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 In the United States 1 in 5 of over half a million women who report 
drinking alcohol during pregnancy also admit to binge drinking. It is 
known that even low levels of alcohol (ethanol; EtOH) prenatally can 
produce human birth defects. 

 The annual total cost to society for the care of children and adults 
with Fetal Alcohol Syndrome (FAS) in the US is between 1.4 billion and 
9.7 billion. 

 Epidemiological studies suggest that 54% of live-born children with 
FAS have some kind of cardiac anomaly.  The malformations include 
valvuloseptal defects, stenosis of the pulmonary artery, Tetralogy of 
Fallot, and d-transposition of the great arteries.  

Statistics...



Congenital Heart Disease

 Congenital heart malformations, the most common of human birth 
defects, occur in ~ 1% of the population worldwide.

 Valve and associated structures continue to be the most common 
subtype of CHDs accounting for 25-30% of all cardiovascular 
malformations.

 Cardiac anomalies appear to arise from abnormal cell lineage 
decisions of early progenitor cells, disrupting normal patterning of 
morphogenetic pathways. 



A recent recommendation suggested that children born with 
cardiac defects also be tested for neural-related problems and 
developmental disabilities (Marino et al., 2012).  

This underscores the common developmental processes that 
are involved in both cardiac and neural development occurring 
at the same time of development during gastrulation.

Alcohol (ethanol) consumption during pregnancy is 
linked to congenital heart defects and to neural-related 

problems that are associated with Fetal Alcohol 
Syndrome (FAS).
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49% of pregnancies are unintended!  Walker, D., et al., Fetal Alcohol Spectrum Disorders Prevention:  
An exploratory study of women's use of, attitudes toward, and knowledge about alcohol. J Amer Acad Nurse Practitioners, 2005. 17(5): p. 187-193.

Gastrulation should be considered a high risk period of pregnancy, as a 
woman may be yet unaware of her pregnancy and is not taking 
precautionary measures to reduce exposure risks to the embryo, as for 
example, by not taking certain drugs, not drinking alcohol, and not 
smoking.

The mother also may not have started folic acid dietary supplementation 
known to decrease risk of birth defects.

Early cardiac 
progenitor
cells begin to 
differentiate in 
the heart 
fields.



During gastrulation, 
Wnt/beta-catenin signaling 
and the induction of the 
heart compartment occur in 
an anterior/posterior
progression initiating
cardiac cell specification 
and cell sorting across the
bilateral regions
of the mesoderm layer. 

Linask et al., 1992; 1997; 
2003 

Heart Organogenesis



Environmental exposures 
induce similar cardiac defects 
in vertebrate animal models as 
in the human depending upon 
developmental timing of 
exposure and dose.



From:  Langman’s Essential Medical Embryology by T.W.Sadler, 
Lippincott, Williams, and Wilkins, 2005
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Defining the effects of alcohol on heart development 
in the mouse model.

• Pregnant mice were exposed
acutely to an accepted binge 
drinking level of EtOH (two i.p. 
injections of 2.9 g EtOH/kg maternal 
weight, given 3 hrs apart).
• Exposure targeted ED 6.75 
(gastrulation).

METHODOLOGY:

ED6.75

ED15.5



On ED 15.5 of gestation doppler echocardiography
was used to determine effects of alcohol on 
embryonic mouse heart function in control and 
ethanol exposed embryos.



A binge drinking exposure of ethanol on ED 6.75  
resulted in abnormal fetal cardiac function and valve 

defects.

Arrhythmia Atrioventricular Valve Regurgitation

Semilunar Valve Regurgitation Semilunar Valve Stenosis

Blue signal is active Wnt/β-catenin signaling using the TopGal transgenic line.



Question:  Does folic acid when provided 
early in gestation on morning after conception

reverse the adverse effects of EtOH on 
mouse heart development,?

Serrano, M., Brinez, P., Han, M., Lastra-Vicente, R., and K.K. Linask. 2010.  Fetal 
Alcohol Syndrome: Cardiac birth defects and prevention with folate.  Amer. J. Obst. 
Gyn.  203(1):75.e7-75.e15.

Folic Acid Supplementation



Mouse Model: Dietary folate supplementation
(10 mg/kg or 6.2 mg/kg) was started on 
morning of vaginal plug detection.

Only the high dose of folate provided complete 
protection of cardiac defects.

A combination of folate and myo-inositol is more 
effective in embryonic protection than folate 
alone.



Microarray Analysis of Cardiac Gene Expression after Hcys or Li 
Environmental Exposure and Folate Protection: 

46,000 genes analyzed- partial list shown

Total RNA extracted

cDNA

Hybridization to Affymetrix 
Gene Chips

Right 
ventricle and
outflow tract

isolated



Table 1 .  Gender-Related Changes in Fetal Heart of Wnt- Associated Gene Expression with Lithium, Homocysteine or Folate Exposure

MGI ID Symbol Name lith_f1_vs lith_m1_vs lith_f1_vs lith_m1_vs lith_f1_vs lith_f1_vs hcys_f1_vs hcys_m1_vs hcys_f1_vs hcys_m1_vs hcys_m1_vs hcys_m1_vs
cont_f1 cont_m1 fol_f1 fol_m1 lith_fol_f1 lith_fol_f2 cont_f1 cont_m1 fol_f1 fol_m1 hcys_fol_m1 hcys_fol_m2

MGI:101926 Dlx5 distal-less homeobox 5 DOWN UP UP DOWN UP DOWN UP UP UP DOWN UP UP
MGI:109247 Ddit3 DNA-damage inducible transcript 3 UP DOWN UP DOWN UP UP DOWN UP DOWN DOWN UP UP
MGI:109340 Pitx2 paired-like homeodomain transcripti   UP UP UP DOWN UP UP DOWN INCONSISTENT DOWN DOWN DOWN DOWN
MGI:1344337 Grem1 gremlin 1 UP DOWN UP DOWN DOWN UP UP UP UP DOWN DOWN DOWN
MGI:1352498 Ndrg2 N-myc DOWNstream regulated gene 2 UP UP UP DOWN DOWN DOWN UP DOWN UP DOWN DOWN DOWN

MGI:97845 Rac1 RAS-related C3 botul inum substrate 1 UP INCONSISTENUP DOWN INCONSISTENUP UP UP UP DOWN INCONSISTENT INCONSISTENT

MGI:1921749 Sost sclerostin UP DOWN UP DOWN UP DOWN DOWN UP DOWN DOWN UP UP

MGI:1923988 Paf1 Paf1, RNA polymerase II  associated fa    DOWN DOWN UP DOWN DOWN DOWN DOWN DOWN UP DOWN DOWN DOWN

MGI:2442252 Lrp4 low dens i ty l ipoprotein receptor-relat   UP DOWN UP DOWN DOWN UP UP DOWN UP DOWN DOWN DOWN

MGI:2442609 Rnf43 ring finger protein 43 UP UP UP DOWN UP UP UP UP UP DOWN UP UP

MGI:102784 Tgfb1i1 transforming growth factor beta  1 indu   DOWN UP DOWN UP DOWN DOWN DOWN UP DOWN UP UP UP

MGI:105100 Ctnnd1 catenin (cadherin associated protein)   DOWN UP DOWN UP DOWN DOWN DOWN UP INCONSISTENT UP UP UP

MGI:108117 Emd emerin DOWN UP DOWN UP UP UP UP DOWN DOWN DOWN DOWN DOWN

MGI:1270862 Axin2 axin2 DOWN UP DOWN UP DOWN UP DOWN UP DOWN UP UP UP

MGI:1278315 Lrp5 low dens i ty l ipoprotein receptor-relat   UP DOWN DOWN UP UP UP DOWN UP DOWN UP UP UP

MGI:1344332 Wif1 Wnt inhibi tory factor 1 UP DOWN DOWN UP DOWN DOWN UP DOWN UP DOWN DOWN DOWN

MGI:1347469 Foxl1 forkhead box L1 DOWN DOWN DOWN UP DOWN DOWN UP DOWN UP UP DOWN DOWN

Abbreviations:  lith, lithium exposure; f1 or f2 are female embryos #1 or #2; cont, control embryo; m1 or m2, male embryos #1 or #2; fol, folate only exposure; lith_fol, lithium exposure with folate supplementation; 

hcys, homocysteine exposure; hcys_fol, homocysteine exposure with folate supplementation

Gender-related Changes in Fetal Heart of Wnt-Associated Gene Expression



Gender-Associated Changes:  Gene Ontology of Specific Biological Processes

Fatty acid β-oxidation
Organic acid catabolic proc
Carboxylic acid catab proc
ATP biosynthesis
Fatty acid catab processes
Lipid oxidation
Fatty acid metabolic proc
Coenzyme metabolic proc
Energy coupled proton trans
Electron transport chain
Cofactor metabolic proc

The bioinformatic 
analyses indicate 

the
misexpression

can have a 
gender bias for 
specific genes.



Genes Appearing in Multiple Gene Ontology Categories 
Pertaining to Lipid Metabolism  
Analyzing genes that appear in all of the classes as (i) cellular processes of 
fatty acid oxidation, (ii) fatty acid beta oxidation, (iii) lipid oxidation or 
(iv) fatty acid beta oxidation using acyl CoA dehydrogenase, in both Li-
and HCy-exposed heart tissue,  the genes appearing in all classes included:

acyl CoA dehydrogenase 11 (Acad11) 
acyl CoA dehydrogenase long chain (Acadl) 
acyl CoA dehydrogenase medium chain (Acadm) 
acyl CoA dehydrogenase short chain (Acads) 
acyl CoA dehydrogenase very long chain (Acadvl) and 
electron transferring flavoprotein dehydrogenase (Etfdh)  

Notably all of the protein products of these genes localize to the 
mitochondria. 

Lipids essentially serve three critical cell functions: energy storage, 
structural components of membranes, and lipid modifications for 
activity of cell signaling factors.
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Alcohol alters gene expression similarly to that of 
elevated HCy exposure:  RT-PCR Analyses of the ED 

15.5 mouse heart 
Alcohol Exposure Homocysteine 

Exposure

Importantly, our RT-PCR 
data analyzing the alcohol-
exposed fetal heart indicate 
the fatty acid metabolism-
and folate-related genes are 
upregulated within the 
embryonic and fetal heart 
tissues, seemingly to 
overcome folate metabolism-
related deficiency. 

Folate protects gene 
expression by 
maintaining expression 
close to control levels.



Heart-Placenta Axis: IUGR and  Ethanol Effects

NMHC-IIA has a unique, but necessary 
role in placentation.  Function is 
unknown. If knocked out, embryonic 
lethality occurs.

NMHC-IIB appears to be involved in 
cell motility.  If knocked out, embryos 
develop, but die from cardiac defects at
mid-gestation.

Han, et al., 2012. Am J Obstet Gynecol 207, 140 e147-119. 



Changes in Fatty Acid Metabolism within the 
Embryo:  An emerging common theme in...

 Alcohol abuse
 Diabetes
 Obesity
 Lithium exposure
 Elevated homocysteine (folate deficiency)
 ...and they all relate to a higher risk of CHD

Genes involved in fatty acid metabolism can be epigenetically regulated 
by specific methylation patterns within promoter and intragenic regions.

These patterns can be transmitted from one generation to another.
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