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Abstract

The development of an embryo constitutes a complex choreography of regulatory events that underlies precise
temporal and spatial control. Throughout this process the embryo encounters ever changing environments,
which challenge its metabolism. Oxygen is required for embryogenesis but it also poses a potential hazard via
formation of reactive oxygen and reactive nitrogen species (ROS=RNS). These metabolites are capable of
modifying macromolecules (lipids, proteins, nucleic acids) and altering their biological functions. On one hand,
such modifications may have deleterious consequences and must be counteracted by antioxidant defense sys-
tems. On the other hand, ROS=RNS function as essential signal transducers regulating the cellular phenotype. In
this context the combined maternal=embryonic redox homeostasis is of major importance and dysregulations in
the equilibrium of pro- and antioxidative processes retard embryo development, leading to organ malformation
and embryo lethality. Silencing the in vivo expression of pro- and antioxidative enzymes provided deeper
insights into the role of the embryonic redox equilibrium. Moreover, novel mechanisms linking the cellular redox
homeostasis to gene expression regulation have recently been discovered (oxygen sensing DNA demethylases
and protein phosphatases, redox-sensitive microRNAs and transcription factors, moonlighting enzymes of the
cellular redox homeostasis) and their contribution to embryo development is critically reviewed. Antioxid. Redox
Signal. 13, 833–875.
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Departments of 2Obstetrics and Gynaecology and 3Neuro-degeneration, -development and Repair, School of Biomedical Sciences, The

Chinese University of Hong Kong, Shatin, Hong Kong.

ANTIOXIDANTS & REDOX SIGNALING
Volume 13, Number 6, 2010
ª Mary Ann Liebert, Inc.
DOI: 10.1089=ars.2009.3044

833



VI. Redox-Dependent Transcriptional Control of Embryonic Gene Expression 848
A. Nuclear factor kB 848
B. Activator protein-1 849
C. Nrf-ARE system 850
D. Transcriptional activities of hypoxia inducible factors 851
E. Redox effector factor-1=apurinic=apyrimidinic endonuclease-1 852

VII. Redox-Dependent Post-Transcriptional Control Mechanisms of Gene Expression 852
A. Cytoplasmic polyadenylation and translational masking 853
B. Iron regulatory elements 853
C. Small regulatory RNA species (microRNAs) 853
D. Alternative splicing 854
E. Grsf1 dependent translational control 854
F. Nonsense-mediated decay 855
G. Post-transcriptional regulation of HIF-1a expression 855
H. Post-transcriptional regulation of thioredoxin expression 855
I. Post-transcriptional regulation of cyclooxygenase expression 856
J. Post-transcriptional regulation of antioxidative enzymes 856

VIII. Clinical Relevance of Redox Imbalance in Embryo and Fetal Development 856
A. Redox-dependent teratogenesis 857
B. Maternal diabetes mellitus 857
C. Pre-eclampsia 858
D. Fetal hypoxia 858

IX. Problems and Perspectives 859

I. Introduction

Normal development of an embryo is a complex pro-
cess that starts with sperm–oocyte fusion and ends with

the delivery of a newborn. The developmental process in-
cludes fertilization after ovulation, organogenesis in early and
mid gestations, and maturation in late gestations and even
after birth (98). Embryogenesis involves a series of differen-
tiation and maturation processes that are well balanced by
spatial and temporal control of cellular gene expression ac-
cording to an inbuilt biological program. In our aerobic world,
cellular redox homeostasis plays an important role in the
regulation of the gene expression cascade, and this review is
intended to briefly summarize and critically evaluate our
current knowledge on the impact of the systemic redox
equilibrium on embryogenesis with particular emphasis on
mice. After a brief introduction, we will describe the regula-
tory principles of mammalian redox homeostasis by charac-
terizing the most important pro- and antioxidative reactions
and their regulatory importance. The following section will
give a simplified overview of murine embryogenesis stressing
processes, for which redox control has previously been im-
plicated. This section will be followed by a critical overview of
experimental in vivo data derived from loss of function strat-
egies (knockout mice). Next, we will summarize our current
knowledge on redox control of embryonic gene expression
addressing mechanisms on epigenetic (Section V), transcrip-
tional (Section VI), and post-transcriptional (section VII) lev-
els. Finally, we will discuss the pros and cons of translating
the experimental animal data into humans.

The biological role of redox chemistry is currently a busy
area in developmental research. A PubMed search using the
key words ‘‘redox’’ and ‘‘development’’ revealed some 13,000
entries. More than 90% of these articles have been published
during the last 20 years (1989–2009). Since 2004 (the last 6
years), an averaged yearly output of some 900 articles was

calculated (Fig. 1). During the late 1980s and early 1990s, there
was a fairly constant output of about 220 articles per year, but
between 1996 and 2006 an exponential growth was observed.
More recently, the number of published articles leveled at
about 990 per year. Because of these high numbers, it was not
possible to consider all publications for this review. In fact,
although we cited more than 400 references they only repre-
sent less than 5% of the reports published in the field. To
adhere to the space limitations set by the publisher, we were
forced to make selections, being aware of the fact that such
selections are always a personal matter. Moreover, because of
space limitations, we were unable to include redox control
mechanisms in prokaryotes, yeast, and lower animals. How-
ever, since many redox-controlled processes have first been

FIG. 1. Published papers on developmental roles of redox
systems. A PubMed search using the key words ‘‘redox’’ and
‘‘development’’ was carried out. The yearly output and the
output kinetics are quantified to demonstrate viability of the
field.
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explored in lower model organisms, we will occasionally
address nonmammalian studies.

II. Mammalian Redox-Homeostasis

The redox state of mammalian cells is defined by the
equilibrium between pro- and antioxidative processes. Pro-
oxidative reactions deliver reactive oxygen species (ROS)
and=or reactive nitrogen species (RNS), which may be toxic to
the cell when produced excessively. In contrast, antioxidative
processes detoxify ROS=RNS and=or prevent their formation.
Both sites of the redox equilibrium involve enzymatic and
nonenzymatic processes and their proper balance is of major
biological importance.

A. Pro-oxidative mechanisms

Molecular dioxygen has a fairly stable electron configura-
tion and, thus, is not particularly reactive. This is also the case
for its 4 electron reduction product, water. However, if di-
oxygen is not completely reduced (Fig. 2A) but only takes up
one, two, or three electrons, it is activated to superoxide (�O2

-),
hydrogen peroxide (H2O2), or the hydroxyl radical (�OH). In
mammals, the majority of ROS is formed via the mitochon-
drial electron transport. It has previously been estimated that
about 2% of molecular dioxygen consumed by an adult
human being in the respiratory chain give rise to ROS (11). In
addition, a variety of enzymatic reactions, such NADPH ox-
idase (92), xanthine oxidoreductase (111), cytochrome P-450
isoforms (325), monoamine oxidases (91), amino acid oxidases
(188), lipoxygenases (284), and cyclooxygenases (284) may
contribute to cellular ROS formation. Transition metals (Fe,
Cu, Cr, and Co) are also capable of catalyzing ROS formation.
Spontaneous oxidation of hemoglobin (formation of met-
hemoglobin) yields equimolar amounts of superoxide
(Hb-Fe2þþO2

- ? Hb-Fe3þþ �O2
-) and considering the high

Hb concentrations in the blood this reaction substantially
contributes to systemic ROS formation. Moreover, the Haber–
Weiss reaction (Fe2þþH2O2?Fe3þþOH�þ �OH) and Fenton
chemistry have been identified as biologically relevant ROS
sources (199).

The major origin of RNS is nitric oxide (�NO). It consti-
tutes a stable radical with a biological half-life of 1–10 s. It

functions as a vasodilator by activating soluble guanylate
cyclase in vascular smooth muscle cells but also as a neuro-
transmitter. It is biosynthesized from arginine by the catalytic
activity of three nitric oxide synthase (NOS) isoforms (neu-
ronal, endothelial, inducible), which are encoded for by three
different genes and show cell-specific expression patterns
(240). During inflammation, large amounts of superoxide
(NADPH-oxidase) and nitric oxide (iNOS) are simultaneously
formed in inflamed tissues. These redox mediators react with
each other (Fig. 2B) to form peroxinitrite (OONO-), which is
highly reactive and can directly attack various cellular com-
ponents (224). Peroxinitrite can be protonated to form per-
oxynitrous acid, which decomposes to yield nitrogen dioxide
(�NO2) and hydroxyl radical (�OH), two highly reactive
compounds capable of modifying biomolecules. Nitric oxide
and nitrogen dioxide can recombine to form dinitrogen tri-
oxide (N2O3) that preferentially reacts with protein thiols to
form covalent protein adducts. Alternatively, peroxynitrite
can react with carbon dioxide (CO2) to form nitrosoperox-
ycarbonate (ONOOCO2

-), which can decompose (Fig. 2B)
to yield nitrogen dioxide (�NO2) and the carbonate radical
[O¼C(O�)O-].

B. Antioxidative defense mechanisms

To avoid excessive ROS=RNS formation, a complex anti-
oxidative defense system has evolved and several reviews
have recently been published characterizing the mammalian
antioxidative defense system under different pathological
conditions (122, 133, 303). In brief, it consists of nonenzymatic
antioxidants (ascorbic acid, tocopherols, and bilirubin) and
antioxidative enzymes such as superoxide dismutases, cata-
lase, the glutathione (GSH) system (GSH peroxidases, GSH
reductase), peroxiredoxins, thioredoxins, and others. The ox-
idative pentose monophosphate shunt and its rate-limiting
enzyme, glucose-6-phosphate dehydrogenase (G6PD), play
an important role in the antioxidative defense system since
they provide NADPH required as reductant. G6PD-deficiency
induces major malfunctions of the antioxidative defense sys-
tem and leads to hemolytic anemia and developmental re-
tardation. An alternative source of cellular NADPH is the
cytosolic malic enzyme that catalyzes decarboxylation of
malate forming pyruvate (138).

FIG. 2. Formation of reactive oxygen
species (ROS) and reactive nitrogen
species (RNS). (A) Sequential one elec-
tron reduction of molecular dioxygen
leads to the formation of reactive oxygen
species. The oxidation numbers of oxy-
gen are given in parethesis. (B) Reactive
nitrogen species originate from perox-
ynitrite (ONOO-), which is formed when
nitric oxide and reacts with superoxide
(gray box). When reacting with carbon
dioxide (CO2), peroxinitrite forms ni-
trosoperoxycarbonate (ONOOCO2

-),
which decomposes to yield nitrogen di-
oxide (�NO2) and the carbonate radical
[O¼C(O�)O-].
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C. Developmental consequences of redox alterations

Because of their high chemical reactivity, ROS and RNS are
capable of modifying biomolecules such as lipids, proteins,
nucleic acids, and even carbohydrates. These modifications
(Fig. 3) often lead to cellular dysfunction (detrimental activity).
However, in recent years it has been well established that
ROS=RNS at lower concentrations also exhibit beneficial ef-
fects (Fig. 3). The cellular redox state is an important regulator
of the cellular gene expression cascade, and the activity state of
a variety of transcription factors is altered by redox changes. In
other words, a certain level of ROS=RNS is essential for normal
cell function. For instance, hydrogen peroxide is not only
considered a deleterious oxidant but also an intracellular sig-
nal transducer, which is frequently generated in a controlled
manner and leads to the selective post-translational modifi-
cation of cysteine residues of certain target proteins (80). Re-
versible thiol oxidation, in particular disulfide bond formation,
changes the functional properties of affected proteins and al-
ters their functional properties. One prominent example is the
transient inactivation of protein tyrosine phosphatases in
receptor tyrosine kinase signaling (393). Thus, precise control
of the cellular redox homeostasis is essential for regular cell
function, and this is of particular importance for complex de-
velopmental processes such as embryogenesis.

Starting at fertilization, the embryo encounters variable
levels of ROS=RNS during its development, and these reactive
intermediates originate from the developing embryo itself but
also from maternal processes. For instance, hydrogen peroxide
formed as systemic signal transducer (121) by the mother can
penetrate the placental barrier to modify embryonic processes.
To control the systemic redox state, ROS=RNS concentrations
must be sensed so that the organism can adequately respond
in case of disturbance. The consequences of redox alterations
in biological systems are rather complex but they mainly affect
cellular energy metabolism and the gene expression cascade.
Since changes in gene expression regulation also alter energy
homeostasis, the two major consequences are interrelated.
This review is focused on redox-sensitive mechanisms regu-

lating embryonic gene expression and there is no space for
discussing in detail the metabolic consequences. The interested
reader is referred to the primary reports cited herein.

Regulation of gene expression takes place at various levels
of the expression cascade, and epigenetic, transcriptional, and
post-transcriptional mechanisms have been reported. Redox-
sensitive transcription factors such as HIF-1a (269), PPARs
(374), or NF-kB (137) are important players in transcriptional
regulation, and their biological roles have been characterized
in the past. Oxidative stress affects embryo development, and
redox-dependent transcriptional mechanisms have previ-
ously been summarized (83). Unfortunately, our knowledge
on epigenetic and post-transcriptional mechanisms in the
regulation of embryonic gene expression is less advanced.
For a long time post-transcriptional mechanisms have been
focused on iron-regulatory proteins (296), but in recent
years other translation factors (309, 399) and miRNA-based
mechanisms (51) have been studied in more detail. On
post-translational levels, proteasomal degradation (416) of
redox-sensitive trans-regulatory proteins plays a role in em-
bryogenesis. Moreover, intracellular signaling cascades,
which involve reversible protein tyrosine phosphorylation,
appear to be redox dependent (393) and thus, alterations in
the cellular redox homeostasis alter intracellular signaling.

III. Redox Control During Embryo Development

A. Normal mouse embryo development

Embryogenesis is initiated by fertilization of the oocyte
(gestational day 0, E0) and lasts 18 to 19 days (gestational day
18 to 19, E18 to E19). Normally, it leads to fully functional
newborns and various developmental stages can be sepa-
rated. In Figure 4 a time course of murine embryogenesis is
depicted and important growth parameters and major de-
velopmental milestones are summarized. Development of the
central nervous system starts early at E6–7 and continues
throughout the entire life. Development of the cardiovascular
system and erythropoiesis begins around E8 but organogen-
esis of liver, lung, kidney, and the reproductive system is
initiated at later developmental stages (98).

B. Embryonic antioxidative capacity

A tightly controlled redox system is essential for normal
embryogenesis, and dysregulation of the redox equilibrium in
either direction severely hampers embryo development. Re-
ductive stress is just as dangerous as oxidative challenge (42)
and thus, the equilibrium between oxidative and reductive
forces is a key factor for proper embryogenesis. At certain
developmental periods (early postimplantation stage, com-
pletion of embryonic circulation) the embryo is particularly
susceptible to redox alterations and at these stages a func-
tional antioxidative defense system is of particular impor-
tance. As for the adult organism, low molecular weight
antioxidants (GSH, vitamin C, and vitamin E), metal chelators
(desferoxamine), and antioxidative enzymes play an impor-
tant role in protecting developing embryos from oxidative
damage. Unfortunately, the enzymatic activity of many anti-
oxidative enzymes, including GPx, GSH-reductase, SOD and
CAT, is much lower than that of the adult organisms (301, 431)
and thus embryos are particularly sensitive to oxidative
damage. A known exception is embryonic G6PD, which is

FIG. 3. Functional consequences of cellular redox alter-
ations. Excessive increase in cellular oxidation potential may
lead to oxidation of membrane lipids, structural proteins,
enzymes, and nucleic acids, and these alterations are likely to
induce cellular dysfunction. On the other hand, controlled
increase in ROS=RNS formation regulates the cellular gene
expression pattern, is involved in the developmental break-
down of cellular organelles during differentiation or cell
maturation (394) and has been implicated in biotransforma-
tion of xenobiotics. Regulation of ROS formation is the de-
cisive process turning good into bad and vice versa.
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expressed at similar levels as in adult individuals (280).
However, in some cases an overdose of antioxidants deteri-
orates the redox state and may induce teratogenic alterations
(407). Owing to the high complexity of the redox network
more research is needed to understand the involved regula-
tory mechanisms. A better understanding of embryonic redox
network is vital for optimizing in vitro embryogenesis and for
ensuring normal development in vivo (83).

C. Oxygen requirement and energy metabolism
during early embryogenesis

Oxygen and glucose are essential for normal embryo de-
velopment. Hypoxia (52) and hypoglycemia (333) are major
risk factors for embryonic lethality, and oxidative stress is a

mechanism in teratogenesis (129). However, the relative im-
portance of oxygen at different stages of embryogenesis is
variable, depends on anatomic preconditions, and the devel-
oping embryo is able to cope with these challenges by
adapting its metabolism depending on the substrates avail-
able (Fig. 5). In this context, embryonic mitochondria play a
vital role in controlling the relative production of ROS and=or
providing reducing equivalents for the cell to cope with ROS
(89). Oviductal oxygen levels are lower than atmospheric
oxygen concentrations (215). In the uterus, where implanta-
tion takes place, even lower oxygen levels have been deter-
mined (101). Thus, following fertilization in the oviduct, the
embryo encounters a decreasing oxygen gradient when
moving down the reproductive tract. In fact, during early
implantation the embryo is confronted with an almost anoxic

FIG. 4. Developmental stages of mouse embryogenesis. Morphological characteristics (Theiler stages, cell numbers, so-
mite numbers, crown rump length), overall developmental hallmarks, and time windows of organogenesis are indicated.

FIG. 5. Metabolic alterations during early
embryogenesis. Owing to the variable con-
ditions in different regions of the female
reproductive tract, the embryo needs to
adapt its energy metabolism. Before the
circulation system has developed, early
embryos transit from relative aerobic and
low glucose to anaerobic and high glucose
conditions. Redox metabolism (boxed) tran-
sits from oxidative phosphorylation (low
glucose, high oxygen) to glycolysis (high
glucose, low oxygen). Pyruvate or oxaloac-
etate are essential substrates during early
cleavage and glucose from eight-cell stage
embryos.
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environment (215). The glucose concentration in oviductal
fluid is relatively low when compared with corresponding
levels in uterine fluid. These differences in substrate con-
centrations severely alter the energy metabolism of the de-
veloping embryos. In the oviduct, where oxygen is present
at saturating conditions, but glucose (major energy supply-
ing nutrient for early embryos) appears to be rate-limiting
(low glucose, high oxygen), oxidative ATP production via
glycolysis, citrate cycle, and oxidative phosphorylation are
the major energy sources (Fig. 5). However, at later develop-
mental stages, when the embryo reaches the uterus (high
glucose, low oxygen), glucose supply may not be critical
any more so that less efficient anaerobic metabolic path-
ways (lactate formation) may contribute higher shares to
systemic ATP production (15). In brief, the energy metabolism
of early mammalian embryos (one-cell stage) proceeds via
oxidative phosphorylation, whereas at blastocyst stage an-
aerobic glycolysis prevails (388). The switch between aerobic
and anaerobic energy supply is balanced by two major reg-
ulatory elements: i) expression regulation of enzymes in-
volved in energy metabolism, which is directly related to
oxygen sensing, and ii) NAD(P)þ=NAD(P)HþHþ ratio,
which reflects the cellular redox state in early embryogenesis
(134).

Molecular oxygen sensors play an important role in regu-
lation of embryonic energy metabolism. They adjust the cel-
lular influx and efflux of energy supplying substrates through
different metabolic pathways and thus, they are crucial for
effective ATP production (6, 419). Mitochondria are of major
importance for the cellular redox state and contribute to ox-
ygen sensing. They are a major source of ROS (432), which
control the activity state of various transcription factors. Mi-
tochondria are not symmetrically distributed within early
embryos, and in some species this asymmetric distribution
has been related to the specification of the developmental axis
(70). The activity of the glycolytic pathway is affected by both
oxygen availability via stabilization of hypoxia-inducible
factor 1 (HIF-1) and indirectly through the redox state via the
NAD(P)þ=NAD(P)H ratio (134).

D. ROS-mediated teratogenesis

Dysregulation of embryogenesis induces developmental
retardations, organ malformation, and functional defi-
ciencies commonly termed teratogenesis. In teratogenesis,
the redox equilibrium plays an important role (134) and
endogenous (embryonic) or exogenous (maternal) ROS for-
mation have been implicated. The processes regulating em-
bryonic redox homeostasis are important determinants of
teratological risk. It is well known that maternal and
embryonic metabolism of xenobiotics is frequently accom-
panied by ROS formation, but the individual risk of ROS-
mediated teratogenesis depends on both genetic and=or
environmental factors (424). During certain time windows of
embryogenesis, the embryo is more susceptible to oxidative
stress and excessive ROS formation (129). Many drugs and
environmental chemicals, which are capable of inducing
oxidative stress in the embryo, are eliminated or metabo-
lized during maternal circulation before reaching the em-
bryo. Others cannot penetrate the placental barrier and thus
may not be dangerous for the embryo (424). A number of
xenobiotics (proteratogens), that are relatively nontoxic for

both the embryo and the mother, are bioactivated during
maternal metabolism to reactive radicals (425), which may
then be transferred to the embryo.

Many xenobiotics and their primary biotransformation
products are conjugated with glucuronic acid or sulfate to
increase water solubility so that they can be effectively se-
creted in the urine. A deficiency in maternal conjugating
pathways will increase oxidative challenge of the embryo
(425). Another mechanism by which maternal and=or other
extra-embryonic pathways may modulate ROS-mediated
teratogenesis is the production of diffusible factors that can
cross the placental barrier. This is exemplified by hydrogen
peroxide and the peroxynitrite pathways (250).

E. Expression of ROS=RNS producing enzymes
during murine embryogenesis

During mouse embryo development, most cytochrome
P450 (CYP) isoforms involved in xenobiotic metabolism are
not expressed at high levels (173). In humans, most CYP
isoforms are also expressed at low levels but at later devel-
opmental stages, some CYP isozymes (CYP1B1, CYP3A7,
and CYP2E1) can be detected in higher quantities (425). Li-
poxygenase (LOX) and cyclooxygenase (COX) isoforms
have also been implicated in embryonic ROS formation (Fig.
6). COX1 (430) and COX2 (300) are constitutively expressed
in mouse embryos. We detected COX1 mRNA expression
throughout embryo development and the mRNA copy
number varied between 20 and 2500 copies per 106 GAPDH
mRNA copies depending on the developmental stages of the
embryo (Fig. 7A). It can be seen that COX1 mRNA increases
from E6.5 to E13.5 but then declines when the embryo ap-
proaches birth. In contrast, COX2 expression is significantly
lower, ranging between only 40 to 100 copies per 106

GAPDH mRNA copies. It peaks early at E 9.5 but then de-
clines similar to COX1 to undetectable levels. Among LOX
isoforms, 12=15-LOX is high level expressed during early
embryogenesis. At E7.5 we quantified 1200 12=15-LOX
mRNA copies per 106 GAPDH mRNA copies. At later de-
velopmental stages, 12=15-LOX mRNA expression declines
dropping below the threshold value of our assay system
when the embryo approaches birth (Fig. 8A). 5-LOX ex-
pression is detectable at E7.5 and peaks at E13.5 with about
2000 copies per 106 GAPDH mRNA copies (Fig. 8B). In
contrast, 12R-LOX (Fig. 8C) is expressed at lower levels (less
that 500 copies per 106 GAPDH mRNA copies) throughout
embryo development with a sharp expression peak of more
than 2000 copies per 106 GAPDH mRNA copies at E15.5.
Between E16.5 and E17.5, neither 5-LOX nor 12R-LOX ex-
pression was observed.

Nitric oxide plays an important role for the formation of
RNS. We quantified expression of the three nitric oxide syn-
thase isoforms (eNOS, nNOS, iNOS) during the time course of
murine embryogenesis and found that eNOS was expressed
at rather high levels (2,000–13,000 copies of eNOS mRNA per
106 GAPDH mRNA copies). During early embryogenesis
(E6.5–E11.5) lower mRNA levels (2000–4000 eNOS mRNA
copies per 106 GAPDH mRNA copies) were quantified, but at
a later stage the mRNA copy number was upregulated (Fig.
9A). In contrast, mRNA levels of both nNOS and iNOS were
expressed at lower quantities of less than 400 copies per 106

copies GAPDH mRNA (Figs. 9B and 9C).
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F. Gamete formation, fertilization, and organogenesis

Germ cells are sensitive to changes in redox conditions. The
high concentrations of polyunsaturated fatty acids in sper-
matoid cells make them susceptible to ROS-induced lipid
peroxidation, which alters the functional characteristics of the
membranes (2). Oxidative modification of membrane phos-
pholipids induces changes in sperm motility and morphol-
ogy, which finally leads to reduced efficiency of oocyte
fertilization (152). To avoid such functional deficits, sperm
and their cellular precursors are protected by an excess of
antioxidative enzymes (316). In mammalian oocytes, SOD1,
SOD2, and GPx isoforms are expressed during various stages
of oogenesis (93) and peroxiredoxins, particularly Prx6, are
upregulated during in vitro oocyte maturation (218).

GSH appears to play an important role in the preparation of
a mature oocyte to receive a sperm and in early zygote de-
velopment. During oocyte maturation, an increase in GSH
was reported (238) and high GSH concentrations are main-
tained during first cell divisions. However, when the late
blastocyst prepares for implantation, significantly lower GSH
levels have been reported (108). Different superoxide scav-
engers prevent the blastomere from hatching from the zona
pellucida (387) and these data suggest an important role of
superoxide in blastocyst formation. Unfortunately, the de-
tailed mechanisms of this effect have not been explored so far.
After in vitro fertilization, embryo development is arrested at
the two-cell stage, which coincides with the onset of embry-
onic gene expression. For mouse embryos this developmental
arrest can be overcome by treatment with antioxidants (271).
Interestingly, expression of peroxiredoxins is sustained dur-
ing the first cell division and it further declines to the 16-cell
stage. However, during blastocyst formation peroxiredoxin
expression picks up again (218).

During the early post-implantation period, rodent embryos
are most susceptible to oxidative challenge since they have
adapted to hypoxic conditions in the uterus (101). Thus, for

in vitro embryogenesis, usually low oxygen concentrations
(5%–10%) are adjusted. The molecular basis for the reduced
oxygen requirement in this developmental stage remains un-
clear, but if explanted and cultured in vitro under normoxic
conditions the embryos develop structural abnormalities (52,
262, 276).

The yolk sac plays an important role for early embryo de-
velopment since it delivers oxygen and nutrients for the em-
bryo during the early post-implantation period. Later on, the
yolk sac regresses and the allantoic placenta takes over its
function. These sudden alterations in uteroplacental circula-
tion expose the embryos acutely to higher oxygen concentra-
tions (276). Once the uteroplacental and embryonic circulation
systems are developed (E9.5–10.5) the embryo becomes less
sensitive for maternal redox alterations, instead endogenous
ROS=RNS formation becomes a more disturbing process.

G. Redox control of cellular processes
during embryogenesis

The cellular redox equilibrium affects a variety of basic
cellular functions such as energy supply, proliferation,
differentiation=maturation, and apoptosis (334). On the other
hand, these cellular functions may also alter the redox equilib-
rium, suggesting the existence of multiple regulatory networks
that are in part feedback-controlled (76). In embryogenesis, the
basic functions of each cell are controlled within the frame of a
heterogeneous four-dimensional space-time continuum and
this requires intense intercellular cross-talk.

When proliferating mammalian cells are oxidatively chal-
lenged, they exhibit a broad spectrum of responses and these
responses depend on the cell type, on their metabolic state, on
the experimental conditions, and on intensity and duration of
the stimulus. Low levels of ROS (hydrogen peroxide, super-
oxide) stimulate proliferation of cells (330) and over-
expression of antioxidant enzymes appears to reverse this
effect (358). These data support the hypothesis that ROS may

FIG. 6. Eicosanoid formation in-
volves the oxygenation of arachidonic
acid via cyclooxygenase and lipox-
ygenase pathways. Upon cell stimula-
tion, arachidonic acid is liberated from
membrane phospholipids and subse-
quently oxygenated via cyclooxygenase
isoforms (COX1,2) to prostaglandin
G2 (PGG2) and via the lipoxygenase
pathway to leukotriene A4. These
compounds are further converted
within the COX pathway to the classi-
cal prostaglandins (PGD2, E2, and F2a)
or within the LOX pathway to leuko-
triene B4 and the cysteinyl leukotrienes
C4, D4, and E4.
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act as signals to maintain cell proliferation and cell growth.
On the other hand, higher concentrations of hydrogen per-
oxide temporarily induce cell growth arrest (82). After tem-
porary growth arrest, many cells exhibit a transient adaptive
response, in which genes for oxidant protection and DNA
repair are preferentially expressed. At even higher hydrogen
peroxide concentrations, mammalian cells are not able to
adapt, but instead enter into a permanently growth-arrested
state, in which they appear to perform most normal cell
functions but cease to divide, a state resembling cellular rep-
licative senescence (82). If oxidative stress is further increased,
cells may die in an organized manner (apoptosis).

Cell differentiation and maturation is an integral part of
embryogenesis and complete differential arrest in early em-
bryogenesis is lethal (18). After priming, embryonic stem cells
differentiate within a certain lineage according to a biological

program that has been optimized during evolution. These dif-
ferentiation processes are characterized by major metabolic al-
terations and finally result in the formation of highly specialized
cell types with limited functionality. Many of these functional
alterations are mediated by the intracellular redox equilibrium
(38, 211, 219, 336). Spontaneous differentiation of human em-
bryonic stem cells is paralleled by ROS formation. Over-
expression of various antioxidant enzymes, including SOD,
CAT, and peroxiredoxins, induced marked alterations in the
differentiation pattern (63). Continuous exposure of embryonic
stem cells to ROS results in an inhibition of cardiomyogenesis
and vasculogenesis. On the other hand, a low-level ROS pulse
enhances differentiation along some lineages (219, 337).

Apoptosis is an essential process in embryo development
and regular organogenesis involves balanced apoptosis as key
event (161). During embryonic development of the central

FIG. 7. Expression of COX1 (A) and COX2
(B) during mouse embryo development.
Preparation of mouse embryos: All animal ex-
periments were performed in strict adherence
to the guidelines for experimentation with
laboratory animals as set by the Chinese
University of Hong Kong. Inbred Institute for
Cancer Research pregnant mice were ob-
tained from an animal house, and embryos in
different developmental stages [E6.5 to post-
natal day 5 (N5)] were prepared and kept in
PBS (0.1% diethyl pyrocarbonate) for removal
of extra-embryonic tissue. Preparations were
carried out under a stereo microscope
(Olympus, New York). Embryos from the
same litter were pooled and at least three
dams were collected independently. Embryos
were kept in RNAlater solution (Qiagen,
Hilden, Germany) at 48C overnight and were
then stored at �808C for RNA extraction.
RNA extraction and reverse transcription. Total
RNA was extracted using RNeasy mini kit
(Qiagen). 1mg total RNA was reversely tran-
scribed using oligo(dT)15 primer and Super-
Script III reverse transcriptase (Invitrogen,
Karlsruhe, Germany) according to the ven-
dor’s instructions. Quantitative realtime RT-
PCR. Real time PCR was carried out with a
Rotor Gene 3000 instrument (Corbett Re-
search, Mortlake, Australia) using the Sensi-
MixPlus SYBR kit (BIOLINE, Luckenwalde,
Germany). The following amplification pri-
mer pairs were employed. COX1: forward 50-
CTG CGG CTC TTT AAG GAT GGG A-30

and reverse 50-GCG AGA GAA GGC ATC
CAC CAG-30; COX2: forward 50-GCA TTC TTT GCC CAG CAC TTC AC-30 and reverse 50-CCA AAG ACC TCC TGC CCC
ACA-30; GAPDH: forward: 50- CCA TCA CCA TCT TCC AGG AGC GA-30 and reverse 50- GGA TGA CCT TGC CCA CAG
CCT TG-30. The amplification protocol consisted of the following steps: 15 min enzyme activation at 958C, 40 cycles of
denaturation (15 sec at 958C), annealing (30 sec at 658C), and synthesis (20 sec at 728C) in a total volume of 10 ml. Homogeneity
of the amplified PCR product was tested, recording the melting curves. For this purpose, the temperature was elevated
slowly from 608C to 998C. Data were acquired and analyzed with the Rotor Gene Monitor software (version 4.6). To generate
standard curves for exact quantification of gene expression, specific amplicons were used as external standard for COX1-,
COX2-, and GAPDH-cDNA. The initial amplicon concentrations varied between 2�102 and 3�106 copy numbers. GAPDH
mRNA was used as an internal standard to normalize expression of the target transcripts. Absolute ratios of the target mRNA
and the GAPDH mRNA were calculated using these standard curves. All RNA preparations were analyzed at least in
triplicates and means� S.D. are given. To quantify embryonic COX expression RNA of at least 20 embryos originating from
three different litters (E6–E10) or 5–10 embryos from two litters (E11–N0) were pooled. Aliquots of the cDNA preparation
(50 ng of DNA) were used for quantitative RT-PCR employing amplicons of COX1, COX2, and GAPDH as external am-
plification standards.
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nervous system, neuronal apoptosis frequently occurs and this
process affects all areas of the brain in a time-dependent man-
ner. In mouse embryos, there appears to be a spatial correlation
between developmental apoptosis and ROS formation. In fact,
at midgestation a high degree of apoptotic alterations can
usually be seen in areas with enhanced ROS formation (334).
Another obvious example for this correlation is embryonic limb
development. The interdigital regions of primitive limbs are
characterized by pronounced apoptotic alterations, and si-
multaneously a high degree of ROS formation can be detected
in these areas (342). Expression of antioxidative enzymes is
limited to the developing digits and downregulated in the in-
terdigital regions, thereby establishing a mechanism enhancing
the effects of ROS activity and apoptosis in areas where they are

needed and to limit ROS formation in neighboring tissues (342,
352). For the in vivo situation, it is difficult to tell whether ap-
optosis induces secondary ROS formation or whether ROS
formation triggers developmental apoptosis, and mechanistic
studies in cellular in vitro systems cannot conclusively an-
swer this question. Retinoic acid is known as an inducer of
developmental processes, and during embryogenesis retinoic
acid-induced signaling has been implicated in the control of
apoptosis in many regions of the embryo (77). Retinoic acid
induces apoptosis in the interdigital regions, which is paralleled
by increased ROS formation but impaired peroxidase activity
(342). These data suggest that an increased ROS formation is the
primary process required for induction of apoptosis at this
developmental period.

FIG. 8. Expression of LOX isoforms dur-
ing mouse embryo development. A de-
tailed description of preparation of whole
murine embryos, RNA extraction, reverse
transcription, and quantitative RT-PCR is
given in the legend to Figure 7. Steady state
concentrations of 12=15-LOX (A), 5-LOX (B),
and 12R-LOX (C) were quantified by qRT-
PCR using following primer combinations;
12=15-LOX: forward: 50-GTA CGC GGG
CTC CAA CAA CGA-30 and reverse 50- TCT
CCG GGG CCC TTC ACA GAA-30, 5-LOX:
forward: 50-TCG AGT TCC CAT GTT ACC
GCT-30 and reverse 50-CTG TGG TCA CTG
GGA GCT TCG-30 and 12R-LOX: forward:
50- GGT GAT GGT TCG GGG TCT GTC T-30

and reverse 50- GAG TCC AGA GCA CCA
AGA GCA CA-30.

REDOX CONTROL AND EMBRYOGENESIS 841

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.3044&iName=master.img-007.jpg&w=298&h=498


IV. In Vivo Gene Inactivation Alters Embryonic Redox
Homeostasis (Knockout Mice)

A. Knockout of pro-oxidative enzymes

The innate immune response towards pathogen challenge
involves targeted ROS formation (119). Phagocytes (neutro-
phils, macrophages) bind pathogens at pattern recognition
receptors (286) and internalize the microbes via phagocytosis.
In phagolysosomes, the pathogens are killed by a concerted
action of oxidative and nonoxidative reactions, and NADPH
oxidase plays a major role. This multimeric enzyme is local-
ized in the membrane of the phagolysosomes and is activated
upon pathogen challenge. During activation several cytosolic
and membrane-bound proteins including p47phox and the

flavoprotein gp91phox assemble at the phagolysosome mem-
brane and catalyze electron transfer from NADPHþHþ to
molecular dioxygen forming superoxide (92). In humans, a
defective p47phox gene leads to chronic granulomatous dis-
ease characterized by severe recurrent bacterial and fungal
infections (9). Similarly, targeted knockout of the p47phox gene
in mice resulted in viable animals that frequently suffer from
bacterial infections (160). Disruption of the X-linked gp91phox

gene led to viable animals that exhibited an increased sus-
ceptibility to bacterial infections (311). However, embryonic
development of these animals appears not to be affected
(Table 1). Myeloperoxidase (MPO) generates highly reactive
hypochlorous acid (HOCl), which is employed by phagocytes
for oxidative microbial killing. MPO knockout mice develop

FIG. 9. Expression of NOS isoforms
during mouse embryo development. A
detailed description of preparation of
whole murine embryos, RNA extraction,
reverse transcription, and quantitative RT-
PCR is given in the legend to Figure 7.
Steady state concentrations of eNOS (A),
nNOS (B), and iNOS (C) were quantified
by qRT-PCR using following primer com-
binations; eNOS: forward: 50- AGG ACC
CCC GGC GCTA CGA AGA AT-30 and
reverse 50- GTG GGC GCT GGG TGC TGA
ACT GAC-30, nNOS: forward: 50- AGC
TGG GCG GGG AGA GGA TTC-30 and
reverse 50- GGT TTT GGC GGC TGA GGA
GTC-30 and iNOS: forward: 50- TGA GGC
CCA GGA GGA GAG AGA-30 and reverse
50- TCA CAG GCT GCC CGG AAG GTT-30.
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normally but show impaired host defense when challenged
with pathogens (5).

Eicosanoids (prostaglandins, leukotrienes, and lipoxins)
form a heterogeneous family of lipid mediators, which
have been implicated in the regulation of physiological and
patho-physiological processes (202). Eicosanoid biosynthesis
involves direct oxygenation of arachidonic acid via the li-
poxygenase (LOX) or cyclooxygenase (COX) pathway (Fig. 6),
and COX inhibitors are available for prescription as nonste-
roidal anti-inflammatory drugs. In mice and humans there are
two COX isoforms that originate from separate genes. Dis-
ruption of COX1 gene did not dramatically alter embryo
development but adult animals exhibited an impaired
inflammatory response in selected inflammation models
(207). Selective COX2 knockout induced defective postnatal
kidney developmental and myocardial fibrosis. In addition,
an increased rate of neonatal death was frequently observed
(85, 260). Female COX2-=- mice were virtually infertile, which
was related to abnormal ovaries lacking the corpora lutea.
Adult survivors exhibited impaired inflammatory response in
certain inflammation models (85). COX1=COX2 double
knockouts (233) develop normally until birth but fail to induce
closure of the ductus arteriosus and this leads to premature
death in about one-third of the newborns. This data contrasts
previous observations suggesting that COX inhibitors stim-
ulate postnatal closure of ductus arteriosus (45). When COX1
expression is put under the control of COX2 regulatory ele-
ments (COX1COX2) in a COX2-deficient background, the pat-
ent ductus arteriosus phenotype is fully rescued (446).
Unfortunately, no offspring with COX1null=COX1COX2 geno-
type could be generated, suggesting that COX1 and COX2
exhibit discriminate isoform functionality during embryo
development (446). Expression of an inactive COX2 mutant
rescues the incidence of patent ductus arteriosus in COX2-=-

mice when COX1 is expressed, but fails to do so when COX1 is
not present (445). Consequently, it has been suggested that
COX-derived prostaglandin signaling may be dependent on
COX1=COX2 heterodimerization (446). The LOX pathway of
the arachidonic acid cascade leads to the formation of other
lipid mediators (leukotrienes, lipoxins) but LOX isoforms
have also been implicated in cell differentiation (402) and skin
development (94). In mice, there are seven functional LOX
genes (12=15-LOX, 5-LOX, platelet-type-12SLOX, 12R-LOX,
8-LOX, eLOX3, and epidermis-type 12S-LOX), but in humans
the epidermis-type 12S-LOX gene is a functionless pseudo-
gene (106). Functional inactivation of the 12=15-LOX gene,
platelet-type 12-LOX gene, and 5-LOX gene did not lead to
major phenotypic alterations and there is no obvious impact
on embryogenesis (106). However, 5-LOX knockouts are less
susceptible to antigen challenge in murine asthma models,
have a reduced response for inflammatory stimuli (106), and
develop aortic aneurysms when fed a lipid-rich diet (450).
12=15-LOX knockout mice are somewhat smaller than wild-
type controls (statistic trend, but not significant) and gain
significantly less weight when fed a lipid diet (346). Moreover,
they are less susceptible to atherosclerosis (449), but there
appear to be gender-specific differences (310). 12=15-LOXþ
5-LOX double knockouts develop normally but female indi-
viduals are more resistant to atherosclerosis when bred into
an apolipoprotein E-deficient background (310).

Monoamine oxidases (MAO-A and MAO-B) are key en-
zymes in the metabolism of biogenic amines and are located at

the outer mitochondrial membrane. They catalyze oxidative
substrate deamination and contribute to the cellular redox
homeostasis by producing stoichiometric amounts of hydro-
gen peroxide. Although both isoforms are expressed during
mouse embryonic development (Fig. 7) knockout embryos
show no severe developmental abnormalities until birth (40,
120). However, brains of MAO-A-=- mice show subtle changes
during early postnatal development, which have been related
to elevated serotonin concentrations (41). A spontaneous
point mutation in the MAO-B gene of MAO-A-=- mice gave
rise to MAO-A=B double knockout mice but these animals do
not show major developmental defects either (55). Forebrain-
specific MAO-A expression on an MAO-A-deficient back-
ground restores the wild-type somatosensory cortex barrel
field structure and ameliorates the aggressive MAO-A-=-

phenotype (54).
As indicated above, elevated concentrations of nitric oxide

may induce the formation of RNS and thus, nitric oxide
synthase isoforms (eNOS, iNOS, nNOS) are classified pro-
oxidative enzymes. Knockout mice for the three NOS-
isoforms have been created but none of them showed major
abnormalities during embryo development (114, 123, 147,
208). However, nNOS knockout mice develop a hypogonad-
ism and are infertile owing to disturbances of the hypotha-
lamo-pituitary axis (123). NOS triple knockouts (261) are
viable and develop normally. This data suggests that targeted
NO formation may not be essential for embryo development.

Xanthine oxidoreductase (XOR) is a key enzyme in the
breakdown of purine nucleotides and catalyzes the conver-
sion of hypoxanthine to xanthine and its further transforma-
tion to uric acid. In mammals, it is present as homodimer and
each subunit contains two iron–sulfur clusters, a FAD, and
molybtopterin, which are involved in electron transfer (304).
Under normoxic conditions, the enzyme works as dehydro-
genase transferring electrons from substrates to NADþ.
Under hypoxic conditions, it functions as oxidase using mo-
lecular dioxygen as electron acceptor generating large
amounts of superoxide (338). Thus, under hypoxic conditions,
xanthine oxidase significantly contributes to ROS formation.
XOR-=- mice are viable, fertile and do not show major signs of
embryonic retardation (288). However, in adult individuals,
kidney alterations have been described that resemble those
reported for COX2-=- mice.

Heme oxygenases (HO) are key enzymes in heme degra-
dation and HO-1 expression is regulated by the redox-sensitive
transcription factor Nrf2 (377). The reaction yields equimolar
amounts of biliverdin, iron, and carbon monoxide. Two HO
isoforms exist, the stress-induced HO-1 and the constitutive
HO-2. HO-1 has been suggested to play an antioxidant role
since it is involved in the biosynthesis of the antioxidant
bilirubin. In contrast, the major function of HO-2 appears to
be the production of carbon monoxide as a signaling mole-
cule. HO-1-deficient mice are viable and develop normally
(313). However, significant reduction of litter size was ob-
served, but the underlying mechanisms are not clear. Fibro-
blasts derived from HO-1-=- mice were more susceptible to
stress induced by hydrogen peroxide (314). Reduction of HO-
1 expression impairs heart function, increases the severity of
heart infarction, and HO-1-=- cardiomyocytes are more sus-
ceptible to hypoxia (440, 443). Genetic ablation of HO-2 does
not induce significant alterations of the embryonic phenotype
(312).
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Table 1. Impact of Functional Inactivation of Pro- and Antioxidative Enzymes in Vivo

Gene name Targeted isoform=subunit Embryonic phenotype References

NADPH oxidase p47phox-=- Normal embryo development (160)
gp91phox-=- Normal embryo development (311)

Cyclooxygenase COX-1-=- Normal embryo development (207)
COX-2-=- Retarded kidney development,

increased incidence of neonatal
death, female infertility

(85)

COX-1-=-,COX-2-=- Normal embryo development,
neonatal death (patent ductus arteriosus)

(233)

COX-2-=-, Tg COX1COX2 Normal embryo development (445)
COX-1-=-, Tg COX1COX2 Normal embryo development,

neonatal death (patent ductus arteriosus)
(446)

Lipoxygenase 5-LOX-=- Normal embryo development (59, 118)
P-12-LOX-=- Normal embryo development (167)
12=15-LOX Normal embryo development (375)
12R-LOX Normal embryo development,

neonatal death (defect in skin development)
(94)

eLOX3 Normal embryo development,
neonatal death (defect in skin development)

(unpublished)

5-LOXþ 12=15-LOX Normal embryo differentiation (310)
Nitric oxide synthase iNOS-=- Normal embryo development (208)

eNOS-=- Normal embryo development (114, 147)
nNOS-=- Normal embryo development, infertile (123, 147)
i=e=nNOS-=- Normal embryo development (261)

Xanthine oxidoreductase XOR-=- Normal embryo development (288)
Myeloperoxidase MPO-=- Normal development (5)
Monoamine oxidase MAO-A-=- Normal embryo development,

behavioral abnormalities
(40, 41)

MAO-A-=-,
Tg MAO-ACaMKIIa

Normal embryo development (54)

MAO-B-=- Normal embryo development (120)
MAO-A-=-, MAO-B-=- Normal embryo development,

behavioral abnormalities
(55)

Heme oxygenase HO-1-=- Normal embryo development,
impaired litter size

(313)

HO-2-=- Normal embryo development (312)
Superoxide dismutase CuZnSod-=- Normal embryo development

increased embryonic lethality
(319)
(142)

MnSOD-=- Normal embryo development (221)
MnSOD-=- Abnormal heart development,

reduced litter size
(148)

EcSOD-=-, CuZnSod-=- Normal embryo development (349)
EcSOD-=- Normal embryo development (34)

Catalase CAT-=- Normal embryo development (144)
Glucose-6-phosphate

Dehydrogenase
G6PD-=- Intrauterine death before E11.5

(defective erythropoiesis)
(234, 280)

Glutathione synthetase gGCS-HS-=- Intrauterine death between E7.5–E8.5
(excessive apoptosis)

(360)

Glutathione reductase Gr1a1Neu Normal embryo development (315, 326)
Glutathione peroxidase GPx1-=- Normal embryo development (60)

GPx2-=- Normal embryo development (97)
GPx4-=- Intrauterine death between E7.5–E8.5 (150, 439)
GPx4-=-, Tg sGPx4 Normal embryo development (223)
GPx4-=-, Tg lGPx4 Normal embryo development,

male infertility
(223)

lGPx4-=- Normal embryo development,
male infertile

(343)

lGPx4 knockdown
(siRNA)

Abnormal hindbrain development (26)

n-GPx4-=- Normal embryo development (74)
GPx5-=- Normal embryo development (46)

Peroxiredoxin Prdx1-=- Normal embryo development (275)
PrxII-=- Normal embryo development (212)
MER5-=- (Prdx III) Normal embryo development (220)
Prx4-=y Normal embryo development (154)

(Continued)
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Several hundreds of cytochrome P450 isoforms have been
identified in mammals and their functional importance has
not always been clarified (272). An important step in the
cytochrome-P450 cycle is its reduction by cytochrome P450
reductase (CPR). The important role of CPR for embryonic
development is indicated by severe phenotypic alterations in-
duced by CPR knockout (291). CPR-=- embryos do not turn, fail
to induce neural tube closure, have a shortened anteroposterior
axis, and show severe abnormalities in the development of the
heart, limbs, and the forebrain (291). Retarded vascularization
in CPR-=- animals coincides with strongly reduced expression
of HIF-a, which is considered to be important for vasculariza-
tion and erythropoiesis (291). Complete CPR knockout leads to
embryonic lethality before day E10.5. When the CPR mem-
brane binding domain, which is thought to be vital for CPR
function, was deleted, a less severe phenotype was observed
affecting mostly neural tube and heart development (357).

B. Knockout of antioxidative enzymes

The first line of defense against superoxide is formed by
superoxide dismutases (SODs). In mice, there are three major
SOD isoforms (cytosolic Cu=Zn-SOD, mitochondrial Mn-
SOD, and extracellular SOD) originating from different genes.
Homozygous Cu=Zn-SOD-=- mice show developmental de-
fects and are more sensitive to neuronal damage (Table 1)
(319). Breeding of these animals is problematic since litter size
is reduced and about 75% of the embryos undergo premature
intrauterine death (142). Unfortunately, the underlying
mechanisms are not well understood. Mn-SOD knockout
embryos develop normally with little structural defects at
birth (221). After birth, Mn-SOD-=- pups are hypotonic, hypo-
thermic, and develop dilated cardiomyopathy. Moreover, lipid
accumulations in liver and skeletal muscles were observed and
the animals develop a metabolic acidosis. The knockout mice
do not survive for longer than 10 days. Depending on the ge-
netic background, dilated cardiomyopathy can already occur
prenatally (148). Knockout of the extracellular SOD has no
measurable impact on embryo development (34). However,
when stressed by hyperoxia (>99% oxygen) survival rate of
these animals is reduced. Hydrogen peroxide is an intracellular
oxidant and its excessive accumulation is prevented by catalase
(CAT). Catalase knockout mice do not exhibit major develop-
mental abnormalities and are not more susceptible to oxidative
stress induced with hyperoxia than wild-type controls (144).

However, cortical injury of CAT-=- mice induces more severe
impairment of brain mitochondrial function (144).

In addition to SOD and CAT, the glutathione system is one
of the major antioxidative defense systems. It strongly depends
on the availability of reduced GSH, which is constantly sup-
plied by reduction of its oxidized counterpart GSSG. This re-
duction requires GSH reductase and NADPHþHþ, which
mainly originates from the oxidative hexose monophosphate
shunt. As indicated above, G6PD is the rate-limiting enzyme
for this pathway and thus, it constitutes a key player in the
GSH-dependent antioxidative defense system. G6PD-deficient
stem cells are extremely sensitive to oxidative stress (294). After
implantation, G6PD-deficient embryos develop normally until
E7.5. However, at E8.5 they stop growing and die before E11.5
(234). This phenotypic alteration has been related to the onset
of erythropoiesis and the development of the circulation sys-
tem. Because of the early death of G6PD-=- embryos, it is
difficult to study the impact of G6PD deficiency in later de-
velopmental stages. However, using G6PD-deficient embry-
onic stem cells, it has been shown that G6PD is dispensable for
the differentiation of many cell types (293). In contrast, during
erythropoiesis, G6PD-deficient cells undergo apoptosis after
the onset of hemoglobin biosynthesis. In a different in vivo
model, reduced expression of G6PD renders the mutant mice
more susceptible to teratogenic drugs (280). De novo synthesis
of glutathione from the precursor amino acids requires the
activity of the g-glutamylcysteine synthase (gGCS). Mice deficient
for the heavy subunit (gGCS-HS) of the gGCS show develop-
mental abnormalities. They fail to gastrulate and die before
E8.5 owing to excessive developmental apoptosis. Cell lines
derived from gGCS-HS deficient animals can regain their
proliferation capability by adding GSH into the culture me-
dium (360). Glutathione reductase (GR) is a key enzyme of the
GSH-dependent antioxidative defense system, but to the best
of our knowledge no targeted GR knockout has been created so
far. A GR hypomorphic mouse line that exhibits strongly re-
duced GR levels and resembles a GR knockout line is more
sensitive to diquat-induced oxidative damage. However, con-
sidering the key function of GR in antioxidative defense these
phenotypic alterations are rather subtle (315, 326, 327).

Glutathione peroxidases (GPx) are also important constitu-
ents of the GSH-dependent antioxidative defense system. In
mice, there are seven different GPx isoforms (GPx1–GPx7)
originating from different genes. In addition, in various
mouse strains there are GPx pseudogenes some of which

Table 1. Continued

Gene name Targeted isoform=subunit Embryonic phenotype References

Prdx6-=- Normal embryo development (413)
Thioredoxin TRX1-=- Intrauterine death at E3.5 (251)

TRX2-=- Intrauterine death at E12.5
(excessive apoptois)

(282)

Thioredoxin reductase Txrnrd1-=- Intrauterine death between
E9.5 and 10.5

(164)

Txrnrd2-=- Intrauterine death between
E12.5 and E13.5
(defective liver=heart development)

(73)

Glutaredoxin Glrx1-=- Normal embryo development (246)
Cytochrome P450 reductase CPR-=- Impaired development and embryonic

death at midgestation
(291, 357)
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appear to be functional (27). Targeted knockouts for GPx1,
GPx2, and GPx5 generate viable offspring and no major
developmental retardations have been described under
physiological conditions (46, 60, 97). However, when stressed
with diquat, GPx1-=- mice are more vulnerable to oxidative
damage (104). In contrast to other GPx-isoforms, homozygous
GPx4 knockout mice are not viable. In 2003, two groups in-
dependently showed that GPx4-=- embryos die at midgestation
(E8.5) and undergo intrauterine resorption (150, 439). Inter-
estingly, heterozygous knockout mice are fully viable and
breed normally. Until E6.5, GPx4-=- embryos were morpho-
logically indistinguishable from wild-type controls. At E7.5,
the embryos still resembled pre-gastrulation individuals. Thus,
similar to gGCS-HS knockout mice, GPx4-=- animals fail to
gastrulate and suffer from increased apoptotic cell death. Em-
bryonic fibroblasts derived from GPx4þ=- were more sensitive
to oxidative challenge and radiation (439). GPx4 is expressed in
three different isoforms (short [sGPx4], long [lGPx4], and nu-
clear [nGPx4]), which originate from a single GPx4 gene lo-
calized on murine chromosome 10. The lethal phenotype of
GPx4-=- mice can be rescued by introducing a mutated human
GPx4 gene that encodes for cGPx4 but not by a gene construct
encoding lGPx4 (223). The cGPx4 transgene protects GPx4-=-

mice from diquat-induced apoptotic cell death. Isoform-
specific abrogation of lGPx4 and nGPX4 expression leads to
embryos with no aberrant embryonic development (74, 343).
However, lGPX4-=- mice are infertile due to the pivotal role of
the GPx4 protein as a structural component for the architecture
of the sperm mid piece (74, 343). On the other hand, siRNA-
mediated knockdown of lGPx4 during in vitro embryogenesis
strongly affected embryo development (26). Here, impaired
segmentation of the lower rhombomeres was observed (26),
which was related to an increased level of neuronal apoptosis
(26, 399). A similar phenotype was observed when expression
of Grsf1, a translational activator of lGPx4, was silenced (225,
399). These findings are consistent with a protective role of
lGPx4 in mitochondria-mediated apoptosis (151).

Peroxiredoxins form a heterogeneous family of small anti-
oxidant proteins that reduce peroxides at the expense of re-
duced thioredoxins or glutathione. Disruption of the various
peroxiredoxin genes does not induce major developmental
abnormalities. This may be explained by the fact that other
isoforms may take over the function of the defective gene.
However, the knockout animals are more susceptible to oxi-
dative challenge (154, 212, 220, 275, 413). Thioredoxins (Trx)
are small antioxidant proteins that function as oxidoreduc-
tases in their reduced state. When reacting with oxidants they
are converted to their oxidized state and must be rereduced to
catalyze the next cycle. This reduction depends on the pres-
ence of the thioredoxin reductases (TrxR). Two thioredoxin
isoforms (cytosolic Trx1 and mitochondrial Trx2) are known
and both isoforms appear to be of outstanding importance for
embryo development. The Trx1 knockout induces embryonic
death around implantation (E3.5) owing to reduced prolif-
eration of the inner cell mass (251). In contrast, Trx2-=- em-
bryos look normal until E8.5. At E10.5, homozygous Trx2
knockout embryos show a massive increase of apoptotic cell
death with an open anterior neural tube and undergo intra-
uterine resorption by E12.5 (282). In mammals, three thior-
edoxin reductase isoforms (cytosolic TrxR1, mitochondrial
TrxR2, and testis-specific TrxR3) are known, and functional
inactivation of the corresponding genes induced obvious

phenotypic alterations. TrxR1 knockouts lacking exon 15 of
the TrxR1 gene that harbors the TrxR1 C-terminal active site
exhibited severely retarded development in various embryo
regions (164) with particular emphasis on the head and the
parts caudal to the heart. These changes, which have been
related to a failure of proper cell proliferation, start at E8.5
and at E10.5, the embryos do not turn properly. Interestingly,
heart and blood vessel development are not affected in these
knockout mice. Indeed, a heart-specific knockout of TrxR1
failed to induce major phenotypic alterations (164). However,
a different knockout strategy compromising exons 1 and 2 of
the TrxR1 gene leads to an even more pronounced phenotype
(24). These TrxR1 knockout embryos show severe distur-
bances of differentiation and fail to gastrulate. Whereas Ja-
kupoglu and coworkers only remove the TrxR1 active site
(164), Bondareva’s group removes the translational start sites
thereby abrogating all potential TrxR1 protein translation
(24). Therefore it is tempting to speculate that the different
phenotypes reflect the functionalities of TrxR1 protein do-
mains. However, both knockout strategies result in a suffi-
ciently destabilized messenger RNA and neither TrxR1
transcripts nor TrxR1 protein is detectable. The reasons for
the two different phenotypes require further investigations.
Disruption of TrxR2 expression is lethal at E13. TrxR2-=- em-
bryos appear anemic, which may be related to impaired he-
patic hematopoiesis, and show signs of abnormal heart
development. A heart-specific TrxR2 knockout induces di-
lated cardiomyopathy that leads to death shortly after birth
(73). To our knowledge, a knockout of the only recently dis-
covered TrxR3 is not available yet (372).

Glutaredoxins (Glrx) belong to the thioredoxin superfamily
and there are two Glrx isoforms (cytosolic Glrx1 and mito-
chondrial Glrx2). A recently published Glrx1 knockout did
neither sensitize adult mice to tissue injury induced by
ischemia=reperfusion and hyperoxia nor induce major de-
velopmental alterations (143). A transgenic mouse model
overexpressing Glrx1 did similarly not affect the phenotype
but suggested a cardioprotective role of the enzyme (246).

V. Redox-Dependent Epigenetic Control
of Embryonic Gene Expression

Expression regulation of mammalian genes involves genetic
and epigenetic regulatory elements (Fig. 10). In eukaryotic
nuclei, the DNA is packaged in highly organized chromatin
structures and this packing determines the accessibility of
DNA for DNA-binding proteins to regulate transcription ef-
ficiency (298). Several highly conserved mechanisms for al-
tering the chromatin structure have been described and these
processes include reversible modifications of nuclear histones
(phosphorylation, methylation, acetylation, and ubiquitina-
tion) (359, 370), reversible DNA methylation (241, 396), and
ATP-dependent chromosome restructuring (206, 447). Under
certain conditions, oxidative stress affects the efficiency of
epigenetic regulatory processes by limiting the availability of
S-adenosylmethionine, the essential cofactor required for
DNA and histone methyltransferases. Moreover, the recent
discovery of new classes of histone demethylases [LSD1 (ly-
sine specific demethylase 1) and JHDM1 (JMJC domain-con-
taining histone demethylase 1)], which require oxygen as a
cofactor, directly links epigenetic expression regulation to
oxygen gradients during development (193, 359).
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A. Histone acetylation and deacetylation

Reversible acetylation of lysine residues at the N-terminal
tails of nuclear histone proteins induces uncoiling of nuclear
DNA, which increases the accessibility of transcription fac-
tors. Thus, the degree of histone acetylation is crucial for
transcriptional regulation of gene expression. Histone acety-
lation is catalyzed by a group of specific acetyltransferases
(HATs). The counterbalancing process, histone deacetylation
(370) is mediated by deacetylases (HDACs) and the equilib-
rium of HATs and HDACs is decisive for reversible chromatin
restructuring. In addition to HATs, nuclear coactivators such
as CBP=p300 or ATF-2 exhibit intrinsic HAT activity (287) and
thus, may contribute to establishing a certain histone acety-
lation pattern. Oxidative stress frequently activates tran-
scription factors that recruit coactivators such as CBP=p300 or
ATF-2. Employing their intrinsic HAT activity, the coactiva-
tors catalyze acetylation of specific core histones. This acety-
lation results in chromatin remodeling, making the promoters
of target genes localized in the remodeled region more ac-
cessible for transcription factor binding (317). On the other
hand, regulatory complexes of transcription are dismantled or
disrupted by HDACs, which are sensitive to ROS-dependent
post-translational modifications. Thus, acetylation of RelA=p65
and chromatin modifications leads to sustained pro-
inflammatory gene transcription (318).

B. DNA and histone methylation

The second important mechanism involved in chromatin
remodeling is reversible DNA methylation. DNA methyl-
transferases (DNMTs) catalyze the introduction of a methyl
residue at the 5-position of cytosine leading to the formation
of 5-methylcytosine (m5C). DNA methylation is associated
with maintaining a stable and condensed chromatin organi-
zation that represses eukaryotic transcription. DNMT activity
is particularly important for methylating different stretches of

genomic DNA during gametogenesis, embryo development,
and differentiation of somatic cells (396). Methylation as
regulatory mechanism is not just restricted to DNA but also
contributes to chromatin remodeling via modification of nu-
clear histones. Several histone methyltransferases (EHMT2,
SUV39H) involved in histone 3 lysine 9 (H3K9) methylation
are essential for embryo survival and expression regulation of
pluripotency genes. The H3K9 demethylase JMJD2C is stage-
specifically expressed in preimplantation mouse embryos and
is important for embryonic expression of the transcription
factors Myc and Klf4, which are required for cell proliferation.
Klf4 in turn transactivates iNOS expression and interacts with
the transcriptional co-activator CBP=p300 (410). Depletion of
JMJD2C in early embryos caused a developmental arrest be-
fore the blastocyst stage and showed a significant down-
regulation of pluripotency-related genes, including
transcription factors Myc and Klf4 (410). In many cases, oxi-
dative challenge of mammalian cells alters the methylation
pattern of genomic DNA (397, 421) and thus, affects gene
expression. For instance, DNA methylation at the osteocalcin
gene locus induces chromatin condensation, which represses
eukaryotic transcription. In contrast, oxidative stress impairs
DNA methylation and thus, activates transcription of the
corresponding gene (405).

C. ATP-dependent chromosome remodeling

In addition to histone modification and DNA methylation,
ATP-dependent chromatin remodeling alters the chromatin
structure and alters gene expression (222). ATP-dependent
chromosome remodeling is conferred by chromatin structure
remodeling complexes (RSC). These heteromultimeric pro-
teins exhibit ATPase and helicase activity to disrupt histone–
DNA interaction. Brg, which represents a catalytical subunit
of such chromatin remodeling complexes, interacts with the
redox-sensitive transcription factor Nrf2 to induce expression

FIG. 10. Impact of ROS on the activity state of transcription factors implicated in murine embryogenesis.
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of heme oxygenase in response to oxidative stress (447).
Knockout mice deficient for various RSC ATPase subunits
have been created and their embryonic growth characteristics
indicated Brg1, Brm, Chd4, Chd2, p400, Etl1, Snf5, and Bptf
are required for normal embryo development, hematopoiesis,
or regular postnatal survival (206). Inactivation of Snf5 in
mouse embryonic fibroblasts impairs cell growth and sur-
vival. Snf5-deficient cells are hypersensitive to oxidative
stress, show signs of defective mitosis, and exhibit impaired
response to apoptotic stimuli (192).

VI. Redox-Dependent Transcriptional Control
of Embryonic Gene Expression

ROS=RNS alter the activity state of redox-sensitive tran-
scription factors that regulate cellular gene expression. A va-
riety of transcription factors is responsive to alterations of the
redox homeostasis (153, 257, 347) and it would exceed the
frame of this review to address all of them. In this review, we
will focus on selected transcription factors that have previ-
ously been related to embryogenesis and their role during
different developmental stages as indicated in Figure 11.

A. Nuclear factor kB

The nuclear factor kB (NF-kB) family of transcription fac-
tors consists of five members, p50 (NF-kB1), p52 (NF-kB2),
p65 (RelA), c-Rel, and RelB. All members are characterized by
the presence of the Rel homology domain (RHD), which is
essential for DNA binding and dimerization but also for the
interaction of NF-kB with its endogenous protein inhibitor IkB
(137). The most common species of NF-kB is the heterodimer
p50=p65. Research about these subunits provided the first
insight into the mechanisms of the NF-kB pathway and led to
the discovery of a huge number of NF-kB target genes (10).
Such NF-kB dependent genes include those encoding for pro-
inflammatory cytokines (TNFa, IL1, IL2, IL6, and IL8), growth
factors (G-CSF), adhesion molecules (VCAM-1, ICAM, E-and
selectin), redox-regulated enzymes (COX2, iNOS, SOD, 12-
LOX, and GSH-synthase), regulators of apoptosis (Bcl-XL and
c-IAPs), acute phase response proteins, and other transcrip-
tion factors (53). Under resting conditions, NF-kB is present in
most cells as inactive cytoplasmic complex associated with its
endogenous inhibitor IkB. This complex is retained in the
cytosol and requires activation to become functionally rele-
vant. A variety of stimuli are capable to activate NF-kB and
these include increased ROS=RNS formation (12, 257) and
hypoxia (196). ROS=RNS activate redox-sensitive protein ki-
nases, including IkB-kinase (IKK) that activate NF-kB via

phosphorylation of its inhibitor IkB. This phosphorylation
prompts ubiquitination of IkB, its dissociation from the IkB–
NF-kB-complex, and degradation of IkB by the proteosome
(295). The free NF-kB dimerizes, translocates into the nucleus,
binds to consensus sequences in the promoter region of NF-
kB-sensitive genes, and activates their transcription.

In the nucleus, redox related modifications of NF-kB, such
as oxidation of its cysteine residues, phosphorylation or acet-
ylation of the p65 subunit affects its regulatory activity. Oxi-
dation of Cys61 of the p50 subunit impairs DNA binding
capabilities of NF-kB (259, 390). On the other hand, phos-
phorylation of the NH2-terminal amino acid of the p65 subunit
by protein kinase A stimulates transcriptional activity by
promoting interaction with the transcriptional coactivator
CBP=p300 (451). In addition, nuclear p65 is subject to revers-
ible acetylation, which induces nuclear export of the activated
NF-kB complex and thereby terminates NF-kB-mediated sig-
naling (56). ROS=RNS can either activate or inhibit NF-kB
activity, depending on the level of ROS. Moderate increase of
ROS often leads to activation, whereas excessive ROS=RNS
results in oxidation of the redox-sensitive Cys62 of the p50
subunit, which impairs DNA binding activity (252, 259).

Embryonic expression of p65, p50 and p52 (204, 265, 281)
indicated developmental stage- and cell type-specific ex-
pression of the major NF-kB family members. For instance,
RelB expression was described at E14 and this subunit mainly
occurs in lymphoid tissues, particularly in interdigitating
dendritic cells (36). Transcripts of c-Rel (37) were also detected
during late embryogenesis (E13), but expression of this sub-
unit is restricted to erythroid precursor cells and to the lym-
phoid linage (B and T cells). These expression patterns suggest
that c-Rel and RelB may not be essential for early embryo
development. Using NF-kB-driven LacZ reporter gene con-
structs, it has been shown that NF-kB activity is first detected
in brain and thymus between E12.5–E13 (341). More recent
analysis of NF-kB expression during oogenesis and during the
preimplantation period of fertilized oocytes indicated that
transcription factors containing the Rel homology region
(RHR) are already expressed at high level in 2-cell stage and in
blastocyst embryos (174). To explore the functional role of NF-
kB subunits during embryonic development, a number of
knockout and transgenic mice were created (113). Disruption
of the genes encoding for individual NF-kB subunits (p50,
p52, c-Rel, and RelB) yield viable embryos but postnatal de-
velopment of various organ systems is significantly impaired
(Table 2). However, p65 knockout leads to intrauterine death
at E15, owing to extensively increased liver apoptosis that
strongly impairs fetal hematopoiesis (Table 2). Taken to-

FIG. 11. Role of redox-sensitive transcription factors in murine embryogenesis. Redox sensitive transcription factors and
their regulatory activity during embryogenesis. Transcription factors that are essential for embryo development are labeled
with an asterisk (*).
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gether, NF-kB subunits play a vital role in the development of
various organ systems, but their impact appears to be mostly
related to postnatal development.

B. Activator protein-1

Activator protein-1 (AP1) is a redox-sensitive, hetero-
dimeric transcription factor, which is composed of proteins
belonging to the c-Fos, c-Jun, ATF, and JDP families. It regu-
lates gene expression in response to a variety of stimuli in-
cluding cytokines, growth factors, stress, and pathogens, and
controls a number of cellular processes including differenti-
ation, proliferation, and apoptosis (354, 355). AP1 upregulates
transcription of genes containing the consensus cis-regulatory
sequence 50-TGAG=CTCA-30 in their promoters and interacts
with the acidic phosphodiester backbone of double-stranded
DNA via a basic amino acid region. Its dimeric structure is
stabilized by a leucine zipper, a super-secondary structural
motif consisting of two crossing helices (Fig. 12), which are

kept together by interacting leucine side chains. A major AP1
family member is c-Jun, which plays an important role in
ROS-induced apoptosis (435, 436). Although the molecular
mechanisms for this involvement are not completely under-
stood, experimental data suggested the involvement of the
cellular redox-equilibrium in c-Jun signaling. Intracellular
concentrations of active AP1 are controlled by redox-dependent
mechanisms on transcriptional as well as post-translational
levels. The three major classes of MAP-kinases (ERK, p38, and
JNK) are involved in the regulation of intracellular AP1 ac-
tivity and oxidative stress activates c-Jun and ATF2 via
phosphorylation by these MAP-kinases, in particular JNK and
p38 (177). In addition, expression of c-Jun can be impaired by
histone deacetylation (HDAC) or by proteasomal degradation
initiated by MEKK1-dependent ubiquitination (435, 436).

Jun proteins are expressed at variable levels during fetal
growth and organogenesis of mice and show a tissue-specific
expression pattern. C-Jun transcripts were detected in cell
populations of developing cartilage, gut, and central nervous

Table 2. Functional Inactivation of Genes Encoding for Redox-Regulated Transcription Factors

Involved in Embryo Development

Factor Knockout Phenotype Defects References

NFkB p50-=- Postnatal Immune responses involving B cells (351)
p52-=- Postnatal Disrupted splenic architecture,

diffuse B-cell areas
(32)

p65 Prenatal Embryonic lethality at E15,
apoptosis of liver parenchymal cells

(17)

c-Rel-=- Postnatal Impaired humoral immuniy,
deficient immunoglobin production

(195)

RelB-=- Postnatal Multiorgan inflammation,
myeloid hyperplasia, splenomegaly,
impaired dendritic and medullary
epithelial cells

(31)
(417)
(418)

AP-1 c-Jun Prenatal Embryonic lethality at E12.5, defects
in hepatogenesis, altered fetal liver
erythropoiesis

(140, 170)

JunB Prenatal Embryonic lethality at E8.5–10, defects
in extraembryonic tissues

(344)

JunD Postnatal Multiple defects in male reproductive
function

(386)

cFos Postnatal Bone and haematopoietic defects (169, 415)
FosB Postnatal Defect of nurturing behavior (29)
Fra-1 Prenatal Embryonic lethality at E10, defects

in placenta and yolk sac
(345)

Fra-2 Postnatal Die shortly after birth, important
for skeletogenesis by affecting chondrocytes

(178)

Nrf1 Nrf1 Prenatal Embryonic lethality at E12.5–E18,
abnormal fetal liver erythropoiesis

(48)

Nrf2 Nrf2 Postnatal Multiorgan autoimmune inflammation,
enhanced lymphoproliferation,
and impaired homeostasis of reactive
oxygen species

(244)

HIF HIF-1a Prenatal Embryonic lethality at E10.5, neural tube
defects, cardiovascular malformations,
impaired iron homeostasis and erythropoiesis

(156, 332, 391, 442)

HIF-2a Prenatal Embryonic lethality at E12.5, defect
in vascular remodeling in yolk sac
and embryo

(248)

ARNT Prenatal Embryonic lethality at E10.5, defective
angiogenesis

(306, 389)

Ref-1 Ref Prenatal Embryonic lethality at E6 (239, 434)
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system, but JunB is restricted to differentiating epidermal cells
and endodermal gut epithelium between E14.5 and E17.5
(428). Expression of JunD family members was shown to start
around E7.5. Beginning at E9.5, JunD was detected in the
heart, in vessels of the developing cardiovascular system, and
later on in the developing central nervous system and mus-
culature (386). cFos expression was observed in the develop-
ing nervous system starting at E12 (43). Fra2 expression was
shown in the epithelium, in developing cartilage, and in the
central nervous system at later stages of organogenesis (35).

Loss of function studies, particularly the creation of
knockout mice shed light on the in vivo functionality of the
different members of the AP-1 system (Table 2). Disruption of
c-Jun and JunB genes resulted in embryonic lethality. Em-
bryos lacking c-jun die at midgestation (E12.5) because of
impaired hepatogenesis resulting in fetal liver erythropoiesis
as well as generalized edema (140, 170). Lack of JunB (344)
causes early embryonic lethality (E8.5–E10) with multiple
defects in extra-embryonic tissues (yolk sac, placenta). In-
activation of the Fra1 gene also results in embryonic lethality.
Defects in extra-embryonic tissues induce embryonic growth
retardations, leading to intrauterine death at E10.0 (345). Fra2
knockouts are viable but ablation of the corresponding gene
revealed a function of Fra2 in skeletogenesis and chondrocyte
differentiation (128). Functional inactivation of the JunD gene

also produced viable mice. However, homozygous individ-
uals exhibit postnatal growth retardations and males ex-
hibited reduced fertility (386). cFos-=- mice are viable (169, 415)
but growth-retarded, develop osteopetrosis, and suffer from
impaired hematopoiesis (Table 2). FosB knockout mice are
profoundly deficient in their ability to nurse their newborns.
This behavioral defect is likely due to the absence of FosB in
the preoptic area, a region of the hypothalamus that is critical
for nurturing (29). In summary, these knockout data indicate
distinct phenotypes for inactivation of single genes of the AP1
family. This reflects the universal role of AP1 transcription
factors as well as the specific involvement of certain AP1
family members in different developmental processes. It also
becomes obvious that AP1 transcription factors are not in-
terchangeable and the knockout of one family member cannot
simply be compensated for by another one.

C. Nrf-ARE system

Oxidative stress is frequently induced by pro-inflammatory
stimuli via activation of redox-sensitive transcriptional factors
such as NF-kB and AP1 and protein kinase signaling (58). To
maintain a physiological equilibrium, these pro-oxidative
stimuli are met by antioxidative mechanisms. One functional
counterpart of these pro-oxidative mechanisms is the Nrf2-
ARE system, which contributes to the upregulation of anti-
oxidative defense mechanisms. Thus, modulation of Nrf2
signaling has profound impact on NF-kB and AP1 (190). Co-
ordinated expression of antioxidant enzymes during oxida-
tive stress is mediated by antioxidant response elements
(AREs) in the promoter for ROS-sensitive genes (187). The
nuclear factor erythroid-derived 2-related factors 1 and 2
(Nrf1, Nrf2) are transcription factors, which bind with high
affinity to AREs and thus, are of major importance for ex-
pression regulation of gene products containing this cis-
regulatory element in their promoters. Nrf1 and Nrf2 are
members of the basic leucine zipper family (Fig. 12) of tran-
scription factors (bZIP) and require heterodimerization with
small Maf proteins for DNA binding (264). It has been pro-
posed that under resting conditions Nrf2 is localized in the
cytoplasm (153), where it is bound to the actin-binding pro-
tein Keap1 (Kelch-like ECH-associating protein 1). Following
oxidative challenge, Nrf2 is activated by thiol oxidation of
multiple reactive cysteine residues of Keap1 (86) and=or by
phosphorylation of Nrf2 by protein kinases, such as PCK or
PERK (79, 145). These post-translational modifications induce
the dissociation of the Nrf2=Keap1 complex, which allows
free Nrf2 to translocate into the nucleus. Nrf2 associates in the
nucleus with Maf proteins and is now capable of binding to
ARE (181, 182).

However, the mechanism by which Keap1 acts to repress
Nrf2 activity is a topic of ongoing discussion (278). It is well
established that Nrf2 activity is controlled by Keap1, which in
turn promotes Nrf2 ubiquitinylation and subsequent proteo-
lytic degradation (254, 279, 406). In contrast to the proposed
cytosolic co-localization of Nrf2 with Keap1, it has been sug-
gested that Nrf2 is predominantly localized in the nucleus in
the absence of stress signals (279). Therefore, the activation of
Nfr2 target genes is limited by the interaction with Keap1
following proteolytic degradation. Under stress conditions,
stabilization of Nrf2 is a result of prevented or reduced access
of Keap1 to Nrf2 induced by post-translational modifications

FIG. 12. Leucine-zipper super-secondary structure and its
binding to double-stranded DNA. The double-stranded
DNA helix is shown in the thin ball-and-stick mode. The two
zipper protein helices (black) and the interacting leucine
residues are given in the thick ball-and stick mode. The PDB
entree 1NWQ was used for construction of this structural
model.
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of Keap1 such as thiol oxidation or phosphorylation (278).
Genes containing AREs in their promoter regions include
NAD(P)H:quinone oxidoreductase, glutathione S-transferase,
heme oxgenase-1, glutathione peroxidase 3, glutamate cyste-
ine ligase, and peroxiredoxin 1 (84, 163). Although Nrf1 and
Nrf2 are structurally related, Nrf1 activity is differently reg-
ulated and is not controlled by Keap1. In the resting state,
Nrf1 is localized at endoplasmic membranes and is liberated
by endoplasmic stress (412). This different intracellular lo-
calization suggests distinct functionalities for the two family
members (289). Nevertheless, both Nrf isoforms play over-
lapping roles in the regulation of basal expression of ARE-
containing genes.

During the time course of murine embryogenesis, Nrf1 is
expressed starting at E7–7.5 in both embryonic and extra-
embryonic tissues. Around E9, increased levels of Nrf1 were
observed in heart, midbrain, head mesenchyme, and migrat-
ing neural crest cells (266). Nrf2 mRNA expression was shown
between E7–E17 in various organs such as the liver, lung,
kidney, digestive tract, and central nervous system (49).
Functional disruption of the Nrf1 gene in mice results in
embryonic lethality. Nrf1-=- mice (48) suffer from embryonic
anemia due to abnormal fetal liver erythropoiesis and die
in utero at late gestation (E12.5–E18). Fetal livers explanted
from Nrf1 knockout embryos showed signs of increased ap-
optosis. Moreover, markers of oxidative stress were signifi-
cantly enhanced and expression of antioxidant enzymes was
impaired (57). Fibroblasts derived from Nrf1-deficient em-
bryos showed enhanced sensitivity to oxidative challenge
(203). Embryos of Nrf2 null mice are viable but develop multi-
organ autoimmune inflammation, show enhanced lympho-
cyte proliferation, and exhibit a reduced tolerance for oxida-
tive challenge (244). These data suggest that Nrf2 may be
involved in regulation of peripheral lymphocyte homeostasis
and autoimmune surveillance (244). Nrf1-=-=Nrf2-=- double
knockout embryos die at midgestation (E9–E10). This is sig-
nificantly earlier than single Nrf1-knockout embryos, sug-
gesting that in Nrf1 knockouts Nrf2 may partially compensate
the defect (216).

D. Transcriptional activities of hypoxia
inducible factors

Hypoxia inducible factors (HIF) is a heterodimeric DNA-
binding complex composed of two helix-loop-helix proteins,
which regulate gene expression in an oxygen-dependent
manner (408). The HIF complex consists of an a- (three dif-
ferent genes: 1a, 2a, 3a) and a ß-subunit (three genes:
ARNT1ß, ARNT2, ARNT3) and heterodimerization is essen-
tial for transcriptional regulation. Whereas the ß-subunits are
constitutively expressed, the cellular concentration of the a-
subunits is regulated on transcriptional and post-translational
levels (347). Transcription of the HIF a subunit genes is con-
trolled via ROS-sensitive NF-kB signaling (25). On post-
translational levels, stability of the HIFa-protein is controlled
in an oxygen-dependent manner via degradation by the ubi-
quitin–proteasome system. The immediate oxygen sensor for
this degradation is a HIFa-specific prolyl hydroxylase (PHD).
PHD hydroxylates two specific prolyl residues of the HIFa-
subunit and requires molecular dioxygen, 2-oxoglutarate, and
ascorbate as cofactor (155). Hydroxylated HIFa is then rec-
ognized by the ubiquitin E3 ligase, which ubiquitinates the

HIFa protein, targeting it for proteasomal degradation (159).
PHDs are nonheme iron containing proteins; three different
isoforms are known. The oxygen affinity of PHD is rather low,
so that the rate of HIFa hydroxylation depends on the oxygen
concentration in the environment. Under hypoxic conditions,
the HIFa protein is rarely hydroxylated and thus, not targeted
for proteasomal degradation. It can translocate into the nucleus
and heterodimerize with a HIFb subunit to form the functional
HIF complex (175). HIF-mediated transactivation is then
achieved by recruitment of coactivators, such as p300=CBP
(90). The intensity of HIF–p300 interaction is regulated by
hydroxylation of HIF asparagine residues catalyzed by the
HIF-specific asparaginyl hydroxylase FIH (factor inhibiting
HIF). This asparagine hydroxylation proceeds in the nucleus
and blocks the HIF=p300 interaction under normoxic condi-
tions (205). Oxygen-dependent HIFa degradation and oxygen-
dependent inhibition of HIF–p300 interaction are not the only
regulatory elements in HIF signaling. In addition, oxygen in-
dependent regulatory mechanisms have been described (116).
MAP kinases have been implicated in upregulation of HIF-1a
by a number of nonhypoxic stimuli, which impact the cellular
redox homeostasis (189, 322). Oxidative challenge may convert
the active ferrous HIF prolylhydroxylase to its inactive ferric
form. Consequently, HIF-1a may escape hydroxylation and
subsequent proteolytic breakdown (112). Moreover, an im-
balanced redox homeostasis also alters the catalytic activity of
protein tyrosine phosphatases (PTPs) and protein tyrosine ki-
nases (PTKs). Transient oxidation of thiol groups in PTPs leads
to the inactivation of the enzymes via the formation of either an
intramolecular S-S bridge or sulfenyl-amide bonds. Con-
versely, oxidation of protein tyrosine kinases PTKs leads to
activation, either by direct oxidation of cysteine residues or,
indirectly, by concomitant inhibition of protein tyrosine
phosphatases (62). Furthermore, direct phosphorylation of
HIF-1 disrupts the HIF-1=DNA complex (409). The list of HIF
target genes (253, 395) includes angiogenic factors (VEGF,
VEGFR-1, eNOS), genes of iron metabolism (transferrin,
transferrin receptor), genes involved in brain development
(EPO, Glut-1, iNOS) or genes involved in energy metabolism
(Glut-3, hexokinase 1, aldolase A, and pyruvate kinase M).

During mouse embryogenesis, expression of HIF family
members was observed at E4–E6 and later on between E8.5
and E9.5. Expression of HIF-2a is not restricted to the embryo
but was also found in the placenta (162, 270). At various stages
of intrauterine development mouse embryos experience low
oxygen concentrations. At these stages, expression of HIF-1a
and ARNT is upregulated specifically in the affected hypoxic
regions, in particular in the developing neural tube, the heart,
and the intersomitic mesenchyme at early stages of organo-
genesis (214, 270).

HIF has been implicated in embryo development and it
exhibits its activity on various levels of the embryonic gene
expression cascade (Fig. 13). Final proof for its regulatory
activity was provided by in vivo gene inactivation. HIF-1a,
ARNT, and HIF-2a-deficient mouse embryos die in utero be-
tween E8 and E11. HIF-1a deficiency resulted in develop-
mental arrest and lethality at E10.5. The embryos suffer from
neural tube defects, cardiovascular malformations, and pro-
nounced cell death within the cephalic mesenchyme (156,
332). In addition, since HIF-1a plays a major role in iron ho-
meostasis, deficient embryonic erythropoiesis was observed
(442). Neuron-specific HIF-1a knockouts are viable but
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develop a hydrocephalus, which is accompanied by a reduc-
tion of neurons and an impairment of spatial memory. Ex-
cessive neuronal apoptosis is paralleled by vascular
regression in the telencephalon but the embryos were rescued
by transgenic overexpression of HIF-1a (391). ARNT-=- mice
die at E10.5 due to defective angiogenesis of the yolk sac, and
of the placental and branchial arches (197, 248). HIF-2a is
highly expressed in the vasculature and in the organ of
Zuckerkandl, which is the major source of embryonic cate-
cholamines. Mice lacking HIF-2a die at mid-gestation as a
result of defective catecholamine synthesis (389) and subse-
quent impaired angiogenesis, particularly in the yolk sac
(306).

E. Redox effector factor-1=
apurinic/apyrimidinic endonuclease-1

Redox effector factor-1 (Ref-1)=apurinic=apyrimidinic endo-
nuclease-1 (APE-1) is multifunctional redox-sensitive protein
that exhibits DNA repair activity as well as the ability to re-
duce oxidized cysteine residues in other proteins. Similar to
other redox sensing proteins, Ref-1 contains essential cyste-
ines (268), which are normally kept in their reduced state.
Oxidation of these residues alters the DNA binding capacity
and thus, the activity of transcriptional control. Oxidized
APE-1 is unable to bind DNA. Ref-1 reduces cysteines in the
DNA binding domain of other transcription factors, such as c-
Jun and cFos and thus, restores the DNA binding capacity of
AP1 (433). More general, Ref-1 functions as a regulatory
protein for redox activation of various transcription factors
involved in cell growth, differentiation, hematopoiesis, and
stress response (384). The intracellular activity of Ref-1 can be
regulated on various levels including transcription, subcel-
lular localization, and post-translational modifications. Ex-
posure of cells to oxidative stress rapidly promotes a transient
increase in Ref-1 mRNA and protein mediated by the activity

of several transcription factors, including Sp1, Egr1, CREB,
and Jun=ATF4 (382). Oxidative stress induces an enhanced
nuclear localization of Ref-1, which mirrors increased activity
(383). Post-translational modification of Ref-1 activity is in-
duced by phosphorylation via protein kinase C (145). The
reduced activity of oxidized Ref-1 can be restored by thior-
edoxin, indicating the involvement of essential cysteines
(141).

Ref-1 functions as normal transcription factor but also ex-
hibits endonuclease activity. It is capable of initiating repair of
apurinic=apyrymidinic sites in oxidatively damaged DNA.
The relationship between the cellular redox state and DNA
repair activities of Ref-1 is intriguing. The essential role of Ref-
1 in mammalian development was demonstrated by genetic
inactivation of the Ref-1 gene in mice (239, 434). Embryos
lacking functional Ref-1 fail to develop beyond E6. Ref-1þ=-

animals exhibit significantly elevated markers of oxidative
stress (lipid peroxide level, plasma F2 isoprostanes), but
supplementation with antioxidants such as vitamins E and C
restores these levels back to normal. These results are con-
sistent with a proposed role of Ref-1 in the protection against
deleterious effects of oxidative stress (256).

VII. Redox-Dependent Post-Transcriptional Control
Mechanisms of Gene Expression

Once the first nucleotides of an mRNA emerge from the
active RNA-polymerase, they are bound by RNA-binding
proteins (RBPs) to form ribonucleoproteins (RNPs). These
RNPs accompany an mRNA in ever-changing compositions
all throughout its complex life cycle. This is also the case for
the more recently discovered small RNA species called mi-
croRNA (miRNA). The stages of an mRNA life cycle include
capping of its 50-end, polyadenylation of its 30-end, splicing,
editing, nuclear export, translation, and finally degradation.
All these processes are strictly controlled in a temporal and

FIG. 13. Role of HIF in murine
embryogenesis and its regulation
by ROS. HIF has been implicated
in brain development, angiogene-
sis, and erythropoiesis during
mouse embryo development and
different mechanisms contribute to
HIF activity on transcriptional,
post-transcriptional, and post-
translational levels.
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spatial manner, which is accomplished by a large variety of
cis- and trans-regulatory elements and factors. Dysregulations
may have fatal consequences, in particular when they occur at
critical steps of embryogenesis. Disturbance of the finely
tuned cellular redox equilibrium affects a multitude of post-
transcriptional regulatory mechanisms. Similar to other bio-
molecules, RNA itself is susceptible to oxidative modification.
In fact, in single-stranded RNA regions, the nucleotide bases
are less protected from oxidation because of lacking hydrogen
bond between anti-parallel double strands. Oxidative damage
to RNA has often been ignored since lipids, proteins, and
DNA have mainly been considered as primary targets of ox-
idative modification (273, 353). As in DNA, ROS can cause
guanine hydroxylation in RNA, which leads to the formation
of 8-oxo-7,8-dihyguanosine (179). A high degree of RNA ox-
idation for instance has been observed in neurodegenerative
disorders such as Alzheimer’s or Parkinsons’s disease (283,
448).

Most of our current knowledge on post-transcriptional
mechanisms during development has been gained from ex-
periments in Xenopus and Drosophila and these data are nicely
reviewed elsewhere (200, 350, 401, 427). Here we will focus on
mouse embryogenesis.

A. Cytoplasmic polyadenylation
and translational masking

Post-transcriptional mechanisms of gene expression regu-
lation during the time course of embryogenesis can already be
observed in the oocyte. Here large quantities of mRNA are
either degraded or stored as translationally inactive RNPs
until translated at later developmental stages (305, 323, 371,
373). The 30-UTRs of several mRNA species, including cyclin
B1 and the serine=threonine kinase c-mos, carry a cytoplasmic
polyadenylation element (CPE) with the consensus sequence
UUUUUAU (110, 379). CPE is recognized by the CPE-binding
protein (CPEB), which contains a RNA-recognition domain
with a zinc-finger motif and thus, is sensitive for redox al-
terations (125, 126, 185, 299). mRNAs bound by CPEB are
deadenylated and translationally silenced (324). Protein
kinase aurora-mediated phosphorylation of CPEB, which at-
tracts the poly(A)-binding protein (PABP) to the translation-
ally silenced mRNA, overcomes translational suppression
(335). Thus, CPEB is required for translational silencing as well
as activation. Translational activation of the synaptonemal
complex proteins mediated by CPEB for instance is essential
for murine oocyte maturation. Hence CEPB-=- mice exhibit an
arrest of oogenesis at E16.5 and fail to generate diplotene oo-
cytes, which require proper synaptonemal complex formation,
and this greatly impairs fertility of CEPB-=- offspring (381).

B. Iron regulatory elements

The most extensively studied mechanism of translational
regulation is the impact of iron-regulatory proteins (IRP1 and
IRP2) on the expression of proteins involved in iron homeo-
stasis. If iron is scarce, IRP1 binds to the iron-response element
(IRE) in the 50-UTR of the ferritin mRNA in a redox-dependent
manner (139). The IRE-binding activity of IRP1 is diminished
when specific thiol-groups are oxidized (139). In the devel-
oping embryo, IRP1 expression is at least in part regulated by
HIF-1a and HIF-1a -=- mice exhibit increased IRP1 expression
and abnormal erythropoiesis (442). Once the IRP1=IRE-

complex is formed, it inhibits translation of ferritin mRNA. In
addition, IRP1 binds to several IREs located in the 30-UTR of
the transferrin receptor (TfR) and thereby protects TfR mRNA
from degradation. In abundance of iron IRP1, which contains
a (4Fe–4S)2þ-cluster at its catalytic center, loses its RNA af-
finity and functions as aconitase. Disassembly of the iron–
sulfur cluster and thus induction of the RNA-binding activity
is sensitive to oxidative signaling (296). Interestingly, IRP1-=-

mice develop normally whereas IRP2-deficient animals suffer
postnatally from progressive neurodegeneration. The first
symptoms become evident at 6 months of age (209, 258).
These data indicate that neither IRP1 nor IRP2 is essential for
embryogenesis. For postnatal development IRP2 appears to
be more important. Reduction of IRP1 expression (IRP1þ=-) on
a IRP2-=- background increases the extent of the neurode-
generation observed in the single knockouts (364). Complete
absence of IRP expression obtained by a IRP1=IRP2 double
knockout approach leads to early embryonic lethality before
E6.5 (365). Blastocysts bearing IRP1=IRP2 double knockouts
showed a brownish discoloration due to ferric iron seques-
tration and fail to develop past the implantation stage (365).
These data indicate that IRP-dependent signaling is important
for early embryo development and that IRP2 may compensate
at least in part deficiency of IRP1.

C. Small regulatory RNA species (microRNAs)

A whole new world of expression regulation has been
unveiled by the discovery of the small regulatory RNA spe-
cies designated microRNAs (miRNAs). By today, 721 human
and 579 murine miRNA genes have been discovered
(www.mirbase.org, last accessed December 1, 2009). These
18–25 nucleotide- long RNA molecules are encoded for by
short inverted repeats and are transcribed by RNA polymer-
ase II. The primary transcripts (pri-miRNA) are processed in
the nucleus by the RNAse III family enzyme Drosha to yield a
70 nucleotide hairpin-shaped pre-miRNA (14). In the cyto-
plasm, pre-miRNAs are then cleaved by the RNAse Dicer to
produce the mature miRNAs, which are incorporated into the
miRNA-induced silencing complex (miRISC). Via partial se-
quence complementarity, miRNAs recognize their target
mRNA molecules leading to translational silencing of the
mRNA or its degradation mediated by Argonaute (Ago)
proteins (242). Both Ago proteins and Dicer are differentially
expressed throughout embryo development and are essential
for embryogenesis (236). Homozygous dicer-deficient mice
(deletion of the intrinsic RNAse III domain, which is encoded
for by exon 21) die shortly before neurulation (E7.5). Ago2-=-

embryos are not viable either and suffer from severe neural
tube defects (20, 230). Interestingly, a different knockout
strategy of Dicer (deletion of exon 1 and 2) yielded a less
severe phenotype (438). These embryos showed defective
vascularization and died between E12.5–E14.5.

Because of the severe effect of targeted constitutive Dicer
knockout, conditional knockout strategies have been em-
ployed to study the impact of miRNAs during development
in more detail. Knockout strategies targeted to the limb me-
soderm led to an absence of miRNAs and an increase of ap-
optotic cell death in the corresponding embryo regions (132).
This induced severe developmental retardation of the limbs,
highlighting the role of miRNAs in limb development. A
muscle-specific knockout resulted in the reduction of muscle
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miRNAs and also caused strong induction of apoptosis in
developing muscles (285). These embryos die perinatally. The
number of studies employing conditional knockouts of the
miRNA machinery or knockouts of specific miRNAs is con-
stantly growing (369) and the vital role of miRNAs has been
shown for the development of many other cells and tissues
including stem cells (102, 226), the central nervous system (64,
69, 88, 183, 191, 247), the urogenital tract (115, 231, 290, 302),
skin (441), liver (128), lung (237), pancreas (243), and the
cardiovascular system (263, 411, 438).

A very recent study suggested the existence of an oxidative
stress-response component in the expression cascade of Dicer
itself (426). In fact, in several cell lines, the induction of oxi-
dative stress caused significant inhibition of Dicer activity
(426). On the other hand, apoptotic cell death induced by ROS
is suppressed by the microRNA-21 (miR-21) in vascular
smooth muscle cells (227). The mechanism involved expression
silencing of the miR-21 target PDCD4 (programmed cell death
4) and activation of the transcription factor AP1, which in turn
is a downstream component of PDCD4 (227). A similar pro-
tective effect was observed for miR-21 in cardiomyocytes (61).

In differentiating motor neurons in the developing brain,
miRNAs modulate accompanying signaling events (100).
Differentiation depends on hedgehog signaling, which results
in the release and activation of the transmembrane protein
smoothened (Smo). Smo then leads to activation of the zinc
finger transcription factor family Gli (glioma-associated on-
cogene) and to activation of 5-lipoxygenase, which is involved
in the formation of cysteinyl leukotrienes required for neurite
projections (22). Almost each step of this signaling cascade is
regulated by miRNAs (100).

RNPs have dual activity for miRNA-dependent expression
regulation. They can stimulate the regulatory effects by sta-
bilizing the miRNAs but they can also suppress the regulatory
activity. For instance, the AU-rich element RNA-binding
protein HuR=ELAV1 rescues CAT-1 (cationic amino acid
transporter 1) mRNA from miRNA-122 mediated transla-
tional silencing (21). Upon stimulation, HuR leaves the
nucleus, binds CAT-1 mRNA, and relocates its target from P-
bodies to polysomes so that the CAT-1 mRNA becomes
translationally active. However, the molecular details why
HuR translocates into the cytosol and how it competes with
miRNA-122 for binding to CAT-1 mRNA are not well un-
derstood. Another example of an RNP counteracting miRNA
activity is represented by the dead end protein Dnd1. Trun-
cation of Dnd1 in mice leads to an almost complete loss of
primordial germ cells. This effect appears to be related to
Dnd1 binding to U-rich RNA, which counteracts miRNA-
mediated expression silencing (184, 444).

Taken together, these data indicate that the miRNA ma-
chinery is involved in ROS-induced intracellular signaling.
However, further studies are needed to characterize its impact
in more detail.

D. Alternative splicing

Alternative splicing affects the majority of genes in humans
and is one of the mechanisms involved to generate phenotypic
multiplicity from a limited number of genes (168, 198, 367).
Therefore, it is not surprising that also genes involved in redox
regulation are affected by alternative splicing. Expression of
two redox-relevant selenoproteins, GPx4 and TrxR1, which

have been implicated in embryogenesis, involve alternative
splice mechanisms. Interestingly, both genes are driven by
rather simple Sp1=Sp3-dependent, TATA-less promoters
(331, 398), which limits the potential options of transcriptional
regulation. The GPx4 gene generates three different isoforms
with variable N-terminal sequences. These N-terminal se-
quences contain short targeting signals that locate the three
isoenzymes to different subcellular compartments: cytosol,
mitochondria, and nucleus. All three isoforms are differen-
tially expressed during embryo development (26). For the
human, TrxR (TrxR1 and TrxR2) multiple isoforms have also
been described, which are generated by alternative splicing.
However, the precise molecular mechanisms remain unclear
and our knowledge on the specific functions of the isoforms is
limited (7).

On the other hand, alternative splicing mechanisms can be
regulated by oxidative stress (87). For instance, redox al-
terations induce elevated p53-dependent alternative mis-
splicing of the pre-mRNA encoding for DNA-polymerase ß
(POLB) mRNA independent of random ROS-induced DNA
damage (87). For this enzyme, more than 30 splice variants
have been described (363).

E. Grsf1 dependent translational control

We have recently explored translational regulation of GPx4
expression during mouse embryo development (399). GPx4 is
part of the cellular antioxidant defense system since it is ca-
pable of reducing complex lipid hydroperoxides (201). GPx4
deficiency leads to abnormal development and early embry-
onic death (150, 439). Although transcriptional control
mechanisms for GPx4 expression have been explored (135,
146, 339, 398), little is known on translational control. Identi-
fication of the RNA-binding protein guanine-rich sequence
binding factor 1 (Grsf1) narrowed this gap. Grsf1 recognizes a
G-rich binding motif (AGGGGA) within the 50-UTR of the
lGPx4 mRNA (Fig. 14). After Grsf1 binding, the lGPx4 mes-
senger is recruited into translationally active polysome frac-
tions and GPx4 protein is synthesized. Thus, Grsf1-dependent

FIG. 14. Post-transcriptional regulation of Gpx4 expres-
sion by Grsf1. Protein=RNA (Grsf1 and DJ-1) interactions on
the 50-untranslated region of the lGPx4 messenger RNA
regulate expression of the long (mitochondrial) GPx4 iso-
form. Expressional regulation of the antioxidative GPx4
protein directly affects the cellular redox state, and in turn is
affected by ROS-sensitive factors binding to its mRNA.
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translational control of lGPx4 expression alters the cellular
redox state as well as apoptotic signaling (399). Silencing
Grsf1 expression (siRNA knockdown strategy) at midgesta-
tion specifically suppresses lGPx4 expression, resulting in
increased membrane oxidation and apoptotic cell death
leading to developmental retardation. Grsf1 knockdown
embryos have an lGPx4 knockdown phenotype and can be
rescued by lGPx4 overexpression. Grsf1 is not the only protein
known to interact with the GPx4 messenger. The parkinson-
ism related protein DJ-1 associates with the 50UTR of the GPx4
mRNA in brain (400). In contrast to Grsf1, DJ-1 binding in-
duces translational silencing of the GPx4 messenger. Under
oxidative conditions cysteine residues (Cys106 in the human
DJ-1 protein) are oxidized, which causes DJ-1 to be released
from the RNA=protein complex (23, 400). Translational sup-
pression is subsequently lost, which leads to increased
translation of the antioxidant protein GPx4.

GPx4 contains the noncanonic amino acid selenocysteine
(Sec) at the active site, which has been implicated in the cat-
alytic mechanism (245, 340). Sec is coded for by the opal codon
UAG, which needs to be re-coded by the complex Sec incor-
poration machinery. Sec incorporation requires a growing
number of protein and RNA factors, including an Sec-specific
elongation factor eEFsec and a Sec-specific tRNA, tRNA[Ser]Sec

(30). In eukaryotes, the presence of a hairpin structure located
in the 30UTR of selenoproteins designated Selenocysteine
Insertion Sequence (SECIS) is of vital importance for co-
translational Sec-incorporation. The SECIS element is bound
by SECIS-binding protein 2 (SBP2), which guides co-
translational incorporation of Sec into the nascent polypeptide
chain. This mechanism comprises an essential component
during embryo development, as revealed by knockout studies
(33). For instance, knockout mice bearing a targeted deletion
of the gene coding for tRNA[Ser]Sec are lethal and the embryos
are resorbed shortly after implantation (28). SBP2-mediated
selenoprotein synthesis is regulated by the cellular redox
state. Oxidative modification of redox-sensitive cysteine res-
idues within SBP2 protein causes it to shuttle into the nucleus,
which impairs synthesis of selenoproteins (297). This mecha-
nism very likely serves as a quick redox-sensitive switch of
selenoprotein translation in general.

F. Nonsense-mediated decay

Selenoprotein expression is also dependent on the seleno-
protein hierarchy, a mechanism that determines which sele-
noproteins are more stably expressed than others under the
conditions of selenium deficiency. Although the underlying
molecular principles are not completely understood, they
may involve the nonsense-mediated decay (NMD), which
appears to compete with co-translational Sec-incorporation
(235). For instance, GPx4 is stably expressed, even under se-
vere selenium deprivation and this may be caused by GPx4-
specific masking of NMD (376, 420). The NMD pathway is a
complex multistep mechanism that enables recognition of
premature stop-codons upstream of exon=exon junction
complexes and subsequent degradation of mutated mRNA
species (274). One essential component of NMD is the helicase
Rent1=Upf1, which subjects bound mRNAs to degradation in
cytoplasmic processing bodies (P-bodies). These P-bodies
contain the enzymes necessary for mRNA degradation (186).
Rent1 is essential for early development and Rent1-=- mice die

before E7.5 highlighting the importance of NMD in the de-
veloping embryo (255). NMD itself is sensitive to oxidative
stress. In the event of stress such as hypoxia, stress granules
are formed (4) and Rent1 targeted mRNAs are moved into
these stress granules inhibiting NMD (109). The formation of
these stress granules requires phosphorylation of the a-sub-
unit of the general eukaryotic initiation factor 2 alpha (eIF2a)
(109, 186). This phosphorylation appears to be a key mecha-
nism for a cell to cope with oxidative stress (422). Interestingly,
this mechanism can also lead to the activation of transcription
factors such as ATF4 (activating transcription factor 4) and
NF-kB (422). The ATF4 gene contains two upstream open
reading frames (uORFs) that control ATF4 expression (403).
Under resting conditions, both uORFs (uORF1, uORF2) are
translated. Since uORF2 overlaps with the ATF4 coding re-
gion, its expression is repressed by ATF4 translation. How-
ever, when eIF2a is phosphorylated and general translation is
restricted, ribosome scanning will be delayed. Consequently,
uORF1 and 2 are skipped and only ATF4 is expressed (403).
On the other hand, NF-kB is activated by eIF2a phosphory-
lation because of impaired translation of IkB (165).

G. Post-transcriptional regulation
of HIF-1a expression

As outlined above, HIF-1a is a key regulator of the cellular
response to stress signals and its cellular steady state con-
centration is mainly regulated by proteolysis (Section VI).
However, HIF-1a expression is also regulated by post-
transcriptional mechanisms. Several RBPs (RNA-binding
proteins) have been shown to bind HIF1a mRNA (107, 124,
356). The HIF-1a 30UTR contains AU-rich sequence elements
that binds HuR (356). In addition, HuR also binds to the HIF-
1a 50UTR. Simultaneous binding of PBP (polypyrimidine
tract-binding protein) at the 30UTR and of HuR at the 50UTR,
stimulates HIFa protein synthesis in response to oxidative
stress stimuli (107). Interestingly, the 30UTR of HIF-1a mRNA
is also target of CPEB, which renders HIF-1a a potential sig-
naling component for germ cell development (124). In addi-
tion, several miRNA species against HIF-1a 30UTR have been
identified as potential regulatory elements and they are highly
expressed in developing embryos. Unfortunately, their im-
pact on HIF expression remains to be characterized (329). On
the other hand, HIF-1 activation can regulate expression of
miRNAs. The expression of the transcription factor Twist-1 is
induced by HIF-1a, and Twist-1 promotes expression of two
miRNAs (miR-214 and miR-199a) during development of the
neuroepithelium and of the limb buds (213). Interestingly, the
same miRNA, namely miR-199a, regulates COX-2 expression
around implantation (47).

H. Post-transcriptional regulation
of thioredoxin expression

The oxidoreductases thioredoxin (Trx) increase the activity
of a number of transcription factors including HIF1 (7, 452)
and expression of Trx itself is augmented following oxidative
stress (105). Recently, the cold inducible RNA binding protein
(CIRP=hnRNPA18) was identified to bind the 30UTR of the
Trx mRNA protecting it from degradation and thus, en-
hancing Trx synthesis (437). CIRP expression is upregulated
by oxidative stress in a HIF1a independent way (423).
CIRP RNA binding activity in turn is increased through
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phosphorylation by GSK3beta (glycogen synthase kinase 3
beta), which is an important member of both hedgehog and
Wnt signaling. This relation makes Trx a downstream target of
these pathways (103, 328). In embryonic stem cells, CIRP ac-
tivates the ERK1=2 pathway, which plays a central role in
proliferation control (8).

I. Post-transcriptional regulation of cyclooxygenase
expression

Cyclooxygenase (COX)-2 is target of various post-
transcriptional regulatory mechanisms. Its 30UTR contains
AU-rich elements that regulate its half-life (Fig. 15). AU-rich
elements can be bound by various RNA-binding proteins
such as TIA-1 (T-cell intracellular antigen-1), TIAR (TIA-1
related protein), AUF1 (AU-binding factor 1), CBF-A, RBM3,
heterogeneous nuclear ribonucleoprotein (hnRNP) A1, A3,
A2=B1, and HuR (71, 72, 127, 308). HuR regulates COX-2
expression post-transcriptionally by stabilizing COX-2
mRNA following cellular stress (348). Stress stimuli induce
the cytoplasmic localization of the otherwise nuclear HuR
where it then binds its target mRNAs. On the other hand,
following oxidative challenge HuR binding at mRNA spe-
cies can be impaired as indicated for certain cyclin mRNAs
(1). HuR is essential for normal embryogenesis and is ex-
pressed in the placenta and in the embryo. It follows a unique
spatial and temporal expression profile peaking between
E10.5 and E12.5 in the embryo and slightly later between
E12.5 and E13.5 in the placenta (117). Genetic ablation of HuR
expression causes abnormal development of the placenta
leading to embryonic lethality by midgestation (180). HuR-=-

embryos are rescued from placental defects employing a
conditional knockout strategy that was targeted at the epi-
blast only (embryo and extra-embryonic mesoderm) leaving
all placenta cells unaffected (180). These conditional HuR-=-

mice develop defects in skeletal ossification as well as limb

and spleen development. Another protein binding COX-2
mRNA is TIAR, which induces sequestration of COX-2
mRNA into stress granules (392). Functional TIAR expression
is essential for the development of primordial germ cells, since
TIAR-=- mice fail to develop spermatogonia or oogonia (16).
TIA-1, TIAR, and HuR, as well as the polypyrimidine tract
binding protein (PTB), also bind the AU-rich elements resid-
ing in the 30UTR of the mRNA coding for the ß1 subunit of the
mitochondrial Hþ-ATP-synthase (ß1-F1-ATPase) (157, 321).
In that case it was shown that RNPs associated with the ß1-F1-
ATPase mRNA are vital for localization and translation of this
mitochondrial enzyme (228). Protein binding to the ß1-F1-
ATPase 30UTR is regulated by oxidative thiol-modification in
the associated RNPs during embryonic liver development
(158). This allows a fast induction of ß1-F1-ATPase translation
in a redox-dependent manner around birth when the liver
redox equilibrium is rapidly shifted towards a more oxidized
state (78). Similarly, AU-rich element-binding has been shown
to be redox-sensitive for hnRNP A1 (127). It is very likely that
the redox-mediated effects on AU-rich element-binding pro-
teins are of general importance and may therefore also apply
for RNP complex formation on the COX-2 mRNA. ß-Catenin,
a multifunctional key player of Wnt signaling, can also
function as RNA-binding protein. It binds and stabilizes
COX-2 mRNA by direct interaction with AU-rich elements
located in the COX-2 mRNA and by interaction with HuR. In
addition, ß-catenin induces the cytoplasmic localization of its
binding partner HuR (210).

In addition, it is not surprising that miRNA species have
been identified (Fig. 15) that regulate COX-2 expression by
targeting the 30UTR of the corresponding mRNA (47, 166).
The microRNA miR-16 binds specifically to AU-rich elements
(166). Two further miRNAs (mmu-miR-101a and mmu-miR-
199a* [with miR-199 derived from the joint miRNA precursor
miR-199a=a*]), have been identified, which regulate COX-2
expression in the placenta during implantation (47).

J. Post-transcriptional regulation
of antioxidative enzymes

RNA-binding proteins have also been identified for other
antioxidative enzymes such as Mn-SOD, GPx1, and catalase
(67, 68). The selenoprotein GPx1 carries a SECIS element in its
30UTR, which is bound by SBP2. In addition, downstream of
the SECIS element a sequence has been identified that binds a
regulatory protein in a redox-sensitive manner (68). This
56kDa-RBP requires free thiol-groups for binding and looses
its RNA binding activity in an oxidizing environment. Inter-
estingly, the same protein binds to the Mn-SOD mRNA and is
needed for translational activation of Mn-SOD mRNA (65,
68). GPx1 and Mn-SOD mRNA binding activity of this RBP
are inhibited by a yet unidentified RNA component (68). In
this context, it is interesting to note that Mn-SOD mRNA has
recently been identified as target for miRNA-222 that silences
Mn-SOD expression (229). A similar redox-sensitive 69kDa-
RBP appears to interact catalase mRNA (67).

VIII. Clinical Relevance of Redox Imbalance
in Embryo and Fetal Development

In the previous sections of this review, we focused on the
mechanistic aspects of how alterations of the redox homeo-
stasis impact mouse embryogenesis. In this concluding sec-

FIG. 15. Regulation of COX-2 expression by interaction
of trans-acting factor with regulatory sequences in the 30-
untranslated region of COX-2 mRNA. Multiple pro-
tein=RNA interactions have been found to be associated with
AU-rich elements in the 30-untranslated region of the COX-2
mRNA. These protein factors are complemented by various
microRNAs that affect COX-2 expression. COX-2 activity,
which can be inhibited by nonsteroidal anti-inflammatory
drugs (NSAIDs), leads to the formation of prostaglandin E2

(PGE2)—a mediator of vascularization during development.
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tion we will translate the lessons we learned from the mech-
anistic animal studies to human and will briefly summarize
the clinical relevance of a disturbed redox homeostasis for
human embryogenesis. For this purpose, selected disorders of
human pregnancy and their impact on embryo and fetal de-
velopment will be discussed.

A. Redox-dependent teratogenesis

ROS=RNS have previously been implicated in human em-
bryotoxicity and teratogenicity (99). A variety of teratogens are
capable of inducing ROS generation and a variety of pharma-
ceutics, pesticides, metals, and environmental contaminants
may act as teratogens. In fact, approximately 2500 chemicals
including phenytoin, ethanol, nicotine, and thalidomide have
been identified as human teratogens (217). Many teratogens
alter the maternal redox homeostasis or, after passing the
placental barrier, modify the fetal redox equilibrium during
key periods of embryo and fetal development (Fig. 4).

Thalidomide, a sedative-hypnotic, was prescribed in the
early 1960s as tranquilizer for pregnant women who suffered
from morning sickness. Unfortunately, thalidomide therapy
was associated with multiple birth defects including phoco-
melia (380). In 1999, thalidomide was introduced as agent for
the treatment of multiple myeloma because of its preventive
activity in neoangiogenesis (362). Thalidomide has also been
for treating symptoms of prostate cancer, glioblastoma, lym-
phoma, arachnoiditis, Behçet’s disease, and Crohn’s disease.
The most sensitive organs for thalidomide intoxication are the
limbs. Among mammals, a species-dependent sensitivity for
thalidomide has been reported, with rabbits being most sen-
sitive. In contrast, rats are rather resistant (130, 131). The risk
of congenital malformations after exposure during the critical
period of pregnancy varies between 20% and 50% (277).
Thalidomide toxicity is induced via a shift in the cellular redox
equilibrium resulting in the depletion of GSH, and this alter-
ation was suggested to regulate the activity of various tran-
scription factors (130, 131). Despite its potent teratogenic
activities, thalidomide is still prescribed for treatment of se-
vere illnesses such as erythema nodosum leprosum. In addi-
tion, patients suffering from chronic graft-versus-host disease,
systemic lupus erythematosus, Behcet’s syndrome, inflam-
matory bowel disease, prostate cancer, metastatic breast
cancer, rheumatoid arthritis, uremic pruritus, severe atopic
erythroderma, tuberculosis, and Kaposi’s sarcoma may ben-
efit from thalidomide administration.

Phenytoin is a widely-used anticonvulsant that can double
the incidence of structural and functional birth defects when
used in pregnancy (176). During human embryogenesis it
induces vascular disruption, which leads to hypoperfusion
and hypoxia (81). In addition, phenytoin induces oxidative
DNA damage and dysmorphogenesis that can be counter-
acted by antioxidant treatment (429). Further evidence for the
hypothesis that oxidative stress is involved in phenytoin-
mediated toxicity is provided by the observation that ma-
ternal administration of catalase partially protects from
phenytoin-induced teratogenicity (431). Interestingly, SOD
administration was not able to do so. In fact, SOD even en-
hanced phenytoin teratogenicity. This data suggests that the
balanced equilibrium of antioxidative enzymes is important
and that excessive expression of a certain antioxidative en-
zymes may even be deleterious.

In humans, ethanol is a significant nutritional energy source
and it is metabolized via two subsequent oxidation reactions
(ethanol ? acetaldehyde, acetaldehyde ? acetic acid) to
acetic acid. The first oxidation can proceed via three different
mechanisms (Fig. 16): i) NAD-dependent ethanol dehydro-
genases, ii) the NADPHþHþ-dependent microsomal ethanol
oxidizing system (MEOS), and iii) the peroxidase system.
Among these, MEOS and the peroxidase pathway impact
ROS formation (Fig. 16). Chronic alcohol ingestion compro-
mises the maternal liver, leading to increased production of
lipid peroxides and decreased expression of antioxidant en-
zymes. Conversely, ascorbic acid attenuates ethanol toxicity
via inhibition of ROS formation and NF-kB activation (307). In
addition, fetal GSH content decreased with ethanol con-
sumption (3).

B. Maternal diabetes mellitus

Maternal diseases such as diabetes mellitus during preg-
nancy also impact the embryonic redox homeostasis. In fact,
maternal diabetes is an important source of clinically relevant
oxidative stress. Under diabetic conditions, embryonic mor-
phogenesis is more frequently disturbed and this is at least in
part related to the generation of ROS (96). In fact, anti-
oxidative enzymes can protect diabetic embryos from glu-
cose-induced malformations (95). Hyperglycemia-induced
developmental anomalies are associated with GSH depletion
(394). The teratogenic effect of diabetic serum was prevented
by SOD and N-acetyl-L-cysteine in rat whole embryo culture
(378). As a mechanistic element in diabetes signaling a de-
creased expression of the transcription factor Pax3 was sug-
gested. Pax3 is expressed in neural crest cells and somatic
mesoderm cells. Homozygous splotch (SP=SP) mouse em-
bryos carry a loss of function Pax3 allele and develop a de-
fective neural tube. These animals die at E16.5, owing to
defective migration of neural crest cells to the heart (75). The

FIG. 16. Hepatic ethanol metabolism. Alcohol dehydro-
genase (ADH), the microsomal ethanol oxidizing system
(MEOS) with its integral component CYP2E1, and peroxi-
dases (POX) contribute to hepatic ethanol catabolism. In the
first reaction sequence, ethanol is oxidized by the above
mentioned enzymes to acetaldehyde, which is further me-
tabolized by aldehyde dehydrogenases (AldDH) or aldehyde
oxidases (AldOx) to acetic acid. Various metabolic systems
(MEOS, peroxidases, aldehyde oxidases labeled with an as-
terisk) directly affect ROS formation; at higher concentra-
tions acetyldehyde is toxic to the cells.
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pups of diabetic dams also show increased incidence of neural
tube defects (232). Since SP=SP embryos are very similar to the
phenotype seen in diabetic mice, it might well be that Pax3
dictates neural development in these animals and that chan-
ges in the glucose homeostasis might also affect Pax3 gene
expression. This conclusion was supported by the prevention
of these effects when antioxidants were administered or when
the defects were induced in SOD overexpressing animals (50).
Moreover, administration of antimycin A, a mitochondrial
complex 3 inhibitor that increases superoxide production,
inhibited Pax3 expression and increased neural tube defects
(50).

C. Pre-eclampsia

Pre-eclampsia is a pregnancy-specific disorder and is di-
agnosed on the basis of hypertension associated with pro-
teinuria in late gestation (136, 404). It is the second leading
cause of maternal mortality, accounting for 12%–18% of
pregnancy-related maternal deaths (19). It remains one of the
most common causes of perinatal morbidity and mortality of
newborns. Maternal complications include abruptio placenta
(1%–4%), disseminated coagulopathy=hemolysis, elevated
liver enzymes and low platelet (HELLP) syndrome (10%–
20%), pulmonary edema=aspiration (2%–5%), acute renal
failure (1%–5%), eclampsia (1%), and death (rare) (361). The
fetal complications include preterm delivery (15%–67%), fetal
growth restriction (10%–25%), hypoxia-neurologic injury
(<1%), and perinatal death (1%–2%) (361). Pre-eclampsia is
characterized by abnormal placental trophoblast invasion by
the maternal uterine spiral arteries of the deciduas, leading to
a failure to establish an adequate uteroplacental blood flow,
which results in relatively hypoxic trophoblast tissue. There-
fore pre-eclampsia results from a malfunctioning of the
placenta (292). Classically, pre-eclampsia was described as a
two-stage disorder (320). In the first stage, inadequate uter-
oplacental circulation leads to placental ischemia and the
ischemic placenta releases signaling factor(s) into maternal
circulation, which induce endothelial dysfunction (Fig. 17). In
the second stage, endothelial dysfunction results in excessive
inflammatory responses that cause the maternal syndrome. It
is postulated that in response to ischemia and=or reperfusion
within the placenta ROS can alter endothelial function. Mi-
tochondria are more abundant in the placenta of women
suffering from pre-eclampsia when compared with normal
controls (172). The higher mitochondria density may lead to
excessive electron leakage and thus to an increased formation
of superoxide. Moreover, pre-eclamptic mitochondria show
signs of increased oxidative damage (414). Another source of
increased ROS formation during pre-eclampsia appears to be
the xanthine oxidoreductase pathway. Under hypoxia and in
response to inflammatory cytokines expression of xanthine
oxidoreductase is augmented and conversion of the enzyme
into its radical producing xanthine oxidase form is enhanced
(385). In fact, ischemia and subsequent reperfusion induce
increased xanthine oxidase activity in the pre-eclamptic pla-
centa (249).

Nitric oxide syntheses (NOS) may also contribute to in-
creased placental ROS formation in pre-eclamptic subjects.
Peroxynitrite, which is formed from superoxide and nitric
oxide, may attack plasma membrane proteins of the villous
vascular endothelium (267) and of the invasive trophoblasts

(249). In addition, stable products of lipid peroxidation such
as malondialdehyde (MDA) may contribute to pre-
exclampsia-associated endothelial dysfunction. In fact, MDA
is increased in the plasma of pre-eclamptic women (149). Al-
ternatively, neutrophils and monocytes passing through the
intervillous space could be activated by ROS and interact with
endothelial cells to generate oxidative injury. This hypothesis
is supported by the observation that more neutrophils are
activated in pre-eclamptic women (66). It has been shown that
there is an increased deportation of syncytial fragments in
pre-eclamptic placenta (194) and that the syncytiotrophoblast
debris may be modified by oxidative stress (44).

D. Fetal hypoxia

Intrapartal fetal hypoxia induces metabolic acidosis and
subsequently periventricular hemorrhage and impaired
myocardial function (13). Prolonged or severe intrauterine
asphyxia may cause permanent ischemic damage. The infant
may suffer from hypoxic-ischemic encephalopathy, meco-
nium aspiration syndrome, acidosis with decompensation,
cerebral palsy, neonatal seizures, necrotizing enterocolitis,
and patent ductus arteriosus (Fig. 18). Cerebral palsy is the
most common birth disorder and the most severe conse-
quence of nonfatal fetal hypoxia, affecting between 1 and 2.5
per 1000 newborns in developed countries and about 10 per
1000 live births in developing countries. The major patho-
logical substrates are ischemic lesions in the periventricular
white matter leading to spastic diplegia (pre-term) or in the
basal ganglia leading to extrapyramidal or dyskinetic cerebral
palsy (366). Of the survivors, up to 50% exhibit permanent
neuropsychological handicaps in form of mental retardation,
spastic motor deficits, learning disability, or epilepsy (39, 171).
These conditions are uncommon and only reflect one extreme
of the spectrum of asphyxial morbidity. Meaningful audit of
obstetric practice requires parameters that can be measured
objectively and which confirm clinically defined perinatal
asphyxia.

FIG. 17. Redox pathophysiology of preeclampsia at
maternal–fetal interface. The interaction between fetus (left)
and mother (right) are linked by the feto-placental unit under
relative anaerobic and low glucose (blue) to the maternal
decidual layer with relative aerobic and high glucose (red)
conditions. Preeclampsia is a two-stage disease (i.e., defective
trophoblastic invasion leading to hypoxic, ischemic, oxida-
tive stressed placenta to generalized endothelial dysfunction
resulted from activated systemic inflammation).
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A variety of clinical assessments and biochemical mea-
surements in fetal blood have been used to assess the degree
of the oxidative stress and hypoxic damage but none of these
is entirely satisfactory (368). Hypoxia frequently develops
during birth when uterus contraction and relaxation periods
follow each other repeatedly and an increased ROS formation
can be monitored at these periods. Moreover, delivery and
neonatal resuscitation may also induce ROS formation. The
relation between oxidative stress and fetal hypoxia has ex-
tensively been reviewed (407) before. Measurement of lipid
peroxides, as footprints of fetal cellular injury from free rad-
ical activity, are used to estimate the extent of hypoxic damage
in relation to intrapartum morbidity and subsequent adverse
fetal outcomes.

IX. Problems and Perspectives

Embryogenesis is a long and complex process that starts
with sperm–oocyte fusion and is concluded with delivery. It
involves a complex four-dimensional (space and time) net-
work of regulatory processes and redox sensitive mechan-
sims have been implicated. In the past, redox-relevant
research has been focused on early stages of embryo devel-
opment, in particular on preimplantation embryos. Dysre-
gulations in these developmental stages are often of fatal
consequence and lead to abortion. These consequences are
regrettable but are not of major socioeconomic impact. On the

other hand, little is known on redox control mechanisms at
later stages of embryo development (organogenesis in mid-
and late gestation) and during delivery. If these processes are
dysregulated, usually viable individuals with severe devel-
opmental defects may develop and the socioeconomic con-
sequences of such defects are much more severe. In other
words, regular development and maturation of limbs and
major organs is crucial for healthy individuals and thus, more
research is needed to explore the developmental conse-
quences of dysregulations in the redox homeostasis during
later stages of embryogenesis.

A major problem in the field of redox control and em-
bryogenesis has always been distinguishing between corre-
lation and causality. In the period of functional genomics, it
has been the general strategy to silence (loss of function
strategy) or activate (gain of function strategy) expression of
single gene products and to search for phenotypic effects
under resting conditions or after challenging. In most cases
such phenotypic defects are then correlated to the genotypic
manipulations without establishing a detailed causal chain
connecting the manipulations with the defects. Unfortunately,
this strategy has two major problems: i) Redox regulation of a
certain gene product may not necessarily be connected with
its developmental function and thus, connecting them caus-
ally may lead to wrong conclusions. To overcome these
problems we need more information on the functional multi-
plicity of pro- and=or antioxidative gene products and explore

FIG. 18. Redox pathophysiology of fetal hypoxia. Biochemical and physiological alternations under hypoxic condition in
fetuses induce oxidative stress and redox imbalance in various organ system and lead to tissue and organ damage.
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their potential roles outside redox homeostasis. This is par-
ticularly important for gene products that have already been
identified as moonlighting proteins (316). ii) Manipulations of
a single gene in a complex, multicellular organism are likely to
induce alterations in various regulatory networks and each of
these are rather complex. Thus, attempts to establish linear
causal chains (in fact there is no linear causal chain in a
complex system like the human body) will not successfully
mirror the complexity of induced regulatory alterations. For
instance, manipulations of the redox equilibrium that affects
protein thiol groups are likely to alter the entire pool of reg-
ulatory factors that impact each other. Thus, predictions on
the overall effect are virtually impossible employing tradi-
tional deductive strategies. However, innovative algorithms
of Computational Systems Biology may be considered a
suitable methodology to approach this problem. However,
this approach may only be successful if systems biologists
strictly adhere to experimental data and also consider the
experimental conditions under which the data were originally
obtained. It may be strongly misleading to compare apples
and oranges. It is a major task of Computational Systems
Biology to develop complex but working hypotheses that can
be tested experimentally.

If one summarizes the outcome of the knockout studies of
the antioxidative gene products (Table 1), one comes to the
conclusion that most of the knockout individuals are viable
and do not exhibit major developmental defects. Only defi-
ciencies in G6PD, GSH-synthase, Trx1=2, and GPx4 induce
embryonic lethality. As reason for this disappointing out-
come, it is normally discussed that deficiency of a single an-
tioxidative gene product may be compensated for by gene
products with similar functionality. However, there is little
direct experimental evidence for such compensation mecha-
nisms or even experimental data disprove such assumptions
(24). One way to approach this problem would be the creation
of double, triple, quadruple etc. knockout individuals, but the
danger of uncontrolled side effects certainly increases which
each step of manipulation.

A particular problem in redox control and embryogenesis
are the conflicting results obtained with mice deficient in
GSH-synthase and GSH-reductase. gGCS-HS-=- mice die at
midgestation because of uncoordinated developmental apo-
ptosis (Table 1). In contrast, Gr1a1Neu mice are viable and do
not show major developmental defects. There are certainly
ways to explain these unexpected observations (GSH has
additional functions in embryogenesis when acting as anti-
oxidant) but these additional functions have not been identi-
fied yet. GPx4-=- mice also die at midgestation. If the lack of its
catalytic activity (GSH peroxidase) is responsible for embry-
onic lethality, one would expect that a lack of reduced GSH
would also induce embryonic lethality. In contrast, GSH re-
ductase-deficient mice (Gr1a1Neu) are viable and develop
normally during embryogenesis. There are of course several
ways to explain this discrepancy, but one of them is that GPx4
exhibits additional biological activities, which are not solely
related to its catalytical function. It might be speculated that
GPx4 might function as structural protein in early brain de-
velopment, as it has been shown for spermatogenesis (316).
Whether its catalytic activity is required for this hypothetical
function can be explored by in vivo mutagenesis (knockin
studies). This example emphasizes the general dilemma that
certain gene products may have more functions than their

name implies, and the discovery of oxygen-sensing de-
methylases, for instance, is a step towards coping with that
problem (193, 359).

For the time being, the methodological approaches to solve
problems in developmental biology are somewhat limited
because of their selective character. This is in sharp contrast
to the high complexity of developing biological systems such
as a maturing embryo. System biology and state-of-the-art
‘‘*omics’’ approaches may help to overcome these limitations.
However, analyzing whole organisms rather than cultures of
a single cell clone always requires more careful evaluation of
the experimental settings. Finally, particular care should be
taken when experimental findings obtained in murine or
other vertebrate experimental setups are translated to the
human situation.
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Abbreviations Used

AP1¼ activator protein-1
APE-1¼ apurinic=apyrimidinic endonuclease-1

ARE¼ antioxidant response element
ARNT¼ aryl hydrocarbon receptor nuclear

translocator
ATF¼ activating transcription factor

AUF1¼AU-binding factor 1
ß1-F1-ATPase¼ ß1 subunit of the mitochondrial

Hþ-ATP-Synthase
Bcl-XL¼B-cell CLL=lymphoma 2 like 1

Bptf¼ bromodomain PHD finger transcription
factor

Brg1¼Brahma-related gene-1
Brm¼ SWI=SNF related, matrix associated, actin

dependent regulator of chromatin,
subfamily a, member 2

bZIP¼ basic leucine zipper
CAT¼ catalase

CAT-1¼ cationic amino acid transporter 1
CBF-A¼heterogeneous nuclear ribonucleoprotein

A=B isoform 2
CBP¼CREB binding protein

c-Fos¼ FBJ murine osteosarcoma viral oncogene
homolog

Chd¼ chromodomain helicase DNA binding protein
CIRP¼ cold inducible RNA binding protein
c-Jun¼ jun oncogene
COX¼ cyclooxygenase (prostaglandin G2 synthase)
CPE¼ cytoplasmic polyadenylation element

CPEB¼ cytoplasmic polyadenylation element
binding protein

CPR¼ cytochrome P450 reductase
CREB¼ cAMP responsive element binding protein
c-Rel¼ reticuloendotheliosis viral oncogene

homolog (avian)
CYP¼ cytochrom P450 isoforms
DJ-1¼PARK7=Parkinson’s disease

(autosomal recessive, early onset) 7
Dnd1¼dead end protein 1

DNMTs¼DNA methyltransferases
eEFsec¼ eukaryotic selenocysteine specific

elongation factor
Egr1¼ early growth response protein 1

EHMT2¼ euchromatic histone-lysine
N-methyltransferase 2

eIF2¼ eukaryotic initiation factor 2
ELAV1¼ embryonic lethal, abnormal vision,

Drosophila-like 1
EPO¼ erythropoietin

ERK1¼ extracellular signal-related kinase 1
Etl1¼ SWI=SNF-related, matrix-associated

actin-dependent regulator of chromatin,
subfamily a, containing DEAD=H box 1

FAD¼flavin adenine dinucleotide
FosB¼ FBJ murine osteosarcoma viral oncogene

homolog B
Fra1¼ FOSL2=FOS-like antigen 1
Fra2¼ FOSL2=FOS-like antigen 2

G6PD¼ glucose-6-phosphate dehydrogenase
GAPDH¼ glycerine aldehyde phosphate

dehydrogenase
G-CSF¼ granulocyte colony stimulating factor
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Abbreviations Used (cont.)

gGCS ¼ g-glutamylcysteine synthase
gGCS-HS ¼ g-glutamylcysteine synthase heavy

subunit
Gli ¼ glioma-associated oncogene

Glrx ¼ glutaredoxin
Glut ¼ glucose transporter
GPx ¼ glutathione peroxidase
GR ¼ glutathione reductase

Grsf1 ¼ guanine-rich sequence binding factor 1
GSH ¼ glutathione (reduced)

GSK3b ¼ glycogen synthase kinase 3b
GSSG ¼ glutathione disulfite (oxidized)
H3K9 ¼ histone 3 lysin 9
HATs ¼ histone acetyl transferases

Hb ¼ hemoglobin
HDACs ¼ histone deacetylases

HELLP syndrome ¼ Hemolytic anemia=Elevated Liver
enzymes=Low Platelet count syndrome

HIF ¼ hypoxia inducible factors
hnRNP ¼ heterogeneous nuclear ribonucleoprotein

hnRNPA18 ¼ heterogeneous nuclear
ribonucleoprotein A18

HO ¼ heme oxygenase
HuR ¼ Hu antigen R
IAP ¼ inhibitors of apoptosis

ICAM ¼ intracellular adhesion molecule
IkB ¼ inhibitor of nuclear factor kB

IKK ¼ inhibitor of nuclear factor kB kinase
IL ¼ interleukin

IRE ¼ iron regulatory elements
IRP ¼ iron regulatory protein
JDP ¼ Jun dimerization protein

JHDM1 ¼ JMJC domain-containing histone
demethylase 1

JMJD2C ¼ jumonji domain containing 2C
JNK ¼ JUN N-terminal kinase
JunB ¼ jun B proto-oncogene
JunD ¼ jun D proto-oncogene

Keap1 ¼ kelch-like ECH-associated protein 1
Klf4 ¼ Kruppel-like factor 4
LOX ¼ lipoxygenase

LSD1 ¼ lysine specific demethylase 1
m5C ¼ 5-methyl cytosine

MAO ¼ monoamine oxidase
MAP ¼ mitogen activated protein kinase

MEKK1 ¼ mitogen-activated protein kinase
kinase kinase 1

MEOS ¼ microsomal ethanol oxidizing system
miR-21 ¼ microRNA-21

miRNA ¼ microRNA
miRISC ¼ miRNA-induced silencing complex

MPO ¼ myeloperoxidase
Myc ¼ myelocytomatosis viral oncogene

homolog (avian)
NF-kB ¼ nuclear factor kB
NMD ¼ nonsense mediated decay

NO ¼ nitric oxide
NOS ¼ nitric oxide synthase

Nrf ¼ nuclear respiratory factor

ORF ¼ open reading frame
Pax ¼ paired box
PBP ¼ polypyrimidine tract-binding protein

PDCD4 ¼ programmed cell death 4
PERK ¼ EIF2AK3=eukaryotic translation

initiation factor 2-alpha kinase 3
PHD ¼ HIF-prolyl hydroxylase
PKC ¼ protein kinase C

POLB ¼ DNA-polymerase ß
PPAR ¼ peroxisome proliferation activating

factor
Pr(d)x ¼ peroxyredoxin
PTKs ¼ protein tyrosine kinases
PTPs ¼ protein tyrosin phosphatases

RBM3 ¼ RNA binding motif protein 3
RBP ¼ RNA-binding protein

Ref-1 ¼ redox effector factor-1 (APEX nuclease
[multifunctional DNA repair
enzyme] 1)

RelA ¼ reticuloendotheliosis viral oncogene
homolog A

RelB ¼ reticuloendotheliosis viral oncogene
homolog B

Rent1=Upf1 ¼ UPF1 regulator of nonsense transcripts
RHD ¼ Rel homology domain
RNP ¼ ribonucleo-protein
RNS ¼ reactive nitrogen species
ROS ¼ reactive oxygen species
RSC ¼ chromatin structure remodeling

complexes
SBP2 ¼ SECIS binding protein

Sec ¼ selenocysteine
SECIS ¼ selenocysteine insertion

sequence
Smo ¼ transmembrane protein smoothened
Snf5 ¼ SWI=SNF related, matrix associated,

actin dependent regulator of
chromatin, subfamily b, member 1

SOD ¼ superoxide dismutase
Sp1 ¼ specificity protein 1
Sp3 ¼ specificity protein 3

SUV39H ¼ suppressor of variegation 3-9
homolog 1

TfR ¼ transferring receptor
TIA-1 ¼ T-cell intracellular antigen-1
TIAR ¼ TIA-1 related protein
TNF ¼ tumor necrosis factor
Trx ¼ thioredoxins

TrxR ¼ thioredoxin reductase
Twist-1 ¼ TWIST homolog of drosophila

uORF ¼ upstream open reading frame
UTR ¼ untranslated region

VCAM ¼ vascular adhesion molecule
VEGF ¼ vascular endothelial growth factor

VEGFR-1 ¼ vascular endothelial growth factor
receptor 1

Wnt ¼ wingless-related MMTV
integration site

XOR ¼ xanthine oxidoreductase
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