
dose, and time of administration (Hovland et al., 1999).

Upon acute exposure to Cd in pregnant mice, it accumulates in the yolk sac, but 
also reaches a specifi c structure of the embryo itself (Dencker, 1975). Yolk sac as well 
as chorioallantoic placenta, are well known targets of Cd action, where it disturbs 
oxygen and nutrition supply to the embryo. Several studies have determined that 
an important mechanism behind Cd teratogenicity is the disruption of placental 
function (Goodman et al., 1982; Yang et al., 2005; Zalups and Ahmad, 2003). Th e 
other target site for Cd accumulation is the embryonic gut endoderm, and more 
specifi cally the AVE. Th is accumulation in the AVE is possible because early in 
development this structure is facing the maternal environment, and later, due to the 
existence of the intestinal portal/vitelline duct, that allows a free communication of 
Cd this layer of the embryo. Importantly, the endoderm (yolk sac as well as embryonic 
endoderm), like many other epithelia in the body, does not allow further transport 
of Cd to the other layers and structures of the proper embryo. Absorption of Cd by 
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the AVE is a gestational-stage dependent event occurring until day 9 p.c., when the 
intestinal portal/vitelline duct closes. From this period on, Cd accumulates not only 
in the yolk sac (extraembryonic) endoderm but also in the chorioallantoic placenta, 
while embryonic concentrations are very low (Dencker, 1975). Th e switch in Cd 
accumulation around day 9 p.c., due to intestinal portal/vitelline duct closure, is 
followed by a shift in the malformation observed, thus changing from exencephaly 
(an opening of the anterior neural pore) to digital defects (Nakashima et al., 1988). 
A combination of the disruption of placental function and the accumulation of Cd 
in the AVE, could be responsible for the teratogenesis induced after Cd exposure 
in mouse embryos. Th e AVE expresses several transcription factors and signalling 
molecules that are crucial for normal anterior development, which is disturbed by 
Cd in this particular period of development. Th e infl uence in their production and/
or function may most probably be altered by the accumulation of Cd in that tissue. 
Th e implication and importance of the AVE in head patterning is discussed later in 
this introduction. 

Neurulation and Neural tube defects
Neurulation occurs during the gestational period between the formation of the 
neural plate and the closure of the neural tube, the latter being the precursor of 
both the central and most of the peripheral nervous system. Neurulation can be 
divided into primary and secondary processes. During primary neurulation fusion 
of the neural folds involves shaping and folding neural ectoderm. As midline fusion 
of the neural and surface ectoderm proceeds, the neural tube is formed and covered 
by surface ectoderm; accordingly, the neural ectoderm becomes located interiorly. 
Secondary neurulation creates the lowest portion of the spinal cord, from the upper 
sacral to the coccygeal regions (Cabrera et al., 2005) (Figure 1). 

FIGURE 1. Schematic representation of the process of neural tube closure
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Failure of cranial neurulation leads to exencephaly, the developmental forerunner 
of anencephaly that is a lethal condition owing to in utero degeneration of exposed 
brain tissue. Spinal NTD includes myelomeningocele which severity varies from 
minor neurological defects to death. Human NTDs are relatively common, with a 
frequency of 0.2-3.5 per 1,000 pregnancies depending on ethnicity and geographical 
localization (Greene and Copp, 2005). 

In mouse embryos, the sequence of initiation of the four closure sites has been 
well established. Trunk neural fold elevation occurs fi rst, at the level of the 3rd and 
4th somites, and proceeds as a wave both rostrally and caudally. At the time when 
about one third of the length of the trunk folds have elevated, regions encompassing 
the prospective forebrain, and the midbrain to the rostral hindbrain begin to elevate 
(Sakai, 1989). Head neurulation is completed on day 9 p.c. Th e fi nal site of closure 
occurs during early day 10 p.c. at the base of the tail (Kaufman, 1992). Th ese four 
sites of initiation of neural tube closure can be located at slightly diff erent A/P 
position in diff erent strains of mice. Th is is the reason for which some of them 
are more susceptible than others to neural tube defects, and at slightly diff erent 
developmental ages. In the case of Cd, C57Bl/6 has been shown to be the strain 
of mice with the highest susceptibility to induce anterior neural tube defects 
encompassing midbrain and anterior hindbrain (Hovland et al., 1999). 

NTDs with varying penetrance can be induced in the mouse embryo by many 
chemical treatments (Copp et al., 1990), and by the functional disruption of a 
plethora of genes (Copp et al., 2003; Juriloff  and Harris, 2000). Candidate genes 
are often those involved in folate biochemistry, cell proliferation, apoptosis, cell 
adhesion, changes in vascular development, neural induction, or neural pattern 
formation (Bennet and Finnel, 1998; Greene and Copp, 2005). To date, no single 
gene has been implicated as a direct target in causing chemically induced NTD 
(Harris, 2001).

Anterior patterning: “the organizer”
Th e notion of an organizer, that is, the ability of one group of cells to infl uence the 
fate of others, was introduced by Spemann and Mangold (Spemann and Mangold, 
1924) and was localized in the dorsal blastopore lip of the amphibian embryo. 
Structures functionally equivalent to the amphibian organizer have been identifi ed 
in other vertebrates, such as the node in the mouse, Hensen ś node in the chick, 
and the embryonic shield in the zebrafi sh (Beddington, 1994; Tam and Behringer, 
1997). As in amphibians, the zebrafi sh and chick organizers contain head and trunk 
inductive activities that together can induce a complete ectopic axis as opposed to 
the mouse organizer (Saude et al., 2000; Storey et al., 1992; Zoltewicz and Gerhart, 
1997). Th e age of the organizer tissue greatly infl uences the extension and the 
regional identity of the induced neuroectoderm: an organizer derived from an early 
gastrula induces anterior as well as posterior neural tissues, whereas a late organizer 
is able to induce only posterior structures (Nieuwkoop et al., 1985; Simeone and 
Acampora, 2001; Storey et al., 1992).
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It was originally assumed that the node is the mouse organizer, because it expresses 
homologues of many of the genes expressed in the Spemann’s organizer of Xenopus 
and, moreover, it gives rise to a similar repertoire of embryonic tissues, namely 
prechordal mesoderm, notochord and gut endoderm (Beddington and Robertson, 
1999; Beddington and Smith, 1993; Lawson et al., 1991). However, even if the 
mouse node is able to induce a secondary axis when transplanted to heterotopic 
sites, it is not suffi  cient to induce duplication of the most anterior structures as in 
amphibians and other vertebrates as mentioned above (Beddington, 1994). Actually, 
successive transplantation experiments have shown that, unlike the amphibian 
organizer, the mouse node is unable to induce anterior identity independently of 
its age (Chapman et al., 2003; Tam et al., 1997), thus demonstrating that it misses 
some of the peculiar properties, which defi ne the “classical organizer”. During the 
90 ś, several genetic evidences have been produced for the existence of distinct head 
and trunk organizing centres in the mouse embryo (Acampora et al., 1995; Shawlot 
and Behringer, 1995; Takada et al., 1994; Tam and Behringer, 1997). Th e novelty 
of these fi ndings consists in the possibility that these two organizing activities can 
belong to separate tissue lineages, in this particular instance the primitive endoderm 
and the epiblast (Beddington and Robertson, 1999).

Th e anterior visceral endoderm and its importance for 
anterior-posterior patterning
During the last decade, several data have revealed that extraembryonic tissues 
are not merely nutritive, but they are also involved in the defi nition of embryonic 
patterning and the determination of the A/P axis of the conceptus (Beddington, 
1998). Actually, it has been suggested that anterior identity is fi rst manifested in 
the extraembryonic region, even before gastrulation starts, and that this tissue is 
essential for the embryo to develop normal anterior structures (Beddington and 
Robertson, 1998).

Several evidences stressing the importance of the AVE in the establishment of 
the anterior terminus of the mouse embryo are inferred from diff erent experimental 
approaches (Table 1). Removal of the AVE at the earlier stages of gastrulation prevents 
or diminishes the expression of forebrain markers (Th omas and Beddington, 1996), 
whereas, conversely, the recombination of chick epiblast with the AVE from pre-
streak stage rabbit embryos induces expression of forebrain markers in the chick 
epiblast (Knotgen et al., 1999). Null mutations in genes expressed both in the AVE 
and in the node derivatives, such as Lim1, Hesx1, Otx2 and nodal, all aff ect anterior 
development (Acampora et al., 1995; Conlon et al., 1994; Dattani et al., 1998; 
Shawlot and Behringer, 1995). Moreover, those chimeras in which the epiblast is wild 
type (wt), and the extraembryonic tissues nodal-/-, Otx2-/- or Lim1-/-, respectively, 
never initiate anterior neural specifi cation, demonstrating that all of these genes are 
required for the normal anterior patterning to occur, and more importantly, that 
their expression in the AVE and not in the node is the critical issue (Beddington 
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and Robertson, 1998; Rhinn et al., 1998; Shawlot et al., 1999; Varlet et al., 1997). 
In opposite experiments where the AVE is wild-type for Otx2, HNF3}, Lim1 and 
nodal, and the epiblast is mutant, the embryos can rescue the early anterior neural 
defects observed in their mutants, proving once more the crucial role of AVE for 
normal forebrain and midbrain development (Acampora et al., 1998; Dufort et al., 
1998; Rhinn et al., 1998; Shawlot et al., 1999; Varlet et al., 1997). In cripto mutants, 
where no primitive streak and embryonic mesoderm are formed, head organizer 
activity can be found in the distal part of the egg cylinder. Th e AVE is dis-localized 
distally but anterior neuroectoderm markers such as Hesx1, Otx2, BF1 and En1 
are expressed, indicating that head patterning can be initiated in the absence of 
primitive streak (Ding et al., 1998; Liguori et al., 2003).

In conclusion, these studies demonstrate that anterior patterning precedes streak 
formation and that it is infl uenced by an extraembryonic lineage. Th e “two-step 
model” for A/P patterning suggests that the AVE is the earliest inducing signalling 
centre that will generate a region expressing early preneural and anterior neural 
markers (Sox3, and Otx2). Th ese signals are not suffi  cient to give rise to the defi nitive 
rostral CNS, therefore the induction is subsequently reinforced by signals from the 
node and its derivatives (Figure 2). Th e node also emits strong posteriorizing signals 
that can transform cells that have received neural inducing signals into more caudal 
regions of the CNS. In that sense, and to protect the anterior neural development, 
the AVE and prechordal mesoderm will provide signals that repress posterior fate in 
the anterior epiblast, such as Cerl and Lefty-1 (Foley et al., 2000; Perea-Gomez et al., 
2001; de Souza and Niehrs, 2000).
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FIGURE 2. Th e “two-step model” for anterior-posterior patterning
Multistep model for the induction of anterior central nervous system in the mouse embryo. At 
day 5.5 p.c. proximal regions of the embryonic ectoderm (at both ends of the fi gure) have poste-
rior character, and the AVE precursors are located at the distal tip of the conceptus. By day 6.25 
p.c. distal visceral endoderm moves to one of the proximal regions, which becomes the future 
anterior side. Before and during early gastrulation, the AVE sends anteriorizing signals and 
represses posteriorazing signals in the adjacent ectoderm for its future development of forebrain. 
By day 7.5 p.c. the head process and anterior defi nitive endoderm come into contact with the 
anterior ectoderm, that reinforces the previous anteriorizing signal from the AVE. 
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Table 1.

Gene Description Marker for Mouse mutant Reference
Otx2 Homeodomain transcription 

factor
AVE
Forebrain/midbrain

Anterior truncation rostral to rhombomere 3 Acampora et al., 1995
Rhinn et al., 1998

Sox2 Sry-related transcription factors Pan-neural marker Delayed formation of CNS, primary neurons and 
neural crest cells

Mizuseki et al., 1998
Kishi et al., 2000

Hesx1 Homeodomain transcription 
factor

AVE
Anterior neural folds

Anterior CNS defects and pituitary dysplasia Martinez-Barbera et al., 
2000
Th omas and 
Beddington, 1996

Cerl Cystein knot superfamily 
memeber

AVE
Somites and lateral plate 
mesoderm

No eff ect on development Belo et al., 2000
Piccolo et al., 1999
Simpson et al., 1999

HNF 
3ß

Winged helix transcription 
factor

AVE, gut, ventral neural tube, 
axial mesoderm

Defects in D/V patterning, absence of node and 
mesoderm structures

Ang and Rossant, 1994
Dufort et al., 1998
Weinstein et al., 1994

Nodal TGFb growth factor 
superfamily member

AVE, PS
Lateral plate mesoderm

Gastrulation defects, abnormalities in ANE 
development

Varlet et al., 1997

Gsc Homeodomain transcription 
factor

AVE, PS, prechordal 
mesoderm

Craniofacial defects: lower mandible, inner ear and 
nasal cavity

Filosa et al., 1997

Hex Homeodomain transcription 
factor

AVE, foregut Anterior truncation, and liver and thyroid dysplasia Martinez-Barbera et al., 
2000

Cripto Member of the EGF-CGC gene 
family

Epiblast, PS, mesoderm Absence of PS, embryonic mesoderm and posterior 
neuroectoderm (head without trunk)

Ding et al., 1998
Liguori et al., 2003

Lim1 Lim-homeodomain transcrition 
factor

AVE, node, prechordal plate Abnormalities in anterior development (headless 
embryo)

Shawlot et al., 1999

Dkk1 Wnt antagonist Endomesoderm
Prechordal plate

Lack of head and brain structures anterior to the mid-
hindbrain boundary

del Barco Barrantes et 
al., 2003

CNBP Cellular nucleic acid binding 
protein

AVE, ADE, ANE, AME, 
headfolds, forebrain

Impaired anterior movement AVE, lack of ADE and 
ANE, forebrain truncation

Chen et al., 2003

HNF-4 Steroid hormone receptor family AVE Arrest in early gastrulation and death Chen et al., 1994

AVE: anterior visceral endoderm; CNS: central nervous system; D/V: dorso-ventral; PS: primitive streak; ANE: anterior neuroectoderm; ADE: 
anterior defi nitive endoderm; AME: anterior mesendoderm
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MECHANISMS OF TOXICITY AND 
TERATOGENIC EFFECT OF CADMIUM

1. Cadmium-mediated oxidative DNA damage 
Th e production of DNA strand breaks in cell culture and the formation of 8-hydroxy-
2 -́deoxyguanosine (8-OHdG) are well known phenomena caused by the presence 
of Cd (Mikhailova et al., 1997). Several studies have demonstrated the potential 
of Cd to induce the production of hydroxyl radicals (O´Brien and Salacinski, 
1998), superoxide anions, nitric oxide, and hydrogen peroxide (Galan et al., 2001). 
Unlike many other metals, Cd does not cause oxidative damage by Fenton-like 
reactions, which is the most important mechanism of oxygen activation (Lloyd et 
al., 1997; Lloyd et al., 1998). Instead it has been suggested that Cd exposure may 
cause generation of free radicals mainly by indirect mechanisms (Beyersmann and 
Hechtenberg, 1997). 

1.1. Cd-induced indirect mechanisms of DNA damage
(i) Aff ecting scavenger molecules. Cd can decrease the cellular glutathione 

content (which is known to scavenge intracellular reactive oxygen species 
by a direct reaction, or via the GSH peroxidase/GSH system), or the 
activities of superoxide dismutase (which catalyses the conversion of the 
superoxide anion radical to molecular oxygen and H2O2 and thus protect 
against superoxide-induced damage), glutathione peroxidase (which 
converts H2O2 and lipid peroxides to H2O and unreactive hydroxyl fatty 
acids, respectively), and catalase (which catalyses the conversion of H2O2 
to water and molecular oxygen) (Del Carmen et al., 2002; El-Maraghy et 
al., 2001; Ochi et al., 1987; Tatrai et al., 2001). Th e decrease in the activity 
and/or intracellular levels of antioxidants caused by Cd, together with the 
generation of radicals that are produce during normal metabolism, may 
explain the increase in lipid peroxidation, and DNA damage in the cells 
(cellular redox imbalance). 

(ii) Displacement of essential metals. Cd displaces ionic copper and iron from 
ferritin and apoferritin, which can cause DNA damage through Fenton-
like reactions and autoxidation (Casalino et al., 1997; Price and Joshi, 
1983; Wardeska et al., 1986). 
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(iii) Interference with DNA-repair mechanisms. Eukaryotic cells have multiple 
mechanisms for repairing damaged DNA. Two major pathways are basic 
excision repair (BER), which eliminates single damaged-base residues, and 
nucleotide excision repair (NER), which excises damage within oligomers 
that are 25-32 nucleotides long. Th e specialized DNA glycosylases and 
apurinic/apyrimidinic (AP) endonucleases of BER act on spontaneous DNA 
damage, and on induced DNA alterations caused by hydrolysis, oxygen free 
radicals, and simple alkylating agents. NER utilizes many proteins (including 
the XP proteins in humans) to remove the major UV-induced photoproducts 
from DNA, as well as other types of modifi ed nucleotides (Waisberg et al., 
2003). Th e mammalian protein XPA that is essential for DNA damage 
recognition during NER, is a member of the family of Zn-fi nger proteins 
(Asmuss et al., 2000), which can be inhibited in the presence of Cd. Th is 
inhibition was assigned to a substitution of Zn by Cd (Hartwig, 2001).
As explained above, the BER pathway is the most important cellular 
protection mechanism responding to oxidative DNA damage. Among the 
multiple proteins implicated in this repair mechanism, Apex1 is the major 
abasic endonuclease, accounting for > 95 % of the total cellular AP site 
incision activity (Demple and Harrison, 1994). Apex1 participates also in 
other crucial cellular processes, including regulation of transcription factors 
(Hif1|, NF-k ß, Pax5, and Pax8), cell cycle control, and apoptosis (Evans 
et al., 2000). Its biological importance has been assessed by animal studies 
where heterozygous (reduced-function) Apex1 mice, which maintain 50% 
Apex1 repair activity, exhibit increased risk for phenotypic consequences 
associated with oxidative stress (Meira et al., 2001), while homozygous null 
mice die shortly after blastocyst formation (Ludwig et al., 1998). Cd can 
selectively inactivate Apex1 repair activity by interacting with conserved 
active site residues that in turn disrupt the metal-dependent (magnesium-
dependent) catalytic reaction (McNeill et al., 2004). Cd can also inactivate 
other proteins involved in the BER repair pathway, such as 8-oxoG-DNA 
glycosylase and endonuclease III (Potts et al., 2003). 

1.2. Direct mechanisms of DNA damage by Cd
It is noteworthy that recent experiments have evidenced a direct attack to the DNA 
molecule due to the ability of Cd to bind covalently to N7 centres of adenine and 
guanine, forming intrastrand bifunctional AT adducts (Hossain and Huq, 2002). 

Aside from causing direct oxidative DNA damage, reactive oxygen species (ROS) 
interact with many redox sensitive molecules, causing functional disruption and 
structural changes. ROS can also act as secondary messenger, infl uencing gene 
regulation. Cd can alter the production of a wide range of proteins in the cell via 
the elevation of ROS. In this thesis work, we will focus on Hif1|, Cirbp, and Rbm3 
genes, which expression levels are infl uenced by oxygen-status.
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1.3. Cadmium and oxygen-status related genes
Hif1| belongs to the PAS family of basic helix-loop-helix transcription factors 
that, under normoxic conditions, is rapidly degraded (Huang et al., 1998; Salceda 
and Caro, 1997). Under hypoxia, its transcription is stimulated, and the Hif1| 
protein becomes more stable. It activates a variety of hypoxia-inducible genes, such 
as erythropoietin (Epo), vascular endothelial growth factor (Vegf ), phosphoglycerate 
kinase 1 (Pgk1), enolase 1, aldolase A, and lactic dehydrogenase A (LDH A) (Bunn 
and Poyton, 1996; Ratcliff e et al., 1998; Semenza, 1998). Other factors that stabilize 
Hif1| under normoxia are transition metal ions (cobalt and nickel), iron chelating 
agents (desferrioxamine), and antioxidants (thioredoxin), which strongly suggest 
that the stability of Hif1| depends on the cellular redox state. Hif1a mRNA is 
present in the neuroepithelium at later stages (day 9.5 p.c.) of mouse development 
(Jain et al., 1998), and Hif1a -/- embryos develop neural tube defects and extensive 
cell death, especially in the branchial and cephalic regions (Iyer et al., 1998; Kotch 
et al., 1999; Ryan et al., 1998). It is well known that Cd blocks the hypoxia-induced 
stabilization of Hif1| protein, attenuating the expression of hypoxia-inducible genes 
under hypoxic conditions (Chun et al., 2000; Obara et al., 2003).

Rbm3 (RNA-binding motif protein 3), and Cirbp (cold inducible RNA-binding 
protein) increase their expression levels in response to hypoxia by a Hif1 independent 
mechanism (Wellmann et al., 2004). Rbm3 and Cirbp are poorly characterized 
proteins that may participate in transcriptional and post-transcriptional events of 
gene expression. Cirbp plays a protective role against various stressors by stabilizing 
specifi c transcripts involved in cell survival (Yang and Carrier, 2001). Rmb3 has 
been involved in the suppression of cell death in various cell lines (Kita et al., 2002), 
and in the maintenance of cytokine-dependent proliferation (Baghdoyan et al., 
2000).

2. Cadmium and stress response genes
Exposure of cells as well as whole animals to Cd results in the induction of expression 
of several stress response genes, and among them, Mt1, Mt2, and heme oxygenase-1 
gene (Hmox1) will be taken for further discussion.

2.1 Cadmium and metallothioneins
Th e best well documented inducible gene after metal exposure is metallothionein 
(Garrett et al., 1998). Mt are small, cystein-rich heavy metal-binding proteins, 
which participate in an array of protective stress responses. In the mouse, four 
Mt genes have been cloned (Mt1 to 4), but Mt1 and Mt2 are the most widely 
distributed MT isoforms. Th ey are expressed in many cell types in diff erent organs 
and tissues, as well as in most cultured cells (Andrews, 1990; Palmiter et al., 1993). 
Mt3 expression is restricted to adult brain, and Mt4 is expressed in diff erentiating 
stratifi ed squamous epithelium (Quaife et al., 1994). Th e fi rst recognized function 
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of Mt was the detoxifi cation of heavy metals, such as Cd and mercury (Klaassen et 
al., 1999). Mt sequesters Cd with high affi  nity resulting in decreased availability of 
Cd2+ capable of interacting with cellular targets to elicit its toxicity. Subsequently, 
a number of cellular functions have been proposed for Mt, including regulation 
of essential metals homeostasis (Zn and copper), protection against radiation and 
oxidative damage, and contribution to control of cellular proliferation and apoptosis 
(Klaassen et al., 1999; Lazo et al., 1998; Shimoda et al., 2003). 

Transcription of the Mt1 and Mt2 genes is induced by Zn and Cd (Andrews, 1990; 
Klaassen et al., 1999). Essential for this induction are DNA motifs, termed metal 
response elements (MRE), present in multiple copies in the proximal promoters of 
Mt genes. Th e protein responsible for transactivation through the MRE is metal 
transcription factor-1 (MTF-1). Cd enhances phosphorylation of MTF-1 through 
activation of cellular kinases, leading to an over-expression of Mt (LaRochelle et al., 
2001). Target disruption of both copies of the MTF-1 allele in mouse embryonic 
stem cells resulted in silencing of constitutive as well as metal-mediated expression 
of Mt1 and Mt2 genes (Heuchel et al., 1994). Transgenic mice that overexpress 
Mt1 accumulate more Zn and are signifi cantly more resistant than control animals 
to the teratogenic eff ects of dietary Zn defi ciency, Cd toxicity, and oxidative stress 
(Dalton et al., 1996). Conversely, mice defi cient for the Mt1 gene accumulates less 
Zn in tissues, are more sensitive than control animals to the teratogenic eff ects of Zn 
defi ciency, Cd toxicity, and oxidative damage (Andrews and Geiser, 1999). 

2.2. Cadmium and heme oxygenase-1
Induction of the stress and hypoxia gene Hmox1 serves as an adaptive mechanism 
to protect cells from oxidative damage during stress, being one of the rate-limiting 
enzymes involved in heme degradation that converts heme into antioxidants 
(Maines, 1997; Shibahara et al., 2002). Hmox1 is not only dramatically enhanced 
by its substrate heme, but it is also induced by cellular oxidative stress generated 
by ultraviolet irradiation, hyperthermia, infl ammatory cytokines, and heavy metals 
(Alam et al., 2004; Shibahara, 1988; Shibahara et al., 1987). Hmox1-/- mice develop 
growth retardation, anemia, and tissue iron deposition (Poss and Tonegawa, 1997a, 
1997b). Under normal conditions the expression levels of Hmox1 are regulated by 
Bach1 and Nfr2. Bach1 has a repressor activity that is dominant over the activator 
function of Nfr2 maintaining Hmox1 activity at low-levels (Sun et al., 2002). Cd 
is a potent Hmox1 inducer because it promotes the export of Bach1 from its site of 
action, and stimulates Nfr2 expression by inhibiting its degradation (Stewart et al., 
2003; Suzuki et al., 2003). Th erefore, after Cd exposure there will be greater nuclear 
abundance of stress response element (StRE) activators (Nfr2) when compared with 
StRE repressors (Bach1) resulting in Hmox1 gene activation. 
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3. Cadmium, cell cycle, and apoptosis
Apoptosis is a cellular process by which damaged cells actively facilitate their own 
demise without damaging their neighbours, thus selectively removing themselves 
from the cellular population (Wyllie, 1992). Th ere are well-known examples of 
apoptosis during mammalian development, such as the cell deaths associated with 
the fusion of the neural folds, and the removal of interdigital mesenchymal cells 
during digit formation. Two major pathways of apoptosis have been described, the 
extrinsic apoptosis induced via engagement of Fas or TNF receptors on the cell 
surface, and the intrinsic apoptosis mediated by disruption of cellular homeostasis 
involving mitochondria, endoplasmic reticulum, Golgi apparatus, and lysosomes 
(Pulido and Parrish, 2003). 

In metal-induced apoptosis, it is thought that mitochondria is the organelle 
most pertinent in mediating apoptosis, putatively via metal-induced formation 
of ROS (Shi et al., 2004). Th ese ROS can produce DNA damage and increase 
p53 tumor-suppressor protein levels. p53 is known to mediate transcription of a 
number of genes involved in diverse cellular processes including regulation of the 
cell cycle, apoptosis, DNA repair, cell diff erentiation, and angiogenesis (Dameron 
et al., 1994; El-Deiry, 1998; Hermeking et al., 1997; Miyashita and Reed, 1995; 
Smith et al., 1994). A role of p53 is to stop the cell cycle of a damaged cell while 
the damage is repaired; cells which try to oppose the cell cycle blockage may end 
up activating the suicide pathway (Lane, 1992). To achieve the cell cycle arrest, p53 
is known to act on several members of the cyclin family. Cyclins control cell cycle 
progression by phosphorylating cellular substrates, such as cyclin-dependent-kinases 
(cdks) (Hunter, 1993; Pines, 1992). p53 produces G1 arrest by activation of p21 that 
will in turn inhibits cyclin D1-cdk complexes necessary for cell cycle progression. 
Cell cycle cyclin D1 gene down-regulation has been also observed after exposure to 
other teratogens, such hyperthermia which causes anterior NTDs (Mikheeva et al., 
2004). 

Another cyclin target gene for p53 is Ccng1, which encodes the cell-cycle regulatory 
protein cyclin G1 (Okamoto and Beach, 1994; Zauberman et al., 1995). Th e G-type 
cyclins proteins, cyclin G1 and cyclin G2, are up-regulated in response to stimuli 
that induce cellular damage contributing to G1 and G2/M arrest (Kimura et al., 
2001; Zhao et al., 2003), and promoting apoptosis (Okamoto and Prives, 1999).

p53 has also been implicated in regulation of both normal embryonic development 
and in prevention of developmental defects after teratogenic exposure (Polyak et al., 
1997; Sah et al., 1995). Cd-induced activation of p53 tumor suppressor gene has 
been reported previously, and correlated with the induction of apoptosis (Achanzar 
et al., 2000; Jin and Ringertz, 1990; Matsuoka and Call, 1995). Also, p53 regulates 
other apoptotic eff ectors proteins interacting with members of the Bcl-2 family of 
proteins, including anti-apoptotic Bcl-2 and Bcl-XL, and pro-apoptotic Bax and Bad 
proteins (Sionov and Haupt, 1999). Cd can also alter mitochondrial transmembrane 
potential allowing cytochrome c release from the mitochondria activating the 
apoptotic machinery (Robertson and Orrenius, 2000).
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Bcl-2 family members are mitochondria membrane bound proteins, which have 
opposite apoptotic function. Among them Bcl-2 and Bcl-XL, inhibit apoptosis by 
regulating the release of cytochrome c from mitochondria, whereas others, such as 
Bax, Bad, and Bid, promote apoptosis. Th e various family members can dimerize 
with one another, with one monomer antagonizing or enhancing the function of 
the other (Mirkes, 2002). After releasing cytochrome c, it interacts with apoptotic 
protease activating factor-1 (Apaf-1), and procaspase-9 forming the apoptosome 
complex. Th e result is the cleavage and activation of pro-caspase-9 and pro-caspase-
3 that is responsible for the executive stages of apoptotic cell death (Jacobson et al., 
1997). Transgenic mice for caspase-3 (Kuida et al., 1996), caspase-9 (Kuida et al., 
1998; Hakem et al., 1998), and Apaf-1 (Yoshida et al., 1998) have demonstrated 
that cell death mediated by the cytochrome c/Apaf-1/caspase-9/caspase-3 cascade is 
essential for normal development of the CNS. 
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ROLE OF ZINC IN MAMMALIAN 
DEVELOPMENT

Zn is a small, hydrophilic, highly charged metal that is essential for all eukaryotes. 
Zn is required for the catalytic activity of numerous metalloenzymes (Berg and 
Shi, 1996; Vallee and Auld, 1990), and can also have a purely structural role by 
stabilizing the conformation of certain Zn-dependant protein domains that are 
commonly found in transcriptional regulatory proteins (Berg and Shi, 1996; 
Krishna et al., 2003). Zn defi ciency during gestation is known to be teratogenic in 
many species, including in humans. In the mouse, typical abnormalities associated 
with Zn defi ciency include brain malformation (exencephaly), cleft lip and palate, 
digit aberrations, and growth retardation (Hurley, 1981; Record, 1987). On the 
other hand, an excess of Zn can be toxic to cells due to its binding to inappropriate 
intracellular ligands, or to its competition with other metal ions for enzyme active 
sites, transporter proteins, etc (Koh et al., 1996). 

1. Zinc transporters in mammals
Tight regulation of adequate intracellular Zn levels is necessary for proper 
development, and cells have developed a complex system of proteins to maintain 
the precise balance of Zn uptake, intracellular storage, and effl  ux (Gaither and Eide, 
2001). Th ere are four related Zn transporting proteins (ZnT1 to 4) that pump zinc 
from the cytoplasm out of the cell, or into the lumen of an organelle (Gaither and 
Eide, 2001). Mouse ZnT1 functions to effl  ux Zn from cells, and it is localized in 
the intestine, tubular cells, visceral yolk sac, and in the placenta (McMahon and 
Cousins, 1998). ZnT1 has low affi  nity for the transporter of other metals, such 
as Cd and cooper, demonstrating a high specifi city for Zn (Palmiter and Findley, 
1995). Expression levels of ZnT1 are infl uenced by Zn status, and this expression 
is partially regulated, in a similar way to Mt mRNA, by the MTF-1 (Davis et al., 
1998). MTF-1 is activated by Zn and Cd to bind to MREs in the Mt1 promoter, 
and ZnT1, resulting in an increase rate of transcription of these genes. ZnT1 is an 
essential gene for the appropriate formation and development of the early mouse 
embryo, and homozygous knockouts of the ZnT1 gene are lethal to the embryo 
(Andrews et al., 2004). ZnT2 causes the vesicular accumulation of Zn in endosomal 
vesicle (Palmiter et al., 1996), and it is quite similar to ZnT3, which is responsible 
for the accumulation of Zn in sypnatic vesicles in the brain (Cole et al., 1999). ZnT4 
is expressed in the placenta, in the intestine, and is the dominant Zn-transporter in 
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the mammary gland, where it is responsible for Zn transport into the milk. In fact, 
mutations in the ZnT4 gene are responsible for the lethal milk (lm) mutant mouse 
(Liuzzi et al., 2001).

Th e second super-family of metal ion transporters is the Zip proteins implicated 
in the uptake of several essential metals (Gaither and Eide, 2001). In mouse the 
best-characterized member is Zip4, which is found in the visceral embryonic yolk 
sac as well as in the apical membrane of enterocytes (Dufner-Beattie et al., 2003). 
Similar to ZnT1, Zip4 expression levels are regulated by Zn status. Characterization 
experiments show that Cd inhibits Zip1 and Zip2 (Gaither and Eide, 2000), while 
Zip4 is very specifi c to Zn being needed higher concentrations of manganese, cobalt, 
and Cd to identify an inhibitory eff ect (Kim et al., 2004).

2. Zinc in cell proliferation, diff erentiation, and apoptosis
Biochemical mechanisms supporting the involvement of Zn in cell proliferation 
were discovered when Zn was shown to be a structural element in enzymes involved 
in DNA synthesis (Chesters et al., 1989), transcription (Wu et al., 1992), aminoacyl-
tRNA synthesis (Hicks and Wallwork, 1987), and ribosomal function (Hard et al., 
2000). Furthermore, Zn is present in the Zn-fi nger structures of transcription factors 
that control the activity of genes responding to growth factors (Berg and Shi, 1996). 
Zn is not only a structural element but is also involved in regulatory mechanisms 
of cell proliferation. Th ere is an increase requirement of Zn within the nucleus 
for DNA synthesis and mitogenic gene induction to take place (Apostolova and 
Cherian, 2000), and for diff erentiation of some cell systems (Petrie et al., 1991). In 
this sense, Mt plays an important role because they help in translocation of Zn into 
the nucleus, thus increasing the expression of Mt in proliferating and diff erentiating 
tissues (Beyersmann and Haase, 2001). 

Th e pools of Zn, which infl uence cell susceptibility to apoptosis, are the more 
exchangeable (labile) Zn, which are readily depleted in Zn defi ciency and augmented 
following Zn supplementation. Zn defi ciency markedly increases susceptibility of 
cells and tissues to die by apoptosis; while supplementation with exogenous Zn 
decreases that susceptibility to spontaneous or toxin-induced apoptosis, even when 
the cells have a normal Zn status (Truong-Tran et al., 2001; Zalewski and Forbes, 
1993). In rodent embryos Zn defi ciency increases apoptosis in the neuroepithelium. 
Th is eff ect is particularly evident in neural crest cells, where Zn interferes with 
neural tube closure leading to severe congenital abnormalities of the nervous system 
(Rogers et al., 1995).

Zn has cytoprotective eff ects suppressing major pathways leading to apoptosis and 
more directly infl uencing apoptotic regulators. Zn blocks oxidative damage (Powell, 
2000; Gutter, 2000), inhibits the endonuclease responsible for DNA fragmentation 
(Duvall and Wyllie, 1986), blocks the process of caspase-3, caspase-9, and caspase-
6 activation (Stennicke and Salvensen, 1997; Truong-Tran et al., 2000; Wolf and 
Eastman, 1999), increases Bcl-2/Bax ratio (Fukamachi et al., 1998), and protects 
the structure of p53 (Chai et al., 1999).
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MATERIALS AND METHODS

Th e methods used in this thesis are listed in Table 2. Th e reader is referred to the 
particular Paper(s) for full information concerning the laboratory procedures.

TABLE 2. 
Th e methods used in this study are listed below. Th e reader is referred to “Material and 
Methods” in the specifi c Papers for details.

Methods used in this thesis Paper(s)
RNA isolation and Reverse Transcription I, II, III
Semi-quantitative PCR I, II
Detection of apoptotic cells by Tunel I, II
Cell viability II
Alkaline version of the Comet Assay II
Western Blotting II
Immunohistochemistry III
Primer design and sequencing III
Quantitative Real Time PCR III, IV
Fluorescent cDNA synthesis IV
Microarray hybridization IV
Microarray data analysis IV
Statisticsa I, II, III, IV

a For a comprehensive reading of what we consider signifi cant in the Result and Discussion 
section, the statistical analysis used in each article is explained below:

Paper I: a two-tailed Student’s t-test for paired variables was used to evaluate diff erences 
between treatments and control groups. Results were considered signifi cant at p < 0.05 
(*), p < 0.01 (**), and p < 0.001 (***).
Paper II: a one-way ANOVA test was used to evaluate diff erences between control, Cd,
and Zn + Cd treatment. Results were considered signifi cant at p < 0.05 (*), p < 0.01 
(**), and p < 0.001 (***).
Paper III: the Hodges-Lehmann estimator was applied to summarize the triplicate 
samples prior to the statistical analysis. For verifying diff erences between two groups 
Mann-Whitney U-test was used. Th e level of signifi cance was set at p < 0.05, two-
tailed.
Paper IV: the base 2 logarithm (log2) ratio of the median spot intensity for each channel 
was used to quantify the fold change in relative gene expression levels. An empirical 
Bayes moderated t-test (Smyth and Speed, 2003) was used to rank the clones by their 
probability of Zn-induced expression, Cd- induced expression, and infl uence of Zn on 
Cd-induced (gene) expression changes. To address the problem with multiple testing, 
the p-values were adjusted according to Benjamini and Hochberg (Benjamini and 
Hochberg, 1995). We selected as signifi cant only clones with an adjusted p-value<0.05, 
and a log2 fold change>|0.5| (corresponding to >1.4-fold up or down regulation, 
respectively).
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RESULTS AND DISCUSSION

Placental toxicity or direct eff ects in the embryo?
While considering the results of this study, one should have in mind the option 
that the teratogenic eff ect of Cd, to a large extent, may be mediated by its eff ect 
on extraembryonic tissues (yolk sac and also chorioallantoic placenta later in 
development). Examples of this fact come not only from the direct histhopathological 
observations of these tissues (Khera, 1991), but also from the heavy accumulation of 
radioactive Cd in the visceral yolk sac (plus intraembryonic endoderm) and in the 
choriallantoic placenta (Dencker, 1975), the low levels of fetal Cd upon feeding the 
dam throughout gestation (Baranski, 1987), the lack of induction of metallothionen 
in embryos in vivo but not if they are cultured in the presence of Cd in vitro (De et 
al., 1990), the higher fetotoxicity but lower fetal concentrations of Cd after injection 
of Cd to the dam than after direct injection into the fetus in vivo (Levin and Miller, 
1980), and the prominent eff ects of Cd on nutrient transport to the fetus (Danielsson 
and Dencker, 1984). Specifi cally altered Zn distribution to the embryo has been 
implicated as well (Danielsson and Dencker, 1984, Daston et al., 1991; Daston et 
al., 1994; Piersma et al., 1994; Taubeneck et al., 1994).  Th us, when considering any 
eff ect of Cd on the embryo, one should have in mind the possibility that the primary 
action might occur in this case in the yolk sac placenta, or to some extent in the 
embryonic cells under study. Some eff ects may even be due to the intraembryonic 
accumulation of Cd in the AVE with its possible consequences on induction and 
patterning of anterior structures (Paper I).

Eff ects of Cd on embryonic morphology (Paper I, II, III)
Th e diff erent exposure regimens and the morphological changes that have been 
observed during this thesis work related to the non-closure of the anterior neural 
tube are summarized in Table 3. In addition, exposures of earlier exposures gestation 
stages have also been performed, such as day 7 p.c. + 5 or 24 h, and day 8 p.c. + 5 
h, but in these cases the neural tube closure process still had not proceeded making to 
early to use exencephaly as an endpoint. Eighty percent of mouse embryos exposed to a 
single dose of 4mg/kg body weight (bw) of CdCl2 on day 8 p.c. and sacrifi ced after 24 
h, had not closed anterior neural tube at the mid- and hindbrain level, while in fewer 



27

Mechanisms behind Cadmium-induced Teratogenicity

cases a complete opening of the forebrain was found as well (8 %). Control embryos 
that followed a normal developmental process, presented at day 8 p.c. + 24 h a closed 
neural tube in the majority of them (95%). In addition Cd-exposed embryos were 
also growth-retarded as compared to controls (measured by crown-rump length and 
somite number). Noteworthy, the gross morphological eff ect observed after Cd-
exposure was not merely due to the growth retardation, since mouse embryos allowed 
to develop for 48 and 72 h after the Cd-administration on day 8 p.c., exhibited 
exencephaly in similar percentages as seen before (79% and 75%, respectively). 

Pre-treatment with Zn before Cd administration has been shown to have protective 
eff ects on cadmium teratogenicity (Ferm and Carpenter, 1968). In our study, mice 
dosed with Zn 2 h before Cd-exposure on day 8 p.c. could almost completely abolish 
the anterior neural tube defect seen in Cd-exposed embryos. Embryos examined 24 
h after treatment on day 8 p.c. showed open neural tubes in 55% of the cases, while 
after 72 h only 7.6% exhibited manifest NTD. Zn pre-treatment in Cd-exposed 
embryos maintained both the normal closure of the anterior neural pore, and a 
normal embryonic growth. 

TABLE 3. Developmental status of mouse embryos from each group of treatment 
(summary Paper I, II, III)

Gesta-
tional day

Treatment 
groupa

(n G 20)

Crown-rump 
length (mm)

Somitesa Closed 
neural 
tube

Open 
mid- and 
hindbrain

Open fore-, 
mid- and 
hindbrain

Day 8 p.c. Control 2.8 ± 0.1 27.1 ± 1.2 95 % 4.8 % 0.2 %
+ 24 h CdCl2 2.6 ± 0.9** 25.3 ± 1.2* 13 %*** 80 %*** 7 %

ZnCl2 + CdCl2 2.8 ± 0.1 26.5 ± 0.9 44 %*** 55 %*** 1.2 %
Day 8 p.c. Control 4.6 ± 0.2 37.2 ± 3.5 100% 0% 0%
+ 48 h CdCl2 4.2 ± 0.2** 35.8± 2.9** 18 %*** 79 %*** 3 %
Day 8 p.c. Control 5.6 ± 0.3 47.9 ± 4.3 100 % 0 % 0 %
+ 72 h CdCl2 5.2 ± 0.3** 45.5 ± 3.2*** 21 %*** 75 %*** 4 %

ZnCl2 + CdCl2 5.6 ± 0.2 48.6 ± 2.3 92 % 7.6 % 0.4 %
ZnCl2 5.5 ± 0.2 47.9 ± 3.8 100 % 0 % 0 %

Day 9 p.c. Control 4.6 ± 0.2 37.2 ± 3.5 96.7 % 0 % 0 %
+ 24 h CdCl2 4.5 ± 0.2 36.7± 1.2 92.8 % 3.5 % 0 %

For the sake of consistency in expressing developmental age, an embryo removed e.g. on 
day 9 p.c., 24 h after dosing the mother, will be referred as day 8 p.c. + 24 h.
a Control = saline; CdCl2 = 4 mg/kg; ZnCl2 + CdCl2 = 8 mg/kg + 4 mg/kg
n = embryos per treatment group
*, **, *** Signifi cant diff erent at p F 0.05, p F 0.01, and p F 0.001, respectively
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Finally, most of the embryos dissected out at day 10 p.c., 24 h after Cd treatment 
on day 9 p.c. (i.e. one day later than described above), had closed anterior neural 
tube in a similar percentage when compared with control embryos, 92.8 % and 96.7 
%, respectively. At this developmental stage the intestinal portal/vitelline duct is 
closed hindering Cd accumulation in embryonic tissues (Dencker, 1975). 

Expression levels of transcription factors after Cd exposure: 
possible role of AVE in anterior signalling (Paper I)
Gene expression levels of Hesx1, HNF3}, Cerl, Otx2 and Sox2 were studied by RT-
PCR after Cd-exposure on day 7, 8, and 9 p.c., with 5 and 24 h survival time 
after Cd-exposure (Paper I, Figure 1). Th e expression levels of the homeodomain 
transcription factor Hesx1 were down-regulated on day 7 p.c. + 24 h. Hesx1 is expressed 
in the AVE before gastrulation, and at day 7.5 p.c., its expression is induced to 
the overlying mesoderm and neuroectoderm (Th omas and Beddington, 1996). Th e 
down-regulation observed in its expression levels could be related to the impairment 
of inductive signals going from the endoderm to the adjacent neuroectoderm. Th is 
alteration may be due to a primary interference of Cd with endodermal function. 

On the other hand, HNF3} was signifi cantly up-regulated at the same stage of 
treatment and the same survival interval (day 7 p.c. + 24 h). Like Hesx1, also HNF3} 
is expressed in the AVE before gastrulation, and appears at later developmental 
stages, in the node, notochord, fl oor plate, and gut in mouse embryos. Th is up-
regulation of HNF3} expression in response to Cd may be unexpected but could be 
understood as a compensatory mechanism for upstream failures. 

Th e study of Cerl gene was one of our fi rst priorities due to its proven “head 
inducer” capacity. Th is ability was demonstrated in xenopus embryos by Bouwmeester 
et al., 1996. As it is a secreted protein, it has been proposed, together with Lefty1, 
to be a candidate molecule for signalling between AVE and epiblast derivative cells 
(Perea-Gomez et al., 1999). We found Cerl expression levels to be signifi cantly down-
regulated on day 8 p.c. + 5 h. Interestingly, in the course of our experiments the 
results of the Cerl knock out mice were published (Belo et al., 2000). Th e resulting 
phenotype did not show any malformations that may have been expected from its 
specifi c expression. Other secreted proteins have been considered to compensate the 
loss of Cerl, such as Lefty-1 and the recently discovered Cerl-2 (Perea-Gomez et al., 
1999; Marques et al., 2004)

Th e Otx2 transcription factor is expressed in the AVE before gastrulation, and 
its expression at later developmental stages is restricted to the fore- and mid-brain 
regions (Rhinn et al., 1998). Otx2 did not change its expression levels after Cd 
administration at any time-points under study. Sox2 was included as a general 
neuroectoderm marker to visualize cadmium eff ects on the induced tissue according 
to our hypothesis. We observed a signifi cant down-regulation in its expression levels 
on day 8 p.c. + 24 h.
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Since cadmium has so many cellular targets and causes such a severe malformation, 
one might have expected to detect some changes in all the genes under study. On the 
contrary, we found diff erent expression levels only in some of the selected genes, at 
specifi c developmental stages and time points after Cd exposure. Interestingly, we 
saw no eff ect on expression levels of any of these studied genes after exposure on day 
9 p.c., once the intestinal portal/vitelline duct is closed, and when Cd can no longer 
specifi cally reach the intraembryonic endoderm. 

Apoptotic cell staining in mouse embryos (Paper I, II)
Apoptotic cells were visualized in control, Cd, and Zn pre-treated day 8 p.c. + 24 h 
whole mouse embryos by Tunel staining. Th e general pattern of apoptotic cells in 
control embryos is given in Paper I (Figure 2a), and Paper II (Figure 1a). Control 
embryos showed apoptotic cells in the midline of the fused neural tube from 
forebrain to hindbrain, ventral part of the otic vesicle, dorsal part of the somites, 
and at the posterior neural pore. In Cd-treated embryos, an increase apoptotic signal 
was observed in the same areas in which physiological cell death occurs during 
development. Th is is a phenomenon reported e.g. also for ethanol exposure in early 
embryos (Dunty et al., 2001). However, some diff erences were obvious between 
control and Cd treated embryos in the head region. Th e most striking changes were 
the high number of apoptotic cells present in the tips and upper half of the anterior 
neural folds from mid- to hindbrain, and in the frontonasal area (Paper 1, Figure 
2b, and Paper II, Figure 1b). Th ese areas of increased cell death are coincident with 
those regions of the neural tube from which neural crest cells are known to arise 
and migrate (Osumi-Yamashita et al., 1994). Transversal sections of control and Cd 
treated embryo (Paper I, Figure 2c and 2d), confi rm the apoptosis signal observed in 
the neuroepithelium of whole-mount stained embryos. Noticeably, neither in control 
nor in Cd exposed embryos, was there an apoptosis signal in the endoderm layer, 
where Cd is known to accumulate. Th e fact that Cd did not increase the number 
of apoptotic cells in the endoderm may indicate that the endoderm itself is largely 
viable in spite of the fact that Cd accumulates in this cell layer, even though it may 
not signal properly to the overlying neuroectoderm. In Zn pre-treated embryos, 
prior to Cd exposure, apoptotic cells were maintained in the same areas as in control 
embryos (Paper II, Figure 1c) and embryos developed normally as discussed above. 

Several other teratogens, such as ethanol mentioned above (Dunty et al., 2001) 
and 4-hydroperoxycyclophosphamide, heat shock, and staurosporine, also cause an 
increase in apoptosis in the tip of the neural folds (Mirkes and Little, 2000), where 
physiological apoptosis also take place (Sha et al., 1995). Presently, it is not possible 
to draw the defi nite conclusion that the apoptosis observed is part of the mechanism 
by which the natural folds do not elevate and fuse. It may as well be a parallel 
phenomenon, since diff erent signals can induce cells in high sensitive areas to go 
into apoptosis. 
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DNA damage in mouse embryos after Cd exposure (Paper 
II)
DNA damage in mouse embryos was studied by using the alkaline version of the 
Comet assay, and was assessed by measuring the tail moment and the content of 
DNA in the tail (Paper II, Figure 3). As positive control, and in order to check 
the validity of the procedure, a group of embryos were exposed to H2O2. Mouse 
embryos exposed to Cd for 24 h on day 8 p.c. showed an increased level of DNA 
damage in terms of single strand breaks. Th is DNA damage observed may be caused 
either by indirect mechanisms, related to the indirect increase levels of ROS caused 
by Cd, and/or by the direct formation of Cd adducts with the DNA nucleotides 
adenine or guanine (Hossain and Huq, 2002). Considering the fact that Cd levels 
in most embryonic cells are low, it is likely that the ROS mechanism, or some 
other indirect mechanisms, are active. When Zn was injected 2 h prior Cd, the tail 
moment and DNA content of the tail were slightly, but not statistically signifi cantly 
aff ected as compared to controls. Th erefore, Zn could prevent the primary DNA 
damage observed when mouse embryos are exposed to a single dose of Cd on day 8 
p.c. + 24 h. 

Expression levels of several apoptotic-related transcription 
factors after Cd and Zn exposure (Paper II)
Gene expression levels of p53, p21, Bcl-2, Bax, and Bad were studied by RT-PCR on 
day 8 p.c. + 24 h mouse Cd and Zn exposed embryos (Paper II, Figure 4). Cd induced 
an up-regulation in p53 expression levels, and consequently also in its downstream 
target gene p21. Increased levels of p53 after Cd exposure will stop the cell cycle, 
allowing DNA damage to be repaired, and p21 will in turn inactivate cyclin-Cdk 
complexes inhibiting the elongation step in DNA replication (Bunz et al., 1998). 
p53 levels are critical for a normal embryonic development as has been shown in 
p53-/- mice, which exhibit defects in neural tube closure resulting in an overgrowth 
of neural tissue in the region of the mid-brain (Lozano and Liu, 1998; Sah et al., 
1995). Zn administered 2 h before Cd exposure was suffi  cient to maintain p53 and 
p21 expression levels as in control embryos. Th e specifi c DNA-binding domain of 
p53 is known to be stabilized by Zn (Dreosti, 2001), and Cd may compete and 
displace Zn from its normal localization.

p53 regulates other apoptotic eff ector proteins interacting with members of 
the Bcl-2 family of proteins, including anti-apoptotic Bcl-2 and Bcl-XL, and pro-
apoptotic Bax and Bad proteins (Sionov and Haupt, 1999). Cd exposed mouse 
embryos showed a signifi cant down-regulation of Bcl-2 and a concurrent up-
regulation of Bax. Interactions between Bcl-2 and Bax regulate cytochrome c release 
from mitochondria and establish baseline sensitivity to apoptotic stimuli. Since these 
proteins can dimerize with one another antagonizing or enhancing the function 
of the other (Gross et al., 1999), the decreased Bcl-2/Bax ratio observed after Cd 
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exposure is expected to promote apoptotic signalling to be activated. Pre-treatment 
with Zn signifi cantly up-regulated Bcl-2, and Bax expression levels when compared 
to control values. Th us Bcl-2/Bax ratio was maintained as in control embryos. Zn has 
been shown to inhibit Cd induced apoptosis, and production of ROS in cell cultures 
(Szuster-Ciesielska et al., 2000). Bad expression levels were unaff ected in all groups 
of treatment. In this study we have shown that Zn pre-treatment can prevent the 
activation of genes implicated in the apoptotic pathway in mouse embryos exposed 
to a single dose of Cd.

Activation of pro-caspase 3 in mouse embryos upon Cd and 
Zn exposure (Paper II)
We also showed activation of pro-caspase-3, the executioner caspase, after cadmium 
administration by Western blot. Pro-caspase-3 is expressed in all cells as an inactive 
pro-enzyme, which require cleavage at specifi c aspartate sites to yield active subunits. 
Activated pro-caspase-3 will cleave diff erent substrates during the execution phase 
of apoptosis, such as DNA repair enzymes (PARP, DNA-PK), cell cycle regulatory 
proteins (Rb), pre-mRNA processing proteins (heteronuclear ribonucleoproteins), 
etc. Levels of endogenous pro-caspase-3 were very similar between control, Cd and 
Zn pre-treated in the head region of day 8 p.c. + 24 h mouse embryos (Paper II, Figure 
5). Th e active form of caspase-3, on the other hand, was signifi cantly increased in 
extracts from Cd exposed animals, and slightly increased in those, which were pre-
treated with Zn. Th is lack of eff ect of Zn pre-treatment in fully maintaining active 
caspase-3 as in control embryos, can be indicative of diff erent mechanisms involved 
in pro-caspase-3 activation, and only few were taken in consideration in this study.

Zn supplementation (summary): Can zinc, when added prior 
to cadmium, maintain normal embryonic development? 
(Paper II)
As mentioned above, injection of Zn to the dams two hours before Cd exposure 
abolished several of the eff ects observed when Cd is added alone. i) Zn had protective 
eff ects on Cd induced teratogenicity, thus maintaining normal anterior embryonic 
development; ii) Zn pre-treatment normalised apoptotic cells number in embryonic 
areas where physiological cell death occurs, even when the embryos were later 
exposed to Cd; iii) primary DNA damage was maintained at control levels in Zn 
pre-treated mouse embryos later exposed to Cd, and iv) embryonic genes implicated 
in the apoptotic pathway were prevented from being activated by Cd when Zn was 
pre-administered to the dams. We have thus demonstrated that pre-treatment with 
Zn can ameliorate the eff ects induced by Cd, leading to the assumption that the 
mechanisms of Cd teratogenicity may interfere with zinc homeostasis.
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Th ese protective eff ects could also be related to metallothionein activation. Zn 
administration induces Mt expression levels in diff erent tissues (Shimoda et al., 
2003). It is well known that Mt can detoxify cells from heavy metals such Cd, thus 
having a protective eff ect (Klaassen et al., 1999).  

Expression of ZnT1 and Mt1 in the developing mouse 
embryo (Paper III)
Immunohistochemical studies for ZnT1 and Mt1 were performed in control and 
in Cd exposed embryos (day 8 p.c. + 24 and 48 h). No diff erences were observed 
for either ZnT1 or Mt1 in their tissue distribution as the result of Cd exposure, and 
their localization was also largely independent of the developmental stage of the 
embryo (day 8 p.c. + 24 and 48 h). 

ZnT-1 was highly expressed in the placental labyrinth, and not specifi cally 
expressed in the yolk sac. Th e staining in the placental labyrinth showed a membrane 
localization most likely in the trophoblast cells (Paper III, Figure 1a). In the embryo, 
ZnT1 antigens were observed in the rhombencephalon, both in the ventral part 
around the fl oor plate, and in the inner cell layers (ventricular aspect) (Paper III, 
Figure 1 b-c). More caudally, ZnT1 was detected in the dorsal part of the fl oor plate, 
and in the ventral horn of the neural tube (data not shown). In addition, ZnT1 was 
present in the ventral part of the otic placode, and later, in the developing otic vesicle 
(Paper III, Figure 1c).

In contrast to ZnT1, Mt1 was strongly expressed in the yolk sac and decidua, but 
less in the placental labyrinth (Paper III, Figure 1 d-e). Staining for Mt1 was present 
in some embryonic red blood cells, in the yolk sac as well as in the embryonic 
vessels, but was absent from maternal erythrocytes (Paper III, Figure 1f). Th e fact 
that only some of the embryonic cells expressed Mt1 may indicate the assignment of 
diff erent roles of Mt1 according to the diff erentiation stage of the erythrocytes, i.e. 
those we found to be stained may have been at some erythrocyte progenitor stage. 
An additional site of Mt1 localization was the surface ectoderm of some areas of the 
embryo, e. g. of the pharyngeal arch (Paper III, Figure 1f). Mt1 has been shown to 
be involved in erythropoiesis related to Zn status (Huber and Cousins, 1993; Min et 
al., 1995), and in epidermal keratinocyte proliferation (Quaife et al., 1994; Hanada 
et al., 1997). 

Zn transporters and Mt1 expression levels after Cd exposure 
in mouse embryo (Paper III)
Gene expression levels of the Zn transporters ZnT1, and Zip4, in addition to 
Mt1, were determined in control and Cd treated day 8 p.c. + 24 and 48 h mouse 
embryos. 
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ZnT1 turned out to be the gene with the lowest expression levels in the study 
(Paper III, Figure 2 a-b). On day 8 p.c. + 24 h, it was expressed in all the tissues 
under study, being the embryonic transcript levels less abundant. After 24 h of Cd 
treatment, ZnT1 expression levels were slightly down-regulated in the decidua, 
whereas no signifi cant expression changes were detected in neither the yolk sac or 
in the embryos (Paper III, Figure 2a). Noticieably, there was a dramatic increase 
in the expression levels of ZnT1 under control conditions in the decidua and yolk 
sac on day 8 p.c. + 48 h as compared to day 8 p.c. + 24 h (Paper III, Figure 2 a-b). 
Following Cd exposure for 48 h on day 8 p.c., ZnT-1 levels were signifi cantly down-
regulated in the decidua, yolk sac, as well as in the embryo (Paper III, Figure 2b).

Mt1 expression levels were the most abundantly detected among the genes under 
study in all the tissues selected. It was highly present in the decidua, and yolk sac of 
control embryos, while its expression was lower in the embryo itself. Mt1 expression 
levels were signifi cantly up-regulated both at 24 h and at 48 h after Cd exposure on 
day 8 p.c. in all tissues selected (Paper III, Figure 2 c-d).

Zip4 gene expression levels were higher in the yolk sac, and only relatively low 
levels were detected in the decidua and in the embryo at both exposure times. In 
control embryos, Zip4 transcripts levels were more abundant in the yolk sac at day 
8 p.c. + 48 h than at day 8 p.c. + 24 h (Paper III, Figure 2 e-f). At both time end-
points after Cd exposure, Zip4 was signifi cantly up-regulated in the yolk sac, in the 
decidua, and also in the embryo (Paper III, Figure 2 e-f). 

To be noticed, the Zn transporters under study, as well as Mt1, were expressed 
preferentially in extraembryonic tissues, and not so much in the embryo itself, except 
for some cells in the nervous system. Not only the placental structures, including the 
yolk sac placenta, but most likely also the deciduas, are important structures in the 
nutrition of the embryo, and it is known that they express several other transporters 
(Eide, 2004; Johansson et al., 1997; McMahon and Cousins, 1998).

After Cd exposure we detected a down-regulation of ZnT1 and an up-regulation 
of Zip4 in most cases. Th is pattern of expression was also observed earlier upon 
Zn–defi ciency, what indicates that the expression of both genes is regulated by Zn 
status (Kim et al., 2004; Langmade et al., 2000). In this study, we conclude that 
Cd may compete against Zn for the normal binding sites in Mt1 and in other Zn-
containing proteins, thus promoting a Zn defi ciency status as shown by the changes 
in the expression levels of ZnT1 and Zip4 genes. 

Gene expression profi le by microarray analysis after Cd and 
Zn exposure (Paper IV)
After microarray analysis of mouse embryos exposed for 5 h with Cd, Zn, and 
Zn + Cd (Paper IV, Figure 1), we found a total of 11 genes (Paper IV, Figure 2) 
for which signifi cant (adjusted p-value < 0.05) were induced. Time points after 
maternal Cd exposure (5 h and 10 h) refer to the microarray (5 h) and PCR result 
(10 h), respectively, and statistical signifi cance refers to adjusted p-value<0.05 (see 
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Materials and Methods section). Generally, nine clones were signifi cantly changed 
in expression by Cd, and two additional clones aff ected by Cd only if the embryos 
were pre-exposed to Zn. Interestingly, there was no signifi cant induction of any gene 
after Zn treatment under the conditions we have set for signifi cance levels (Paper IV, 
Figure 2), not even the close to 2-fold changes detected for the well known target 
genes of Zn such as Mt1 and Mt2 (Andrews, 1990). Cd, and Zn + Cd signifi cantly 
induced Mt2 (Paper IV, Figure 3a, 4a), but curiously enough, we failed to detect an 
induction of Mt2 expression by Zn alone at the 10 h time point (Paper IV, Figure 
4a). It is well known that transcription of the Mt1 and Mt2 genes, are induced by 
metal ions, but also by oxidative stress and a variety of stressors as part of protective 
stress response, and are known to specifi cally protect against Cd toxicity (Andrews, 
1990; Klaassen et al., 1999). However, the ~ 2-fold induction by Cd for Mt2 in this 
study, and for Mt1 in Paper III performed with other protocol, is relatively moderate 
compared to corresponding eff ects in adult liver (Bartosiewicz et al., 2001). 

Th e stress and hypoxia gene Hmox1 (Maines, 1997) was signifi cantly induced at 5 
h post treatment by Cd. qPCR performed on embryos exposed for 10 h to the same 
treatment conditions, possibly showed a similar tendency of expression changes but 
not longer statistically signifi cant (Paper IV, Figure 3b, 4b). Hmox1 was one of the 
two genes, the other one being Tmem33, for which we found that a possible role of 
Zn might be to infl uence the Cd eff ect, although this eff ect was found not to be 
statistically signifi cant. Heavy metals, such as Cd, are known to induce Hmox1 levels 
by cellular oxidative stress, promoting the export of the repressor protein Bach1 and 
inhibiting the degradation of the activator Nfr2 (Alam and Cook, 2003; Stewart et 
al., 2003; Suzuki et al., 2003). Th ese two proteins, Bach1 and Nfr2, with opposite 
functions, maintain Hmox1 activity at low-levels under control conditions (Sun et 
al., 2002). Similar to metallothioneins, the induction of the Hmox1 product heme 
oxygenase-1 may be protective against Cd induce toxicity (Liu et al., 2002).

For four genes (Cirbp, Rmb3, and two anonymous ESTs), we found no statistically 
signifi cant infl uence of Zn on the Cd-induced response. Th e function of Cirbp and 
Rmb3 genes is related to cell survival and cell proliferation, as well as suppression 
of cell death (Kita et al., 2002; Yang and Carrier, 2001). Both genes are known to 
be up-regulated at the transcriptional level in response to hypoxia by mechanisms 
independent of the Hif1| (Maines, 1997; Wellmann et al., 2004). Th e Hif1|
protein is one of the most studied regulators of oxygen response, and it is known 
to be quickly degraded under normoxic conditions (Huang et al., 1998). Chun and 
co-workers demonstrated that Cd specifi cally blocks the accumulation of Hif1|
protein in hypoxic cells, whereas it does not aff ect Hif1| mRNA levels (Chun et 
al., 2000). We found the transcripts levels of Rbm3 gene to be signifi cantly elevated 
10 h after Cd exposure (Paper IV, Figure 4d), whereas Cirbp (Paper IV, Figure 4c) 
and Hif1| (Paper IV, Figure 5a) were at control levels. It remains to be determined 
whether Cd-induced embryonic hypoxia might underlie the induction of Rbm3 and 
Cirbp transcription.

Another interesting pattern is where neither Cd nor Zn induces transcription 
unless they are combined. Th e gene encoding the Pdgfa associated protein 1, Pdap1 
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(Fisher and Schubert, 1996), was not aff ected by Zn or Cd alone, but was strongly 
induced by Zn + Cd in the microarray data (Paper IV, Table 2). PCR at 10 h post-
exposure confi rmed this Zn + Cd specifi c up-regulation of Pdap1 (Paper IV, Figure 
4d). We also analyzed Pdgfa expression by qPCR. Pdgfa showed a tendency to up-
regulation after 10 h of exposure, though this was not statistically signifi cant (Paper 
IV, Figure 5c). Pdgfa and its receptor Pdgfra, are required during embryogenesis for 
neural crest cells (NCC) proliferation and migration, CNS remodelling, and organ 
development (Soriano, 1997; Tallquist and Soriano, 2003). Deletion of the Pdgfra 
in the murine NCC leads to defects in the palatal closure and fusion, and increases 
apoptosis of NCC along their migratory pathway (Morrison-Graham et al., 1992; 
Soriano, 1997). If the up-regulation of Pdap1 by Zn pre-treatment is protective 
against Cd-induced teratogenicity, and if it is related to Pdgfa signalling remains to 
be studied.

Considering the fact that Zn reduced Cd-induced teratogenicity (Paper II), genes 
where Zn pre-treatment reverses the eff ect of Cd-exposure at the gene expression 
level were especially interesting.  Only one gene, Dtprp, was expressed according to 
this pattern. In the microarray result, Cd appeared to cause a strong down-regulation 
of Dtprp that may possibly be partially reversed by Zn pre-treatment (Paper IV, data 
not shown). Th is gene, however, encodes the decidual/trophoblast prolactin-related 
protein, the expression of which appears to be restricted to extraembryonic tissues 
(Orwig et al., 1997). 

A possible but not statistically signifi cant reversal of the Cd-induced transcriptional 
response was identifi ed also for another gene, Ccng1 (data not shown), which encodes 
the cell-cycle regulatory protein cyclin G1, a tumor repressor p53 (Trp53) target 
(Okamoto and Beach, 1994). Our earlier studies have shown that Cd induces DNA 
damage, up-regulates p21- and Trp53-expression, and produces an increase apoptosis 
in mouse embryos exposed for 24 h, and that Zn pre-treatment can ameliorate all 
these eff ects (Paper II). We therefore analyzed the expression of Trp53, and of its 
target Ccng1, which was slightly induced by Cd in the microarray data. At 10 h post-
exposure, Ccng1 was signifi cant up-regulated by Cd, with a possible though not 
statistically signifi cant reversing eff ect of Zn (Paper IV, Figure 5d), whereas Trp53 
was not induced (Paper IV, Figure 5c). It is well known that Ccng1 is up-regulated 
in response to stimuli that induce cellular damage contributing to G1 and G2/M 
arrest (Kimura et al., 2001; Zhao et al., 2003), and promoting apoptosis (Okamoto 
and Prives, 1999). Th us, the up-regulation of Ccng1 may indicate the presence of cell 
stress such as DNA damage or hypoxia in embryos from Cd-exposed mice, and any 
reversal of such up-regulation by Zn would indicate that such eff ects are alleviated 
by Zn pre-treatment.
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CONCLUDING REMARKS

Summary of the molecular eff ects discussed to be involved in Cd-induced 
teratogenicity. As can be seen, some of them may reside in the placental structures 
(notably the yolk sac) while others are proposed either in very specifi c embryonic 
structures, or non-specifi cally in the embryo. In the fi rst column is depicted the 
proposed, immediate anatomical/biochemical targets of Cd, whereas in the second 
column are some examples of the genes aff ected, as shown by the studies in this 
thesis. Th ese mechanisms include interference in the AVE signalling for proper A/
P patterning (Paper I); DNA damage through a direct Cd eff ect and/or through 
indirect pathways, such as inhibition of DNA repair and antioxidant defence causing 
oxidative stress (Paper II), cell cycle arrest and induction of apoptosis (Paper II, IV), 
disturbance of Zn homeostasis (Paper III); and alteration in oxygen and nutrition 
supply to the embryo (Paper IV). Regarding the results obtained in this thesis, we 
concluded that a combination of some of the mechanisms explained above may 
contribute to the Cd-induced teratogenesis in mouse embryos.
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