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EXECUTIVE SUMMARY
The MassDEP/DPH Health Effects Advisory Committee convened on April 25, 2013, and April 29, 2013 to discuss the MassDEP’s document on TCE cardiac toxicity. The advisory committee requested additional information on: (I) the stages of cardiac development and the incidence of congenital cardiac defects (CCDs) in the population; (II) the relationship between tetrachloroethylene (PCE) exposure and the occurrence of CCDs; (III) other chemicals that are known to induce CCDs; and (IV) the doses calculated from the negative TCE inhalation exposure data to compare with the dose that elicited CCDs in orally treated animals. This document presents the additional information requested  by the Advisory committee. Summaries of the data that address the committee requests are presented below:

I. The heart is the first organ to form during mammalian embryonic development. Populations of cells in the mesoderm commit to a cardiogenic fate very early in embryogenesis. These cardiac cells, localized in the cardiac crescent, migrate to form a beating linear heart tube. Subsequent events lead to cardiac looping, chamber and valve formation.  These events appear to be sequential and are genetically controlled by a network of transcription factors from early cardiogenesis to septation and valve formation. The window of sensitivity for cardiac teratogens like TCE is the first trimester (gestational week 2-8). 

II. Occupational studies on PCE could not evaluate specific congenital anomalies because few cases were identified. Of three drinking water ingestion studies on PCE, two reported negative CCDs while one study found slightly elevated CCDs in exposed people. An in vitro study conducted in the rat embryo using TCE, PCE, TCA and DCA showed severe toxicities, including malformations and mortality. The kinds of malformations were not described. PCE was more potent than TCE in the overall toxicity evaluations. A study in fish (Japanese medaka) treated with PCE found cardiac morphological defects. The study authors concluded that tetrachloroethylene is teratogenic to the Japanese medaka.
III. Various chemicals that are known to cause CCDs were identified, and these chemicals and their respective effects on the developing heart are presented in Table 1.
The doses of TCE calculated from inhalation exposure data are presented in Table 2. The doses that are converted from the inhalation concentrations ranged from 38 to 1388 mg/kg/day and these doses were not associated with CCDs in exposed animals. The doses estimated from the critical developmental study used to derive the TCE RfC, ranged from 0.00045 to 128.5 mg/kg/d, and CCDs were observed at 0.048 mg/kg/d. The available animal inhalation studies do not provide any evidence that inhaled TCE is a developmental cardiac toxicant in laboratory rodents. However, it is not understood why TCE related CCDs were not detected in the inhalation studies compared to its observance in several drinking water studies.   These differences may well relate to differences in experimental protocols (especially, continuous drinking water exposure as opposed intermittent inhalation exposure method) and the use of less sensitive dissection techniques in many of the inhalation studies. The human studies report associations between environmental levels of TCE and CCDs related to both ingestion and inhalation exposures.

INTRODUCTION 
Developmental genetics has evolved from analysis of embryo sections towards molecular genetics of cardiac morphogenesis with the dynamic view of cardiac development using magnetic resonance, episcopic fluorescence, and ultrasound techniques. Genetic research of cardiac congenital heart disease has also changed from formal genetic analysis of familial recurrences or population based analysis to screening mutations in candidate genes identified in animal models.  The advancements made in studying the normal and abnormal developments of the heart show that cardiac morphogenesis is a highly genetically controlled process. 

This document briefly summarizes the processes and stages of normal and abnormal cardiac development, and the known pathways of genetic regulation of these processes.  The other requests that the Committee has made are also addressed.

I. Normal Cardiac Development in Humans  
The following section shows that the major cardiac morphogenetic events occur in the first trimester.

The heart is the first organ that that becomes functional in the vertebrate embryo. Heart development requires precise temporal-spatial regulation of gene expression, in which the highly conserved networks of transcription factors accurately control the signaling pathways required for normal cardiac development. The following developmental stages are observed in animals (Brand, 2003) and humans (Dhanantwari et al. 2009; Joziasse et al., 2008) albeit at different dates of gestation. Figures 1 and 2 depict the cardiac developmental stages in humans.
1. The cells that will eventually contribute to the heart are initially located in the anterior lateral plate mesoderm just after the appearance of the germ layers (ectoderm, mesoderm and endoderm) in a process called gastrulation (gestational week 2-3; See Figure 1).
2. These progenitors then condense to form two lateral heart primordia (cardiac crescents) that comprise the myocardial and endocardial cell lineages. Cardiogenic signals induce expression of various transcription factors (Nkx2.5, Gata4, and Tbx5) which are among the earliest markers of cardiomyocytes (gestational week 2-3; See Figure 1).

3. The laterally placed heart primordia then converge along the midline to form a beating heart tube. Specifications of cardiomyocytes that will contribute to the conduction system also begin. Transcription factors (Nkx2.5, Gata4, and Tbx5) that regulate this process are all expressed in the cardiac muscle and regulate expression of cardiac contractile protein genes. During the linear heart tube stage, specific patterns of transcription factor expression begin to differentially define distinct segmental precursors of the outflow tract, atria, and ventricles (gestation week 2-4; See Figures 1 and 2). 
4. As cardiac maturation continues, the linear heart tube undergoes rightward looping, which is the first morphologic indication of patterning the right/left axis of the organism. Mice genetically modified to lack a transcription factor (ZIC3 negative mice) show abnormal looping and aberrant positioning of the heart (4-5; See Figures 1 and 2).   

5. Upon completion of looping, septation and morphologic distinction of cardiac chambers and associated valves begins. Atrial septation occurs around gestation week 4-6 and ventricular septation occurs around gestation week 5-7. Atrial and ventricular septations are disrupted with mutations of Nkx2.5, Gata4, or Tbx5 (Clark et al., 2006). The various valves are formed around gestation week 4-7 (Figures 1 and 2). 
6. Coincident with the initiation of valvulogenesis, two extracardiac cell populations begin to invade the developing heart from: (a) the neural crest and (b) proepicardium.  
(a) The cardiac neural crest cells migrate from the neural tube and contribute to: 
· the septation of the outflow tract into distinct vessels of the aortic and pulmonary arteries (gestation week 5-6).  

·  the formation of the aortic-arch arteries and the ductus arteriosus, and connection  between the aorta and pulmonary artery(Gestation week 6-7).  

(b) Cells of the proepicardium, a distinct subpopulation of lateral mesoderm, migrate across the surface of the heart to form the epicardium, the outermost cardiac epithelium. These cells eventually differentiate into a variety of cell types in the heart including the coronary vessels. 
Figure 1. Developmental time course of human cardiac morphogenesis encompassing early and late stage cardiac development 


Figure 2. Developmental time course of human cardiac morphogenesis encompassing cardiac development starting from cardiac looping (Figure adopted from Dhanantwari et al., 2009)   
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Outlined in the chart (Figure 2) is the timing for major cardiac morphogenetic events and the presence of various cardiac structures in the human embryo starting at about 6 weeks estimated gestational age. Earlier heart developmental processes and stages are not captured in this Figure because it is based on human hearts obtained at the looping state of development or later. The timeline indicated for AV junction/valve formation (green bar) refers to when a distinct AV junction is observed before AV valve leaflets are evident. The timeline indicated for semilunar valve formation (orange bar) refers to when distinct truncal cushion tissue is observed and before semilunar valve leaflets are evident. The demarcation of mitral valve, tricuspid valve, aortic valve, and pulmonary valve delineates the developmental stages when distinct valve leaflets are observed and the stages when the valve leaflets continue to undergo maturation and thinning. The timeline indicated for interventricular foramen refers to when any communication is present between the right and left ventricular chambers Adopted from Dhanantwari et al. (2009) and modified. **Dhanantwari et al. (2009) converted the postconceptional age to estimated gestational age or menstrual age by adding 2 weeks. Carnegie stages are based on the external and/or internal morphological development of the embryo, and are not directly dependent on either age or size. The human embryonic period proper is divided into 23 stages.
Genetic Control and Mechanisms of CCDs 


The following section shows that heart development is highly controlled by a network of transcription factors, and mutations in these factors can cause various congenital cardiac defects. Although the following description gives a generalized view of genetic control of heart development and pathogenesis in humans, it does not address the entire intricate genetic pathway from maternal information to the final heart formation. It is beyond the scope this brief report to present the embryonic cardiac development and the involved genetic mechanisms of control in detail.
To get some insight into the TCE-induced congenital cardiac defect (CCD), it is essential to understand the normal cardiac developmental processes and the perturbation of these processes that would result in heart defects.  CCDs are among the most frequent of all major birth defects, affecting 1% of all live births, and is the leading non-infectious cause of death in the first year of life (Hoffman and Kaplan 2002; Garg 2006) . However, others argue that the true rate may be higher since bicuspid aortic valve, the most common cardiac malformation, and atrial septum and persistent left superior vena cava may not be fully captured in this estimate. Bicuspid aortic valve is associated with considerable morbidity and mortality in affected individuals and by itself occurs in 10 to 20 per 1000 of the population. Isolated aneurysm of the atrial septum and persistent left superior vena cava, each occurs in 5 to 10 per 1000 of live births. If all these defects are taken into account, the incidence of cardiac malformations approaches 50 per 1000 (or 5%) live births (Pierpont et al., 2007).
Known causes of CCDs include chromosome abnormalities, single-gene disorders and teratogens. To date these causes combined account only for approximately to 15% of cases. In the remaining 85% of cases it is generally proposed that the defects have a multi-factorial etiology. Multi-factorial models have been developed to determine the interaction of genetic predisposition and environmental factors that would lead to the occurrence of CDD.  It is estimated that l-2 percent of CCDs are caused by fetal exposure to chemical teratogens, drugs, maternal diseases like diabetes, and maternal exposures to infectious diseases (rubella) (Botto and Mastroiacovo 1993) (Table 1).
In humans, genes responsible for CCD have been determined based on: (1) identification of a disease phenotype, (2) determination of the disease phenotype in family members, and (3) characterization of disease transmission. This process of linkage analysis along with animal and biochemical studies have lead to the detection of chromosomal loci and associated transcription factors that are linked with cardiac disease phenotypes (Clark et al., 2006). 
Mutations within six cardiac transcription factors have been identified as genetic causes for CCD in humans (Clark et al. 2006). These transcription factors include NKX2.5, GATA4, TBX5, TFAP2B, TBX1, ZIC3, and FOG2. Because of their role in the orchestration of normal cardiac development, mutations within these genes result in significant disruption and/or misregulation of downstream gene expression, which leads to cardiac malformations. Animal models engineered to express mutations in these genes along with biochemical studies have been used to reveal the role of these proteins in normal and abnormal heart development. The following section briefly summarizes the genetic loci and the effect of mutations on genes expressing these factors on heart pathogenesis (Clark et al., 2006).  Figure 3 best illustrates sites of cardiac structural anomalies related to mutations of transcription factors.
NKX2.5

NKX2.5 is a member of the NK2 class of homeodomain transcription factors. An autosomal-dominant disease locus associated with atrioventricular (AV) block and cardiac septal defects was mapped to chromosome 5q35, where the cardiac transcription factor NKX2.5 is

encoded. To date more than 30 mutations have been identified within NKX2.5. Heterozygous NKX2.5 mutations account for about 4% of all CCDs; atrial septal defects (ASD) are most common, but ventricular septal defects (VSD), left ventricle noncompaction, Teratology of Fallot (TOF), double-outlet right ventricle (DORV), subvalvular aortic stenosis, and Ebstein anomaly of the tricuspid valve have also been observed. The varied manifestations of cardiac defects associated with NKX2.5 mutation are indicative of its multifunctional capacity during cardiac development.
GATA4

A member of the zinc-finger transcription factor family, GATA4 is encoded at chromosome 8p23.1. Sixty percent of patients with deletion of this region of chromosome 8p have CCD including ASD, VSD, atrioventricular septal defect (AVSD), DORV, dextrocardia, and pulmonary stenosis (PS). More recently, linkage analysis in a large pedigree with an autosomal-dominant transmission pattern of isolated septal defects including ASD or VSD mapped to a locus at 8p22–23, where GATA4 is encoded.

TBX5
Mutations in the T-box transcription factor TBX5 cause Holt-Oram syndrome (HOS), which is a highly autosomal dominant disorder characterized by CCDs in association with congenital skeletal malformation of the upper limb. Cardiac anomalies observed in these individuals include ASD, VSD, AVSD, and conduction abnormalities. The HOS disease locus was initially mapped to the long arm of chromosome 12. Since the identification of TBX5 mutation as the basis of HOS, 37 mutations have been identified. 
TFAP2B
TFAP2B is a member of the retinoic acid–responsive activator protein (AP) transcription factor family. Linkage analysis was used to map the Char syndrome disease locus to chromosome 6p12–p21, where TFAP2B had been previously localized. Char syndrome is an autosomal-dominant disease characterized by patent ductus arteriosus (PDA), facial dysmorphism, and hand anomalies.  To date, eight mutations associated with CCDs have been identified in the TFAP2B gene.

TBX1

The TBX1 gene, which encodes a member of the T-box transcription factor family, is located within a 3-Megabase region known as the DiGeorge critical region (DGCR). This interval contains 30 genes that are deleted in patients with deletions at chromosome 22q11.  The signature cardiovascular manifestations of del22q11.2 syndrome are conotruncal defects,

which include TOF, aortic-arch anomalies, persistent truncus arteriosus (PTA), and malaligned VSD. 
ZIC3
ZIC3 is a member of the GLI (glioma-associated oncogene) superfamily of zinc-finger transcription factors and is involved in establishing left/right patterning during embryonic development. Its mutation is associated with Hetrotaxy syndrome.  Heterotaxy is characterized by a variable group of congenital anomalies including cardiac defects. Associated cardiac defects are varied and include ASD, AVSD, transposition of the great arteries (TGA), PS, and totally anomalous pulmonary venous return. Linkage analysis mapped the disease locus to chromosome Xq21–q27. To date, 11 point, frameshift, or missense mutations and two deletions have been identified in male individuals with heterotaxy syndrome. Heterozygous female carriers appear to be clinically unaffected

FOG2

FOG2/ZFPM2 is a multi-type zinc-finger transcription factor that modulates the activity of the cardiac transcription factor GATA4. The similarity of complex cardiac malformations in FOG2-null mice to human TOF led to the analysis of FOG2 as a candidate gene. The results of the analysis indicated that it contributes in at least a subset of isolated cases of TOF. 
Many transcription factors discussed above physically or functionally interact with each other. Thus mutations within one protein may interfere with function of others, suggesting an explanation for the similarity in some of the cardiac phenotypes seen in affected patients. Functionality of a transcription factor can be evaluated on the basis of its nuclear localization, DNA binding, transcriptional activation, or ability to interact with binding partners. Thus, depending on the location of the mutation, various mutations within the same protein may result in different molecular mechanisms of pathogenesis. This may be a molecular basis partially responsible for the variability in phenotypes seen in patients with different mutations within the same protein (Clark et al., 2006).
.
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Figure 3. Sites of structural anomalies associated with transcription factor mutations. ASD: atrial septal defect; AV: atrioventricular; AVSD: atrioventricular septal defect; DORV: double-outlet right ventricle; PDA: patent ductus arteriosus;  PTA: persistent truncus arteriosus; PS: pulmonary stenosis; TGA: transposition of the great arteries; TOF: tetralogy of Fallot; VSD: ventricular septal defect. Adopted from Clark et al. (2006).
Types of Defects Observed in TCE Exposed Humans and Available Mechanisms - Animals and Possible Areas of Transcriptional Regulation.

TCE has been associated primarily with septal and valve defects in humans, while various other structural anomalies are reported in animals along with septal and valvular defects. The TCE associated cardiac structural defects occur at areas that are also caused by genetic mutations. However, the data on the mechanisms TCE cardiac toxicity is insufficient to link its toxicity to transcriptional factor mutations or alterations in expression or function.
In the epidemiological studies that specified the type of cardiac anomalies caused by TCE, the most common congenital heart defects were muscular and membranous ventricular septal defect, secundum atrial septal defect, and pulmonary and aortic valve stenosis (Yauck et al., 1994; Goldberg et al., 1990).  In TCE exposed animals, the types of congenital cardiac anomalies observed  include secundum type atrial septal defects; hypoplasia of the aorta or pulmonary artery; aortic valve defects with fused leaflets (bicuspid or tricuspid) creating aortic valvular stenosis; pulmonary valve stenosis, including hypoplastic annulus and leaflet adhesions; hypoplastic mitral valve annulus; tricuspid valve defects; abnormal looping; atrioventricular

septal defect, and both perimembranous  and muscular ventricular septal defects (Johnson et al., 2003, 1998a, 1998b; Dawson et al.,1993). Smith et al. (1989, 1992) studied the congenital cardiac toxicity of TCE metabolites trichloroacetic acid and dichloroacetic acid and reported levocardia and intraventricular septal defects. 

Proposed Mechanisms for TCE-Induced CCD
Several groups have reported on possible mechanisms by which TCE can affect heart development. In the chick model, Boyer et al. (2000) demonstrated that exposure to TCE at higher levels reduced by 50% the endothelial to mesenchymal cell transformation (EMT) of valve progenitors while lower doses of TCE in ovo enhanced valvuloseptal hypercellularity, endocardial cell proliferation, and altered hemodynamic in the embryonic heart (Drake et al., 2006a, 2006b; Mishima et al., 2006). Others found that TCE exposure altered expression of the endothelial nitric oxide synthase and disrupted vascular endothelial growth factor–stimulated endothelial proliferation in myocytes, suggesting a possible mechanism for TCE-mediated heart malformations (Ou et al., 2003). Caldwell et al. (2008) showed that exposure to TCE disrupted calcium flux regulation in myocytes. 

Collier et al. (2003) studied the effects of trichloroethylene, dichloroethylene, and trichloroacetic acid on gene expression in rats during cardiac development. They found up-regulated transcripts, including genes associated with stress response (Hsp70) and homeostasis (several ribosomal proteins). Down-regulated transcripts included extracellular matrix compounds (GPI-p137 and vimentin) and Ca2+ responsive proteins (Serca-2 Ca2+-ATPase and β-catenin). Down-regulated sequences appear to be associated with cellular housekeeping, cell adhesion, and developmental processes. Two possible markers for fetal trichloroethylene exposure were Serca-2 Ca2+-ATPase and GPI-p137. 
It has been suggested that TCE may interfere with the folic acid/methylation pathway in liver and kidney and alter gene regulation by epigenetic mechanisms. To identify transcriptional targets altered in the embryonic heart after exposure to TCE, and possible protective effects of folate, Caldwell et al. (2010) used DNA microarray technology to profile gene expression in embryonic mouse hearts with maternal TCE exposure and dietary changes in maternal folate. Oral exposure to low doses of TCE (10 ppb) caused extensive alterations in transcripts encoding proteins involved in transport, ion channel, transcription, differentiation, cytoskeleton, cell cycle, and apoptosis. Exogenous folate did not offset the effects of TCE exposure on normal gene expressions, and both high and low levels of folate produced additional significant changes in gene expression. The authors concluded that a mechanism by which TCE might induce a folate deficiency does not explain altered gene expression patterns in the embryonic mouse heart. The data further suggest that use of folate supplementation, in the presence of this toxin, may not be protective of the developing embryo.

In summary, there is mechanistic evidence that TCE may render its toxicity during early cardiac morphogenesis. In vitro studies have shown that it inhibits epithelial to mesenchymal cell transformation, which is essential for the formation of cardiac cushions.  The endocardial cushions are a subset of cells found in the developing heart tube that will give rise to the heart's valves and septa critical to the proper formation of a four-chambered heart. TCE also inhibits cardiac looping in animals which also happens at an early stage of cardiac development. Such early perturbations of developmental processes may impair developments that occur at later stages. Direct effects at later developmental stages might also occur. Since cardiac development processes are controlled by various transcription factors, how TCE interacts with transcription factors is an important research area.
II. Tetrachloroethylene (PCE) Exposure and CCD
Occupational studies conducted mainly on workers in dry cleaning facilities could not evaluate specific congenital anomalies because few cases were identified. Of three drinking water ingestion studies, 2 reported negative CCDs while one study found slightly elevated CCDs in exposed people. An in vitro study conducted in rat embryo using TCE, PCE, TCA and DCA showed severe toxicities including malformations and mortality. The kinds of malformations were not described. PCE was more potent than TCE in this toxicitystudy. A study in fish (Japanese medaka) treated with PCE found developmental abnormalities of the circulatory system, yolk-sac edema, pericardial edema, scoliosis, hemorrhaging, blood pooling, and cardiac morphological defects. The study authors concluded that tetrachloroethylene is teratogenic to the Japanese medaka. 
Human Developmental Toxicity Data 
Epidemiology studies of tetrachloroethylene exposure and effects on reproduction and development include occupational studies of employment at dry-cleaning establishments in the Netherlands, Scandinavia, Italy, Canada, and the United States (California) and population-based studies of exposure through drinking water in the United States (North Carolina, Massachusetts, and New Jersey).
Studies of occupational exposure primarily evaluated employees in dry-cleaning establishments, but a few studied reproductive and developmental outcomes by occupational groupings more broadly (Lindbohm et al., 1991; Windham et al., 1991; Taskinen et al., 1989).
Occupational studies of dry-cleaning and laundry workers in Scandinavia could not evaluate specific congenital anomalies because few cases were identified. The number of cases with birth anomalies in specific diagnostic groups was very small in all of the studies, and the confidence intervals often included one. In addition, imprecise exposure estimates likely resulted in non-differential misclassification and a bias of risk estimates toward the null. Participants in the studies were exposed to multiple contaminants, and it was not possible to analyze substance-specific risks. 

Epidemiology studies also have evaluated developmental health effects stemming from incidents of tetrachloroethylene contamination of drinking water in the United States (Aschengrau et al., 2009a; Aschengrau et al., 2009b; Aschengrau et al., 2008; Bove et al., 1995; Lagakos et al., 1986). In general, drinking water exposures were to multiple pollutants, and most studies were not able to determine the relative contribution to adverse health effects made by individual substances.
Aschengrau et al., 2009a; Aschengrau et al., 2009b; Aschengrau et al., 2008 studied the developmental effects of TCE from leaching tetrachloroethylene in water distribution pipes installed between 1968 and 1980 in the Cape Cod region in Massachusetts. No association was reported between PCE exposure and CCDs.
Bove et al. (1995) performed a prevalence study in four counties in New Jersey and evaluated organic contaminants monitored in the public water supply in relation to birth outcomes. All live births and fetal deaths reported on birth or death certificates between January 1, 1985, and December 31, 1988, among residents of 75 out of 146 towns were ascertained. The final data set included 80,938 singleton live births and 594 fetal deaths that were not therapeutic abortions or chromosomal anomalies. This study found a small increase in major cardiac defects (OR: 1.13) for PCE exposure > 5ppm. 
Lagakos et al. (1986) performed a population-based developmental study in Woburn, Massachusetts, among residents whose drinking water source was two wells contaminated with chlorinated organic substances from 1960 to 1982. This study found no association between PCE exposure and CCD. This study did not find an association between TCE exposure and CCDs also.
Animal Developmental Toxicity Studies 
In Vitro Developmental Toxicity Assay 
Saillenfait et al. (1995), using a rat whole embryo (Day 10) culture system, found tetrachloroethylene-induced embryo toxicity, including mortality, malformations, and delayed growth and differentiation. The investigators found that trichloroethylene produced similar effects, with potency somewhat less than that of tetrachloroethylene. They also found that TCA and DCA caused a variety of abnormalities in this culture system.  

Non-Mammalian Developmental Toxicity Assay 
Spencer et al. (2002) evaluated the effects of PCE on the embryonic development of Japanese medaka (genus Oryzias (ricefish). In this study, 1-day-old in ovo embryos were exposed to concentrations of 0, 20, 40, 60, or 80 mg/L for 96 hours or to concentrations of 0, 1.5, 3, 6, 12, or 25 mg/L for 10 days. Following 10 days of exposure, hatchability and larval survival were significantly decreased, and developmental abnormalities were significantly increased in a concentration-dependent manner. At the lowest concentration tested (1.5 mg/L), developmental findings included abnormalities of the circulatory system, yolk-sac edema, pericardial edema, scoliosis, hemorrhaging, blood pooling, and cardiac morphological defects. The study authors concluded that tetrachloroethylene is teratogenic to the Japanese medaka.
In vivo mammalian screening study 
In a developmental toxicity screening study, pregnant F344 rats were treated by gavage with PCE at doses of 900 or 1,200 mg/kg-day in corn oil vehicle on GDs 6−19 (Narotsky and Kavlock, 1995). There was no evaluation for skeletal changes, and not all available pups were examined for soft tissue changes. It is not clear whether the cardiac tissue was investigated. 
In vivo prenatal developmental toxicity studies 
Schwetz et al. (1975) conducted an inhalation developmental toxicity study, in which Sprague-Dawley rats and Swiss-Webster mice were exposed to airborne PCE at 300 ppm, 7 hours/day, on GDs 6−15. The authors concluded that there was no significant maternal, fetal, or embryo toxicity for any of the solvents tested. TCE exposure was also found to be negative in this study. It is not clear what kinds of embryo toxicities were examined.
Szakmáry et al. (1997) exposed CFY rats to PCE via inhalation throughout gestation (i.e., GDs 1−20) for 8 hours/day at concentrations of 1,500, 4,500, or 8,500 mg/m3. In the same study, the study authors exposed C57Bl mice via inhalation on GDs 7−15 (i.e., during the period of organogenesis) to a concentration of 1,500 mg/m3 and New Zealand white rabbits during organogenesis (GDs 7−20) to a concentration of 4,500 mg/m3. The authors reported increased percentage of malformations in the treated offspring but no details were provided.
Hardin et al. (1981) exposed Sprague-Dawley rats (30/group) and New Zealand white rabbits (20/group) via inhalation to 500 ppm of PCE for 7 hours/day, 5 days/week. Tetrachloroethylene was administered with and without 3-week pregestation exposures and with both full-term and terminal two-thirds-term exposure. No maternal or developmental toxicity was identified. It is not clear what kind of developmental effects were evaluated.
In a developmental toxicity study, Carney et al. (2006) investigated the effects of inhalation exposures to pregnant Sprague-Dawley rats at  concentrations of 0, 75, 250, or 600 ppm (actual chamber concentrations of 0, 65, 249, or 600 ppm) PCE for 6 hours/day, 7 days/week on GDs 6−19 and found no treatment related effects. It is not clear from the results of the study if CCDs were evaluated.
III. Other Factors/Agents Associated With CCD
The following table summarizes the list of chemicals that are known to cause CCDs.
Table 1. Teratogens and Cardiac Abnormalities 
	Potential Teratogen
	Freq./ Cardiac Defects (%)
	Most Common Malformations

	Drugs

	Alcohol
	30
	VSD, PDA, ASD

	Amphetamines
	5
	VSD, PDA, ASD, TGA

	Hydantoin
	3
	PS, AS, CA, PDA

	Trimethadione
	30
	TGA, TF, HLHS

	Lithium
	10
	Ebstein, TA, ASD

	Thalidomide
	10
	TF, VSD, ASD, Truncus Art.

	Retinoic Acid
	10
	VSD

	Infections

	Rubella
	35
	PA Stenosis, PDA, VSD, ASD

	Maternal Conditions

	Diabetes Mellitus
	5
	TGA,VSD,CA

	Systemic lupus erythematosus (SLE)
	40
	Heart Block

	Phenylketonuria
	10
	TF, VSD, ASD

	

	VSD=ventricular septal defect, PDA=patent ductus arteriosus, ASD=atrial septal defect, TGA=transposition of great arteries, PS=pulmonary valve stenosis, PA = pulmonary artery stenosis, AS=aortic stenosis, CA=coarctation of the aorta, TF=tetralogy of Fallot, HLHS=hypoplastic left-heart syndrome, TA=tricuspid atresia


Adapted from Hess LW, Hess DB, McCaul JF, Perry KG. Fetal Echocardiography. Obstetrics and Gynecology Clinics of North America.; WB Saunders and Company 17:41-79, 1990. http://fetalsono.com/teachfiles/HeartTer.lasso
IV. Doses Calculated from Negative TCE Inhalation Studies to Compare with Oral Doses
The following table presents doses calculated from negative rat and rabbit inhalation  studies as compared to applied oral doses that caused cardiac defects in rats 
Table 2. Inhalation studies with negative cardiac effects in the offspring of TCE treated animals: exposure levels in ppm or dose (mg/kg/d) 

	Species
	Inhalation or oral  Exposure levels/duration
	Dose* (mg/kg/d) 
	Effects on off spring
	References

	Rat, female dams dams/group
	Throughout gestation
	0,  0.00045, 0.048, 0.218, 128.52 (oral exposure) 
	fetal cardiac toxicity starting at 0.048 mg/kg/d
	Johnson et al., 2003

	SD Rat, female dams 27 dams/group 
	0, 50, 150, 600 ppm 6 hrs/d GD 6-20
	38.5, 115.8, 661
	No fetal cardiac toxicity
	Carney et al., 2006

	SD Rat, female dams 27 dams/group
	0-300 ppm 7 hrs/d GD 6-20
	0 – 231
	No fetal cardiac toxicity
	Schwetz et al., 1975

	Wistar rat, female 31 -32dams/gp
	0-100 ppm 4 hrs/day; GD 8-21
	0 - 77
	No fetal cardiac toxicity
	Healy et al., 1982

	SD rat dams 30/gp

NZ Rabbit 


	0-500 ppm 6-7hrs/d GD 1-19

0-500 ppm 6-7hrs/d GD 1-19


	449

385
	No fetal cardiac toxicity

No fetal cardiac toxicity


	Hardin et al., 1981

	Long –Evans rat female, 30/group


	0, 1800 ± 200 ppm, 2 wks, 6 hrs/d 5 d/wk; prior to mating and /or on GD 0-20


	0 - 1388
	No fetal cardiac toxicity


	Dofmueller et al., 1979




Levels in ppm were converted to mg/m3 using the conventional methodology (exposure concentration in ppm x mol. wt of TCE ÷ 24.45). The calculated exposure concentrations were converted to dose by adjusting: for continuous exposure (6-7hr/24hr), and for absorption rate (70% absorption rate). The adjusted concentrations are converted into doses by assuming a rat  inhalation rate of 0.29 m3/d and body wt of 0.35 kg.
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