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Abstract 

 While folic acid deficiency has long been connected with adverse outcomes of 

pregnancy, evidence indicates homocysteine is the teratogenic agent in folic acid 

deficiency and maternal hyperhomocysteinemia has been shown to result in fetal death 

and congenital defects.  To date, the mechanism of homocysteine teratogenicity is 

unclear.  Hyperhomocysteinemia is also associated with several other disease states, 

including cardiovascular and neurodegenerative diseases.  It has been proposed that the 

mechanism of homocysteine pathogenesis within these disease states results from the 

auto-oxidation of homocysteine and subsequently increases in oxidative stress.  

Melatonin is a powerful antioxidant, shown to be effective in decreasing pro-oxidant 

effects of homocysteine within cardiovascular and neurodegenerative diseases.   

In this thesis project, avian embryos were treated with homocysteine during 

neurulation.  Homocysteine treatment resulted in dose-dependent mortality and disruption 

of normal development of embryonic development, conferring specific defects such as 

neural tube defects, caudal cysts, and decreases in extraembryonic vasculature.  

Melatonin and ascorbic acid, two antioxidants, were shown to reduce homocysteine-

induced mortality.  Furthermore, experiments attempting to rescue decreased 

extraembryonic vasculature, although underpowered and unable to detect a significant 

difference, trended toward increasing vascular density.   

In summary, embryonic treatment with antioxidants such as melatonin and 

ascorbic acid during neurulation reduces the effects of homocysteine on the developing 

embryo.  These results are suggestive of a role for oxidative stress in the mechanism of 

homocysteine teratogenicity.      
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Introduction 

For every expecting mother there is a baseline 2% - 4% chance her baby will be 

born with a major life-altering congenital defect.1, 2  In 2005, congenital defects were the 

leading cause of infant mortality in the United States.3  In addition, approximately 25% of 

still births and spontaneous abortions could also be attributed to congenital defects.4  The 

cause of most congenital malformations are thought to be multi-factorial, with genetic 

and environmental factors playing a role.   

For years expectant mothers, and women hoping to become pregnant, have been 

advised to use vitamin supplementation.  This is a result of evidence showing 

supplementation with vitamins reduces the incidence of congenital malformations.  While 

nearly fifty years ago a connection between low folate and negative outcomes of 

pregnancy was demonstrated, it was not until twenty years later that folic acid 

supplementation was shown to improve pregnancy outcomes, and ten more years before 

folic acid supplementation was shown to reduce the occurrence of neural tube defects.5, 6, 

7, 8, 9  The exact mechanism whereby folic acid offers protection is not known; however, 

epidemiological data suggest a link between folic acid deficiency and increased plasma 

levels of homocysteine (Hcys).  Consequently, it has been suggested that Hcys is the 

teratogenic agent in folate deficiency. 

Teratogens and Teratogenicity 

It is thought approximately 5% of clinically significant congenital structural 

defects are caused by teratogens.2  A teratogen is defined as an environmental agent that 

causes fetal death, deformation, and disorder.  Ideally, clinical evidence regarding 
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teratogens would stem from the gold-standard of research, that being  randomized-

controlled studies in human subjects.  Given such trials to complete this type of research 

are not ethical, model systems must be utilized.  Furthermore, because of this and other 

limitations of teratogen research, it remains a challenge to prove or exclude an agent as a 

teratogen.2 

 In order for an agent to be fully accepted as a teratogen, it must meet six tenets.10  

First, susceptibility to a teratogen depends on interaction of genotype with environmental 

factors, and is not exclusively dependent on genotype.  Second, susceptibility to a 

teratogen varies with the developmental stage at the time of exposure.  Third, teratogenic 

agents must have a defined mechanism of action on developing cells and tissues, thereby 

causing abnormal embryogenesis.  Fourth, the final manifestations of abnormal 

development are death, malformation, growth retardation, and functional disorder.  Fifth, 

the access of adverse environmental influences to developing tissue depends on the 

teratogen.  Sixth, the effects of the teratogen are dose-dependent, ranging from no effect 

to lethal.  

 Teratogens can be anything that may affect the environment of the developing 

fetus.  This could include medications, chemical agents, metals, maternal infections, or 

maternal disease states that lead to increased levels of known or suspected teratogens.  

Adverse pregnancy outcomes that commonly result from teratogen exposure include 

embryonic or fetal death, structural malformations, including cardiovascular 

malformations and neural tube defects, perturbations of fetal growth, and functional 

deficits.2 
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 Hcys, a potential teratogen and the focus of study in this thesis project, has shown 

to be associated with a number of congenital defects, including the two most common: 

neural tube defects11, 12 and cardiovascular defects13.  

Homocysteine 

About seventy years ago Butz and du Vigneaud discovered a homolog of cysteine 

which they called Hcys.14  Since then, a physiological role for Hcys has emerged.  Not 

only is Hcys a sulfur-containing, intermediate amino acid at the crossroads of metabolism 

between essential amino acids methionine and cysteine, it also plays a role as a cellular 

thiol, along with glutathione and cysteine.  Though Hcys is an amino acid, it is not 

normally incorporated into proteins.   

While Hcys is necessarily present at a baseline level, hyperhomocysteinemia, or 

high levels of plasma Hcys, has been associated with a variety of health concerns, 

including cardiovascular disease, renal disease, hepatic disease, neurodegenerative 

disease, osteoporotic fractures, pregnancy complications, and birth defects.  

Epidemiological studies initially identified a link between those with low folic 

acid intake and increased Hcys levels.12  Biological plausibility was then shown by 

looking at the metabolism pathways, which are reviewed in more detail in this 

introduction.  While elevations in maternal plasma Hcys have been associated with an 

increased risk of congenital malformations15, the mechanism by which Hcys affects the 

development of these congenital defects is unknown.  Determining the mechanism 

whereby Hcys induces congenital defects would further our understanding of the 

pathogenesis and help identify at risk populations and potential mitigative treatments. 
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Homocysteine Metabolism 

 Hcys is positioned at a branch point in the metabolism of the sulfur containing 

essential amino acids methionine and cysteine (Fig. 1).  Hcys can either be methylated 

into methionine or follow a transsulfuration pathway to be converted into cysteine. 

 In the methylation pathway, Hcys can be methylated by either methionine 

synthase or betaine-homocysteine methyltransferase.  Methionine synthase requires 5-

methyl-tetrahydrofolate as a cofactor, whereas betaine-homocysteine methyltransferase 

uses betaine as the methyl donor.  Additionally, methionine can be converted back into 

Hcys using a series of S-transmethylation reactions.  The first step of these reactions is 

the activation of methionine to S-adenosylmethionine (SAM), as catalyzed by methionine 

adenosyltransferase.  The methyl group of SAM is subsequently transferred onto an 

acceptor molecule forming S-adenosylhomocysteine (SAH), the immediate precursor to 

Hcys.  SAH is then hydrolyzed by S-adenosylhomocysteine hydrolase to release Hcys 

and adenosine.   

Under conditions where an excess of methionine is present, or when cysteine 

synthesis is required, Hcys enters the transsulfuration pathway in some tissue types.  

Hcys is combined with serine to form the thioester cystathione, which is then hydrolyzed 

to form cysteine.  This reaction requires Vitamin B6 and is catalyzed by cystathionine β-

synthase.  Because the enzymes for this pathway are expressed only in the liver, kidney, 

small intestine, pancreas, and adipose tissue, these tissues are the only ones where the 

transsulfuration pathway may occur.16   
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Figure 1.  Homocysteine Metabolism. 
 
Hcys is an intermediate amino acid at the crossroads of metabolism of the sulfur-

containing essential amino acids methionine and cysteine.  The Hcys metabolic pathway 

is shown including key reactions, enzymes, and cofactors. 
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Hyperhomocysteinemia 

Intracellular Hcys levels are maintained around 1 μmol/L by catabolism and active 

transport out of the cell into the plasma.  Normal levels of plasma Hcys range from 

approximately 10 to 12 μmol/L, whereas plasma Hcys levels in excess of normal results 

in the condition of hyperhomocysteinemia (Table I).  Under normal circumstances, 

excess Hcys is primarily excreted by the kidney, however build-up of Hcys can result 

from  chronic renal failure, or when the kidneys simply cannot excrete the volume of 

Hcys necessary to maintain homeostasis.17   

 The most common causes of hyperhomocysteinemia are nutritional deficiencies 

and congenital disorders involving the enzymes associated with the metabolism of Hcys.  

One such enzyme disorder involves the genetic polymorphs C677T and A1298C of 

methylenetetrahydrofolate reductase (MTHFR).  These polymorphisms result in 

significantly reduced activity of MTHFR, eventually leading to hyperhomocysteinemia.   

 Effects of hyperhomocysteinemia are not confined to the development of the 

fetus, but rather extend throughout the human lifecycle.  Hyperhomocysteinemia gained 

notoriety in the late 1990’s when it was recognized as an independent risk factor for 

cardiovascular disease.18  Since then, hyperhomocysteinemia has also been associated 

with hepatic, renal, and neurodegenerative diseases.19, 20 

 Within the context of development, women with elevated plasma Hcys have an 

increased risk of miscarriage15 and preeclampsia21.  In addition, the development of 

chorionic villous vasculature is impaired.22, 23  Finally, hyperhomocysteinemia has been 

shown to lead to congenital defects.   
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Table I.   Human Homocysteine Plasma Concentrations. 
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Grade of 
Hyperhomocysteinemia 

Plasma Concentration 
Range 

Notes 

Normal  <10-12 μmol/L  
Moderate 
Hyperhomocysteinemia 

12-30 μmol/L Hyperhomocysteinemia at 
this level is an independent 
risk factor for 
cardiovascular disease 

Intermediary 
Hyperhomocysteinemia  

30-100 μmol/L At this level, Hcys is 
excreted unchanged in the 
urine 

Severe Hyperhomocysteinemia >100 μmol/L  
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  Congenital defects most commonly associated with elevated maternal Hcys levels 

are neural tube defects, such as meningomyelocele, encephalocele, anencephaly, and 

spina bifida.12, 24  In addition, several other congenital anomalies not associated with the 

central nervous system have been seen, including craniofacial, cardiovascular, urinary, 

and limb defects.25   

Homocysteine and Neural Tube Development 

Several of the abnormalities associated with Hcys involve the neural tube itself, or 

structures derived from the neural crest cells.  As such, it is important to have an 

understanding of the process of neurulation when assessing these defects.   

 Neurulation directly follows gastrulation, or the formation of three germ layers, 

namely the ectoderm, mesoderm, and endoderm, and results in the formation of the 

neural tube and the neural crest cells.  The neural tube eventually becomes much of the 

central nervous system, and the neural crest cells migrate according to region and become 

a variety of cells, including sensory and autonomic neurons, Schwann cells, melanocytes, 

and mesenchymal/mesoectodermal cells of the head and neck.   

As reviewed in Van der Put, et al.,26 the process of neurulation is complex and 

tightly controlled by signaling molecules.  Neurulation begins with the thickening of the 

ectoderm, just above the notochord, to form the neural plate (Fig. 2).  As the cells 

continue to thicken, the plate begins to bend, eventually causing the edges of the neural 

plate to develop the bilateral neural folds.  The neural folds then bend medially to 

converge, after which they adhere and fuse.  This last process results in the formation of 

the roof plate of the neural tube, the neural crest cells, and the overlying surface 

epithelium. 
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Figure 2.  Neurulation. 
 
Neurulation is the process by which the neural tube is formed.  a) The ectoderm thickens 

and forms the neural plate just above the mesodermal notochordal plate.  b) The neural 

folds elevate to form the neural grove.  c) The neural folds pull together and converge, 

forming the neural tube.  d) The neural tube fuses and the neural crest cells begin to 

migrate away.
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Abnormalities in the development and closure of the neural tube is the second 

most common birth defect of children born in the United States.27, 28  This group of 

defects is known as neural tube defects.  While it is known that neural tube defects 

contribute significantly to both fetal and neonatal mortality,1 questions surrounding 

molecular and cellular mechanisms behind this type of defect still remain largely 

unanswered.29 

 It is apparent that development of the neural tube is a strictly controlled process, 

involving a number of gene-gene, gene-environment, and gene-nutrient interactions.29  

The abnormal development of the neural tube is likely a multi-factorial process involving 

both genetic and environmental factors, including the presence of teratogens.  One such 

teratogen is Hcys. 

Homocysteine Mechanisms of Teratogenicity 

Although maternal hyperhomocysteinemia is a well-established risk factor for 

embryonic death and developmental defects, the exact mechanism by which Hcys acts as 

a teratogen has been the subject of numerous investigations.  Over the past decade, 

investigators have begun to identify the cellular and molecular targets of Hcys which may 

contribute to its toxicity and teratogenicity.   

Hcys has been shown to perturb cell proliferation in vitro in several different cell 

types, as well as alter molecular mediators of embryonic development, such as NMDA 

receptor-modulated effects, retinoic acid synthesis and signaling, and signal transduction 

in apoptosis.25  Mechanisms relevant in other areas where Hcys has deleterious effects 

may be useful in helping to define the complete mechanism of Hcys teratogenesis.  Of 

particular interest to this thesis project, as it relates to cardiovascular, cerebrovascular, 
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and neurodegenerative disorders, lines of evidence suggest one of the pathological 

mechanisms of Hcys results from oxidative tissue damage.30  Hcys contains a reactive 

sulfhydryl group (-SH), therefore like most thiols, it can undergo oxidation to the 

disulfide at physiological pH in the presence of oxygen.  

2 R-SH +O2  3 R-SS-R + [O2
••]  H2O2 

This reaction results in the production of a variety of reactive oxygen species, including 

the superoxide anion radical and hydrogen peroxide.31  In addition, Hcys has been shown 

to inhibit and disrupt the normal function of antioxidant enzymes such as glutathione 

peroxidase and superoxide dismutase.13, 32-35  As the developing embryo is deficient in 

most antioxidant enzymes, it is especially vulnerable to oxidative stress.36  Therefore, it is 

biologically plausible that oxidative stress could play a substantial role in causing the 

teratogenic effects of Hcys.   

How this pro-oxidant activity contributes to clinical disease is not fully 

understood.  Within cardiovascular disease, as reviewed by Papatheodorou and Weiss,37 

it is thought increased oxidative stress has many effects.  One key effect is that Hcys 

reduces the bioavailability of nitric oxide, resulting in endothelial dysfunction.  Such 

dysfunction subsequently leads to decreased vasodilation, activation of leukocytes and 

platelets, activation of prothrombotic mechanisms, inhibition of fibrinolytic mechanisms, 

and stimulation of vascular smooth muscle proliferation.  Within neurological disease, it 

is thought not only are the reactive oxygen species toxic to cells of the central nervous 

system,38 but Hcys also induces glial reactivity, leading to glial secretion of neurotoxic 

substances, pro-inflammatory cytokines, and free radicals, ultimately potentiating the 

toxic effects of Hcys.39    
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Recently, and most notably since the beginning of this project in 2006, various 

antioxidants have been shown to mitigate the deleterious effects of Hcys within the realm 

of neurodegenerative processes39-41 and within fetal brains42, 43.  In addition, a protective 

role for melatonin in cardiovascular dysfunction, an area where Hcys has been shown to 

have toxic outcomes, has recently been suggested 44, 45  Trials showing the actions of 

melatonin on Hcys-induced effects will be reviewed in more detail below, but first a 

review of the molecule melatonin and its physiological actions is provided.  

Melatonin 

Melatonin is an evolutionarily ancient molecule appearing in primitive organisms, 

including algae and bacteria.  Since 1958, when it was first isolated by A.B. Lerner46, 

melatonin has been the subject of much research.  Within the past fifteen years, the 

volume of research on this molecule has exploded.  A MEDLINE search of ‘melatonin’ 

yields almost 15,000 citations.  Melatonin is a molecule found in all living matter, from 

single-celled organisms to the most complex vertebrate.  Specific functions vary from 

organism to organism but there is some continuity of basic function based on the inherent 

molecular properties of this indoleacetamide.  Functions of melatonin have been 

identified in bacteria, algae, protozoa, fungi, plants, and most animals.47  

 Traditionally, melatonin is classified as a hormone in vertebrates.  There are 

several receptor modulated effects in the nervous, gastrointestinal, reproductive, 

cardiovascular, and skeletal systems.  In addition to hormonal functions, melatonin has 

also been shown to have autocrine and paracrine functions.48  Finally, melatonin is also a 

potent antioxidant and free radical scavenger.49, 50   
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In vertebrates, the main source of circulating melatonin is the pineal gland,47 a 

small pine-cone shaped secretory organ located in the epithalamus at the back of the third 

ventricle of the brain.  This endocrine organ is noteworthy for a number of reasons.  First, 

the pineal gland is highly vascularized.  Second, the continuity of the blood brain barrier 

is not maintained at the pineal gland to allow for transport for pineal hormones.51  

Finally, melatonin is a lipophlilic molecule (log P= 1.536) and easily diffuses into and 

out of cells in the human body.47  This combination of anatomical features and molecular 

chemistry allows melatonin to reach all tissues in the body within a matter of seconds.51   

Melatonin Synthesis and Metabolism 

Melatonin is synthesized in several tissues throughout the body, but with few 

exceptions, the pineal-synthesized melatonin contributes to the majority of circulating 

melatonin.  Other sites of melatonin synthesis include the retina, gastrointestinal tract, 

skin, bone marrow, and lymphocytes.47  The synthesis of melatonin starts with uptake of 

the essential amino acid tryptophan from the blood into the pinealocytes, where it is 

subsequently converted to serotonin.  Once serotonin is formed, only a few steps are 

required to produce melatonin.47  This cascade is depicted in Fig. 3. 

 Regardless of the site of biosynthesis, melatonin is subject to metabolism.  The 

approximate half-life of melatonin in the blood is 30 minutes, but oral administration 

elicits a biphasic elimination pattern.51  Biotransformation occurs not only when 

circulating melatonin is delivered to the liver, but also extra-hepatically (Figure 4).  

 



  17

 

 

 

 

 

 

 

 

Figure 3.  Synthesis of Melatonin from Tryptophan. 
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Figure 4.  Metabolism of Melatonin. 
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The most frequent pathway of deactivation of melatonin is hepatic metabolism by 

one of several cytochrome P450 isoforms, namely 1A1, 1A2, or 1B1.  Phase I 

metabolism is followed by phase II conjugation with sulfate or glucuronide.47  

Approximately ninety percent of melatonin is then eliminated in the urine as 6-

sulfatoxymelatonin.51   

One pathway of extra-hepatic biotransformation of melatonin, especially common 

in the central nervous system, includes the scavenging of as many as four free radicals in 

the conversion of melatonin to N1-acetyl-5 methoxykynuramine (AMK) by the 

kynuramine pathway discussed and illustrated in detail in Figure 4.50  AMK and its 

metabolites have also been shown to scavenge additional free radicals, or are be excreted 

unchanged the urine.52-54   

Another extra-hepatic biotransformation pathway of melatonin involves 

melatonin deacetylase and monoamine oxidase to form 5-methoxyindoleacetaldehyde. 

Final reduction by cytoplasmic alcohol dehydrogenase or aldehyde dehydrogenase 

produces the metabolite 5-methoxytryptophol and 5-methoxyindoleacetic acid, 

respectively.47   

Overview of Melatonin Receptors 

 To date there are three isolated and characterized melatonin receptors in humans, 

each being a cellular membrane receptor.47  The first two receptors, termed MT1 and 

MT2, were both cloned and characterized in the mid-1990’s and have been the most 

extensively studied.  They are both G-protein coupled receptors and are linked to multiple 

signal transduction cascades.  The third receptor, a quinone reductase, has been affinity-
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purified but the mechanism of signal transduction is unknown and requires further 

investigation.55   

Two other possible receptors have been identified, but have yet to be 

characterized.  Recent research indicates a possible fourth receptor located on the 

mitochondrial membrane, though it has yet to be isolated or cloned.56  Also, another G-

protein coupled receptor has been cloned from chicken and zebrafish but has yet to be 

detected in mammals.57   

Melatonin Sites of Action 

As previously discussed, once melatonin is synthesized it is not stored, rather it is 

quickly released into the circulation.51  However, despite the permeable epithelium of the 

pineal gland, not all melatonin goes into circulation.  Given the position of the pineal 

gland at the back of the third ventricle of the brain, some released melatonin diffuses 

through the pineal recess into the cerebrospinal fluid and across the ventricle.  As such, 

melatonin concentration in the cerebrospinal fluid can be twenty to thirty times higher 

than the melatonin concentration in the blood.  Once in the cerebrospinal fluid, melatonin 

can then be taken up by the surrounding brain tissue.47  It is through these two 

mechanisms that melatonin is able to reach sites quickly throughout both the central 

nervous system and the periphery.  

The effects of melatonin throughout the body are extensive.  As reported in 

several review articles (Boutin, et al., 2005; Macchi, et al., 2004; Pandi-Perumal, et al., 

2006), Table II summarizes the reported effects of melatonin in vertebrates and indicates 

the receptor involved, if known. 
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Table II.  Effects of Melatonin in Vertebrates. 
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System Effect of Melatonin (and Participating Receptor) 

Central Nervous 
System 

• Modifies circadian rhythm (MT2) 
• Inhibits neuronal firing rate in the suprachiasmic nucleus 

(MT1) 
• Facilitates sleep (MT1) 
• Modulates neuronal activity in the hippocampus 
• Regulates cerebral blood flow 
• Inhibits spinal cord synaptic potentiation 
• Analgesic effects 
• Neuroprotective effects (perhaps secondary to antioxidant 

action) 
Cardiovascular • Increases cardiac vagal tone 

• Vasoconstriction (MT1)- prevails in cerebral vessels 
• Vasodilation (MT2)- prevails in periphery 
• Inhibits arterial nitrate tolerance 
• Protective effect on myocardial infarction 

Hematologic • Protect hematopoietic precursor cells from toxic effects of 
chemotherapeutic agents 

Immunological • Enhances lymphocyte proliferation 
• Melatonin levels correlate with rhythmicity of T-helper 

cells 
• General immunostimulatory effect 

Gastrointestinal • Increases duodenal bircarbonate secretion (MT2) 
• Inverse correlation with presence of stomach ulcers 

Renal • Pretreatment prevents necrotic cell death and renal 
dysfunction after ischemic perfusion 

Endocrine • Seasonal inhibition of the hypothalamus- pituitary- gonad 
axis 

• Inhibition of the effects of estrogen 
• Cyclical downregulation of gonadotropin releasing 

hormone 
Reproductive • Correlatory effect between decrease of melatonin and 

pubertal maturation 
Muscular/Skeletal • Differentiation in pre-osteoblast cells 

• Increased gene expression of bone marker proteins 
Other • Reduces body weight gain in overweight rats 

• Free radical scavenging 
• Upregulation of antioxidant enzymes (MT1, MT2) 
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Melatonin as an Antioxidant 

Free radicals are created in normal cell processes such as metabolism and aerobic  

respiration, yet can be tremendously damaging unless they are deactivated.  For instance,  

as part of normal respiration, the reduction of O2 on the inner mitochondrial membrane 

creates O2
-•, H2O2, and •OH.  Any one of these free radicals can escape the electron 

transport chain and find its way into the cellular space.  The hydroxyl radical (•OH) has 

an oxidation- reduction potential energy that is much more positive than any substance in 

a living cell (+1.35 V) and, thereby, has the potential to oxidize other vital molecules, 

such as proteins, lipids, and DNA which are essential to life.58  Furthermore, the hydroxyl 

radical energetically seeks electrons and can form new free radicals, creating a cascade of 

destruction.  Melatonin has two methods of acting as an antioxidant.  First, melatonin has 

been shown to be a potent free radical scavenger.49   Second, melatonin has a receptor 

modulation effect of up-regulating antioxidant enzymes.     

Melatonin as a Free Radical Scavenger 

As discovered by Tan et al. in 1993, melatonin is a potent free radical 

scavenger.49  Melatonin can be oxidized by free radicals, thereby protecting surrounding 

lipids, proteins, and DNA.  Endogenous generation of free radicals occurs in normal body 

functions such as respiration and metabolism, and in immune response to injury, 

especially inflammation.59-61  The kynuramine pathway of melatonin metabolism is one 

of several pathways by which melatonin acts as a free radical scavenger.  This pathway 

allows for the scavenging of numerous free radicals (Fig. 5).     
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Figure 5.  Melatonin Free Radical Scavenging Chemical Cascade.  
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Melatonin Upregulation of Antioxidant Enzymes 

Melatonin also acts to decrease oxidative stress though receptor interactions 

regulating antioxidant enzymes.  Specifically, melatonin has been shown to up-regulate 

the gene expression for superoxide dismutase, catalase, and glutathione peroxidase.62  

Interactions of Melatonin and Homocysteine 

 Multiples lines of recent evidence suggest melatonin plays a protective role in 

dysfunctions caused by Hcys.  In most cases it is suggested melatonin protects against 

these effects by decreasing oxidative stress caused by Hcys.   

 As reviewed in detail above, Hcys is capable of autooxidation and the formation 

of numerous free radials, as well as decreasing the activity of antioxidant enzymes.  

Melatonin and its metabolites are powerful scavengers of both oxygen and nitrogen-

based reactive species. Additionally, melatonin has receptor mediated properties that 

serve to increase levels of antioxidant enzymes.  Furthermore, the melatonin metabolites 

AFMK and AMK have the ability to down regulate pro-oxidative and proinflammatory 

enzymes.53     

 Within the last six years, the connection between Hcys and melatonin has been 

the subject of investigation in several labs.  A MEDLINE search of “homocysteine AND 

melatonin” yields 30 citations.  Table III summarizes the results as they pertain to Hcys 

and melatonin.  An inverse relationship between increasing Hcys levels and decreasing 

melatonin levels initially suggested the possibility of a correlation between the 

molecules.63, 64  Since then, melatonin has been shown to be effective in reducing plasma 

Hcys levels.44, 66, 67    
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Table III.  Summary of Studies Associating Homocysteine and Melatonin. 
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Reference Effect of Homocysteine Effect of Melatonin 
Okatani et al., 200165 Hcys potentiates serotonin-induced constriction of 

the human umbilical artery in a concentration 
dependent manner. 

Melatonin significantly suppresses the vasospastic 
effect of Hcys also in a concentration dependent 
manner. 

Baydas et al., 200263, 

64 
Hcys levels increase in pinealectomized rats. Melatonin prevented the increase of Hcys 

concentration in pinealectomized rats. 
Baydas et al., 200266 None   

 
Hcys levels were decreased in rats treated with 
melatonin as compared to the control group. 

Topsakal et al., 200367 In rat models of spinal cord injury, as lipid 
peroxidation levels increased plasma Hcys levels 
decreased and plasma homocysteine thiolactonase 
activities increased.   

Melatonin was effective at preventing lipid 
peroxidation in spinal cord injury as well as the 
subsequent response of plasma Hcys and 
homocysteine thiolactonase levels. 

Bouzouf et al., 200568 Hcys levels increased in rats fed a high methionine 
diet.   
Hyperhomocysteinemia led to increased lipid 
peroxidation.  

Plasma Hcys levels were decreased by treatment 
with melatonin.   
Hcys- induced lipid peroxidation was inhibited by 
melatonin.   

Baydas et al., 200569 Hyperhomocysteinemia increased markers of 
oxidative stress and impaired performance on 
learning and memory tests in rats.    

Melatonin significantly reversed oxidative stress and 
improved performance on learning and memory 
tests. 

Baydas et al., 200540 Hcys induced hippocampal apoptosis. Melatonin inhibited Hcys-induced cytotoxicity and 
the molecular events associated with apoptosis. 

Baydas et al., 200639 Hcys induced oxidative stress and glial reactivity, 
which in turn further potentiated oxidative stress in 
the brain. 

Melatonin inhibited the free radical generation and 
stabilized glial cell activity. 

Sonmez et al., 200770 Hcys decreased antioxidant enzyme activities, 
testosterone levels, and the epididymal sperm 
concentration and motility of male rats. 

Concomitant administration of melatonin prevented 
these Hcys- associated events.    
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Table III.  Summary of Studies Associating Homocysteine and Melatonin (continued).
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Reference Effect of Homocysteine Effect of Melatonin 
Baydas et al., 200742 Maternal hyperhomocysteinemia increased oxidative 

stress and apoptosis in fetal rat brain tissue. 
Maternally administered melatonin prevented 
markers of oxidative stress and biochemical signs of 
apoptosis. 

Ortega-Gutierrez et 
al., 200741 

Hcys induced protein and lipid oxidation in rat brain 
homogenates.  

Melatonin had a concentration-dependant reduction 
in protein and lipid oxidation in the rat brain 
homogenates. 

Murawska-Cialowicz 
et al., 200844 

Rats fed a diet rich in methionine showed an 
increase in plasma Hcys and lipid peroxidation 
markers.  A decrease in the metabolites of  NO was 
also found.   

Melatonin significantly decreased Hcys 
concentrations and the level of oxidative stress.  
Melatonin also increased NO production. 

Baydas et al., 200843 In rats, maternal hyperhomocysteinemia 
significantly reduced learning abilities in offspring.  
In addition, Hcys decreased the expression markers 
of glial and neuronal maturation in fetal brains.    

Treatment of rats with melatonin during pregnancy 
improved learning deficits and prevented the 
reduction of glial and neuronal markers induced by 
Hcys in the offspring43. 
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Melatonin has also successfully been used as a rescue agent against several of the 

deleterious effects of Hcys.  It protects against the vasospastic effects of Hcys in the 

human umbilical artery65 and impedes the Hcys-induced deficiencies of epididymal 

sperm concentration and motility.70  Within the nervous system, melatonin protects 

against Hcys-induced lipid and protein peroxidation,44, 67, 67, 69, 71 cytotoxicity and 

apoptosis,40 reactive gliosis, and learning and memory deficits.69  Finally, treatment of 

rats with melatonin during pregnancy has recently been shown to improve the learning 

deficits of the offspring caused by Hcys.43 

In the article which served as inspiration for the hypothesis of this thesis, Baydas, 

et al. investigated the pathogenesis of Hcys on a cellular and molecular level.  Hcys was 

shown to induce hippocampal apoptosis by increasing levels of oxidative stress, while 

melatonin was shown to be effective in inhibiting both the cytotoxicity and the molecular 

events associated with programmed cell death.40  Because the mechanisms of Hcys 

activity as a teratogen is an area of interest in our lab, we questioned if this connection 

might be extended from processes contributing to neural death and neurodegeneration to 

the effects of Hcys during neurulation.  

 

Purpose and Hypothesis 

Folic acid deficiency has been associated with embryonic death and congenital 

defects and it has been proposed that the folic acid deficiency leads to 

hyperhomocysteinemia with Hcys acting as a teratogenic agent.  While growing evidence 

supports the role of Hcys in causing congenital defects, the mechanism by which 

increased levels of Hcys elicits harmful effects on the developing embryo remains poorly 
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understood.  Melatonin has been shown to be effective at treating or moderating the 

effects of hyperhomocysteinemia within other disease processes such as cardiovascular 

disease and neurodegeneration.45, 72   The purpose of this thesis project is to examine the 

effect of melatonin on Hcys-induced developmental defects. 

 

Hypothesis 

Melatonin reduces the teratogenic effects of homocysteine. 

 

 Should this hypothesis prove to be true, it may lend important implications to the 

understanding of the mechanism of Hcys teratogenicity, ultimately helping to target 

protective and therapeutic efforts.  In order to test our hypothesis, we investigated the 

effect of melatonin on Hcys-induced embryonic death and developmental defects.   
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Materials and Methods 

Treatment of Avian Embryos 

A general treatment protocol was used for all experiments (Fig. 6).  Fertile 

chicken eggs were obtained from either Charles River Laboratories, Inc (Roanoke, IL) or 

Sunnyside Farms (Beaver Dam, WI) and were incubated at 37oC in a humidified 

automatic-turning incubator.  Eggs were treated at 24 hours and 48 hours following 

incubation.  The 24 hour treatment time corresponds to Hamburger and Hamilton stage 7 

with 1 pair of somites.  This time point marks the initial formation of the cranial neural 

folds and has been shown to be a critical time point of Hcys teratogenesis.11  The 48 hour 

treatment time corresponds to Hamburger and Hamilton stage 12 or 13 with 

approximately 16 to19 somites.  This time point is when neural crest cells are migrating 

away from the neural tube has also been shown to a critical time point regarding 

susceptibility to elevated homocysteine.11   

Embryos were treated by making a small hole in the eggshell (approximately 2 

mm) above airspace at the blunt end of the egg.  Treatment was delivered by pipetting the 

solution onto the inner embryonic membrane in a total volume of 50 μL.  Following 

treatment, the egg was re-sealed using paraffin wax and returned to the incubator.  A 

treatment volume size of 50 μL was selected in keeping with the published literature on 

Hcys teratogenicity and delivery of other micronutrients to avian embryos using this type 

of technique.11  Embryos were examined after 72 hours of incubation which corresponds 

to Hamburger and Hamilton stage 19, or 40 to 43 pairs of somites.  By this time point, 

neurulation is complete and most of the major early developmental 
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Figure 6.  General Procedure for Treatment of Avian Embryos.
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patterning events have taken place.  Survival was determined by visible presence of a 

heartbeat with the naked eye.   

Selection of a Vehicle 

An ideal vehicle for delivery of treatments should maximize survival and normal 

development of embryos treated only with the vehicle.  Evaluation of the literature 

yielded three possible vehicles for delivery of Hcys: normal saline (NS) (0.9% sodium 

chloride), phosphate-buffered saline (phosphate-buffered saline tablets, Sigma-Aldrich),  

and chicken ringers solution (0.137 M NaCl, 0.004 M KCl, 0.001 M MgCl2, 0.001 M 

KH2PO4, 0.012 M NaHCO3, 0.002 M CaCl2, and 2 g/L glucose).  Eggs were treated using 

the general treatment protocol using each of these vehicles.  Cumulative results over a 

series of experiments showed that treatment with NS was the most reliable vehicle in 

ensuring the highest survival and normalcy. 

Homocysteine Concentration Curve 

The concentrations of Hcys used in these experiments were determined based on a 

number of factors.  First, as reported above, the normal serum concentration of Hcys in 

mature vertebrates is 10 + 5 μmol/ L.  This has been found to be similar in the serum of 

avian embryos.11  Second, because the thiolactone form of Hcys is the most stable and is 

effective in simulating the physiologic effects, Hcys thiolactone was selected as the 

chemical entity used.  Finally, as Hcys is an amino acid it is available both as the D and L 

enantimer.  Like all amino acids, it is the L enantimer of Hcys that is found 
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physiologically.  The L enantimer has been shown to have teratogenic effects, with the 

literature reporting maximal teratogenicity at a dose of 5 μmol/egg/treatment time.  Doses 

of 0.25-1.25 μmol of L-Hcys have been shown to yield a minimal teratogenic effect, 

whereas doses of 10 μmol yield a completely lethal effect.  To this end, doses from 

0 μmol to 8 μmol of L-Hcys thiolactone (Sigma-Aldrich) were delivered according to the 

general treatment protocol in a total volume of 50 μL NS.  Henceforth, within the 

experimental design sections of this thesis, Hcys should be taken to mean L-Hcys 

thiolactone.  The experiments were repeated at least three times to ensure precision.   

Analysis of Gross Morphological Defects 

Following examination for survival, the embryos were stained using the vital stain 

neutral red (Sigma-Aldrich) and were examined for gross morphological defects using a 

dissecting microscope (Fisher Stereomaster microscope with digital/video zoom head) for 

gross morphological defects.  Many embryos were also digitally photographed (Adobe 

Photoshop CS2) and common defects were characterized and tallied.  Defects noted 

included neural tube defects, caudal cysts, and decreased extraembryonic vasculature 

based on the morphological criteria of Hamburger and Hamilton (see Results section).   

Histological Examination of Caudal Cysts 

Representative embryos with caudal cysts and relative controls treated with NS 

were collected and fixed in 100% ethanol for at least 48 hours.  Embryos were stained 

using Wright’s Stain (1% methylene blue and 0.5% eosin) for 1 minute.  Wrights stain 

was selected in order to easily visualize the cytoplasmic morphology of the blood 

components of the caudal cysts.  Excess stain was drained from the staining cassettes 
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before the embryos were rinsed in tap water to remove more excess stain, rinsed in 

deionized water, and finally destained in 100% ethanol for several weeks.   

Following the de-staining process, whole embryos were transferred to tissue 

cassettes and incubated in a 1:1 mixture of 100% ethanol and xylene under 15 pounds of 

vacuum pressure at 65oC for 15 minutes to begin infiltration.  Cassettes were then 

transferred into two consecutive xylene washes for 15 minutes each, followed by four 

consecutive paraffin washes for 30 minutes each.  Embryos were embedded in paraffin 

allowing for transverse sections starting cranially and moving caudally.  Embryos were 

sectioned using a microtome in 10 micron slices, mounted on cleaned slides, and allowed 

to dry.   

Because some embryos had lost much of their stain through the paraffinization 

process, sections were restained using hematoxylin and eosin in order to clearly identify 

histology.  Sections were de-paraffinized and rehydrated using several consecutive 

washes consisting of three 15 minute washes in xylene, and three 5 minute washes in 

100% ethanol, followed by consecutive 3 minute washes in 95% ethanol, 80% ethanol, 

and deioized water.  Hematoxylin staining was done for 3 minutes and allowed to 

develop in tap water for 5 minutes.  The section was de-stained by dipping in acid ethanol 

approximately 10 times, followed by two 2 minute rinses in tap water, and finally left in 

deionized water overnight.  Sections were then stained in eosin for 30 seconds then 

dehydrated in three consecutive washes of each 95% ethanol and 100% ethanol, followed 

by two washes in 1,1,1-trichloroethane and an overnight xylene bath.  Coverslips were 

mounted using Permount and allowed to dry overnight.  Sections were photographed 
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under 10x, 20x, and 50x magnification (Leica DM2500M microscope with Leica 

DFC320 Digital Camera Head using Leica Application Suite software).  

Qualitative Analysis of Extraembryonic Vasculature 

 Approximately thirty embryos treated with NS and 4 μmol Hcys (fifteen in each 

treatment group) were photographed in ovo ensuring inclusion of the extraembryonic 

blood vessels.  Photographs were then ordered according to decreasing extraembryonic 

vasculature (Fig. 7) to create a qualitative key by which extraembryonic vasculature 

could be graded.  The key rated vasculature ranged from 4 to 0, indicating normal 

vasculature (4), slightly decreased vasculature (3), decreased vasculature (2), almost no 

vasculature (1), and no organized vasculature (0).  In addition, embryos that were 

“haloed” with blood were noted with an “H” following their grade.  Using this system, 

embryos with a grade of 2 or lower or with haloing were considered abnormal.   

Melatonin Rescue Experiments 

 To determine if melatonin supplementation could rescuee the teratogenic effects 

of Hcys, embryos were treated according to the general treatment protocol.  At each 

treatment time point, embryos were treated with 4 μmol Hcys delivered in 25 μL NS 

followed by 0.025 μmol melatonin (ultra-pure synthetic melatonin, Bisynth AG 

(Biochemica & Synthetica)) delivered in 25 μL NS.  The dose of 4 μmol Hcys was 

chosen to maximize the balance of survival and abnormal embryos.  The dose of 0.025 

μmol melatonin was chosen based on a literature search of articles relating melatonin and 

Hcys.  Melatonin had previously been used in vitro to mitigate the effects of Hcys on 

hippocampal cells40 and thereby dose of melatonin was extrapolated from within this  
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Figure 7.  Qualitative Analysis of Extraembryonic Vessels. 
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alternative context using the same successful ration of Hcys to melatonin.  Because 

melatonin is not readily water soluble, a stock solution was made using 100% ethanol 

then diluted to the desired dosage using NS.  The final concentration of ethanol in the 

0.025 μmol melatonin dose delivered to each embryo was 0.004%. 

For these experiments, treatment groups included NS alone, melatonin alone, 

Hcys alone, and Hcys plus melatonin.  The ethanol carrier was not used in the controls.  

Regardless of treatment group, each egg was given two doses each consisting of 25 μL 

for a total volume of 50 μL per time point.  Specific treatments are detailed in Table IV. 

Quantitative Analysis of Extraembryonic Vasculature 

To quantitatively assess extraembryonic vasculature, digital photographs were 

taken of surviving embryos at a magnification of 1.7x.  Boxes scaled to a total of 15 mm2 

were digitally placed bilaterally over the extraembryonic vasculature, perpendicular to 

the vitelline artery at the first branch (Fig. 8).  This procedure was modified from that 

used by Latascha, et al.73   Vascular density was defined as the number of vascular 

branches contained within the rectangular area.  Several individuals viewed the pictures 

and counted the vascular density.  Results were averaged and statistically analyzed.      

Ascorbic Acid Rescue Experiments 

To determine if ascorbic acid supplementation was able to rescue the teratogenic 

effects of Hcys, embryos were treated according to the general treatment protocol.  The 

treatment scheme used was the same as that used for the melatonin rescue experiments, 

substituting ascorbic acid for melatonin.  Ascorbic acid is readily soluble in NS and a 

dosage for ascorbic acid was extrapolated from articles examining the antioxidant activity 
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Table IV. Treatment Paradigm for Melatonin Rescue Experiments. 



  46

Treatment 1 

(@ 24 h) 

Treatment 2 

(@ 48 h) 

NS Melatonin Alone Hcys Alone Hcys + Melatonin 

Dose #1 

(in 25μL) 

Dose #1 

(in 25μL) 

NS NS 4 μmol Hcys 4 μmol Hcys 

Dose #2 

(in 25 μL) 

Dose #2 

(in 25 μL) 

NS 0.025 μmol Mel NS 0.025 μmol Mel 
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Figure 8.  Quantitative Analysis of Vascular Density. 

The quantitative analysis of vascular density was completed using a protocol adapted 

from Latascha, et al. in which boxes scaled to a total of 15 mm2 were digitally placed 

bilaterally over the extraembryonic vasculature, perpendicular to the vitelline artery at the 

first branch.  Vascular density was defined as the number of vascular branches contained 

within the rectangular area.  
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of ascorbic acid.  Consequently, the treatment groups received 4 μmol Hcys delivered in 

25 μL NS followed by 1 μmol ascorbic acid (L-ascorbic acid, Sigma-Aldrich) delivered 

in 25 μL NS.  Extraembryonic vasculature was also evaluated on these embryos 

according to the protocol described above. 

Statistical Analysis 

Using Microsoft Excel 97, nominal data such as survival data was analyzed using 

the Chi Square test to determine statistical significance.  Initially, individual experiments 

were analyzed for statistically significant differences from experiment to experiment.  

Once no difference was found between individual experiments, the individual 

experiments of a study could be grouped together.  For continuous data such as the vessel 

density, a one way analysis of variance (ANOVA) was calculated followed by Tukey’s 

Honestly Significant Difference post-hoc test.  Data is graphed along with the standard 

error.  An α of 0.05 was used for all analyses.  
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Results 

Effect of Exogenous Homocysteine on Developing Avian Embryos 

Homocysteine-Induced Embryo Mortality 

 To determine the effect of exogenous Hcys on embryo mortality, avian embryos 

were treated at 24 and 48 hours post incubation with doses of Hcys designed to simulate 

physiologic levels of hyperhomocysteinemia.  Embryo survival was determined by the 

presence of a beating heart immediately after the egg was opened after 72 hours of 

incubation. 

 Results from these experiments show that Hcys significantly increases embryonic 

mortality in a dose-dependent manner (Fig. 9).  Control embryos treated with NS had 

100% survival, whereas embryos treated with 4 μmol Hcys survived just over 50% of the 

time.  Of the embryos that did not survive, most appeared to have died shortly after the 

initial exposure to Hcys.  

Homocysteine-Induced Gross Defects 

After assessing embryo survival, embryos were examined for gross morphologic 

defects.  Those treated with lower concentrations of Hcys had a relatively high survival 

rate and a lower incidence of abnormalities, whereas those treated with higher 

concentrations of Hcys had such low survival that defects were difficult to characterize.  

Gross morphological defects seen in embryos treated with Hcys included caudal cysts-



  51

 

 

 

 

 

 

Figure 9.  Embryo Survival When Treated With Hcys. 

Embryos were treated with increasing doses of Hcys and evaluated for survival. 

Treatment with Hcys yielded a statistically significant decrease in survival compared to 

the vehicle NS alone (p values for treatment with 2μmol Hcys, 4μmol Hcys, and 8μmol 

Hcys are 0.008, 1.0x10-5, 2.4x10-10 respectively). **=p<0.01, ***=p<0.001 
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both visibly filled with blood and not, neural tube defects, and decreased extraembryonic 

vasculature (Fig. 10). 

Histological Examination of Caudal Cysts 

 Representative embryos with caudal cysts were harvested, fixed, embedded in 

paraffin, sectioned, and stained along with NS-treated controls.  The caudal region was 

then examined for histological differences (Fig. 11).  In the caudal area of the embryo 

treated with NS, the neural tube and notochord can clearly be identified.  The somites are 

symmetrical and bilateral.  In the Hcys-treated embryo with a caudal cyst, the notochord 

and somites appear displaced. Furthermore, the lumen of the cyst contains free-floating 

cells, most likely blood cells.   

Incidence of Gross Morphological Defects 

 The overall incidence of gross morphological defects in surviving embryos was 

tallied from several studies (Fig. 12 & Table V).  Gross neural tube defects were seen, 

albeit rarely.  Caudal cysts were seen regularly in embryos treated with Hcys and never in 

embryos treated with the vehicle, NS.  Decreased extraembryonic vasculature, as 

assessed qualitatively by the vessel grading key, was by far the most common gross 

morphological defect noted.    
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Figure 10.  Examples of Hcys-Induced Gross Defects. 

Defects seen with Hcys treatment were consistent with previously published literature.  

Normal embryo 72 hours post-incubation are shown for comparison (a and e).  Defects 

seen included neural tube defects (b), caudal cysts (c and d), and decreased extra 

embryonic vasculature (f and g). 
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Figure 11.  Microscopic Examination of Caudal Cysts. 
 

A representative section of a control embryo (treated with NS only) that does not have a 

caudal cyst under increasing magnification (sections a, b, and c).  A corresponding 

section in an embryo treated with homocysteine with a caudal cyst (sections d, e, and f).  

The following morphological elements are noted on the sections:  somite (s), notochord 

(nc), neural tube (nt), caudal cyst (cc). 
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Figure 12.  Incidence of Commonly Seen Defects Associated With Hcys. 
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Table V.   Incidence of Commonly Seen Defects Associated With Hcys. 
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 NS Hcys 

Neural Tube Defects 0/94  (0%) 2/182   (1%) 

Caudal Cysts 0/94  (0%) 31/182  (17%) 

Abnormal Vasculature 5/55  (9%) 19/35  (54%) 
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Effect of Melatonin Supplementation on Hcys-Induced Death and Defects 

Melatonin Decreases Homocysteine-Induced Mortality 

To determine if melatonin could rescue Hcys-induced embryo mortality, embryos 

were treated with melatonin in addition to Hcys.  Treatment of embryos with 4 μmol 

Hcys and 0.025 μmol melatonin yielded a statistically significant decrease in mortality.  

Both NS and melatonin alone exhibited almost 100% survival.  As consistent with the 

previous data shown, treatment with Hcys increased embryo mortality in a statistically 

significant manner, whereas the addition of melatonin showed statistically significant 

improvement in survival by 30%.   

Melatonin and Vessel Density in Homocysteine-Treated Eggs 

To determine if melatonin could rescue Hcys-induced decrease in vessel density, 

a quantitative method replaced the qualitative method previously developed to more 

accurately assess the effect of Hcys and Hcys plus melatonin on extraembryonic vessel 

density.  Treatment of embryos with 4 μmol Hcys and 1 μmol melatonin yielded a trend 

toward increased density of vessels (Fig. 13).  Vessel density found in embryos treated 

with NS was similar to previously published literature73 and treatment of embryos with 

melatonin alone had no effect on vessel density.  Treatment of embryos with Hcys 

showed a statistically significant decrease in extraembryonic vessel density.  

Supplementation with melatonin showed a trend toward increasing the extra embryonic 

vessel density when compared to treatment with Hcys but was not statistically significant.    
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Figure 13.  Melatonin Rescue Survival Curve. 
 

Embryos were treated with NS, 0.025 μmol melatonin (Mel), 4 μmol Hcys, or 4 μmol 

Hcys plus 0.025 μmol Mel.  Treatment with Hcys yielded a statistically significant 

decrease in survival compared to each of the other treatments: NS, melatonin, and Hcys 

and melatonin together (p values were 1.01x10-8, 1.35 x 10-8, and 0.04, respectively).  

*=p<0.05, ***=p<0.001 
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Figure 14.  Effect of Melatonin and Hcys on Extraembryonic Vessel Density.  

Embryos were treated with NS, 0.025 μmol melatonin (Mel), 4 μmol Hcys, or 4 μmol 

Hcys plus 0.025 μmol Mel.     Treatment with Hcys yielded a statistically significant 

decrease in extraembryonic vessel density compared to NS and melatonin alone.  The 

addition of melatonin trended toward increasing vessel density from treatment with Hcys; 

however, this effect was not statistically significant.  Data is shown with error bars 

representing the standard error. 
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Histological Examination of Caudal Cysts   

In order to compare the caudal cysts seen in embryos treated with Hcys alone with 

embryos treated with both Hcys and melatonin, embryos treated with both Hcys and 

melatonin were processed for histological examination and compared to embryos treated 

with homocysteine alone.  Hcys and melatonin treated embryos showed large bilateral 

cysts filled with free-floating cells and these cysts have seemingly displaced the somites 

anteriorly (Fig. 15).  These cysts appear to be histologically similar to the caudal cysts 

that arose from Hcys treatment only.  

Effect of Ascorbic Acid on Homocysteine-Induced Death and Defects 

Ascorbic Acid Decreases Homocysteine-Induced Mortality 

 Melatonin is a potent antioxidant and was successful in rescuing Hcys-induced 

mortality.  This study was designed in order to determine if a second antioxidant, 

ascorbic acid or Vitamin C, could rescue Hcys-induced embryo mortality.  Embryos were 

treated with ascorbic acid in addition to Hcys in a similar protocol to embryo treatment 

with melatonin.  Treatment of embryos with 4 μmol Hcys and 1 μmol ascorbic acid 

yielded a statistically significant decrease in mortality (Fig. 16).  Both NS and ascorbic 

acid alone exhibited almost 100% survival.  Treatment with Hcys again increased 

mortality, and the addition of ascorbic acid showed a statistically significant 

improvement in survival. 
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Figure 15.  Histological Examination of Embryos with Caudal Cysts. 

A representative section of a control embryo (treated with NS only) (a), a corresponding 

section in an embryo treated with homocysteine with a caudal cyst (b), and a 

corresponding section of an embryo treated with homocysteine and melatonin with a 

caudal cyst (c).  The following morphological elements are noted on the sections:  somite 

(s), notochord (nc), neural tube (nt), caudal cyst (cc). 

 

 

 

 



  70

 

 

                 

 

    

a.                                                              b.                                                                c. 

nc 

s 
nt 

nc 

s 

nt

cc

cc

nc 
s 

nt

cccc



  71

 

 

 

 

 

 

 

 

 

 

Figure 16.  Rescue of Hcys-Induced Mortality with Vitamin C. 
 
Embryos were treated with NS, 25 μmol vitamin C (Vit C), 4 μmol Hcys, or 4 μmol 

Hcys and 1 μmol ascorbic acid.  Treatment with Hcys yielded a statistically significant 

decrease in survival compared to the NS, ascorbic acid, and Hcys and ascorbic acid 

together (p values were 0.0002, 8.6x10-5, and 0.05, respectively). *=p<0.05, 

***=p<0.001 
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Ascorbic Acid and Vessel Density in Homocysteine Treated Eggs 

Given that both ascorbic acid and melatonin, were successful in mitigating the 

effects of Hcys-induced mortality, a pilot study was designed to determine if ascorbic 

acid could rescue a Hcys-induced decrease in vessel density using quantitative analysis.  

While treatment of embryos with 4 μmol Hcys and 1 μmol ascorbic acid showed a trend 

toward an increase in density of vessels (Fig. 17); however, this initial study was 

underpowered to detect if that increase was statistically significant.  A similar pattern as 

that found with melatonin was seen with ascorbic acid supplementation:  vessel density 

found in embryos treated with NS agreed with the literature73 and the previous study, 

ascorbic acid alone exhibited a similar vessel density to treatment with the vehicle, 

treatment with Hcys had a statistically significant decrease in extraembryonic vessel 

density, and supplementation with ascorbic acid trended toward an increase in the extra 

embryonic vessel density, such that the difference from NS was no longer statistically 

significant.  
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Figure 17.  Effect of Ascorbic Acid and Hcys on Extraembryonic Vessel Density. 

Embryos were treated with NS, 25 μmol ascorbic acid, 4 μmol Hcys, or 4 μmol Hcys and 

1 μmol ascorbic acid.  Data is shown with error bars representing the standard error.   

Treatment with Hcys yielded a statistically significant decrease in extraembryonic vessel 

density compared to NS and ascorbic acid alone.  Treatment with both Hcys and ascorbic 

acid trended toward an increase in vessel density compared with Hcys alone.  However, 

this effect was not statistically significant.   Data is shown with error bars representing 

the standard error. 
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Discussion 

Homocysteine as a Teratogen 

Evidence supports the role of hyperhomocysteinemia as a risk factor for fetal or 

infant mortality and congenital defects.15  However, investigations continue as to the 

effects of Hcys at different time points during development.  One such susceptible time 

point to Hcys teratogenicity is neurulation.  The first portion of this project was designed 

to identify and characterize the teratogenic effects of Hcys during neurulation.  To this 

end, avian embryos were treated with exogenous doses of Hcys at critical points in 

development associated with neurulation, once at 24 hours correlating with initial 

formation of the cranial neural folds and the second at 48 hours correlating with 

migration of neural crest cells away from the elevated neural tube.  The doses used have 

been shown to correlate with concentrations that occur in human hyperhomocysteinemia.  

Treated embryos were evaluated following the completion of neurulation and after most 

of the major early developmental patterning events had taken place.  Results from this 

experiment demonstrated that treating embryos during neurulation with increasing 

amounts of Hcys resulted in dose-dependent mortality. 

According to Karnofsky, the effects of a teratogen, including death, must be dose-

dependent.  This experiment lends evidence to the hypothesis that Hcys is indeed a 

teratogenic agent.  Furthermore, in agreeing with and supporting previously published 

literature, this experiment validates the design of the general treatment protocol used for 
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other experiments within this thesis.  However, the observed teratogenic effects of Hcys   

are not limited to death.   

A number of particular defects have also been associated with 

hyperhomocysteinemia and folate deficiency.  Among the most dramatic of these 

congenital defects are neural tube defects such as spina bifida and anencephaly.  

Hyperhomocysteinemia has also been associated with defects of the heart, vasculature, 

craniofacial region, and limbs.  In order to identify the defects associated with Hcys 

treatment, Hcys-treated embryos from the experiments assessing mortality were also 

examined for defects.  The specific defects noted within this thesis included neural tube 

defects, caudal cysts, and decreased extraembryonic vasculature.   

Teratogens must act in accordance to a specific mechanism on developing cells or 

tissues, ultimately resulting in abnormal embryogenesis.  Consequently, exposure to a 

specific teratogen at a specific time point in development should produce a specific 

defect, or spectrum of defects, that can be classified and reproduced.  The defects noted 

within this study were consistent with previous reports of defects associated with Hcys 

exposure during neurulation.  Ultimately, characterization and evaluation of the specific 

defects caused by Hcys may also prove useful in identifying particular targets of Hcys 

teratogenicity.       

The most commonly reported defect associated with folic acid deficiency and 

hyperhomocysteinemia is neural tube defects.  Within this project, defects consistent with 

incomplete closure of the neural tube were seen, albeit rarely.  Other investigations have 

focused on neural tube defects and have identified them at a much higher rate using 
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histological methods as well as evaluation for manifestations of neural tube defects at 

later stages in development.11   

Caudal cysts have been reported in the literature less frequently and have not been 

the focus of any previous studies.  Within this project, such caudal cysts were seen 

relatively frequently in embryos treated with Hcys and not at all in control embryos.  In 

the literature, such cysts are mentioned only by Latacha, et al. who hypothesized that “the 

two dark circles in the caudal region of the Hcys-treated embryo are blood-filled cysts 

that have overtaken the somites in that region”.73  To understand the anatomy and 

histology of this defect, representative normal and cyst-containing embryos were 

sectioned and stained.  Histological examination suggested that these cysts were indeed 

blood-filled.  However , in addition, the cysts appeared to displace adjacent somites.  It is 

possible that these cysts represent abnormal vessel formation and suggest a role for Hcys 

in abnormal angiogenesis during development.   

Hcys was also found to cause abnormalities in extraembryonic vasculature.  In 

fact, decreased extraembryonic vasculature was the most commonly noted defect within 

this study.  It has previously been shown Hcys-induced decreases in extraembryonic 

vasculature are associated with a decrease in mRNA and protein expression of vascular 

endothelial growth factor.  Previous studies have noted women who have higher levels of 

plasma Hcys and have experienced spontaneous miscarriage also have a decrease in 

chorionic vascularization compared to women who experience spontaneous miscarriage 

with normal plasma Hcys.23  Furthermore, the women with hyperhomocysteinemia also 

had a decrease in the area of chorionic vasculature and a smaller diameters of chorionic 

vessels.  Future investigations of extraembryonic vascularization should include 
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evaluation of the diameter of the vessels as well as evaluation of the entire 

extraembryonic vascular area to more accurately examine the effect of Hcys on 

extraembryonic vascularization.   

Melatonin as a Rescue Agent for Homocysteine Teratogenesis 
 

Over the past five years, melatonin has been shown to reduce the toxicity of Hcys 

within various contexts outside of development.  For instance, results published within 

the past six months show that maternal administration of melatonin to rats reduces 

learning deficits induced by maternal hyperhomocysteinemia in the offspring.43   

It has been proposed that melatonin serves to counteract both the generation of 

free radicals and suppression of antioxidant enzymes associated with Hcys toxicity.  The 

second aim of this project was designed to test if melatonin could rescue the teratogenic 

effects of Hcys exposure during neurulation.  Avian embryos were treated with 

exogenous Hcys alone or Hcys along with melatonin at critical time points during 

neurulation.  Embryos were again evaluated following the completion of most of the 

patterning events of development.  Results from these experiments show embryos treated 

with Hcys alone have a statistically significant increase in rate of death over embryos 

treated with Hcys and melatonin together.  In short, melatonin was able to reduce Hcys-

induced mortality.       

The success of melatonin in reducing the teratogenic effects of Hcys suggests a 

possible role of oxidative stress in Hcys’s teratogenic effects during neurulation.  Of note, 

it is unlikely Hcys acts by one teratogenic mechanism only which may explain why 

melatonin did not reverse Hcys-induced mortality to 100% survival.  Several other 

mechanisms of Hcys teratogenesis have been proposed and it is most likely that Hcys has 
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multiple mechanisms of action, which act to cause different defects or effects at different 

times in development.   

Ascorbic Acid as a Rescue Agent for Homocysteine Teratogenesis 

Ascorbic acid has been shown to provide in vivo antioxidant protection primarily 

in the aqueous phase.  It readily scavenges peroxyl and oxygen radicals.  In the process of 

being oxidized, ascorbic acid is converted into dehydroascorbic acid.  This metabolite is 

readily converted back to the reduced form by reduced glutathione or NADPH.74  As a 

consequence of these properties, it is possible that ascorbic acid may also act as an 

effective rescue agent in Hcys teratogenicity.  Avian embryos were treated with Hcys 

alone or Hcys plus ascorbic acid showed that embryos treated with a combination of 

Hcys and ascorbic acid had a lower risk of mortality than those treated with Hcys alone.  

Hence the effects of melatonin on survival might be generally attributable to its 

antioxidant properties.   

 According to Karnofsky, another tenet of teratogenicity is that a teratogen must 

act according to a specific mechanism on the developing tissues and cells,10 but the exact 

mechanism of Hcys teratogenicity continues to be unclear.  The success of multiple 

antioxidants in reducing mortality associated with Hcys further support the hypothesis 

that 1) the mechanism of teratogenicity of Hcys includes an aspect of increasing 

oxidative stress and 2) it is the antioxidant effects of melatonin and ascorbic acid that 

play a role in mitigating Hcys-induced death.  The teratogenic effects of Hcys include 

both death and defects.  Given the successes of two antioxidants as rescue agents for 

Hcys-induced mortality, it is possible that antioxidants may also prove useful as a rescue 

agent for Hcys-induced developmental defects. 
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Antioxidants and Homocysteine in Angiogenesis 

Angiogenesis is a tightly regulated balance between pro-angiogenic and anti-

angiogenic factors and this signaling is suspected to be perturbed by Hcys.  In the 

literature, it is reported not only does Hcys inhibit several steps of the angiogenic 

process,30 but antioxidants may protect against the adverse vascular events of Hcys.75  

Within fetal development, Hcys has been shown to have an effect on chorionic 

vascularization.23  Given this information, it makes sense to evaluate the effect of 

antioxidants in rescuing Hcys-induced decreases of extraembryonic vasculature which 

could account for the improvement in survival.  In order to test the hypothesis that 

antioxidants could rescue observed decreases in extraembryonic vasculature in embryos 

treated with Hcys, embryos were treated with Hcys alone or Hcys with an antioxidant.  In 

these experiments, supplementation with melatonin and ascorbic acid both showed a 

trend toward increased vessel density, but these results were not statically significant.  

Because these experiments were underpowered and unable to detect significance in the 

increase in vessel density observed, it cannot be determined if such an effect exists.  

When taken as pilot studies, these experiments identify a possible role for antioxidants in 

rescue of defects relating to angiogenesis.  Future experiments could focus on 

microscopic evaluation of vessels and vessel diameter not assessed in the experiments 

performed for this thesis.  Theoretically, it is possible that the vessels were too small to 

identify.  Evaluation of protein and mRNA expression of signaling molecules such as 

vascular endothelial growth factor (VEGF), may also prove useful to identify any effect 

of antioxidants in interfering with the mechanism of Hcys teratogenicity. 
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Conclusion 
 

The experiments of this thesis project examined the teratogenic effects of 

exogenously administered Hcys during neurulation.  Hcys was shown to induce dose- 

dependent mortality and several defects including neural tube defects, caudal cysts, and 

decreased extraembryonic vasculature.  Two antioxidants, melatonin and ascorbic acid, 

were shown to reduce Hcys-induced mortality.  While experiments attempting to rescue 

decreased extraembryonic vascularization associated with Hcys were underpowered and 

unable to detect a significant difference at a 95% confidence interval, a trend toward 

increased vascular density with concomitant antioxidant treatment was noted.  Based on 

the findings of these studies, taken with recent publications implicating oxidative stress 

as a mechanism of teratogenicity, we postulate that elevated Hcys increases oxidative 

stress and thereby causes teratogenic effects in avian embryos that may be curtailed with 

melatonin and vitamin C.   

There are several avenues of study that need to be pursued in order to investigate 

this expanded hypothesis.  Future investigations should include direct and indirect 

measures of oxidative stress in the developing embryos.   

In conclusion, this body of work serves as a series of preliminary and pilot studies 

implicating oxidative stress as a mechanism of Hcys teratogenicity.  By continuing 

research testing this hypothesis, a better understanding of the etiological mechanisms by 

which elevated Hcys leads to congenital defects may be achieved.  With this increased 

understanding, future preventative and therapeutic efforts can be more specifically 

targeted. 
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Appendix A- Raw Data 

Homocysteine Concentration Curve Survival Data 
 NS 2 mcmol Hcys 4 mcmol Hcys 8 mcmol Hcys 
Experiment 1 
Alive 11 11 8 4 
Total 11 12 12 12 
Exp 1 % survival 100% 92% 67% 33% 
Experiment 2 
Alive 15 11 9 7 
Total 15 15 14 14 
Exp 2 % survival 100% 73% 64% 50% 
Experiment 3 
Alive 11 17 9 3 
Total 11 20 18 18 
9-28 % survival 100% 85% 50% 17% 
     
Compiled Data 
Alive 37 39 26 14 
Total 37 47 44 44 
% survival 100% 83% 59% 32% 
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Homocysteine Defect Data 

Tail Cyst Incidence 
 
 Treated with NS Treated with Hcys 
  alive 

cyst alive dead 
cyst dead total alive 

cyst alive dead 
cyst dead total 

Exp 1 0 10 0 2 12 6 16 0 25 41 
Exp 2     0 1 11 0 1 12 
Exp 3 0 11 0 0 11 1 11 0 1 12 
Exp 4 0 4 0 8 12 1 3 0 9 12 
Exp 5 0 12 0 0 12 11 38 3 16 54 
Exp 6 0 13 0 2 15 0 8 0 7 15 
Exp 7 0 12 0 1 13 5 8 0 6 14 
Exp 8 0 13 0 0 13 1 2 1 10 12 
Exp 9 0 15 0 0 15 4 11 0 4 15 
Exp 10 0 13 0 0 13 5 8 0 5 13 
Exp 11 0 13 0 2 15 0 10 1 3 13 
Exp 12 0 14 0 0 14 0 7 0 8 15 
Exp 13     0 0 12 0 9 21 
Exp 14     0 0 11 1 8 19 
Exp 15     0 0 8 1 10 18 
Exp 16 0 15 0 1 16 1 6 2 9 15 
Exp 17 0 14 0 2 16 1 14 1 2 16 
Exp 18 0 14 0 1 15 2 8 2 8 16 
            
Total 
Incidence 0 173 0 19 192 39 192 12 141 333 

Total  
Survival 90% 58% 

 

Abnormal Vessel Incidence Data 
 
 Treated with NS Treated with Hcys 

 
alive        

abnormal 
vasculature 

alive total 
alive        

abnormal 
vasculature 

alive total 

Exp 1 2 4 4 3 3 12 
Exp 2 0 13 13 6 14 27 
Exp 3 1 13 15 3 8 15 
Exp 4 1 12 13 6 8 14 
Exp 5 1 13 13 1 2 12 
Exp 6 5 55 58 19 35 80 
   
Incidence 
Abn Vasc. 9% 54% 

Total 
Survial 95% 44% 
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Homocysteine and Melatonin Survival Data 
 NS Melatonin Hcys Hcys + Melatonin 
Experiment 1 
Alive 17 18 8 11 
Total 17 18 18 17 
% alive 100% 100% 44% 65% 
Experiment 2 
Alive 18 17 9 12 
Total 18 17 18 17 
% Alive 100% 100% 50% 71% 
Experiment 3 
Alive 17 16 9 12 
Total 18 17 17 17 
% alive 94% 94% 53% 71% 
Compiled Data 
Alive 52 51 26 35 
Total 53 52 53 51 
% alive 98% 98% 49% 69% 
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Homocysteine and Ascorbic acid Survival Data 
 NS Vitamin C Hcys Hcys + Vitamin C 
Experiment 1 
Alive 15 15 11 11
Total 15 15 15 14
% alive 100% 100% 73% 79%
Experiment 2 
Alive 13 14 8 12
Total 13 14 13 14
% Alive 100% 100% 62% 86%
Experiment 3 
Alive 13 14 9 13
Total 15 15 15 15
% alive 87% 93% 60% 87%
Compiled Data 
Alive 41 43 28 36
Total 43 44 43 43
% alive 95% 98% 65% 84%
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Homocysteine and Melatonin Vessel Density Data 
Eggs treated with NS 
 Vessel Count 
Egg Code Rater A Rater Ka Rater B Rater J Rater M Rater Ke 
NS101 6 7 4 3 4 4 
NS102 9 10 8 8 7 8 
NS103 9 10 8 9 9 8 
NS104 8 6 3 4 3 6 
NS105 8 6 3 4 3 3 
NS107 10 10 9 10 10 10 
NS108 10 10 9 10 9 10 
NS109 11 10 9 12 10 10 
NS110 12 13 10 12 10 11 
NS111 10 9 9 8 9 9 
NS112 11 10 9 10 11 10 
NS113 9 8 6 6 7 7 
NS114 12 12 11 12 12 10 
NS115 10 11 10 10 10 9 
NS116 11 13 9 11 10 10 
NS201 7 9 6 8 8 9 
NS202 10 10 7 8 11 8 
NS203 Not assessed * 
NS204 14 11 11 11 11 11 
NS205 12 13 11 12 13 11 
NS206 8 8 7 8 8 7 
NS207 6 9 6 5 5 6 
NS208 8 9 7 8 9 8 
NS209 7 8 7 7 7 6 
NS210 8 9 8 10 8 8 
NS211 6 9 9 9 8 7 
NS212 5 7 5 6 5 5 
NS203 Not assessed * 
NS214 7 8 7 8 8 7 
NS215 8 9 7 11 9 9 
NS216 8 12 8 11 10 10 
NS301 6 11 6 10 6 7 
NS302 5 7 6 7 5 6 
NS303 Not assessed * 
NS304 7 8 8 8 8 8 
NS305 8 10 8 9 7 6 
NS306 5 5 5 5 4 5 
NS307 6 8 7 7 7 7 
NS308 8 8 8 8 8 8 
NS309 8 11 11 11 10 9 
NS310 6 6 6 6 5 6 
NS311 8 8 8 8 9 8 
NS312 Not assessed * 
NS313 7 9 8 9 9 8 
NS314 0 0 0 0 0 0 
NS315 11 10 11 10 11 10 
NS316 8 10 8 9 8 6 
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Melatonin Vessel Density Data (continued) 
 
Eggs treated with Melatonin 
 Vessel Count 
Egg Code Rater A Rater Ka Rater B Rater J Rater M Rater Ke 
ME101 9 9 9 10 9 8 
ME103 Not assessed * 
ME102 0 0 0 0 0 0 
ME104 8 10 9 9 9 10 
ME105 Not assessed * 
ME106 12 12 11 11 10 10 
ME107 9 10 10 10 8 8 
ME109 10 11 9 10 11 11 
ME110 6 8 5 8 5 6 
ME111 9 10 10 10 9 9 
ME112 10 11 10 10 11 11 
ME113 11 12 11 12 12 12 
ME114 11 13 9 10 12 11 
ME115 13 11 2 5 7 7 
ME116 13 16 9 16 13 12 
ME201 6 7 9 8 7 8 
ME202 7 9 9 9 8 8 
ME203 7 11 8 8 7 7 
ME204 7 8 6 7 8 7 
ME205 8 8 8 9 8 8 
ME206 12 13 11 12 12 12 
ME207 10 10 10 11 10 10 
ME208 8 9 8 8 7 8 
ME209 11 9 10 9 9 8 
ME210 Not assessed * 
ME211 11 12 10 11 11 11 
ME212 8 8 8 6 6 6 
ME213 9 11 9 9 9 8 
ME214 9 10 9 10 9 9 
ME301 6 8 8 10 7 7 
ME302 6 6 6 5 4 5 
ME303 9 10 10 9 7 8 
ME304 Not assessed * 
ME305 8 10 8 9 9 9 
ME306 10 10 10 11 9 9 
ME307 9 10 9 11 9 9 
ME308 7 8 8 8 8 8 
ME309 9 9 9 10 9 9 
ME310 5 5 5 4 5 5 
ME311 6 6 7 7 6 6 
ME312 6 7 6 6 6 6 
ME313 7 9 6 7 7 7 
ME314 7 8 6 8 7 5 
ME315 5 7 5 8 4 6 
ME316 6 8 5 7 5 6 
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Melatonin Vessel Density Data (continued) 
 
Eggs treated with Hcys Alone 
 Vessel Count 
Egg Code Rater A Rater Ka Rater B Rater J Rater M Rater Ke 
HC101 Not assessed * 
HC102 Not assessed * 
HC103 Not assessed * 
HC104 5 6 4 5 4 4 
HC105 Not assessed * 
HC106 5 4 2 3 3 3 
HC107 6 4 5 3 3 5 
HC108 10 9 10 9 10 9 
HC109 Not assessed * 
HC110 Not assessed * 
HC111 Not assessed * 
HC112 Not assessed * 
HC113 4 3 3 4 3 3 
HC114 Not assessed * 
HC115 9 10 8 11 9 8 
HC201 Not assessed * 
HC202 Not assessed * 
HC203 8 9 6 9 8 9 
HC204 Not assessed * 
HC205 Not assessed * 
HC206 Not assessed * 
HC207 12 11 9 10 8 10 
HC208 0 0 0 0 0 0 
HC209 Not assessed * 
HC210 8 10 7 9 8 7 
HC211 10 11 8 8 7 7 
HC212 9 12 10 11 11 10 
HC213 Not assessed * 
HC214 Not assessed * 
HC215 Not assessed * 
HC216 Not assessed * 
HC301 Not assessed * 
HC302 3 4 3 3 3 3 
HC303 0 0 0 0 0 0 
HC304 Not assessed * 
HC305 4 6 4 6 6 5 
HC306 Not assessed * 
HC307 Not assessed * 
HC308 5 7 6 9 5 5 
HC309 Not assessed * 
HC310 Not assessed * 
HC311 Not assessed * 
HC312 Not assessed * 
HC313 0 0 0 0 0 0 
HC314 0 0 0 0 0 0 
HC315 0 0 0 0 0 0 
HC316 Not assessed * 
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Melatonin Vessel Density Data (continued) 
 
Eggs treated with Hcys and Melatonin 
 Vessel Count 
Egg Code Rater A Rater Ka Rater B Rater J Rater M Rater Ke 
HM101 Not assessed * 
HM102 Not assessed * 
HM103 Not assessed * 
HM104 6 6 6 8 7 6 
HM105 Not assessed * 
HM106 Not assessed * 
HM107 11 12 9 12 13 9 
HM108 Not assessed * 
HM109 11 0 0 0 0 0 
HM110 Not assessed * 
HM111 10 11 9 13 12 10 
HM112 Not assessed * 
HM113 Not assessed * 
HM114 Not assessed * 
HM115 8 3 2 5 2 4 
HM116 Not assessed * 
HM201 6 9 6 9 5 5 
HM202 Not assessed * 
HM203 Not assessed * 
HM204 0 0 0 0 0 0 
HM205 Not assessed * 
HM206 Not assessed * 
HM207 Not assessed * 
HM208 5 7 6 5 5 5 
HM209 Not assessed * 
HM210 Not assessed * 
HM211 Not assessed * 
HM212 Not assessed * 
HM213 6 10 9 9 9 9 
HM214 Not assessed * 
HM215 8 9 9 8 8 9 
HM301 Not assessed * 
HM302 Not assessed * 
HM303 8 11 8 10 9 7 
HM304 Not assessed * 
HM305 Not assessed * 
HM306 Not assessed * 
HM307 Not assessed * 
HM308 8 9 8 8 8 8 
HM309 Not assessed * 
HM310 3 3 1 1 2 3 
HM311 Not assessed * 
HM312 Not assessed * 
HM313 0 0 0 0 0 0 
HM314 Not assessed * 
HM315 8 8 8 8 7 8 
HM316 Not assessed * 
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Ascorbic acid Vessel Density Data 
Eggs treated with NS 
 Vessel Count 
Egg Code Rater L Rater Jo Rater B Rater Ju Rater M Rater Ke 
NS101 0 0 0 0 0 0
NS102 8 8 7 7 7 7
NS103 12 12 9 12 12 10
NS104 9 10 8 12 8 9
NS105 9 10 10 11 8 10
NS106 9 9 8 10 9 9
NS107 13 12 10 11 10 11
NS108 9 10 10 9 9 7
NS109 10 8 8 8 8 8
NS110 Not assessed * 
NS111 9 9 8 8 8 8
NS112 9 7 9 9 7 7
NS113 14 10 10 13 13 12
NS114 Not assessed * 
NS115 Not assessed * 
NS201 Not assessed * 
NS202 12 9 9 11 10 8
NS203 9 8 8 9 9 8
NS204 11 8 9 8 9 9
NS205 13 12 12 12 12 12
NS206 7 7 7 7 7 7
NS207 8 7 8 6 7 7
NS208 7 8 7 8 7 7
NS209 12 9 10 11 10 11
NS210 15 13 16 15 14 14
NS211 Not assessed * 
NS212 13 12 8 9 12 9
NS213 Not assessed * 
NS214 Not assessed * 
NS215 15 12 12 13 13 11
NS302 8 7 7 8 7 8
NS304 9 9 8 9 9 9
NS305 9 8 8 9 9 8
NS306 7 6 6 6 7 5
NS308 2 2 2 1 1 2
NS310 10 8 8 9 9 9
NS311 0 0 0 0 0 0
NS312 6 7 7 6 6 8
NS313 6 5 7 6 6 4
NS314 7 7 7 7 7 7
NS315 5 4 4 5 4 4
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Ascorbic acid Vessel Density Data (continued) 
Eggs treated with Vitamin C 
 Vessel Count 
Egg Code Rater L Rater Jo Rater B Rater Ju Rater M Rater Ke 
VC101 8 8 8 8 7 6
VC102 8 10 7 11 9 8
VC103 6 6 7 6 5 5
VC104 12 9 7 8 8 6
VC105 8 7 8 8 7 8
VC106 8 7 7 7 7 7
VC107 8 7 8 8 7 6
VC108 7 8 8 8 6 7
VC109 3 3 2 3 2 2
VC110 10 9 8 9 10 8
VC111 3 5 1 2 2 3
VC112 3 2 1 3 2 2
VC114 10 9 6 9 9 6
VC115 Not assessed * 
VC201 13 10 14 10 12 10
VC202 9 8 9 9 8 8
VC203 4 6 6 5 6 5
VC204 6 6 5 5 5 5
VC205 11 9 8 0 9 6
VC206 Not assessed * 
VC207 11 9 9 10 10 10
VC208 12 12 13 15 13 12
VC209 12 11 12 12 11 11
VC210 9 9 9 9 10 10
VC211 10 8 11 7 10 8
VC212 Not assessed * 
VC213 13 9 11 11 11 9
VC214 6 6 5 4 5 4
VC215 Not assessed * 
VC301 8 8 8 11 9 8
VC302 7 7 9 10 8 7
VC303 9 9 9 10 8 9
VC304 7 7 7 9 7 8
VC305 Not assessed * 
VC306 Not assessed * 
VC307 6 4 6 4 3 4
VC308 4 3 3 3 2 3
VC309 8 7 7 8 7 7
VC310 6 6 6 6 6 6
VC311 9 9 9 9 10 9
VC312 Not assessed * 
VC313 10 8 10 9 9 8
VC314 8 8 8 9 8 8
VC315 11 8 10 11 9 11
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Ascorbic acid Vessel Density Data (continued) 
Eggs treated with Hcys 
 Vessel Count 
Egg Code Rater L Rater Jo Rater B Rater Ju Rater M Rater Ke 
HC101 0 0 0 0 0 0
HC102 8 6 6 7 8 6
HC103 14 11 11 14 11 12
HC104 Not assessed * 
HC105 7 6 6 6 6 6
HC106 3 4 4 4 4 3
HC107 7 7 7 9 7 6
HC110 Not assessed * 
HC109 0 0 0 0 0 0
HC110 0 0 0 0 0 0
HC111 11 10 9 13 11 10
HC112 5 5 5 5 6 5
HC113 Not assessed * 
HC114 8 9 8 7 9 7
HC115 Not assessed * 
HC116 Not assessed * 
HC202 9 9 8 9 9 9
HC203 16 7 8 6 11 10
HC204 Not assessed * 
HC205 Not assessed * 
HC206 11 10 9 9 11 9
HC207 Not assessed * 
HC208 Not assessed * 
HC209 2 2 1 2 1 2
HC210 3 3 10 3 4 2
HC211 9 8 7 10 8 8
HC212 Not assessed * 
HC213 Not assessed * 
HC214 7 8 5 7 6 5
HC215 12 11 11 12 12 9
HC301 0 0 0 0 0 0
HC302 2 2 1 1 1 2
HC303 0 0 0 0 0 0
HC304 5 4 5 4 4 3
HC305 Not assessed * 
HC306 Not assessed * 
HC307 Not assessed * 
HC308 Not assessed * 
HC309 Not assessed * 
HC310 8 7 8 8 8 9
HC311 6 5 5 5 4 5
HC313 5 4 4 3 6 6
HC314 4 3 4 6 3 5
HC315 3 4 3 3 2 4
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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Homocysteine and Ascorbic acid Vessel Density Data (continued) 
Eggs treated with Hcys and Vitamin C 
 Vessel Count 
Egg Code Rater L Rater Jo Rater B Rater Ju Rater M Rater Ke 
HV101 Not assessed * 
HV102 7 6 7 7 7 6
HV103 Not assessed * 
HV104 9 9 6 7 8 8
HV105 12 10 9 12 10 10
HV106 Not assessed * 
HV107 9 8 7 6 8 9
HV108 0 0 0 0 0 0
HV109 11 10 10 13 12 10
HV110 Not assessed * 
HV111 10 9 9 10 20 8
HV112 Not assessed * 
HV113 5 6 6 5 5 4
HV114 Not assessed * 
HV115 10 9 8 10 9 8
HV201 9 7 7 7 8 6
HV202 5 4 4 3 4 4
HV203 9 9 8 9 10 8
HV204 11 9 9 10 10 9
HV205 Not assessed * 
HV206 10 9 9 11 11 10
HV207 7 7 7 8 8 7
HV208 Not assessed * 
HV209 Not assessed * 
HV210 Not assessed * 
HV211 7 8 7 7 8 7
HV212 10 11 10 10 11 10
HV213 8 6 5 7 9 6
HV214 9 9 9 8 10 10
HV215 11 8 8 7 8 6
HV301 Not assessed * 
HV302 Not assessed * 
HV303 7 6 6 10 6 7
HV304 7 7 7 8 6 7
HV305 6 7 8 11 5 5
HV306 0 0 9 0 0 0
HV307 1 0 1 2 1 1
HV308 4 7 7 8 6 4
HV309 9 8 7 9 7 7
HV310 10 9 9 9 10 8
HV311 0 0 0 0 0 0
HV312 5 5 2 4 4 4
HV313 6 4 3 3 4 5
HV314 6 5 2 2 3 4
HV315 2 2 1 2 1 2
* Not assessed indicates the embryo did not survive or that no picture was taken. 
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