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ABSTRACT 

INTRODUCTION: Most craniofacial anomalies occur as birth defects and/or 

postnatal growth disturbances of the cranial base and facial bones. A common 
craniofacial anomaly is cleft lip and/or palate (CL/P), which is a congenital 
condition that results in severe functional limitations and disfiguration. Part of the 
craniofacial skeleton comes from the neural crest cells (NCCs). If too few NCC’s 
are produced or there is a failure of migration to their final destinations, this can 
result in CL/P as well as infants with relatively small jaws, noses and ears. NCC’s 
are extremely sensitive to high levels of oxidative stress, which can arise due to 
environmental factors, such as adverse maternal environments. Alcohol, diabetes 
and smoking are known risk factors for CL/P, with maternal smoking in particular 
being repeatedly associated with an increased risk of CL/P. 

AIM: Previous research has shown that the oxidative stress-inducing compound 

auranofin (AFN) may cause craniofacial cartilage defects in zebrafish embryos. The 
aim of this study was to determine how environmental causes of craniofacial birth 
defects affect the growth and survival of cells contributing to the craniofacial 
skeleton during embryonic development in a zebrafish model. A second objective 
was to determine whether factors that enhance cell survival, such as antioxidant 
molecules, could rescue craniofacial defects. 

MATERIALS AND METHODS: AFN was applied to zebrafish embryos and 

the resulting phenotype was characterised at 5 days post-fertilisation (dpf) using 
light microscopy. Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining was used to determine whether craniofacial defects were due 
to cell death. Photos of embryos were taken at different time points and AFN 
concentrations, to assess the number of cells stained. An antioxidant, Riboceine 
(RBC), was added in conjunction with AFN to investigate whether the defect 
caused by AFN could be rescued via promoting cell survival. The structure of the 
craniofacial cartilages were analysed quantitatively using a cartilage stain called 
alcian blue for each of the treatment groups. Quantitative reverse-transcriptase 
polymerase chain reaction (qRT-PCR) was used to analyse the expression of 
antioxidant genes in the different treatment groups.  
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RESULTS: Application of AFN caused defects in craniofacial cartilage of 5 dpf 

zebrafish embryos. Higher doses of AFN led to greater numbers of TUNEL-
positive cells, indicating the defects are likely due to increased cell death. RBC 
consistently ‘rescued’ the jaw defect phenotype caused by the application of AFN. 
The proportions of embryos with normal cartilage were similar in the “rescue” 
group, where AFN and RBC were both applied to the embryos, to the untreated 
control group. Application of RBC led to a lower number of TUNEL-positive cells 
than in embryos treated with AFN only. Treatment with AFN increased the level 
of antioxidant gene expression and by 48 hours post-fertilisation (hpf) RBC 
treatment did not return antioxidant gene expression to the level of the 
untreated control embryos 

CONCLUSIONS: Oxidative stress results in craniofacial cartilage defects that 

can be rescued by the antioxidant RBC in a zebrafish model. These findings may 
have translational significance, as treatment with antioxidants may help to prevent 
craniofacial defects in children, especially in families where there is an identified 
genetic or environmental risk. 
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OVERVIEW 

Chapter 1 – General introduction and review of the literature 

This chapter has a general overview of craniofacial birth defects. Cleft lip and/or 
palate is used as a specific example of the financial, societal and quality of life 
burden these defects are burdened with. Environmental and genetic factors 
associated with this condition are discussed, with oxidative stress as a specific 
example. The advantages of the zebrafish as a model for craniofacial 
embryological development is outline and examples of how this model have been 
used to study this area previously are presented. 
 
Chapter 2 – Methods and materials 

The methodological details of the present research are defined in this chapter. It 
covers the study design, data collection, data analysis and statistical analysis.  
 
Chapter 3 – Results 

The results of the studies two main objectives are presented in the third chapter.  
 
Chapter 4 – Discussion 

This chapter is a general discussion of the study’s findings. In addition to discussing 
the results, the clinical implications of the research findings are highlighted as well 
as the study’s limitations and future directions.   
 
Chapter 5 – References 

 

Chapter 6 – Appendices  
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1. REVIEW OF THE LITERATURE   

1.1 CRANIOFACIAL ANOMALIES 

Most craniofacial anomalies occur as birth defects and/or postnatal growth 
disturbances of the cranial base and facial bones. Some of these anomalies are 
manifestations of an underlying syndrome, while others are non-syndromal. As 
with other birth defects, the severity of the condition can range from mild to very 
severe, requiring complicated, reconstructive treatment. One common example 
of a craniofacial anomaly is cleft lip and/or palate (CL/P), which is a congenital 
condition that results in severe functional limitations and disfiguration.  

CL/P is the most common orofacial anomaly in newborns, which makes it a 
relevant model for studying craniofacial birth defects. CL/P has an incidence in 
New Zealand of approximately 1.5 per thousand live births, with a markedly 
higher incidence of cleft palate in the Māori population (Smit and Fowler 2010). 
There is wide variability across racial and ethnic groups, geographic location, 
socioeconomic status and environmental exposures (Dixon et al. 2011). CL/P can 
lead to significant infant morbidity, nutritive problems, hearing loss, dental 
malocclusion and impaired speech development (Berkowitz 2013). Individuals 
with CL/P often suffer from psychosocial issues and a reduced quality of life 
(QoL) in comparison with their peers (Ward et al. 2013). 

Children with CL/P typically undergo primary surgery in the first 12 months of life, 
followed by additional surgical and dental procedures to improve speech, oral 
function and appearance of the lip, teeth and nose. Children with CL/P in New 
Zealand may attend up to 20 outpatient clinic appointments, and undergo 7 
surgical operations in their first five years of life (Sanders et al. 2011). In the 
United States, oral clefts in young children increase hospital use by up to 233% 
(Wehby et al. 2012), with the lifetime cost of treating newborns each year 
estimated to be around $697 million (USD) (Trainor 2010). Unfortunately, 
primary surgical outcomes in New Zealand have largely been unsatisfactory, with 
a large proportion of children requiring orthognathic surgery (Jack et al. 2011). In 
spite of this extensive treatment, children with CL/P continue to suffer from a 
reduced quality of life (Antoun et al. 2015). CL/P negatively influences QoL in 
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both adults and children, with psychological health seeming to be the most 
affected (Herkrath et al. 2015). Emotional well-being and functional well-being are 
the most affected Oral Health-related Quality of Life (OHRQoL) dimensions 
(Ward et al. 2013). Adults with CLP are at a higher risk of behavioral problems, 
dissatisfaction with facial appearance and impairment of social functioning 
(Herkrath et al. 2015). Moreover, the prolonged treatment required for managing 
orofacial clefting may often result in a heavy burden of care for both the children 
and their families (Sanders et al. 2011).  

1.2 CL/P AS AN EXAMPLE OF A CRANIOFACIAL 
ANOMALY 

The exact aetiology of CL/P is unknown but is likely to be polygenic and 
multifactorial (Murray 2002). The current view is that most are caused by a 
combination of deficiencies in genes and environment, which prevent closure and 
fusion of the palatal shelves during craniofacial development (Beaty et al. 2011; 
Dixon et al. 2011). CL/P is often associated with syndromes, which is seen in 70% 
of cases, with only 30% of cleft palate being non-syndromic (Jones 1988).  

Embryonic development of the lip and palate is a precise process involving cell 
migration, proliferation and differentiation (Jugessur and Murray 2005) (Figure 
1.1). During embryogenesis the frontonasal prominence, maxillary and mandibular 
processes surround the primitive oral cavity by the fourth week (Dixon et al. 
2011).  The median nasal processes merge with each other and the maxillary 
processes to form the upper lip by week six (Jugessur and Murray 2005). Also 
during the sixth week of embryogenesis, the palate develops as bilateral 
outgrowths from the maxillary processes (Dixon et al. 2011). Fusion of the two 
palatal shelves at the midline separates the oral and nasal cavities (Dixon et al. 
2011).  
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Fig. 1.1 Showing early embryogenesis, development of the lip and palate. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Review Genetics (Dixon et al. 2011) 
copyright (2011). 

Part of the craniofacial skeleton comes from the neural crest cells (NCC) (Evans 
and Noden 2006; Le Lievre 1978; Yoshida et al. 2008). These cells give rise to a 
number of tissues during development, including enteric neurons, the heart, and 
craniofacial structures (Trainor 2010). For normal development, an embryo must 
produce and maintain a sufficient pool of neural crest progenitors that can 
proliferate, migrate and differentiate appropriately. If too few NCC’s are 
produced or there is a failure of migration to their final destinations, this can result 
in CL/P as well as infants with relatively small jaws, noses and ears (Trainor 2010).  
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1.2.1 ENVIRONMENTAL RISK FACTORS 

Neural crest cells (NCCs) are extremely sensitive to high levels of oxidative 
stress, (Morgan et al. 2008; Sakai et al. 2016) which can arise due to 
environmental factors, such as adverse maternal environments. Alcohol, diabetes 
and smoking are known risk factors for CL/P, with maternal smoking in particular 
being repeatedly associated with an increased risk of CL/P (Dixon et al. 2011; 
Honein et al. 2007; Little et al. 2004; McKinney et al. 2016). The latter is likely to 
be due to a gene-environment interaction, where deficiences in detoxification 
pathways may explain some of the susceptiblity in infants of maternal smokers 
(Beaty et al. 2011; Dixon et al. 2011; Vieira 2008; Wu et al. 2014). Variants in the 
detoxification genes glutathione-S-transferase (Shi et al. 2007) and nitric oxide 
synthase (Shaw et al. 2005) have been shown to influence the risk of CL/P when 
combined with maternal smoking.  Meta-analysis strongly supports an overall 
increase in risk of 30% in mothers who smoke during their pregnancy (Dixon et 
al. 2011; Little et al. 2004). Exposure to maternal alcohol consumption may also 
be a risk factor but the evidence is not as compelling as for smoking. Nutritional 
factors such as folate deficiency have also been suggested to influence the risk of 
CLP, but these studies remain inconclusive (Dixon et al. 2011). Other exposures 
that have been associated with CLP are infections, ionising radiation and hypoxia 
(Dixon et al. 2011). As yet there is no consensus on the harmful effect of these 
factors. Oxidative stress may affect survival of NCC’s, resulting in fewer cells 
available to contribute to neural crest-derived structures. 
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1.2.2 GENETIC FACTORS 

Twin and familial clustering studies provide evidence for a genetic component of 
non-syndromic CL/P, with the concordance in monozygotic twins ranging from 
40-60% (Cobourne 2004).  Few pedigrees show clear Mendelian inheritance and 
most cases appear to be sporadic in caucasian populations (Dixon et al. 
2011)(Conte et al. 2016). Some genes that have shown association with CL/P in 
animal models include Msh homeobox 1 MSX1 and transforming growth factor 
beta TGFß3 (Cobourne 2004). Some genes that have been implicated in 
syndromic forms of CL/P have also been implicated in non-syndromic CL/P in 
genome-wide association studies (GWAS); including MSX1 and also Interferon 
regulatory factor 6 (IRF6) (Conte et al. 2016). Bone morphogenic proteins (BMPs) 
have also been implicated in non-syndromic CL/P in animal models (Thomason et 
al. 2008; Zhang et al. 2002). Although many research groups are studying genetic 
risk factors, gene-environment interactions in early development may explain 
some of the difficulty in easily identifying genes associated with non-syndromic 
CL/P (Beaty et al. 2011). Few specific genetic factors determining the formation of 
non-syndromic CL/P have been elucidated in comparison to syndromic CL/P 
(Ludwig et al. 2016). 

CL/P is a good model for studying craniofacial birth defects due to its 
multifactorial aetiology, a combination of genetic and environmental influences. 
The cells that contribute to the palate, the NCCs, are susceptible to oxidative 
stress from maternal environmental factors during facial development (Morgan et 
al. 2008; Sakai et al. 2016). 

The investigation of genetic factors, contributing to craniofacial birth defects, is 
beyond the scope of this thesis. 
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1.3 NEURAL CREST CELLS AND CRANIOFACIAL 
DEVELOPMENT 

Craniofacial morphogenesis is highly complex and occurs early in embryonic 
development (Trainor 2010; Twigg and Wilkie 2015). Craniofacial development 
requires the proper interaction between the surface endoderm, mesoderm, 
neural crest and endoderm (Trainor and Krumlauf 2000b; (Neben et al. 2016). 
The formation of the neural crest cells (NCCs) is an important step in craniofacial 
development; these cells are derived from the neural ectoderm and migrate over 
long distances to form the cartilage and bone of the head and face, among other 
cell types (Trainor 2010). Cranial neural crest are pluripotent mesenchymal cells 
and abnormalities in bone and cartilage, leading to craniofacial birth defects, are 
usually thought to be due to problems in these NCCs. Deficiencies in neural crest 
patterning, proliferation, migration or differentiation are the underlying cause of 
many craniofacial anomalies, as these lead to abnormalities in the formation of 
cartilage and bones of craniofacial structures (Trainor et al. 2002).  

NCCs do not migrate randomly, they follow a region-specific pathway, and this 
pattern is highly conserved in vertebrate species from teleosts to humans (Trainor 
2010). The vertebrate hindbrain is an important source of patterning information 
for cranial NCCs and during early development it is sectioned into seven 
segments called rhombomeres (Trainor and Krumlauf 2000b)(Minoux and Rijli 
2010). NCCs migrate in segregated streams from the rhombomeres into the six 
pharyngeal arches (Figure 1.2); this patterning of the pharyngeal arches is under 
strict genetic control of the homeobox (Hox) genes (Trainor and Krumlauf 
2000b). In vertebrates, hindbrain-derived NCCs migrate as three distinct streams 
to contribute to the first, second and third pharyngeal arches (Trainor et al. 
2002). The neural crest cell anterior-posterior (AP) position corresponds with the 
pharyngeal arch to which a neural crest cell will contribute. The first pharyngeal 
arch forms the mandible and maxilla and jaw-supporting structures (such as the 
muscles of mastication), while the second pharyngeal arch is also responsible for 
forming jaw-supporting structures including the posterior belly of the digastric 
muscle and the muscles of facial expression. The NCCs that populate the first and 
second pharyngeal arches are derived from rhombomeres one, two and four 
respectively (Graham 2001).  
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Fig 1.2 Vertebrate embryo showing the segmentation of the hindbrain into the 7 

rhombomeres (r1-r7) and the direction of migration of the neural crest cells from the 
rhombomeres into the pharyngeal arches (I-IV). Figure adapted from (Carlson 2013). 

Segmentation and patterning of the rhombomeres and AP positioning of the 
neural crest cells are controlled by the same molecular mechanisms, the Hox 
gene family (Minoux and Rijli 2010). Animals that lack the Hoxa2 gene, which is 
expressed at the rhombomere 1 and 2 boundary and in neural crest cells 
migrating into the second pharyngeal arch, show transformation of second arch 
skeletal components into components of the first pharyngeal arch (Gendron-
Maguire et al. 1993; Hunter and Prince 2002; Rijli et al. 1993). Additionally, 
ectopic Hoxa2 gene expression in the first pharyngeal arch can cause first arch 
derivatives to take on characteristics of second arch structures (Hunter and Prince 
2002). This neural crest plasticity indicates pharyngeal arch patterning is due to 
interactions between the neural crest and the pharyngeal arch components 
(Trainor and Krumlauf 2001).  
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Pharyngeal arch patterning can still occur in the absence of NCCs (Gavalas et al. 
2001; Veitch et al. 1999), showing that the pharyngeal arches do not depend 
entirely on the neural crest for formation or patterning (Trainor and Krumlauf 
2001). If the pharyngeal arches can develop without neural crest contribution, it 
has been suggested that the surrounding tissues, the mesoderm, endoderm and 
surface ectoderm, play a role in pharyngeal arch patterning (Graham and Smith 
2001).  

The mesoderm is not thought to have a primary role in patterning of the 
pharyngeal arches. It has been shown to maintain hox gene expression when 
second arch neural crest is transplanted with second arch mesoderm, but it 
cannot initiate hox gene expression (Trainor and Krumlauf 2000a).  

The ectoderm plays an important role in pharyngeal arch patterning (Trainor and 
Krumlauf 2001). For example, the oral ectoderm plays a role in induction of 
odontogenesis and with patterning the underlying neural crest into teeth (Tucker 
and Sharpe 1999). Ectodermally derived Fibroblast growth factor 8 (Fgf8) has a 
role in anterior-posterior and dorsal-ventral patterning of the pharyngeal arches 
and also activates patterning genes in the underlying mesenchyme (Minoux and 
Rijli 2010). These interactions are important in specifying the maxillo-mandibular 
regions (Shigetani et al. 2000) and also for establishing left-right craniofacial 
skeleton symmetry (Albertson and Yelick 2007).  

A major source of the NCC patterning signals, in regards to the size, shape and 
orientation of the skeletal elements of the pharyngeal arches, is the endoderm 
(Minoux and Rijli 2010). In the absence of Shh (sonic hedgehog) signalling from 
the endoderm, Meckel’s cartilage and other first pharyngeal arch derivatives fail to 
develop due to neural crest cell apoptosis (Brito et al. 2008). The endoderm has 
also been shown to direct NCCs towards a chrondrogenic (cartilage-forming) 
fate in an amphibian model (Epperlein and Lehmann 1975). 

The patterning of the pharyngeal arches and the subsequent formation of 
craniofacial skeletal elements are highly complex, involving interactions between 
an individual’s genetics and environmental factors that modify gene expression. 
Undoubtedly the hindbrain rhombomeres and the neural crest cells play a major 
role but environmental tissue interactions and signalling are also important in 
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craniofacial development. Therefore, a disturbance to the neural crest cell 
environment, such as a disturbance in redox homeostasis, may affect the cells 
migration, proliferation or differentiation, leading to anomalies in craniofacial 
development. 
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1.4 OXIDATIVE STRESS  

A consequence of the developing embryo producing energy through aerobic 
respiration is the generation of reactive oxygen species (ROS) (Dennery 2007). 
ROS are formed as by-products of normal cellular metabolism and also in the 
response to environmental stimuli such as UV light, pathogens and drugs (Mathers 
2004). Redox balance is maintained in the cell by antioxidants; when an imbalance 
occurs and excess ROS are produced, this is called oxidative stress (Mathers 
2004). Excess ROS can cause damage to membrane lipids, DNA and proteins 
and can ultimately lead to cell death (Hansen 2006). ROS are also involved in 
normal development by mediating apoptosis and cell elimination (Dennery 2010). 
Redox related cell signaling is also important for developmental processes such as 
proliferation and differentiation to occur in a normal fashion (Dennery 2007). As 
well as having a direct effect on cells, ROS can act as second messengers which 
regulate transcription factors leading to altered gene expression (Dennery 2007). 

During development, there is a fine balance between oxidants and antioxidants, 
which can be disrupted by environmental factors that cause ROS production 
(Dennery 2007). In the early organogenesis stage of development, the embryo 
moves from anaerobic pathways for energy production to aerobic metabolism 
when the circulatory system is established (Hansen 2006). Changes to the redox 
environment during organogenesis may make the embryo more susceptible to 
oxidative teratogens, as the antioxidant enzyme activity increases as 
organogenesis continues but is, initially, relatively low (Hansen 2006). Known 
teratogens that cause oxidative stress and production of ROS that are harmful to 
the embryo include cigarette smoking, ethanol consumption and recreational 
drugs (Agarwal et al. 2012; van der Vaart et al. 2004). The components of 
cigarette smoke (nicotine and benzo[alpha]pyrene) cause toxicity through high 
ROS formation and it has also been shown to deplete the endogenous 
antioxidant supply (Agarwal et al. 2012).  

ROS generated by environmental factors, such as maternal smoking or ethanol 
consumption, can damage the cells that contribute to the facial structures; the 
cranial neural crest cells (Chen and Sulik 1996; Sakai et al. 2016), which can lead 
to craniofacial defects. 
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1.4.1 CAUSING OXIDATIVE STRESS WITH AURANOFIN 

Previous research carried out at the University of Otago Zebrafish Facility looked 
at the effect of oxidative stress on the reproductive capacity of zebrafish and an 
incidental finding was the development of jaw defects in the embryos exposed to 
auranofin (AFN) (Newman et al. 2015). AFN is a gold-based compound that 
affects the Thioredoxin system, by inhibition of the antioxidant enzyme 
thioredoxin reductase (TrxR), which has a major role in intracellular redox 
regulation (Berners-Price and Filipovska 2011). The inhibition of TrxR by AFN 
prevents the removal of hydrogen peroxide from the cell, leading to cell death 
(apoptosis) (Rigobello et al. 2008). Therefore, AFN provides a suitable 
pharmalogical model of disrupted redox homeostatis or an environmental source 
of oxidative stress. 
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1.5 ‘RESCUE’ OF OXIDATIVE-STRESS INDUCED DEFECTS 
WITH ANTIOXIDANTS 

The use of antioxidants to prevent common birth defects has been explored in 
animal models. A chick embryo model was used to investigate the effect of the 
antioxidant N-acetylcysteine (NAC) on glucose-induced heart defects (Roest et 
al. 2007). Glucose has a damaging effect on neural crest cells contributing to heart 
structures. Some 82% of chick embryos exposed to glucose only had heart 
defects, this decreased to only 27% when both the antioxidant and the glucose 
was exposed to the embryo. They concluded that the damage caused by glucose 
is likely to be mediated by oxidative stress since an antioxidant could limit its 
teratogenicity.  

Another study investigated ethanol-induced apoptosis of cranial neural crest cells 
in a mouse model (Yan et al. 2010). They upregulated nuclear factor (erthyroid-
derived)- like 2 (Nrf2) transcription factor, which regulates detoxifying and 
antioxidant genes, by incubating mouse cranial neural crest cells exposed to 
ethanol in tert-butylhydroquinone (tBHQ). Antioxidant treatment in combination 
with ethanol exposure lead to increased antioxidant protein expression and 
activity, reduced ROS generation, and apoptosis of the NCCs. They concluded 
that tBHQ-mediated antioxidant response can prevent oxidative stress and 
reduce NCC apoptosis caused by exposure to ethanol and this may be a new 
therapeutic area for prevention of Fetal Alcohol Spectrum Disorder (FASD). 

Xu et al (2013) explored the rescue of craniofacial anomalies using a zebrafish 
model of Roberts syndrome (RBS). This condition is characterised by severe 
growth deficiency, microcephaly, craniofacial abnormalities, and mental 
retardation. RBS is caused by mutations in the establishment of sister chromatid 
cohesion N-acetyltransferase 2 (Esco2) gene, which encodes proteins for the 
cohesion complex; that are involved in DNA damage repair, chromosome 
condensation and gene expression (Xu et al. 2013). They used Esco2-mutant and 
morphant zebrafish embryos (a model previously described by (Monnich et al. 
2011), which had multiple developmental defects including underdeveloped and 
disorganized craniofacial cartilage (Monnich et al. 2011). The mutant and 
morphant embryos were treated with L-leucine (in conjunction with L-glutamine). 
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L-leucine is an activator of mechanistic target of rapamycin (mTOR), which is a 
protein kinase that regulates cell growth and proliferation. They found that 
treatment with both L-leucine and L-glutamine rescued development defects, 
including defects of the craniofacial cartilages. They also found that the treatment 
with L-leucine and L-glutamine significantly suppressed apotosis levels in Esco2 
morphants (zebrafish with Esco2 protein knocked down). They concluded that L-
leucine treatment of Esco2-deficient zebrafish embryos alleviates developmental 
defects associated with RBS.  

Animal models can be useful in investigating therapeutic modalities, such as the 
role of antioxidants in preventing birth defects induced by oxidative stress. The 
zebrafish model has many advantages for studying craniofacial development in 
vertebrates and is the animal model chosen for this research. The zebrafish model 
is discussed in more detail in section 1.6. 
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1.5.1 STIMULATING CELL SURVIVAL WITH ANTIOXIDANTS  

Riboceine (RBC), or D-ribose-L-cysteine, promotes Glutathione synthesis by 
providing the amino acid cysteine, which is a rate-limiting amino acid (Kader et al. 
2014).  The active form of cysteine, L-cysteine, cannot be administered directly 
due to toxicity, so compound forms that regulate L-cysteine release are needed 
(Kader et al. 2014). Glutathione has several functions, including antioxidant 
defense and regulation of cell cycle and apoptosis; its antioxidant function is 
mainly achieved by glutathione peroxidase, which reduces hydrogen peroxide and 
lipid peroxide (Lu 2013). This makes glutathione important in preventing cellular 
damage due to physiological and pathologically generated oxidative stress and in 
situations of severe oxidative stress cellular glutathione is depleted (Lu 2013). 
Other prodrugs of glutathione have been used to stimulate cell survival 
traditionally, such as N-acetylcysteine (NAC). Although NAC has been shown to 
increase levels of glutathione (Dekhuijzen 2004; Treweeke et al. 2012), it has 
been reported to have side effects (Lucas et al. 2000). RBC has also been shown 
to increase plasma and liver levels of glutathione in a mouse model (Kader et al. 
2014) (Roberts and Francetic 1991) and shows less toxicity, which may be due to 
a slower, more-controlled release of L-cysteine (Roberts et al. 1987).  By 
providing an exogenous source of cysteine in the form of RBC, this will promote 
glutathione synthesis and its antioxidant action should defend against the oxidative 
stress caused by AFN. 
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1.6 ZEBRAFISH MODEL 

The zebrafish (Danio rerio) is a small freshwater fish, first described from a 
tributary of the Ganges River in India. The zebrafish is a widely used model system 
for studying vertebrate development, including the development of the head and 
jaws (Cubbage and Mabee 1996). This model overcomes the difficulty of 
visualising morphological changes in embryos in vertebrate mammalian models 
such as the mouse, as their embryos are transparent throughout much of the 
early embryonic stages (Lawson and Wolfe 2011). These transparent embryos 
are ideal for a range of experimental manipulations such as cell labeling and 
lineage-tracing (Yelick and Schilling 2002), allowing detailed microscopic 
observations (Lawson and Wolfe 2011). The zebrafish cartilage is located not far 
below the organism’s surface and can be directly visualised while they form 
(Kimmel et al. 2001b). Other than having transparent embryos, zebrafish have 
other qualities that make them an ideal model to study vertebrate development. 
They produce many eggs per mating pair and the embryos develop quickly; with 
the functional larval skeleton developing over a course of a few days. The rapid 
development of zebrafish embryos allows observations to be made within days 
and results can be replicated more easily (Kimmel et al. 2001b). Additionally, the 
small size of the zebrafish and the relative ease of care permit them to be 
maintained in higher numbers and for lower costs than mammalian model 
systems (Lawson and Wolfe 2011). Zebrafish also form the same skeletal and 
muscle tissue types as higher vertebrates, but with less cell numbers and simpler 
spatial patterns making them easier to study (Yelick and Schilling 2002). As with 
other vertebrates, the cartilaginous head skeleton has two subdivisions: the 
neurocranium, which protects the brain and sensory organs, and the pharyngeal 
skeleton, which supports feeding and the gill-breathing structures (Kimmel et al. 
2001b). Most of our understanding of craniofacial development comes from 
embryological experiments (Neuhauss et al. 1996). To understand how a 
zebrafish model can be applied to higher vertebrates, including humans, it is 
necessary to be aware of the stages of the development of the zebrafish embryo 
and how the development both resembles and differs from, other vertebrates 
(Table 1.) The neural tube is formed in a zebrafish embryo by “secondary 
neurulation” during the Segmentation Period (10-24 hours post-fertilisation) 
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(Kimmel et al. 1995). Secondary neurulation contrasts with “primary neurulation” 
in other vertebrates as the neural tube lumen forms by the process of cavitation, 
rather than the meeting of the neural folds. Initially, there is formation of the 
intermediate neural keel, with no lumen, that later becomes hollow to form the 
neural tube. Another feature of this stage, that is important with regards to 
craniofacial development, is that the neural crest cells (NCCs) start to delaminate 
and migrate and the pharyngeal arches start to form (Kimmel et al. 1995).  
 
Schilling and Kimmel (1994) investigated segmentation of the pharyngeal arches 
and cell type lineage restrictions in zebrafish embryos, by labelling pre-migratory 
neural crest and mesodermal cells with fluorescent dyes. Cranial NCCs migrate 
into the pharyngeal arches to form elements of cartilage, connective tissue and 
pigment cells, whereas, adjacent mesodermal cells form muscles and endothelium 
(Schilling and Kimmel, 1994).  
 
There are seven pharyngeal arches that form in the zebrafish embryo. The first 
arch (mandibular) forms the jaw and the second arch (hyoid) forms the 
supporting jaw structures (see Table 1). While the last five arches form the 
branchial gill structures (Schilling and Kimmel, 1994). During gastrulation (12 
hours) there is two cells layers in the head: a dorsal ectoderm from which NCCs 
arise, and a ventral mesoderm/endoderm. Between 15-16 hours, cranial NCCs 
become motile and begin to migrate in a rostral-caudal progression (Schilling and 
Kimmel, 1994). The NCCs migrate in three streams (preotic mandibular, hyoid 
and postotic streams), depending on their anterior-posterior positioning, to 
colonise the pharyngeal arches (Yelick and Schilling, 2002). The anterior-posterior 
and medial-lateral position of a cell in the pre-migratory neural crest predicts both 
which segment a neural crest cell will populate, as well as the type of cell it will 
differentiate into (Schilling and Kimmel, 1994). The medial-lateral position predicts 
the specific cell-type the neural crest cell will form, with more lateral cells giving 
rise to neurons of the trigeminal ganglia (Schilling and Kimmel 1994). As the cells 
become more medial they form pigment and cartilaginous cells, with the most 
medial cells exclusively forming cartilage and connective tissue cells (Schilling and 
Kimmel, 1994). The anterior-posterior position corresponds with the segment to 
which a neural crest cell will contribute. The segments of the hindbrain, the 
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rhombomeres, are related to the segment origins of cranial NCCs (Yelick and 
Schilling, 2002). The most anterior cranial neural crest cells contribute to the first 
and second pharyngeal arches and are aligned with rhombomeres 2,3,4 and 5 
(Fig. 1.2). The more posterior cranial neural crest cells, aligned with rhombomere 
6, contribute to the 3rd-7th pharyngeal arches (Schilling and Kimmel 1994). Nearly 
all neural crest cells in the zebrafish embryos give rise to a single cell type, with 
pre-migratory anterior-posterior and medial-lateral neural crest cell positioning 
predicting both the segment the cells will populate and the cell-type they will 
form (Schilling and Kimmel, 1994). 
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Table 1. Contrast between human and zebrafish embryos during development. 

 Human embryos Zebrafish embryos 

Neural tube 
formation 

• Primary neurulation • Secondary 
neurulation 

Pharyngeal arch 
number 

• Six • Seven 

First pharyngeal 
arch 

• Meckel’s cartilage of 
the lower jaw 

• Maxilla  
• Muscles of mastication 

• Meckel’s cartilage of 
the lower jaw 

• Palatoquadrate 
cartilage of the 
upper jaw 

Second 
pharyngeal arch 

• Jaw-supporting 
structures 

• Muscles of facial 
expression 

• Posterior belly of the 
digastric 

• Jaw-supporting 
structures 

• Hyosymplectic 
cartilage 

• Ceratohyal cartilage 

 

The pharyngeal arches develop rapidly during the Pharyngula period (24-48 
hours) with a prominent boundary between the 2nd and 3rd arch. As previously 
mentioned, the first (mandibular) and second (hyoid) arches form the jaws and 
jaw-supporting structures (Kimmel et al. 1995). The jaw develops during the 
Hatching Period (48-72 hours) with the ventral cartilages of the mandibular 
(Meckel’s cartilage) and hyoid (ceratohyal cartilage) arches forming the supporting 
structures of the lower jaw (Figure 1.3). The dorsal cartilaginous elements, the 
palatoquadrate of the first arch, which forms the upper jaw and the hyosymplectic 
of the second arch, are more elaborate in their shapes. Pharyngeal teeth develop 
in association with the fifth pharyngeal arch (Huysseune et al. 1998). By day three, 
the hatched larvae have completed most of their morphogenesis and undergo a 
period of rapid growth and movement (Kimmel et al. 1995). Cartilage 
development in the zebrafish embryo is rather rapid and by day five, most of the 
cartilages of the pharyngeal skeleton are well formed (Yelick and Schilling 2002). 
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Fig 1.3 Zebrafish pharyngeal cartilaginous skeleton illustrated from a ventral (A) and 

sagittal (B) view. Reprinted from Developmental Biology, 233/2, (Kimmel et al. 2001a), 

Specification and Morphogenesis of the Zebrafish Larval Head Skeleton, 239-257., 

Copyright (2001), with permission from Elsevier. (A) Abbreviations - m, meckels 

cartilage; pq, palatoquadrate; ch, ceratohyal; hs, hyosymplectic; bh, basihyal. (B) 

Abbreviations – M, Meckel’s cartilage; BH, basihyal; P, palatoquadrate; HS, hyosymplectic. 

 
The zebrafish model has many advantages over other vertebrate models for 
studying craniofacial development, which have been outlined. The NCCs are 
specified and migrate into the pharyngeal arches to form craniofacial cartilages in a 
similar manner to the developing human embryo, under the control of both 
genetic and environmental factors.  

	

	

	

	

	

		

	A 

B 
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1.6.1 ZEBRAFISH AS A MODEL TO STUDY CRANIOFACIAL 
ANOMALIES 

Monnich et al. (2011) used zebrafish to model Roberts Syndrome (RBS), looking 
at the effect of Esco2 protein depletion. Esco2 is important for ensuring cohesion 
mediates sister chromatid cohesion during cell division, as well as stabilising 
cohesion for DNA double strand break repair (Monnich et al. 2011). It has been 
shown that mutations in proteins responsible for cohesion of sister chromatids 
are implicated in syndromes of human development. Roberts Syndrome (RBS) is 
characterized by severe growth deficiency, microcephaly, craniofacial 
abnormalities and mental retardation. Zebrafish embryos were used to study the 
consequences of depletion of Esco2 on early development (Monnich et al. 2011). 
They used antisense morpholino oligonucleotides (MOs) targeting the start 
codon of intron 2 of Esco2; this generated an abnormal transcript that would lead 
to the early termination of the Esco2 protein. Using Alcian-blue staining (which 
specifically stains cartilage), craniofacial cartilages were seen to be underdeveloped 
and disorganized, while cartilaginous cell numbers were reduced and cell size was 
enlarged (Monnich et al., 2011). Esco2 morphants were able to enter S phase of 
the cell cycle normally, but were unable to undergo mitosis, with TUNEL assays 
indicating high levels of apoptosis. They suggested that this raises the possibility 
that cell death, as opposed to defects in patterning, are responsible for the 
abnormal formation of the craniofacial cartilage (Monnich et al., 2011). It also 
established a zebrafish model for RBS. 
 
Another study used a zebrafish model to identify gene-ethanol interactions that 
might be implicated in Fetal Alcohol Spectrum Disorder (FASD) (McCarthy et al. 
2013). They found that “platelet-derived growth factor (pdgfra)” heterozygotes and 
mutants had enhanced craniofacial defects after ethanol exposure; pdgfra is also 
linked to craniofacial phenotypes in FASD in humans. Pdgfra is necessary for 
proper neural crest cell migration in zebrafish (Eberhart et al. 2008). This research 
group also looked at rescuing these defects by upregulating a main pdgfra signaling 
effector and also exposing the embryos to the antioxidant L-Leucine, in 
conjunction with the ethanol. The phenotypes were almost completely rescued 
with these interventions, providing support for gene-environment interactions 
during craniofacial development in zebrafish (McCarthy et al. 2013). 
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Zebrafish embryos can be used for modeling craniofacial defects in an animal 
model, to investigate possible aetiology, genetic and environmental influences. 
This model can also be used to explore potential prevention and treatment 
strategies for craniofacial anomalies. 

1.7 SUMMARY 

Oxidative stress caused by maternal smoking, is an environmental factor 
associated with the development of craniofacial birth defects, with CL/P being a 
common example. The cells that contribute to the facial structures, the NCCs, 
can be damaged by oxidative stress caused by maternal ethanol or nicotine 
consumption, leading to craniofacial defects. Using antioxidants to promote cell 
survival may counteract the damage caused by oxidative stress and be a suitable 
preventative treatment for families with environmental or genetic risk factors for 
craniofacial anomalies. The zebrafish is an excellent model for studying craniofacial 
development and to explore treatment strategies for craniofacial birth defects. 
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1.8 STUDY OBJECTIVES 

1.8.1 OBJECTIVE ONE 

The first objective is to investigate whether oxidative stress leads to the death of 
neural crest calls and causes craniofacial anomalies in a zebrafish model using the 
oxidative agent Auranofin (AFN). In previous work done at the Otago Zebrafish 
Facility, they observed jaw malformations in embryos exposed to AFN when 
looking at the effect of oxidative stress on reproductive capacity in zebrafish 
(Newman et al. 2015). Accordingly, the hypothesis is that AFN does indeed cause 
jaw defects in zebrafish embryos. 

1.8.2 OBJECTIVE TWO 

If the phenotype from objective one is due to the death of neural crest cells from 
oxidative stress, the aim of objective two is to rescue the craniofacial defects by 
stimulating cell survival with the antioxidant Riboceine (RBC). The hypothesis 
being that the craniofacial defects caused by oxidative stress can be rescued by 
enchancing cell survival with antioxidant treatment in a zebrafish model. 
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2. METHODS  

2.1 ANIMAL HUSBANDRY 

Zebrafish were housed in the University of Otago Zebrafish Facility and 
maintained under standard conditions (Westerfield 2000). A transgenic (Tg) 
(sox10:GFP) green-fluorescent-protein (GFP) zebrafish line was used to visualise 
the craniofacial structures, sox-10 is a neural crest cell marker (Trainor 2010). A 
wild-type line was also used, when specified, for experiments that did not require 
direct visualisation of craniofacial structures. Embryos were generated by natural 
spawning in false-bottomed tanks and raised in embryo media (E3) at 28.5°C 
(Westerfield 2000). All zebrafish research was approved by the University of 
Otago Animal Ethics Committee 

2.2 OBJECTIVE ONE METHODS 

2.2.1 AURANOFIN DOSE TESTING TO CREATE OXIDATIVE 
STRESS 

To create an environment of oxidative stress embryos were treated with either 
0µM (control), 0.5µM, 1µM or 5µM of auranofin (AFN) from 6 hours post-
fertilisation (hpf) to 5 days post-fertilisation (dpf) at varying time points and for 
various treatment durations (Figure 2.1). AFN was made up in dimethyl sulfoxide 
(DMSO) and test solutions were at a volume of 20ml. At 6 hpf embryos were 
randomly distributed into four petri dishes, one for each concentration of AFN, 
with approximately 30 embryos per dish.  

At 5 days post-fertilisation (dpf) the embryos were sedated with Tricaine and 
visualised and photographed live with light microscopy using a Leica M205 FA 
microscope. The embryos were screened for jaw defects, which were categorised 
as mild, gap-jawed and severe at 5 dpf.  
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Fig. 2.1 Showing the variation in treatment duration for AFN dose testing for 

future experiments. Group A was a continuous exposure for 5 dpf. Group B 

was a continuous exposure for 3 dpf. Group C was a 24 hour exposure until 1 

dpf. Group D was a 24 hour exposure from 1 dpf until 2 dpf. Group E was a 24 

hour exposure from 2 dpf until 3 dpf.  For each group, all three AFN 
concentrations (0.5µM, 1µM and 5µM) were used to assess the phenotype 
produced in the zebrafish embryo and compared to a wildtype control with no 
AFN treatment.  
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2.2.2 CELL DEATH IN AURANOFIN TREATED EMBRYOS 

Apoptotic cells were measured by whole-mount terminal deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate nick-end labelling (TUNEL) using 
the ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100; EMD Millipore 
Corporation, Billerica, MA, USA) according to the manufacturer’s instructions as 
described previously (Detrich III et al., 2004). Thirty hpf embryos from the 
auranofin dose testing experiment were dechorionated with forceps and then 
fixed in 4% paraformaldehyde (PFA). The PFA was washed off the embryos and 
they were placed in pre-chilled ethanol:acetic acid 2:1. The embryos were then 
incubated at room temperature in 75µl of the equilibrium buffer from the 
ApopTag kit. Working strength Terminal deoxynucleotidyl transferase (TdT) was 
added and the embryos were incubated overnight. The reaction was stopped 
with a stop/wash buffer and then blocked with bovine serum albumin (BSA) and 
5% sheep serum in phosphate buffered saline and tween (PBST) at room 
temperature (enough to cover the embryos). The embryos were incubated in 

anti-digoxigenin peroxidase antibody and stained with 3,3′-Diaminobenzidine 

(DAB) solution in the dark for 5 minutes in the presence of hydrogen peroxide 
(H2O2). Embryos were then washed, re-fixed in PFA and transferred to 80% 
glycerol for storage.  

TUNEL stained embryos were visualised and photographed using a Leica M205 
FA light microscope as whole mount specimens in 3% methylcellulose on a slide. 
The embryos were imaged from three different views; saggital head, dorsal head 
and tail regions. Apoptotic cells were counted manually using ImageJ version 1.48. 
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2.2.3 RIBOCEINE DOSE TESTING 

The daily human dose of RiboCeine (RBC) is 4.2mg/kg, or 125mg twice daily for a 
60kg person. This is equivalent to 1mmol of L-cysteine per day. A range of RBC 
doses were chosen for toxicity testing in wild-type zebrafish embryos; 1 µM, 50 
µM, 100 µM, 500 µM, 1 mM and 5 mM, diluted in E3 medium with no methylene 
blue. The embryos were randomly allocated to petri dishes and 20ml of RBC plus 
E3 were added at each concentration with an E3 only control group.  

At 5 dpf the embryos were sedated with Tricaine and visualised and 
photographed live with light microscopy using a Leica M205 FA microscope. The 
embryos were screened and categorised as normal, defect or dead. A second 
biological repeat of the experiment was carried out with approximately 20 
embryos in each RBC concentration group for each repeat. 
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2.3 OBJECTIVE TWO METHODS 

2.3.1 ‘RESCUE’ EXPERIMENTS - AFN AND RBC EXPOSURE 

Based on the results of objective one, discussed later, a low (1 µM) and a high (5 
µM) concentration of AFN and 500 µM concentration of RBC were chosen to 
continue the RBC rescue experiments. These concentrations were applied for 
both a short (1 dpf) and a long (5 dpf) exposure period (Figure 2.2). In the AFN 
short exposure groups, the AFN was washed off after 1 dpf. In the first 
experiment the embryos were in petri dishes with 20ml of media and 
approximately 20 fish per experimental group. In the repeat experiments the 
embryos were in 6 well plates with 10ml of media, at the same concentrations, 
with approximately 10 embryos per experimental group.  



	 28	

 

 

Fig. 2.2 – Showing the experimental conditions for the rescue experiments for objective 

two. Groups A-C are the rescue groups and groups D-H are the comparison groups. 

A – 1 µM dose of AFN applied concurrently with 500 µM RBC for 5dpf, B – 5 µM dose 

of AFN applied for a short exposure (24 hours) and 500 µM RBC applied concurrently 

for a long exposure time, C – 5 µM dose of AFN applied for a short exposure time, the 

AFN is washed off at 1dpf and 500 µM RBC is applied separately for the remaining 4 dpf, 

D – 5 µM of dose of AFN applied for 1 dpf, E – 1µM dose of AFN only applied for 5 

dpf, F – 500 µM RBC applied continuously for 5 dpf, G – 500 µM RBC applied from 1 

dpf to 5 dpf, H – Control group in E3 medium only (No AFN or RBC) applied. 
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2.3.2 ALCIAN BLUE STAINING OF CRANIAL CARTILAGE 

Five dpf embryos from the rescue experiment treatments described above were 
fixed in 4% PFA for one hour. PFA was washed off and the embryos were 
incubated in methanol (MeOH). The methanol was then replaced with 0.15% 
Alcian blue solution at 4°C for 2-3days. Embryos were then washed three times 
in water plus Tween (H2O-T) and then placed in a bleach solution to remove the 
natural pigments for one hour. The bleach was removed in two washes of H2O-T 
of five minutes each. The embryos were then incubated for 10 minutes in 30% 
fresh saturated borate solution. Embryos were digested in a1:10 dilution of 2.5% 
trypsin in 30% saturated borate for approximately one hour at 37°C to remove 
the flesh. Following this, there were two more washes with H2O-T and the 
embryos were transferred to 80% glycerol for storage and microscopy.  

Stained embryos were visualised and photographed using a Leica M205 FA light 
microscope in 3% methylcellulose on a slide. The embryos were imaged from 
ventral and sagittal head views and measurements taken were based on those 
carried out in previous zebrafish research (Mukhi and Patiño 2007; Schilling 1997). 
Measurements of the cranial cartilaginous skeleton were made using the angle and 
line drawing tools in ImageJ version 1.48 and were standardised to a scale bar 
(Figure 2.3). The examiner was blinded to the treatment group when imaging was 
carried out. 
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Fig. 2.3 Measurements of the cranial cartilage of zebrafish embryos stained with Alcian 

blue, (all linear measurements are in mm). A – Sagittal view of the head: P – 

palatoquadrate cartilage, M –meckels cartilage, d – distance from P to M, e – extension of 

M past P.       B – ventral view of the head: L1 – Length of ceratohyal cartilage, L2 – 

length of meckels cartilage, length of the cartilages was estimated using the Pythagorean 

formula L = √(s2 – b2/4). C – ventral view of the head: ch – angle of the ceratohyal 

cartilage. Measurements were adapted from previous work on zebrafish (Mukhi and 
Patiño 2007; Schilling 1997). 
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2.3.3 TUNEL STAINING TO DETECT CELL DEATH IN RESCUE 
EXPERIMENTS 

A similar method was used for TUNEL staining as described in objective one with 
only the following change; 24 hpf embryos were not placed in proteinase K as 
they were too delicate and it completely digested them so this step was 
removed. The stained embryos were washed, fixed in PFA and transferred to 
80% glycerol for storage.  

TUNEL stained embryos were visualised and photographed using a Leica M205 
FA light microscope as whole mount specimens in 3% methylcellulose on a slide. 
The embryos were imaged from two different views; sagittal head and tail regions. 
Apoptotic cells were counted manually using ImageJ and the assessor was blinded 
to which experimental condition the embryo came from. This experiment was 
repeated twice with 10 embryos per experimental condition in each repeat. 

2.3.4 QUANTITATIVE REVERSE-TRANSCRIPTASE POLYMERASE 
CHAIN REACTION ANALYSIS OF ANTIOXIDANT GENES 

Embryos from the rescue experiments (Figure. 2.4) were collected at 24 hpf and 
48 hpf and placed in 2ml eppendorf tubes with 350µl RAI buffer and 3.5µl 
dithiothreitol (DTT) and then snap frozen in liquid nitrogen. Zebrafish embryo 
ribonucleic acid (RNA) extracts were prepared from 30 pooled embryos from 
each treatment group using the NucleoSpin RNA kit according to the 
manufacturer’s instructions. RNA concentrations and purity were verified on a 
Nanodrop spectrophotometer. The qScript cDNA SuperMix system was used for 
cDNA synthesis from 1µg total RNA using oligo dT primers according to the 
manufacturer’s instructions. Primers used for quantitative real-time polymerase 
chain reaction (qRT-PCR) analysis of gene expression are listed in Appendix 6.3. 
The primers were validated by checking the product size, sequencing the product 
to confirm its identity, determining the amplification efficiency and checking the 
melt curve for a single peak. SYBR Premix Ex Taq (Tli RNaseH Plus) (Takara) was 
used to amplify complementary DNA (cDNA) in duplicate with the LightCycler 
480 Instrument II. The cycle threshold (Ct) was calculated by the LightCycler 480 
SW1.5 software and was normalised to the reference genes (eif1a and rpl13a) 
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using qBase (Biogazelle). This was repeated in triplicate and bivariate analysis was 
carried out using One-way ANOVA and Tukey HSD post-hoc test. 
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Fig. 2.4 – Shows the treatment conditions that embryos were collected from for RNA 

extraction and qRT-PCR at a 24 hpf and 48 hpf time point. Groups A and B are the 

rescue groups, and groups D-F are the comparison groups. A – 5 µM dose of AFN 

applied concurrently with 500 µM RBC, B – 5 µM dose of AFN only applied for 24 hpf, 

AFN was washed off and replaced with 500 µM RBC from 24 – 48 hpf, C – 5 µM dose 

of AFN only applied for 24 hpf, D – 500 µM RBC only applied for 48 hpf, E – 500 µM 

RBC only applied from 24 – 48 hpf, F – Control group in E3 media with no AFN or RBC 

applied. 
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2.4 DATA ANALYSIS 

Data were analysed using the Statistical Package for Social Sciences (SPSS v 22.0, 
SPSS INC, Chicago Ill, US). Bivariate analysis was carried out using One-Way 
ANOVA and the Chi-square test with the alpha level set at 0.05. Post-hoc tests 
(such as Tukey’s HSD) were used for multiple group comparisons. Non-
parametric tests (such as a Kruskal Wallis and Mann-Whitney U) were used 
whenever a continuous dependent variable was not normally distributed. 

2.5 FUNDING  

This research could be carried out with funding from the Otago Medical Research 
Foundation, Community Trust Otago Grant (code #CT 333). Funding was also 
received from the New Zealand Dental Association Research Foundation and the 
University of Otago Research Grant. 
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3. RESULTS 

3.1 OBJECTIVE ONE –ZEBRAFISH MODEL OF 
CRANIOFACIAL DEFECTS CAUSED BY OXIDATIVE STRESS 
 

To investigate whether oxidative stress causes craniofacial defects in zebrafish, the 
reagent auranofin (AFN) was applied to the surrounding zebrafish embryo media 
at 6 hours post-fertilisation (hpf) and the resulting cranial cartilage phenotype was 
examined at 5 days post-fertilisation (dpf). AFN creates an oxidative stress 
environment via the inhibition of thioredoxin reductase (TrxR), which prevents 
hydrogen peroxide removal from the cell causing cell death (Rigobello et al. 
2008). The first objective was to identify an optimal dose of AFN that caused 
craniofacial defects, but did not cause widespread developmental delays or 
fatalities of the zebrafish embryos. Secondly, we wanted to characterise a 
zebrafish model of cartilaginous craniofacial defects caused by oxidative stress and 
to determine if these craniofacial defects were due to cell death. 

3.1.1 AURANOFIN CAUSES JAW DEFECTS IN ZEBRAFISH 
EMBRYOS 

The oxidative stress agent AFN did indeed cause defects of the cranial cartilage in 
5 dpf zebrafish embryos (Figure 3.1). The jaw defect, as visualised in whole 
embryos under light microscopy, presented as a ventral extension of the 
ceratohyal and Meckels cartilages of the lower jaw. Embryos with this jaw defect 
were scored according to the severity of the defect (as shown in Figure 3.1). 
Craniofacial defects were also examined using fluorescence microscopy in the 
Tg(sox10:GFP) zebrafish line (Figure 3.2), which was used because sox10 
expression marks neural crest cells (Trainor 2010)  These embryos revealed that 
AFN exposure leads to a gaping jaw appearance.  

 The dose and timing regime for the AFN titration is shown previously (Figure 
2.1). The dose and exposure time that gave the widest range of cartilaginous jaw 
defects, with 85% of embryos developing either a mild or a gap-jaw defect, was 
the 5 µM dose of AFN applied to the embryos for 24 hours from 6 hpf to 30 hpf 
(Group C, Figure 3.1). The remaining 15% of embryos in this group had a normal 
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cartilaginous appearance and no severe developmental delay (Group C, Figure 
3.1). At longer exposure times, the 5 µM dose of AFN was toxic to the 
developing embryos. This was shown in the continuous exposure groups (Groups 
A and B, Figure 3.1) where none of the zebrafish embryos exposed to the 5 µM 
dose survived. The 1 µM dose continuous dose applied from 6 hpf until 5 dpf 
(Group A, Figure 3.1), caused severe jaw defects and developmental delay in 
100% of the zebrafish embryos. Shorter exposure times of the 1 µM AFN dose 
produced a high percentage of embryos with normal cranial cartilage (Groups C-
E, Figure 3.1). The 0.5 µM dose of AFN did not cause jaw defects in the zebrafish 
embryos, except when there was a continuous exposure for 5 dpf where 35% of 
embryos had jaw defects ranging from mild to a gap-jaw appearance (Group A, 
Figure 3.1). From these results, a short exposure (6 – 30 hpf) of 5 µM and a long 
exposure (6 hpf – 5 dpf) of 1 µM of AFN were chosen for further experiments in 
objective two.  
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Fig. 3.1 Exposure to auranofin (AFN) causes jaw defects in 5 dpf zebrafish embryos, N=20 for each group. The control group at each exposure time had a 

normal craniofacial phenotype. The arrows indicate the treatment regimes that were chosen for objective two rescue experiments. Group A was exposed to 
AFN from 6 hpf until 5 dpf. In this group, the 5 µM dose was too toxic and no embryos survived; the 1 µM dose caused severe jaw defects and the 0.5 µM dose 
produced a small proportion of embryos with a range of defects. Group B was exposed to AFN from 6 hpf until 3 dpf. No embryos survived in this group at 

the 5 µM dose; and the 1 µM dose caused moderate to severe jaw defects in over 50% of the embryos. Group C was exposed to AFN from 6 hpf until 30 hpf. 
The 5 µM dose in this group caused mild to moderate jaw defects in a high proportion of embryos, the 1 µM dose caused mild jaw defects in a small number of 
embryos. In Groups D and E, AFN was exposed for 24 hours from either 1-2 dpf or 2-3 dpf respectively. Only the 5 µM dose of AFN caused moderate to 
severe jaw defects in this group. 
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Fig. 3.2 – Tg(sox10:GFP) green fluorescence protein (GFP) images showing wildtype 
zebrafish embryos and zebrafish embryos exposed to 5 µM AFN from a sagittal and 
ventral view (Sox10 is a NCC marker). The white arrow shows the gap-jaw defect 
caused by the high dose (5 µM) of AFN with a ventral extension of Meckel’s cartilage. D 
– shows the defect from the ventral view with abnormal formation of the Meckel’s 
cartilage (M), with a midline clefting appearance. M – shows normal Meckel’s cartilage in 
a wild-type control zebrafish embryo in both views. 
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3.1.2 AURANOFIN TREATMENT INCREASED CELL DEATH IN 
ZEBRAFISH EMBRYOS 

To investigate if the craniofacial defects caused by oxidative stress described 
above were due to death of the cells that contribute to the cartilaginous 
structures of the jaw, AFN treated embryos were assessed for apoptosis. This 
was carried out using a TUNEL assay of 24 hpf embryos exposed to AFN from 0-
5 µM. TUNEL staining revealed a higher numbers of apoptotic cells present in the 
craniofacial region with increasing doses of AFN (Figure 3.3), evidenced by an 
increased number of stained cells in the developing head area. The 1 µM and 5 
µM AFN doses had a significantly increased number of stained cells in comparison 
to the control group with no AFN exposure and the 0.5 µM AFN exposure 
group (p<0.01). Therefore, cell death could account for the craniofacial 
abnormalities observed in AFN-treated embryos. 
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Fig. 3.3 – TUNEL staining of apoptotic cells showed an increase in number of stained cells 

with an increased dose of AFN in the developing head of 24 hpf zebrafish embryos  

**p<0.01 compared to the control group with no AFN exposure (one-way ANOVA, 

post-hoc TUKEY HSD). Error bars show the SEM. N=10 in each treatment group. The 

black box in the control picture shows the area analysed for each embryo. 
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3.2 OBJECTIVE TWO – ANTIOXIDANT RESCUE OF 
CRANIOFACIAL DEFECTS CAUSED BY OXIDATIVE STRESS  
 

If oxidative stress can cause craniofacial defects, then antioxidant treatment may 
have the potential to counteract cell death by promoting cell survival. This has 
been demonstrated previously in animal models of craniofacial disorders such as 
Robert’s syndrome and Foetal Alcohol Spectrum Disorder (Yan et al. 2010) (Xu 
et al. 2013). The antioxidant RiboCeineTM  (RBC) provides the rate-limiting amino 
acid, cysteine, needed for the production of the naturally occurring antioxidant 
glutathione (Kader et al. 2014). To investigate whether cell survival using 
antioxidants can rescue the craniofacial defects caused by oxidative stress, 
embryos exposed to AFN were supplemented with RBC from 6 hpf and the 
resulting phenotypes were examined at 5 dpf.  

3.2.1 RIBOCEINE TESTING  

In order to determine the appropriate RBC concentration with which to attempt 
rescue of the AFN treated embryos, a titration was carried out on wildtype 
embryos (Figure 3.4). Treatment with RBC in concentrations from 1-500 µM 
produced embryos with normal cranial cartilage, similar to the control group 
(Figure 3.4). The 1 µM and 5 µM concentrations had toxic effects with 60-75%  
of these embryos presenting with developmental defects. As a result the 100 µM 
and 500 µM concentrations of RBC were used to continue with the rescue 
experiments, as they were the highest concentrations that could be tolerated 
before toxicity was observed in the zebrafish embryos. 
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Fig. 3.4 – Shows the proportion of embryos with normal cranial cartilage and 

developmental defects in zebrafish embryos treated with increasing doses of RBC. The 

100 µM and 500 µM RBC concentrations were the highest dose before RBC became 
toxic. Data labels show the number of embryos observed in each treatment group. 
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3.2.2 ANTIOXIDANTS CAN RESCUE CRANIOFACIAL DEFECTS 
CAUSED BY OXIDATIVE STRESS IN A ZEBRAFISH MODEL  

The antioxidant RBC was applied in the concentrations determined by the 
previous titrations, in conjunction with AFN, in order to rescue the jaw defect 
phenotype caused by oxidative stress. The 100 µM concentration of RBC was 
removed from the experiment after the second repeat of the rescue experiment, 
as it did not produce any rescue of the jaw defects caused by AFN (Figure. 3.5).  

 

Fig. 3.5 – The 100 µM dose of RBC caused a high proportion of embryos to develop jaw 
defects. The data labels show the number of embryos observed in each treatment group. 

 

 

 

 

 

 

 

0	

10	

20	

30	

40	

50	

60	

70	

80	

90	

100	

Control	 100 µM RBC+ 1 µM 
AFN	

100 µM RBC+5 µM 
AFN	

Pe
rc

en
ta

ge
 o

f e
m

br
yo

s	

Defect	

Normal	

140 91 85 



	 44	

In contrast to the 100 µM RBC concentration, treatment with 500 µM of RBC 
was seen to consistently rescue the jaw defect phenotypes seen with zebrafish 
embryos exposed to AFN. With the 1 µM AFN concentration, concurrent 
treatment with 500 µM of RBC for 5 dpf rescued the jaw defect phenotype in 
65% of the embryos treated, meaning that these embryos had cranial cartilage 
similar to the untreated control group (Figure 3.6). When the embryos were 
exposed to oxidative stress (1 µM AFN) only for 5 dpf, only 14% were observed 
to have normal cranial cartilage (Figure 3.6). RBC only treatment produced 
embryos with normal cranial cartilage in 90% of embryos (Figure 3.6). 
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Fig. 3.6 – Treatment with 500µM of RiboCeine (RBC) rescues cranial cartilage defects in zebrafish embryos exposed to the oxidative stress agent auranofin 
(AFN) at a 1 µM concentration. The data labels show the number of embryos analysed in each treatment group. Error bars show the standard error of the 
mean. Cont (continuous) shows that both the auranofin and RBC reagents were applied to the embryos continuously for 5 dpf. 
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Treatment with 500 µM of RBC also rescued the jaw defect phenotype caused 
by the 5 µM concentration of AFN. Over 80% of the embryos treated with RBC 
and AFN concurrently had normal cranial cartilage that was comparable to the 
untreated control group (Figure 3.8). Of the embryos that were exposed to 5 µM 
AFN, only 2% had normal cranial cartilage. To see if RBC could rescue the jaw 
defects after the oxidative stress insult was applied, a treatment group where 
RBC was applied only after AFN had been exposed to the embryos from 6-24 
hpf alone was observed (Group C, Figure 3.7). RBC applied after the AFN insult 
also rescued the gap-jaw defect with close to 80% of the embryos in this 
treatment group having normal cranial cartilage (Figure 3.8). 
 

 

Fig. 3.7 – Showing the experimental conditions for the rescue experiments for objective 

two. Groups A-C are the rescue groups and groups D-H are the comparison groups. 

See Figure 2.2 for more specfic information on the treatment groups.
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Fig. 3.8 – Treament with 500 µM of RiboCeine (RBC) rescues cranial cartilage defects in zebrafish embryos exposed to the oxidative stress agent auranofin 
(AFN) at a 5 µM dose. This rescue occurs both when RBC is applied concurrently with AFN and also after the AFN insults was applied. The black arrow on the 
oxdiative stress (5 µM AFN) example picture shows the gap-jaw defect with the ventral extension of the Meckel’s and ceratohyal cartilages. The data labels 
show the number of embryos analysed in each treatment group. Error bars show the standard error of the mean.
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Although the gap-jaw defect was the most common abnormality observed in the 
zebrafish embryos, other developmental anomalies were also observed.  In the 
treatment groups exposed to AFN at both the low (1 µM) and the high (5 µM) 
concentrations a higher percentage of embryos, 16% and 10% respectively, had 
cardiac oedema (Figure 3.9). Severe, whole body oedema was also observed in 
10-13% of embryos treated with AFN and was not observed in any other 
treatment group. Treatment with the antioxidant RBC appeared to lower the 
rates of cardiac and severe oedema so that is was comparable to the untreated 
control group. Interestingly, there was no difference in the rates of embryo death 
between the treatment groups. 
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Fig. 3.9 – Exposure to AFN leads to a higher percentage of zebrafish embryos with developmental defects. JD – The most prevalent defect observed was 
abnormal cranial cartilage with a ventral extension of the ceratohyal and Meckel’s cartilage of the lower jaw, giving the embryo a gap-jaw appearance as shown by 
the black arrow in the example picture (JD). CO – Cardiac oedema (red arrow) and SO – generalised oedema was observed more frequently in the AFN 
treatment groups. Treatment with the antioxidant RBC lead to a lower percentage of the developmental defects in the zebrafish embryos. The percentage of 
dead embryos was comparable between the treatment groups. 
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3.2.2 RIBOCEINE SUCCESSFULLY RESCUED THE CRANIAL 
CARTILAGE  PHENOTYPE CAUSED BY OXIDATIVE STRESS 

Alcian blue staining (a specific cartilage stain), was carried out to determine 
whether the underlying cartilage anatomy was indeed comparable to the 
untreated wildtype group in the rescue treatment groups, as it appeared in the 
previous experiments. The measurements taken of the cranial cartilages have 
been shown previously (Figure 2.3).  

Exposure to the 5 µM concentration of AFN significantly widened the angle of 
the ceratohyal cartilage (Figure 3.10) and also significantly reduced the length of 
this cartilage (Figure 3.11). No significant difference was apparent in the length of 
the Meckel’s cartilage between the oxidative stress and rescue groups (Figure 
3.11). There was phenotypic rescue of the ceratohyal cartilage in the RBC rescue 
groups (Figure 3.12).		

 

Fig. 3.10 – The angle of the ceratohyal cartilage was significantly widened in embryos 

treated with 5 µM of AFN (p<0.05). The lower concentration (1 µM) of AFN widened 

the angle of the ceratohyal but not to a significant degree. Concurrent treatment with 

RBC rescued the abnormal ceratoyhal cartilage, as the embryos in these groups had 

similar cartilaginous dimensions to the control group. N=6 in each treatment group. The 

error bars show the standard error of the mean (SEM). (one-way ANOVA, Tukey HSD 

post-hoc analysis). Bars not sharing the same letter are statistically significantly different 
(p<0.05). 

0	

15	

30	

45	

60	

75	

90	

Control	 1 µM AFN	 5 µM AFN	 1 µM AFN
+RBC	

5 µM AFN
+RBC	

An
gle

 (d
eg

re
es

)	

Treatment groups	

 A  A  A  

 A,B   
 B  



	 51	

 

Fig. 3.11 – Oxidative stress (5 µM) of AFN reduces the length of the ceratohyal cartilage 

of zebrafish embryos (p<0.01). The length of the ceratohyal cartilage was not significantly 

different between the rescue groups (AFN and RBC) and the control group. The low 

AFN dose (1µM) had a slightly reduced ceratohyal length but this was not statistically 

significant except when compared to the low AFN dose rescue group (low AFN+RBC) 

(p<0.05). The length of the Meckel’s cartilage of the lower jaw was not significantly 

different between the treatment groups (P>0.05). N=6 in each treatment group. The 

error bars show the SEM (one-way ANOVA, Tukey HSD post-hoc analysis). Bars not 
sharing the same letter are statistically significantly different (p<0.01). 
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Fig. 3.12– Examples of zebrafish embryos developing head stained with alcian blue to 

show the cranial cartilaginous skeleton (ventral view). Oxidative stress (5 µM AFN) 

caused a significantly increased angle (p<0.05) and decreased length (p<0.01) of the 

ceratohyal cartilage of the lower jaw. The rescue groups, with concurrent exposure to 

AFN and RBC, produced ceratohyal cartilages that were structurally similar to the 

untreated control group. There was no significant difference in the length of the Meckel’s 

cartilage of the lower jaw between the treatment groups. Figure 2.3 shows exact 
measurements taken.  
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Oxidative stress, caused by a 5 µM dose of AFN increased the distance from the 
palatoquadrate cartilage of the upper jaw to the Meckel’s cartilage of the lower 
jaw, which was statistically significant (p<0.001) (Figure 3.13). The Meckel’s 
cartilage also extended significantly further past the palatoquadrate in this 
oxidative stress group (p<0.05) (Figure 3.14), giving the embryos a gap-jaw 
appearance (Figure 3.15). There was rescue of these abnormalities of the cranial 
cartilages with the antioxidant treatment (RBC), as there was no difference in the 
dimensions of the cartilages between the rescue groups and untreated control 
groups (Figures 3.13 – 3.15). 

 

	

 

Fig. 3.13 – A 5 µM dose of AFN increased the distance from the palatoquadrate cartilage 

to the Meckel’s cartilage (p<0.001), giving the embryos a gap-jaw appearance. Treatment 

with RBC rescued this gap-jaw appearance. N=6 in each treatment group. Error bars 

show the SEM. (one-way ANOVA, Tukey HSD post-hoc analysis). Bars not sharing the 
same letter are statistically significantly different (p<0.001). 
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Fig. 3.14 – A 5 µM dose of AFN significantly increased the extension of the meckels 

cartilage of the lower jaw past the palatoqudrate cartilage of the upper jaw (p<0.05), 

giving the embryos a gap-jaw appearance. Statistical significance was only in comparison 

to the control group but it was approaching significance in comparison to the rescue 

group (AFN+RBC) (p=0.05). N=6 in each treatment group. Error bars show the SEM. 

(one-way ANOVA, Tukey HSD post-hoc analysis). Bars not sharing the same letter are 
statistically significantly different (p<0.05). 
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Fig. 3.15 – Sagittal view of the zebrafish embryo developing head and face area stained 

with alcian blue to show the cranial cartilaginous skeleton. Oxidative stress (5 µM AFN) 

caused a significant increase in the distance between the palatoquadrate cartilage of the 

upper jaw and the Meckel’s cartilage of the lower jaw. This group also showed a 

significant increase in the extension of the Meckel’s cartilage past the palatoquadrate 

cartilage. These two abnormalities of the cranial cartilage gave the embryos a gap-jaw 

appearance. Treatment with the antioxidant RBC produced cranial cartilage that was 

structurally similar to the untreated control group, producing a phenotypic rescue of the 
defect caused by oxidative stress. Figure 2.3 shows exact measurements taken. 
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3.2.3 RIBOCEINE PROMOTES CELL SURVIVAL AND LOWERS 
THE RATE OF CELL DEATH CAUSED BY OXIDATIVE STRESS 

From the results of objective one, it was acertained that oxidative stress (1 µM 
and 5 µM concentrations of AFN) caused a higher number of apoptotic cells in 
the developing head of the zebrafish embryo when compared to untreated 
controls. If oxidative stress can cause a higher number of apoptotic cells, it was 
hypothesised that antioxidants could lower the number of apoptotic cells by 
promoting cell survival. In the rescue experiments of objective two, oxidative 
stress (AFN) again caused a higher number of TUNEL positive cells, indicating an 
increased rate of apoptosis in the developing head area at both 24 hpf and 48 hpf 
(Figures 3.16 & 3.17). Treatment with the antioxidant, RBC, lowered the number 
of TUNEL – positive cells to a level comparable to the untreated control groups 
at 24 hpf and 48 hpf in the head area (Figures 3.16 & 3.17).  
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Fig 3.16 – A 5 µM dose of AFN lead to a significantly higher number of TUNEL-positive, 

apoptotic cells (black arrows) in the zebrafish embryo head area at 24 hpf (p<0.01). 

Treatment with the antioxidant RBC, in conjunction with the AFN, produced embryos 

with a comparable number of apoptotic cells as the untreated controls. Error bars show 

the SEM (one-way ANOVA, Tukey HSD post-hoc analysis). N=20 in each treatment 

group, two biological replicates. Bars not sharing the same letter are statistically 
significantly different (p<0.01). 
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Fig 3.17 – A high 5 µM dose of AFN lead to a significantly higher number of TUNEL-

positive, apoptotic cells (black arrows) in the head area of zebrafish embryos at 48 hpf 

(p<0.01). Concurrent and separate treatment with RBC and AFN together produced 

zebrafish embryos with a comparable number of apoptotic cells as the untreated 

controls. (one-way ANOVA, Tukey HSD post-hoc analysis). Error bars show the SEM. 

N=20 in each treatment group, two biological replicates. Bars not sharing the same letter 
are statistically significantly different (p<0.01). 
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Oxidative stress (AFN) again induced a higher number of TUNEL positive cells, 
indicating an increased rate of apoptosis in the developing tail area at both 24 hpf 
and 48 hpf (Figure 3.18 & 3.19). At 24 hpf, RBC treatment alone and in 
conjunction with AFN, caused a higher number of TUNEL-positive cells in the tail 
area in comparison to the untreated control group (Figure 3.18). This finding was 
apparent in both repeats of the experiment. 
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Fig. 3.18– A 5µM dose of AFN lead to a significantly higher number of apoptotic cells 

(black arrows) in the tail area of zebrafish embryos at 24 hpf when compared to all other 

treatment groups (p<0.01). Treatment with RBC only and the rescue treatment of AFN 

and RBC also caused a significantly higher number of apoptotic cells in comparison to the 

untreated control group (p<0.05) (one-way ANOVA, Tukey HSD post-hoc analysis). 

Error bars show the SEM. N=20 in each treatment group, two biological replicates. Bars 
not sharing the same letter are statistically significantly different (p<0.01). 
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Fig. 3.19 – A 5µM dose of AFN lead to a significantly higher number of TUNEL-positive, 

apopotic cells in the tail area of zebrafish embryos at 48 hpf (p<0.01). Concurrent and 

separate treatment with RBC and AFN together produced zebrafish embryos with a 

comparable number of apoptotic cells as the untreated controls. (one-way ANOVA, 

Tukey HSD post-hoc analysis). The error bars show the SEM. N=20 in each treatment 
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group, two biological replicates. Bars not sharing the same letter are statistically 
significantly different (p<0.01). 

3.2.4 OXIDATIVE STRESS LEADS TO UPREGULATION OF 
ANTIOXIDANT GENES IN ZEBRAFISH EMBRYOS 

Oxidative stress can upregulate antioxidant genes. Previous work done by 
Newman et al (2015) found an upregulation of glutathione S-transferase P 
(gstp1), peroxiredoxin-1 (prdx1) and glutamate-cysteine ligase (gclc) in response 
to oxidative stress caused by AFN. The gstp1 and gclc genes have a role in 
glutathione synthesis, whereas prdx1 encodes a member of the peroxiredoxin 
family of antioxidants. The level of expression of these antioxidant pathway genes 
was investigated in the rescue experiment treatment groups at both 24 hpf and 
48 hpf. 

Oxidative stress, exposure to 5 µM of AFN, lead to upregulation of antioxidant 
genes gstp1 and prdx1 at 24 hpf in zebrafish embryos (Figure 3.20). Treatment 
with an antioxidant, RBC, lowered the level of gene expression due to oxidative 
stress, but did not return to control levels (Figure 3.20). At 24 hpf the expression 
of gclc was increased in the oxidative stress (5 µM AFN only) group, although this 
did not reach statistical significance (p=0.07). There was a significant increase of 
1.2 ± 0.18-fold more gstp1 found in embryos exposed to 5 µM of AFN in 
comparison to the control and RBC only groups at 24 hpf (p<0.05). Interestingly, 
the level of gstp1 was not significantly different between the AFN only and the 
rescue (AFN+RBC) groups. AFN exposure also caused a significant upregulation 
of prdx1 transcription at 24 hpf in comparison to all other treatment groups 
(p<0.01). At this time point, expression of prdx1 was also increased in the rescue 
group (AFN+RBC) in comparison to the control and RBC only groups (p<0.05).  
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Fig. 3.20 – Oxidative stress (AFN exposure) increases the levels of antioxidant genes in 24 hpf zebrafish embryos. Levels of mRNA were determined from pools 

of 50 embryos in each treatment group. AFN only (5 µM) treatment group was approaching significantly increased gclc expression from the control group 

(p=0.07). Gstp1 expression was increased with exposure to AFN when compared with the untreated control and RBC only treatment groups (p<0.05). AFN 

only exposure increased prdx1 expression in comparison to all other treatment groups at 24hpf. Prdx1 expression was also increased in the AFN + RBC group 

when compared with the control and RBC only treatment groups. Bars not sharing the same letter are statistically significantly different (p<0.05). The values 
represent the mean ± SEM from three biological replicates. (one-way ANOVA, Tukey HSD post-hoc analysis). 
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At 48 hpf, AFN also caused an increase in the levels of antioxidant gene 
expression (Figure 3.21), although this only reached statistical significance in the 
upregulation of prdx1 transcription (p<0.05).  A significant difference in 
expression of gclc was only seen in the AFN and RBC applied separately rescue 
group at the 48hpf time point (Figure 3.21), with a 1.5±0.27-fold increase 
(p<0.05). The rescue group with AFN and RBC applied separately also caused 
upregulation of prdx1 transcription at 48 hpf in comparison to the control and 
RBC only treatment groups (p<0.05) (Figure 3.21). There was no significant 
difference in expression of gstp1 at 48 hpf between the treatment groups (Figure 
3.21).
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Fig. 3.21 – Oxidative stress (5 µM AFN) increases the levels of antioxidant genes in 48 hpf zebrafish embryos, with a significant increase in prdx1 expression levels 

(p<0.05). The AFN and RBC separately applied rescue group showed a significant increase in gclc and prdx1 expression in comparison to the control and RBC 

only treatment groups at 48 hpf (p<0.05). No statistically significant difference was seen in gstp1 expression between the groups. The values represent the mean 
± SEM from three biological replicates. (one-way ANOVA, Tukey HSD post-hoc analysis).  
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3.3 SUMMARY OF THE RESULTS 

Oxidative stress, in the form of AFN exposure at 1 µM and 5 µM concentrations, 
causes jaw defects in 5 dpf zebrafish embryos. The defect observed in live 
embryos, was a ventral extension of the Meckel’s and ceratohyal cartilages, giving 
the embryos a gap-jaw appearance. There was a higher number of TUNEL-
positive, apoptotic cells in the developing head of embryos exposed to oxidative 
stress, indicating that cell death may be (at least in part) the cause of the 
observed jaw defects. Treatment with the antioxidant, RBC, rescued the jaw 
defects caused by oxidative stress. The number of TUNEL-positive, apoptotic 
cells in the head area of 24 hpf and 48 hpf was comparable to the untreated 
control group when embryos were treated with RBC. In addition, AFN-induced 
oxidative stress was found to upregulate the expression of the antioxidant genes 
gstp1, prdx1 and gclc, Rescue with RBC in most cases resulted in restoration of 
normal expression levels of antioxidant genes at 24 hpf and but not at 48 hpf.  

Overall, the results indicate that the application of an antioxidant can rescue the 
damaging effects of environmentally-induced oxidative stress, even when the 
antioxidant is applied after the stress-inducing compound.  
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4. DISCUSSION 

4.1 SUMMARY OF THE FINDINGS 

There are many environmental toxins that have been associated with craniofacial 
malformations in humans, such as cigarette smoke, ethanol, the drug thalidomide 
and some metals like cadmium and mercury (Chen and Sulik 1996; Hansen 2006; 
Little et al. 2004; McKinney et al. 2016). Anomalies of the craniofacial complex are 
common birth defects and often there is no obvious cause. In this study we test 
the idea that environmental stressors can cause craniofacial defects and that these 
defects have the potential to be chemically rescued.  
 
Previous research investigating the effect of oxidative stress on reproductive 
capability of zebrafish, found that a high percentage of embryos exposed to the 
oxidative stress reagent had jaw malformations (Newman et al. 2015). 
Accordingly, the first hypothesis of the present study was that oxidative stress, in 
the form of AFN, would cause craniofacial defects in zebrafish embryos. We also 
wanted to investigate if enhancing cell survival, with the antioxidant RBC, could 
rescue the craniofacial defects induced by oxidative stress. Our experiment 
showed that oxidative stress caused cartilaginous jaw defects in 5 dpf zebrafish 
embryos, with a ventral extension of the Meckel’s and ceratohyal cartilages giving 
the embryos a gap-jaw appearance. Exposure to AFN also induced a higher 
number of apoptotic cells in the developing head of 24 hpf zebrafish embryos. 
Treatment with the antioxidant, RBC, rescued the jaw defects and also lowered 
the number of apoptotic cells visible, compared to the embryos exposed to AFN. 
Rescue with RBC also largely restored the expression of stress response genes to 
normal levels in AFN-exposed embryos.  
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4.2 STRENGTHS OF THE STUDY 

This research has several strengths. Firstly, the use of the zebrafish as a model of 
craniofacial birth defects was useful for this study. Animal models in general allow 
embryonic development to be studied in a way not possible in human studies. In 
particular, zebrafish overcome many difficulties of other animal models when 
studying vertebrate development. Zebrafish embryos are transparent throughout 
most of the early embryonic stages and the underlying cartilage can be directly 
visualised, they also produce many eggs per mating pair and large numbers of 
embryos can be studied (Kimmel et al. 2001). Additionally, zebrafish embryos 
develop quickly, with changes in the larval skeleton observable over days (Kimmel 
et al. 2001). Importantly, zebrafish form the same skeletal and muscle tissue types 
as higher vertebrates (Yelick and Schilling 2002), with the development of the 
pharyngeal arches, the jaws and jaw-supporting structures being similar to humans 
(Schilling and Kimmel 1994). As zebrafish develops external to its mother there is 
both easy access to early stages of development and the environment can be 
manipulated by adding compounds to the water. All of these features support the 
use of zebrafish in the study of craniofacial development. Another advantage of 
using this model is that development of the craniofacial skeleton in zebrafish has 
been well researched (Kimmel et al. 1995; Kimmel et al. 1998; Schilling and 
Kimmel 1994; Schilling et al. 2001; Yelick and Schilling 2002), and its genome has 
been fully sequenced. For this reason, the model is very suitable to study genetic 
models of craniofacial birth defects and gene-environment interactions (Albertson 
and Yelick 2007; Monnich et al. 2011; Neiswender et al. ; Xu et al. 2013).  

Environmental risk factors of craniofacial birth defects, such as oxidative stress, 
have also been researched in a zebrafish model. One study on the teratogenesis 
of selomethionine due to oxidative stress, observed that craniofacial deformities 
were present in a higher percentage of the embryos exposed to oxidative stress 
(Arnold et al. 2016). However, the craniofacial defect phenotype was not further 
characterised, other than to say the defects were present or not. Another 
common birth defect, Foetal Alcohol Spectrum Disorder (FASD), has been well 
researched using the zebrafish model, looking at causes and potential gene-
environment interactions that produce the FASD phenotype (Cartwright and 
Smith 1995a; 1995b; McCarthy et al. 2013). Therefore, a zebrafish model of 
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craniofacial defects induced by oxidative stress, such as cleft lip and/or palate 
(CL/P) contributes to the current available literature. 
 
Another strength of this research is that the phenotype resulting from oxidative 
stress-induced craniofacial defects was better characterised using both qualitative 
and quantitative methods. As previously mentioned, jaw defects were an 
incidental finding in embryos exposed to AFN in earlier work looking at 
reproductive capacity of zebrafish in an oxidative stress environment (Newman et 
al. 2015). To further investigate this finding our research set-up a dose-response 
experiment to investigate the effect of incremental doses and timing of the AFN 
insult on zebrafish craniofacial cartilage. We have identified treatment time points 
and doses of AFN that cause defects of cranial cartilage without high percentages 
of fatalities or severe developmental delay, which could be utilised in future work.  
 
Finally, the use of the antioxidant RiboCeine (RBC) to rescue craniofacial defects 
caused by oxidative stress, is another notable strength of this research. Although 
RBC has been widely used in animal models as a protective agent against 
acetaminophen-induced hepatoxicity (Lucas et al. 2000; Roberts et al. 1992; Slitt 
et al. 2005), radiation-induced injury with cancer treatment (Carroll et al. 1995; 
Roberts and Francetic 1994) and atherosclerosis (Kader et al. 2014), as yet, there 
have not been any studies investigating the use of RBC in the treatment of 
craniofacial birth defects. The rescue of craniofacial defects using other 
antioxidants has proven to be successful in animal models of genetic craniofacial 
disorders (Sakai et al. 2016; Xu et al. 2013).  
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4.3 A ZEBRAFISH MODEL OF CRANIOFACIAL DEFECTS 
CAUSED BY OXIDATIVE STRESS  

Our zebrafish embryos exposed to the oxidative stress agent AFN, at a low (1 
µM) and a high (5 µM) dose, developed defects of the cranial cartilage of the 
lower jaw. AFN was utilised as it provides a suitable model of environmental 
oxidative stress by inhibiting the antioxidant enzyme TrxR (Rigobello et al. 2008). 
This jaw defect was characterised in this thesis as a ventral extension of the 
Meckel’s and ceratohyal cartilage, which gave the zebrafish embryos a ‘gap-jawed’ 
appearance. Although not investigated in this study, this defect could have a 
detrimental effect on the embryos ability to feed and thrive past 5 dpf, and this 
would be interesting to observe in future research.  

Alcian blue staining of the cranial cartilages confirmed that oxidative stress caused 
by AFN lead to jaw defects.  This provided quantitative characterisation of the 
cartilaginous defect phenotype, showing abnormal angles and lengths of the 
cartilages of the lower jaw. In zebrafish, the neural crest cells (NCCs) migrate into 
the pharyngeal arches from the respective rhombomeres between 24-48 hpf and 
the jaw develops in the hatching period between 48-72 hpf (Kimmel et al. 1995). 
Therefore, an environmental insult due to oxidative stress applied at 6 hpf would 
theoretically affect both the migration of the NCCs into the pharyngeal arches 
and the subsequent development of the cartilaginous precursors to the ossified 
jaws with a site specific-effect on jaw morphology and size.   

Although jaw defects were the most common defect observed, cardiac and 
severe, generalised oedema was seen in higher proportions of the embryos 
treated with AFN and was rarely observed in the both the control group and the 
groups treated with RBC. Although this is likely to be due to general toxicity, it  
may also be ascribed to the fact that neural crest cells contribute to the heart and 
circulatory system as well as craniofacial structures (Bergwerff et al. 1998). 
Oxidative stress has been shown to cause congenital heart defects in a mouse 
model of Diabetes Mellitus, which were additionally rescued with the antioxidant 
NAC (Roest et al. 2007). Therefore, the cardiac defects observed could also be 
due to lack of cardiac NCC survival caused by oxidative stress, which could be 
rescued with antioxidant treatment, however this needs to be investigated 
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further. The percentage of non-surviving zebrafish embryos was comparable 
between the groups, this could be attributable to the dose of AFN being chosen 
specifically to predominantly cause jaw defects and not to disturb overall 
development to a great extent.  

Fluorescence microscopy of the Tg(sox10:GFP) embryos highlighted that the jaw 
structures that were abnormal are of NCC origin. One explanation for the 
cartilaginous defects seen with AFN exposure could be cell death of the NCCs 
that contribute to the cartilaginous skeleton of the developing embryo, as we 
observed an increase in the number of apoptotic cells with increasing doses of 
AFN in 24 hpf embryos. NCCs are highly susceptible to oxidative stress (Morgan 
et al. 2008; Sakai et al. 2016) and having fewer of these cells to contribute to 
cranial structures could conceivably lead to congenital defects. This has been 
proven in studies where the neural crest is completely removed, causing massive 
cell death and absence of NCC-derived structures (Lieuw Kie Song and Been 
1980; Toerien 1975). Moreover, studies using numerous animal models reveal 
that alcohol, another environmental stress agent, can initiate NCC apoptosis 
leading to craniofacial defects likened to FASD (McCarthy et al. 2013; Wang and 
Bieberich 2010). It appears that the jaw defects caused by oxidative stress (AFN) 
in zebrafish embryos are due to death of NCCs and therefore a lack of these cells 
to contribute to facial structures.  

Oxidative stress during human embryonic development can lead to craniofacial 
defects and the association between maternal smoking and congenital anomalies, 
such as CL/P, has been widely reported (Dixon et al. 2011; Little et al. 2004; 
Murray 2002). Interestingly, current work at the University of Otago has also 
shown an association between maternal smoking and missing teeth (hypodontia) 
(Al-Ani et al, 2016, submitted). Such adverse effects are plausible as part of the 
craniofacial skeleton arises from NCCs, including the upper and lower jaw, and 
failure of these cells to migrate to the correct location can lead to facial cartilage 
and bony abnormalities (Sharpe 1995; Trainor et al. 2002). NCC migration and 
patterning of the pharyngeal arches is highly complex, involving genetic and 
environmental interactions (Minoux and Rijli 2010; Sharpe 1995; Trainor and 
Krumlauf 2000). Any disturbance to the NCC environment, such as a change in 
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redox homeostasis due to oxidative stress, may affect the cells migration or 
survival and lead to craniofacial abnormalities (Sakai et al. 2016).
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4.4 ANTIOXIDANT TREATMENT RESCUES JAW DEFECTS 
CAUSED BY OXIDATIVE STRESS IN ZEBRAFISH EMBRYOS 

We hypothesised that an exogenous source of cysteine, in the form of the 
antioxidant RBC, could act against the AFN-induced oxidative stress in zebrafish 
embryos.  

The antioxidant, RBC, promotes glutathione synthesis by providing the rate-
limiting amino acid cysteine (Kader et al. 2014). Glutathione has important 
functions in antioxidant defense and regulation of the cell cycle and apoptosis (Lu 
2013). RBC has advantages over other prodrugs of glutathione, such as NAC, as it 
does not have the associated toxicity due to a slower release of L-cysteine 
(Roberts et al. 1987).  

Although they can be damaging when in excess, a state of oxidative stress and the 
production of reactive oxygen species (ROS) are required for normal 
developmental processes such as mediating apoptosis and acting as second 
messengers (Dennery 2007). In situations where oxidative stress is physiological, 
high concentrations of antioxidants may be considered toxic, as they will act 
against normal metabolic processes required for development (Agarwal et al. 
2012). Initial RBC titration dose testing provided two concentrations of RBC that 
did not cause high percentages of zebrafish embryos with developmental defects, 
a 100 µM and a 500 µM dose. The lower, 100 µM dose was abandoned early in 
the RBC rescue experiments as the majority of embryos still developed jaw 
defects.  

The treatment with the antioxidant RBC, at a 500 µM dose, consistently rescued 
the jaw defects caused by the oxidative stress agent AFN. Rescue of craniofacial 
defects with antioxidants has been demonstrated in the zebrafish model 
previously. Xu et al (2013) rescued craniofacial anomalies in an esco-2-mutant 
zebrafish model of Robert’s syndrome using L-leucine and L-glutamate. Another 
study found that supplementation with folate and the antioxidant N-acetylcysteine 
(NAC) rescued neural tube defects in a zebrafish model of folate deficiency (Kao 
et al. 2014). Interestingly the rescuing effect was also able to re-establish the 
morphology and size of jaw cartilages.    
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Treatment with RBC significantly reduced the number of apoptotic cells in the 
developing head area of zebrafish embryos exposed to oxidative stress (AFN) at 
both 24 hpf and 48 hpf time points. In the tail area, similar results were found at 
the 48 hpf time point, with AFN treatment increasing the number of apoptotic 
cells and both concurrent and separate RBC treatment decreasing the number of 
apoptotic cells visible. At the 24-hour timepoint, the number of apoptotic cells 
was significantly higher in the AFN treatment group but was also increased in the 
RBC treatment groups in comparison to the untreated, control embryos. This 
result was also found when the experiment was repeated, indicating there may be 
a biological reason for this unanticipated result. Normal developmental apoptosis 
in the zebrafish embryo has been well studied (Cole and Ross 2001,; Yamashita 
2003). The tail bud, notochord and segmental plate areas all undergo normal 
developmental apoptosis from 12-24 hpf, with increased numbers of TUNEL-
positive cells evident in these areas during this time period (Cole and Ross 2001). 
Processes such as somatogenesis, elimination of the tail bud and Rohon-Beard 
neurons may explain the higher levels of apoptosis in these developing areas 
(Cole and Ross 2001). The embryo may be more susceptible to any alteration in 
cell redox homeostasis during this period, which may explain the increase in 
TUNEL-positive cells with both the AFN and to a lesser extent the RBC 
treatment in 24 hpf zebrafish embryos in the tail area. 

The TUNEL assay is a non-specific stain of cells undergoing apoptosis or with 
severe DNA damage, so this does not directly prove that the apoptotic cells are 
NCCs. The apoptotic cells in the zebrafish head area were in the area of the first 
and second pharyngeal arches, from which the Meckel’s and ceratohyal cartilages 
form. To further investigate the cell lineage of the cartilage defects, time-lapse 
imaging would have been useful and this is further discussed in the limitations of 
the study (see section 4.5). 

It has been shown that RBC increases both the liver and plasma levels of 
glutathione in a mouse model (Kader et al. 2014). It is possible that RBC rescues 
cell death caused by AFN by increasing the levels of glutathione, which can 
become depleted in severe oxidative stress environments, and which could 
compensate for AFN-induced oxidative stress. Consequently, NCCs that 
appeared to be affected by oxidative stress leading to jaw defects in zebrafish 
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embryos, may survive to contribute to the craniofacial skeleton when treated with 
RBC.  

Previous research found an up-regulation of the antioxidant genes Glutathione S-
transferase P (gstp1), Peroxiredoxin-1 (prdx1) and Glutamate-cyseine ligase 
catalytic subunite (gclc) in response to oxidative stress caused by AFN (Newman 
et al. 2015). The gstp1 and gclc genes have a role in glutathione synthesis, 
whereas prdx1 encodes a member of the peroxiredoxin family of antioxidants. 
Our research also found an upregulation of these genes in response to 5 µM 
AFN at both 24 and 48 hpf. Although RBC treatment showed a trend towards 
normalising the levels of gene expression, this was not entirely restored to the 
level of control embryos at 48 hpf. Upregulation of gclc in response to oxidative 
stress has been previously shown in a zebrafish model (Arnold et al. 2016; 
Timme-Laragy et al. 2009; Usenko et al. 2008). In one of these same studies, they 
also found upregulation of gstp2, which is closely homologous to gstp1 in 
response to oxidative stress caused by selenomethionine (Arnold et al. 2016). 
Oxidative stress due to selenomethionine also caused craniofacial deformities that 
were rescued by the antioxidant NAC, but these authors did not investigate 
whether NAC normalised levels of antioxidant gene expression (Arnold et al. 
2016). Interestingly, they did find that pretreatment with NAC rescued the total 
glutathione levels in comparison to depleted levels in response to oxidative stress. 
This was not investigated in the current research, but could be an interesting 
addition in further research in this area.    
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4.5 LIMITATIONS OF THE STUDY 

One of the major limitations of this study is that, although zebrafish do have 
similarities to higher vertebrates in their embryonic development, they are still an 
animal model of craniofacial defects. An advantage of the zebrafish model itself is 
that you can manipulate the embryos easily with various agents as they develop 
external to the mother. This does not reflect the case in human pregnancy, where 
the foetus develops internally and so antioxidant treatment would likely involve 
supplements being taken orally by the mother. This means that any conclusions 
cannot be directly translated to a human model of craniofacial birth defects. 

The observed jaw defects in 5 dpf embryos under light microscopy were 
qualitatively assessed as being present or not. This could have been measured 
quantitatively using geometric morphometrics, as has been done in previous 
studies (Parsons et al. 2011). This would be an interesting addition to the other 
quantitative measurements used in this research.  

The limited number of observations for some of the qualitative measurements, 
such as TUNEL and Alcian blue staining were another limitation. However, 
significant differences between the oxidative stress and RBC rescue groups were 
still found, even with the small sample size. Additionally, the zebrafish embryos 
were only observed for 5 dpf, as the main interest was the development of the 
cranial cartilage. It would be interesting to observe any longer-term 
developmental affects that AFN has on the zebrafish and on other body systems 
in addition to craniofacial development. 

The research would have benefited from time-lapse imaging of the cranial NCCs 
to be able to trace cell lineage. This in combination with fate-mapping analysis 
would provide detail on the specific population of NCCs that are contributing to 
the jaw defects and determine what aspect of development is affected (survival, 
migration or differentiation) to produce the defective phenotype.  
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4.6 FUTURE DIRECTIONS 

We have investigated an environmental risk factor for craniofacial defects 
(oxidative stress) and found that these defects could be rescued with the 
antioxidant RBC. The next step would be to investigate whether a genetic cause 
of craniofacial defects could be rescued with RBC treatment in zebrafish embryos.  

The embryos in this study were assessed at 5 dpf, therefore, the observed jaw 
defects are of the craniofacial cartilaginous skeleton. It would be interesting to see 
how the observed defects affect the development of the ossified craniofacial 
skeleton past 5 dpf.  

Genetic risk factors for craniofacial birth defects often overlap those involved in 
missing teeth or hypodontia and many craniofacial syndromes have abnormal 
tooth development (Nieminen 2009; Satokata and Maas 1994). The model used 
for this research could be used to investigate any potential effects of oxidative 
stress on craniofacial and/or tooth development in the zebrafish. Eventually, this 
model could also be used to explore if antioxidant treatment can be used to 
rescue dental abnormalities caused by both genetic and environmental factors. 

4.7 CLINICAL IMPLICATIONS 

The majority of birth defects are associated with craniofacial abnormalities and 
although orthodontic and surgical options can be sought for these patients, the 
complex treatment required poses significant challenges for the clinicians involved. 
Not only is any treatment complex, it also places emotional and financial burdens 
on the patient and their family, which affects their overall quality of life. Treatment 
with antioxidants may have the potential to decrease the incidence of children 
with craniofacial birth defects, such as CL/P, which is the most common orofacial 
anomaly in newborns. Antioxidant treatment may be especially useful in families 
with an identified environmental risk factor, such as with maternal smoking, and 
possibly even in individuals with an identified genetic risk.  

 

 



	 78	

4.8 CONCLUSIONS 

Our research has shown that oxidative stress, in the form of the reagent AFN, 
caused craniofacial defects in 5 dpf zebrafish embryos. It is likely that these defects 
are due to death of the NCCs that contribute to the cartilaginous craniofacial 
skeleton. Antioxidant treatment with RBC rescued these oxidative stress-induced 
jaw defects. Additionally, we have characterised a zebrafish model of craniofacial 
birth defects caused by an environmental risk factor, which could be used in 
further research into the effects of oxidative stress on the craniofacial complex. 
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