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Abstract

Background: Fetal Alcohol Spectrum Disorder (FASD) is caused by prenatal alcohol exposure 

(PAE), the intake of ethanol (C2H5OH) during pregnancy. Features of FASD cover a range 

of structural and functional defects including congenital heart defects (CHDs). Folic acid and 

choline, contributors of methyl groups to one-carbon metabolism (OCM), prevent CHDs in 

humans. Using our avian model of FASD, we reported that betaine, another methyl donor 

downstream of choline, prevents CHDs. The CHD preventions are substantial but incomplete. 

Ethanol causes oxidative stress as well as depleting methyl groups for OCM to support DNA 

methylation and other epigenetic alterations. To identify more compounds that can safely and 

effectively prevent CHDs and other effects of PAE, we tested glutathione (GSH), a compound that 

regulates OCM and is known as a “master antioxidant.”

Methods/Results: Quail embryos injected with a single dose of ethanol at gastrulation exhibited 

congenital defects including CHDs similar to those identified in FASD individuals. GSH injected 

simultaneously with ethanol not only prevented CHDs, but also improved survival and prevented 

other PAE-induced defects. Assays of hearts at 8 days (HH stage 34) of quail development, 

when the heart normally has developed 4-chambers, showed that this single dose of PAE reduced 

global DNA methylation. GSH supplementation concurrent with PAE normalized global DNA 

methylation levels. The same assays performed on quail hearts at 3 days (HH stage 19–20) of 
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development, showed no difference in global DNA methylation between controls, ethanol-treated, 

GSH alone, and GSH plus ethanol-treated cohorts.

Conclusions: GSH supplementation shows promise to inhibit effects of PAE by improving 

survival, reducing the incidence of morphological defects including CHDs, and preventing global 

hypomethylation of DNA in heart tissues.
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Background

Prenatal alcohol exposure (PAE) has a broad range of major structural and functional 

consequences resulting in Fetal Alcohol Spectrum Disorder (FASD) (Hoyme et al., 2016). 

Craniofacial and neurobehavioral characteristics define a subset of individuals with PAE as 

having fetal alcohol syndrome (FAS)(O’Leary, 2004). However, it has been recognized over 

the years that many systems, including the cardiovascular system, are affected by PAE (Burd 

et al., 2007; Hoyme et al., 2016; Reid et al., 2019). Research to identify compounds that 

could protect the embryo from PAE-induced effects has expanded, with much of the clinical 

focus on neurobehavioral measures (Coles et al., 2015; Young et al., 2014). Our focus has 

been on preventing PAE-induced congenital heart defects (CHDs) that can result from as 

little as a single binge drinking episode early during the first trimester in human gestation 

(Maier and West, 2001; Sayal et al., 2014, 2009). The embryo is at particular risk at this 

time because most women do not know they are pregnant that early. We modeled this PAE 

using a single injection of ethanol into quail eggs and discovered that cardiac structures 

and function are abnormal within 24 hours (Ford et al., 2017b; Karunamuni et al., 2015b, 

2014a; Peterson et al., 2017). The defects that resulted from this acute regimen of exposure 

resembled those reported in FASD individuals (Burd et al., 2007) and are included in the 

current guidelines for diagnosing FASD (Hoyme et al., 2016). We also found that betaine 

co-administered with the single bolus of alcohol is capable of preventing these CHDs in a 

substantial number of embryos in this avian model of PAE (Karunamuni et al., 2017).

PAE disrupts embryogenesis through multiple mechanisms [reviewed in (Ehrhart et al., 

2019; Sulik, 2014)]. One mechanism is the disruption of epigenetic regulation. PAE is 

known to reduce the substrates and alter the enzymes available for one-carbon metabolism 

(OCM) that are critical for DNA methylation. The most abundant and studied form of 

DNA methylation is the addition of a methyl group to cytosine at position C5 (Mandal 

et al., 2017). Direct effects of ethanol on the enzymes involved in OCM have been 

reported in adult tissues (Auta et al., 2017). In many species, including humans, it has 

been established that there is a DNA demethylation phase after fertilization followed by 

rapid DNA methylation postimplantation (Dobbs et al., 2013; Zeng and Chen, 2019). DNA 

methylation has been associated with a reduction in gene expression (Brandeis et al., 1993; 

Meehan, 2003; Phillips, 2008). However, depending on the site of DNA methylation, it has 

also been associated with an increase or a neutral effect on gene expression (Anastasiadi et 
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al., 2018; Lea et al., 2018; Stricker and Götz, 2018). DNA methylation is organism, organ, 

stage, and tissue specific, ranging from 1–8% of total DNA for 5-mC (Roost et al., 2017).

Early embryogenesis is a time of rapid DNA methylation as cells proliferate and 

differentiate (Guibert et al., 2009; Li et al., 2016a; Zhou, 2012). At this time the requirement 

for donors of methyl groups needed for methylation becomes critical. It is well known that 

deficiencies in the methyl donor folate increase the risk for birth defects with neural tube 

defects receiving the most attention in research investigations [reviewed in (Beaudin and 

Stover, 2007; Imbard et al., 2013)]. The folic acid (FA) requirement becomes high during 

pregnancy and, as if in response, FA is more concentrated in the embryo/fetus compared to 

the mother (Economides et al., 1992; Hutson et al., 2012; Wallace et al., 2008). Therefore 

a PAE-induced reduction in methyl group availability during early embryogenesis could 

lead to hypomethylated DNA, including those loci important for cardiac progenitors (Lan 

and Evans, 2019; Li et al., 2018; Liu et al., 2009). This is particularly important in neural 

crest cells that undergo significant differentiation and migration to create valves, septa, and 

outflow tracts (Keyte and Hutson, 2012). These pluripotent cells greatly influence heart 

development in many ways (Smith et al., 2014; Waldo et al., 1999).

Another important mechanism for the teratogenic effects of PAE is through the production 

of excess reactive oxygen species (ROS) (Brocardo et al., 2011; Dennery, 2007; Henderson 

et al., 1995). Compounds that reduce the negative effects of PAE as supplements include 

choline, folic acid and betaine (Jacobson et al., 2018; Jiang et al., 2020; Karunamuni et 

al., 2017, 2014b; Shi et al., 2014). While these are likely to be preventing PAE effects in 

part through serving as methyl donors to OCM, all are also known antioxidants (Atteia, 

Bashir Mahmoud Rezk El-Kak, Abd El-Aziz Atteia Lucchesi, Pamela A Delafontane, 

2009; Rezk et al., 2011; Wu et al., 2014; Zhang et al., 2016). Among the most abundant 

endogenous antioxidants in the human body is glutathione (Lushchak, 2012). Glutathione 

(GSH: gamma-1-glutamyl-L-cysteinyl-glycine) is a tripeptide, made by all types of cells 

[reviewed in (Forman et al., 2009; Wu et al., 2004)]. Reduced GSH, also known as 

L-glutathione, is the active form and plays major roles in repairing oxidative damage and 

preventing cells from excess reactive oxygen species (ROS) (Zitka et al., 2012). GSH 

also helps in the recycling and functions of other antioxidants in the body, like vitamin 

C, vitamin E, lipoic acid and CoQ10 (Dringen, 2000; Leopold, 2015; Willcox et al., 

2008). GSH protects mitochondria from organic toxins and free radicals produced during 

metabolic activities, saves cells from adverse effects of ROS, and ensures the much needed 

energy supply for metabolism (Enns and Cowan, 2017). Oxidized GSH inhibits DNA and 

histone methylation by inhibiting the activity of S-adenosyl methionine synthetase, a key 

enzyme in the synthesis of S-adenosyl methionine (SAM) which is a substrate for DNA 

methyltransferases and histone methyltransferases. Addition of GSH helps recover the 

activity of S-adenosyl methionine synthetase and maintain the required balance of DNA 

and histone methylation for gene expression (García-Giménez and Pallardó, 2014; Mato 

et al., 2002). For this investigation we tested the efficacy of GSH in the prevention of 

PAE-induced CHDs. GSH has the potential to suppress at least two critical avenues of 

PAE-induced disruption, epigenetic alterations and oxidative stress (Ducker and Rabinowitz, 

2017; Forman et al., 2009). We hypothesized that the CHDs and other early structural 

defects induced by PAE in our avian model of FASD would be prevented or reduced by 
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administering GSH at the time of ethanol exposure. In this study we also tested whether 

GSH is able to protect global DNA methylation levels.

Materials and Methods

Quail embryos

Fertilized quail eggs (Cortunix cortunix communis) were obtained from a commercial 

supplier (Northwest Heritage Quail, Pullman, WA) and incubated in a humidified 

egg incubator (G.Q.F. Manufacturing Co., Savannah, GA) at 38°C. According to our 

Institutional Animal Care and Use Committee (IACUC) policy on use of avian embryos, 

approval is not required for studies unless investigators are using eggs/embryos older than 

3 days before hatching. Quails hatch at 17 days of incubation and all of our studies were 

concluded by 8 days.

Dose response of glutathione on the prevention of PAE consequences

The dose response was tested as previously published (Karunamuni 2017) for different doses 

of GSH alone (Table 1) and GSH plus ethanol (Table 2). Briefly, GSH (L-Glutathione 

reduced, cat#G4251, Sigma-Aldrich) was dissolved in phosphate buffered saline (1XPBS 

diluted from10X PBS, Cat# BP399500, Fisher Scientific) and a range of concentrations was 

injected in combination with 40 microliters of 50% ethanol solution into fertilized eggs 

incubated for 21 hours. This ethanol exposure simulates a binge drinking episode during 

the first trimester of pregnancy as previously described (Karunamuni et al., 2015, 2017). 

The embryos were assayed after a total of 8 days of incubation when the hearts would 

have normally septated to form the primitive valve leaflets, divided outflow tracts, and 4 

chambers. Survival and external gross defects in head and ventral body wall morphology 

were noted (Table 2). The optimal dose was chosen as the one with the best survival with the 

fewest embryos exhibiting gross defects.

The optimal dose was used for the rest of the experiments. Fertilized eggs were injected 

21 hours after the initiation of incubation with 40 microliters of 50% ethanol solution. 

Another cohort of eggs were injected with the optimal 10 µmol of GSH in the ethanol 

solution; control eggs received GSH alone, saline alone, or no injection. Embryos were 

staged according to Hamburger and Hamilton (HH) criteria (Hamburger and Hamilton, 

1992). These eggs were incubated for a total of 3 (HH stage 19) or 8 days (HH stage 34) and 

embryonic hearts were analyzed for survival, external defects, and CHDs or rapidly frozen 

and stored at 80°C for global DNA methylation assays (see below).

Analysis of congenital heart defects by optical coherence tomography (OCT)

Hearts were optically cleared and then analyzed by optical coherence tomography (OCT) as 

described previously (Karunamuni et al., 2017, 2015b). Briefly, OCT images were generated 

from the raw data by using Customized MATLAB programs (MathWorks; Natick, MA) and 

were analyzed with AMIRA software (FEI Visualization Sciences Group; Burlington, MA). 

Images were analyzed blinded for CHDs by a pediatric cardiologist who specializes in fetal 

cardiac imaging (JS).
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Global DNA Methylation

Global DNA methylation as measured as a percentage of 5-methylcytosine (5-mC %) was 

assayed in the DNA extracted from hearts from each cohort of 3 day and 8 day embryos. 

The cohorts were embryos treated in ovo with (1) ethanol, (2) the vehicle saline, (3) 

GSH alone, and (4) ethanol plus GSH. To obtain adequate DNA from hearts of day 3 

(HH stage 19–20) embryos, we pooled 5–6 hearts per sample and analyzed 8 samples per 

cohort. For the 8 day hearts, one heart was used per sample. DNA was extracted using 

the FitAmp General Tissue Section DNA Isolation Kit (Epigentek), DNA concentration 

was determined by NanodropOne (ThermoFisher), and the global DNA methylation assay 

[Epigentek, Global DNA Methylation (5-mC) ELISA Easy Kit] was used. Samples were 

measured in duplicate and the average taken to quantify the percentage DNA methylation. 

The standard curve was generated from the standard methylated DNA provided with the 

assay kit over the amount of total DNA.

Statistical analyses

Significance between groups (survival, defects, CHDs) was calculated with the Fisher’s 

exact test using MiniTab (State College, PA, USA), and a p-value of <0.05 was 

considered significant. 5-mC methylation data were analyzed using Microsoft Excel (version 

2016). Data are presented as mean with standard deviation. Independent sample t-tests 

were conducted between the groups with equal variance assumptions to evaluate the 

difference significance between their means. A p-value of <0.05 was considered statistically 

significant. Microsoft Excel was used to create the graphs.

Results

Dose response to glutathione with or without ethanol exposure

A range of GSH concentrations dissolved in PBS was injected into fertilized quail eggs to 

determine the toxicity of GSH alone in this system (Table 1). The lowest concentration of 

GSH that resulted in the highest survival at 8 days of incubation with the least percentage 

of defects was chosen for the next phase of our investigations. Next, we injected these same 

GSH concentrations with ethanol. We found the lowest quantity of GSH that would best 

prevent death and congenital defects when injected in quail egg with ethanol was 40 µl of 

a 10 µM solution (Table 2). For a human, this is equivalent to about 24g of glutathione a 

day (0.34g/kg in a 70kg woman). We emphasize here that the stability and bioavailability of 

exogenous GSH is known to be low (Beutler et al., 1963; Jeong et al., 2018; Schmitt et al., 

2015).

Body and congenital heart defects were reduced by glutathione supplementation

Exposure to GSH with ethanol significantly increased survival vs. ethanol alone (75% vs 

60%) and decreased gross body defects (15% vs 32%), but these were still significantly 

different from uninjected and saline-injected controls. The percent of embryos with PAE-

induced CHDs was similar to our previously reported results at 60% (Karunamuni et al., 

2017, 2015a). The number of embryos with structural CHDs after ethanol exposure was 

significantly reduced by the co-administration of GSH (21% vs 60%) and not significantly 
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different from controls, as seen in (Table 3). Injection of GSH alone did not affect the 

incidence of CHDs compared to the uninjected or saline injected controls.

Among the imaged uninjected and saline-injected controls, the few observed CHDs were 

minor hypoplastic right ventricles and small/atretic pulmonary arteries (Table 4). The 

CHDs described in the imaged ethanol group were predominantly severely hypoplastic 

right ventricles (Figure 1B and 1C), though there were other significant numbers of defects 

associated with valve and septal abnormalities on the left and right side (Figure 1). Those 

given GSH and ethanol had similar defects to those with ethanol alone, although with 

significantly lower incidence.

Global DNA methylation was reduced by ethanol and preserved by glutathione in 8 day 
hearts.

A separate cohort of 8 day embryo hearts as described above was assayed for global 

DNA methylation. The global DNA methylation assay that we used specifically detects the 

methylation of the fifth carbon on cytosine termed C5-methylcytosine (5-mC). There was 

a significant reduction (41%, p-value 0.031) in the amount of methylated DNA (CpG) in 

the ethanol treated embryo hearts compared to all others, including control groups (Figure 

2). GSH given with ethanol significantly prevented this decrease in DNA methylation and 

brought them to a level that was not different from that of the controls. GSH by itself had 

no effect on DNA methylation levels which remained similar to those of the saline injected 

controls.

Global DNA methylation levels were not affected by ethanol and glutathione in 3 day 
hearts

Hearts from 3 day embryos were assayed to detect if global DNA methylation was reduced 

closer to the time of ethanol exposure. Hearts at 3 days of incubation are tubular, just 

beginning to loop and form primitive chambers. Our analysis of hearts from 3 day embryos 

(HH stages 19–20, 2 days after injection) did not show any statistically significant changes 

in DNA methylation levels even with PAE alone (Figure 2). Likewise, GSH added alone or 

with ethanol did not result in any differences in global DNA methylation levels compared to 

the saline-injected controls (Figure 2).

Discussion

We found a compound that prevents PAE induced CHDs, making it a potential therapy that 
could prevent CHDs in the human population.

The first set of findings from this study show that an early single administration of 

glutathione (GSH), given at the same time as ethanol, improved quail embryo survival, 

reduced the number with gross body defects, and reduced the incidence of CHDs (Table 4 

and Fig 1). A few studies have used animal models to assess the efficacy of compounds in 

the prevention of CHDs that result from acute, early PAE. The investigators tested folic acid 

(Sarmah and Marrs, 2013; Serrano et al., 2010), folic acid plus myoinositol (Serrano et al., 

2010), all trans retinoic acid (Twal and Zile, 1997), betaine (Karunamuni et al., 2017), and 

now in this current study, GSH. Prevention of CHDs in all earlier studies was partial. In the 
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studies from our group, the prevention compounds were only given in a single dose along 

with a single ethanol exposure. We previously found that betaine improved the percentage 

of embryos with normal hearts from 27% to 89%, approaching the 98% found in controls. 

Here, with GSH, the percentage of embryos with normal hearts increased from 40% to 79%, 

reaching a level (79%) which was not statistically different than controls (86%). Superior 

prevention of PAE-induced defects may require a different administration regimen with 

prevention compounds. Some compounds such as folic acid may not reach the therapeutic 

concentrations required to prevent defects within the embryo unless given preconceptionally 

(Bortolus et al., 2014; De-Regil et al., 2015; Hodgetts et al., 2015). Alternatively, as each of 

these compounds act through different pathways (Ducker and Rabinowitz, 2017; Friesen et 

al., 2007), a combination of prevention compounds may be warranted.

All defects, with the exception of noncompaction and undifferentiated single ventricle, are 

consistent with valvular and septal defects and similar to our previous data (Ford et al., 

2017a; Karunamuni et al., 2015a, 2014b). Ethanol is known to affect the precardiac cells 

of the second heart field and neural crest cells that greatly influence heart development 

(Keyte and Hutson, 2012; Sarmah et al., 2020; Sarmah and Marrs, 2017). The second heart 

field forms endocardial cushions, the right ventricle, and portions of the outflow tract. The 

endocardial cushions serve as primitive valves while the heart is tubular, and as the heart 

loops they form mature valves and septa. We found a variety of CHDs resulting from PAE, 

the majority of which were severely hypoplastic right ventricles. Heart morphology was 

analyzed on day 8, well before quail eggs hatch (17dys). Our previous data indicate that the 

embryos with the most severe malformations do not survive to day 8 (Ford et al., 2017b), 

so we may have missed some CHDs by waiting until 8 days of incubation. However, it is 

difficult to diagnose CHDs and compare them to clinically significant malformations before 

the heart has fully septated. Furthermore, a number of these analyzed embryos may not 

have survived to hatching. Also of clinical importance is that all of the observed CHDs are 

seen in humans including those with FASD (Burd et al., 2007; Hoyme et al., 2016), and all 

require surgery and/or life-long monitoring and treatment [e.g.(Dearani et al., 2007; Dos et 

al., 2009)].

Combinations of compounds rather than one compound alone may be more effective in 
preventing PAE effects safely.

Most of the studies investigating the prevention of PAE-induced defects have used one 

compound at a time. The compounds that have shown promise in animal studies are 

FA, betaine, retinoic acid, and GSH. While they may partially overlap in their modes 

of action, each is unique in their metabolic roles, and they may be able to complement 

each other to prevent congenital defects when administered together. In a mouse model, a 

methyl-supplemented diet consisting of “cofactors and methyl donors for OCM, including 

methionine, betaine, choline, folic acid, and zinc” was used to prevent a wide range of PAE 

effects, including the methylation of specific gene loci (Downing et al., 2011). For some of 

these prevention compounds such as FA, there are already concerns about negative effects 

of administering high concentrations [e.g., (Tojal et al., 2019) and reviewed in (Liu et al., 

2020)]. It may therefore be more effective and safer to use more than one compound at a 

time to increase efficacy without reaching concentrations of any one compound that might 
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be harmful. Assessment of efficacy and safety of these compounds may require an objective 

measure, such as modifications in DNA methylation.

Global DNA methylation was reduced by PAE as shown by others and was protected by 
our compounds.

Many mechanisms have been proposed to explain how PAE disturbs developmental 

processes. One proposal is that PAE disrupts the normal course of DNA methylation during 

early development, leading to altered gene expression at a critical stage (Kaminen-Ahola et 

al., 2010; Mandal et al., 2017). PAE has been shown to reduce global and specific DNA 

methylation in whole mouse or rat fetuses, embryos, liver and brain tissues (Garro et al., 

1991; Lussier et al., 2017; Ungerer et al., 2013). Here, we have shown that even acute 

PAE during gastrulation can reduce global DNA methylation in the heart much later in 

development (incubation day 8). We also found that a single administration of GSH at the 

same time as the PAE significantly blocked the effect of PAE on reducing global DNA 

methylation in 8 day hearts. These results correlated with the normalization of the structural 

abnormalities described in the first part of this study. A causal relationship between DNA 

methylation changes and CHDs has yet to be made.

To determine how early ethanol exposure reduced global DNA methylation, we assayed two 

days after ethanol injections (incubation day 3), when quail hearts are at the looping stage. 

No significant differences in global DNA methylation were detected in these younger heart 

tissues with any of the treatments, including ethanol. This latter result may mean that the 

sensitivity of our assay was inadequate to detect the changes in the low levels of 5-mC in 

the heart at this stage. Additionally, the precardiac cells of the second heart field are outside 

the heart on day 3, and so we may have missed DNA methylation changes outside of the 

heart tube itself. Another study that assayed 5-mC in chicken embryos found that 9 day 

hearts had a 5-mC level between 4–5% (Li et al., 2016b), which was slightly higher than 

what we detected in 8 day quail hearts (approximately 2.1%). The difference may be due to 

the different stage and species used. However, they also used HPLC, that is more sensitive 

than our ELISA-based assay. They did not assay 3 day hearts separately, but 5-mC from the 

whole embryo was 3–4% at 3 days and increased to 5% by 8 days. This is consistent with 

our data, demonstrating lower 5-mC at 3 days of incubation.

As a key epigenetic modification, DNA methylation has been widely studied to investigate 

its role in the etiology of several diseases, including FASD (Cobben et al., 2019; Robertson, 

2005; Vukic and Daxinger, 2019). Methylation encodes information not by affecting 

DNA sequences, but by influencing regulatory protein binding to target sites, which in 

turn controls nucleosome structure and chromatin accessibility. These events directly or 

indirectly affect cell differentiation, development, growth, and phenotypic expression, and 

they may lead to disease. Recent studies have linked epigenetic changes to neurologic and 

cardiovascular diseases and cancer (Jin and Liu, 2018; Lan and Evans, 2019; Mandal et al., 

2017). These studies have focused on the causes of DNA methylation alterations as potential 

therapeutic targets. DNA methylation modification is possible with currently available 

pharmacological agents, making targeted therapies an attractive strategy for treating diseases 

(Graça et al., 2016; Hamm and Costa, 2015; Kelly et al., 2010). Comparative genomics and 
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other studies have revealed that genes critical to development and epigenetic modifications 

are highly conserved across different vertebrate species, including humans, mice, rats, and 

chickens (Jiang et al, 2014; Zhou et al, 2017). Cytosine-guanine dinucleotides (CpG) islands 

marked by methylation are consistently enriched in functional regions of the genome, and 

these regions are also highly conserved (Jiang et al., 2014). Conserved epigenetics and genes 

make the rapid and economic quail model ideal for exploring PAE and possible prevention 

compounds.

Our results confirm that ethanol affects global DNA methylation in the developing heart and 

that GSH is able to protect against PAE-induced global hypomethylation. Our future studies 

will probe the mechanisms by which GSH protects the heart from hypomethylation. It is 

also important to determine which genes have altered expression with PAE and which sites 

are protected by GSH. Following the details of the epigenetic alterations could determine 

whether the DNA methylation directly defined the trajectory to CHDs and indicate which 

pathways are critical for proper heart formation and function.

What about the future of using these compounds in humans?

The administration of compounds during pregnancy shows promise in mitigating PAE 

effects in humans [e.g., (Jacobson et al., 2018)]. Most of the clinical studies are retrospective 

with much of the attention paid to improvements in the neurodevelopmental consequences 

(Coles et al., 2015; Kable et al., 2015; Young et al., 2014). Even in the best prospective 

studies of humans, there is no control over the PAE amount or pattern of ingestion, 

although it is possible to encourage and monitor the amount of supplement that is ingested 

during pregnancy as was done by Jacobson and colleagues (Jacobson et al., 2018). In their 

study, a high dose of choline throughout pregnancy reduced the severity and incidence 

of PAE induced effects on growth, eye-blink conditioning (reflecting autonomic function 

conditioning), and learning and memory. Even with these improvements, choline did not 

reduce the incidence of FASD. They also did not assay specifically for CHDs in these 

infants or children. Except for severe cases, CHD detection usually requires specialized 

imaging and expertise.

The success of maternal prenatal choline intake in alleviating PAE behavioral effects 

in humans is a promising step in the prevention of PAE consequences, suggesting that 

supplementation with compounds other than folate may prevent PAE-induced defects. Both 

betaine and GSH are sold as over the counter supplements for adults, and they appear 

to be fairly safe (Cholewa et al., 2018; Hwang et al., 2018; Schmitt et al., 2015; Turck 

et al., 2019). We also know that it is critical to administer these compounds early, even 

before conception, and certainly when alcohol is being consumed in the first trimester. 

However, in order to consider the administration of GSH or betaine as prenatal supplements 

to prevent PAE-induced defects including CHDs, we need more information. What dose 

is most efficacious and also safe? Is it safe when taken throughout pregnancy or only 

during specific stages in development? What form and method of administration is best? Is 

administration of N-acetylcysteine (NAC) a better way to induce higher GSH levels? What 

is the best way to test for adequate levels of GSH? What combinations of compounds would 

be most efficacious and safe? Our quail model is a rapid and economical means to obtain 
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preliminary answers to many of these questions, which can then be further confirmed in 

other animal models such as mice and rats.
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Figure 1: OCT Images of Heart Defects Induced by Ethanol Exposure.
All images are of 8 day, HH stage 34 hearts. Panel (A) is of a normal heart, with long arrows 

pointing to normal left and right atrioventricular (AV) valve leaflets. Remaining panels show 

representative abnormalities: (B) Hypoplastic right ventricle and abnormal left AV valve 

leaflets (large white arrow), (C) Severely hypoplastic right ventricle, (D) ventricular septal 

defect, (E) left ventricular noncompaction, (F) and (G) different views of the same heart 

with double outlet right ventricle and large ventricular spetal defect. Yellow arrows point to 

ventricular septal defects. All scale bars are 50µm. Not all images are standard 4 chamber 

views, as that view cannot show all defects. RV = right ventricle, LV = Left Ventricle, PA = 

Pulmonary Artery, Ao = Aorta
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Figure 2: Global methylation on day 8 of development is significantly decreased by ethanol 
exposure, which is normalized by the addition of glutathione.
Global DNA Methylation (5-mC) levels were measure in (A) day 8 (stage 34) embryonic 

hearts (n=6/group) and (B) day 3 (stage 19–20) embryonic hearts (n=8/group). On day 

8, Ethanol significantly lowered DNA methylation levels compared to saline and GSH, 

p=0.031. DNA methylation was normalized when glutathione was co-administered with 

ethanol. However, in day 3 (stage 19–20) hearts, ethanol did not change DNA methylation 

levels. All results are reported as percent of DNA with detected 5-mC. Saline = Sal-Ctrl, 

GSH alone in Saline = GSH/Sal, Ethanol = EtOH, Ethanol + GSH co-injections = 

EtOH+GSH.
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Table 1.

Glutathione (GSH) toxicity data. Doses of GSH were injected into quail eggs 24 hours after incubation. At 8 

days of incubation, the embryos were examined to determine survival and identify those with gross head and 

body defects.

Treatment (n) Survival rate (%) Survivors with gross head/body defects (%)

Saline vehicle control (54) 48 / 54 (89) 0 / 48 (0)

Uninjected control (82) 74 / 82 (90) 2 / 74 (3)

100 nmol GSH (30) 27 / 30 (90) 3 / 27 (11) p<0.043

1 µmol GSH (27) 21 /27 (78) 2 / 21 (10) p=0.09

10 µmol GSH (24) 22 / 24 (92) 1 / 22 (5)

100 µmol GSH (24) 21 / 24 (87) 2 / 21 (10) p=0.09

1 mmol GSH (54) 43 / 54 (80) 4 / 43 (9) p=0.046

10 mmol GSH (47) 45 / 47 (96) 1 / 45 (2)
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Table 2.

Efficacy of glutathione (GSH) in preventing ethanol-induced death and defects. At 24 hours, quail eggs were 

injected with 40ul of a solution containing 50% ethanol (EtOH) and range of GSH concentrations. Embryos 

were examined at 8 days of incubation for survival and gross head and body defects.

Treatment (n) Survival rate (%) Survivors with gross head/body defects (%)

Saline vehicle control (54) 48 / 54 (89) 0 / 48 (0)

Uninjected controls (82) 74 / 82 (90) 2 / 74 (3)

10 nmol GSH/EtOH (25) 17 / 25 (68) 5 / 17 (29)

100 nmol GSH /EtOH (24) 17 / 24 (71) 1 / 17 (6)

1 µmol GSH /EtOH (25) 21 / 25 (84) 3 / 21 (14)

10 µmol GSH /EtOH (30) 26 / 30 (87) 6 / 26 (23)

100 µmol GSH /EtOH (36) 30 / 36 (83) 5 / 30 (17)

1 mmol GSH/EtOH (48) 41 / 48 (85) 12 / 41 (29)

10 mmol GSH/EtOH (48) 42/ 48 (88) 9 / 42 (21)
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Table 3.

Embryo survival and defect rates on day 8. Values for uninjected controls were considered the standard. GSH 

by itself did not significantly increase gross body and head defects, though it did trend toward significance 

(p=0.053). Of those imaged for CHDs, GSH alone did not increase the incidence of CHDs. Those given 

ethanol alone had significantly lower survival and higher numbers of gross defects and CHDs (P<0.001, 

denoted by **). GSH given with ethanol significantly increased survival and decreased gross defects compared 

to ethanol (P <0.01, denoted by †), though there were more defects than in controls (P<0.01, denoted by *). 

Of those imaged for CHDs, there was no difference between controls and those given GSH and ethanol in the 

incidence of CHDs. The 10 µmol GSH amount was used for the subsequent experiment.

Treatment Survival (%) Gross head/body defects (%) Imaged hearts with a CHD (%)

Uninjected Control 86/97 (89) 2/86 (2) 3/21 (14)

Injected Control 92/100 (92) 3/92 (3) 2/15 (13)

GSH (10umol) 34/38 (89) 4/34 (12) 4/21 (19)

Ethanol (40ul 50%) 107/177 (60) ** 35/107 (32)** 18/30 (60) **

GSH 10umol + Ethanol 50% 154/204 (75)*† 23/153 (15) *† 7/33 (21) †
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Table 4.

CHDs diagnosed in imaged hearts. The total number of abnormal hearts is indicated, as is the number of 

hearts with each specified defect. Hearts may have more than one defect, so numbers add up to more than the 

number of hearts in each group. However, defects included in a syndrome were not counted twice (e.g. VSD 

was not counted as part of AV Canal, LV hypoplasia not counted in HLHS, etc.). RV – right ventricle, LV – 

left ventricle, HLHS – hypoplastic left heart syndrome, AV – atrioventricular, VSD – ventricular septal defect, 

DORV – double outlet right ventricle, TOF – tetralogy of Fallot.

Uninjected and saline injected Controls 
(n = 3)

GSH ( n= 4) Ethanol (n= 18) GSH + Ethanol (n=7)

Atretic main pulmonary artery (1)
Hypoplastic RV (2)

Undifferentiated Single Ventricle (2)
TOF (1)
Isolated VSD (1)

Hypoplastic RV (12)
Hypoplastic LV (1)
RV Hypertrophy (1)
LV Hypertrophy (1)
LV Dilatation (2)
HLHS (2)
DORV (2)
Abnormal LVOT (1)
Abnormal RVOT (1)
VSD (2)
AV Canal (1)
Noncompaction (1)
Conotruncal Defect (1)

Hypoplastic RV (3)
DORV (1)
VSD (2)
Dilated RV (1)
LV Hypertrophy (1)
Pulmonary Valve Atresia (1)
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