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Abstract

Physiological development requires precise spatiotemporal regulation of cellular and molecular 

processes. Disruption of these key events can generate developmental toxicity in the form of 

teratogenesis or mortality. The mechanism behind many developmental toxicants remains 

unknown. While recent work has focused on the unfolded protein response (UPR), oxidative 

stress, and apoptosis in the pathogenesis of disease, few studies have addressed their relationship 

in developmental toxicity. Redox regulation, UPR, and apoptosis are essential for physiological 

development and can be disturbed by a variety of endogenous and exogenous toxicants to generate 

lethality and diverse malformations. This review examines the current knowledge of the role of 

oxidative stress, UPR, and apoptosis in physiological development as well as in developmental 

toxicity, focusing on studies and advances in vertebrates model systems.

1. INTRODUCTION

Normal development is a tightly regulated, complex, and spatiotemporal process which, 

when disrupted, can lead to developmental toxicity causing birth defects or embryonic 

mortality. The cellular and molecular mechanisms behind many teratogens remain unknown 

and increasing effort is being applied toward their elucidation. Recently, significant research 

has focused around the roles of oxidative stress, the unfolded protein response (UPR), and 

apoptosis in the pathogenesis of human disease; however, few studies have investigated their 

intersection in developmental toxicity. Oxidative stress, the UPR, and apoptosis all play key 

physiological roles in vertebrate development—in diverse processes from early cell 

proliferation to late organogenesis and morphogenesis. While many classical teratogens or 

developmental toxicants have very specific molecular targets, stresses caused by alterations 

in redox state, protein folding, or apoptosis tend to have more general effects, resulting in a 

wide array of malformations. Both exogenous and endogenous toxicants can disrupt these 

key processes and while these pathways have all been implicated in teratogenesis 

individually, recent work and future research will examine the intersection between the key 

roles these events play in cell signaling and cellular fate. This review will examine the 

current knowledge of the role of oxidative stress, the UPR, and apoptosis in physiological 
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development as well as in developmental toxicity, focusing on studies and advances in 

vertebrates model systems.

2. OXIDATIVE STRESS

Oxidative stress was defined originally in 1985 by Sies as “disturbances in the pro-oxidant/

antioxidant systems in favor of the former,” however, in2006, Jones suggested a new 

definition as “a disruption of redox signaling and control.” Considering that the current 

literature recognizes the integral role of redox in all forms of aerobic life, this new definition 

represents a more nuanced view. Exogenous toxicants can alter the redox environment to 

disrupt development and cause teratogenesis. Although researchers often consider 

exogenous sources of reactive oxygen species (ROS) in developmental toxicity, ROS are 

produced endogenously and redox regulation plays a major role in normal vertebrate 

development. In order to understand the mechanisms behind oxidative teratogens, it is 

necessary to first grasp the physiological role of ROS in vertebrate development.

2.1 Generation of Endogenous ROS

Redox plays a critical role in cell signaling and homeostasis. This is particularly true during 

development, when processes are precisely timed and executed with little room for error. 

ROS and reactive nitrogen species (RNS) are the primary oxidants produced endogenously. 

Endogenous ROS include super oxide anion ( ), hydroxyl radical (OH•), and hydrogen 

peroxide (H2O2), while RNS are mainly nitric oxide (NO−) and peroxynitrite (ONOO−) 

(Figure 1).

It has been estimated that 90% of ROS are generated by the mitochondria (Balaban et al., 

2005). Oxidative phosphorylation occurs in the mitochondria and is the primary source of 

ATP in aerobic organisms, providing the majority of cellular energy. In the electron 

transport chain, electrons are passed between complexes, resulting in the ejection of 

hydrogen atoms from the inner mitochondrial space. This generates a membrane potential 

used to drive the formation of ATP. Leakage of electrons from complexes I and III generates 

superoxide (Balaban et al., 2005). Superoxide can then dismutate to form hydrogen 

peroxide, a reaction that occurs spontaneously or is catalyzed by superoxide dismutase 

(SOD) (Maier and Chan, 2002).

Another nonenzymatic reaction generating ROS is the Fenton reaction. In the Fenton 

reaction, hydrogen peroxide reacts with mutivalence transition metals (iron, copper, 

manganese) to form the hydroxyl radical and the hydroxyl anion. The hydroxyl radical is 

highly reactive with a shorter half-life than other free radicals at 10−9 s, and often reacts 

with molecules in the vicinity of its creation (Pryor, 1986). Furthermore, in the Haber–Weiss 

reaction, superoxide can increase hydroxyl radical production by oxidizing [4Fe-4S] cluster 

containing enzymes, making more Fe(II) available for Fenton chemistry (Leonard et al., 

2004).

ROS/RNS can be generated enzymatically via enzymes involved in cell signaling, defense, 

or biosynthesis such as nitric oxide synthase (NOS), NADPH oxidase (NOX), xanthine 

oxidase (XO), lipoxygenases (LOX), and cyclooxygenases (COX). XO is a cytosolic 
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enzyme catalyzing the conversion of hypoxanthine to xanthine and xanthine to uric acid, 

which uses oxygen as a cofactor and can generate superoxide and the hydroxyl radical 

(McCord and Fridovich, 1968; Kuppusamy and Zweier, 1989). LOX enzymes are involved 

in eicosanoid metabolism and catalyze the formation of peroxides on fatty acid substrates 

(Brash, 1999). 5-Lipoxygenase catalyzes the conversion of arachidonic acid to leukotrienes 

can create ROS in lymphocytes, contributing to activation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) (Soberman and Christmas, 2003). While it was 

initially believed that NOX was expressed exclusively in macrophages, it has since been 

discovered in tissues throughout the body and is another well-known generator of 

superoxide (DeCoursey and Ligeti, 2005). In response to foreign stimuli, these enzymes 

catalyze the conversion of largeamounts of O2 to superoxide, a process that has been called 

respiratory oroxidative burst (DeCoursey and Ligeti, 2005). This superoxide contributes 

toinflammation and is dismutated to H2O2 (DeCoursey and Ligeti, 2005). Cytochrome P 450 

(CYP450) monooxygenase enzymes also contribute to ROS generation (Gillette et al., 1957; 

Nordblom and Coon, 1977). CYP450s are a large class of microsomal, drug metabolizing 

enzymes that have several endogenous substrates. Uncoupling of the oxygen bound to the 

heme active site can generate superoxide, which rapidly forms H2O2 (Narasimhulu, 1971; 

Grinkova et al., 2013). NO is an important signaling molecule generated by one of three 

tissue specific isoforms of nitric oxide synthase (iNOS (immune cells), eNOS (endothelial 

cells), and nNOS (neurons)). NO will react readily with superoxide to form the peroxynitrite 

(ONOO−) anion (Bergendi et al., 1999). In acidic media, (ONOO−)can react with hydrogen 

and fragment forming the hydroxyl radical, which is extremely reactive (Bergendi et al., 

1999).

2.2 Oxidative Damage from ROS/RNS

When ROS/RNS exceed detoxification capacities, oxidative damage to lipids, nucleic acids, 

and proteins may occur. If this damage is irreparable, the cell will undergo cell death, in the 

form of either apoptosis (programmed cell death) or necrosis, depending on the extent of the 

damage. OH• is the most reactive ROS to DNA, and can damage DNA via H abstraction or 

alkene addition. Hydrogen abstraction occurs from the methyl group of thymine and from 

the C–H bonds on 2-deoxyribose, leading to multiple oxidized products (Cooke et al., 2003). 

One major product of oxidative DNA damage is 8-hydroxyguanine, which has been shown 

to cause G to T and A to C substitutions (Cheng et al., 1992). Oxidatively modified bases 

can also cause double strand breaks when reacting with C–H bonds on 2-deoxyribose. If 

DNA repair mechanisms are impaired or overwhelmed, these products can lead to adverse 

cellular effects, including mutations and cytotoxicity.

Lipids are also susceptible to oxidation by free radicals, particularly polyunsaturated fatty 

acids with two cis-double bonds separated by a methylene group (Niki, 2014). Lipid 

peroxidation may occur as a chain reaction separated into three basic steps: initiation, 

propagation, and termination (Porter et al., 1995). Initiation begins with hydrogen 

abstraction from a bis-allylic carbon, which rearranges to form relatively a stable cis, trans-

pentadienyl radical. The addition of oxygen then forms a lipid peroxylradical, which begins 

propagation by abstracting a second H from adjacent lipids. The process continues until 

termination, when two peroxyl radicals react together to form nonradical products or the 
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products are scavenged by cellular antioxidants. Lipid peroxides can fragment to form 

reactive aldehydes and can alter membrane stability and permeability of key organelles, such 

as the mitochondria (Sultana et al., 2013). These cellular level effects translate to organ-

level pathologies and are implicated in a variety of diseases, including heart disease 

(Anderson et al., 2012), ocular degeneration (Njie-Mbye et al., 2013), and Alzheimer’s 

disease (Sultana et al., 2013).

Oxidative damage to proteins can take several forms. Oxidation of the protein backbone 

following H abstraction by OH• can result in protein fragmentation, as can oxidation of 

glutamyl, aspartyl, and prolyl side chains (Berlett and Stadtman, 1997). Sulfur-containing 

amino acids, cysteine, and methionine are particularly sensitive to oxidation (Berlett and 

Stadtman, 1997). These modifications can result in the loss of enzyme or protein function 

and the accumulation of unfolded proteins, which can impair cell function, leading to the 

UPR (Radak et al., 2001).

2.3 Protection against ROS/RNS

Considering the many endogenous sources of ROS, aerobic organisms have developed 

enzymatic and nonenzymatic responses to mediate ROS levels (Figure 2). Important 

enzymatic mechanisms include SOD and catalase (CAT). There have been three isozymes of 

SOD identified in mammals, which are localized into different cellular compartments. Cu-

ZnSOD is located in the cytosol, MnSOD is in the mitochondria, and ECSOD is in the 

extracellular space (thus far, ECSOD has only been identified in mice) (Maier and Chan, 

2002). In general, SODs stoichiometrically catalyze the dismutation of two superoxide 

anions with two hydrogen atoms to for mH2O2 and O2 (Maier and Chan, 2002). CAT and 

other peroxidases then reduce two molecules of H2O2 to two water molecules and 

molecularoxygen (Kirkman and Gaetani, 2006).

Nonenzymatic mechanisms of detoxification include antioxidants, which scavenge free 

radicals in the cell and/or reduce oxidized thiols. Glutathione (GSH) is a tripeptide of 

glycine, cysteine, and glutamate, in which the glutamate is connected to the cysteine via a 

gamma-carboxyl linkage (Lu, 1999). It exists in two forms, a reduced form (GSH) and an 

oxidized disulfide form (GSSG). GSH is primarily located in the cytosol, with about 10% in 

the mitochondria. GSH is present in the cell at millimolar concentrations and is the most 

abundant nonprotein intracellular thiol (DeLeve and Kaplowitz, 1991). It can reduce 

oxidants (ROS or strong electrophiles) either enzymatically or spontaneously through its 

thiol group. Glutathione S-transferase can enzymatically add GSH to electrophiles and 

disulfides. Glutathione reductase then regenerates GSH from oxidized glutathione (GSSG) 

with NADPH as a cofactor. To combat ROS, selenoprotein glutathione peroxidases (GPx) 

can reduce H2O2 with two GSH, generating water and GSSG. There are four members of 

the GPx family, GPx1, GPx2, GPx3, and GPx4 (Imai and Nakagawa, 2003). GPx1 and 

GPx2 are localized to the cytoplasm, whereas GPx3 is primarily in the plasma of the kidney 

(Imai and Nakagawa, 2003). GPx4 is distinct from the other GPx isoforms and is the only 

GPx that can reduce phospholipid hydrogen peroxides (Imai and Nakagawa, 2003).

Other important antioxidants include thioredoxins (Trxs), glutaredoxins (Grx), 

peroxiredoxins (Prx), and nucleoredoxins. These small proteins are key regulators of redox 
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signaling through the reduction of disulfides and H2O2. Trxs contain the active site motif 

Cys-Gly-Pro-Cys (Holmgren, 1968). Electrons from NADPH are transferred to thioredoxin 

reductase (TrxR), which reduces Trx to reduce disulfide bonds (Hanschmann et al., 2013). 

TrxR is another selenoprotein with a wide substrate specificity and is regulated by nuclear 

factor (erythroid-derived 2)-like 2 (Nrf2) (Kim et al., 2001). There are four Grxs with 

different cellular localization in mammals (Hanschmann et al., 2013). Each antioxidant is 

ultimately part of the GSH pathway and the resulting oxidants are eventually reduced by 

GSH (Hanschmann et al., 2013). The six mammalian Prxs are localized to a wide variety of 

cellular compartments (cytosol, nucleus, mitochondria, peroxisomes, lysosomes, and 

vesicles) (Hanschmann et al., 2013). In contrast to Grxs and Trxs, Prxs reduce H2O2 to 

water and are regenerated by Trx or GSH (Hanschmann et al., 2013). Finally, 

nucleoredoxins were first discovered in yeast in 1997 (Kurooka et al., 1997); however, 

homologs have since been identified across vertebrates (Funato and Miki, 2007). They are 

localized to the cytoplasm and nucleus, and are involved in the regulation of several redox-

regulated transcription factors (Funato and Miki, 2007).

2.4 Physiological Role of ROS in Signaling and Development

Redox plays a key physiological role in vertebrate development; however, little progress has 

been made concerning the detailed function and nature of redox signaling in developmental 

processes (Table 1). Alterations in the redox environment of developing embryos can lead to 

teratogenesis through dysregulation of cell signaling at lower levels and cell damage at 

higher levels. Here, we will examine the current knowledge base concerning the 

physiological role of ROS/RNS in development and teratogens that have been associated 

with oxidative stress.

2.4.1 Oxygen availability and metabolism in mammalian development—The 

redox environment in the embryo is directly influenced by oxygen availability, which 

fluctuates throughout development. In the mammalian oviduct, oxygen concentrations are 

relatively high, and decrease gradually until implantation in the uterus (Fischer and Bavister, 

1993). Thus, metabolic pathways vary according to the oxygen gradient. Oxidative 

phosphorylation predominates preimplantation when glucose levels are low and oxygen 

high, while glycolysis predominates postimplantation, when glucose levels are high and 

oxygen low (Ufer et al., 2010). By shifting from oxidative phosphorylation to glycolysis, the 

embryo is able to minimize the production of ROS from the electron transport chain during 

this vulnerable period (Leese, 1995). Oxygen concentrations remain low until maternal 

circulation to the placenta begins at the end of the first trimester, inducing a threefold 

increase in oxygen concentrations (Burton, 2009). These fluctuations in oxygen levels are 

critical to normal embryonic development and studies have shown that low levels of H2O2 

will induce cell proliferation, while higher levels arrest cell growth(Davies, 1999).

2.4.2 Redox-regulated transcription factors—In addition to oxygen availability, 

redox regulation of key transcription factors is critical to development (Figure 3). The NF-

κB family of transcription factors control expression of inflammatory cytokines, growth 

factors, redox-regulated enzymes, and apoptotic regulators. Knockout mice of various NF-

κB family members are born with several defects, including postnatal immune defects 
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(p50−/− c-Rel−/−), multiorgan inflammation (RelB−/−), disrupted splenic architecture 

(p52−/−), and prenatal embryonic lethality (p65) (Ufer et al., 2010).

Nrf2 is a redox activated transcription factor controlling gene expression through the 

antioxidant response element. Under normal unstressed conditions, Nrf2 is targeted for 

degradation by Kelch-like ECH-associated protein 1 (Keap1) ubiquitylation. However, 

Keap1 has several reactive cysteine residues, that impair its capacity for ubiquitylation when 

oxidized, allowing Nrf2 to perform its function as a transcription factor (Nguyen et al., 

2009). Nrf2 regulates genes related to detoxification and antioxidants, as well as lipid 

carbohydrate and heme metabolism (Hayes and Dinkova-Kostova, 2014). While not 

embryonically lethal, Nrf2 knockout mice display autoimmune-mediated lesions in multiple 

tissues and premature postnatal death (Ma et al., 2006).

Hypoxia-inducible factors (HIF) are important regulators of gene expression under hypoxia, 

a condition known to generate oxidative stress and discussed further below. HIFs consist of 

two subunits. The β subunit (HIFβ, also called aryl hydrocarbon receptor (AhR) nuclear 

translocator, a critical component of the AhR pathway) is stable, while the α subunit is 

mediated by O2 levels. Under homeostatic conditions, the α subunit ishydroxylated by an 

HIF-specific prolyl hydroxylase (PHD), targeting it for ubiquitylation and degradation. PHD 

has low O2 affinity and is thus its activity is highly dependent on O2 levels. Under hypoxic 

conditions, HIFα is not hydroxylated and forms a heterodimer with HIFβ to modulate 

expression of target genes (Majmundar et al., 2010). Although the precise mechanism 

remains unclear, ROS also negatively regulate PHD, implicating HIF activity under 

oxidative stress (Majmundar et al., 2010; Eom et al., 2013). HIF regulates genes involved in 

glucose and iron metabolism, erythropoiesis, angiogenesis, and cell proliferation and 

differentiation (Maxwell et al., 2001; Yoon et al., 2006). In embryonic development, HIF is 

essential for vascular development during hypoxic conditions in neurogenesis and 

organogenesis (Trollmann and Gassmann, 2009). Furthermore, all HIF subunits have been 

shown to be essential for development as knockouts die between E10.5 and E12.5 (Ufer et 

al., 2010). HIF-1α null embryos exhibited abnormal neural tube formation, increased 

apoptosis, and a reduction in the number of somites, as well as impaired erythropoiesis 

(Ryan et al., 1998; Yoon et al., 2006).

Redox effector factor 1 (Ref-1), also called apurinic/apyrimidinic endonuclease-1 

contributes to the base excision repair pathway of DNA lesions; however, it is also involved 

in modulation of redox sensitive transcription factors (Tell et al., 2009). Oxidation of key 

cysteine residues impairs DNA-binding capacity of Ref-1 but induces its ability to oxidize 

several transcription factors, including activator protein 1, NF-κB, and the activating 

transcription factor (ATF)/CREB (cAMP response element binding protein) family (Tell et 

al., 2009). Trx can then restore reduced Ref-1 (Tell et al., 2009). Homozygous Ref-1 

knockout embryos die by E6, while heterozygous embryos display increased markers of 

oxidative stress, which can be rescued by the addition of antioxidants (Ufer et al., 2010).

2.4.3 Antioxidants in development—Considering the variable oxygen availability 

throughout development as well as the potential onslaught from exogenous sources, it is 

necessary for vertebrates to have redundant antioxidant responses with high capacity to 
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combat ROS. The redox potential of the developing embryo is closely linked to the GSH/

GSSG and Trx potentials. GSH is essential for vertebrate development; mice lacking 

gamma-glutamylcysteine synthetase, an essential enzyme for GSH synthesis, die before 

E8.5 from apoptotic cell death (Shi et al., 2000). GSH levels are high in the maturing oocyte 

but steadily decrease following fertilization (Gardiner and Reed, 1994). In developing 

zebrafish (Danio rerio) embryos, the redox potential as measured through the GSH/GSSG 

ratio fluctuated greatly (Timme-Laragy et al., 2013). The cellular environment was reducing 

at fertilization (−225 mV), became increasingly oxidized until 12-hour postfertilization (hpf) 

(−170 mV), after which point it fluctuated between 24 and 48 hpf, increasing to a stable 

reduced state at hatch at 72 hpf (−225 mV) (Timme-laragy et al., 2013).

The Trx family has been shown to play a key role in development. During mouse 

gastrulation (E7), Trx1 mRNA expression was 11-fold higher than adults, but steadily 

decreased to adult levels by late gestation (Jurado et al., 2003). Trx1 and Trx2 knockout 

mice undergo embryonic lethality. Trx1 mice die around implantation (E3.5) following 

reduced proliferation of the inner cell mass (Matsui et al., 1996). In contrast, Trx2 mice 

develop normally until E8.5, but display an open neural tube at E10.5 and are reabsorbed at 

E12.5 (Nonn et al., 2003). This corresponds with the onset of mitochondrial maturation and 

oxidative phosphorylation, suggesting a key role for Trx in regulation by endogenous ROS 

(Nonn et al., 2003). Trx reductase null mutations are also embryonically lethal, with TrxR2 

being essential for proper cardiac development, and TrxR1 not having a role(Jakupoglu et 

al., 2005). Prxs are also essential for H2O2 metabolism and while null mice are viable, Prx1 

plays a key role in motor neuron differentiation through reduction of a disulfide bond in 

GDE2 (glycerophosphodiester phosphodiesterase 2) (Yan et al., 2009). Another member of 

the Trx family, Grx also plays a complex role in vertebrate development. A study in 

zebrafish found Grx2 regulation of CRMP2 (Collapsin response mediator protein 2) thiols-

controlled axonal outgrowth, neuron survival, and brain development (Brautigam et al., 

2011).

Many enzymes that diminish oxidative stress, such as CAT, SOD, GSH reductase, and GPx, 

are present at lower levels in developing embryos than in adult organisms, further 

complicating the embryo’s ability to cope with oxidative insult (Ufer et al., 2010). CAT null 

mice are viable with no visible defects, yet reduced CAT levels may indicate reduced ability 

of the embryo to cope with ROS-generating toxicants (Ho et al., 2004). GPx enzymes are 

important components of the GSH system. While GPx1, GPx2, and GPx3 knockout embryos 

are viable with no visible defects, indicating that they are dispensable for embryonic 

development, GPx4 plays a more complex role (Ufer and Wang, 2011). GPx4 null embryos 

are embryonic lethal, undergoing resorption by day E8.5 (Imai et al., 2003). GPx4 mRNA 

expression has been detected beginning at E6.5, and at E8.0 in the neural tube, extending in 

to the developing brain (Borchert et al., 2006). It is later detected in the developing organs 

and limbs (Schneider et al., 2006). GPx4’s role in these tissues appears to be the prevention 

of mitochondrial membrane oxidation and subsequent apoptosis-inducing factor-dependent 

apoptosis (Ufer and Wang, 2011). However, it has also been shown to modulate Nrf2 and 

NF-κB activity, indicating possible contributions to cell signaling (Ufer and Wang, 2011).
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2.4.4 ROS/RNS-generating enzymes in development—Knock out of many 

oxidative enzymes, such as NOX, NOS, XO, and some isoforms of LOX and COX produce 

viable offspring, indicating that they are not essential for embryonic development (Ufer et 

al., 2010). However, 12-LOX knockout mice displayed skin defects that led to neonatal 

death, implicating 12-LOX in development of skin structure (Epp et al., 2007). Furthermore, 

COX-2 knockout embryos displayed defective kidney development and postnatal 

myocardial fibrosis, accompanied by an increase of neonatal mortality (Dinchuk et al., 

1995). NOS null embryos were viable even though NO is an important signaling molecule, 

and has been shown to be involved in physiological vascular development (Nath et al., 

2004). eNOS expression increased steadily throughout development from approximately 

3000 to 14,000 copies of mRNA/106 copies of GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase) mRNA, while iNOS and nNOS were expressed between 50 and 400 copies 

of mRNA/106 copies of GAPDH mRNA (Ufer et al., 2010).

2.5 Oxidative Stress and Teratogenesis

The complex nature of redox signaling and control throughout development indicates that 

even relatively minor alterations to redox potential may generate significant developmental 

effects. While mild imbalances in the redox potential may impact redox-regulated signaling, 

higher levels of oxidative stress can induce teratogenesis through cytotoxicity. Oxidative 

stress is implicated as the mechanism of action of many developmental toxicants (Hansen, 

2006). One well-studied example is the anticonvulsant drug, phenytoin. Phenytoin generates 

facial abnormalities and neurological disorders in infants exposed during pregnancy. Its 

toxicity is believed to be caused following bioactivation by prostaglandin H synthase to 

form a free radical intermediate (Parman et al., 1998) or by CYP450 to form protein adducts 

(Munns et al., 1997). Phenytoin has been shown to oxidize DNA to form 8-hydroxyguanine 

(Liu and Wells, 1995) and increase homologous recombination (Winn et al., 2003). It can 

also generate lipid peroxidation and protein oxidation in embryonic cells (Liu and Wells, 

1994). DNA oxidation and embryopathies in mice can be reduced with the addition of CAT 

(Abramov and Wells, 2011) and the GSH precursor, N-acetylcysteine (Wong and Wells, 

1988). DNA, protein, and lipid damage are believed to generate the developmental toxicity 

observed with phenytoin.

In addition to oxidative stress generated by pharmaceuticals, environmental exposures to 

chemicals can also cause oxidative damage leading to developmental toxicity. Many 

pesticides, such as organophosphates, cause acute toxicity via inhibition of 

acetylcholinesterase, and are also developmental toxicants. For instance, neonatal rats are 

more sensitive to the organophosphate, chlorpyrifos, than adults (Chakraborti et al., 1993). 

Chlorpyrifos has been shown to cause neurobehavioral defects following early exposure in 

mammals (Chakraborti et al., 1993; Chanda and Pope, 1996). It has also been linked to 

aberrant behavior, spinal curvature, pericardial edema, and mortality in zebrafish embryos 

(Kienle et al., 2009), whereas exposed frogs displayed tail flexure and decreased 

neuromuscular activity (Bonfanti et al., 2004).

The mechanisms of chlorpyrifos developmental toxicity are far more complex than its acute 

toxicity. In addition to acetylcholinesterase inhibition, organophosphates have also been 
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shown to interfere with neuronal cell differentiation and replication, synapse formation, 

neurite cell growth, and other neurodevelopmental processes (Flaskos and Sachana, 2010). 

Additionally, oxidative stress has been implicated in chlorpyrifos toxicity. In procaspase 

(PC) 12 cells, a model for neurodifferentiation, the addition of 2–50 μM chlorpyrifos 

significantly induced ROS (Crumpton et al., 2000). This effect was ameliorated with vitamin 

E (Slotkin et al., 2007). Chlorpyrifos treatment during gestation and on postnatal days one to 

four did not increase lipid peroxidation in rats; however, oxidative stress was generated 

following treatment during the peak of neuronal cell differentiation and synaptogenesis 

(second postnatal week) (Slotkin et al., 2005). It was further discovered that 2 mg/mL 

chlorpyrifos induced expression of oxidative stress-related genes following treatments to 7-

day-old rats (Ray et al., 2010). Understanding the mechanism of action of chlorpyrifos and 

phenytoin teratogenicity informs future drug and pesticide design to mitigate potential 

negative effects. However, many toxicants act via a range of mechanisms and can disrupt 

other normal cellular processes both directly and via oxidative stress, including protein 

folding.

3. UNFOLDED PROTEIN RESPONSE

The endoplasmic reticulum (ER) is the major site of posttranslational processing of proteins, 

which amounts to about 30% of the proteome, and performs several other critical functions 

including calcium storage and metabolic processes (Hetz, 2012). The fidelity of the ER must 

be able to handle large secretory loads. Secretory cells produce high volumes of proteins for 

processing and the same can be said of cells at certain embryonic stages. Disruption of 

proper ER function can lead to the accumulation of unfolded proteins, a state called ER 

stress. ER stress results in the activation of a complex signaling pathway called the UPR. 

Through alterations of gene expression and protein translation, the UPR optimizes the ER to 

correctly manage protein folding and initiate apoptosis or autophagy in cells that are 

irreversibly damaged. UPR mediators and signaling proteins respond not only to exogenous 

toxicants that disturb ER function, but also play key roles in embryonic development and 

organ physiology (Cornejo et al., 2013). In this section, we address the physiological role of 

the UPR in vertebrate development and how induction and perturbation of the UPR can 

result in teratogenesis.

3.1 Signal Transduction of Three UPR Branches

There are three branches of the UPR, each with a distinct signal transduction pathway 

culminating in transcription of UPR target genes (Figure 4). The branches are controlled by 

inositol-required enzyme 1 (IRE1, α and β), protein kinase RNA-like ER kinase (PERK), 

and ATF6 (α and β).

The most extensively studied branch of the UPR, IRE1α is also the most evolutionarily 

conserved branch and is the only branch characterized in yeast (Mori, 2009). IRE1α is both 

a kinase and an endonuclease (Tirasophon et al., 1998). When activated by the UPR, IRE1α 

dimerizes and undergoes autotransphosphorylation, leading to activation of the cytosolic 

RNase domain (Hetz, 2012). It then splices a 26-base-pair region from the center of X-box 

binding protein 1 (XBP-1) mRNA, allowing the translated protein to fulfill its role as a 

transcription factor (Calfon et al., 2002; Yoshida et al., 2001). XBP-1 targets a wide variety 
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of genes, 29% of which are involved in protein trafficking, processing, and secretion and 

14.8% of which are involved in protein biosynthesis and posttranslational modifications 

(Acosta-Alvear et al., 2007). Thus, through XBP-1, the IRE1α branch of the pathway is 

primarily responsible for the secretion and degradation of unfolded proteins through ER-

associated degradation (ERAD). However, in addition to genes impacting ER function, 

XBP-1 also controls expression of genes for cell growth and differentiation, RNA 

processing, signal transduction, ion channels, DNA replication, DNA repair, and redox 

potential (Acosta-Alvear et al., 2007).

IRE1 further contributes to the UPR through regulated IRE1-dependent decay (RIDD), a 

process by which IRE1 mediates decay of certain mRNA within the ER (Hollien and 

Weissman, 2006). It is through the RIDD pathway that IRE1 regulates cell fate during ER 

stress (Chen and Brandizzi, 2013).

ATF6α and β are part of the CREB/ATF family of proteins and are constitutively expressed 

transmembrane ER proteins (Yoshida et al., 1998a). When unfolded proteins accumulate in 

the ER, ATF6α translocates to the golgi apparatus, where it is cleaved by site-1 and site-2 

proteases into its active form (Nadanaka et al., 2004; Ye et al., 2000). It then can enter the 

nucleus to act as a transcription factor for ERSE-regulated genes (ER stress element) (Okada 

et al., 2003; Yoshida et al., 1998a). These include ERAD proteins, various ER chaperones, 

and XBP-1.

Finally, the PERK branch of the UPR is primarily responsible for translational attenuation in 

order to reduce the load of unfolded proteins. Upon activation, PERK oligomerizes and 

phosphorylates the translation initiation factor eIF2α (eukaryotic initiation factor 2), 

inhibiting its activity and attenuating protein translation (Harding et al., 2000). Additionally, 

PERK regulates other transcription factors and UPR mediators. Without available eIF2α, 

some mRNAs with specific sequences are preferentially translated, including ATF4, a 

member of the same family of transcription factors as ATF6 (Walter and Ron, 2011).

ATF4 has a wide variety of gene targets and can function as both a transcriptional activator 

and repressor. Its repressor activities are less well studied and include negative regulation of 

the cAMP response element (Karpinski et al., 1992) and memory storage (Chen et al., 2003). 

ATF4 can function as a transcriptional activator both alone and as a heterodimer with other 

transcription factors. ATF4’s transcriptional targets are wide ranging and include genes 

involved in amino acid transport and metabolism, transcription, mitochondrial function, and 

redox/detoxification (Ameri and Harris. 2008).

3.2 Induction and Regulation of UPR

ER stress can be generated from disruption of calcium homeostasis, ER-localized oxidative 

stress, or impaired vesicular trafficking, or protein degradation (Hetz, 2012). In studies of 

ER stress, pharmacological agents are generally used to induce the UPR. These include 

thapsigargin (Tg), which inhibits Ca2+-dependent ATPase, tunicamycin (Tm), a protein 

glycosylation inhibitor, and dithiothreitol (DTT), a disruptor of disulfide bonds (DuRose et 

al., 2006).
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The dynamic nature of the response to ER stress is in part due to varied forms of regulation 

at several levels. It was originally proposed that the UPR was governed by the inducible ER 

resident chaperone BiP (Immunoglobulin heavy-chain-binding protein, also known as 

GRP78 or HSPA5). An early and pioneering study by Bertolotti et al. (2000) demonstrated 

BiP was able to complex with the luminal domains of IRE1 and PERK under ER 

homeostasis and dissociated from the complex under ER stress. Furthermore, the activities 

of IRE1 and PERK were attenuated when BiP was overexpressed (Bertolotti et al., 2000). In 

the case of ATF6, BiP binding masks golgi localization signals, preventing constitutive 

transactivation (Shen et al., 2002). Once the UPR is activated, BiP then dissociates from 

each branch to perform its duties as a chaperone for unfolded proteins.

However, further research suggests that BiP is not the only regulator of UPR signaling. For 

example, it has been suggested that decreased glycosylation of ATF6 may control its own 

activation. This mechanism of ATF6 regulation was proposed following observations that 

depletion of Ca2+ in the ER induced newly synthesized and partially glycosylated ATF6 

(Hong et al., 2004). This under-glycosylated ATF6 was no longer able to associate with 

calreticulin, resulting in faster translocation of ATF6 to the golgi and stronger UPR 

activation (Hong et al., 2004). In addition, reduction of disulfide bonds within ATF6 also 

facilitated its transport to the golgi, but was not sufficient for its activation (Nadanaka et al., 

2007).

Several studies have been performed characterizing the kinetics of UPR activation. In one 

study, DTT caused 100% activation of PERK, ATF6, and IRE1 within 1 h following 

treatment. PERK and IRE1 were equally as sensitive to Tg, while ATF6 was not (DuRose et 

al., 2006). Furthermore, all three branches took longer (2–5 h) to reach full activation 

following treatment with Tm (DuRose et al., 2006). PERK signaling was also maintained 

under prolonged ER stress caused by Tm and Tg, while IRE1α and ATF6 signaling peaked 

at 4 h posttreatment then declined (Lin et al., 2007).

3.3 UPR in Physiological Development

Although once thought to merely function as a stress response, evidence supporting a role 

for the UPR in developmental physiology is increasing. UPR mediators have been 

implicated in diverse developmental pathways and many are essential for embryonic 

development, demonstrated by nonviable embryonic knockouts. While the primary role of 

the UPR is mediation of protein folding and load in secretory cells, various UPR 

transcription factors and signal transduction pathways are involved in several other 

processes (Table 2). UPR mediators have been implicated in hematopoiesis, osteogenesis, 

chondrogenesis, angiogenesis, neurogenesis, hepatogenesis, as well as pancreatic and lens 

cell development. In this section, we will examine each branch of the UPR and its role in 

physiological development.

3.3.1 Inositol-required enzyme 1/X-box binding protein 1—The function of the 

IRE1 and XBP-1 axis in development is the best studied of the three pathways. IRE1α 

knockout mice are embryonic lethal and full IRE1α knockout embryos die between E12.5 

and E13 (Zhang et al., 2005). Embryos at E13 demonstrated fetal liver hypoplasia and 
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decreased proliferation of hematopoietic stem cells (HSCs) (Zhang et al., 2005). Subsequent 

studies on IRE1α null mice have shown severe defects to the labyrinth in the placenta 

mediated by XBP-1-independent decreased expression of vascular endothelial growth factor 

(VEGF)-A (Iwawaki et al., 2009). Interestingly, following selective IRE1α expression in the 

placenta, embryos displayed no liver hypoplasia and were viable (Iwawaki et al., 2009). In 

contrast to IRE1α, IRE1β knockout mice are viable (Bertolotti et al., 2001). However, a 

study in Xenopus laevis frog embryos found IRE1β to be required for mesoderm 

development, suggesting evolutionary alterations in function (Yuan et al., 2008).

XBP-1 mRNA can be detected in the nucleus and cytoplasm as early as the one-cell stage 

(Zhang et al., 2012). Similar to IRE1α null mice, XBP-1−/− mice are not viable, with liver 

hypoplasia and lethality beginning at E12.5 (Reimold et al., 2000). Livers from knockout 

mice had decreased proliferation and increased apoptosis of hepatocytes (Reimold et al., 

2000). This corresponded to decreased levels in several acute-phase proteins (Reimold et al., 

2000).

The UPR has been recognized as a key regulator in secretory cells, and IRE1 and XBP-1 

have been implicated in immune cell development and function. While rag−/− mice 

transplanted with IRE1α−/− HSCs were able to produce pro-B cells, as well as erythroid, 

myeloid, and thrombocyte lineages, B-cell receptors were not detected and a reduction in B-

cell Ig VDJ recombination was observed (Zhang et al., 2005). Furthermore, though spliced 

XBP-1 was not necessary for early B lymphocyte differentiation, it was necessary and 

sufficient for terminal plasma cell differentiation (Reimold et al., 2001; Zhang et al., 2005). 

Ectopic XBP-1 expression induced B-cell differentiation into plasma cells (Reimold et al., 

2001) and induction of XBP-1 spliced mRNA correlated with Ig heavy chain secretion 

during plasma cell differentiation (Zhang et al., 2005) and induced interleukin-6 (Iwakoshi 

et al., 2003). The PERK branch of the response was not necessary for this response (Zhang 

et al., 2005).

The XBP-1 branch of the UPR has also been implicated in several other developmental 

pathways. For example, XBP-1 is responsible for the development of zymogen cells in the 

gastric epithelium (Huh et al., 2010). IRE1 regulated chondrocyte differentiation, via 

inhibition of UPR-induced apoptosis following induction by BMP2 (bone morphogenic 

protein 2) (Han et al., 2013). Finally, XBP-1 transcription is induced by C/EBPβ (CCAAT-

enhancer-binding protein beta), an early adipogenic factor, and plays a key role in 

adipogenesis, as cells lacking XBP-1 and IRE1α display defects in adipogenesis (Sha et al., 

2009). It is clear that the IRE1/XBP-1 signal transduction pathway plays a key role in 

physiological development through both modulation of secretory cell differentiation and 

function, and through transcriptional regulation.

Considering the diverse network of genes regulated by XBP-1 and the large number of 

mRNA’s subject to RIDD, the possible roles for IRE1 and XBP-1 in vertebrate development 

are limitless. XBP-1 targets include genes involved in cell growth and differentiation, 

including several cyclin-dependent kinases (Acosta-Alvear et al., 2007). The role of RIDD 

in physiological development is still unclear. However, several genes essential for 

embryonic development are RIDD targets. For example, homeo box B4 is an RIDD target 

Kupsco and Schlenk Page 12

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Hollien et al., 2009) and is essential for skeletal development in mice (Ramirez-Solis et al., 

1993), and HSC differentiation from embryonic stem cells (Fan et al., 2012).

3.3.2 Activating transcription factor 6—ATF6α and ATF6β single knockouts develop 

normally, while embryos with ATF6α/β double knockouts are not viable, suggesting some 

overlap in function (Yamamoto et al., 2007). Mice lacking ATF6α, but not ATF6β, develop 

liver steatosis when challenged with ER stress and have a depressed UPR (Yamamoto et al., 

2010). ATF6α/β double knockouts have been studied in the model fish, the Japanese medaka 

(Ishikawa et al., 2013). Double knockouts were found to undergo more severe physiological 

ER stress in the brain, otic vesicles, and notochord, accompanied by significant decreases in 

expression of BiP and other chaperones (Ishikawa et al., 2013). Double knockout embryos 

had severely degenerated notochords in comparison to single knockouts and displayed a 

similar phenotype to BiP knockout embryos (Ishikawa et al., 2013). Thus, the role for ATF6 

in physiological development appears to be tied to the reduced ability of secretory cells to 

induce chaperone proteins, thus leading to degeneration.

Studies concerning the role of ATF6 in physiological development are limited. In myoblasts, 

ATF6 was exclusively responsible for the induction of apoptosis during muscle development 

(Nakanishi et al., 2005). Other ER localized members of the ATF6 family sharing structural 

similarities have also been shown to play a role in development. OASIS (old astrocyte 

specifically induced substance) knockout mice display defects in bone formation and bone 

weakness caused by a decrease in a type I collagen, Col1a1 (Murakami et al., 2009). OASIS 

was found to bind to a UPR response element sequence in the osteoblast Col1a1 promoter 

(Murakami et al., 2009). Furthermore, OASIS plays a key role in astrocyte differentiation 

(Kondo et al., 2005). Thus, the ATF6 family may play a greater role in development than 

previously realized and further research is required to fully understand its role in 

physiological development.

3.3.3 Protein kinase RNA-like ER kinase/eukaryotic initiation factor 2α/
activating transcription factor 4—The PERK pathway is essential for many facets of 

embryonic development. PERK knockout mice develop severe hyperglycemia and lose 

pancreatic insulin-secreting β cells postnatally (Zhang et al., 2006). PERK is required for β-

cell proliferation and differentiation during development, but not for maintenance in the 

adult stage (Zhang et al., 2006). Knockouts also display skeletal dysplasia, reduced growth, 

and impaired locomotor activity, accompanied by decreased bone mineralization and 

abnormal expression of collagen 1 (Zhang et al., 2002). These skeletal defects may be 

related to the important role of ATF4 in skeletal development.

ATF4−/− mice have reduced and delayed bone mineralization, and reduced adult bone mass 

(Yang et al., 2004). ATF4 deficiency also reduced Type 1 collagen, as well as osteocalcin, 

which is not only a late-stage marker for osteoblast differentiation, but also possesses an 

ATF4 binding site in its promotor (Yang et al., 2004). Similarly, BMP2 also induced mild 

ER stress through the PERK/ATF4 pathway in osteogenesis (Saito et al., 2011). 

Alternatively, ATF4 may modulate osteogenesis through RSK2 (Ribosomal S6 protein 

kinase 2) (Yang et al., 2004) or regulate growth plate chondrocyte proliferation and 
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differentiation as a transcription factor of Indian hedgehog, a factor required for skeletal 

development (Wang et al., 2012a).

In addition to skeletal deformities, mice lacking ATF4 exhibited severe microphthalmia 

caused by a complete absence of the lens (Tanaka et al., 1998; Hettmann et al., 2000). They 

displayed normal lens development until E14.5, at which point the lens degenerated due to 

severe apoptosis, suggesting a role for ATF4 in later stages of lens fiber cell differentiation 

(Tanaka et al., 1998). Recent studies have confirmed that UPR is activated during 

physiological lens development (Firtina and Duncan, 2011). Other abnormalities associated 

with ATF4-deficient mice include defects in post-natal hair growth, reduced body size, and 

impaired hematopoiesis resulting in severe anemia (Masuoka and Townes, 2002).

3.3.4 Immunoglobulin heavy-chain-binding protein—As an ER chaperone, BiP 

plays diverse physiological roles apart from its important role in the UPR. BiP expression in 

mouse embryonic development begins at the two-cell stage and its expression is barely 

detectable until the blastocyst stage when BiP protein levels increase significantly (Kim et 

al., 1990). BiP null mutations were lethal to embryos at the peri-implantation stage (E7.5) 

and exhibited decreased proliferation and increased apoptosis of the inner cell mass in 

comparison to wild-type embryos (Luo et al., 2006). This suggests an important role for BiP 

in early development that is potentially linked to the increased secretory protein load during 

this crucial period of proliferation.

Little research has been performed on the role of BiP in physiological development past the 

peri-implantation stage. Mimura et al. (2007) generated knock-in BiP mice with a mutant 

retrieval sequence that disrupted BiP return to the ER from the secretory pathway. Embryos 

containing this mutant BiP were unable to secrete pulmonary surfactants from alveolar cells 

and died shortly after birth from respiratory failure. Furthermore, these mice displayed 

significantly smaller brains, and defective neocortical stratification possibly resulting from 

decreased reelin secretion, a glycoprotein that regulates neuronal migration (Mimura et al., 

2008). A genetic screen for defects in thalamocortical development found that mutated BiP-

delayed axon extension, caused over fasciculation and impaired corticostriatal boundary 

crossing (Favero et al., 2013). These studies indicate an important role for BiP in neural 

development, yet more research is needed to fully understand its precise functions.

3.4 UPR in Developmental Toxicity

Considering the diverse role of the UPR in all stages of development, toxicants that interfere 

with the physiological UPR or agents that induce the UPR in developing embryos have the 

potential to generate developmental toxicity and birth defects. Induction of ER stress is not 

limited to exogenous toxicants; the UPR also plays a key role in chondrodysplasia caused by 

mutations in key extracellular matrix (ECM) components (Patterson and Dealy, 2014). 

Mutations in ECM components such as type II collagen, collagen X, and cartilage-matrix 

oligomeric protein, often result in impaired protein folding, processing, or export. As 

healthy chondrocytes typically secrete large volumes of these ECM proteins, the mutated 

unfolded proteins are retained in the ER and generate ER stress (Arnold and Fertala, 2013). 

Activation of the UPR typically results in reduced chondrocyte proliferation, increased 
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apoptosis, or altered differentiation, culminating in the observed short stature and 

deformities of the face and joints in many types of chondrodysplasia (Patterson and Dealy, 

2014). For instance, a key glycine to serine mutation in collagen 2A1 results in shortening of 

the femurs and humeri, suggesting disruptions in endochondral bone ossification (Liang et 

al., 2014). Researchers observed significant increases in the gene expression of UPR 

mediators, decreased proliferation and increased apoptosis resulting in elimination of the 

hypertrophic zone of developing endochondral bones (Liang et al., 2014).

Although there are few studies currently investigating the effects of exogenous toxicants on 

the UPR in chondrodysplasia, they may also have the potential to induce similar effects. 

ATF4 has been shown to play a role in physiological chondrocyte differentiation (Wang et 

al., 2012a); alteration of that pathway could result in toxicity to chondrocytes. For example, 

the UPR was induced in zebrafish displaying spinal curvature following treatment with 

silver nanoparticles (Christen et al., 2013). Furthermore, induction of ER stress following 

targeted mutation of collagen 10a1 in terminally differentiated hypertrophic chondrocytes 

causes reversion into predifferentiated cells, which have delayed ossification, generating a 

chondrodysplasia phenotype (Tsang et al., 2007).

4. APOPTOSIS

Programmed cell death, also known as apoptosis, is a tightly regulated process by which 

multicellular organisms dispose of unwanted cells. Apoptosis can occur naturally during 

embryogenesis or as a result of cell damage or stress. Apoptotic cells are characterized by 

overall cell shrinkage and membrane blebbing into small apoptotic bodies. This is 

accompanied by degradation of intracellular components, including condensation and 

fragmentation of DNA, fragmentation of organelles, and proteolysis of many proteins 

(Taylor et al., 2008).

The primary effectors of the apoptotic response are caspases, cysteine proteases that cleave 

their substrates following an aspartic acid residue (Kumar, 2007). All caspases are present in 

cells as inactive zymogens and exist as initiator or effector caspases. Initiator caspases 9, 2, 

8, and 10 are the first to become activated in the apoptotic pathway (Fuentes-Prior and 

Salvesen, 2004). The N-terminal sequences of initiator caspases contain caspase recruitment 

domains or death effector domains, which allow them to form oligomeric complexes with 

adaptor proteins Fas-associated death domain (FADD) or apoptotic protease activating 

factor 1 (Apaf-1) (Fuentes-Prior and Salvesen, 2004). It has been proposed that dimerization 

of initiator PC monomers allows for activation and cleavage into the caspase form 

(Boatright et al., 2003). The active form will then go on to process the effector caspases.

Effector caspases 3, 7, and 6 lack the recruitment domains of the initiators and are 

responsible for the proteolytic processing of proteins during the apoptotic response. There 

have been nearly 1000 natural substrates of effector caspases identifieded (Crawford and 

Wells, 2011). Proteolysis by effector caspases can lead to protein loss of function, such as 

with structural proteins and proteins involved in transcription and translation, gain of 

function, such as upstream apoptotic modulators, change of function, and change of 

localization (Crawford and Wells, 2011). Furthermore, many targets are thought to be 
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merely bystander proteins, whose cleavage has no immediate effect on the apoptotic 

response (Crawford and Wells, 2011). Caspase substrates have been found to be involved in 

cell adhesion, cell structure, nuclear structure, cell cycle, DNA synthesis, cleavage and 

repair, DNA transcription, RNA synthesis and splicing, protein translation, modification and 

degradation, lipid metabolism, and neurodegeneration (Fischer et al., 2003).

4.1 Extrinsic and Intrinsic Apoptosis

Apoptosis can be initiated by both intracellular and extracellular signals. The extrinsic 

pathway is initiated by natural killer cells, which release proapoptotic ligands that bind to 

death receptors on the surface of infected or damaged target cells (Ashkenazi, 2008). This 

event initiates a signal cascade that recruits PC 8, PC 10 (humans only), and FADD to form 

the death-inducing signaling complex (DISC) (Ashkenazi, 2008). The aggregation of several 

molecules of caspase 8 and 10 within DISC induces their autoprocessing. These initiator 

caspases are then able to cleave the effector caspases 3 and 7 and propagate the apoptotic 

response (Figure 5).

In contrast, the intrinsic pathway of apoptosis, also called the mitochondrial pathway, is 

initiated by cell stress or damage, such as oxidative stress or DNA damage (Figure 5). The 

antiapoptotic Bcl-2 (B-cell lymphoma 2) family of proteins tightly regulates this pathway. 

This family inhibits the proapoptotic family of proteins, BH3-only (Bcl-2 homology 3 

domain only). These proapoptotic molecules regulate another family of BH (Bcl-2 

homology) domain proteins, which include BCL2-associated X (BAX) and Bcl-2 

homologous antagonist/killer (BAK). As BH3-only protein signaling overcomes Bcl-2 

inhibition, BAX and BAK assemble into oligomers in the mitochondrial membrane, 

promoting the release of cytochrome C into the cytoplasm (Taylor et al., 2008). Cytochrome 

C release initiates assembly of the apoptosome, containing Apaf-1 and oligomers of PC 9, 

which then goes on to activate effector caspases and propagate the response.

4.2 Apoptosis in Physiological Development

Apoptosis regulates many developmental processes including morphogenesis, deletion of 

vestigial structures, cell number regulation, and elimination of dangerous cells as the broad 

functions of cell death in development (Fuchs and Stellar, 2011) (Figure 6). These categories 

characterize the variety of important roles that apoptosis can play in development. Apoptosis 

in limb development is mediated by BMP and signaling forms the joints and the separation 

of the digits (Mori et al., 1995; Zou and Niswander, 1996; Macias et al., 1997). Apoptosis 

also shapes structures by removing cells to form cavities and the four-chambered heart from 

the endocardial cushion (Abdelwahid et al., 2002). Furthermore, inendochondral bone 

formation, chondrocytes undergo apoptosis to stimulate calcification and blood vessel 

perfusion (Gibson, 1998).

Overproduction of cells during development is common and apoptosis is necessary to 

regulate appropriate cell number. During immune system development lymphocytes are 

subjected to multiple checkpoints. Random genetic recombination generates unique antigen 

receptors, which must be properly aligned and evaluated for autoreactivity (Rathmell and 

Thompson, 2002). If the junctions are not joined in frame or the receptor is autoreactive, the 
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developing T or B cell will undergo apoptosis (Rathmell and Thompson, 2002). Apoptosis 

also plays an important role in the development of the vertebrate nervous system. From 30% 

to 80% of neural and glial cells undergo apoptosis throughout the course of development 

(Buss et al., 2006). It has been suggested that cell death in the developing nervous system 

functions to ensure sufficient innervation, regulate cell number, and correct errors in cell 

location or axonal pathfinding (Buss et al., 2006).

On the cellular level, knockouts of apoptotic mediators and effectors can result in embryonic 

mortality or deformities, demonstrating the key role for apoptosis in development. For 

instance, knockout of caspase 3, caspase 9, and Apaf-1 results in mortality and forebrain 

malformations, suggesting an important caspase-dependent role for intrinsic apoptosis on 

brain development (Yoshida et al., 1998b; Kuida et al., 1996, 1998). In the extrinsic 

pathway, knockout of caspase 8 or the FAS adaptor protein, FADD, generates cardiac 

defects that result in embryonic lethality (Yeh et al., 1998; Varfolomeev et al., 1998).

4.3 Apoptosis in Developmental Toxicity

Although apoptosis is a key event in development, cell death can severely impact formation 

and growth during development by acting on either actively proliferating cells or by 

expanding the area of cells already programmed for apoptosis. In early development, 

different cell lineages may confer differing susceptibility to apoptosis, depending on their 

metabolic requirements and microenvironments (Pampfer, 2000). It is generally accepted 

that if cell damage is too severe and ATP stores entirely depleted, the cell will undergo 

necrosis. However, apoptosis under less severe exogenous stress in development is still 

common. Thus, although apoptosis resulting from a developmental toxicant may be the final 

outcome for a cell or tissue, apoptosis is not the initiating event of toxicity. One interesting 

example of this is the potent immunosuppressant and chemotherapeutic agent, 

cyclophosphamide.

Cyclophosphamide is a well-studied teratogen, causing growth deficiencies, craniofacial 

abnormalities, and limb malformations (Vaux et al., 2003). As a treatment for cancer, 

cytotoxicity is the goal of cyclophosphamide’s drug use; thus, it is no surprise that 

embryonic development is particularly susceptible to toxicity. CYP450s activate 

cyclophosphamide to a variety of toxic metabolites (Mirkes, 1985). These metabolites are 

well known to cause DNA strand breaks, cross-linking, and adducts (Ozolins, 2010). The 

DNA damage has been shown to induce extensive cell death to embryonic limbs (Moallem 

and Hales, 1998), tail (Torchinsky et al., 1995), neural tube (Xiao et al., 2007), facial 

structures, and somites (Chernoff et al., 1989). Illustrating the varying vulnerability of 

embryonic tissues to apoptosis, the embryonic heart appears resistant to cyclophosphamide 

apoptosis, while neural tissues are particularly sensitive (Mirkes and Little, 1998; Soleman 

et al., 2003). However, the mechanism behind this resistance remains unknown.

The volume of research focusing on the pathway of apoptosis from cyclophosphamide has 

demonstrated its complexity. Caspase 3A and poly (ADP-ribose) polymerase, a polymerase 

associated with DNA repair, were found to be activated in mouse embryos treated with 

cyclophosphamide (Mirkes and Little, 1998). A role for p53 has been associated with 

cyclophosphamide apoptosis, as embryonic mice expressing functional p53 have apoptosis 
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in their limbs, while those with a p53 knockout undergo extensive necrosis (Moallem and 

Hales, 1998). p53 protein also accumulates in the head and trunk of murine embryos 

exposed on E9, but not in the heart (Hosako et al., 2007). Cytochrome C release also 

occurred in these cells (Mirkes and Little, 2000), as did activation of caspase 9 (Soleman et 

al., 2003), indicating a role for intrinsic apoptosis. Others found an increase in BAX 

expression; however, this was not accompanied by a decrease in Bcl-2 (Mammon et al., 

2006). NF-κB and TNFα (tumor necrosis factor α) have also been implicated in 

cyclophosphamide teratogenicity. A decrease in NF-κB activity has been observed 

(Torchinsky et al., 2002; Molotski et al., 2008); however, others have reported an increase 

(Pekar et al., 2007), following embryonic cyclophosphamide treatment. TNFα may also play 

a protective role, as knockouts exhibited greater malformations than wild type (Torchinsky 

et al., 2003). Studies on cyclophosphamide as a model developmental toxicant have 

provided a wealth of knowledge concerning the mechanisms behind other teratogens and 

into the nature of development itself.

Environmental toxicants also pose a risk for developmental toxicity caused by apoptosis. 

TCDD (2,3,7,8-tetrachlorodibenzo-para-dioxin) is a member of the dioxin family and enters 

the environment following use in herbicide manufacturing and the combustion of organic 

materials. In mammals, TCDD causes fetal mortality, growth retardation, edema, lymphoid 

organ hypoplasia, and cleft palate at concentrations below the threshold for maternal toxicity 

(Birnbaum, 1995). In fish, it causes yolk sac edema, craniofacial abnormalities, hemorrhage, 

and mortality (King-Heiden et al., 2012). TCDD is an ideal ligand for the AhR, a 

transcription factor regulating xenobiotic metabolism, cell–cell interactions, cell cycle 

control, and the endocrine system (King-Heiden et al., 2012). It is believed that TCDD 

exerts its primary effects through the AhR, but oxidative stress has also been suggested as an 

additional mechanism of toxicity.

Several studies have implicated apoptosis in TCDD developmental toxicity. In Japanese 

medaka (Oryzias latipes), apoptosis was detected in the brain and heart of late-stage 

embryos treated with 4 pg of TCDD at fertilization (Cantrell et al., 1996). These effects 

were eliminated following treatment with a CYP450 inhibitor and decreased with 

antioxidants (Cantrell et al., 1996). Treatment of Fundulus heteroclitus embryos with TCDD 

generated apoptosis in the brain, eye, gill, kidney, tail, heat, intestine, and blood vessels 

(Toomey et al., 2001). Apoptosis was detected in the dorsal midbrain of zebrafish embryos 

following treatment with0.3 ppb TCDD, and was inhibited by coexposure with antioxidants 

and CYP450 inhibitors (Dong et al., 2002).

Exact mechanisms of TCDD-induced apoptosis are unclear. Several studies suggest a role 

for the extrinsic pathway in TCDD-induced immunotoxicity. Apoptosis in thymocytes of 

TCDD-treated mice was inhibited in Fas and Fas-L knockouts (Rhile et al., 1996; Kamath et 

al., 1999). Furthermore, increased levels of Fas, TRAIL (TNF-related apoptosis-inducing 

ligand), and DR5 (death receptor 5) mRNA were observed in postnatal mice treated with 

TCDD during gestation, while no changes in BAX or Bcl-2 expression was observed 

(Camacho et al., 2004). Prenatal exposure to TCDD also caused a significant decrease in 

microRNAs with sequences specific for Fas, Fas-L, and CYP1A1 and AhR in thymocytes 

(Singh et al., 2012).
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5. INTEGRATION OF OXIDATIVE STRESS, UPR, AND APOPTOSIS

5.1 Positive Feedback in Oxidative Stress/UPR Signaling

As ER fidelity and redox homeostasis are essential for nearly all cellular processes, it stands 

to reason that a complex interplay between the UPR and oxidative stress would exist (Figure 

7). Oxidative stress can interfere with protein folding via disruption of disulfide bonds or 

through inhibition of Ca2+ATPase, resulting in inactivation of enzymes or important 

signaling molecules. If oxidative stress in the vicinity of the ER leads to the accumulation of 

these misfolded proteins, the UPR can be activated to combat the response. Furthermore, the 

UPR itself has been implicated in the generation of ROS (Harding et al., 2003), resulting in 

a positive feedback loop between the UPR and oxidative stress. In contrast to the reducing 

environment of the cytosol, the ER lumen is oxidizing, which promotes formation of 

disulfide bonds (Van der Vlies et al., 2003). Protein disulfide isomerase (PDI) is a member 

of the Prx superfamily and catalyzes disulfide bond formation, isomerization, and reduction 

of proteins within the ER (Ferrari and Soling, 1999). Following oxidation of protein thiols, 

the reduced form of PDI is oxidized by ER oxidoreductins (ERO), ERO1α, and ERO1β 

(Pagani et al., 2000). ERO1 uses a flavin-dependent mechanism to transfer electrons to 

molecular oxygen, which may generate ROS (as superoxide and H2O2) as a result of 

electron uncoupling (Tu and Weissman, 2004).

In addition to this causative association between oxidative damage and the UPR, other more 

complex interactions between redox and the UPR function in networks of gene expression 

and signal transduction throughout embryonic development. Many UPR transcription factors 

have gene targets that are involved in the response to oxidative stress or are redox regulated. 

The association between oxidative stress and the UPR has recently been established in 

several human diseases (Van der Vlies et al., 2003; Cao and Kaufman, 2014). However, 

their relationship with physiological embryonic development and developmental toxicity has 

yet to be thoroughly explored.

One connection between the UPR and oxidative stress lies within the PERK pathway. 

Although eIF2α is the primary target of PERK, PERK has the capacity to phosphorylate 

other substrates, one of which is Nrf2 (Cullinan et al., 2003). PERK phosphorylation 

promotes release of Nrf2 from Keap1 and its translocation into the nucleus, independently of 

eIF2α (Cullinan et al., 2003). Furthermore, ER-stressed cell survival was reduced in Nrf2 

knockouts (Cullinan et al., 2003). Nrf2−/− mice challenged with ER stress by Tm had 

changes in expression of genes involved in apoptosis, cell cycle, glucose biosynthesis, 

calcium homeostasis, ER/golgi transport and biosynthesis, and drug metabolism and 

transport (Nair et al., 2007). Another component of the PERK pathway, ATF4 is an Nrf2 

interacting protein, specifically in the regulation of heme oxygenase-1. This is consistent 

with data indicating that fibroblasts increase ATF4 DNA-binding in response to anoxia 

(Estes et al., 1995) and the fact that ATF4−/− cells are more susceptible to oxidative stress 

(Harding et al., 2003).

Another important redox-regulated transcription factor, NF-κB is also regulated by 

mediators of the UPR (Pahl and Baeuerle, 1995). However, this signal transduction pathway 

is thought to be separate from the UPR and has been designated the ER overload response 
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(Jiang et al., 2003). In PERK signaling, phosphorylation of eIF2α is required for activation 

of NF-κB under ER stress and stress caused by amino acid starvation (Jiang et al., 2003) 

possibly via translational inhibition of NF-κB inhibitor, IκBα (Deng et al., 2004). The IRE1 

and ATF6 branches of the response are also thought to be involved in NF-κB signaling (Hu 

et al., 2006; Yamazaki et al., 2009).

5.2 Oxidative Stress-Induced Apoptosis

The delicate balance between endogenous ROS and ROS defense systems can be tipped by 

exogenous toxicants to generate the cellular damage discussed above. Oxidative damage can 

initiate apoptosis through a complex web of pathways and mechanisms. Here we will give a 

brief overview of apoptosis resulting from ROS-induced mitochondrial damage, disruptions 

in calcium homeostasis, and DNA damage (Figure 8).

Mitochondrial damage can result in mitochondrial permeability transition (MPT; pores 

through the inner and outer mitochondrial membrane), which causes release of cytochrome 

C and activation of the intrinsic pathway. MPT is induced by ROS (Kim et al., 2003) and 

oxidation of mitochondrial proteins exposes hydrophilic moieties, which leads to protein 

aggregation and pore formation in the membrane (Kowaltowski et al., 2001). MPT can also 

be induced by NADPH oxidation, which can occur as ROS deplete NADPH through the 

GSH pathway (Kowaltowski et al., 2001). Furthermore, lipid peroxidation can destroy the 

mitochondrial membrane, causing a release of intracellular Ca2+ loss of membrane potential 

and attenuation of ATP production (Kowaltowski and Vercesi, 1999), leading to MPT.

ROS can also induce apoptosis via disruption of calcium homeostasis. Calcium is 

sequestered in the extracellular space, ER, and mitochondria in order to keep cytoplasmic 

Ca2+ levels low and maintain membrane potential. Peroxynitrite and H2O2 can inactivate 

Ca2+ ATPase causing accumulation of cytoplasmic Ca2+ (Viner et al., 1996; Zaidi et al., 

2003). Furthermore, ROS can induce ATP depletion by consumption of NADPH and 

inactivation of the electron transport chain depriving Ca2+ ATPase of substrate, leading to 

inactivation. Elevation of intracellular Ca2+ can harm the cell in several ways. Ca2+ uptake 

by the mitochondria can cause ATP depletion via disruption of membrane potential 

eventually leading to MPT (Kim et al., 2003). Elevated Ca2+ can also induce proteolytic 

cleavage of hydrolases that activate XO, leading to increased ROS, providing a positive 

feedback loop between hypercalcemia and ROS production (Harrison, 2002).

Alternatively, ROS can cause oxidative damage to DNA. When this damage is irreparable, 

the apoptotic response is mediated by the transcription factor p53. p53 phosphorylation by 

homeodomain interacting protein kinase 2 results in its activation and transcription of its 

proapoptotic target genes, BAX, Apaf-1, PUMA (p53-upregulated modulator of apoptosis), 

and p53AIP1 (p53-regulated apoptosis-inducing protein 1) (Surova and Zhivotovsky, 2013). 

In addition to these intrinsic proteins, p53 can also transcribe various factors of the extrinsic 

pathway, including TRAIL and DR5. p53 can further function outside its role as a nuclear 

transcription factor and has been shown to cause caspase activation, Bcl-2 inhibition, and 

MPT in the cytoplasm (Surova and Zhivotovsky, 2013).
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5.3 ER Stress-Induced Apoptosis

Apoptosis induced by the UPR has been shown to proceed via both the intrinsic pathway 

and extrinsic pathway (Timmins et al., 2009; Hu et al., 2006). Exact mechanisms resulting in 

apoptosis from the UPR are unknown; however, several UPR mediators have shown to 

regulate cell death (Figure 9). IRE1α has both endoribonuclease and kinase functions, and 

several mechanisms have been proposed for IRE1α modulation of apoptosis. One study 

found that RIDD was a significant contributor to apoptosis (Han et al., 2009). Furthermore, 

IRE1α was found to cleave select microRNAs that repress translation of proapoptotic 

caspase 2, an initiator caspase (Upton et al., 2012). IRE1α cleavage of five microRNAs 

resulted in significant increases in caspase 2 protein levels to regulate apoptosis (Upton et 

al., 2012).

Conversely, several important apoptosis-related proteins have been shown to be IRE1α 

interactors (Chen and Brandizzi, 2013), indicating an integral and complex role for IRE1 in 

UPR-mediated cell death. Specifically, IREα was shown to be able to bind proapoptotic 

factors, BAX, and BAK (Hetz et al., 2006). Mice lacking BAX-BAK that are challenged 

with Tm have fewer apoptotic cells and display normal PERK and BiP signaling, but have 

defects in the IRE1 pathway, indicating an important role for IRE1 and BAX-BAK in UPR-

induced cell death (Hetz et al., 2006). IRE1α was also shown to interact with BAX-BAK 

and binding increased under ER stress and may modulate IRE1α activation through their 

proapoptotic BH3 and BH1 domains (Hetz et al., 2006). Furthermore, expression of several 

BH3-only proteins has been shown to increase under ER stress (Sovolyova et al., 2014).

Another potential mechanism of IRE1α-mediated apoptosis occurs through the c-Jun N-

terminal kinase (JNK) pathway, a well-known initiator of apoptosis. ER stress has been 

shown to induce JNK in an IRE1-dependent manner through IRE1 interaction with TRAF2 

(tumor necrosis factor receptor (TNFR)-associated factor 2), which is mediated through its 

kinase domain (Urano et al., 2000). Another study demonstrated that apoptosis signal-

regulating kinase 1 (ASK1) is also another essential component of this complex for the 

induction of apoptosis; primary neurons lacking ASK1 were resistant to ER stress and 

apoptosis (Nishitoh et al., 2002).

The PERK pathway has been shown to be involved in apoptosis, through the ATF4 target 

gene, CHOP (C/EBP homologous protein), a leucine zipper transcription factor activated 

during cellular stress. As with IRE1, multiple associations between CHOP and ER stress-

induced apoptosis have been drawn. In vivo, CHOP-deficient mice had decreased 

cardiomyocyte apoptosis following transverse aortic constriction in comparison to controls 

(Fu et al., 2010). Much of the CHOP regulation of apoptosis has been associated with 

oxidative stress. Elevated CHOP expression has been linked to decreases in Bcl-2 

downregulation, which is accompanied by a depletion of GSH and increased ROS 

production in mouse embryonic fibroblasts (McCullough et al., 2001).

Furthermore, ERO1α is a transcriptional target of CHOP (Marciniak et al., 2004). ERO1α 

has been implicated in Ca2+ regulation (Anelli et al., 2012) and has been shown to be 

involved in the release of ER Ca2+ stores during ER stress. Increases in cytoplasmic calcium 

have been linked to Fas death receptor induction and the extrinsic pathway of apoptosis 
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through calcium/calmodulin-dependent protein kinase IIγ (CaMKIIγ) (Timmins et al., 

2009). CaMKIIγ was also linked to intrinsic apoptosis through accumulation of 

mitochondrial Ca2+ leading to cytochrome c release during ER stress (Timmins et al., 2009). 

This was further connected to an increase in ROS via activation of NOX, which was able to 

induce CHOP through a positive feedback loop (Li et al., 2010). Thus, CHOP-induced 

oxidative stress and Ca2+ signaling may play a role in ER stress-induced apoptosis. Recent 

work has suggested an integral role for caspase 8 and DR5 in ER stress-induced apoptosis 

(Lu et al., 2014). ER stress was shown to upregulate DR5 transcripts via CHOP and 

depletion of caspase 8 and DR5 inhibited ER stress-induced apoptosis (Lu et al., 2014). The 

role of DR5 was shown to be independent of ligand binding (Lu et al., 2014).

6. INTERSECTION OF UPR, APOPTOSIS, AND OXIDATIVE STRESS IN 

DEVELOPMENTAL TOXICITY

After considering the importance of each pathway throughout development, the overlapping 

role of redox, the UPR, and apoptosis in cell signaling and developmental processes 

indicates the potential for interplay in developmental toxicity. While the majority of studies 

concerning the role of the UPR, redox, and apoptosis in physiological development focus on 

the use of knockouts, toxicants that disturb development may function via either inhibition 

or activation of these processes. For instance, toxicants that induce oxidative stress via redox 

cycling in the vicinity of the ER may lead to the induction of the UPR, interfering with 

normal signaling, and causing apoptosis. As secretory protein load increases throughout 

embryonic development, the induction of oxidative stress may impair folding of these 

proteins, which the UPR is unable to correct, potentially leading to apoptosis. The ability of 

oxidative stress and the UPR to induce each other and apoptosis in concert or individually, 

suggests a wide range of possible developmental toxicities from exogenous toxicants. There 

are few studies concerning the combined role of oxidative stress, the UPR, and apoptosis in 

developmental toxicity. However, more recent work can draw parallels between these 

processes in birth defects that are not well understood. Here, we will discuss the potential 

interplay of the UPR, oxidative stress, and apoptosis in pathologies induced by a physical 

stressor, hypoxia; a nonchemical stressor, diabetic embryopathy; and a chemical stressor, 

fetal alcohol syndrome.

6.1 Hypoxia-Induced Developmental Toxicity

While mammalian embryos experience hypoxia during the early postimplantation stages of 

development, allowing for a reduction in ROS generated from oxidative phosphorylation, 

hypoxia at later stages and excess hypoxia at earlier stages can lead to developmental 

toxicity and birth defects. Fetal hypoxia can be induced by a number of factors, including 

severe maternal anemia, gestation at high altitudes, vasodilator inhibitors, drug-induced 

uterine vessel constriction, and drugs causing embryonic heart brachycardia (Webster and 

Abela, 2007). Drugs that induce uterine vessel constriction include cocaine and nicotine, 

while those causing embryonic brachycardia are drugs used as therapy for cardiac 

arrhythmia, such as almokalant and dofetilide (Webster and Abela, 2007). Hypoxia can 

generate a range of congenital malformations, the most common of which are growth 
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retardation, limb defects, neurological disorders, hypoplasia of genitalia or face, cardiac 

defects, and eye defects (Webster and Abela, 2007).

The cellular response to hypoxia is regulated by HIF transcription factors, and HIF-1 in 

particular is crucial for oxygen homeostasis. HIF-1 protein levels are maintained low during 

normoxic conditions following degradation of the HIF-1α subunit (Wang et al., 1995) by 

PHD. Under hypoxic conditions, degradation of HIF-1α is attenuated and HIF-1 binds to the 

hypoxia response element (HRE) in its target genes (Wang et al., 1995). HIF-1 targets 

include genes involved in apoptosis, angiogenesis (e.g., VEGF), cellular metabolism, and 

differentiation (Liu et al., 2012).

6.1.1 Oxidative stress generated by hypoxia—Oxidative stress is a known 

contributor of developmental toxicity from hypoxia during pregnancy and malondialdehyde, 

a product of lipid peroxidation, is often used as a biomarker of hypoxia in newborns (Plank 

et al., 2008). Furthermore, it was found that GPx1 overexpression was protective against 

hypoxia in neonatal mouse brains, although SOD overexpression was not (Sheldon et al., 

2008). Three sources of hypoxia-induced oxidative stress have been identified (Figure 10). 

First, ROS are generated by the mitochondria during the first few minutes of hypoxia in 

astrocytes and neural cells, whereas later in hypoxia and during reoxygenation, XO 

generates large numbers of ROS, and finally, NOX produces further oxidative stress during 

reoxygenation (Abramov et al., 2007).

As mentioned above, the mitochondria are the primary producers of physiological ROS and 

research has shown that it contributes significantly to oxidative stress following hypoxia. In 

cardiomyocytes, the mitochondria are responsible for ROS generation at complexes I and III 

during ischemia, while ROS were not generated by XO, NOS, and NOX (Becker et al., 

1999). Work on neonatal mice found that the C1q component of the complement pathway 

was responsible for ROS produced by the mitochondria following hypoxic-ischemia in the 

brain (Ten et al., 2010).

The contribution of the mitochondria to oxidative stress generated by hypoxia is under 

debate, as studies have found inhibition of mitochondrial complexes has no effect on overall 

tissue injury (Abramov et al., 2007). It has been traditionally recognized that the primary 

mechanism of ROS induction in hypoxia occurs during reoxygenation rather than under 

hypoxic conditions. As oxygen levels decrease, the cell switches from oxidative 

phosphorylation to glycolysis. During hypoxia, ATP is degraded to hypoxanthine, which is 

then oxidized by XO during reoxygenation (Collard and Gelman, 2001; Engerson et al., 

1987). Studies in neonatal rats found that treatment with allopurinol, an XO inhibitor, 

significantly decreased pulmonary hypertension in a similar manner as ROS scavengers 

(Jankov et al., 2008). Similar results were demonstrated in newborn piglets subjected to 

hypoxia-ischemia (Peeters-Scholte et al., 2003). Piglets treated with allopurinol had 

significantly less cerebral edema; however, no significant difference in apoptosis was 

observed (Peeters-Scholte et al., 2003).

A third contributor to oxidative damage from hypoxia-ischemia is NOX. Although NOX 

was once thought to localize exclusively in phagocytes, it has since been discovered in 
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tissues throughout the body. NOX4 is an HIF-1 target gene and NOX4 levels increase 

significantly along with ROS in pulmonary artery smooth muscle cells (Diebold et al., 

2010). Additionally, studies in neonatal rats found that inhibition of NOX significantly 

decreased ROS and brain injury and that NOX inhibition in hippocampal slices decreased 

ROS and apoptosis (Lu et al., 2012).

6.1.2 Hypoxia and UPR—UPR induction by hypoxia has been long recognized and is 

recently under further investigation for its role in fetal hypoxia. Hypoxia in human fibro-

blasts resulted in phosphorylation of eIF2α and protein translational attenuation (Koumenis 

et al., 2002) and BiP expression increased in the neurons of ischemic rat brains (Ito et al., 

2001). In astrocytes, sustained increases in CHOP expression were found to be necessary for 

astrocyte cell death following oxygen glucose deprivation. In vivo, CHOP knockout rats had 

decreased renal apoptosis and ROS following hypoxia-reperfusion (Chen et al., 2014b). 

Specific to neonatal hypoxia, Carloni et al. (2014) observed an increase in BiP, CHOP, 

spliced XBP-1, and phosphorylated eIF2α in neonatal rat brains following hypoxia. One 

study found that nonnative women living at high altitudes (3100 m) had increased placental 

phosphorylated eIF2α (Yung et al., 2012).

It is believed that ER stress in hypoxia results from the inability of PDI and ERO1 to 

generate disulfide bonds (Figure 10). Because ERO1 uses oxygen as its cofactor, it is unable 

to form disulfide bonds during hypoxia (Tu and Weissman, 2002). Another hypothesis is 

that hypoxia causes a release of Ca2+ stores from the ER and mitochondria, generating ER 

stress. Astrocytes demonstrated a release of ER Ca2+ accompanied by mitochondrial release 

of cytochrome C and increased phosphorylation of eIF2α during reoxygenation following 

oxygen/glucose depravation (Liu et al., 2010). Release of ER Ca2+ was abolished when 

treated with a Na+-K+-Cl− inhibitor or a Na+/Ca2+ inhibitor, suggesting a role for these 

transporters in these effects (Liu et al., 2010). Another study found that this release in ER 

Ca2+ was linked to the G protein-coupled receptor, the calcium sensing receptor, which 

induced the UPR and apoptosis in cardiomyocytes (Lu et al., 2010).

Furthermore, connections between the UPR and HIF-1 have recently been established. The 

UPR has been found to potentiate HIF-1 under hypoxia, which led to an increase in VEGF-

A, an important factor in angiogenesis (Pereira et al., 2014). Another study found XBP-1 to 

interact physically with HIF-1α in the nucleus of hypoxic 293T cells and co-occupy 

common targets (Chen et al., 2014a).

6.1.3 Apoptosis from hypoxia—Apoptosis and necrosis have both been cited as 

mechanisms of cell death causing tissue damage following hypoxia in neonates (Northington 

et al., 2001). However, the mechanism behind hypoxia-induced apoptosis is complex, with 

involvement from both the intrinsic and extrinsic pathways depending on cell type and 

duration of stress. Weinmann et al. (2004) demonstrated that the extrinsic pathway was 

expendable to hypoxia-induced apoptosis in Jurkat cells, while the intrinsic pathway was 

essential. In a chick embryo model, hypoxia resulted in apoptosis of optic tectum cells, 

which was characterized by cytochrome C release and caspase 9 cleavage, but not caspase 8 

activation (Pozo Devoto et al., 2013), also indicating involvement of the intrinsic pathway. 

Furthermore, inhibition of caspase 9 in neonatal rat cortical neurons decreased apoptosis and 
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BiP levels, providing a connection between intrinsic apoptosis and the UPR (Zhang et al., 

2013). Although cleavage of both caspase 8 and caspase 3 were observed in renal tissues of 

rats following hypoxia reoxygenation, no increase in BAX or Bcl-2 was observed (Chen et 

al., 2014b). Hypoxia-ischemia-treated neonatal mice had increased TRAIL and DR5 levels 

in the brain after 8 and 24 h (Kichev et al., 2014). Additionally, the Fas death receptor was 

upregulated in the brains of neonatal rats following hypoxia, and apoptosis was blocked by 

caspase 8 inhibition (Felderhoff-Mueser et al., 2000). Still, upregulation of Fas in the brains 

of neonatal mice following hypoxia was associated with both intrinsic and extrinsic 

apoptosis, suggesting that the interplay between the two in neonatal hypoxia is complex 

(Graham et al., 2004).

The function of HIF in hypoxia-induced apoptosis is unclear, as studies reporting both a role 

in inhibition and induction of apoptosis have been published. The proapoptotic protein 

BNIP3 (Bcl-2/adenovirus EIB 19kD-interacting protein 3) and its homolog Nip-3-like 

protein 3 have both been found to be targets of HIF-1 (Sowter et al., 2001). Furthermore, 

HREs have been found in the promoters of caspase 3 and caspase 9 (Liu et al., 2002; 

Nishiyama et al., 2001). Studies on neonatal rat cardiomyocytes found that inhibition of 

HIF-1α resulted in decreased apoptosis, accompanied by decreased caspase 3 and BNIP3 

(Wang et al., 2012b). However, others have found that overexpression of HIF-1α in cardiac 

fibroblasts resulted in decreased apoptosis (Yang et al., 2014). Thus, the mechanism of 

apoptosis following hypoxia is varied and may incorporate both the intrinsic and extrinsic 

forms of apoptosis depending on the duration, location, and intensity of the hypoxia.

6.2 Metabolic Disorders and Diabetic Embryopathy

Considering the important role for the UPR in pancreatic β-cell development as well as in 

processing of key metabolic proteins, it is clear that alterations in these processes during 

development could result in metabolic disorders and developmental toxicity. Diabetic 

embryopathy is a condition whereby offspring of diabetic mothers are born with congenital 

abnormalities of the brain, spinal cord, heart, kidneys, gut, and skeleton (Loeken, 2008). The 

diverse array of malformations associated with maternal diabetes makes isolating a single 

teratogenic mechanism difficult. However, oxidative stress, ER stress, and apoptosis have all 

been implicated separately and in conjunction in the condition.

6.2.1 Oxidative stress-induced diabetic embryopathy—In the 1990s, studies began 

investigating the role of ROS in diabetic embryopathy. It was found that malformations in 

embryos cultured in a high-glucose environment could be prevented with the addition of free 

radical scavenging enzymes, SOD, CAT, and GPx (Eriksson and Borg, 1991). Further 

studies found increased ROS and significantly decreased GSH in embryos cultured from 

diabetic rats (Menegola et al., 1996; Sakamaki et al., 1999), and induced lipid peroxidation 

(Wenztel et al., 1999). The observed increase in oxidative stress was generated by several 

factors (Figure 11). Early research demonstrated that developmental defects were not due 

directly to maternal insulin, but were due instead to maternal hyperglycemia (Widness et al., 

1983; Miller et al., 1981). In one study, hyperglycemia generated increased glucose flux was 

linked to an increase in glucosamine-6-phosphate, an inhibitor of glucose-6-phosphate 

dehydrogenase, which is responsible for the regeneration of NADPH (Horal et al., 2004). As 
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a reducing equivalent for GSH, decreases in NADPH lead to depleted levels of reduced 

GSH.

Hypoxia may also play a role in hyperglycemic ROS production. Increased glucose levels 

during early development, during which the environment is naturally hypoxic, could result 

in increased glycolysis, depleting the already low oxygen levels (Li et al., 2005). This 

hypoxia, followed by reoxygenation during vascularization could result in increased ROS. 

Others have suggested that hyperglycemia leads to increased activity of ROS generating 

enzymes such as NOX and NOS. Hyperglycemia has been shown to induce protein kinase C 

(PKC) signaling through increased production of diacylglycerol in mice models of diabetic 

embryopathy (Hiramatsu et al., 2002). Studies in mesanglial cells have demonstrated the 

ability of PKC signaling to induce NOX expression when cultured in high glucose, which 

significantly contributed to ROS production (Hua et al., 2003). Expression of iNOS has also 

been shown to increase in the murine yolk sac vasculature following exposure to high 

glucose (Nath et al., 2004) with associated increases in RNS (Yang et al., 2010) and was 

ameliorated by exogenous SOD1 (Weng et al., 2012). Increased iNOS activity in mouse 

embryos has been shown to be modulated by the proapoptotic JNK pathway (Yang et al., 

2010).

6.2.2 Apoptosis and diabetic embyropathy—Oxidative stress generated by maternal 

diabetes has been linked to apoptosis in several different embryopathies, including neural 

tube, cardiac, and kidney defects (Phelan et al., 1997; Reinking et al., 2009). Characteristic 

neural tube defects have been linked to ROS-mediated inhibition of Pax3 (paired box 3), a 

transcription factor necessary for neural tube closure, leading to apoptosis (Phelan et al., 

1997; Chang et al., 2003). Apoptosis resulting from Pax3 inhibition is rescued in p53 loss of 

function mouse embryos (Pani et al., 2002).

Recent research has further elucidated the apoptotic pathway in diabetes-induced neural tube 

defects. Preliminary studies have shown the importance of caspase 8 in hyperglycemia-

induced apoptosis, as caspase 8 knockouts have significantly decreased apoptosis and 

deformities (Zhao et al., 2009). Others have demonstrated that the MAP3K (Mitogen-

activated protein kinase kinase kinase) ASK1 induction of FoxO3a (Forkhead box O3a), and 

further induction of caspase 8 was responsible for observed neural tube defects (Yang et al., 

2013). Furthermore, this entire pathway could be blocked by the addition of Trx, 

emphasizing the importance of oxidative stress in hyperglycemic apoptosis (Yang et al., 

2013).

Associations between oxidative stress and apoptosis have also been formed through the JNK 

pathway. JNK signaling has been shown to increase in diabetic embryopathy and knock out 

of JNK activity prevented malformations caused by maternal diabetes (Yang et al., 2007) 

and yolk sac vasculopathy (Yang et al., 2008). Furthermore, overexpression of SOD1 

abrogates hyperglycemic induction of JNK, suggesting that this proapoptotic JNK activity is 

modulated by increases in ROS (Li et al., 2012).

6.2.3 UPR and diabetic embryopathy—ER stress generated by hyperglycemia has 

been implicated in diabetes (Thomas et al., 2010), as illustrated by the importance of PERK 
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to β-cell development. Recent research has begun to connect ER stress and the UPR to 

malformations from maternal diabetes. ER stress was first examined during cardiogenesis in 

embryos from hyperglycemic female mice (Zhao, 2012). Researchers found increased 

phosphorylated eIF2α and calnexin in the endocardial cushions and myocardium of embryos 

from diabetic mothers (Zhao, 2012). Further work on neural tube defects found increased 

levels of these factors along with phosphorylated PERK in the neural tubes of mice with 

neural tube defects (Zhao et al., 2012). Treatment of mice with the NOS-2 inhibitor, L-N6-

(1-iminoethyl)lysine, eliminated these effects and significantly decreased cleaved caspase 8 

(Zhao et al., 2012).

The details of the UPR in diabetic embryopathy have only recently begun to be investigated. 

A key paper by Li et al. (2013) found increases in ER chaperone gene expression, including 

BiP; increased CHOP; phosphorylated PERK and spliced XBP-1, indicating a role for each 

of the branches of the UPR. The researchers connected these events to the activation of 

JNK1 and 2, as JNK knockouts significantly decreased UPR activation. Furthermore, 

treatment of embryos cultured in high glucose with 4-phenylbutyric acid, an ER stress 

inhibitor, significantly decreased the observed JNK activation and neural tube defects. 

Finally, treatment with 4-PBA also significantly decreased caspase 3 and 8 activation. In 

complement to this study, SOD1 overexpression was also found to abolish UPR activation 

(Wang et al., 2013). This work illustrates the complex, intertwined nature of oxidative 

stress, the UPR, and apoptosis in diabetic embryopathy.

6.3 Fetal Alcohol Spectrum Disorders and Developmental Neurotoxicity

Alcohol consumption during pregnancy can cause a variety of pathological conditions 

ranging from birth defects to neurological disorders. FASD is a complex set of disorders 

with many potential contributors to observed toxicity, including disruptions in cellular 

energetics, cell–cell interactions, cell cycle, and cell signaling pathways (Goodlett et al., 

2005).

6.3.1 Oxidative stress in FASD—Oxidative stress generated in ethanol metabolism is 

one hypothesized mechanism of FASD (Figure 12). Fetal alcohol exposure has been shown 

to lead to an increase in lipid peroxidation in the brain and liver (Chen et al., 1997). There 

have been several studies documenting the use of antioxidants or ROS-clearing enzymes to 

decrease the rates of alcohol-induced malformations (Chen et al., 2004; Shirpoor et al., 

2009; Patten et al., 2013; Parnell et al., 2010). However, others have noted that the 

corresponding decrease in oxidative stress and apoptosis may not be sufficient to correct 

some neurological disorders caused by prenatal alcohol exposure (Marino et al., 2004).

Several potential mechanisms of alcohol-induced oxidative stress have been postulated. 

Ethanol is oxidatively metabolized first into acetaldehyde then to acetate by alcohol 

dehydrogenase and acetaldehyde dehydrogenase, respectively. However, fetal brain and 

liver CYP2E1 are also able to catalyze the conversion of ethanol to acetaldehyde, leading to 

an increase in ROS through enzyme uncoupling (Koop, 1992). Furthermore, CYP2E1 levels 

have been found to increase in the livers of alcoholics and ethanol-fed rats (Buhler et al., 

1991) and CYP2E1 activity increased following chronic ethanol exposure in fetal guinea 
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pigs (Hewitt et al., 2010). Acetaldehyde has been implicated in additional generation of 

ROS through transcriptional activation of NOX and NOS (Haorah et al., 2008). Alcohol-

induced NOX transcriptional regulation has also been shown mouse embryos and treatment 

with a NOX inhibitor resulted in decreased oxidative stress and apoptosis (Dong et al., 

2010). In these ethanol-treated mice, increased NO production was also observed (Dong et 

al., 2010).

6.3.2 Alcohol-induced ER stress—In addition to oxidative stress, a role for ER stress 

in FASD is also under investigation. To date, only one study directly examining alcohol-

induced ER stress during development has been published (Ke et al., 2011). In this study, 7-

day-old mice (equivalent to the human third trimester) were injected with 5 g/kg ethanol, 

which resulted in an increase in active caspase 3, BiP, CHOP and phosphorylated eIF2α, 

phosphorylated IRE1α, phosphorylated PERK, ATF6, and caspase 12 protein levels in 

mouse cerebral cortexes (Ke et al., 2011). However, CHOP knockout did not decrease 

neuronal apoptosis in these mice as in hepatocytes, suggesting that the UPR is not the only 

mechanism of neuronal apoptosis in FASD (Ke et al., 2011; Ji et al., 2005).

Additional research on the UPR and ER stress in alcohol-induced organ injury is available. 

In yeast, the original model for the UPR, ethanol exposure results in accumulation of 

unfolded proteins and subsequent activation of UPR (Miyagawa et al., 2014). In alcoholic 

liver disease, increased BiP, CHOP, and caspase 12 mRNA expression has been observed in 

the livers of alcohol-fed mice, and CHOP knockout mice had significantly less alcohol-

induced apoptosis than controls (Ji and Kaplowitz, 2003; Ji et al., 2005). In zebrafish 

models, ethanol treatment-induced steatosis, which was preceded by increased BiP, XBP-1 

splicing, and phosphorylated eIF2α (Tsendensodnom et al., 2013). Furthermore, ethanol 

reduced liver secretory capacity. These changes were accompanied by an increase in ROS, 

and were abrogated after cotreatment with antioxidants. A zebrafish model of fatty liver 

disease found ATF6 to be necessary and sufficient for ethanol-induced steatosis and ATF6 

overexpression altered lipogenesis and lipid export (Howarth et al., 2014). The UPR has also 

been implicated in other organ systems following alcohol exposure, including the brain 

(Dlugos, 2014) and pancreas (Pandol et al., 2010).

Several mechanisms for UPR induction in alcoholic organ damage have been postulated 

(Figure 12) (Ji, 2012). These include oxidative stress-induced disruptions in calcium 

homeostasis, formation of acetaldehyde adducts that inhibit protein folding, homocysteine 

toxicity, and epigenetic regulation of UPR components (Ji, 2012).

The contribution of the UPR to alcohol-induced pathologies indicates the potential for a 

greater role for the UPR in FASD than previously recognized. This is supported by growing 

consideration for the UPR in various neurodegenerative diseases, including ALS, 

Parkinson’s, and Alzheimer’s disease (Hetz and Mollereau, 2014). Furthermore, the 

potential for the UPR and oxidative stress to cause malformations in cartilage or skeletal 

structures may be responsible for the malformations in addition to the neurological disorders 

associated with FASD. Additional research into the combined role of oxidative stress and 

the UPR in FASD is merited.

Kupsco and Schlenk Page 28

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. CONCLUSIONS

The complex spatiotemporal orchestration of development requires great precision, leaving 

the developing fetus vulnerable to slight perturbations that can result in teratogenesis or 

lethality. To date, the mechanism of action of many teratogens and developmental toxicants 

remain unknown. Understanding these mechanisms impacts both development of safer 

pharmaceuticals and of therapeutics to combat teratogens, such as those designed to prevent 

developmental toxicity resulting from hypoxia. While the mode of action of developmental 

toxicants was once thought to require specificity, it is becoming increasingly clear that many 

toxicants may impact several key cellular processes, leading to varied outcomes depending 

on dose, duration, and developmental stage.

Processes such as the UPR and redox-regulated signaling play complex and diverse roles in 

physiological development. Xenobiotic-induced perturbations in these events can generate 

oxidative stress or ER stress, which can lead to damage and apoptosis through a variety of 

mechanisms. As demonstrated, these events can exert their effects both independently and in 

concert, resulting in the potentiation of cellular damage (Figure 13). Although oxidative 

stress and apoptosis have long been regarded as mechanisms of developmental toxicity, the 

role of the UPR is only just coming under scrutiny. Much of our current understanding of 

the UPR in developmental toxicity comes from its newly recognized role in disease. As 

research elucidating its role in developmental toxicity becomes available, the UPR, like 

oxidative stress, will become a target for new therapeutics.
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Abbreviations

AIF Apoptosis-inducing factor

Apaf-1 Apoptotic protease activating factor 1

ARE Antioxidant response element

ARNT Arylhydrocarbon nuclear translocator

ASK1 Apoptosis signal-regulating kinase 1

ATF4 Activating transcription factor 4

ATF6 Activating transcription factor 6

Bcl-2 B-cell lymphoma 2

BH3-only Bcl-2 homology 3 domain only

BiP Immunoglobulin heavy-chain-binding protein

BMP2 Bone morphogenic protein 2

BNIP-3 Bcl-2/adenovirus EIB 19kD-interacting protein 3
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CaMKIIγ Calcium/calmodulin-dependent protein kinase IIγ

CARD Caspase recruitment domains

CAT Catalase

CHOP C/EBP homologous protein

COMP Cartilage-matrix oligomeric protein

COX Cyclooxygenase

CYP450 Cytochrome P450

DED Death effector domain

DISC Death-inducing signaling complex

DR5 Death receptor 5

DTT Dithiothreitol

ECM Extracellular matrix

eIF2α Eukaryotic initiation factor 2α

ER Endoplasmic reticulum

ERAD ER-associated degradation

ERO ER oxidoreductin

FADD Fas-associated death domain

FASD Fetal alcohol spectrum disorders

GPx Glutathione peroxidase

Grx Glutaredoxin

GSH Glutathione

GST Glutathione S-transferase

H2O2 Hydrogen peroxide

HIF Hypoxia-inducible factor

HO Heme oxygenase

HOXB4 Homeo box B4

HRE Hypoxia response element

HSC Hematopoietic stem cells

IRE1 Inositol-required enzyme 1

JNK c-Jun N-terminal kinase

LOX Lipoxygenase

MPT Mitochondrial permeability transition
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NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

NO− Nitric oxide

NOS Nitric oxide synthase

NOX NADPH oxidase

Nrf2 Nuclear factor (erythroid-derived 2)-like 2

Nrx Nucleoredoxin

O2− Superoxide anion

OASIS Old astrocyte specifically induced substance

OH Hydroxyl radical

ONOO− Peroxynitrite

PARP Poly (ADP-ribose) polymerase

PDI Protein disulfide isomerase

PERK Protein kinase RNA-like ER kinase

PHD Prolyl hydroxylase

PHS Prostaglandin H synthase

PKC Protein kinase C

Prx Peroxiredoxins

PUMA p53-upregulated modulator of apoptosis

Ref-1 Redox effector factor 1

RIDD Regulated IRE1-dependent decay

RNS Reactive nitrogen species

ROS Reactive oxygen species

SOD Superoxide dismutase

TCDD 2,3,7,8-Tetrachlorodibenzo-para-dioxin

Tg Thapsigargin

Tm Tunicamycin

TNFα Tumor necrosis factor α

TRAF2 Tumor necrosis factor receptor (TNFR)-associated factor 2

TRAIL TNF-related apoptosis-inducing ligand

Trx Thioredoxin

TrxR Thioredoxin reductase

UPR Unfolded protein response
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XBP-1 X-box binding protein 1

XO Xanthine oxidase
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Figure 1. Endogenous formation of reactive oxygen species/reactive nitrogenspecies
Abbreviations: COX, cyclooxygenase; CYP450, cytochrome P 450; NOX, NADPH oxidase; 

NOS, nitric oxide synthase; SOD, superoxide dismutase; XO, xanthine oxidase.
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Figure 2. Damage and protection from reactive oxygen species
Abbreviations: CAT, catalase; GSH, glutathione; GR, glutathione reductase; Grx, 

glutaredoxin; GSSG, glutathione disulfide; Prx, peroxiredoxin; R–SH, protein thiol group; 

R–SS–R, protein with disulfide bond; SOD, superoxide dismutase; Trx, thioredoxin; TrxR, 

thioredoxin reductase.
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Figure 3. Redox-regulated transcription factors
Abbreviations: AP-1, activator protein 1; ATF, activating transcription factor; HIF-1α, 

hypoxia-inducible factor 1α, Keap1, Kelch-like ECH-associated protein 1; NF-κB, nuclear 

factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor (erythroid-

derived 2)-like 2; PHD, prolyl hydroxylase; Ref-1, redox effector factor 1.
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Figure 4. The three branches of the unfolded protein response
Abbreviations: ATF4, activating transcription factor 4; ATF6, activating transcription factor 

6; BiP, immunoglobulin heavy-chain-binding protein; eIF2α, eukaryotic initiation factor 2α, 

IRE1, inositol-required enzyme 1; PERK, protein kinase RNA-like ER kinase; RIDD, 

regulated IRE1-dependent decay; SP1/2, serine proteases 1 and 2; XBP-1, X-box protein 1.

Kupsco and Schlenk Page 52

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Extrinsic and intrinsic apoptosis
Abbreviations: Apaf-1, apoptotic protease activating factor 1; BAK, Bcl-2 homologous 

antagonist/killer; BAX, BCL2-associated X; Bcl-2, B-cell lymphoma 2; c-FLIP, cellular 

FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein; Casp, caspase; CytC, 

cytochrome C; FADD, Fas-associated protein with death domain; FAS-L, FAS ligand; PC, 

procaspase.
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Figure 6. 
Apoptosis in physiological development.
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Figure 7. Interplay between the unfolded protein response and redox potential
Abbreviations: ATF4, activating transcription factor 4; BiP, immunoglobulin heavy-chain-

binding protein; CHOP, C/EBP homologous protein; eIF2α, eukaryotic initiation factor 2α; 

ERO1, ER oxidoreductin 1; NF-κB, nuclear factor kappa-light-chain-enhancer of activated 

B cells; Nrf2, nuclear factor (erythroid-derived 2)-like two; PDI, protein disulfide isomerase; 

PERK, protein kinase RNA-like ER kinase.
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Figure 8. Oxidative stress-induced apoptosis
Abbreviations: Apaf-1, apoptotic protease activating factor 1; BAX, BCL2-associated X; 

CytC, cytochrome C; DR5, death receptor 5; HIPK2, homeodomain interacting protein 

kinase 2; MPT, mitochondrial permeability transition; PUMA, p53-upregulated modulator 

of apoptosis; TRAIL, TNF-related apoptosis-inducing ligand; XO, xanthine oxidase.
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Figure 9. Oxidative stress induced by the unfolded protein response
Abbreviations: ASK1, apoptosis signal-regulating kinase 1; ATF4, activating transcription 

factor 4; BAX, BCL2-associated X; Bcl-2, B-cell lymphoma 2; Casp, caspase; CHOP, 

C/EBP homologous protein; eIF2α, eukaryotic initiation factor 2α, ERO1, ER oxidoreductin 

1; IRE1, inositol-required enzyme 1; JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor 

kappa-light-chain-enhancer of activated B cells; PERK, protein kinase RNA-like ER kinase; 

RIDD, regulated IRE1-dependent decay; TRAF2, TNF receptor-associated factor 2; XBP-1, 

X-box protein 1.
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Figure 10. The unfolded protein response and oxidative stress induction by hypoxia
Abbreviations: CI and CIII, complex I and III; ERO1, ER oxidoreductin 1; HIF, hypoxia-

inducible factor; NOX, NADPH oxidase; XO, xanthine oxidase; XBP-1, X-box protein 1.
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Figure 11. Hyperglycemic induction of oxidative stress
Abbreviations: GSH, glutathione; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-

terminal kinases; NOX, NADPH oxidase; PKC, protein kinase C.
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Figure 12. Potential mechanisms of alcohol-induced ER stress and oxidativestress
Abbreviations: NOS, nitric oxide synthase; NOX, NADPH oxidase.
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Figure 13. 
Interplay between the unfolded protein response, oxidative stress, and apoptosis in 

developmental toxicity.
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Table 1

Embryonic lethality resulting from knock out of redox-related genes

Category Essential Nonessential

Transcription factors

p65 Nrf2

HIF RelB

Ref-1 p50

p52

c-rel

Antioxidants

Nrx2 CAT

GSH Prx

Trx1 GPx1

Trx2 GPx2

GPx4 GPx3

ROS inducers

LOX

COX

NOX

NOS

XO
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Table 2

Role of unfolded protein response genes in physiological development

Gene name Embryonic lethal knockout? Developmental process

IREα Yes Immune cell differentiation, hepatogenesis, chondrogenesis, adipogenesis

IRE1β No

XBP-1 Yes Immune cell differentiation, hepatogenesis, zymogen cell differentiation, 
adipogenesis

ATF6α/β Individual KO of α or β—No Double α/βKO—Yes Neurogenesis, hepatogenesis

PERK No Pancreatic β-cell differentiation, osteogenesis

ATF4 Yes Osteogenesis, lens formation, hematopoiesis

BiP Yes Early development, neurogenesis
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