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Glossary 


A 


Adduct—A compound formed by a chemical addition reaction. 
ADME—Absorption, Distribution, Metabolism and Excretion; the four functions that determine the 
fate of a chemical or drug in the body. 
Agenesis—Usually occurring at birth, the absence or partial development of an organ or body part. 
Allantois—The extraembryonic membrane formed early in development as an outpouching of the 
yolk sac into the area of the future umbilical cord. It is the site of blood formation for the embryo and 
the blood vessels of the allantois become the umbilical artery and veins. 
Allele—Alternative form of a gene. Alleles are usually found in pairs at a specific site on a 
chromosome. 
Alpha fetoprotein—A protein produced by fetal tissues. An abnormally high amount of this protein in 
the amniotic fluid or maternal serum may signal a neural tube defect, or other abnormal opening in 
the fetus. 
Amino acid—One of a group of organic compounds containing an amino group and a carboxyl group 
which are the building blocks of protein. 
Amniocentesis—A procedure in which a small amount of amniotic fluid is removed and analyzed to 
detect genetic abnormalities of the fetus. 
Amnion—The extraembryonic membrane that lines the amniotic cavity (sac). 
Amniotic cavity—The fluid filled cavity that surrounds the developing embryo. 
Anencephalus (anencephaly)—Congenital absence of the upper part of the brain and the flat bones 
of the skull. See also Exencephaly. 
Angiotensin converting enzyme (ACE) inhibitors—A class of drugs that inhibit the proteolytic enzyme 
that converts angiotensin I into angiotensin II; used to treat high blood pressure. 
Aneuploidy—An abnormal number of chromosomes. 
Anotia—Congenital absence of the ears. 
Antepartum—Before birth. 
Anterior—A descriptive term meaning situated in the front. 
Anti-mitotic—Refers to inhibition of cell division. 
Apoptosis—Programmed cell death; a type of cell death in which the cell uses its own specialized 
machinery to kill itself. 
ARND—Alcohol Related Neurodevelopmental Disabilities—A spectrum of functional neurologic 
(behavioral) defects resulting from in utero exposure to alcohol. 
Ataxia—A loss of voluntary muscle coordination. 
ATPase—An enzyme that hydrolyzes ATP to ADP and phosphate. 
Atrial septal defect - A defect in the wall dividing the two atria of the heart  
Atresia – Congenital absence or closure of a normal opening. The degeneration and resorption of 
ovarian follicles before maturation.  
Atrophy—Wasting or decrease in size of a tissue or organ. 


B 


Basal ganglia—Several large clusters of nerve cells, including the corpus striatum and the substantia 
nigra, deep in the brain below the cerebral hemispheres; participate in the regulation of motor 
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performance. 
Benchmark Dose (BMD) - A dose or concentration that produces a predetermined change in 
response rate of an adverse effect (called the benchmark response or BMR) compared to 
background  
Bioinformatics—The science of managing and analyzing large amounts of biological data using 
advanced computing techniques, especially in genomics. 
Biotransformation—The conversion of a compound from one form to another by the actions of 
enzymes. 
Blastocyst—An early stage of the embryo; a fluid-filled cavity surrounded by a single celled 
membrane, the trophoblast, and containing the inner cell mass, which will become the embryo. 
Blastulation—The process by which the early embryo transforms from a solid mass of cells, the 
morula, to the blastocyst. 


C 


Caspase—A member of a group of protease enzymes that mediate apoptosis. 
Cataract—Partial or complete opacity (clouding) of the lens of the eye; a common cause of 
blindness but curable by surgery. 
Catecholamine—One of a group of hormones (e.g. epinephrine) that affects the sympathetic 
nervous system. 
Caudal—A descriptive term meaning towards the tail; inferior. 
Cerebellum—A part of the brain that is important for a number of cognitive and motor functions, 
including balance and coordination of movement. 
Cerebral cortex—The layer of unmyelinated neurons (the gray matter) forming the cortex of the 
cerebrum. 
Cerebrum—The largest part of the brain important for integration of motor, sensory, and other 
mental functions, such as thought, reason, emotion, and memory.  
Cerebral palsy (spastic paralysis)—A condition resulting from brain damage before, at, or shortly 
after birth, that is marked by lack of muscle control. 
Cerebrospinal fluid—The fluid that fills the spaces in and around the brain and spinal cord. 
Chondrocyte—A  cartilage cell. 
Chorioallantoic placenta—The placenta developed from the allantois and chorion; establishes a 
nutritive and excretory connection between the blood of the fetus and that of the mother. 
Chorion—The outermost membrane enclosing the fetus. 
Chorionic villus—Any of the tiny extensions from the chorion that contain fetal blood vessels and 
combine with the uterine tissue to form the placenta. 
Chorioretinitis—Inflammation of the choroid layer behind the retina of the eye. 
Chromatin—Genetic material composed of DNA and proteins that condense to form chromosomes. 
Chromosome—An organized structure of genes formed from condensed chromatin. In humans, 
there are 46 chromosomes and 2 sex chromosomes (an X or Y). 
Cleft palate—A congenital fissure along the midline of the hard palate. 
CNS—Central nervous system: The brain and spinal cord, olfactory bulbs and optic nerves. 
Conceptus—An embryo or fetus. 
Congenital—Present at birth. 
Corpus callosum—A band of white neural tissue that joins the left and right hemispheres of the 
cerebrum. 
Cranial—Relating to the cranium or skull; also a term used for directionality meaning towards the 
head. 
Cranial placodes—Thickenings in the surface ectoderm of the embryo associated with the future eye 
and ear regions. 
Craniosynostosis—Premature fusion of the cranial bones leading to abnormal head shape. 
Cretinism—A developmental disorder caused by deficiency of thyroid hormone, and characterized 







by severe mental retardation, sometimes resulting from maternal iodine deficiency. 
Cryptorchidism—Failure of the testes to descend into the scrotum. 
Cytoplasm – The material in a living cell excluding the nucleus 
Cytokinesis- the division of the cell cytoplasm at the end of mitosis or meiosis resulting in two new 
cells  
Cytotrophoblast—The inner cellular layer of the trophectoderm (trophoblast); part of the mammalian 
placenta. 
Cyclopia – a rare form of holoprosencephaly presenting with a single center eye and other facial 
deformities. 


D 


Developmental Neurotoxicity—Adverse effects on the development of the nervous system. 
Diploid—Having a pair of each type of chromosome. 
Distal—Farther or farthest from the center or trunk. 
Down Syndrome—A disorder caused by an extra chromosome 21 (trisomy 21) and characterized by 
mental retardation and distinguishing physical features. 
Ductus arteriosus – during fetal development, a blood vessel connecting the pulmonary artery to the 
proximal descending aorta that in utero, allows blood from the right ventricle to bypass the non-
functioning fetal lungs. This blood vessel closes after birth whenr the lungs begin to function 
Dysmorphia (also dysmorphic, dysmorphogenesis)— A descriptive term, often referring to a birth 
defect, that indicates a difference in appearance of a body part or organ. 


E 


Ectoderm—The outermost layer in an embryo which will develop into the skin and nervous system. 
Encephalitis—Inflammation of the brain. 
Encephalocele—Protrusion of brain tissue through a fissure or defect in the skull. 
Endocrine—Belonging to the endocrine glands or their secretions. 
Endocytosis—A process by which extracellular materials are taken into cells. 
Endoderm—The innermost layer of an embryo that will develop into the lining of the digestive tract 
and respiratory tract. 
Endometrium—The inner lining of the uterus that is shed during menstruation. 
Embryo—The developing organism from the stage after gastrulation when the central long axis 
appears until all major anatomical structures are present. In humans, this is from about the second 
week after fertilization to about the end of the seventh week of pregnancy. 
Epiblast—The primitive ectoderm of the early embryo. 
Epididymis—The tightly-coiled, thin-walled tube that conducts sperm from the testis to the vas 
deferens. 
Epigenetic—Refers to changes in gene expression that are not the result of changes in the DNA 
sequence. The changes are stable and potentially heritable. 
Epoxide hydrolase—A detoxification enzyme that modifies epoxides by adding a molecule of water 
and converts them to a molecular structure that can be more rapidly excreted. 
Epstein-Barr virus—The herpes virus that causes infectious mononucleosis. 
Estriol—One of the three naturally occurring forms of human estrogen. It is produced in significant 
amounts during  pregnancy. 
Ethanol—Ethyl alcohol. 
Exencephaly—An open brain resulting from failure of the neural tube to close. In humans this is 
followed by degeneration of the brain, resulting in anencephaly. 
External genitalia—The external sex organs. 
Extracellular matrix—A non-cellular mesh of fibrous proteins and carbohydrate molecules 







(glycosaminoglycans) in body tissue that helps maintain and support the cells of that tissue. 
Extraembryonic membranes—Membranes that surround the embryo; the chorion, yolk sac, allantois, 
and amnion. 


F 


Fetal alcohol syndrome—Characteristic facial changes and impaired mental development resulting 
from maternal alcohol intoxication during pregnancy. 
Fetus—An unborn baby from the 8th week after conception until birth. 
Folic acid—A B vitamin involved in DNA synthesis that is essential for growth and reproduction. 
Frontonasal dysplasia—Also known as median cleft face syndrome, a rare craniofacial disorder. 


G 


Gamete—A sex cell. In higher animals, a sperm or an egg. 
Gastroschisis—A malformation in which the intestines and sometimes other organs protrude through 
a defect in the abdominal wall. 
Gastrulation—A stage of embryo development in which a two-layered embryo (ectoderm and 
endoderm) develops a third layer (mesoderm) through the movement of specific cells. 
Gene—A hereditary unit of DNA that codes for a protein, found in a specific location on a 
chromosome. Each human chromosome contains many thousands of genes. 
Genital folds—The embryonic structure that will differentiate into the penis in boys or the labia in 
girls. 
Genome—All the genetic material in the chromosomes of an organism. 
Genomics—The study of genes and their function. 
Genotype—The genetic make-up of an individual. Expressions of genotype result in the phenotype 
which is how the individual looks. In the case of a recessive gene, such as that for albinism, persons 
who carry one albino gene and one normal allele and persons who carry two normal alleles, have 
the same (normal) phenotype, but different genotypes. 
Germ cells—Sperm and egg cells and their precursors. 
GIFT (Gamete Intrafallopian Transfer)—A technique to treat infertility by fertilizing an egg in the 
laboratory and placing the resulting embryo into the fallopian tube. The 
embryo is expected to travel through the fallopian tube and implant in the uterus much as it would 
have had natural fertilization occurred. 
Glaucoma—A disease caused by increased pressure of the fluid within the eye, resulting in damage 
to the optic nerve; advanced disease is a common cause of blindness. 
Glial cell—A kind of connective tissue cell in the brain and spinal cord. Glial cells provide structural 
support and nourishment to nerve cells. 
Glucocorticoids—A class of hormones, including cortisol, produced by the adrenal glands. 
Glucocorticoids mediate a response to stress and affect protein and carbohydrate metabolism. 
Glycolysis—The breaking down of glucose, a simple sugar, to produce energy. 
Growth hormone releasing factor—A hormone, made in the hypothalamus, that causes the pituitary 
to release growth hormone. Growth hormone is involved in growth and in energy metabolism. 


H 


Haploid—Having only one of each chromosome (see diploid). 
HCG (human chorionic gonadotropin)—A hormone made by those cells of the embryo that form the 
placenta. HCG is the hormone that is detected by pregnancy tests. 
Hepatosplenomegaly—Enlargement of the liver and spleen. 







Hippocampus—A portion of the brain, located in each temporal lobe, and associated with memory. 
Hirsutism—Hair growth in excessive amounts and in unusual places. 
Holoprosencephaly—A birth defect in which the embryonic forebrain fails to divide completely into 
the cerebral hemispheres; results in varying degrees of mental impairment and abnormal 
development of the eye, nose, and lip. 
Hormone—A chemical messenger produced by one organ and transmitted through the blood to 
initiate or alter the function of another organ or tissue. 
HTS—High throughput screening 
HTTK—High throughput toxicokinetic 
Hydranencephaly—A rare condition in which the brain’s cerebral hemispheres are replaced by sacs 
filled with cerebrospinal fluid. 
Hydrocephalus—Accumulation of excess cerebrospinal fluid within the ventricles of the brain; head 
enlargement and brain damage may occur. 
Hypoblast—The innermost of the three primary germ layers, adjacent to the blastocyst cavity, which 
develops into the endoderm. 
Hypospadias—A birth defect in which the urethra opens on the underside of the penis instead of at 
its end. 
Hypoxia—Lack of oxygen that may lead to tissue damage. 
Hydrops—Accumulation of fluid in body tissues or cavities. 


I 


ICSI (Intracytoplasmic sperm injection)—An infertility treatment in which the sperm is injected 
through the membrane of the egg into its cytoplasm. 
Implantation—The embedding of the early embryo in the lining of the uterus. 
Imprinting (Genetic)—Differential expression of a gene, depending on whether it was transmitted 
through the sperm or the egg; thought to be regulated by attachment of methyl groups to the DNA, 
and by chromatin structure. 
Ischemia—Loss of blood flow that may lead to tissue damage. 
Isotretinoin—A vitamin A-like medication (13-cis retinoic acid). 
IVF (in vitro fertilization)—Fertilization outside the body, used as a treatment for infertility. 
In silico – studies performed by computer or by computer simulation (e.g., computational toxicology) 
In vitro – studies performed on cells, cellular components or microorganisms in controlled 
environments outside a living organism 
In vivo – studies performed in animals, humans or whole plants 
 


K 


Karyotype—A picture of an individual’s chromosomes, arranged in order from largest to smallest, to 
make it easier to look for extra, missing, or rearranged chromosome material. 
Ketoacidosis—Abnormally high levels of ketones and acids in the blood; may occur in a diabetic 
person who does not get enough insulin. 


L  
Leydig cells—Cells in the testes that produce testosterone in the presence of luteinizing hormone 
(LH). 
Leprosy—A disease caused by infection with the bacterium Mycobacterium leprae, often affecting 
the skin and nerves and causing body parts to become deformed. 
LOAEL (Lowest Observed Adverse Effect Level)— 
In a toxicology study, the lowest tested dose that produces detectable damage. 
Luteinizing hormone (LH)—A hormone made by the pituitary gland that acts on the ovary to control 







egg maturation and triggers ovulation and acts in the testes for the production of testosterone. 
Lysosome—A cell organelle that contains enzymes for intracellular digestion of proteins and other 
molecules. 
 


M 


Macrosomia—An abnormally large body or body part. 
Malformation—A structural defect due to abnormal development. 
Meiosis—The cell division used to make germ cells from body cells. The diploid number of 
chromosomes is 
reduced to a haploid number; for example, in humans with 46 chromosomes, meiosis results in germ 
cells with 23 chromosomes  each. 
Membrane—A thin layer of tissue separating or connecting structures or organs. 
Mendelian inheritance—Passing of genetic traits from parents to offspring, as expected when they 
are determined by single genes. 
Meningomyelocele—A birth defect following failure of the neural tube to close; results in protrusion 
of a sac of nerve tissue and its covering membranes. 
Mesoderm—A middle layer of cells in the embryo, lying between the ectoderm and the  endoderm. 
Metabolism—The chemical processes necessary for life that occur in the body. 
Metallothionein—A protein in the body that binds metals such as zinc. 
Methylation—Attachment of a methyl group to a molecule. Methylation of DNA is an epigenetic event 
that alters gene expression which affects cell function. 
Microarray—A two dimensional display, typically on a glass, filter, or silicon wafer, upon which 
hundreds of 
DNA or protein samples are deposited or synthesized in a high-density matrix, in a predetermined 
spatial order, allowing them to be tested with labeled probes in a high-throughput, parallel manner. 
Used to study  how 
large numbers of genes interact with each other and how a cell’s regulatory networks control vast 
batteries of genes simultaneously. 
Micromass culture—A laboratory technique in which dispersed cells of an embryonic organ such as 
the brain are allowed to reaggregate in culture. 
Minimata disease—A syndrome of mental deficiency and neurologic impairment caused by exposure 
of a fetus to methylmercury. 
Mitochondria—Cellular organelles that generate ATP molecules, the chemical energy source for the 
body. 
Mitosis—Cell division that creates two genetically identical daughter cells by duplicating the genetic 
material of a parent cell. 
Microcephaly—A small head. 
Microphthalmia—A small eye. 
Morphogen—A chemical message that directs tissue development in the embryo. An example of this 
has been described during development of the limbs. 
Morphological—Pertaining to structure or form. 
Morula—an early multi-celled stage of the embryo from which the blastocyst is formed. 
MSAFP—Maternal Serum Alpha-Fetoprotein. Alpha- fetoprotein is a protein made in the fetus that 
normally leaks, in small amounts, into the mother’s circulation. If there is an abnormal opening in the 
fetus, such as a neural tube defect, larger amounts appear in the mother’s serum, providing a 
screening test for such fetal anomalies. 
Multicotyledonary placentation—Formation of a placenta with many lobes 
Multifactorial inheritance—The transmission of a trait from parents to offspring that is determined by 
multiple genetic and environmental factors, each with a small effect. 
Mutagen—An agent that increases the mutation rate. 
Mutation—A permanent change in the genetic material. 







Mycoplasma—A kind of minute microorganism that sometimes causes disease in humans.  
Myelination—Coating of certain nerve fibers with a fatty sheath that enhances nerve signal 
transmission. 
Myocarditis—Inflammation of the heart muscle. 
Myositis—Inflammation of muscle. 


N 


Necrosis—Abnormal cell or tissue death. 
Neural—Pertaining to nerves. 
Neural crest—A band of cells on either side of the neural tube. Cells from these regions migrate to 
form parts of the nervous system, face, skin, and heart. 
Neural plate—A flat area in the middle of the early embryo that will roll up to form the neural tube. 
Neural tube—The embryonic tube that becomes the brain and spinal cord. 
Neurobehavioral—Pertaining to the function of the nervous system as it relates to behavior. 
Neuroendocrine—Pertaining to the nervous and endocrine systems in anatomical or functional 
relationship. 
Neuron—A nerve cell. 
Neuropore—An opening at the cranial or caudal end of the neural tube before it completes closure. 
Neurulation—The formation of the neural plate and its rolling up into the neural tube. 
NOAEL (No Observed Adverse Event Level)—In a toxicology study, the highest dose used that fails 
to produce evidence of damage. 
Nucleotide—One of the basic building blocks of DNA and RNA, consisting of a nitrogenous base, a 
phosphate group, and a sugar molecule. 


O 


Omphalocele—The abnormal presence of abdominal contents in the umbilical cord. It results from 
failure of the normal withdrawal of the intestines from the cord into the abdomen during 
development. 
Oocyte—A female germ cell in the ovary; precursor of the ovum. 
Organogenesis—Formation and development of organs. 
Orofacial cleft—The failure of the lip or palate to fuse properly. 


P 


Palate (secondary)—The roof of the mouth, consisting of the hard palate, soft palate, and uvula. 
Pharmacogenetics—The study of single gene interactions with drugs. 
Pharmacogenomics—The study of the relationship between an individual’s genetic make-up 
(genome) and drug response. 
Phenotype—How an individual looks as a function of their genetic makeup (see genotype). 
Phenylketonuria—A recessively inherited condition in which metabolism of an amino acid, 
phenylalanine, is blocked; increased phenylalanine in the infant causes nerve and brain cell 
damage, and mental retardation. 
Phocomelia—A birth defect with hands and feet attached to underdeveloped limbs; this and other 
severe malformations are associated with prenatal thalidomide exposure. 
Phytoestrogen –  An estrogenic molecule occurring naturally in plants 
Pinocytosis—The engulfment of liquid droplets by a cell through minute invaginations of its 
membrane. 
Placenta—The organ that is formed in pregnancy from both fetal and maternal tissues and functions 







in the growth and protection of the fetus. 
Pluripotent—Able to differentiate into a variety of cell types; examples are the ovum and embryonic 
stem cells. 
Polydactyly—The presence of extra fingers or toes. 
Polymorphism—The occurrence of two or more genetically different forms of a gene in the same 
population, where the less frequent form has a frequency of 1% or more. 
Porencephaly—A cystic cavity in the brain; may result from brain tissue destruction or 
maldevelopment. 
Posterior—A descriptive term meaning situated at the back. 
Post-implantation—Occurring after the early embryo embeds into the lining of the uterus. 
Postpartum—After birth. 
Prader-Willi syndrome—A condition resulting from a deletion in chromosome 16; it is associated with 
short stature, mental retardation, small hands and feet, obesity, overeating, and underdeveloped 
gonads. 
Pre-Implantation—Occurring before the early embryo embeds in the lining of the uterus 
Progesterone—A steroid hormone produced in the ovary by the corpus luteum; essential for the 
maintenance of pregnancy. 
Protein kinase—An enzyme essential for protein phosphorylation; often involved in the signal 
transduction pathways activated by stressors. 
Proteomics—Analysis of protein expression and function. 
Psychomotor retardation—Retardation of both cognitivel and motor development. 


Q 


QSAR—Quantitative Structure Activity Relationship; the study of the relationship of the structure of a 
chemical to its biological effect. 
 


R 


Receptor—A cell component that combines with a drug or other substance and thereby alters cell 
function. 
Retinoid—A group of compounds that includes many metabolites of vitamin A. 
Retinopathy—Disease of the retina, the innermost layer of the eye that receives and transmits 
images. 


S 


Sacral agenesis (caudal regression syndrome)— Absence or significant underdevelopment of the 
lower part of the spine and lower limbs. This congenital malformation is associated with maternal 
diabetes. 
Salmonella—Gram negative rod shaped motile bacteria, some of which cause intestinal 
inflammation. 
SARS—Severe Acute Respiratory Syndrome; a respiratory illness caused by a coronavirus. 
Sertoli cells—Somatic cells within the seminiferous tubule which support germ cell development and 
form tight junctions to create the blood testis barrier. 
Signal Transduction—Within a cell, any process by which one kind of signal or stimulus is converted 
to another. 
SiRNA—Short or Small interfering RNA molecules that decrease the expression of a specific gene 
by degrading its messenger RNA. 
Somatic—Pertaining to the body (excludes reproductive cells). 







Somatomedin—A growth factor produced by the liver upon stimulation by somatotropin that acts 
directly on cartilage cells to stimulate skeletal growth. 
Somatotropin—A hormone produced in the pituitary gland the acts in the liver to produce 
somatomedin. 
Somite—One of paired, segmented blocks of mesodermal cells on either side of the neural tube of 
the embryo which give rise to connective tissue, bone, muscle, and the dermis of the skin. 
Spermatid—A haploid male germ cell resulting from the division of a spermatocyte; the precursors of 
spermatozoa. 
Spermatocyte—A male germ cell arising from the division of a spermatogonium during meiosis. 
Spermatogonium—An undifferentiated male germ cell located close to the basement membrane of 
the seminiferous epithelium in the testis; gives rise to spermatocytes. 
Spina bifida—A defect in which part of the vertebral column is absent, allowing the spinal 
membranes and sometimes the spinal cord to protrude; a result of failure of the neural tube to close. 
Steroid—Any of a number of hormones with a common molecular structure that regulate body 
functions. 
Syncytiotrophoblast—The layer of trophoblast cells that invades the endometrium during 
implantation. 
Syndactyly—Fusion or webbing of fingers or toes. 
 


T 


Tay-Sachs disease—A recessively inherited disease, in which a deficiency of hexosaminidase A 
causes abnormal storage of a ganglioside. There is progressive mental deterioration and early 
death. 
Teratogen—An agent that may induce abnormal embryo/ fetal development when administered 
during pregnancy. 
Teratology—The study of malformations or serious deviations from the normal type in organisms. It 
is the branch of science concerned with the production, 
development, anatomy, and classification of malformed fetuses. 
Teratogenesis—The process by which birth defects arise. 
Teratogenetics—The study of how genes and teratogens interact to cause birth defects. 
Tetralogy of Fallot—A complex congenital heart disease involving four abnormalities: a ventricular 
septal defect, pulmonary stenosis, right ventricular hypertrophy, and an overriding aorta, which 
means that the aorta lies directly over the ventricular septal defect.  
Thalidomide—A sedative, antinauseant, and hypnotic drug that causes abnormalities of limbs, heart, 
ear, and craniofacial structures when taken by pregnant women. 
Threshold dose—The dose at which an agent has begun to have an effect. 
Thrombocytopenia—An abnormally low number of platelets in the blood. 
Toxicokinetics (TK) – describes the relationship of systemic exposure of a compound and its toxicity 
in animal studies 
Toxoplasmosis—A disease caused by the protozoon Toxoplasma gondii. Infants infected during 
gestation may have hydrocephaly, microcephaly, encephalitis, cerebral palsy, mental retardation, 
loss of vision, deafness, and other problems. 
Transcripts—Messenger RNAs that carry the genetic information from DNA to the ribosome to 
produce protein. 
Transgenic organism—An organism derived by the transfer of one or more genes from another 
organism. 
Trimester—A period of three months; human pregnancy is divided into three trimesters. 
Triple screen—A combination of three tests (levels of MSAFP, estriol and HCG) which, if abnormal, 
indicate that the health of the fetus may be at risk. 
Trisomy 18—The presence of an extra chromosome 18; Edwards syndrome. 







Trisomy 21—The presence of an extra chromosome 21; Down syndrome. 
Trophoblast—The outer layer of flattened cells forming the wall of the blastocyst. 
 


U 


Ultrasound—Sound waves of frequency higher than the range audible to the human ear used to 
delineate body structures by measuring the reflected waves. 
Urogenital—Relating to the organs of the urinary and genital tracts. 


V 


Vas deferens—The tube that conveys sperm from the epididymis to the ejaculatory duct. 
Ventral—On the belly side of the trunk; in humans, to the front of the body. 
Ventricular septal defect—A defect in the wall dividing the two ventricles of the heart. 
Vestigial -  a remnant of an organ or body part that no longer functions 


W 


Whole embryo culture—A technique in which embryos undergoing organogenesis are cultured in 
vitro. 
Williams syndrome—A syndrome resulting from a deletion in chromosome 7, which is associated 
with an 
elf-like face, mental retardation, short stature, and cardiac abnormalities. 
 


X 


X-linked—Refers to a gene that is located on one of the sex chromosomes, which is carried by the 
female in a double dose (XX) and the male in a single dose (XY). 
Xenobiotic—A compound that is foreign to a living organism. Examples of xenobiotics include drugs, 
carcinogens or compounds that have been introduced into the body. 


Y  
 
Yolk sac—A fluid filled sac on the ventral side of the early embryo. Important in the transfer of 
nutrients during the second and third weeks of development. 
 


Z 


ZIFT (Zygote Intrafallopian Transfer)—The transfer of an 
in vitro fertilized zygote into the fallopian tube. 
Zona pellucida—The membrane that encloses the mature ovum. 
Zygote—The fertilized ovum. 
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How Do Genes Affect the Risk of Having a Child with a 
Birth Defect? 


John M. Graham, Jr. 
Cedars Sinai Medical Center Los Angeles, California 


Every infant has at least a 3%–5% risk of being born with either a malformation or deformation, and 
an even higher risk (approximately 10%) of being born with internal anomalies or functional deficits 
that may not become apparent until later in life. The cause of most congenital anomalies is unknown. 
Approximately 50% of malformations fall into the group of those defects with unknown cause(s). It 
has been estimated previously that genetic causes (anomalies arising from alterations in genetic 
material) account for at least 15-25% of all human malformations. As we have learned more about 
genetic factors, and developed new techniques, the proportion of birth defects attributed to genetic 
causes has increased. 


There are numerous types of genetic alterations, the most common of which are mutations (changes 
to the DNA sequence of genes) and chromosomal defects (e.g., extra or missing chromosomes or 
parts of chromosomes, Figure 1). Genetic alterations leading to malformations can be inherited, or 
can occur spontaneously due to random mutations of DNA. To date, genetically mediated 
malformations have not been found to result from exposure to any environmental agents, even to 
those agents that have been shown to be capable of causing damage to genetic material in 
individual cells (mutagens). Radiation is a potent mutagen, but even after the atom bombs were 
exploded over Japan, a careful study of the exposed population over subsequent generations 
demonstrated no increase in birth defects or genetic diseases caused by new mutations, despite the 
significant radiation exposure. Individuals exposed to some highly mutagenic chemotherapy drugs 
also do not produce offspring with more than the expected incidence of birth defects and other 
genetic diseases. Environmental causes of human malformations (defined as any external influence 
on fetal development, i.e., not genetic) are thought to be rare. It is estimated that only 1% of all 
human malformations are related to drug exposures, chemicals, or radiation. 



http://www.teratology.org/primer

https://www.teratology.org/primer/Gene-Risk-Birth-Defect.asp#fig1

https://www.teratology.org/primer/physical-agents.asp





Figure 1.  


A birth defect can occur singly as an isolated defect. Multiple birth defects can also occur in one 
individual. When multiple birth defects, especially defects affecting different organs and systems 
appear together and are seen in different individuals in different families in a recurrent pattern or 
combination, they are generally accepted to have a common underlying cause and are designated 
as a birth defect syndrome. One example is Down syndrome, or trisomy 21, caused by the presence 
of all or part of an extra chromosome 21. The risk of having a child with Down syndrome is increased 
with increasing maternal age. Paternal age may also be a factor when the mother is 35 or older. 
Even with well-defined and refined syndromes, there is inherent variability in the manifestations of 
these birth defect syndromes, both in the type and severity of the various structural abnormalities 
that may appear. As a particular pattern of defects or syndrome is seen in additional patients and as 
more is learned about a syndrome over time, initial descriptions are refined. Patients with the same 
syndrome will manifest varying degrees of common core features as well as occasional unusual or 
infrequent (but related) features. The purpose of syndrome identification and refinement is to enable 
clinicians to recognize these features as suggesting a specific condition, with a common underlying 
cause, natural history, and prognosis. Syndrome diagnosis assists clinicians in, among other things, 
patient counseling and treatment, and this process has been facilitated in recent years through the 
use of single-nucleotide polymorphism (SNP) chromosomal microarrays (CMA) and whole exome 
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sequencing (WES), which have now become frontline genetic tests. When compared with the 
standard genetic testing used previously, whole exome sequencing identified more conclusive 
diagnoses (29.3% to 52% of WES cases versus 7.3%) while CMA revealed diagnoses in 17% of 
cases. Such testing is now used routinely in clinical practice. 


There are two broad classes of birth defect syndromes, genetic and non-genetic. Genetic syndromes 
result from some change in the genetic material of the conceptus, occurring prior to or around the 
time of conception. Suggested reading at the end of this chapter describes the general approach for 
determining the difference between these two broad classes of birth defect syndromes. An alteration 
in the genetic material of the cells may cause a genetic disease or genetic birth defect syndrome. 
While the same genes and the same genetic alteration will generally appear in each cell of the body, 
not all genes are expressed (i.e., activated) within each tissue in the body. The expression (or lack of 
expression) of each gene or group of genes in a given tissue is often controlled by epigenetic 
mechanisms and is responsible for different functions in different cells. When an error occurs in 
genetic material affecting a specific gene(s), even though the error appears in each cell of the body, 
it will only affect those cells (and thus organs) in which those genes are expressed. The functional 
capabilities of other genes, not affected by the error, help to determine much of the individual 
variability among different people with the same syndrome. 


Thus, syndromes occur within the context of the underlying genetic background for each individual. 
Among children with Down syndrome, parental background for common genetically determined traits 
like stature, intelligence, and pigmentation always come through in the child with the syndrome, so 
that the tallest children with Down syndrome come from the tallest parents. There are underlying 
genetically determined susceptibilities for many common birth defects, which help to explain why 
different individuals with the same syndrome do not have the exact same combination of birth 
defects. 


The type and location of each specific genetic alteration within a given gene will determine the 
variability and severity within a specific syndrome. Likewise, it is believed that all humans carry some 
genetic alterations that do not cause problems, either because the function of that particular gene 
product is covered by the other member of the gene pair, because that particular mutation does not 
alter the function of the gene product that it encodes, or because the particular mutation occurs in a 
non-essential part of the genetic material. 


Genetic alterations can occur in either the sperm or the egg, or both, prior to or at the time of 
conception. If there is an alteration in the genetic material of the sperm and/or the egg, when the 
sperm fertilizes the egg at conception, each cell that derives from that fused egg/sperm cell (zygote) 
will carry that mistake. It is also possible that the genetic material of the sperm and egg could be 
“normal,” but shortly (within hours, or at most days) after conception, a mistake occurs during cell 
replication. This type of cell replication error would result in “mosaicism,” meaning that only some 
cells of the body will carry the error or mutation (i.e., those cells that derive from the cell where the 
error first took place). Even when such a mosaic genetic error occurs after conception, the error 
must occur shortly after conception, since after the first week there would be far too many cells 
without the mutation for manifestations of the genetic alteration to be apparent. Some genetic 
mutations may not be compatible with survival of the early embryo and result in an early 
spontaneous abortion. A mutation that occurs within the male or female germ cells could result in the 
occurrence of a dominantly inherited syndrome, even though neither parent shows signs of the same 
syndrome. Spontaneous mutations are not uncommon. When neither parent has the dominant 
genetic problem seen in their child, it is termed a de novo (new) or sporadic occurrence. It is 
estimated that between 3.0 and 7.5% of all malformations in humans are the result of such fresh 
dominant mutations in the genetic material. 







Genetic disorders can also be inherited from the affected individual’s normal parent(s). Within the 
20,000 pairs of genes in the human genome, one member of each pair, or one allele, is derived from 
each parent. Because genes work in pairs, a person can have a functional gene or allele and a 
defective gene, and still be “normal.” Usually the functional version of the gene pair, where one gene 
is defective, allows that gene to perform its specific task. The gene that does not function in these 
cases is called a recessive gene. Carriers for Tay-Sachs disease, cystic fibrosis, or sickle cell 
disease can be without the condition but carry the defective gene because it is only in one copy. In 
normal carrier parents these recessive genes only become known when each parent has a similar 
mutation in the same recessive gene, and the child inherits both non-working genes (one mutant 
gene from each parent). The risk for two carrier parents to have a child with a recessive disorder is 
25%. 


Dominant conditions result when there is one defective gene in a gene pair, and the normal member 
of that gene pair cannot complete a specific developmental task by itself. These dominant conditions 
usually result in a pattern of birth defects, a specific birth defect, or a risk for specific types of cancer 
because these genes affect developmental pathways or basic cell replication pathways. When a 
person has a mutation in one of these genes, the chance of passing it to an offspring is 50%; thus, 
such dominant autosomal conditions are inherited in families. When such conditions appear for the 
first time in a family, they reflect a sporadic new occurrence of the condition. 


To the extent of our current scientific knowledge, mutations leading to birth defects occur in the 
normal course of cell division. There is one exception: advancing age. Advancing maternal age is 
associated with an increased risk of nondisjunction resulting in chromosomal aneuploidy. Advancing 
paternal age is associated with an increased risk for structural chromosomal defects and gene 
mutations in the male germ cell. It is commonly accepted that fresh dominant mutations occur more 
commonly in the sperm than in the egg. The susceptibility of sperm stem cells to genetic damage 
may be an important factor in the accumulation of genetic damage since men produce spermatozoa 
continuously throughout their reproductive lives. In contrast, oocyte development arrests before 
birth. The male germ cell begins to show effects of aging at 30 years, and most in vitro fertilization 
centers will discourage a man older than 40 years from donating his sperm. 


Clearly genes, and genetic alterations, play a role in the risk of having a child with a birth defect. 
Tests are available to screen prenatally for some of these genetic alterations. Furthermore, while the 
genetic make-up of the offspring is critical, the environment also plays a role in determining cell 
fates. The extent to which environmental exposures and interactions between genes and the 
environment affect the risk of birth defects are active areas of research new occurrence of the 
condition. In many instances, random or spontaneous mutations or chromosomal errors can lead to 
genetic birth defects and genetic birth defect syndromes. 
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Preterm birth, which by definition occurs before 37 weeks of gestation (term is 38-42 weeks), is a 
worldwide public health issue and a major cause of infant mortality and morbidity. According to the 
CDC in 2015, the preterm birth rate in the United States is 10 %, which has probably decreased in 
part due to the reduction of teen pregnancies. The World Health Organization (WHO) reported that 
the preterm birth rate ranges from 5% to 18%, with the highest rate in Malawi. 


The impact of prematurity transcends the neonatal period and affects health during infancy, 
childhood, and adulthood and requires sustainability of specialized resources. The short and long-
term effects of prematurity on the infant are associated with the cause of preterm birth, and we 
distinguish between indicated preterm birth and spontaneous preterm labor leading to preterm birth. 


Theories of the initiation of preterm labor include inflammatory pathways that may interplay with 
environmental and genetic factors. The preterm parturition syndrome suggests that preterm birth is 
the end result of multiple causes including infection/inflammation, uterine distention, and vascular 
disorders, but it is unknown if it is an early initiation of the physiologic process of term labor or if it is 
the end product of a series of abnormal signaling pathways. 


Although infection is one of the strongest risk factors for preterm birth, inflammation in the absence 
of infection, defined as a sterile inflammatory response, may play a role and is the proposed 
pathway of normal term labor. In addition, some theories support a genetic predisposition to preterm 
labor, supported by genetic differences between individuals (genetic polymorphisms) in the genes 
that may have a role in preterm birth and differences in the proteins that code for inflammatory and 
immune responses, such as TNF-α, a pro-inflammatory cytokine, among others. 


Despite extensive research and the development of these multiple theories, the cause and exact 
mechanisms of spontaneous preterm labor are still unknown. Nevertheless, multiple risk factors 
have been consistently reproduced in the literature (Figure 1). History of spontaneous preterm birth, 
preterm premature rupture of membranes and chorioamnionitis are some of the most significant risk 
factors associated with spontaneous preterm birth that could be explained by these theories. On the 
other hand, multifetal pregnancies (twins or higher order multiples), have the highest risk of preterm 
birth, probably due to the additional component of excessive myometrial stretch. 
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Figure 1.  
Source: World Health Organization via Daily Mail 


History of preterm birth: For singleton pregnancies, this has been described as the most important 
risk factor for preterm birth and preventive modalities are mostly directed toward this population. For 
prevention of recurrence of preterm birth, guidelines include administration of weekly intramuscular 
17-hydroxyprogesterone from 16 to 36 weeks and serial cervical length measurements for singleton 
pregnancies. 


• Preterm premature rupture of membranes: One of the roles of the amnion is to provide a barrier 
and when it ruptures, ascending bacteria reach the membranes, resulting in chorioamnionitis. 
The earlier the onset of preterm labor and rupture of the membranes, the higher the likelihood of 
intrauterine inflammation or infection. 


• Maternal infection: Some non-obstetrical infections may increase the risk for preterm birth due to 
the activation of inflammatory processes that may cause uterine responses, either by direct 
contiguous or by hematogenous spread. Asymptomatic bacteriuria, which is the presence of 
bacteria in the urine without infection, has been shown to increase this risk and therefore a urine 
culture is included in routine prenatal care. Pregnant patients are at a higher risk of urinary tract 
infections, including pyelonephritis, which poses even a higher risk of preterm labor, sepsis, and 
adult respiratory distress syndrome and therefore increases maternal and fetal mortality. 
Respiratory infections, like pneumonia, could be more severe during pregnancy, and abdominal 
infections, including appendicitis or cholecystitis, which may require surgical management, can 
cause preterm birth by causing local spread. 


• Periodontal infection has also been associated with preterm birth and low birth weight. There is 
tissue breakdown that can activate inflammatory pathways, mostly due to gram negative and 
anaerobic bacteria. 
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• Bacterial vaginosis: When the Lactobacillus sp. in the vaginal flora are replaced by Gardnerella 
vaginalis and Mycoplasma hominis. Treatment of bacterial vaginosis may reduce the risk of 
preterm birth, but the evidence is not clear 


• Sexually transmitted infections (STI): Chlamydia trachomatis is the most prevalent bacterial STI 


• Multiple gestations- More than half of twins deliver prematurely and extreme prematurity (< 28 
weeks) occurs more frequently in twins and triplets. Current preventive modalities have shown to 
be of no benefit to prevent preterm birth in multifetal gestations. 


• Amniotic fluid volume abnormalities: anhydramnios (absent), oligohydramnios (too low), 
polyhydramnios (too high) 


• Bleeding: vaginal bleeding during the first trimester (threatened abortion) or later, due to 
abnormal placentation (placenta previa) or detachment of the placenta (abruptio placentae) 


• Maternal conditions: diabetes, hypertension, thyroid disease, autoimmune disorders, psychiatric 
disorders, connective tissue disorders, body-mass index (BMI) extremes: obesity and 
underweight 


• Fetal structural anomalies or birth defects 


• Placental dysfunction, which could be a caused by other maternal or fetal factors 


• Structural causes: In the absence of a pro-inflammatory state, cervical function may be 
suboptimal due to mechanical forces that could cause cervical insufficiency. The definitions may 
vary and past gynecologic and obstetric history along with a cervical examination are essential for 
diagnosis. 


o Cervical insufficiency- the cervix is not able to hold the pregnancy and opens spontaneously. 
The classic presentation is more common during the second trimester and typically 
characterized by painless cervical dilation and recurrent losses (2-3 second trimester losses) 


o History of removal of a portion of the cervix (conization) due to cervical dysplasia or 
malignancy. Surgical excision by conization is typically avoided in young women with high-
grade squamous intraepithelial dysplasia. If removal of a lesion is indicated in young women 
interested in childbearing, the surgical treatment of choice is loop electrosurgical excision 
procedure (LEEP), which does not increase the risk of cervical insufficiency. 


o Mullerian anomaly - the shape of the cavity is abnormal due to a congenital defect. 
Diethylstilbestrol (DES) treatment during pregnancy caused a particular kind of Mullerian 
anomaly in which the uterus has a T shape instead of a triangular shape. These women are 
now outside the reproductive age range, because DES has not been used for many years. 
More common abnormalities include bicornuate (two horns), septated, and didelphys (double) 
uterus. 


o Uterine myomas (fibroids)- common benign tumors that can distort the cavity and affect 
placental implantation and fetal growth. Myomas are associated with adverse pregnancy 
outcomes, including preterm labor, usually when the size is greater than 5 cm in largest 
diameter. Their vascular supply is affected by pregnancy hormones, which may cause 







significant growth and degeneration of the tumor and can contribute to inflammatory 
pathways. 


Environmental and Demographic Factors 


Several demographic characteristics have also been associated as major risk factors for the 
development of spontaneous preterm labor, however, the underlying mechanism of disease is still 
largely unknown. Most of these demographic variables cannot be separated from socioeconomic 
and ethnic disparities, a finding that has been demonstrated in the literature. According to the CDC, 
“racial and ethnic disparities” persist. In 2015, the rate of preterm birth among African-American 
women (13%) was about 50 percent higher than the rate of preterm birth among white women (9%). 
Related factors are: 


• Cigarette smoking 


• Illicit drug use, especially cocaine and amphetamines (stimulants) 


• Severe physical or emotional stress 


• Inadequate weight gain during pregnancy 


• Malnutrition 


• Low socio-economic status 


• Intimate-partner violence 


• Inadequate access to care 


• Short intervals between pregnancies 


• Extremes of maternal age: teen pregnancies and 35 years or older 


Despite scientific and technologic development, the conclusions on the effectiveness of some 
preterm birth prevention strategies are limited. It is hypothesized that once the real process of 
preterm labor is initiated, there are no effective treatment modalities to stop it. Early diagnosis of 
preterm labor would prompt early intervention in order to reduce the neonatal risks associated with 
prematurity. 


In terms of prevention, bed rest and home contraction monitoring have been proven of no benefit. 
The current guidelines for patients with a history of preterm birth include serial cervical length 
measurements and 17-hydroxyprogesterone caproate. Other forms of progesterone may be 
administered vaginally for cervical shortening seen on vaginal ultrasound. A cervical cerclage can be 
performed prophylactically on multiparous patients for a history of cervical insufficiency or after 
cervical shortening is visualized on transvaginal ultrasound or if the patient presents with a visually 
open cervix in the absence of preterm labor symptoms, such as uterine contractions, pelvic pain, 
vaginal bleeding, or signs and symptoms of infection. Cerclage is a surgical procedure that may 
present benefits as well as risks to the mother and the pregnancy and a detailed evaluation is pivotal 
for adequate patient selection. 







Once preterm labor is initiated, the current general guidelines include administration of antenatal 
steroids to decrease neonatal risks associated with prematurity, use of tocolytics, which are 
medications used to prevent progression of preterm labor (although they are not approved by FDA 
for this purpose), primarily given to allow administration of steroids, antibiotics to prevent neonatal 
infection by Group B streptococci or to prolong latency after premature rupture of membranes, and 
magnesium for fetal neuroprotection in cases of extreme prematurity. 


The multifactorial nature of this worldwide public health issue has presented and continues to 
present an obstetric challenge. Although the incidence of spontaneous preterm birth is higher after 
34 weeks, it still carries significant neonatal morbidity. The most significant improvement in neonatal 
survival has been achieved due to advances in neonatal intensive care. 


For videos that may be of interest: https://www.youtube.com/watch?v=pFonMVeBw8M 
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About 15% of couples in developed countries meet the clinical definition of infertility by not becoming 
pregnant after trying for one year. In some cases, these couples are normal and just need more 
time, but in other cases, there is a problem for which medical attention may be helpful. Causes of 
infertility affect three general features of the reproductive process: 


• Normal ova may not be ovulated, or ova may not be ovulated normally; 
• Normal sperm may not be introduced into the female genital tract or may not survive once they 


are introduced; 
• There may be an obstruction in the genital tract, preventing the ova and the sperm from reaching 


one another. 
 


Assisted reproductive techniques (ART) include the use of hormones or hormone-like compounds to 
induce ovulation, medical or surgical treatment of men, direct injection of sperm into the female 
genital tract, or in vitro fertilization (IVF) followed by transfer of the resulting embryo or embryos into 
the uterus. 


IVF harvests ova from the ovaries through a needle placed into the ovary through the vagina. The 
ova are mixed with sperm in a laboratory dish. The resultant embryo is placed into the uterus 
through the cervix. Sometimes embryos are frozen for later implantation in the uterus during a cycle 
that has not been artificially stimulated with hormones. Variations on IVF include gamete 
intrafallopian transfer (GIFT) and zygote intrafallopian transfer (ZIFT). These techniques are similar 
to IVF; however, in GIFT, the ovum and sperm meet before fertilization in the fallopian tube, rather 
than a laboratory dish. The fallopian tube is where the ovum and sperm would join under normal 
circumstances, but in GIFT, the ovum and the sperm are injected into the fallopian tube together, 
through a thin instrument inserted into the belly through a tiny incision. In ZIFT, the fertilized ovum, 
called a zygote, is placed into the fallopian tube. Thus, fertilization has occurred in the laboratory, but 
early development happens in the fallopian tube, which may provide a more natural environment. 
With intracytoplasmic sperm injection (ICSI), a spermatozoon is injected directly into the ovum using 
a microscopically tiny pipette. The technique is otherwise exactly like IVF. ICSI eases the job for the 
sperm by ferrying it across the zona pellucida, a jelly-like layer that surrounds the ovum. 


The first baby after IVF was born in 1978. In the decades since then, more than 5 million babies 
have been born using IVF or related techniques. There is concern that ART may increase the risk of 
an abnormal pregnancy. These concerns are based on two categories of possible issues: 1. the 
medications or physical procedures that are involved could injure a normal gamete or embryo, or 2. 
an abnormal gamete, ordinarily incapable of fertilization, will be helped to achieve fertilization and 
will give rise to a child with birth defects. 
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Experimental animal studies and livestock breeding programs support the safety of these 
techniques, but there is evidence from some studies in humans that the incidence of abnormal 
pregnancy outcome is increased, although not to a large extent. The highest birth defect incidence 
that has been described has been about a 33% increase in the background rate of birth defects. 
Such an increase, if real, would mean that instead of a background rate of 20–40 affected children 
per 1000 live births, there would be 26–53 affected children per 1000 live births. Even under the 
worst-case scenario of a birth defect rate of 53 per 1000 live births, 947 of 1000 children would not 
have a birth defect. 


Here are other outcomes that have been studied in pregnancies conceived through assisted 
reproduction: 


Miscarriage 


Accurate miscarriage rates are almost impossible to determine because many miscarriages occur so 
close to the time of an expected menstrual period that a woman would never have suspected that 
she was pregnant. Miscarriage occurs in at least 30% of all pregnancies, but only about half of those 
pregnancies are recognized by the woman. In a group of women undergoing fertility treatments, 
detailed monitoring of hormone levels will catch even very early pregnancies, and an episode of 
bleeding that might be considered as a late menstrual period might be identified as a pregnancy 
loss. So the reason that miscarriage rates among women undergoing fertility treatments appear 
higher than in the general population may be because it is closer to the true rate. Women 
undergoing infertility treatments tend to be older and may have significant predisposing factors 
contributing to an increased pregnancy loss rate. 


Ectopic Pregnancy 


Sometimes an embryo implants outside the uterus, usually in the fallopian tube. In early pregnancy, 
fingerlike projections called chorionic villi dig into the tissue where the embryo is implanted, in order 
to set up the placenta. When a pregnancy occurs outside the uterus, the invading villi can erode into 
blood vessels, causing bleeding that can be life-threatening. Ectopic pregnancies may result from 
scarred fallopian tubes that trap the fertilized ovum before it can pass freely into the uterus. There 
are studies suggesting that assisted reproductive techniques increase the risk of ectopic 
pregnancies, but keep in mind that these techniques are used in women who may already have a 
higher rate of tubal damage. 


Chromosome and Imprinting Abnormalities 


An abnormal chromosome number occurs commonly in early pregnancies. In pregnancies that 
miscarry, about two thirds have an abnormal number of chromosomes, which is presumed to be the 
reason for the subsequent miscarriage. A naturally-conceived pregnancy that miscarries very early 
would not be checked for chromosome abnormalities. It has been noted that chromosomal 
abnormalities appear to be more common in embryos created through assisted reproductive 
techniques that involve fertilization in the laboratory, compared to the general population; however, 
when embryos are placed into women without pre-testing, chromosome abnormalities at birth are 
not increased. It appears likely, then, that chromosomally abnormal embryos are largely eliminated 
by natural processes. 


Imprinting refers to an epigenetic process in which DNA or its associated histone proteins are 
marked by covalent binding with a small molecule such as a methyl group based on the parent of 







origin of the affected gene. Imprinting defects include Prader- Willi and Angelman syndromes, 
associated with developmental delay, hypotonia and severe intellectual disability, ataxia, and 
seizures and Beckwith-Wiedeman syndrome, associated with macrosomia (an abnormally large 
body), omphalocele (a defect in the abdominal wall at the umbilicus), and other clinical features. 
DNA methylation occurs during the development of sperm and oocytes, and ART techniques are 
believed by some researchers to interfere with normal methylation. It is not known, however, 
whether imprinting abnormalities are increased by assisted reproductive techniques, or whether they 
are associated with the underlying infertility problems. 


Multiple Gestations 


Hormone-like medications that induce ovulation may cause more than one egg to be released in a 
cycle, resulting in twins, triplets, and higher-order multiple gestations. The rate of twins in the general 
population is about 1%, but between 8 and 25% of pregnancies achieved with ovulation induction 
result in twins. The rate of triplets in the general population is about 0.01%. With some ovulation 
induction medications, the rate for triplets can reach a few percent. With optimal monitoring of the 
induced ovulation cycle, quadruplets and higher do not occur very often. IVF, GIFT, and ZIFT have 
the potential for producing high order multiples (more than two babies at once) if more than one 
embryo or zygote is placed in the woman’s reproductive tract. Multiple embryos may be used in 
order to increase the chance that at least one of them will implant and develop. Fertility doctors now 
recommend implanting no more than one or two embryos at a time, in order to avoid multiples of a 
higher order than twins, which would result in higher risk pregnancies. 


Although having many babies at one time may sound like an efficient way for a couple to complete 
its family, multiple gestations are associated with pregnancy risks, including increased birth defects. 
The most important risk is prematurity, because the more babies there are in the uterus; the earlier 
in pregnancy the uterus will sense that it is overfull. Labor may start weeks before the babies are 
due. Prematurity is an important cause of death and disability in children arising from these 
pregnancies. 
For videos showing how assisted reproductive techniques work, try these links: 


https://www.youtube.com/watch?v=GeigYib39Rs 
http://www.advancedfertility.com/aspiration.htm 
https://www.youtube.com/watch?v=uXsCngh89fI 
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Is Herb Use during Pregnancy a Cause for Concern? 


Women commonly use medicinal herbs during pregnancy; the National Birth Defects Prevention 
Study found that 9.4% of 4239 women reported herbal use during pregnancy, primarily in the first 
trimester. The herbs most commonly used by pregnant women have not been found to increase 
malformations. For example, teas made from raspberry leaf (Rubus idaeus) are used throughout 
pregnancy in many cultures, and teas made from ginger (Zingiber officinale), peppermint (Mentha x 
piperita), or spearmint (Mentha spicata) are common folk remedies for morning sickness. 


Figure 1. Ginger (Zingiber officinale). 


 


 


 


 


 


 


Figure 2. Spearmint (Mentha spicata). 


 


 


Red raspberry leaf is commonly ingested by pregnant women as a uterine “tonic” said to ease both 
morning sickness and labor. While there is no clinical evidence of benefit, this use appears safe; a 
placebo-controlled clinical trial of raspberry leaf extract administered from 32 weeks gestation until 
labor found no significant differences between groups in pregnancy outcomes. Birth defects would 
not be a meaningful outcome here, because treatment was started in the third trimester. Ginger root, 
commonly used for morning sickness, has been tested in numerous clinical trials in doses up to 1 
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g/day and appears to be both effective and safe. No adverse pregnancy outcomes have been linked 
to ginger, and reproductive toxicology studies of ginger in rats have not identified problems. 


Herbal treatment may help with threatened abortion. A systematic review of 44 randomized 
treatment-controlled trials with 5100 participants found that Chinese herbal medicines were as 
effective as Western medicines for treatment of threatened abortion. The combination of Chinese 
herbal medicines with Western medicines was more effective than Western medicines alone for 
continuing the pregnancy beyond 28 weeks of gestation. 


Pregnant women (and their physicians) may believe that herbs are safer than drugs for treating 
certain conditions during pregnancy. While there is scant evidence for that belief in general, the use 
of Echinacea preparations (See Figure 3) for self-limited infections, cranberry (Vaccinia 
macrocarpon) for urinary treat infections, and St. John’s wort (Hypericum perforatum) for depression 
have not been associated with major malformations or adverse birth outcomes; however, St. John’s 
wort can lower drug concentrations because it can alter some drug-metabolizing enzymes. 


Figure 3. Echinacea (Echinacea spp). 


 


 


Not all herbs are benign. Licorice, an herb that is used medicinally but is consumed most commonly 
in the form of candy or chewing gum, appears to shorten gestation in humans. A questionnaire study 
in Finland, where licorice candy consumption is so common that participants could be separated into 
low, medium, and high-exposure groups, found that heavy exposure to licorice (more than 500 mg/ 
glycyrrhizinic acid per week) slightly shortened gestation and more than doubled the risk of 
delivering a baby before 38 weeks. Birth weight and head circumference were unaffected. A study of 
offspring in this cohort at 8 years of age found dose-related cognitive defects and attention problems 
in those exposed to high levels of licorice in utero. Other epidemiologic studies support adverse 
effects on offspring exposed to high maternal licorice intake during pregnancy. Licorice can increase 
endogenous glucocorticoids and overexposure to glucocorticoids affects prenatal programming of 
the hypothalamic-pituitary-adrenocortical axis. 


Some midwives incorporate herbs into their practices, including oral or topical oil of evening 
primrose (Oenethera biennis) (See Figure 4) to speed cervical ripening or a mixture of blue cohosh 
(Caulophyllum thalictroides) and black cohosh (Cimicifuga racemosa) to treat stalled labor. In a 
clinical trial, orally ingested evening primrose oil from the 37th gestational week until birth did not 
shorten gestation or decrease the overall length of labor (evening primrose oil is more commonly 
applied topically to the cervix than ingested orally). 
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Figure 4. Evening Primrose (Oenothera biennis). 


 


 


Maternal use of blue cohosh (Cimicifuga racemosa) in high doses has been associated with cases of 
stroke heart attack, and hypoxic-ischemic symptoms in exposed infants. Blue cohosh rhizomes 
contain vasoconstrictive compounds, including methylcytisine, caulosaponin, and 
caulophyllosaponin. A woman who took blue cohosh in an effort to induce abortion developed 
tachycardia, abdominal pain, vomiting, and muscle weakness, symptoms consistent with toxicity 
mediated through the nicotinic acetylcholine receptor. 


Lack of adequate regulation of herbal products in the United States complicates the use of herbs. 
Herbal products may contain different herbs than are stated on the label, be adulterated with other 
drugs, or be contaminated with heavy metals or bacteria, some of which might cause adverse effects 
during pregnancy. For example, misidentification of an herb was associated with neonatal hirsutism 
in a baby born with hair on its forehead, pubic hair, swollen nipples and enlarged testes. The mother 
had taken a product that purportedly contained eleuthero, also called Siberian ginseng 
(Eleutherococcus senticosis) throughout pregnancy and during lactation. In a two-generation rat 
study, Eleutherococcus senticosis caused no adverse effects on reproductive performance. 
Subsequent analysis of the product taken by the mother showed that the herb consumed was 
actually Chinese silk vine (Periploca sepium), which is contraindicated during pregnancy. 


Surveys of pregnant women and midwives have not revealed reckless use of problematic herbs. 
Some alarmist articles in the medical literature include lists of plants to avoid in pregnancy, but these 
lists often include plants that are never used in pregnancy, never used medicinally, or never ingested 
intentionally except by those attempting suicide. Such lists are not helpful to clinicians. 


On the other hand, the safety of many herbs commonly used during pregnancy has not been 
established. Even where some data in humans exist, no studies specifically designed to detect 
adverse reproductive effects have been performed to date. There are many unknowns about the 
safety of herbs in pregnancy. The popularity of some herbs makes further research an important 
public health issue. 
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What Tests Are Available to Screen Prenatally for Birth 
Defects? 
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Anthony R. Scialli Reproductive Toxicology Center, Washington DC 


There are two kinds of tests used in clinical medicine, screening tests and diagnostic tests. 
Screening tests identify people in the general population who have a higher than average risk of a 
disease of interest. Diagnostic tests address the question of whether a particular individual is 
affected. Often in obstetrics, a screening test is applied to all pregnant women to find those women 
at particular risk of having a baby with a congenital abnormality. Diagnostic tests are then used to 
see which of the women in fact is carrying an affected child. Most diagnostic tests in pregnancy are 
invasive, have some risk for pregnancy complications and fetal loss, and may not be desired by 
every patient or family. Screening tests, therefore, refine the population for which diagnostic tests 
may be worth the risk. 


The ability of screening tests to correctly predict abnormalities varies depending on the incidence of 
the condition in the general population and the reliability (its ability to accurately deliver a result) of 
the test. Ideally, the test should have few false positive results (predicting that a normal pregnancy is 
abnormal) and few false negatives (predicting that an abnormal pregnancy is normal). 


The background risk for birth defects in liveborn babies is 2–4% at birth. No prenatal screen or 
diagnostic test that is currently available can identify all of this risk. Available prenatal screening and 
diagnostic tests use ultrasound, maternal blood, amniotic fluid, chorionic villi, or fetal blood. Each 
test has specific indications and risks (Table 1). Nevertheless, even with the present technological 
modalities, there is no definitive genetic test to assess for all possible genetic conditions or birth 
defects. 


TABLE 1. Prenatal tests with biological sampling 


Sample Tests Indications Risks 


Maternal serum Alpha-fetoprotein 
(AFP) 


Screening test for open neural 
tube defects, abdominal wall 
defects 


Minimal, 
bruising, pain 
at site of blood 
withdrawal Multiple-


analyte screens 
Screening test for some 
aneuploidies including trisomy 21 
(Down syndrome), trisomy 18, 


Maternal blood Cell-free fetal DNA Screening test for 
some aneuplodies (trisomy 13, 
18, 21, sex chromosome 
aneuploidy) 


Minimal, 
bruising, pain 
at site of blood 
withdrawal 
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Amniotic fluid 
(amniocentesis) 


Karyotype, AFP 
DNA, enzyme, 
hormone analysis 


Abnormal screening tests, 
risk of specific genetic disorder 
based on personal or family 
history 


≤1:500 risk for 
miscarriage 


Chorionic villi 
(CVS) 


Karyotype, DNA, 
enzyme, hormone 
analysis 


Abnormal screening tests, 
risk of specific genetic disorder 
based on personal or family 
history 


≤1:400 risk for 
miscarriage 


Fetal blood (fetal 
blood sampling) 


Karyotype, DNA 
testing 


Abnormal screening tests,  
risk of specific genetic disorder 
based on personal or family 
history 


1 to 3 in 100 
risk for fetal 
loss 


  


Ultrasound 


Ultrasound, also called sonography, uses the reflection of sound waves to make an image of tissue-
interfaces. These images can be highly detailed, almost photographic depictions of the embryo and 
fetus. Ultrasound can confirm a live pregnancy, establish gestational age, and identify twins and 
other multiple gestations. Ultrasound can also detect fetal abnormalities and is often the only useful 
prenatal test following a potential or known teratogenic exposure. While ultrasound is useful for 
evaluating fetal growth and development, it cannot determine the underlying cause of an abnormality 
or provide much information about neurological functioning of the fetus. 


FIGURE 1. Ultrasound image of a normal first trimester 
embryo in profile. The “+” signs mark the nuchal 
translucency measurement 


 


 


 


 


Ultrasound is used for both screening and diagnosis. For example, during the first trimester, 
thickening of a fluid compartment in the embryo’s neck is associated with an increased risk of certain 
chromosome abnormalities (Figure 1). The test is called nuchal translucency and is not diagnostic, 
because some embryos with increased neck fluid are normal. If ultrasound images show increased 
nuchal translucency, this abnormal screening test can be followed by additional testing for 
chromosome abnormalities (discussed below). In other cases, ultrasound can be diagnostic. For 
example, the accuracy of ultrasound in detecting anencephaly (incomplete head development) is 
approximately 100%. 


It is common in the U.S. for pregnant women to have at least one or two ultrasound examinations. 
The first scan is performed in the first trimester to confirm gestational age and the number of fetuses. 
This first scan can also measure nuchal translucency and can identify some malformations and risk 
of chromosomal aberrations. A second ultrasound examination is performed at 18–20 weeks 
gestation. This ultrasound includes an anatomic survey that can identify about half of structural 
malformations or soft markers that could be normal variants but represent an increased risk of a 







chromosome abnormality, especially Trisomy 21. Sometimes the second ultrasound will be followed 
by a more detailed examination at a later gestational age to further define suspected structural 
abnormalities or to evaluate structures that were not optimally visualized during the earlier scan. For 
example, fetal echocardiography, a specialized ultrasound examination of the fetal heart, can be 
used to further characterize heart abnormalities with high accuracy. 


Maternal serum screening 


Maternal serum alpha-fetoprotein (MSAFP) measurement at 14–23 weeks gestation can be used to 
determine if the fetus is at risk for an open neural tube defect, the most common of which is spina 
bifida. Alpha-fetoprotein (AFP) is secreted by the fetal liver and excreted in the fetal urine, but some 
AFP crosses the placenta and can be measured in maternal serum. The median values of AFP in 
amniotic fluid and maternal serum change with gestational age, so results are expressed as 
multiples of the median, MoM. 


Elevated MSAFP due to an open neural tube defect or abdominal wall defect can cause excessive 
AFP in the amniotic fluid, or an abnormal maternal-placental interface could allow excessive AFP to 
cross into the maternal circulation. Because AFP rises throughout pregnancy, inaccurate gestational 
age could cause an MSAFP level to seem high. Multiple gestations can also increase MSAFP, 
because more than one fetus is generating AFP. A less common reason for elevated amniotic fluid 
and maternal serum AFP levels are some rare inherited renal and skin diseases. Even if no reason 
can be found for an elevated MSAFP, the pregnancy would be considered at increased risk for 
preterm delivery, preeclampsia, stillbirth, or other adverse pregnancy outcomes. 


A combination of analytes can be used for first- or second-trimester screening. The first-trimester 
screen includes the measurement of nuchal translucency with the measurement of serum analytes. 
First –trimester screening is performed at 11–13 weeks after the last menstrual period and second-
trimester screening, which includes AFP measurement, is performed around the same time as the 
AFP test and is used to evaluate NTD risk. Establishing gestational age is critical for accurate 
interpretation because the medians for each marker change by the week. Results are adjusted for 
maternal age. Remember that these tests are for screening: they give rise to a risk estimate, not a 
definitive diagnosis. For example, a 35-year-old woman can be told that based on her age, her risk 
of having a fetus with aneuploidy (an abnormal number of chromosomes) such as trisomy 21 (Down 
syndrome) in a liveborn child is about 1 in 192. With the use of first- or second-trimester screening, 
that risk estimate might be altered to 1 in 10,000, 1 in 20, or something in between. 


Cell-free fetal DNA 


In every pregnancy, some placental DNA that is similar to the fetal DNA circulates in maternal blood. 
The free DNA in the mother’s blood is derived from her own cells as well as from the placenta. 
Quantification of DNA using nucleic acid amplification or other molecular techniques can be used to 
identify excess amounts (or deficits) of targeted chromosomes, giving rise to another kind of testing 
for aneuploidy. At present, cell-free DNA is a screening test for trisomy 13, 18, and 21 and for sex 
chromosome aneuploidies. Some laboratories include screening for small deletions on other 
chromosomes with a lower predictive value. Cell-free DNA testing is a screening test the predictive 
value of which depends on the age of the mother. For example, a cell-free DNA result suggesting 
trisomy 21 in a 17-year-old woman is more likely to be incorrect than the same result in a 40-year-
old woman. It is recommended that diagnostic testing be considered following all abnormal cell-free 
DNA results, considering that although its detection rate for aneuploidy is very high, it is still a 
screening test. 







Diagnostic Testing 


Four different procedures can diagnose chromosomal abnormalities: 


1. Preimplantation embryo biopsy. The earliest test that can be done is biopsy of the early conceptus 
after in vitro fertilization (IVF). A fertilized egg cleaves to produce successively smaller cells one or 
more of which can be removed for analysis at day 3 or 5. This technique is sometimes used in 
couples at risk for having a child with a serious genetic disorder such as cystic fibrosis. Nucleic 
acid amplification such as polymerase chain reaction (PCR) and molecular techniques including 
chromosomal microarray and gene sequencing can be used to evaluate specific genes from a 
single embryonic cell to predict whether the embryo will be affected. 


2. Chorionic villus sampling (CVS) is performed between 10 and 12 weeks after the last menstrual 
period. CVS involves suctioning bits of placental tissue, called chorionic villi, through a needle or a 
thin tube. These bits of placental tissue usually have the same chromosome make-up as the 
embryo. The cells from the chorionic villi are grown in culture and their chromosomal complement 
is analyzed. CVS is performed under ultrasound guidance; samples can be obtained either 
through the cervix or through the abdomen, depending on the operator preference and location of 
the placenta in the uterus. The risk of miscarriage is generally described as 1/400, but is 
considerably lower with more experienced operators. 


3. Amniocentesis, the sampling of amniotic fluid, is performed in the second trimester; chromosomal 
analysis is performed on cells that originated in the fetal skin and have the same chromosomes as 
the rest of the fetus. AFP concentrations in amniotic fluid are used to test for open neural tube and 
a few other kinds of defects. Amniocentesis performed under continuous ultrasound guidance is 
described to patients as having an approximate 1/500 risk for miscarriage, although the risk with 
experienced operators is lower. 


4. Fetal blood sampling involves taking a blood sample directly from the fetus after 18 weeks of 
gestation. This procedure involves the removal of blood from the umbilical vein, preferably close to 
the placental insertion site, and is associated with a 1–3% risk of fetal loss. Sampling of fetal blood 
for chromosome or genetic analysis may provide a more rapid answer to specific questions if a 
risk has been identified based on family history, parent testing, or results of other tests, but other 
test methods are generally preferred due to less challenging technical requirements. 


Are These Tests Useful? 


The usefulness of a test depends on what you want the test to tell you. Prenatal screening tests are 
limited in terms of the conditions detected and cannot be expected to give yes or no answers; they 
simply identify a population at greater than average risk of a given disorder. For example, 
chromosome abnormalities occur in about 1 in 1000 pregnancies in the general population. A 
woman with a first trimester screen result showing a 1 in 250 chance of an affected pregnancy has a 
higher than average risk and she may choose to have diagnostic testing. Notice, however, that the 
screening test should not be interpreted as normal or abnormal result. After all, 99.6% (249/250) of 
women with this “abnormal” result will have an unaffected pregnancy. 


Diagnostic testing, while it gives a Normal/Abnormal result, is limited to chromosome analysis, AFP 
testing and sometimes specific genetic conditions. A normal result does not guarantee a perfect 
baby, because many of the malformations that can affect fetuses are not evaluated by these tests. 
For example, a fetus with a ventricular septal defect will almost always have a normal result on CVS 
or amniocentesis testing of chromosome number. Even a relatively common genetic disorder such 







as cystic fibrosis will not be detected by diagnostic tests unless the cells that are obtained are 
specifically evaluated for the presence of a cystic fibrosis gene mutation. 


Detection of an anomaly gives a pregnant patient and her partner the option to continue or terminate 
the pregnancy, but apart for some neural tube defects and specific cardiac abnormalities it is 
unusual that a detected abnormality can be repaired prior to birth. When a decision is made to 
continue the pregnancy, medical management may be altered, and fetal surgery is sometimes 
possible for certain structural anomalies. Knowing about a problem in advance also may be helpful 
to the family in planning to deliver at a facility where the necessary services for the baby are 
available. The good news is that most testing produces normal results, which can permit a couple to 
relax and enjoy their pregnancy if they have been concerned about abnormal outcomes. 


All pregnant patients, regardless of age, history, and risk factors for chromosomal abnormalities 
receive counseling about available genetic screening and diagnostic tests, from no screening to an 
early diagnostic procedure. The decision to obtain a test is based on the patient’s (or the couple’s) 
desire for information, beliefs, and values. 
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Can Some Physical Agents Influence Development and 
Reproduction? 


Armand Lione, Ph.D., Reproductive Toxicology Center 


Lightning is a physical agent that may have played a role in originating life. Lightning strikes are 
among the uncontrolled exposures to electricity that may endanger life, including that of a pregnant 
woman and her fetus. Ever since scientists began studying electric power, there has been interest in 
finding medical applications and identifying its possible health effects. Many of the early electrical 
therapies have been abandoned, but some have been refined and remain a fundamental part of 
diagnostic and therapeutic medicine, including electromyography and transcutaneous electric nerve 
stimulation. The possible developmental and reproductive effects of physical agents, including x-
rays, MRI imaging, ultrasound, heat, and others that are listed below will be focus of this chapter. 


Electricity and Radioactivity as Generators of Radiation 


Electricity is the movement of electrons in a conductive material. Moving electrons, called a current, 
generate electromagnetic radiation. These radiations range in wavelength from the long-wave, low-
energy radio waves through the visible light spectrum, to the short-wavelength, high-energy gamma 
rays (Figure 1, and http://www.lcse.umn.edu/specs/labs/glossary_items/em_spectrum.html). High 
energy electromagnetic fields remove electrons from atoms and are called “ionizing radiation.” 
Ionizing radiation is used to take x-rays and is the radiation (often gamma rays) used in radiation 
therapy. Wi-fi signals are transmitted using radio waves. Cell phones operate primarily using radio 
waves, but some emit radiation in the microwave spectrum. Metal detectors emit a fluctuating 
electromagnetic field in the non-ionizing energy range. Light is on the lower end of the 
electromagnetic spectrum. Humans have light sensitive skin and eye tissue (retinas) that, when 
stimulated, can affect levels of reproductive hormones particular through the pineal gland, a light-
responsive organ near the optic tracts. 
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Figure 1. 


 


 


The electromagnetic fields encountered in proximity to power lines, appliances, lighting, and other 
electric equipment are called extremely low-frequency fields. Sewing machines have been identified 
as one of the highest exposure sources of these fields in homes and factories. Research papers that 
look for associations between adverse outcomes and these types of electromagnetic field exposures 
are limited by the rapid field strength decrease with distance from a source. Few people and their 
offspring live directly below a power line, although those living close to power lines appear 
to reproduce normally. 


Ionizing Radiation - Effects on Women and Developing Fetuses 


Experiments in animals have suggested that small pregnancy exposures to ionizing radiation do not 
produce measurable increases in birth defects. The amount of radiation used in diagnostic radiology, 
with some exceptions for fluoroscopic procedures, are all well below levels associated with risk, and 
new digital imaging techniques, which do not require making a shadowgram on a photosensitive 
sheet, use much lower exposures. The effects of radiation in the Japanese people who were 
irradiated in utero during the atomic bombings indicated any dose of bomb radiation between the 8th 
and 15th week of fetal growth increased the risk of microcephaly and cognitive impairment. Although 
there are scientists who suggested that any dose of atomic bomb radiation could have adverse 
effects on cognition, the prevailing view is that radiation thresholds exist that must be exceeded to 
have an effect on development. It should be kept in mind that the doses of radiation at Hiroshima 
and Nagasaki that produced cognitive impairment were uncontrolled radiation sources that differ 
significantly from filtered radiation used in diagnostic radiology. 


Women exposed to radiation in sufficient doses will have an increased risk of abnormal 
pregnancy and infertility. The dose needed to produce infertility is highest when a woman is young 
and has the greatest ovarian reserve. 


Effects on Males 


Human data on the effects of large doses of radiation on male reproduction were collected 
from clinical studies that involved radiotherapy and studies, now considered unethical, that used 
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prisoners who received large defined doses of x-irradiation to the testes and had subsequent 
gonadal function monitored. In sufficient doses, radiation can destroy sperm and sperm-producing 
cells. In some cases the destructive effects are reversible, but in sufficient amounts ionizing radiation 
can make a man completely infertile. 


Magnetic fields and non-ionizing radiation 


The magnetic effects of electric fields have been refined for use in magnetic resonance imaging 
(MRI). MRI uses a strong magnetic field to orient the nuclei of certain atoms. When the magnetic 
field is turned off, the nuclei release energy as they return to their original state. The energy is 
detected and used to create an image based on the distribution of atoms within tissue. Practice 
guidelines have been established for the use of MRI and adverse effects of MR imaging exposure on 
the developing fetus have not been identified. Special attention is given to metal implantable 
devices, including copper-IUDs, when women undergo an MRI, because metals may collect energy 
in the magnetic field and generate heat. 


Heat during pregnancy is exchanged between mother and fetus, and maternal core heating is 
required to heat the fetus. Excessive maternal heating, from any source, including hot baths and 
saunas or fever in the mother, has been associated with harmful effects on development that 
typically involve the heart and brain. Diathermy, a medical application involving microwave energy to 
heat tissues, is not used during pregnancy because of concerns about heating the fetus. 


The spectrum of non-ionizing electromagnetic radiation - in order of decreasing wavelengths - 
includes: 3 types of light: ultraviolet, visible, and infrared, then microwave radiation, and radio 
frequency waves. Microwave energy is used in radar. The incidental heating effects of radar led to 
the development of microwave ovens. When electromagnetic waves in the microwave frequency 
strike tissue, the transferred energy results in an increase in molecular motion, which is perceived as 
heat. The principle of microwave cooking is that the radiant energy increases the molecular motion 
chiefly of the water within the food. The resultant heat cooks the food. Additionally, indirect exposure 
to low levels of microwave energy has been an important topic in developmental studies because of 
the growing use of cell phones. Animal experiments with cell phone radiation that excluded the 
possibility of fetal heating have not shown any significant effects on development. 


Ultrasound 


Electromagnetic waves can be transmitted in a vacuum, but sound and other so-called mechanical 
waves require a medium, which is usually air or water. Mechanical radiant energy with a frequency 
greater than the upper limit of perception by the human ear is called ultrasound. High intensity 
ultrasound can have sufficient power to be used for drilling and welding. In medicine, ultrasound has 
been used for ablation surgeries. Less powerful forms of ultrasound are used for imaging 
(ultrasonography), telemetry (external fetal heart rate monitors and Doppler waveform flow 
monitoring), and other types of diathermy. 


Diagnostic ultrasound has not been shown to have adverse effects on pregnancy outcome. Pulsed 
or color Doppler ultrasound involves higher energies for which there is less information 
on pregnancy outcome. Concerns include tissue heating and the transmission of energy to 
oscillating bubbles within tissue. 
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Vibration and Stress 


Human tissues are sensitive to vibrations. Before birth, the vibrations in a mother's voice and 
heartbeat play a role in infant development. There is no clear line to define when the vibrations in our 
aural or physical environment become “noise.” Two people can be watching a fireworks display and 
react with excitement or agony in the same environment. We can say that “noise” is unpleasantly 
stressful to experience and animal experiments and some human studies suggest infant 
growth might be impaired by this and other stresses. Stress is discussed in another chapter. 
Vibration can be found in some workplace environments and was associated in one study with an 
increase in preterm birth. 


Concluding remarks 


Concerns about exposure to physical agents, including radiations and mechanical waves, center 
around the possible transfer of harmful amounts of energy to the developing embryo and fetus. A 
great deal of future work is needed to quantitate pregnancy exposures to physical agents and their 
potential effects on mothers and babies. 
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How Are New Medicines Evaluated for Developmental 
Toxicity? 


Susan B. Laffan GlaxoSmithKline, King of Prussia, PA 
Melissa S Tassinari Harwich MA 


Since routine safety testing in pregnant women is generally not conducted for ethical reasons, 
clinicians are in the unusual situation of relying on animal data when making prescribing decisions 
for women who could become, or are, pregnant. Human safety data during pregnancy are rare 
before drug approval and are typically obtained from pregnancy registries and epidemiology studies 
that become available long after the medicine is approved for use. Most medicines are never tested 
in pregnant women. All product labeling for medicines contains a section on use in pregnancy. This 
section is almost always entirely composed of animal data rather than data from human clinical 
trials. Only women not of reproductive potential (e.g., hysterectomy or postmenopausal) or who are 
using effective contraception are enrolled in early clinical trials. After completion of initial clinical trials 
the animal studies are conducted, which would identify potential developmental or reproductive 
hazards. Then reproductive age women are typically included in the later, large scale clinical trials 
with appropriate precautions for pregnancy prevention. 


So, what kind of testing is conducted in animals? Developmental and reproductive toxicity (DART) 
animal studies are designed to assess safety at all stages of the life cycle, starting with reproductive 
capacity of adults, through offspring conception and embryofetal and postnatal development, to 
reproductive capacity of the offspring. Separate studies are typically conducted to cover all the life 
stages. Developmental toxicity is an overarching term used to describe any adverse outcome to the 
offspring. These studies assess four main types of developmental toxicity: death (embryo, fetal or 
neonatal), structural abnormalities, alterations in growth and physical maturations, and functional 
impairment. The category of structural abnormalities includes fetal malformations and variations. 
Malformations are commonly defined as fetal abnormalities judged to potentially affect survival, 
growth, development, functional competence, or external appearance. Thus, a teratogen is an 
exposure that, at a certain dose, causes malformations that can be structural and/or functional. Fetal 
variations are abnormalities or retardations in development, transitory alterations or permanent 
alterations not believed to adversely affect offspring. Functional impairment includes 
neurodevelopmental effects, deafness, and/or infertility. The four manifestations of developmental 
toxicity (death, structural anomalies, growth alterations, functional impairment) are distinct 
manifestations with potentially different periods and doses for susceptibility. Reproductive toxicity 
generally refers to effects that diminish capability to reproduce or become pregnant. Fertility in 
animals is assessed by treating adults prior to and during mating and in females through early 
embryogenesis of offspring. 


Regulations 


Developmental and reproductive toxicity testing of new medicines in experimental animal models is 
required by heath authorities. Worldwide, the International Council for Harmonization (ICH) provides 
guidelines for testing pharmaceuticals, which are followed by most countries within their own 
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regulations. The studies that follow these ICH guidelines are intended to test the potential for 
adverse effects on males and females from adult pre conceptional exposure through exposure via 
the milk in newborn animals. Reproductive toxicity studies, also referred to as fertility studies, are 
conducted to evaluate for potential effects on reproductive capacity of adult male and females. 


Figure 1. Graphic courtesy of 
Susan B. Laffan.  


 


 


 


 


 


 


Study Designs 


The only stage of development that is generally recommended to be tested in two species is 
embryofetal development. In embryofetal development studies, pregnant animals are dosed during 
organogenesis, from the time of implantation to closure of the hard palate, which is comparable to 
the human first trimester. A detailed assessment of the fetuses exposed in utero is conducted after 
cesarean section. Fetuses are examined externally and internally for malformations and variations of 
the organs (viscera) and skeleton. Growth is evaluated by body weight and in some cases by long 
bone length or crown rump (body) length. These studies are typically performed in one rodent and 
one nonrodent species. Rats with a gestational length of 21 days, and rabbits with a gestational 
length of 29 days are the most often used species. In the age of biologic medicines, there is 
increased use of primate models because the traditional rat and rabbit models are not 
pharmacologically relevant. To minimize animal use, the study design in primates is typically 
modified to an “enhanced” pre and postnatal development study in which Cesarean sections are not 
conducted and the offspring are delivered. The animals are examined at birth for effects of prenatal 
exposure and then postnatal developmental stages are assessed. All DART studies can be 
customized, based on properties of the medicine or theoretical concerns to include different 
assessments or dosing periods. 
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Figure 2. 
Graphic 
courtesy of 
Susan B. Laffan. 


 


 


 


 


 


 


 


 


Embryo-fetal developmental toxicity studies evaluate the potential for structural malformations and 
developmental delays of the fetus but are not designed to assess effects on offspring function. 
Another ICH guideline study is used to assess function; the pre- and post-natal study includes 
medicine exposure during both the prenatal and early postnatal stages of development and is 
typically conducted in one species. In a pre and postnatal study, pregnant rats are dosed during 
organogenesis (pre-natal) through lactation until the day of weaning (~post-natal day 21). The 
treated dams are observed to evaluate the potential impact of exposure on parturition and the ability 
to care for the young during the lactation period. For the offspring, body weight changes are 
measured to evaluate growth. Offspring are observed for the onset of physical hallmarks of sexual 
development and primitive reflexes. Once the animals attain sexual maturity, functional reproductive 
ability is evaluated by mating the offspring. Once mature, the animals are put through a battery of 
neurobehavioral tests including tests to evaluate motor activity, reflexes, learning, and memory. 
These tests often involve swim mazes because rats are adept, but reluctant swimmers. The ability to 
learn how to get out of the swim maze is assessed to test learning skills and then later, the ability to 
remember the route is assessed to test memory. 


Dose Selection 


The dose levels tested in animal studies are carefully selected to cover a range of dose levels that 
provide sustainable exposures at or above expected human exposures. Animals are typically 
exposed to three different dose levels and outcomes are compared with a control group, which is 
exposed only to inactive vehicle. The medicine is tested over a range of doses up to a dose level 
providing exposures that are expected to cause some degree of maternal toxicity or stress. The 
highest dose is usually chosen as one that will produce maternal toxicity, for example, a small 
decrease in pregnancy weight gain or reduced food consumption. The low dose is chosen to provide 
an exposure in the animal close to the anticipated human exposure level. The lowest dose level of 
the medicine that produces developmental toxicity is called the LOAEL (lowest observed adverse 
effect level). The highest dose level that does not cause developmental toxicity is the NOAEL (no 
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observed adverse effect level). These levels can be compared to the anticipated human exposure 
level. 


Data Interpretation 


Completion of these developmental and reproductive (DART) studies is only half the task; 
appropriate interpretation of these data is key and should be done by scientists trained in the 
concepts and principles of developmental toxicity. When interpreting DART studies, it is extremely 
important to know if developmental toxicity is related to pharmacological activity and if it occurred in 
the absence or presence of maternal toxicity. Maternal illness or stress in a dam could affect her 
offspring resulting in secondary effects (e.g., reduced survival, developmental delays in growth and 
maturation). The presence of developmental toxicity in the absence of any maternal toxicity is of 
more concern in assessing risk as it implies the hazard has occurred outside of any maternal 
influence and is a direct result of the medicine. Teratogenicity is a concerning findings as it is 
typically not affected by maternal toxicity. It is also important to know the background incidences of 
malformations in animal models to determine the effects of a medicine. Data are reviewed to 
determine if there is a dose response relationship, meaning that the incidence and severity of 
adverse outcome increases with increasing dose. Assessing patterns is important in assessing risk. 
A study that shows no effect of low and high doses, but shows an effect at a middle dose, is less 
convincing than a study that relates increasing effect to increasing dose. Understanding the 
pharmacologic action of the medicine and the mechanisms for toxicity are also important. 


Figure 3. Graphic 
courtesy of 
Susan B. Laffan.  


 


 


 


 


 


 


 


 


Risk Determination 


The data from DART animal studies form the basis for assessing risk during human pregnancy. Data 
from animal models provide a scientifically valid and ethical assessment of assessment of potential 
hazards for humans, to be put in context with the risk or probability of the effect related to the 
pharmaceutical use. The ability of a medicine to cause developmental toxicity is usually related to 
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the systemic exposure, (i.e., the concentration in blood and tissues) and timing of exposure during 
critical stages of embryofetal development. For some medicines, brief pulses of high exposure 
during a specific developmental stage will produce toxicity, whereas other medicines may require a 
lower, but longer duration of exposure to produce toxicity. Medicines that cause developmental 
toxicity in one species may cause developmental toxicity in another species, although the specific 
manifestations may be different. If both species have effects, it raises the level of concern for risk to 
human pregnancy. For instance, if the anticipated human plasma exposure level is 100 times lower 
than the NOAEL of the animal study (based on plasma exposure in the animals), adverse effects on 
human development are considered unlikely. Some researchers believe that a 100 times “safety 
margin” is unnecessary, and consider 25 or 50 times safety margins as adequate in most situations. 
However, the severity of the developmental toxicity observed must be considered. Study outcomes 
including fetal death or malformations (spina bifida, gastroschisis, limb defects, etc.) are somewhat 
rare and raise the level of concern. It is much more common for studies to indicate effects on overall 
development at maternally toxic dose levels, such as lower fetal body weights, delayed skeletal 
ossification, and an increase in incidence of early embryofetal loss in a litter (i.e., increased 
postimplantation loss). In instances where there are no abnormal effects on the offspring, even when 
the medicine is given at maternally toxic dose levels, the evidence suggests that abnormal effects on 
human development are unlikely. Any testing scheme, however, cannot categorically define a 
medicinal product as safe or unsafe because this expectation ignores the importance of the 
exposure level in determining toxicity. 


Finally, the prescriber, along with the patient must weigh the risks against the benefits of the 
medication. A medicine that is a member of a class known to be teratogenic at relatively low 
exposure levels in animal experiments would carry a warning against use in pregnancy, but in a 
pregnant woman with a serious disease, it may be important to use the medicine despite the 
possible risk. In these circumstances, animal data remains an important part of the risk evaluation to 
characterize the margin of safety for humans with respect to dose level and possibly the critical 
window of sensitivity with respect to timing of pregnancy. In other words, human embryos and 
fetuses are not uniquely sensitive provided that the medicine has been tested at sufficiently high 
doses in experimental animals. There are medicines that produce abnormal development at the high 
doses used in experimental animal studies but not at the exposure levels encountered by humans. 
Experimental animal testing is designed to be conservative for use of medicines in pregnancy. 
Again, the entire benefit versus risk must be considered for each patient. 


Conclusion 


While human data on developmental toxicity is increasingly included in pharmaceutical labeling, 
most the medicines approved for use still have no human data in the pregnancy section of their 
labeling. Consequently, we must rely on animal data in the product labeling to understand potential 
risk for both newly approved and existing medicines. Developmental toxicity studies in animals 
provide informative but complex data for assessing potential risks of medicine use in human 
pregnancy. The animal data along with individual factors, including genetic background and the risks 
of the underlying disease being treated are weighed to make rational decisions about the use of any 
medicine during pregnancy. 
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How Do I Weigh the Risks and Benefits of Taking an 
Antidepressant Medication During Pregnancy? 


Elizabeth A. Conover, MS, APRN, LCGC 
Alicia B. Forinash, Pharm.D., FCCP, BCPS, BCACP 


Case study: 


Mary is a 29 year old woman who is 8 weeks pregnant with her third baby. At her first prenatal visit 
with her health provider she states that she wasn’t planning this pregnancy and is overwhelmed. She 
has daily crying spells, is having trouble sleeping, and is forcing herself to eat once a day because 
she knows she “has to.” She says that she just lies in bed unless she has to go to work, and she 
struggles to take care of her two children. She denies thoughts that she might harm herself or 
others. Mary was diagnosed with major depressive disorder three years ago and was previously 
controlled on citalopram, a common serotonin reuptake inhibitor (SSRI) medication. However, her 
psychiatrist discontinued it a month ago because of concerns that wasn’t safe to use any of these 
medications during pregnancy. Mary states that she is confused and miserable, and doesn’t know 
what to do. 


How do you answer Mary’s questions and assist her in making an informed decision? 


Overview: 


According to the CDC, 1 out of 10 women, 18-44 years old, reported symptoms of depression in 
2016. Information about antidepressants is the second most common reason for a call to Teratogen 
Information Services (analgesics are first). Ailes et al reported that in 2013, 6.2% of pregnant women 
used an antidepressant. Of those women who took an antidepressant, 77% were prescribed an 
SSRI. 


A decision about whether to treat a pregnant woman with any medication involves taking into 
account factors that include the severity of the condition, the consequences for the mother and fetus 
from the untreated maternal condition, consideration of non-medication strategies, and evaluation of 
the available data on risks to the fetus from various choices of medication. 


Because depression itself presents risk to the pregnancy and fetus, it is difficult to determine 
whether the medications, maternal condition, or both are causing adverse effects. This difficulty is 
called “confounding by indication”. However, some studies have tried to determine the contribution of 
each risk factor. 


What are the risks to mother and her baby from untreated depression? 


It is self-evident that significant depression is painful for the woman, and may interfere with diet and 
sleep, impair relationships with her partner and her other children, and even result in self harm such 
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as suicide. In some cases, a woman with untreated depression will resort to unhealthy solutions 
including use of tobacco, alcohol, or illicit drugs. In addition, studies have documented risks to the 
fetus and pregnancy from untreated or poorly treated maternal depression. These adverse effects 
include miscarriage, preeclampsia, preterm delivery, and low birthweight. These factors provide 
significant impetus to treat moderate-severe maternal depression with antidepressants or other 
medications. 


Are non-medication strategies a possibility? 


Given our inability to prove absolute safety of antidepressant medications, women with mild 
depression may consult with their health care provider and decide to undertake a trial off of 
medication. There is evidence that non-medication strategies can be effective in treating mild 
depression and may be sufficient. These strategies include counseling, exercise, and meditation. A 
recent article on light therapy found that it was as effective as fluoxetine (an SSRI medication) in 
treating non-seasonal major depressive disorder. Current evidence suggests that these alternative 
therapies are unlikely to have any adverse effects on the fetus. 


What are the risks to the baby from maternal use of a SSRI 
antidepressant? 


The various research studies examining the effects on the baby from SSRI exposure in pregnancy 
have produced inconsistent results. Concerns regarding exposure to the SSRI’s in pregnancy 
include: 


• Malformations – a small increase in a variety of birth defects has been seen in studies regarding 
the SSRI’s. However, the findings are not consistent across studies. An increase in congenital 
heart defects was found in some but not all of the studies involving paroxetine, and the 
prevalence was only slightly greater than the background risk for this common group of birth 
defects. 


• Obstetrical complications – some studies have found an increased incidence of low birth weight 
and early delivery when the mother is taking an SSRI. 


• Issues with newborn adaptation – persistent pulmonary hypertension (a rare but potentially 
serious complication, risk of 0.1-0.2%), and neonatal abstinence syndrome/poor neonatal 
adaption syndrome (risk ~30%) are well described complications associated with maternal SSRI 
use. Neonatal abstinence syndrome can include a high pitched cry, tremor, sleep disturbances, 
and gastrointestinal distress. These symptoms resolve within a few weeks after delivery, often 
without intervention, although some babies need special care. Other exposures near term 
including maternal smoking, opioids, and other psychiatric medications can worsen the 
symptoms. 


• Cognitive and behavioral manifestations – similar to other findings, a variety of positive and 
negative effects have been observed. Some studies have demonstrated early childhood social-
emotional disorders including autism, attention deficit hyperactivity disorder, and childhood 
depression/anxiety. These disorders appear to be increased in offspring of depressed women, 
regardless of whether they take an SSRI antidepressant. Further research is needed to evaluate 
the long-term risks of in-utero SSRI use on the neurodevelopment of the child. 


Why are the data inconsistent? Are we able to determine causality? 







Design factors influence the variability of results observed from clinical trials evaluating the safety of 
antidepressants in pregnancy. These include data collection (prospective vs. retrospective), design 
(randomized, controlled vs. cohort vs case-control), and the number of patients included (are there 
sufficient patients to detect a difference between groups). 


Patient-specific factors that may impact the results include adherence (did the exposed group 
actually take the drug), picking the appropriate control group (healthy patients vs. patients with 
depression not taking medications), timing of the exposure (most malformations are an issue in the 
1st trimester, whereas growth and neurobehavioral development are often 2nd and 3rd trimester 
concerns), adjustment of the data based on degree of maternal depression (well controlled 
depression has less risk than severe uncontrolled depression), and accounting for other 
confounders (other medications, other diseases, and recreational exposures like cigarette smoke). 


Can we extrapolate general information on SSRI’s to specific agents?  


Although SSRIs have the same mechanism of action and similar characteristics, each medication 
has a slightly different chemical structure and properties that may influence risk. Although some 
studies have tried to evaluate the risk with individual agents, these studies have had variable 
numbers of exposures for the individual agents that are often small, and inconsistent results have 
occurred amongst the publications. 


Risk Counseling: Why is it so hard to evaluate data and then effectively 
inform a pregnant woman about using medication to treat depression? 


The data are inconsistent, there are many confounding factors, and for many of the concerns the 
possible increase in risk is very small. It is important to remember that in order to establish causation 
a similar pattern should be seen across studies, and the incidence of an adverse outcome should be 
greater than the background risk. The SSRI’s are a good example of how difficult it is to 
determine whether the adverse outcomes are actually being caused by the medication 
exposure or are associated with the maternal condition or other confounders. 


Figure 1. 
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The decision making process about whether to use an antidepressant during pregnancy is complex: 
no option is risk free, and each woman is unique. It is essential to take into account both the risks 
and benefits in assisting the patient in making a personal decision that is right for her and her baby. 
Counseling a woman and her partner about the risks of using an antidepressant medication is made 
more difficult by the fact that the woman’s anxiety may be painfully increased by the information, 
resulting in difficulty making a decision. It is also difficult to convey risk effectively when the chances 
are low but not zero. There are a great deal of data on the risks of many of the antidepressant 
medications, but it is still not sufficient to ‘guarantee safety’. Sometimes it takes decades for adverse 
effects to become evident. With the SSRIs there are still a number of unknowns, particularly in terms 
of neurobehavioral effects, and there may be issues that we are not even considering currently. 
Therefore, while overall information is relatively reassuring, studies do not all agree, and the lack of 
a black and white choice can be very distressing for patients. 
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What Is the Timeline of Important Events During 
Pregnancy that May Be Disrupted by a Teratogenic 
Exposure? 


Steven B. Bleyl 1 and Gary C. Schoenwolf 2 
Departments of Pediatrics 1 and Neurobiology and Anatomy 2, 
University of Utah School of Medicine 
Salt Lake City, Utah, USA 
 
Clinicians, and “expecting” parents, typically envision pregnancy as consisting of three sequential 
trimesters, each lasting three months. Many events occur during prenatal development that are 
critical for the success of the pregnancy and, ultimately, the birth of a healthy child. Thus, 
embryologists and teratologists identify milestones of pregnancy (periods and phases) during which 
essential events occur. Normal development of the conceptus—the zygote, blastocyst, embryo, and 
fetus, depending on its stage of development, plus its supporting membranes and placenta—can be 
adversely affected by poor maternal health and nutrition, genetic mutation, exposures to exogenous 
agents or a combination of these factors. The focus of this chapter is on the timing of important 
events during pregnancy that may be disrupted by a teratogenic exposure (Fig. 1). The conceptus is 
susceptible to such exposures throughout in utero development and even postnatally, although there 
are critical periods in which the conceptus is highly susceptible that are dependent on the endpoint 
that is affected by the exposure. Moreover, the conceptus is conceived during fertilization as the 
male and female gametes—the sperm and egg—join together in the upper end of the oviduct 
(Fallopian tube) to form a single-cell zygote. Consequently, environmental exposures over the life 
span of the prospective mother or father (both prenatally and postnatally; see discussion of 
gametogenesis below) can impact the ability of their gametes to produce a successful pregnancy 
and the birth of a healthy child. Thus, susceptibility to teratogen exposure for a given conceptus 
actually begins even prior to when it is conceived. 


Figure 1. Timeline of important events 
during pregnancy that may be disrupted 
by a teratogenic exposure. Shown are the 
lengths of pregnancy in days (0-280, from 
conception or fertilization to birth), the 
span of the three trimesters (3 months 
each), the three periods of prenatal 
development (egg, embryo, and fetus), 
key developmental events (fertilization, 
cleavage, implantation, gastrulation, 
primary morphogenesis, organogenesis, 
and birth), and some outcomes of 
teratogenic exposure. 


 



http://www.teratology.org/primer

https://www.teratology.org/primer/Teratogenic-Exposure.asp#fig1





In addition to using trimesters to measure the progress of pregnancy, three periods of development 
are used as milestones: the period of the “egg,” the period of the embryo, and the period of 
the fetus. The period of the egg is generally defined as the time during pregnancy that precedes 
implantation—that is, the time from formation of the zygote until the blastocyst burrows into the wall 
of the receptive, that is, hormonally primed, uterus (initiated by the end of the first week 
postfertilization). Although the conceptus at this stage is not truly an egg or oocyte, as traditionally 
defined, for all intents and purposes it looks like an egg, being grossly spherical, throughout this first 
period. The second period, the period of the embryo, is roughly defined as the time from implantation 
through the 8th week of development. During the period of the embryo, part of the conceptus takes 
on the shape of what can be readily recognized as an embryo (Fig. 2), a simple organism containing 
a rudimentary head, trunk, and tail, projecting limb buds, a beating heart, obvious eyes, and a 
primitive segmentation. The remainder of the conceptus contributes to the so-called extraembryonic 
membranes, including the amnion, which enclose and protect the embryo during its development, 
and the fetal component of the placenta. The final period, the period of the fetus, extends from the 
beginning of the 9th week of gestation until birth. This period is characterized by rapid growth of the 
fetus and the differentiation of cells, resulting in the formation of distinct tissue types that become 
assembled into functional organ systems. 


Figure 2. Photographs of 
human embryos at five 
stages of gestation 
reproduced from the 
collection of the 
Congenital Anomaly 
Research Center, Kyoto 
University Graduate 
School of Medicine, 
courtesy of Dr. Kohei 
Shiota, Ms. Chigako 
Uwabe, and Dr. Shigehito 
Yamada. Shown (from left 
to right) are Carnegie 
Stages 9, 10, 13, 17, and 
23 during the period of the 
embryo. The Stage 9 embryo has initiated neurulation, which is largely completed by Stage 10 with 
the exception that the cranial and caudal ends of the neural tube remain open as the neuropores. By 
Stage 13, body folding has established the tube-within-a-tube body plan of the early embryo, with a 
distinct head, trunk, and tail, and paddle-like limb buds. By Stage 17, the developing eyes are readily 
identifiable, and the limb buds now have bulbous distal plate-like structures that will form the hands 
and the feet. By Stage 23—the last stage in the period of the embryo—all external structures have 
taken on morphologies similar to those of the adult. 


Periods of development broadly define the structure of the developing organism at three different 
times during pregnancy. For example, the “egg” (used in the sense of the developing organism 
present during the period of the egg) contains the precursor cells that will form the embryo itself and 
will contribute to the supporting tissues necessary for the embryo’s development. However, the 
structure of the “egg” is rather different, and not intuitively linked, to the definitive structure of the 
embryo proper and its supporting tissues, which are elaborated from the “egg” during the period of 
the embryo. The embryo contains the rudiments of the organs of the fetus; the link between the 
structure of the embryo and fetus is more intuitive, but, for example, the paddle-like limb buds 
present in the early embryo are non-functional and have a very different structure than that of the 
upper and lower limbs of the fetus, which at birth are fully functional. Just as the egg contains the 
precursor cells for the rudiments of the embryo, the embryo contains the precursor cells for all of the 
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tissues and organs of the fetus. Precursor cells—regardless of their period in development—are 
highly susceptible to disruption by teratogenic exposures, which are capable of adversely altering 
their survival, rate of proliferation, migratory activity, ability to differentiate, or to function properly. 


In contrast to periods of development, phases of development define not the structure of the 
developing organism, but the unique developmental events that are occurring at that time. Four 
major phases are recognized in the prenatal development of humans: gametogenesis; fertilization, 
cleavage, and blastulation; gastrulation and formation of the tube-within-a-tube body plan; 
and organogenesis, with cellular and tissue differentiation and rapid growth. The gametes are 
generated during gametogenesis in the ovaries of the female and the testes of the male. During 
gametogenesis, germ cells (from each of the prospective parents as they were developing in utero—
first identifiable in the yolk sac, an extraembryonic membrane broadly attached to the ventral side of 
the early embryo) migrate to the developing gonads, divide mitotically, and then initiate meiosis, 
which is completed postnatally after the onset of puberty, resulting in the generation of haploid eggs 
and sperm. 


During the second phase, fertilization, cleavage, and blastulation, the egg and sperm produced 
during gametogenesis fuse soon after coitus (or shortly after in vitro fertilization is initiated) to 
produce a diploid zygote, which rapidly begins a series of mitotic divisions (that is, undergoes 
cleavage) to produce a solid ball of cells called a morula. As the morula passes down the oviduct 
toward the uterus, it forms an internal cavity, transforming into a hollow cyst-like structure called the 
blastocyst. The latter is capable of implanting into the wall of the uterus, initiating in 
utero development of the embryo. During implantation, the blastocyst differentiates two cell regions: 
the outer trophoblast, consisting of the cells that invade the uterine wall and contribute to the 
formation of the placenta, and the inner cell mass, the source of the embryo and its extraembryonic 
membranes. 


As implantation is occurring, the embryo initiates the third phase, gastrulation, a process in which 
three distinct cell layers (the germ layers) form, each of which gives rise to specific derivatives. For 
example, the ectoderm forms the nervous system, the mesoderm forms most of the muscle and 
bone of the embryo, and the endoderm forms the lining of the gut (gastrointestinal tract). The three 
germ layers established during gastrulation consist of three uniform layers stacked upon each other 
like pancakes. This essentially two-dimensional stack becomes sculpted into a three-dimensional 
embryo having a tube-within-a-tube body plan and containing rudiments of all of the major organ 
systems. How this body plan is achieved is referred to as primary morphogenesis and it involves 
localized changes in the shape, size, position, and numbers of cells in the three germ layers, 
generating tissue movements such as thickening, folding, delamination, and fusion. 


As a result of primary morphogenesis, specific organ rudiments are generated as well as an 
embryonic body that is now largely separated from its surrounding extraembryonic membranes. For 
example, the outer tube of the tube-within-a-tube body plan is the future body wall; it is generated by 
the expansion, folding, and fusion of the edges of the two-dimensional embryo. Its outer wall is in 
direct contact with amniotic fluid after formation of the amniotic cavity. Simultaneously, the inner tube 
of the tube-within-a-tube body plan is formed: the future gut tube, lined with endoderm. As these 
processes are occurring, other primary morphogenetic events generate the rudiments of the major 
organ systems. For example, during a process called neurulation, a portion of the ectoderm 
thickens, folds inward, and fuses at its edges to form a third tube, the neural tube, the rudiment of 
the entire adult central nervous system; some cells left over from the process of neurulation 
delaminate from the ectoderm to form neural crest cells, an important population of migratory cells 
that contribute to a number of organ systems including the mesenchyme of the developing face, the 
cranial and spinal ganglion of the peripheral nervous system, and the septum that partitions the 
outflow tract of the heart into two major vessels that separate the systemic and pulmonary 







circulation: the aortic and pulmonary vessels. Mesodermal cells in the developing trunk of the 
embryo undergo segmentation to form transient structures called somites, which give rise to the 
muscles and bones of the trunk and the adjacent dermis of the skin. Some cranial mesodermal cells 
condense into paired rudiments that rearrange to form tubes that fuse beneath the developing 
cranial gut and form the heart during the process of cardiogenesis. After formation a single heart 
tube, this rudiment rapidly loops upon itself, begins to beat and pump blood, and then partitions to 
form four rudimentary chambers: the right and left atria, and right and left ventricles. Still other 
mesodermal cells arrange into tubules, contributing to the developing urogenital system. 


The final phase, organogenesis, involves the growth and differentiation of precursor cells and 
tissues contained within each of the organ rudiments formed during primary morphogenesis. Of the 
four phases, organogenesis occurs over the longest period of time, extending from about four weeks 
of development (during the period of the embryo), throughout the fetal period, and for some organ 
systems even continuing postnatally. 


Teratogenic exposure during any period or phase of development can have dire consequences (Fig. 
1). In general, disruption of the earliest developmental stages (gametogenesis; fertilization, 
cleavage, and blastulation) results in the loss of the conceptus (that is, a miscarriage, often before 
the woman realizes she is pregnant). Disruption somewhat later during primary morphogenesis and 
organogenesis often results in major structural anomalies (a “birth defect” for example, a neural tube 
defect, such as spina bifida; a ventral body wall defect, such as gastroschisis; a heart defect, such 
as the formation of a single outflow tract; a limb anomaly, such as phocomelia; or a facial cleft, such 
as cleft lip or palate). Disruption during the late embryonic and fetal period generally results in 
abnormal organ differentiation, growth, and function (for example, cognitive impairment, hearing 
loss, neonatal hypoglycemia, lung immaturity). Thus, the timing of a particular teratogenic exposure 
can result in drastically different outcomes. 


Three examples that illustrate this concept, discussed in more detail in other chapters, are maternal 
diabetes, maternal alcohol consumption during pregnancy, and maternal infection (and subsequently 
fetal infection) with Zika virus. Early gestational diabetes can result in a wide range of structural birth 
defects, including neural tube defects, cardiac septation defects, renal anomalies, and growth 
restriction, whereas late-onset gestational diabetes can result in increased growth of the fetus (large 
for gestational age), neonatal hypoglycemia, and abnormal differentiation of certain organs (for 
example, outflow tract obstruction of the heart due to septal hypertrophy). Maternal consumption of 
alcohol during the early embryonic period can cause a recognizable pattern of structural birth defects 
affecting the brain, facial appearance, and growth. Consumption of alcohol later in pregnancy is 
thought to cause impaired cognition and behavioral disorders, without obvious structural anomalies. 
Finally, maternal infection with Zika virus, either transmitted to her through an infectious mosquito 
bite or through her partner’s semen during intercourse up to several months after he received an 
infectious mosquito bite, can affect fetal development throughout the three trimesters of pregnancy. 
Infection during the first trimester may lead to miscarriage, whereas during the second and third 
trimesters, the most likely teratogenic outcomes are microcephaly and mental retardation. 
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Is There a Safe Dose of a Medication Associated with 
Birth Defects? 


Amy L. Inselman and William Slikker Jr., National Center for Toxicological Research, U.S. Food 
and Drug Administration, Jefferson, Arkansas 


During pregnancy, a woman may be hesitant to take prescription medication for fear of harming her 
unborn fetus. However, it is not often feasible to simply exclude health-benefiting medications during 
pregnancy to reduce risk. If left untreated or unmanaged, chronic conditions including asthma, high 
blood pressure, epilepsy, and diabetes can harm both the mother and fetus. Therefore, the 
establishment of safe levels of exposure to possible teratogenic medications is an important area of 
research to inform counseling and establish intervention strategies for women inadvertently exposed 
during pregnancy, as well as for determining which drugs are appropriate for use in pregnancy. 


Figure 1. 


 


 


 


Low doses of compounds may not pose a risk to the embryo or fetus. However, any agent may be 
harmful if the exposure concentration is high enough. The idea that safe doses exist is based on the 
concept of the “threshold dose.” The threshold dose is defined as the lowest dose of a drug (or 
environmental agent) that generates an adverse response (i.e. birth defect). This means for 
exposures that occur below the threshold level, the risks of adverse effects are equal to those in 
non-exposed individuals. In other words, there is no risk for irreversible effects or death at doses 
below the threshold concentration. An example of a compound that demonstrates effects consistent 
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with a threshold is thalidomide. Thalidomide was originally given to treat multiple ailments including 
morning sickness. This now recognized human teratogen produces severe limb defects when 
administered at a 50 mg dose early during pregnancy, but a much lower dose of 0.5 mg given at the 
same time of pregnancy might produce no observable teratogenic effects. Unfortunately, the dose-
response relationships for developmental toxicity of most agents in humans are not known, as the 
drugs for a given condition are usually prescribed over a narrow range and the lowest dose of 
pharmaceutical products is limited by effectiveness. However, several studies on valproic acid, a 
drug used to prevent seizures and for treatment of bipolar disorder, have shown that doses above 
1000 mg per day, which may be within the therapeutic dose range for some women, are associated 
with an increased risk of birth defects compared to doses less than 1000 mg/day. 


The concept of the threshold dose also assumes that embryotoxicity is dependent on multicellular 
injury that overwhelms the repair mechanisms of the embryo. Since repair mechanisms exist and are 
functional during embryonic development, it seems reasonable that minor insults from teratogenic 
exposures below the threshold dose could be overcome. Indeed, apoptosis, or programmed cell 
death, is a normal and necessary part of development. Excessive cellular injury, however, could 
instead result in widespread cell death, producing malformations. Maternal hyperthermia, exposure 
to ionizing radiation, and retinoic acid have all been shown to induce structural malformations 
through abnormal apoptotic processes at sufficiently high exposure levels. 


While the concept of a threshold dose is widely acknowledged, some scientists disagree and favor a 
continuum model of probability for the risk of developing malformations. Under a continuum model, 
there is no safe level of exposure, regardless of how small the exposure may be. Essentially, effects 
can occur at any dose. Only one third of the malformations that occur in humans have identified 
genetic or environmental causes. Most birth defects are categorized as spontaneous malformations, 
meaning their cause is unknown. Therefore, if internal factors can cause spontaneous malformations 
and exposure to a drug (or environmental cue) also affects the same internal factor, it is not 
unreasonable to suggest that even low exposures from the environment (or drugs) could tip the 
balance, resulting in birth defects in some individuals. As an example, consider a drug that alters 
vitamin A concentrations within embryos. Both too little and too much vitamin A can lead to birth 
defects. Thus, a drug that either increases or decreases the concentrations of vitamin A within 
embryos might tip the balance, potentially leading to a malformation. 


If the relationship between the dose of a compound and its response is continuous, can there ever 
be a safe level of exposure? While there is never 100% certainty, using the relationship between 
dose and outcomes from animal studies or from human cases of exposure, the uncertainty 
surrounding the risk of fetal malformation can be reduced by administering lower doses of the drug, 
assuming those doses are effective. Safe doses can be estimated by using safety factors, reducing 
problematic doses by multiples, usually of 10. 


The route and timing of exposure are also critical factors in determining the teratogenicity of a drug. 
The timing of exposure influences what structures or organ systems are most likely to be affected 
during development, along with the severity of the malformations. Reducing or eliminating exposures 
during the most sensitive windows of development is one way risks can be further lowered. In 
general, the most sensitive period of embryonic development is during organ formation or 
organogenesis (approximately weeks 3-8 in humans). At this stage of development, the embryo is at 
the greatest risk for major structural malformations. However, exposures occurring outside of this 
sensitive window (weeks 9-38) can also produce physiological defects and structural abnormalities. 
It is important to recognize that the critical period is not the same for all drugs or other agents. Some 
agents act only during a very small window of development (i.e. organ formation), while others have 
a much broader range. For example, exposure to thalidomide produces limb malformations when 
exposure occurs during the first trimester of pregnancy, while the teratogenic effects of the 







angiotensin-converting enzyme inhibitors used to manage blood pressure occur during the second 
two-thirds of pregnancy. Exposures to warfarin, ionizing radiation and methyl mercury also are 
known to induce birth defects outside of first trimester exposure. 


Knowledge of drug mechanisms and targets may also be used to lower risk. Antiepileptic drugs (e.g., 
valproic acid, carbamazepine, phenytoin) are prescribed to women to control seizures. However, this 
class of drugs is known to interfere with absorption of folic acid, a B vitamin. Low levels of folic acid 
early during pregnancy are one risk factor for development of neural tube defects. While all women 
are advised to consume 0.4 mg of folic acid per day before conception and through the first 
trimester, women who take antiepileptic medications are recommended to take up to 4 mg a day to 
lessen the chances of neural tube defects. Thus, understanding the mechanism of action for 
teratogens allows for intervention strategies that can reduce the potential adverse consequences of 
exposure. 


Quantitative biologically based dose-response models are a newer approach being used to 
mathematically estimate safer doses. Physiologically based pharmacokinetic (PBPK) models 
consider the physiological and metabolic changes that occur during pregnancy to help determine not 
only safe but effective doses. During pregnancy, there are many changes that occur physiologically 
and metabolically that can affect how a drug is absorbed, distributed, broken down and excreted. 
These parameters also vary based on the trimester of pregnancy. For example, studies have found 
that metabolism of drugs including lithium, lamotrigine, indinavir, and carbamazepine are altered 
during pregnancy. Metabolism may increase for some drugs, causing drug levels to fall below the 
therapeutic range, putting both the mother and fetus at risk. Conversely, pregnancy can also slow 
drug metabolism, resulting in higher exposure levels, which also place the fetus at an increased risk 
for developing birth defects. PBPK models allow for extrapolation across species and consider the 
routes of administration to further estimate safe exposure levels, reducing risk. 


Protecting the embryo or fetus from the effects of toxic exposures requires not only knowledge of the 
dose and timing of exposure, but also information of the target site and mechanisms by which 
toxicity occurs. If we know enough about these areas, the safe use of medications during pregnancy 
is still possible. 


Disclaimer: The views presented in this article do not necessarily reflect those of the Food and Drug 
Administration. 
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What Sources of Information Are Available on 
Developmental Risks and Pregnancy Safety? 


Anthony R. Scialli Reproductive Toxicology Center, Washington DC 
Janine E. Polifka University of Washington Seattle, Washington 
 
Concern about birth defects sends many people planning to have children to health care 
professionals with questions about how their exposures to drugs and environmental agents might 
affect their pregnancies. The number of published teratology and developmental toxicology studies 
continues to increase and communicating accurate and up-to-date information is challenging. 


Prospective parents need help in understanding that there is a background rate of adverse 
pregnancy outcome in the general population. Approximately 15–20% of recognized pregnancies 
end in spontaneous abortion (miscarriage), and with the use of sensitive early pregnancy testing, 
that rate is even higher. The higher rate with sensitive testing is due to most miscarriages occurring 
early in the pregnancy, before some women know they are pregnant. In a woman who is paying 
close attention to her menstrual cycles and who uses a sensitive test soon after a cycle is missed, 
these early pregnancy losses can be detected. About 2–4% of pregnancies result in a child with a 
major birth defect or cognitive impairment. Add to that the other illnesses that might be diagnosed in 
childhood—attention deficit/hyperactivity disorder, autism, leukemia—and there is a large burden of 
outcomes for which parents might be inclined to blame themselves if they have been exposed to a 
medication, virus, radiation, or chemical. Even exposures that don’t cause adverse outcomes can 
cause guilt. 


In women being treated with medications, it is not fair to emphasize risks associated with drug 
therapy without balancing the discussion with the benefits to the mother and baby of treating an 
illness in the pregnant woman. The best place to grow a healthy fetus is in a healthy mother, and 
discontinuing medication therapy during pregnancy may not be in the best interest of the mother or 
the fetus. A patient’s family or medical history may indicate more risk for the pregnancy than the 
drug(s) in question. Occupational history can also be helpful when evaluating teratogenic risk. 
What sources of information are best? When health care practitioners have questions about 
medications during pregnancy, they usually consult the product labeling. For drugs, product labeling 
is developed at the time a new product is approved by regulatory agencies such as the Food and 
Drug Administration (FDA) in the U.S, European Medicines Agency (EMA) in the European Union, 
and national regulatory authorities in other locations. The labeling describes the chemistry, 
pharmacology, and toxicology of the drug. It provides information on which uses (indications) and for 
which patient populations the drug has been approved and what the recommended doses are. The 
labeling includes results from both experimental animal and clinical studies to describe the safety 
and effectiveness of the drug. The pregnancy section of the label for a new drug is based almost 
entirely on laboratory animal data. It is a challenge to practitioners and pregnant patients to 
understand the information in the labeling and determine the risk for an individual patient. 
Experimental animal studies are discussed in another chapter and global product labeling. 
Drug labeling may not provide all the information that might be helpful in making treatment decisions 
for reproductive couples, and environmental/occupational chemicals have little useful labeling 
information. Physical and biological exposures (X-rays, heat, ultrasound, viruses) can also be of 
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concern to couples and do not come with labels. Resources include textbooks, computerized 
databases, and teratology information services. Textbooks that provide information regarding the 
reproductive effects of environmental agents can be found in the Suggested Reading section that 
follows; however, textbooks quickly become outdated. A few textbooks now are sold with access to 
an updatable online version. One such textbook is Drugs in Pregnancy and Lactation by Gerald 
Briggs and colleagues. Peer-reviewed journals publish original studies, review articles, editorials, 
and information on upcoming conferences, but the sheer volume and complexity of these studies put 
them beyond the reach of some clinicians and most patients. Computerized databases contain 
information on thousands of agents, including medications, and summarize information from 
scientific studies. We will discuss the two databases with which we are involved. 


TERIS is a computerized database designed to assist healthcare providers in assessing and 
counseling pregnant women regarding possible risks of teratogenic exposures. TERIS includes 
information on teratogenicity, transplacental carcinogenesis, embryonic or fetal death, and fetal and 
perinatal pharmacologic effects of drugs and other environmental agents. The database consists of 
a series of agent summaries, each of which synthesizes and evaluates data obtained from a 
thorough review of the primary literature. Every TERIS summary includes a risk assessment derived 
by consensus of 10 internationally-recognized authorities in clinical teratology. TERIS was 
developed and is maintained through user subscriptions and royalties. 
 
REPROTOX® (www.reprotox.org) is written and maintained by the Reproductive Toxicology Center, 
A Non-Profit Foundation in Washington, D.C. The database contains several thousand summaries 
on medications, environment and occupational chemicals, physical agents, and biologics. Database 
entries are updated on a continual basis with the entire database updated on average every 6–7 
months. New summaries are added on request. Unlimited access to the database is available to 
members online and on handheld devices. Students at any level of training are given memberships 
without charge. Other members pay a monthly or yearly fee that supports the professional staff in 
the updating of existing summaries and the writing of new summaries. 
 
Teratology Information Services (TIS) are comprehensive, multidisciplinary resources that provide 
free, up-to-date information about the developmental and reproductive effects of environmental 
agents to health care providers and the public. Most TIS have at least one full time teratogen 
information specialist and are directed by individuals with a medical or doctoral degree and expertise 
in clinical teratology. TIS are usually located at major medical universities or state health 
departments and access a variety of resources, including medical libraries, online reproductive 
databases, and consultants in teratology-related fields, including toxicology, pharmacology, 
occupational medicine, genetics, radiation biology, infectious diseases, perinatology, and 
epidemiology. Although TIS operate independently, the Organization of Teratology Information 
Specialists (OTIS) was formed in 1987 to facilitate education and training in this area and to 
establish quality-assurance criteria. Public outreach is conducted through a public-facing service 
called MotherToBaby. Teratology information specialists are in a unique position to quickly respond 
to public concerns that may be raised when research findings reach the popular press before health 
care providers can critically evaluate them. Take a look at https://MotherToBaby.org where you will 
find more information, dozens of fact sheets, information about research projects and more. 
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Preface 


The first edition of the Teratology Primer was published by the Society for Birth Defects Research 
and Prevention in 2005 and a second edition was published in 2010. Thousands of paper copies 
were distributed to colleagues and trainees. We have now prepared a third edition, available 
electronically, to update and expand the discussions in the first two editions. 
 
The goal of the Primer is to give you in a few short pages, a sense of what the field of teratology 
means to its practitioners. What is teratology anyway? Do I want to be a teratologist? How are 
chemicals evaluated for reproductive risk? What exposures should concern us? This Teratology 
Primer is meant to answer these questions and more. Topics range from how birth defects are 
diagnosed, to the impact of genes or environmental exposures, to ethical considerations, to the use 
of systems biology and computational approaches to predict teratogenic risk, and to how information 
is communicated. 
 
The Primer was written by scientists who want to share their fascination for the development of 
complex organisms from a couple of microscopic cells, and for why and how things don’t always go 
right in the process. Being a teratologist is having a front row seat for the most exciting and 
mysterious performances known to this planet. We hope that you will become as excited about 
working in this field as are the contributing authors. If you find yourself drawn to a topic and you want 
to learn more, please contact the Society for Birth Defects Research and Prevention. You are the 
future of this field. 
 
It is our hope that this edition of the Teratology Primer lays the common foundation for basic 
scientists, clinician scientists, healthcare professionals, trainees, policy makers, and anyone who 
has an interest in the discipline to acquire the knowledge that they seek. We have tried to give a 
balanced presentation of different views but not every scientist whose name is listed as a contributor 
to this book will agree with every statement made in the Primer. Indeed, as in any field, ours has its 
controversies and highly qualified scientists will take opposite positions on topics of the day. Don’t let 
disagreements in the field bother you. Science has always included different views, and amplification 
of these views is how the field moves forward. 
 
If you find a topic that particularly interests you or if you have a question, feel free to contact 
individual chapter authors. Contact information is listed so you can get in touch with any of us. You 
will find that teratologists are always interested in talking about their work. Feel free also to look 
around the Society for Birth Defects Research and Prevention website.  
 
We should like to acknowledge the dedicated support of headquarters staff for their roles in the 
production of this Primer. We thank all the contributors and members of the Society for Birth Defects 
Research and Prevention for their valuable contributions and support in making this Primer possible. 
 


 
Barbara Hales, Anthony Scialli, and Melissa Tassinari 
Editors, Teratology Primer, 3rd Edition 
Published January 22, 2018 
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What is Teratology? (Foreword from first edition of 
Teratology Primer) 
F. Clarke Fraser, 1920-2014, was one of the founders of the Teratology Society. This original 
foreword is included for historical perspective. 
 
“What a piece of work is an embryo!” as Hamlet might have said. “In form and moving how express 
and admirable! In complexity how infinite!” It starts as a single cell, which by repeated divisions gives 
rise to many genetically identical cells. These cells receive signals from their surroundings and from 
one another as to where they are in this ball of cells - front or back, right or left, headwards or 
tailwards, and what they are destined to become. Each cell commits itself to being one of many 
types; the cells migrate, combine into tissues, or get out of the way by dying at predetermined times 
and places. The tissues signal one another to take their own pathways; they bend, twist, and form 
organs. An organism emerges. This wondrous transformation from single celled simplicity to myriad-
celled complexity is programmed by genes that, in the greatest mystery of all, are turned on and off 
at specified times and places to coordinate the process. It is a wonder that this marvelously 
emergent operation, where there are so many opportunities for mistakes, ever produces a well-
formed and functional organism. 


And sometimes it doesn’t. Mistakes occur. Defective genes may disturb development in ways that 
lead to death or to malformations. Extrinsic factors may do the same. “Teratogenic” refers to factors 
that cause malformations, whether they be genes or environmental agents. The word comes from 
the Greek “teras”, for “monster”, a term applied in ancient times to babies with severe malformations, 
which were considered portents or, in the Latin, “monstra”. 


Malformations can happen in many ways. For example, when the neural plate rolls up to form the 
neural tube, it may not close completely, resulting in a neural tube defect –anencephaly if the 
opening is in the head region, or spina bifida if it is lower down. The embryonic processes that form 
the face may fail to fuse, resulting in a cleft lip. Later, the shelves that will form the palate may fail to 
move from the vertical to the horizontal, where they should meet in the midline and fuse, resulting in 
a cleft palate. Or they may meet, but fail to fuse, with the same result. The forebrain may fail to 
induce the overlying tissue to form the eye, so there is no eye (anophthalmia). The tissues between 
the toes may fail to break down as they should, and the toes remain webbed. 


Experimental teratology flourished in the 19th century, and embryologists knew well that the 
development of bird and frog embryos could be deranged by environmental “insults”, such as lack of 
oxygen (hypoxia). But the mammalian uterus was thought to be an impregnable barrier that would 
protect the embryo from such threats. By exclusion, mammalian malformations must be genetic, it 
was thought. 


In the early 1940s, several events changed this view. In Australia an astute ophthalmologist, Norman 
Gregg, established a connection between maternal rubella (German measles) and the triad of 
cataracts, heart malformations, and deafness. In Cincinnati Josef Warkany, an Austrian pediatrician, 
showed that depriving female rats of vitamin B (riboflavin) could cause malformations in their 
offspring – one of the early experimental demonstrations of a teratogen. Warkany was trying to 
produce congenital cretinism by putting the rats on an iodine deficient diet. The diet did indeed 
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cause malformations, but not because of the iodine deficiency; depleting the diet of iodine had also 
depleted it of riboflavin! 


Several other teratogens were found in experimental animals, including nitrogen mustard (an anti 
cancer drug), trypan blue (a dye), and hypoxia (lack of oxygen). The pendulum was swinging back; it 
seemed that malformations were not genetically, but environmentally caused. 


In Montreal, in the early 1950s, Clarke Fraser’s group wanted to bring genetics back into the picture. 
They had found that treating pregnant mice with cortisone caused cleft palate in the offspring and 
showed that the frequency was high in some strains and low in others. The only difference was in 
the genes. So began “teratogenetics”, the study of how genes influence the embryo’s susceptibility 
to teratogens. 


The McGill group went on to develop the idea that an embryo’s genetically determined, normal, 
pattern of development could influence its susceptibility to a teratogen – the multifactorial threshold 
concept. For instance, an embryo must move its palate shelves from vertical to horizontal before a 
certain critical point or they will not meet and fuse. A teratogen that causes cleft palate by delaying 
shelf movement beyond this point is more likely to do so in an embryo whose genes normally move 
its shelves late. 


As studies of the basis for abnormal development progressed, patterns began to appear, and the 
principles of teratology were developed. These stated, in summary, that the probability of a 
malformation being produced by a teratogen depends on the dose of the agent, the stage at which 
the embryo is exposed, and the genotype of the embryo and mother. 


The number of mammalian teratogens grew, and those who worked with them began to meet from 
time to time, to talk about what they were finding, leading, in 1960, to the formation of the Teratology 
Society. There were, of course, concerns about whether these experimental teratogens would be a 
threat to human embryos, but it was thought, by me at least, that they were all “sledgehammer 
blows”, that would be teratogenic in people only at doses far above those to which human embryos 
would be exposed. So not to worry, or so we thought. 


Then came thalidomide, a totally unexpected catastrophe. The discovery that ordinary doses of this 
supposedly “harmless” sleeping pill and anti-nauseant could cause severe malformations in human 
babies galvanized this new field of teratology. Scientists who had been quietly working in their 
laboratories suddenly found themselves spending much of their time in conferences and workshops, 
sitting on advisory committees, acting as consultants for pharmaceutical companies, regulatory 
agencies, and lawyers, as well as redesigning their research plans. 


The field of teratology and developmental toxicology expanded rapidly. The following pages will 
show how far we have come, and how many important questions still remain to be answered. A lot of 
effort has gone into developing ways to predict how much of a hazard a particular experimental 
teratogen would be to the human embryo. It was recognized that animal studies might not prove a 
drug was “safe” for the human embryo (in spite of great pressure from legislators and the public to 
do so), since species can vary in their responses to teratogenic exposures. A number of human 
teratogens have been identified, and some, suspected of teratogenicity, have been exonerated – at 
least of a detectable risk. Regulations for testing drugs before market release have greatly improved. 
Other chapters deal with how much such things as population studies, post- marketing surveillance, 
and systems biology add to our understanding. And, in a major advance, the maternal role of folate 
in preventing neural tube defects and other birth defects is being exploited. Encouraging women to 







take folic acid supplements and adding folate to flour have produced dramatic falls in the frequency 
of neural tube defects in many parts of the world. 


Progress has been made not only in the use of animal studies to predict human risks, but also to 
illumine how, and under what circumstances, teratogens act to produce malformations. These 
studies have contributed greatly to our knowledge of abnormal and also normal development. Now 
we are beginning to see exactly when and where the genes turn on and off in the embryo, to 
appreciate how they guide development and to gain exciting new insights into how genes and 
teratogens interact. The prospects for progress in the war on birth defects were never brighter. 
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How do Epidemiologic Studies Contribute to the 
Identification of Teratogenic Exposures? 


Gary M. Shaw, DrPH Professor, Stanford University School of Medicine, Department of Pediatrics, 
Division of Neonatal and Developmental Medicine, Stanford, CA 
Sonja A. Rasmussen, MD, MS Centers for Disease Control and Prevention, Atlanta, GA 


The findings and conclusions in this report are those of the authors and do not necessarily represent 
the official position of the Centers for Disease Control and Prevention. 


Epidemiology is the study of the distributions of, and risk factors for, diseases in human populations. 
Epidemiologists use a variety of designs and statistical procedures to identify and assess risk 
factors. Epidemiologists who study birth defects are specifically interested if a particular exposure is 
teratogenic. Although clinical observations from a single case or case series sometimes play a role 
in understanding the effects of a particular exposure during pregnancy, in most circumstances, it is 
difficult to know whether the observed outcome is due to the pregnancy exposure or if the exposure 
is incidental. However, these clinical observations may raise clues that can be addressed in 
epidemiologic studies. 


Unless a particular exposure (procedure) is thought to be beneficial, most clinical studies cannot 
ethically be experimental in their design, e.g., randomized controlled trials. Therefore, 
epidemiologists typically conduct observational studies on populations. In experimental studies, the 
investigator has much more “control” over the many exposures study subjects may encounter, 
whereas in observational studies, the investigator is relegated to being an “observer” of the 
exposures of subjects in a study population. In some instances, these exposures are not known or 
cannot be adequately controlled. Thus, observational epidemiology studies offer associations and do 
not establish causation. 


The two primary types of observational studies that epidemiologists have at their disposal 
are cohort and case-control studies. The cohort study approach starts with one group of individuals 
in a defined population exposed to a particular agent and compares the risk of disease/outcome in 
that group to a second group of individuals from the population not exposed to the same agent 
(Figure 1). Cohort studies may include the entire population of interest or at least a large segment of 
the population and often require long periods of follow-up time to reliably measure the risk of 
disease/outcome between the two groups. The second main type of observational study design – 
the case-control – includes all cases of the disease of interest in the defined population, but only a 
sample of the non-diseased population (Figure 2). The epidemiologist determines the ratio of cases 
to controls that are included in the study, and compares the frequency of the exposure/factor of 
interest between cases (with the disease of interest) and controls (those without the disease of 
interest). These types of studies tend to be more economical than cohort studies, because one does 
not have to enroll as many individuals as would be needed in a cohort study, many of whom will 
never get the disease/outcome that is of interest for the study. This is particularly important when the 
study outcome is infrequent. 
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Figure 1. Study design 
of a cohort study: 
Pregnancies (exposed 
and unexposed to the 
agent of interest) are 
identified from all 
pregnancies in a 
defined population. 
Birth outcomes 
(whether the baby has 
a birth defect or not) 
are determined. The 
proportion of infants 
with birth defects 
among exposed 
pregnancies is then 
divided by the 
proportion of infants 
with birth defects 
among unexposed 
pregnancies to 
determine the relative 
risk. Adapted from 
Fletcher et al., 2005.  


Figure 2. Study 
design of a case-
control study: All 
infants with birth 
defects are identified 
from a defined 
population and a 
sample of infants 
without birth defects 
is selected from the 
same defined 
population. 
Information is 
assessed about 
exposure during 
pregnancy after the 
pregnancy is 
complete and the 
outcome is known. 
The odds ratio, 
which estimates 
relative risk when 
the outcome is rare, 
is calculated as the 


odds of exposure among cases divided by the odds of exposure among controls. Adapted from 
Fletcher et al., 2005. (Rothman, 2002; Mitchell, 2003; Rasmussen et al., 2003; Fletcher and 
Fletcher, 2005; Mitchell, 2005; Jenkins et al., 2007; Carey et al., 2009) 
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Associations in these observational studies are assessed by calculating “risk estimates” for the 
exposed group relative to the unexposed group. The typical measure used in cohort studies to 
estimate how large an association is between a factor of interest and a disease/outcome of interest 
is known as the relative risk – see Figure 1. A relative risk of 1.0 indicates that the risk of disease in 
the group exposed to the factor is the same as the risk of disease in the group not exposed. Relative 
risks more than 1.0 indicate that risks are higher in the exposed group, whereas relative risks less 
than 1.0 indicate that risks are lower in the exposed group when compared to the unexposed. The 
typical measure used in case-control studies to estimate how large an association is between an 
exposure or factor of interest and a disease/outcome of interest is known as the odds ratio - 
see Figure 2. The odds ratio is an approximation of the relative risk when the outcome is rare, and 
its interpretation is similar to the relative risk. That is, an odds ratio of 1.0 indicates no association 
between factor and disease, an odds ratio >1.0 indicates an increased risk association, and an odds 
ratio <1.0 indicates a decreased risk association. Confidence intervals are a measure of statistical 
precision of the relative risk or the odds ratio. Confidence intervals that contain 1.0 indicate that 
relative risk or odds ratio estimates do no not differ statistically from the no-effect value of 1.0. 


Conducting epidemiologic studies and drawing inferences from such observational studies require 
the epidemiologist to be cognizant of methodologic issues pertinent to the exposure and the disease 
being studied. These issues include ascertainment of defects, grouping of defects, choice of control 
groups, confounding, and chance: 


Ascertainment - Some birth defects are much more easily ascertained, e.g., severe heart defects, 
such as hypoplastic left heart syndrome, are more likely to be ascertained than less severe heart 
defects, such as ventricular septal defects and atrial septal defects. These less severe defects are 
much more difficult to ascertain uniformly in a population because they may be asymptomatic in 
early life. Ascertainment of a defect needs to be nearly complete: if there is variability within a study 
in how well defects are ascertained between exposed and unexposed individuals, the observed 
result may be spurious. 


Grouping of defects - Human birth defects comprise many different developmental systems and 
structures, reflecting manifold differences in underlying pathogenesis and etiologies. It is believed 
that most teratogenic exposures do not tend to increase risks of all birth defects. Many investigators 
have pointed out that even specific groups of defects, e.g., heart defects, are heterogeneous in 
anatomy, development, and epidemiologic factors. Combining different birth defect types for 
analyses is a valid approach only if the defects being lumped have an underlying pathogenesis that 
is similar. 


Control groups - A very important consideration in case-control studies is the selection of the 
control group. An appropriate control group in a study of a specific birth defect is a random sample of 
mothers/babies who would have been included in the case group if their child had the birth defect 
being studied. In the circumstance with a medication taken during pregnancy that is indicated for a 
limited set of underlying conditions (e.g., a particular antidepressant medication), a further approach 
might be to choose a control group that had the underlying condition but did not use the medication. 
The latter may not be practical nor may it be ideal because those with the underlying condition may 
differ in severity of the condition. 


Confounding - Studies investigating whether a specific birth defect is associated with a particular 
exposure need to accurately assess whether other factors associated with the exposure contribute 
to the results, such as maternal age. For a factor to be a confounder, it must be associated with both 
the exposure and the outcome. If these other factors are known and have been measured, they can 
be addressed analytically with statistical methods such as logistic regression. 
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Chance - As noted above, the confidence interval provides a guide to determining the likelihood that 
a result occurred by chance. Another way to determine such likelihood is by using p values. The p 
value is an estimate that the differences observed occurred by chance alone, assuming that there is 
no difference between exposed and unexposed women. Typically, p values of < 0.05 are considered 
statistically significant, meaning that if the study was repeated many times the true effect estimate 
would be within the confidence limit 95% of the time. 


Bias - In addition to chance, it is important to consider whether some sort of study bias is an 
alternative explanation of the results that have been observed. Bias can be introduced in a variety of 
ways, e.g., mother’s recall of an exposure, incomplete case ascertainment, and confounding 
(description above). If bias is present, it will cause observed results to differ from the truth. 
Observational studies need to be particularly aware of such biases because the “treatment” or 
exposure under study was not assigned randomly. Statistical methods sometimes, but not always, 
can be used to address some biases. One factor to consider in case-control studies is whether the 
results observed could be due to recall bias, the tendency for a woman who had a baby with a birth 
defect to be more likely to recall prenatal exposures than a woman who had a baby without a birth 
defect. 


Absolute Risk vs. Relative Risk - Another issue to consider is what the study results mean for an 
individual woman with a particular exposure. It is important to recognize that an elevated relative risk 
or odds ratio needs to be put into context by taking into account the frequency at which the outcome 
occurs in the general population. A relative risk of 3 means that an exposed woman is at a three-fold 
increased risk of the particular outcome. If the outcome is rare (1 in 100,000), her absolute risk if 
exposed to the medication is 3 in 100,000 (1 in 33,333), whereas if the outcome is more common (1 
in 100), her absolute risk would be 3 in 100, or 3%. 


In summary, epidemiologic studies can be used to better understand effects of certain exposures 
during pregnancy; however, many factors need to be considered before assuming that the effect 
observed in a study is valid and meaningful for an individual woman.(Mitchell, 2003; Fletcher and 
Fletcher, 2005; Lagoy et al., 2005; Carey et al., 2009) (Rothman, 2002; Rasmussen et al., 2003; 
Mitchell, 2005; Jenkins et al., 2007) 
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Introduction 


A convergence of in vitro approaches, high throughput screening methodology, computational 
approaches and characterization of toxicity pathways has enabled a revolution in the toxicology field. 
The National Research Council (NRC) recognized these advancements and published a 
groundbreaking report “Toxicology in the 21st Century,” which envisions how the field may evolve by 
applying these advancements. In lieu of traditional toxicological assessment evaluating adverse 
findings in animal studies, the future approach is based upon interpretation of toxicological 
mechanisms, primarily by using a suite of in vitro models for testing compounds and a systems 
biology approach for interpreting data for signatures indicative of toxicity. This approach is 
envisioned to accomplish both hazard and risk assessment. Hazard assessment involves the 
identification of a compound’s potential to cause toxicity. In the NRC paradigm, this would be 
accomplished by assessing the compound’s response through an in vitro test battery and 
assessment of its associated profiles of cytotoxicity, cellular changes, and/or aberrations of toxicity 
pathways. Risk assessment is a process that estimates the nature and probability of adverse 
effects in vivo based upon the degree of exposure to the agent. In the NRC paradigm, risk 
assessment would be accomplished by assessing the concentration response of a chemical in the in 
vitro test battery and using extrapolation modeling to project animal/human adverse toxicological 
exposures. 


Bringing the NRC vision to fruition is particularly relevant to the developmental and reproductive 
toxicology (DART) field, where traditional whole animal assessments are estimated to represent 
about 70% of the animal use and 90% of the costs associated with industrial toxicology 
assessments. To this end, a number of in vitrodevelopmental model systems have been evaluated 
for refining, reducing, or replacing animals for assessment of teratogenic potential of pharmaceutical 
compounds and chemicals. Such models have included rodent embryonic stem (ES) cells or human 
induced pluripotent stem (iPS) cells, which have the potential to be integrated into high throughput 
screening (HTS). Additional animal-based assays, such as rodent micromass, which models early 
chondrocyte or neuron development, and rodent whole embryo culture have been under evaluation. 
Assays based on the use of alternative species, such zebrafish embryo culture, are also of extensive 
interest because of the ability to test a whole embryo. 


These assays have shown promise as hazard identification assays for assessing the teratogenic 
potential of chemicals. However, a less established area is the ability to use these assays in risk 
assessment applications, which will require extensive in vitro assessment in context of in 
vivo exposure information and eventual generation of pharmacokinetic models that will link in 
vitro concentrations to those expected in vivo. The DASTON validation list was published as a 
means to provide researchers with a test set of compounds that have been tested in standard DART 
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assessments and include in vivo exposure information associated with non-teratogenic and 
teratogenic exposures. To this end, early efforts have begun to examine developmental toxicology 
assays for concentration-related response signals of teratogenicity and to compare them against test 
animal in vivo exposures that were not developmentally toxic versus those that produced 
malformations or were embryolethal. We evaluated the DASTON validation compounds and a set of 
pharmaceutical compounds to examine the potential relationship of a respective compound’s 
concentration response in mouse ES cells versus the rat whole embryo culture (WEC) assay. Our 
intent is to tier and/or integrate these assays as a means to evaluate in vitro to in vivo (IVIV) 
exposure correlations. The attributes of the ES assay include its potential for HTS, ability to test wide 
concentration ranges of a compound and its adaptability to be applied to a human iPS model. The 
rat WEC assay represents an intact whole embryo model representing the primary in vivotest 
species used in DART assessment. In addition, the WEC media is comprised of 70% serum, which 
is similar to in vivo circulation and may better model a respective compound’s protein binding and 
activity profiles. A brief description of the ES and WEC models and an example of how this 
evaluation may be conducted is presented for the human teratogen valproate. 


Mouse Embryonic Stem Cells 


Mouse ES cells have been used extensively to classify the teratogenic liability of compounds 
undergoing early assessments. ES assays typically use the cytotoxicity of fibroblasts or ES cells as 
well as differentiation endpoints. ES cells are maintained as pluripotent in the presence of media 
supplements until the start of the assay (Figure 1A). Upon removal of these supplements, the cells 
aggregate into clusters called embryoid bodies (EBs) (Figure 1B) and spontaneously differentiate 
into cardiomyocytes. The ES assays typically compare a compound’s fibroblast cytotoxicity profile 
with its effect on inhibiting EB cardiomyocyte differentiation. ES cells are treated with a concentration 
range of compound and the concentration that causes 50% cytotoxicity (the IC50) is calculated from 
the cell viability curve (Figure 2). The IC50 is used in combination with differentiation endpoints 
(beating cardiomyocytes, transcriptional targets of differentiation, etc.) to predict teratogenic liability. 
Variations of ES assays with diverse differentiation endpoints were developed over the last decade 
and achieve about 70-80% accuracy in correctly classifying compounds that were not 
developmentally toxic versus those that produced malformations or were embryolethal. Efforts are in 
progress to determine whether ES cytotoxicity profiles can predict a range of possible in 
vivo teratogenic exposure concentrations. Working with a set of compounds with characterized in 
vivoteratogenic maximal concentration (Cmax) exposures, a range algorithm was generated for 
testing larger numbers of compounds. For example, working with ~20 DASTON and pharmaceutical 
compounds, a preliminary teratogenic Cmax concentration range algorithm was developed using ES 
IC50 and 1:25 IC50 values as a possible adverse effect exposure range. This algorithm can be 
applied to predict the exposure range used in DART testing. As an example, the teratogenic Cmax 
concentration of rats treated with valproate was 800 µM. By using the ES IC50 value (3,643 µM), a 
range of possible effect concentrations was identified (as 146 - 3,643 µM, Figure 2). The predicted in 
vivo adverse effect range may also be used to identify a concentration range to test in the rat WEC 
assay to refine prediction of the adverse effect Cmax range. 
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Figure 1. A. Pluripotent 
mouse embryonic stem D3 
cells. B. Day 4 embryoid 
bodies. 


 


 


 


 


Figure 2. Valproate 3-day 
ES D3 viability curve. The 
range of possible in 
vivoteratology exposures 
may be predicted by 
calculating the IC50 from 
this curve (range: 1:25 of 
the IC50 - IC50). The 
published in vivo effect 
concentration (800 µM) was 
captured correctly.  


 


 


Rat Whole Embryo Culture 


Neurulating rat embryos are placed into culture in the presence of compound for 2 days (Figure 3A). 
During culture, the embryos undergo early organogenesis, where primitive structures and organ 
systems form (Figure 3B). At the end of culture, embryos are morphologically assessed for 
alterations in viability, growth, and malformations. These basic endpoints have been applied in 
various forms of WEC assays for teratogenic assessment, and the approach may also be applicable 
for identifying potential teratogenic exposures. In most cases the teratogenic Cmax of the ~20 
DASTON and pharmaceutical compounds caused a > 30% incidence of malformed embryos, 
whereas the known negative in vivo concentration were comparable to vehicle (<10%). For example, 
when treating rat embryos with valproate at the teratogenic Cmax concentration (800 µM), 100% of 
the embryos were severely malformed (Figure 4) but when embryos were treated with 1 µM 
valproate, which is well below the rat lowest-adverse-effect exposure, only 10% of the embryos were 
malformed. 
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Figure 3. Rat embryos. (A) 
Gestation day 9 rat embryo. 
(B) Gestation day 11 rat 
embryo grown in vitro. 


 


 


 
 


Figure 4. Whole embryo 
culture gestation day 11 rat 
embryos cultured in 
presence/absence of 
valproate. (A) Vehicle 
(0.02% DMF) treated 
embryo with normal 
morphology. (B) 800 µM 
valproate treated rat embryo 
with abnormal morphology 
(dysmorphology of the 
spinal cord and forebrain). 


 


It may be possible to integrate the ES IC50 and WEC approach for predicting teratogenic Cmax 
exposures of compounds that have not been assessed in DART studies. For instance, the ES 
cytotoxicity profile may be used to identify a teratogenic range that could be further tested in a 
concentration range in WEC. The adverse effect exposure concentration would be predicted to be 
greater or equal to the calculated 30% effect concentration. 


Concluding Statement 


Efforts in developing approaches to improve in vitro to in vivo exposure relationships is a work in 
progress. The described model is preliminary in nature but is intended to provide an example of how 
this effort can be an approach towards achieving the Tox 21 goal of establishing methods to better 
correlate in vitro to in vivoadverse effect exposures. Available exposure data of definitive teratogenic 
exposures is limited in the literature but unpublished resources are available within industrial sectors. 
Therefore collaboration among scientists in sharing such data and joint efforts to generate and 
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validate promising methods are key for successfully generating robust models for assessing in 
vitro/in vivo exposure correlations. 
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For decades teratologists have indicated that 65-75% of birth defects have an unknown cause; only 
a small percentage of causes can be attributed to infections, environmental exposures and a limited 
number, perhaps up to 25%, can be attributed to known genetic or cytogenetic causes. As a key 
teratologic concept, it is commonly posited that many, perhaps most, structural birth defects are 
caused by the combined effects of individual host susceptibilities (genetic factors) that interact with 
exogenous exposures (environmental factors). Despite this long accepted prevailing principle, 
research efforts to comprehensively examine the role of genetic variation and the interaction of these 
genetic variants with environmental exposures and lifestyle factors in the etiology of birth defects 
have been relatively few. This is an area of study that will likely pay big etiologic dividends in the 
coming years now that the costs associated with genomic interrogations are ever more economical, 
facilitating their incorporation into larger scale epidemiologic investigations. 


Interactions or effect modifications can arise between a particular gene or set of genes and one 
factor or potentially multiple factors. The complexity of such interactions can quickly become 
challenging to tease out analytically and to test experimentally in a rigorous hypothesis driven 
manner. The underlying biologic relationship that is hypothesized is critical to how one approaches 
the analysis and the subsequent attendant inference(s). As hypothetical disease examples: does the 
genetic factor exacerbate the risk factor (or vice versa) to increase overall disease risk? Or, are both 
the genetic factor and the risk factor necessary to increase the disease risk? Additional questions 
can also arise as to whose genetic background (mother, father, or infant) and whose exposure 
(mother or father) is most pertinent. 


As with other observational studies of the human condition, identification of risks between a gene 
and an environmental factor requires a careful assessment of whether the observed relationship has 
arisen by chance or bias. For example, has some selective force in the study design or methods 
allowed an excess of cases (or a deficiency of controls) with both the genetic and the environmental 
factor? In this chapter, we offer a few examples where investigations of the interplay of gene-
environment factors have furthered the etiologic understanding of certain birth defect phenotypes. 


Genetic variation affects food tolerances and may also influence dietary requirements. A good 
example is the striking finding about the critical role played by a simple vitamin, folic acid (vitamin 
B9), in normal embryonic development. Neural tube defects (NTDs) are common congenital 
malformations, occurring in approximately 1 per 2000 liveborn infants, and are known to have both 
an environmental and genetic component to their development. Epidemiologic and experimental 
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studies demonstrate the benefit of folic acid supplementation in preventing NTDs and other 
congenital anomalies, although just how it provides these benefits remains unknown. There are 
some NTDs that are not preventable by folic acid supplementation, suggesting that a “genetic 
subpopulation” may exist that is either less responsive to folic acid supplementation, or has a 
different underlying cause for these malformations. Researchers have investigated variants in genes 
associated with folate metabolism and transport as potential risk factors for NTDs. These genes 
include: folate receptor alpha (FRα); reduced folate carrier (SLC19A1); 5,10-
methylenetetrahydrofolate reductase (MTHFR); cystathionine β-synthase (CBS); methionine 
synthase (MTR); methionine synthase reductase (MTRR); methylenetetrahydrofolate 
dehydrogenase (MTHFD1); betaine-homocysteine methyltransferase (BHMT); and thymidylate 
synthase (TYMS). Interactions between maternal folate intake and variations in folate genes (e.g., 
MTHFR C677T, MTRR A66G, and SLC19A1 A80G) have been suggested by these studies. For 
example, in a population-based case–control study conducted in California, infants with an 80GG 
genotype of the SLC19A1 gene born to mothers who did not take vitamin supplementation during 
early pregnancy had a significantly higher risk of developing spina bifida than did those with the 
same genotype whose mothers were receiving exogenous folates. In another study from California, 
investigators observed that the risk of spina bifida was only slightly elevated for infants who 
possessed the risk SNP, rs11627387, in another folate-related gene, MTHFD1, but for infants who 
also had low folate intake the risk of spina bifida increased four-fold. 
 
Another example of gene-environment interaction involves anticonvulsant drugs, long recognized as 
causing birth defects in infants exposed in utero. However, only about 11 to 20% of these infants will 
exhibit neurodevelopment impairment with or without structural defects, while about 3% to 10% will 
be born with structural malformations alone. In animal studies, there are clear differences in 
anticonvulsant-induced NTD susceptibility between inbred mouse strains. It is likely that a 
comparable situation exists for humans, where an estimated 1 to 2% of infants exposed in utero to 
valproic acid will be born with spina bifida or other forms of NTDs. Detoxification enzymes involved 
in metabolizing drugs and other chemicals, as well as toxic compounds produced by the mother or 
fetus, may play a determining role in whether the exposed embryo expresses an abnormal 
phenotype. Variant forms of both Phase 1 (cytochrome P450 enzymes) and Phase 2 (e.g., epoxide 
hydrolase, glutathione transferases, sulfotransferases, and N-acetyl transferases) enzymes are likely 
to increase risk of congenital malformations, because poor metabolizers may experience a “build-up” 
of toxic chemicals in susceptible embryonic tissues, or because enhanced, rapid metabolism by 
Phase 1 enzymes may produce more toxic intermediates than the Phase 2 enzymes can handle. 
Phase 1-generated intermediates that are chemically reactive and bind to protein or DNA may be 
teratogenic, mutagenic, or carcinogenic. 


Only a few clinical studies have investigated some of these enzyme variants with respect to risks of 
structural birth defects. Recently, the MTHFR C677T genotype, which reflects impaired one carbon 
metabolism was studied regarding the frequencies of major malformations following in utero 
exposure to antiepileptic drugs. Most of the clinically important antiepileptic drugs inhibit folic acid 
metabolism. Neither the “risk allele” (T) nor the antiepileptic drug-exposure alone had a significant 
impact on the rate of serious malformations in the offspring, but when these two factors co-existed, 
the risk increased, suggesting that genetic testing may help predict which infants are at the greatest 
risk of developing birth defects from exposure to anticonvulsant drugs. 


Cigarette smoking and the risk for having an infant with an orofacial cleft is an example of a gene-
environment interaction. Maternal smoking during pregnancy is associated with cleft lip and/or 
palate. Several animal studies have also demonstrated the adverse effects of cigarette smoking on 
development of cleft lip and/or cleft palate. Gene-environment interactions have been investigated 
between maternal smoking and more than two dozen genes, including nitric oxide synthase 3 
(NOS3), aryl hydrocarbon receptor (AhR) pathway genes, several detoxification genes (CYP1A1, 
EPHX1), the glutathione transferase gene family (GSTs), arylamine N-acetyltransferase gene family 
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(NATs), hypoxia-induced factor-1 (HIF1), folate pathway genes (e.g. MTHFR), muscle segment 
homeobox1 (MSX1), and other developmental genes. One example in this area is transforming 
growth factor α (TGF). A study involving both nonsmoking and smoking pregnant women found that 
heavy smokers who carried the rare ‘risk’ variant of this gene were twice as likely to have a baby 
affected with cleft lip or palate than nonsmoking women with the more common gene variant. Infants 
who possessed the rare gene variant were six times as likely to have cleft lip or palate when the 
mother was a heavy smoker. Another more elaborate example, one reflecting an investigation of 
environment x environment x gene interaction, showed that women who smoked and did not use 
vitamins with folic acid and whose infants had selected variants of NOS3 were at approximately 5-
fold increased risk to have cleft lip and palate. 


Although medicine is still far from individualized, preventive measures for birth defects, 
understanding how specific environmental factors interact with an individual’s genetics, or 
“genotype,” may yield critical clues that will ultimately lead to new approaches to modify the risks of 
preventable birth defects. 


Suggested Reading 


Blom HJ, Shaw GM, den heijier M, Finnell RH. Neural tube defects and folate: case far from closed. 
Nat rev Neurosci. 2006;7(9):724–731. 
Buehler BA, Delimont D, van Waes M, Finnell RH. Prenatal prediction of risk of the fetal hydantoin 
syndrome. N Engl J Med 1990; 322):1567–72. 
Etheredge AJ, Finnell RH, Carmichael SL, Lammer EJ, Zhu H, Mitchell LE, Shaw GM. Maternal and 
infant gene-folate interactions and the risk of neural tube defects. Am J Med Genet A. 
2012;158A:2439-46. 
Finnell RH. Genetic differences in susceptibility to anticonvulsant drug-induced developmental 
defects. Pharmacol Toxicol1991;69:223–7. 
Kini U, Lee R, Jones A, Smith S, Ramsden S, Fryer A, Clayton-Smith J; Liverpool Manchester 
Neurodevelopmental Study Group. Influence of the MTHFR genotype on the rate of malformations 
following exposure to antiepileptic drugs in untero. Eur J Med Genet 2007;50:411–20. 
Olshan AF, Hobbs CA, Shaw GM. Discovery of genetic susceptibility factors for human birth defects: 
An opportunity for a National agenda. Am J Med Genet 2011;epub 
Ottman R. An epidemiologic approach to gene-environment interaction. Genet Epidemiol. 
1990;7(3):177-85. 
Shaw GM, Wasserman CR, Lammer EJ, O’Malley CD, Murray JC, Basart AM, Tolarova MM. 
Orofacial clefts, parental cigarette smoking, and transforming growth factor-alpha gene variants. Am 
J Hum Genet 1996;58:551–61. 
Shaw GM, Lammer EJ, Zhu H, Baker MW, Neri E, Finnell RH. Maternal periconceptional vitamin 
use, genetic variation of infant reduced folate carrier (A80G), and risk of spina bifida. Am J Med 
Genet 2002;108:1–6. 
Shaw GM, Iovannisci DM, Yang W, Finnell RH, Carmichael SL, Cheng S, Lammer EJ. Endothelial 
nitric oxide synthase (NOS3) genetic variants, maternal smoking, vitamin use, and risk of human 
orofacial clefts. Am J Epidemiol 2005;162:1207-14. 
Shaw GM, Lu W, Zhu H, Yang W, Briggs FB, Carmichael SL,Barcellos LF, Lammer EJ, Finnell 
RH.118 SNPs of folate-related genes and risks of spina bifida and conotruncal heart defects. BMC 
Med Genet 2009;10:49. 
Shi M, Wehby GL, Murray JC. Review on genetic variants and maternal smoking in the etiology of 
oral clefts and other birth defects. Birth Defects Res C Embryo Today 2008; 84:16–29. 
Tai CG, Graff RE, Liu J, Passarelli MN, Mefford JA, Shaw GM, Hoffmann TJ, Witte JS. Detecting 
gene-environment interactions in human birth defects: Study designs and statistical methods. Birth 
Defects Res A Clin Mol Teratol 2015;103:692-702. 
Wallingford JB, Niswander LA, Shaw GM, Finnell RH. 2013. The continuing challenge of 







understanding, preventing and treating neural tube defects. Science 2013:339;1222002. 
Webber DM, MacLeod SL, Bamshad MJ, Shaw GM, Finnell RH, Shete SS, Witte JS, Erickson SW, 
Murphy LD, Hobbs C. Developments in our understanding of the genetic basis of birth defects. Birth 
Defects Res A Clin Mol Teratol 2015;103:680-91. 
Wlodarczyk BJ, Palacios AM, Chapa CJ, Zhu H, George TM, Finnell RH. Genetic basis of 
susceptibility to teratogen induced birth defects. Am J Med Genet 2011;157:215-26. 
Zhu H, Kartiko S, Finnell RH. Importance of gene-environment interactions in the etiology of selected 
birth defects. Clinical Genet 2009; 75:409–23. 


 








Teratology Primer, 3rd Edition    


www.teratology.org/primer 
 


What are the Possible Consequences of Pre-
conception Female Germ Cell Exposures on Fertility 
and Pregnancy Outcomes? 


Saniya Rattan, Catheryne Chiang, Emily Brehm, and Jodi A. Flaws 
Department of Comparative Biosciences, University of Illinois at Urbana-Champaign 
 


Preconception Exposure and Fertility Outcomes 


Chemical exposures, particularly during sensitive developmental windows, can have long-lasting and 
devastating health impacts on fertility and pregnancy outcomes. The preconception period is a 
particularly important window of susceptibility because during this time period, unfertilized female 
germ cells can be altered by chemical exposures in ways that impair fertility and/or allow the effects 
to be transmitted to future generations, leading to abnormal phenotypes in the subsequent 
generations of offspring. 


During embryonic development, primordial germ cells migrate from the yolk sac to the genital ridge. 
These primordial germ cells undergo extensive mitotic proliferation, remaining connected by cellular 
bridges due to incomplete cytokinesis, and form clusters termed germ cell nests (Figure 1). At the 
same time, the somatic cells (i.e., granulosa cells) in the developing ovary proliferate extensively. 
These somatic cells eventually form a single layer around the germ cell nests (Figure 1). Then, the 
germ cells in the nests cease dividing and enter meiosis to form oocytes, which are arrested in 
meiosis I at the diplotene stage of prophase. Approximately 70% of the oocytes in the germ cell 
nests will die, a process that leads to germ cell nest breakdown and allows the formation of 
individual primordial follicles (Figure 1). The newly formed primordial follicles consist of individual 
oocytes surrounded by a single layer of squamous granulosa cells (Figure 1). These primordial 
follicles represent a finite pool of resting oocytes available to the female during her entire 
reproductive lifespan. 


Figure 1. Rodent ovarian 
folliculogenesis. The female 
ovarian follicle reserve begins 
to develop during prenatal 
development. Beginning in 
prenatal development, the 
germ cell nest forms and 
breaks down, and during 
postnatal development, finite 
primordial follicle pool is 
established. Primordial 
follicles can mature to 
primary, preantral, and -
subsequently, antral follicles. 
A follicle is composed of an 
oocyte (shown in light blue) 
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surrounded by somatic cells including granulosa cells (shown in dark blue) and theca cells (shown in 
red), depending on the follicle stage. 


During the reproductive lifespan, some primordial follicles grow into primary follicles (Figure 1). 
Primordial follicles that reach the primary stage contain a slightly larger oocyte surrounded by a 
single layer of cuboidal granulosa cells. Following the primary stage, follicles grow to the preantral 
stage, which is characterized by an oocyte surrounded by 2-4 layers of granulosa cells and the 
beginnings of a thecal cell layer (Figure 1). Preantral follicles grow into antral follicles, which contain 
an oocyte surrounded by more than four layers of granulosa cells, an antral space, and two distinct 
layers of thecal cells. Antral follicles are the most mature follicle type. They are the only follicle type 
capable of releasing an egg for fertilization and they are the major site for the synthesis of estrogens. 
The estrogens produced by antral follicles are essential for fertility, normal menstrual and estrous 
(animal) cyclicity, and maintenance of the female reproductive tract and non-reproductive tissues, 
including bones, vascular tissues, and the brain. 


Female fertility depends on the maintenance of a constant stream of growing follicles from the 
primordial to antral stage. Although many primordial follicles grow into antral follicles that release 
eggs for fertilization, approximately 99% of all follicles die via a process known as atresia. The 
process of atresia is an apoptotic process that is regulated by highly conserved factors in a variety of 
species. Such factors include members of the BCL-2 family of proteins and regulators of oxidative 
stress. Over time, the ovary essentially becomes devoid of follicles because they have been 
depleted through the processes of both ovulation and atresia. Once the ovary is devoid of follicles, 
the female becomes infertile and is said to have entered menopause or reproductive senescence. 


Preconception exposures can target germ cells or primordial, primary, preantral, or antral follicles. 
The degree and type of damage that ensues following preconception exposure depends on the 
ovarian structure that is targeted by the chemical. Preconception exposures that destroy all of the 
germ cells will cause permanent infertility because the female will not have any germ cells to form 
follicles. Exposures that destroy some, but not all, of the germ cells may cause subfertility because 
the female will begin her life with fewer germ cells than normal and her ovaries will be depleted of 
follicles sooner than normal. Examples of exposures that target germ cells include chemotherapeutic 
agents, polyaromatic hydrocarbons, and some plasticizers. 


Because the primordial follicle pool is established at birth and is non-renewable, preconception 
exposures that completely deplete the primordial follicle pool will cause permanent infertility, 
whereas exposures that partially deplete the primordial follicle pool will cause subfertility and 
premature ovarian failure. If a preconception exposure completely depletes the primordial follicle 
pool, the ovary would lack primordial follicles that could grow to the antral stage and ovulate. 
Further, if a preconception exposure partially depletes the primordial follicle pool, the ovary would be 
depleted of follicles sooner than normal and the female would experience premature ovarian failure 
and early reproductive senescence. Examples of exposures that target primordial follicles include 
chemotherapeutic agents, polyaromatic hydrocarbons, and 4-vinylcyclohexene diepoxide. 


Preconception exposures that destroy preantral and antral follicles may result in either temporary 
infertility or permanent infertility. Temporary infertility occurs if the exposure is removed and 
undamaged primordial follicles are able to grow to take the place of damaged preantral and/or antral 
follicles. Permanent infertility occurs if the exposure is not removed and follicles are destroyed as 
they reach the antral stage. Examples of exposures that target antral follicles include organochlorine 
pesticides, including methoxychlor and plasticizers, including bisphenol A and some phthalates. 


Preconception exposures that increase atresia of follicles may increase the rate at which follicles are 
depleted from the ovary and result in early menopause or early reproductive senescence. Examples 
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of chemicals that increase atresia include organochlorine pesticides and plasticizers, including 
bisphenol A and some phthalates. 


Preconception Exposure and Pregnancy Outcomes 


Preconception exposures can adversely affect the ability to become pregnant, maintain a pregnancy, 
and deliver healthy offspring. Experimental studies in rodents indicate that preconception exposure 
to tetrachlorodibenzo-p-dioxin (TCDD), some plasticizers, tobacco smoke, and heavy metals can 
reduce fertility, increase the incidence of premature birth, spontaneous abortions, and stillbirths, and 
shorten gestation length. Some epidemiological studies have reported that preconception exposures 
to caffeine, bisphenol A, some phthalates, parabens, perfluorinated chemicals, heavy metals, 
cigarette smoke, and pesticides are associated with an increased risk of pregnancy loss, 
spontaneous abortion, preterm birth, poor embryo quality, and poor blastocyst formation. 


Preconception exposures can adversely affect the development and health of offspring. Specifically, 
preconception exposures can cause epigenetic changes in oocytes, which then get passed on to the 
offspring and increase their risk of disease. Experimental studies in rodents indicate that 
preconception exposure to some drugs, social instability, poor nutrition, smoking, environmental 
contaminants, and alcohol increases the risk of diseases in the offspring, including cardiovascular 
disease, osteoporosis, metabolic syndrome, and diabetes. Epidemiological studies indicate that 
preconception exposure to persistent organic pollutants, heavy metals, smoking, diet, and alcohol 
consumption are associated with increased risk of small birth size, miscarriage, cardiovascular 
disease, and diabetes in the offspring. 


Recent studies suggest that some preconception exposures can cause multi-generational and 
transgenerational effects (Figures 2 and 3). Multi-generational effects are defined as effects that 
occur in the generations that were directly exposed to the toxicant. Transgenerational effects are 
defined as effects that occur in the generations that were not directly exposed to the toxicant, thus 
indicating epigenetic inheritance of traits. The multi-generational and transgenerational phenomena 
may vary in generations depending on the timing of exposure. Specifically, exposure during prenatal 
life versus postnatal life leads to different transgenerational phenomena. During prenatal exposure, 
the F0 generation is exposed while pregnant. The F1 generation receives direct exposure as the 
developing fetus, and the F2 generation receives direct exposure as the developing germ cells. In 
this scenario, both the F1 and F2 generations experience multi-generational effects, but the F2 
generation experiences preconception exposure (Figure 2). The F3 generation is not directly 
exposed, and any effects observed in this generation are considered transgenerational effects 
(Figure 2). In contrast, exposure during adult life in the F0 generation directly exposes the F1 
generation as the germ-line. The F1 generation is directly exposed and effects observed in the F1 
generation are considered multi-generational effects (Figure 3). Further, the F1 generation 
experiences preconception exposure. The F2 generation is not directly exposed, and any effects 
observed in this generation are considered transgenerational effects (Figure 3). Some experimental 
studies indicate that exposures to environmental contaminants including some plasticizers, TCDD, 
vinclozolin, jet fuel, some insecticides, and flame retardants cause multi-generational and 
transgenerational effects including obesity, reproductive diseases, reduced fertility, metabolic 
syndrome, and spontaneous preterm birth. 
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Figure 2. Multi-generational 
versus transgenerational 
effects from preconception 
exposures (prenatal life). 
Schematic represents 
prenatal exposure that 
causes multi-generational 
effects in the F1 and F2 
generations and 
transgenerational effects in 
the F3 generation. Further, 
the F2 generation 
experiences preconception 
exposure. 


Figure 3. Multi-generational 
versus transgenerational effects 
from preconception exposures 
(adult life). Schematic 
represents postnatal exposure 
that causes multi-generational 
effects in the F1 generation and 
transgenerational effects in the 
F2 generation. Further, the F1 
generation experiences 
preconception exposure. 


Conclusions 


Current studies indicate that preconception exposures adversely affect female fertility and pregnancy 
outcomes, but most studies have not determined the mechanisms by which they do so. Future 
studies are required to understand the underlying mechanisms because this will lead to the 
development of methods to prevent or treat adverse outcomes due to preconception exposure. 
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A father’s age, occupation, life style and exposures may affect both his fertility and the health of his 
offspring. There is evidence from animal models that some chemicals, and even viruses that are 
present in seminal fluid, affect progeny outcome. Data from both human and animal studies reveal 
that paternal exposures may have adverse effects on male germ cells, decreasing germ cell 
numbers, and/or altering germ cell integrity. These effects may lead to outcomes that include 
infertility, pregnancy loss or spontaneous abortion and birth defects, or effects that are manifested 
only later in life, such as childhood cancer, behavioral effects or learning deficits and metabolic 
syndrome. We also now have evidence that some paternally-mediated adverse effects on progeny 
may be transmitted to subsequent generations. 


Male Germ Cell Production 


Male germ cells are “engineered” to provide the paternal genome to the conceptus. 
Spermatogenesis, the process by which male germ cells develop, is highly ordered and occurs at an 
astonishing rate. Indeed, in humans approximately 1,000 spermatozoa (mature male germ cells) are 
produced with every heartbeat; this amounts to about 100 million daily. Spermatozoa originate from 
a pool of germ stem cells that lie at the base of the seminiferous tubules in the testis. During 
spermatogenesis, these cells undergo several mitotic and two meiotic divisions, followed by a series 
of structural changes that include the creation of a tail that will be used for swimming, the shedding 
of most of the cell’s cytoplasm, the formation of an acrosome, a structure that will permit recognition 
and interaction with the oocyte and its surrounding element, and chromatin remodeling to repackage 
the haploid genome (Figure 1). This “repackaging” includes a change in shape, compaction of 
chromatin, modifications in protein expression, and alterations in metabolic activity. Extensive 
changes are observed in epigenetic marks, including alterations in sperm DNA methylation, histones 
and their modifications, and RNAs. The methylation of DNA at cytosine residues is the most studied 
epigenetic mark, but both histone modifications and the inclusion of a range of non-coding RNAs are 
also important. Histones are largely replaced by protamines in the final stages of spermatogenesis, 
allowing the DNA to be sufficiently condensed to fit in the sperm head. However, a proportion of the 
histones, ranging from 1-15% depending on the mammalian species studied, are retained. The 
histones and RNAs that are retained in sperm may serve as epigenetic marks that are transmitted to 
the oocyte at fertilization and are involved in the regulation of gene expression in early embryos. 
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Figure 1. Spermatogenesis in man. 
The formation of spermatozoa from 
spermatogonial stem cells is divided 
into three stages: 1-Proliferation, 
renewal and differentiation of 
spermatogonia (dark type A 
spermatogonia (Ad), pale type 
spermatogonia (Ap) and 
differentiated spermatogonia (B). 
The spermatogonia Ap and B divide 
by mitosis (M). All type B cells give 
rise to preleptotene spermatocytes 
PL). 2-Meiosis or reductional 
divisions involving primary and 
secondary spermatocytes. The 
prophase of the first meiotic division 
of primary spermatocytes go 
through the following steps: 
preleptotene (Pl) → leptotene (L) → 
zygotene (Z) → early pachytene 
(EP) → mid pachytene (MP) → late 
pachytene (LP). The late pachytene 
cells undergo the first meiotic 
division that gives rise to secondary 
spermatocytes (II), which soon 
undergo the second meiotic divisions that yield haploid spermatids. 3-Spermiogenesis or the 
metamorphosis of spermatids into spermatozoa. The following structures are labelled: Golgi 
apparatus (G), acrosome (A), centrioles (C), tail (T) and residual body (RB). Adapted from Clermont, 
Lalli, and Bencsath-Makkai, Light-Microscopic Histology Atlas. http://audilab.bmed.mcgill.ca/HA/ 


During spermatogenesis, germ cells progress from the base to the apex of the seminiferous tubules 
and are then released into the luminal fluid as spermatozoa. These spermatozoa leave the testis to 
transit through the efferent ducts and then the epididymis, where they acquire the potential for 
motility and the ability to fertilize an oocyte. The temporal events whereby undifferentiated 
spermatogonial germ cells develop into mature spermatozoa requires weeks (9 in man), is very 
complex, and is under tight hormonal control. These processes may be disturbed, damaged, or 
arrested by exposure to environmental chemicals, drugs, or altered ambient conditions. 


Pre-Conception Male Germ Cell Exposures: Effects on Germ Cell 
Numbers or Quality 


The adverse effects of various exposures or conditions on male germ cells may be manifested as a 
decrease in germ cell numbers, as a result of blocking mitosis and/or meiosis or of increasing cell 
death by inducing apoptosis. In 1992, Carlsen and coworkers triggered worldwide debate over a 
possible decline in sperm production and male fertility. A recent systematic review also reported a 
significant decline in sperm counts; between 1973 and 2011 this decline was 50-60% among men 
from North America, Europe, Australia, and New Zealand. 


Exposure to xenobiotic chemicals may also affect germ cell quality, e.g., sperm motility or chromatin 
integrity, in the absence of an effect on sperm counts. Toxicants that affect sperm motility may 
decrease their ability to swim and fertilize an oocyte. Other parameters of germ cell quality that may 
result in male infertility include effects on sperm DNA integrity, chromatin structure and compaction, 
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and the proteins associated with DNA. Using assays to assess these endpoints, it has been shown 
that exposure not only to physical agents and chemicals but also to lifestyle factors, such as stress, 
cigarette smoking, or a high fat diet, may affect the integrity of sperm chromatin, inducing structural, 
genetic and/or epigenetic abnormalities. 


Pre-Conception Male Germ Cell Exposures: Effects on Fertility or 
Progeny Outcome 


Toxicants may decrease male fertility. Alternatively, since damaged sperm may retain the ability to 
fertilize, they may induce post-fertilization adverse effects on progeny outcome, with consequences 
for both the immediate progeny and future generations (Figure 2). It is challenging to link specific 
human paternal exposures to adverse effects on pregnancy outcome. Infertility and pregnancy loss 
occur quite commonly in humans so the extent to which an exposure increases their incidence 
above background may be difficult to decipher. Other developmental outcomes of concern may be 
rare or are observed only after a long delay, making it necessary to conduct longitudinal studies in a 
large population of exposed individuals. Finally, paternal and maternal exposures frequently overlap 
so it may be difficult to ascertain the relative contributions of each parent. Notwithstanding these 
limitations, a number of epidemiological studies have reported associations between human paternal 
exposures and male infertility or abnormal progeny outcomes. An increase in time to pregnancy or a 
decreased fecundability odds ratio, an increase in spontaneous abortion/embryo or fetal loss, birth 
defects, childhood cancer, and behavioral effects or metabolic syndrome are all endpoints that have 
been used to assess the association of pre-conception paternal chemical exposures with adverse 
effects on fertility or progeny outcome. Many studies have focused on the consequences of 
occupational exposures – e.g. to pesticides, heavy metals, or organic solvents. Others have 
examined the effects of therapeutic exposures – e.g. to anticancer drugs or radiotherapy. Paternal 
exposures to radiation, solvents, heavy metals (e.g. mercury), pesticides, and hydrocarbons have 
been associated with an increased incidence of spontaneous abortion or miscarriage and birth 
defects. Still other studies report on the effects of environmental chemicals or lifestyle exposures – 
e.g. to phthalates (widely used as plasticizers) or components of cigarette smoke. For example, the 
exposure of male partners to certain phthalates (monomethyl-, mono-butyl, and monobenzyl 
phthalates) was more often associated with diminished couple fecundity than the exposure of female 
partners. Recently, studies have also examined the impact of paternal obesity and diet on progeny 
outcome. Obese men were found to have an increased percentage of sperm with abnormal 
morphology and DNA fragmentation and to be more likely to experience infertility and a reduced rate 
of live births per cycle of assisted reproduction technology than lean men. 


Figure 2. A diagrammatic 
representation of the possible 
impact of paternal pre-
conception exposures on male 
germ cells on fertility and 
progeny outcome. 
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Animal models have provided a wealth of data on the impact of paternal exposures on male germ 
cells and progeny outcome. There has been an explosion of studies demonstrating that the 
mechanisms by which paternal exposures trigger developmental toxicity are highly varied. DNA 
damage may be responsible for the transmission to progeny of the effects of some paternal 
exposures. For example, a dose-dependent increase in heritable germline mutations at a 
minisatellite locus was observed in the children of men who smoke. A father's smoking prior to 
conception has also been reported to significantly predict DNA damage detected in the cord blood of 
their offspring. 


We now know that the male germ cell transmits much more than its genome, as specified by DNA 
sequences, to the conceptus. Sperm methylation patterns have been reported to be altered by 
exposure to anticancer drugs, pesticides, particulate air pollution, and a high fat diet. The 
transmission of alterations in DNA methylation to offspring has been reported in some animal 
studies. Experiments with mice that overexpress a histone demethylase (KDM1A) in male germ cells 
have shown that altering histone modifications in spermatozoa can lead to developmental 
abnormalities in progeny that may be transmitted to subsequent generations. Paternal folate 
deficiency, resulting in altered DNA methylation, is associated with increased birth defects in the 
offspring. Sperm histone contents may also be altered by paternal diet. In an animal model, 
spermatozoa from males fed a high fat diet had an increased retention of histone H3 and a 
modification associated with active genes, the H3K4me1 mark, at promoter regions enriched with 
genes involved in embryonic development. 


Mature mammalian sperm retain a complement of RNAs that can be transmitted to the zygote at the 
time of fertilization. It has been suggested that the RNA retained in sperm may contain specific 
transcripts that are crucial for embryonic development. Thus, a paternal exposure that leads to 
changes in sperm RNA content may affect embryogenesis. Paternal stress can alter the complement 
of sperm miRNAs and affect early chromatin remodelling events in the zygote, leading to a blunted 
stress phenotype in offspring. A paternal high fat and low protein diet may also alter the expression 
of sperm tRNA derived small RNAs (tsRNAs) that have been shown to be involved in paternally-
mediated intergenerational inheritance. When the tsRNAs from rats fed a high fat diet were injected 
into control zygotes, the resulting progeny did not share the obese phenotype of their fathers but did 
show impaired glucose absorption. This phenotype was also observed in progeny obtained by the 
natural mating of male rats fed a fat diet. Thus, the exposure of male germ cells to a toxicant, or 
lifestyle factors, such as diet, may leave a legacy that has an impact not only on individual embryos 
but also on future generations. 


Conclusions 


There is abundant evidence that male-mediated adverse progeny outcome is a real phenomenon; 
both genetic and epigenetic mechanisms have been suggested. Should we be concerned about 
progeny outcome after the exposure of men to lifestyle factors or to chemical or physical agents? It 
is clear from human studies that environmental exposures may have an effect on fertility and 
increase germline mutations. More research is needed to investigate the association with specific 
birth defects and the underlying mechanisms. 
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What Birth Defects Are Common in Humans? How Are 
They Diagnosed at Birth? 
 
Sura Alwan and Jan M. Friedman 
Department of Medical Genetics 
University of British Columbia 
Vancouver, BC Canada 
 
Congenital anomalies or birth defects are structural or functional abnormalities that occur during 
intrauterine life. Congenital anomalies can be diagnosed prenatally, at birth, or any time after birth. 
Structural birth defects are seen in about 1 of 33 infants within the first year of life and are the 
second most common cause of infant mortality, accounting for up to 25% of all perinatal deaths 
(prematurity is first). The frequency of structural birth defects is higher in spontaneous abortions than 
in live-born infants, reflecting that many of the most severe conditions are incompatible with survival. 
Functional congenital anomalies like intellectual disability or autism are infrequently recognized in 
infancy but are at least as common as malformations among older children and adults. 


Genetic factors, including chromosomal abnormalities and single gene conditions, probably cause 
about half of all recognized congenital anomalies; environmental factors account for about 5%, while 
combinations of multiple genetic and environmental factors are thought to produce the rest. In this 
chapter we present a short discussion of some of the most commonly occurring major birth defects 
that are considered to be in this last category, i.e., of multifactorial origin. In general, multifactorial 
birth defects tend to be isolated, occurring as the only problem in an otherwise healthy child. 
 


Congenital Heart Defects 


 
Congenital heart defects (CHDs) are the most commonly recognized malformations, occurring in 
about 30% of infants with structural birth defects. These types of defects affect the heart chambers 
or walls, the heart valves and/or the blood vessels, causing the heart not to pump blood as efficiently 
as it should. Heart defects range in severity from mild conditions that may cause no symptoms and 
resolve with growth to severe, life-threatening malformations. In fact, CHDs are one of the most 
important causes of infant morbidity and mortality. Some common types of heart defects are 
ventricular septal defects, atrial septal defects, patent ductus arteriosus and Tetralogy of Fallot. 
Causes of CHDs include genetic factors (gene or chromosomal defects) and environmental factors 
including mother‘s exposure to certain medications, infections, or alcohol in pregnancy. 
 
Diagnosis of CHDs can occur prenatally during a routine pregnancy ultrasound examination. When 
an abnormal heart is suspected, fetal echocardiography is usually performed to identify (or exclude) 
a specific heart abnormality. Sixty to eighty percent of severe heart defects are currently diagnosed 
prenatally. Some couples choose to terminate a pregnancy in which a serious CHD is diagnosed in 
the middle trimester, especially when the cardiac defect is associated with other birth defects or is 
recognized to be part of a chromosomal anomaly or other genetic syndrome. Recent improvements 
in the management of serious heart defects have led to many parents choosing post-natal surgical 
repair rather than pregnancy termination after prenatal diagnosis of CHD. 
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At birth, heart defects are suspected when a murmur is heard in the infant’s heart or other abnormal 
signs, such as cyanosis, are found. Echocardiography is an important test for both diagnosing heart 
defects and following the problem over time. 
 


Neural Tube Defects 


 
Neural tube defects (NTDs) are a group of anomalies characterized by defective closure of the 
developing neural tube during the first month of embryonic life. A defect occurring in the upper end 
of the developing neural tube results in anencephaly (a lethal condition) or an encephalocele. 
However, a defect in the lower part of the developing neural tube, which produces spina bifida, an 
incompletely closed spinal cord and vertebral column, is more common. Patients with spina bifida 
may experience partial or complete paralysis of the lower limbs and impaired bladder and bowel 
continence. Upper limb involvement may also occur with lesions involving higher levels of the spinal 
cord. 
 
Most NTDs are isolated defects due to multifactorial inheritance (interaction of genetic and 
environmental risk factors), with a recurrence risk of up to 4-5% in future siblings of an affected child 
in populations where NTDs are common, such as among Celtic, Hispanic, or South-Asian people. 
However, the risk of NTDs can be substantially reduced by maternal folic acid supplementation 
around and shortly after conception. In fact, the prevalence of NTDs fell sharply in North America 
following folic-acid fortification of flour. Other risk factors for NTDs include maternal obesity and pre-
gestational diabetes mellitus. 
 
NTDs, including all cases of anencephaly and most cases of spina bifida, can be detected prenatally 
through routine ultrasound examination. In addition, elevated levels of alpha-fetoprotein can usually 
be detected in the mother’s blood by a screening test during the second trimester of pregnancy 
when the fetus has an NTD. 
 
When an infant is born with spina bifida, the physician will assess the infant’s motor and sensory 
functioning and perform imaging tests to assess the severity of spinal defect and the presence of 
associated problems elsewhere in the central nervous system. Corrective surgery is usually 
performed at birth for spina bifida and encephalocele, and additional rehabilitative, medical, or 
surgical treatments are typically required as the child grows older. 
 


Orofacial Clefts 


 
Cleft lip or palate occurs in about 1 in 700 births, with a higher frequency among Asian and Native 
American populations compared to African Americans. Cleft lip and palate are facial and oral 
malformations that usually arise between the fourth and seventh weeks of embryonic development, 
when the tissues do not join together properly, leaving a split in the lip (cleft lip) and/or an opening in 
the roof of the mouth (cleft palate). 
 
Cleft lip is usually evident in a fetus on routine ultrasound examination during the second or third 
trimester of pregnancy. Cleft palate is often not identified until after the baby is born. Surgical repair 
of cleft lip can be performed in the third month after birth, while surgical correction of cleft palate is 
usually done at 6-12 months of age. 
 
Genetic and environmental factors both play a role in causing these defects, and there is increasing 
evidence that maternal cigarette smoking and obesity during pregnancy may increase the risk for 
orofacial clefts in the baby, reinforcing the need for public health efforts to reduce these factors in 
women who are planning pregnancy. 
 







Other Common Birth Defects  


 
Other relatively common congenital abnormalities include limb deficiencies (missing or 
underdeveloped parts of limbs), extra fingers or toes (polydactyly), webbing between fingers and 
toes (syndactyly), club foot, incomplete closure of the urethra in males (hypospadias), and 
omphalocele or gastroschisis (defects in the abdominal wall). Most of these abnormalities are readily 
identifiable at birth, and some of them can be diagnosed prenatally by ultrasound examination. 
 


Establishing the Diagnosis and Apparent Cause  


 
Upon examination of a child with a malformation, the physician determines whether the abnormality 
is “isolated” or is one of multiple birth defects. Isolated defects are usually attributed to multifactorial 
inheritance, which may imply a higher recurrence risk for the same abnormality in future 
pregnancies. In contrast, when a common malformation occurs in association with other 
malformations, it is more likely to have a major genetic (chromosomal or single gene) or teratogenic 
cause. Chromosomal abnormalities are usually diagnosed with chromosomal microarray analysis. If 
a monogenic (mendelian) syndrome is suspected, exome sequencing or testing for one or more 
specific genes suspected of being involved may be performed. Teratogenic exposures of the mother 
during pregnancy produce characteristic patterns of abnormal growth and morphogenesis in the 
infant. In these cases, careful evaluation of exposure history and clinical evaluation by a specialist 
physician who is skilled in the assessment of birth defects is warranted. 
 


Prevention 


 
For both affected children and their parents, primary prevention of birth defects avoids tremendous 
suffering and costs. Primary prevention includes optimizing women’s health before conception by 
screening for and treating illnesses, eliminating cigarette smoking and abuse of alcohol or 
“recreational drugs” achieving a healthy body weight, and pursuing sufficient exercise and a healthy 
diet with folic acid and essential vitamin sufficiency. 
 
If a child is born with congenital anomalies, understanding the potential causes can lead to more 
appropriate management and counselling, including the relief of anxiety or guilt, and provides 
families the opportunity to make future reproductive decisions that are better for them. The 
identification of a teratogenic cause informs the woman and her health care provider and offers the 
possibility of prevention of birth defects in future pregnancies. 
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Can Prenatal Exposures Affect Brain Development and 
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and University of Cincinnati, Cincinnati, OH 


For decades embryonic and fetal injuries were conceived in terms of birth defects (congenital 
malformations). Effects on the central nervous system (CNS) were recognized if the brain was visibly 
affected or the child was severely intellectually disabled. This view began to change in the 1960-70s. 


We know from our own experience that cognitive development is a long process; think how long you 
have spent in school. From functional neuroimaging studies we know that the prefrontal cortex, 
where planning and judgment are mediated, does not fully mature until approximately 24 years of 
age. This protracted development means that the brain is potentially vulnerable to having these 
developmental processes perturbed from the start of embryogenesis all the way to young adulthood. 


The concept that chemicals can damage the developing brain (neurobehavioral teratogenesis or 
developmental neurotoxicity) is today an accepted fact. How did this recognition emerge? There 
were a series of environmental and drug effects that occurred that damaged the developing brain of 
many children, and these effects or “mistakes” created an awareness that prenatal and later 
developmental insults to the nervous system can have long lasting effects. Moreover, these 
functional effects can be observed even if the cellular basis for them is not known at the time the 
effects are detected. Finding the cellular and molecular basis of changes in how the brain functions 
is difficult, and because access to the brain is limited, we often lack the means to “see” into the brain 
in enough detail to find exactly where the problem is or how it originated. Brain imaging methods, 
particularly functional magnetic resonance imaging (fMRI) and positron emission tomography (PET), 
are changing this ability to see, but these methods are still not at the level of precision needed to 
identify most brain disorders. 


One of the first environmental problems that brought functional brain changes to people’s attention 
was identified because of mercury contamination in Minamata Bay in Japan. People living around 
the bay relied on fish as a staple of their diet. The mercury discharged by factories around the lake 
settled to the bottom where it was transformed to methylmercury in plants and concentrated 
progressively as it worked its way up the food chain to the largest fish, and these fish were 
consumed by those living near the lake. As the methylmercury accumulated in people around the 
bay, they began to show symptoms. People of all ages showed symptoms, but the most severe were 
seen in children, especially in newborns. The effects included cognitive impairment, cerebral palsy, 
blindness, coordination problems, and other deleterious effects. Methylmercury poisoning has since 
been reported in other places; each time the most severely affected were children who were 
prenatally exposed. Even women who ingested moderate amounts had affected children despite 
showing no symptoms themselves, demonstrating that the developing brain is more vulnerable than 
the mature brain. 
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The heavy metal lead is the best known chemical that causes CNS impairments in the US. Adverse 
effects are seen after prenatal or childhood exposure or a combination of both. Behavior was found 
to be the most sensitive end point for the effects of lead. In fact, an entirely safe level of lead 
remains to be determined; at present there is no safe level of exposure for children. Lead is 
illustrative of developmental neurotoxicity for several reasons: (1) it was a pervasive element for 
decades, and it remains a problem in urban areas today; think of Flint, Michigan, Washington D.C., 
and Los Angeles and the revelations that lead is in the water of many of cities and neighborhoods 
unbeknownst to residents, despite the fact that lead was removed from gasoline, paint, and other 
products decades ago. The effects of lead are still being felt because removing lead from old houses 
is costly and time-consuming; lead is in buried layers of paint, in dust and soil, and in water pipes 
and is difficult and expensive to remediate; (2) lead is a global problem affecting most industrialized 
countries; and (3) lead effects occur over a long period of development because lead is sequestered 
in the body and maturation of the brain is slow, creating a long exposure period. 


Other environmental agents that cause developmental neurotoxicity with sufficient exposure include 
the heavy metal cadmium, arsenic, manganese, polychlorinated biphenyls, and some pesticides, 
and there are suspicions about some of phthalates in plastics, bisphenol A from incinerators, and 
polybrominated diphenyl ether flame retardants. 


What about drugs? Drugs are designed to have biological effects so it is no surprise that of the all 
drugs sold, some unexpectedly turn out to cause birth defects including neurotoxic effects. The most 
infamous teratogen is thalidomide. Thalidomide was sold as a general sleep aid and pregnancy anti-
nausea medication and was thought to be so safe that it was approved in Germany and several 
other countries to be sold over-the-counter. But when taken during the first trimester, thalidomide 
caused limb reduction defects and other birth defects. Later evidence showed it also was associated 
with increased prevalence of autism. 


Two legal, recreational drugs can also adversely affect brain development and behavior: alcohol and 
tobacco. Both can result in life-long neurobehavioral problems. At the upper end of exposure, 
prenatal alcohol causes the Fetal Alcohol Syndrome (or Fetal Alcohol Spectrum Disorder; FASD), 
characterized by three clusters of effects: (a) growth impairment (pre- and postnatal), (b) facial 
dysmorphogenesis, and (c) brain/behavioral effects. The latter include changes in structure (using 
brain imaging) and behavior of affected individuals (intellectual impairment, attention-deficit 
hyperactivity disorder (ADHD), emotional instability, and antisocial behavior). There are also less 
severe effects, called fetal alcohol effects (FAE), in which one or two of the clusters are observed but 
not all three. Cigarette smoking is associated with intrauterine growth restriction and reductions in 
IQ, estimated to be about 10 points in verbal ability. Animal experiments recapitulate that prenatal 
nicotine affects offspring behavior and neurotransmitters. 


What about illegal drugs such as cocaine, methamphetamine, LSD, heroin, PCP, and others? We 
know these drugs cross the blood brain barrier and the placenta so the embryo and fetus are 
exposed, but do they cause harm? Some of these drugs, e.g., methamphetamine, accumulate in the 
fetus more than in the mother. Despite this accumulation, effects on brain development have been 
difficult to prove. These drugs do not cause congenital malformations. However, animal studies 
show that prenatal cocaine alters dopamine systems, including its principal receptor, the dopamine 
D1 receptor. Changes in D1 receptor expression because of increased receptor internalization in the 
neuron makes the receptor less available to interact with dopamine when it is released from the 
synaptic terminal. Changes are also seen in the neurotransmitter GABA in pyramidal neurons in the 
cerebral cortex. It is believed that these effects in combination lead to the adverse behavioral 
outcomes. 
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In children prenatally exposed to cocaine, problems of attention, such as ADHD, are prominent; this 
deficit is also consistent with dopamine being affected since dopamine plays a significant role in 
attention, activity, and impulsivity. Children prenatally exposed to cocaine have IQ reductions but 
these are fairly small; approximately 4 points. Other studies find increased delinquent behavior, 
reduced problem solving, and impaired abstract reasoning. These effects are not easily noticed on 
an individual basis, but on a population basis they translate to more problems for affected children in 
school, reduced rates of college attendance and completion, and reduced success at getting and 
retaining jobs. If the bell-shaped distribution of these traits is shifted downward by prenatal drug 
exposure, it means thousands of children falling into categories needing special education that 
would not otherwise be needed; therefore, effects such as these can have large impacts at a societal 
level. Patterns of use are important for drug effects; those using higher doses or more drugs 
(polydrug abuse) for longer times during gestation and obtaining less prenatal care make outcomes 
from cocaine exposure worse; these effects are likely to be the case for other drugs of abuse as 
well. 


Prenatal marijuana has also been documented to result in reductions in visual processing and 
impulse control. Given the legalization of marijuana in several jurisdictions in the US and elsewhere 
in recent years, combined with development of more varied and potent strains, we are engaged in a 
large-scale social experiment with unknown consequences for children exposed during early 
development. A recent review of what is known about the prenatal effects of marijuana indicates that 
there are long-term effects. 


Methamphetamine abuse became a problem about a decade after the upsurge in cocaine/crack use. 
Methamphetamine causes changes in brain structure, neurotransmitters, spatial memory, and 
language development after prenatal exposure, and the problem is significant. Between 1994 and 
2006 pregnant women entering drug treatment programs in the US. who identified 
methamphetamine as their primary drug of abuse rose from 8% in 1994 to 24% in 2006. Whether 
this trend continued after 2006 is not clear as there are no new data. Moreover, the only human 
prospective prenatal study on methamphetamine has been in progress for about 10 years, and the 
children of these pregnancies are now about 7.5 years told. So far it has been reported that the 
exposed children show more externalizing and aggressive behavior and several cognitive problems. 
Animal experiments reveal long-term effects on brain neurochemistry and behavior, including 
impaired spatial memory and egocentric learning and enduring changes in dopamine and serotonin 
after developmental exposure. 


What about prescription drugs? Isotretinoin (13-cis-retinoic acid) is prescribed for the treatment of 
severe acne. Within a few years of its becoming available, cases of children with birth defects that 
were ultimately identified as retinoid embryopathy appeared. In addition to birth defects, many of 
these children had low IQs once they were old enough to be tested. In animal experiments, Vitamin 
A (another retinoid) is known to cause neurobehavioral impairments. While isotretinoin was 
predicted to be a teratogen and carried strong warnings against use in pregnancy, people obtained 
the drug from friends or had unplanned pregnancies and did not understand the risks. Hence, the 
impairments could have been predicted based on preclinical data in rats but were not adequately 
appreciated. 


The effects of isotretinoin on intelligence and birth defects are not aligned, i.e., there are children 
with severe birth defects and mental impairments, but others that have minor birth defects but 
severe intellectual impairments. This mismatch between malformations and brain effects is 
important, because for many years it was believed that testing for birth defects was sufficient to 
ensure drug safety. The idea was that if a drug caused birth defects it would or could cause 
behavioral effects; the reverse idea, that the absence of birth defects indicated that the drug would 
not cause behavioral effects, was incorrect. Isotretinoin dispelled this belief and demonstrated that it 







takes longer to identify neurobehavioral effects than it does to find birth defects since birth defects 
are seen at or within a year after birth but it takes years to prove a connection between exposure to 
a drug and behavioral defects. When a drug does not cause a birth defect, proving a connection 
later when children are 7, 10, or 12-years-old and relating the problem back to prenatal exposure is 
difficult. The fact is that measuring learning, memory, attention, and other cognitive abilities cannot 
be accurately done until children are older, by which time parents’ memories are not very accurate, 
and medical records are not always complete. 


Isotretinoin is also an example of a drug that has therapeutic value for the intended use but 
detrimental consequences for an unintended recipient, i.e., the embryo and fetus. The disconnect 
between the effects on the adult and the embryo and fetus lies at the heart of why this area of safety 
has proven to be difficult. There remains debate between those who want more safety testing and 
those who want less; the latter argue that CNS deficits such as those caused by isotretinoin are rare, 
the tests are expensive, less than perfect, time-consuming, add to the high cost of drug 
development, and delay helpful drugs from reaching those who need them. On the other side is the 
argument that while drug-induced developmental neurotoxicity may not be common, when it occurs 
the effects are detrimental and irreversible to those who are affected. 


How big is the problem? The effects of isotretinoin are striking but it is used by very few so the 
societal impact is not large. A larger problem occurs in epilepsy. Approximately 1% of people (~3 
million) have epilepsy and most are treated with antiepileptic drugs (AED). Prenatal AED exposure is 
associated with several birth syndromes. The clearest example is valproate (Depakote), an AED that 
when taken during pregnancy leads to 1-2% of exposed infants born with neural tube defects and a 
higher percentage born with other malformations. The syndrome includes dysmorphic faces and 
impaired intellectual development; valproate also may increase rates of autism spectrum disorder 
(ASD). 


AED use is widespread, but even so these drugs are also used by a minority of people. What about 
common drugs that are taken by millions? While it is reassuring that no evidence of fetal 
neurotoxicity has yet appeared for most drugs, determination of safety for brain development during 
pregnancy is often absent. It takes decades to find behavioral and cognitive problems after prenatal 
drug exposure when the effects are severe and longer if the effects are subtle. Associating problems 
with learning, attention, externalizing behaviors, and executive function takes decades to establish. 
The good news is that animal and epidemiological study methods are improving, making the 
detection of neurobehavioral effects better. 


For exposures that are teratogenic, the first trimester is a period of high vulnerability, often before 
pregnancy is recognized. This period of development is called embryogenesis or organogenesis. For 
the CNS, the period of vulnerability starts during the first trimester and lasts throughout pregnancy, 
childhood, and to adolescence. The reason for this vulnerability is the complexity and duration of 
brain and behavioral development (Figure 1). 
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Figure 1. From review by S. Danzer with permission {Danzer, 2008 #2404}. Photomontage of 
confocal microscopy images showing principal neurons of the hippocampal. Images are from an 
adult Thy1-GFP-expressing mouse. Red = dentate granule cells, Purple = CA3 pyramidal cells, 
Yellow = CA1 pyramidal cells. d = dentate granule cell layer; H = hilus; sl = stratum lucidum; CA3 = 
CA3 pyramidal cell layer; CA1 = CA1 pyramidal cell layer. Scale bar = 300 μm.  


Developmental neurotoxicity can sometimes be subtle but it is worth remembering that what is subtle 
to an observer may not be subtle to those who are affected. ADHD is often regarded as subtle 
compared to a life-threatening cardiac defect. But many heart defects can be surgically repaired 
without long-term consequences. But how can ADHD, ASD, learning impairment, or intellectual 
disability be repaired? The risks and benefits of drugs, commercial chemicals, pesticides, or factory 
effluents can be difficult to weigh with precision but the precautionary principle should prevail by 
erring on the side of caution. To that end, developmental neurotoxicity assessments are important as 
part of the safety net. This field is in need of more research, not only to find better ways to detect 
such effects but to understand the mechanisms that underlie how certain chemicals disrupt brain 
development and behavior. 
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How Does Nutrition Influence Development? 
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A growing fetus needs adequate nutrition in utero. Severely restricted maternal intake of calories or 
protein can cause decreased fertility, fetal death, premature delivery, and growth restriction. 
Deficiencies in some essential minerals or vitamins increase the risk of malformations and other 
adverse pregnancy outcomes. 


Extreme caloric restriction leads to irregular menstrual periods or amenorrhea (lack of menstruation), 
both of which decrease fertility. During the last six months of World War II, a Nazi-occupied area of 
the Netherlands was completely cut off from food supplies in retaliation for a Dutch rail strike 
supporting the Allies. The average daily food ration decreased from 1400 calories to less than 600 
calories (almost exclusively from bread and potatoes) during the last two months. Women who were 
pregnant or became pregnant during this famine suffered an excess of premature deliveries, very 
low-birth weight infants, and infant deaths. Similar poor outcomes were reported during the siege of 
Leningrad. The ”fetal origins of adult disease” hypothesis purports that undernutrition during fetal life, 
infancy, and early childhood followed by nutritional plentitude resulting in a rapid increase in body 
mass index (a measure of weight for height) can increase the risk of chronic diseases including 
coronary heart disease, hypertension, and type 2 diabetes, underscoring the importance of good 
maternal nutrition during pregnancy. 


Deficiencies in certain micronutrients cause congenital malformations in animals and humans. The 
relationship between a deficiency of iodine (needed for thyroid hormone synthesis), goiter, and 
cretinism, a neurologic disorder characterized by severe cognitive impairment, was identified during 
the nineteenth century and represents the earliest observation of the interconnection of diet and birth 
outcome. While iodine supplementation (primarily in the form of iodized salt) has eliminated goiter 
and cretinism in developed countries, more than 2 billion people (27% of the world population) still 
suffer from iodine deficiency disorders. Iodine deficiency during pregnancy also can cause fetal 
death, severe growth restriction, abnormal bone development, and varying degrees of mental 
impairment. 


Vitamin A deficiency was first shown to be teratogenic in swine in the 1930s. Warkany and his 
colleagues extended these findings by detailing the defects that vitamin A deficiency produces in 
virtually every organ system of the rodent. More recently, vitamin A was shown to be critical in 
establishing anterior–posterior body axis patterns in the embryo. Sporadic reports in the literature 
have linked eye abnormalities and other adverse birth outcomes to severe maternal vitamin A 
deficiency. Malformations induced by vitamin A deficiency in humans are rare, but in developing 
countries, vitamin A deficiency remains the leading cause of visual impairment and blindness. Even 
though it is important to get enough vitamin A during pregnancy, too much vitamin A can also be 
teratogenic (discussed in the last paragraph of this chapter). 


Deficiencies in many B vitamins adversely affect development. In animals, riboflavin, niacin, folic 
acid, and pantothenic acid deficiencies cause structural malformations; pyridoxine and thiamine 
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deficiencies increase embryonic mortality and decrease fetal growth. Folate deficiency, induced by a 
folic acid antagonist, causes structural malformations in animals. In humans, the neural tube defect 
rate among offspring of women taking folic acid supplements at the time of conception is reduced by 
as much as 50% compared to that among unsupplemented pregnancies. The U.S. Public Health 
Service recommends that all women receive 400 μg of folic acid daily, and since January, 1998, 
mandatory fortification of enriched cereal grain products with folic acid at a level designed to provide 
additional daily intake of 100 g/day folic acid was fully implemented. Since fortification, there has 
been a 26% decrease in neural tube defects in the U.S. The Teratology Society resolution on folic 
acid fortification calls for mandatory fortification of a centrally produced food to provide at least an 
additional 150 g folic acid per day in all countries to prevent folic acid-preventable spina bifida and 
anencephaly by 2024. It is controversial whether supplemental folate overcomes the effects of 
subclinical Vitamin B12 deficiency in the pregnant woman or a metabolic problem of the embryo. 
Low maternal Vitamin B12 status can lead to neurological developmental delay and megaloblastic 
anemia in the offspring and has been reported to be an independent risk factor for the occurrence of 
neural tube defects. 


Using genomic sequencing, congenital vertebral and heart malformations in patients were shown to 
be caused by gene variants and loss of function in enzymes involved in the kynurenine pathway 
resulting in a reduction in de novo synthesis of nicotinamide adenine dinucleotide (NAD) from the 
essential amino acid tryptophan. When the CRISPR-Cas9 technology was used to produce the 
same pathogenic gene variants in mice similar congenital defects were observed. Niacin 
supplementation of the diet of these CRISPR-Cas9 mice during gestation increased NAD levels in 
the embryo and prevented the birth defects. This study shows that nutrient requirements are 
influenced by genetic variation (nutrigenomics). 


Choline has recently been deemed an essential nutrient because the body cannot always produce 
enough to meet its need. Choline functions in the synthesis of membrane phospholipids and the 
neurotransmitter acetylcholine and participates in methylation reactions, including DNA methylation, 
which can affect gene expression via epigenetic mechanisms. In animals, low choline intake during 
late pregnancy alters brain structure and function whereas in utero choline supplementation can 
improve performance of cognitive or behavioral tests in the offspring. Long chain polyunsaturated 
fatty acids such as the docosahexaenoic acid (DHA) found in fatty fish have also garnered interest. 
Reports from animal and human studies suggest a possible relationship between DHA and visual 
acuity in the offspring. 


Low maternal vitamin D status is associated with reduced infant growth, neonatal hypocalcemia, and 
poor bone mineralization. Vitamin D can be generated in the skin from 7-dehydrocholesterol upon 
UVB radiation and obtained from supplements and the diet (though vitamin D occurs naturally in 
relatively few foods). Dark skin, concealing clothing, sunscreen use, and northerly latitudes can limit 
sunlight exposure and reduce vitamin D synthesis. Recently, a high prevalence of maternal 
hypovitaminosis D and incidence of infants with rickets has emerged internationally, fueling the 
concern that vitamin D deficiency is an increasing public health problem. If a woman plans to 
exclusively breastfeed her baby, it is important that she has adequate vitamin D. The American 
Academy of Pediatrics recommends vitamin D supplementation (400 IU per day) for exclusively 
breastfed infants. In addition to the classical functions of vitamin D in calcium metabolism and bone 
health, there is increasing interest in delineating the extent to which vitamin D impacts the immune 
system as well as contributes to a number of diseases, including asthma, cancer, neuropsychiatric 
and cardiovascular disorders, and autoimmune diseases such as diabetes, multiple sclerosis, and 
rheumatoid arthritis. 


Vitamin E deficiency in rats produced litters in which approximately 30% of pups had brain 
anomalies (exencephaly or hydrocephalus). However, there is no evidence that vitamin E deficiency 







is teratogenic in humans. In contrast, vitamin K deficiency in humans (usually as a result of therapy 
with an oral anticoagulant, warfarin) results in a high percentage of miscarriages and prematurity. 
Infants have characteristic bone abnormalities, optic atrophy, and cognitive impairment. 


Zinc deficiency is teratogenic in animals, affecting the development of virtually every organ system. 
After only 24 hours of dietary deficiency, plasma zinc decreases by 40%, and only a few days of 
deficiency during the embryonic period can produce malformations. Offspring of women with 
acrodermatitis enteropathica, a genetic disorder of zinc absorption, have a higher rate of 
malformations. Epidemiological studies also suggest a relationship between zinc deficiency and 
central nervous system malformations in humans. Although severe zinc deficiency is uncommon in 
developed countries, mild deficiency is common: the average dietary intake is only about half of the 
recommended daily allowance (RDA) for pregnant and lactating women. Also, some drugs, 
chemicals, and physiological or environmental stressors can significantly alter zinc metabolism. 
These two facts, along with the observation that even transitory zinc deficiency can have adverse 
effects, suggest that unrecognized, subclinical zinc deficiencies may play a role in some human 
embryonic morbidity. 


The adverse effects of copper deficiency during pregnancy have been shown in numerous species, 
including humans. Copper-deficient lambs exhibit neonatal ataxia and myocardial atrophy. The 
effects of prenatal copper deficiency in humans have been reported in offspring with Menkes’ 
disease, an X-linked disorder of copper metabolism. These infants have cognitive impairment and 
severe cardiovascular and connective tissue defects that generally cause death by three years of 
age. Many of the defects can be linked to decreased activity of copper-requiring enzymes. Copper-
chelating drugs, including D-penicillamine, used to treat Wilson’s disease (a genetic copper overload 
condition) and rheumatoid arthritis, can induce copper deficiency in humans. 


Vitamins may be good for you, but more is not necessarily better. Megadoses of vitamins may be 
harmful in some instances. In animal models, an excess of vitamin A is teratogenic, affecting the 
development of many organs. Many genes responsible for establishing the embryonic body pattern 
are controlled by retinoic acid, the active form of vitamin A. Vitamin A levels are tightly controlled in 
the embryo to regulate expression of these genes. Excess vitamin A can overwhelm the control 
mechanisms, leading to abnormal development. It is likely that vitamin A excess would be 
teratogenic in humans, but it is not clear what the minimum teratogenic dosage is. The latest thinking 
is that this level is more than 30,000 International Units (IU)/day; the RDA for pregnancy is 2,670 
IU/day). The Teratology Society, in a position paper on vitamin A issued in 1987, advocated that 
vitamin A intake in pregnant women be restricted to the RDA. 
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Do Teratogenic Exposures Act through Common 
Pathways or Mechanisms of Action? 


George P. Daston 
Procter & Gamble Company, Mason, OH 
 
The term “mechanisms of action” refers to the chemical interactions of an agent with the organism 
that lead to an adverse effect. Mechanisms of action are diverse: agents can interact with a receptor, 
bind to DNA or protein, degrade cell membranes or proteins, inhibit an enzyme, or modify proteins. If 
enough of these interactions between exogenous agent and the organism occur at a biochemical 
level, changes can occur at the cell and tissue level and can lead to changes in cell function, cell 
fate, or result in cell death. If the magnitude of the response is extensive enough, abnormal 
development results. The string of events leading from initial mechanism to adverse effect is termed 
a pathway, and there has been a significant effort over the past several years to map out these 
adverse outcome pathways, not just for teratogenicity but for any disease state. Different agents can 
act through the same mechanism of action, producing similar effects. 


Receptor interactions 
Receptors are proteins within or on the surfaces of cells that are targeted by hormones or other 
signaling molecules. Receptors perform the same function for cells as our senses perform for our 
bodies: they inform the cell about its environment and, when activated, bring about changes in cell 
function. Some teratogens act by interacting with receptors, either mimicking the endogenous 
hormone or signaling molecule or by interfering with the hormone’s ability to interact with its 
receptor. Examples include retinoic acid (the biologically active form of vitamin A) and DES 
(diethylstilbestrol, a potent estrogen that was once given to pregnant women in an effort to prevent 
miscarriage). Retinoic acid, the active form of vitamin A, is essential for normal development and has 
a family of receptors that are expressed in certain embryonic structures; too much retinoic acid 
causes defects in those structures. DES binds to estrogen receptors and causes defects in male and 
female reproductive organs, as well as a rare form of vaginal cancer in about one of every thousand 
women whose mothers took DES during pregnancy. The retinoic acid receptor and the estrogen 
receptor are part of a family of receptors called nuclear receptors; many other receptors in this family 
are known or suspected to be targets for teratogenic exposures, such as the androgen receptor and 
the thyroid hormone receptor. These receptors function by binding to specific DNA response 
elements that elicit a number of changes in gene expression that change cell function for hours or 
days. 
 
Covalent binding to DNA or protein 
Some agents are chemically reactive or are metabolized by the body to chemically reactive forms. 
These reactive forms create covalent bonds to important biomolecules, changing the function of 
these molecules. For example, cyclophosphamide, a drug used to treat cancer, is metabolized to 
phosphoramide mustard, a reactive intermediate that covalently binds DNA and other important 
molecules in the cell, impairing the function of these cells. While this property makes 
cyclophosphamide valuable in treating rapidly dividing cancer cells, it also makes the drug risky 
during pregnancy because it harms rapidly dividing cells in the embryo. 
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Peroxidation and oxidative stress 
Chemicals that generate highly reactive substances like hydrogen peroxide can oxidize molecules, 
particularly the lipids that form the foundation for cell membranes. Other agents can also produce 
oxidation within cells, damaging macromolecules and organelles. 
 
Enzyme inhibition, interference with sulfhydryl groups 
Enzymes are proteins that catalyze chemical reactions, such as the reactions that break down 
sugars to produce energy for the cell or that synthesize the large molecules needed for cell structure 
and function. Inhibiting the function of an enzyme may have teratogenic consequences. For 
example, methotrexate, an inhibitor of dihydrofolate reductase, an enzyme in the folic acid synthesis 
pathway, interferes with metabolic processes that require folic acid, including the synthesis of 
nucleotides needed to make DNA. 
 
Sulfhydryl groups, which contain sulfur and hydrogen and are found on the amino acid cysteine, are 
important in creating the three-dimensional structure of proteins: two sulfur atoms that are distant 
from each other link together to form a disulfide bridge, creating a loop in the protein. Sulfhydryl 
groups are also used to hold essential minerals like zinc in place in proteins. Sulfhydryl groups are 
also important in caspases and other enzymes involved in programmed cell death, a normal 
developmental process. Cadmium, mercury, or other heavy metals can interact with sulfhydryl 
groups, disrupting the function of the proteins that contain them. 


Modification of Proteins 
Some proteins require modification in order to carry out their function, and these modifications can 
be another target of teratogenic exposures. For example, a signaling protein called sonic hedgehog 
(Shh) must first be clipped into two fragments, with the signaling fragment having a cholesterol 
molecule added to it in order for it to function normally. Shh functions to delineate the ventral portion 
of the central nervous system. Defects of the central nervous system in which the ventral portion is 
poorly defined, such as holoprosencephaly or cyclopia, arise when Shh does not function correctly. 
A number of different agents have been shown to interfere with Shh function, including cyclopamine 
(an alkaloid in certain range plants in the Western U.S.) and some but not all inhibitors of cholesterol 
synthesis. These agents appear to act by interfering with the cholesterol modification of Shh. 
Mutations of one particular gene in the cholesterol synthesis pathway can cause identical 
abnormalities, as does mutation of Shh itself, another example of how different mechanisms at a 
biochemical or molecular level can have common outcomes. 
 
Progression of Mechanistic Events to Pathology 
If the mechanistic events are sufficiently widespread, they may result in changes at the cellular and 
tissue level. Different exposures can cause the same cascade of events that result in abnormal 
development. For example, the edema syndrome results when embryos are exposed to low oxygen 
levels. Heart rate and blood pressure drop, sodium and potassium concentrations in the plasma 
change, and fluid seeping out of blood vessels causes hollow organs to swell and blisters to form in 
solid structures. The distortions caused by fluid accumulation disrupt development. But other agents 
can cause the edema syndrome as well; trypan blue (a biological stain) and other agents that affect 
the nutrition of the early embryo cause similar effects. 
 
Toxicologists have begun the process of mapping out these adverse outcome pathways as a way of 
codifying the chain of events that leads from initial molecular interaction to adverse effect. These 
adverse outcome pathways also provide a basis for understanding how insults that do not have the 
same target initially can converge on the same pathway and produce the same adverse response. 
To build on the Shh example introduced above, holoprosencephaly via altered Shh signaling can be 
produced by alkaloids that alter the post-translational modification of the Shh protein; by agents that 
inhibit specific enzymes in the cholesterol synthesis pathway, thereby affecting the modification of 







Shh; or by mutations in the genes for those enzymes or Shh itself. Each of these agents is different 
at the molecular level but converges on the same pathway by altering Shh function. 


Research into teratogenic mechanisms and pathogenesis is advancing as progress is made in our 
understanding of the molecular processes that control embryonic development, and this field is the 
subject of considerable research activity. As more becomes known about the underlying molecular 
mechanism of teratogenicity, testing for developmental toxicity may include screening using in vitro 
assays that cover a broad range of mechanisms, either by large batteries of tests for a single 
mechanism, conducted in high-throughput fashion, or by global evaluation of gene expression, which 
can be diagnostic for mechanism. 
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Can In Utero Exposures Increase the Risk of Disease 
Later In Life? 


John Rogers, U.S. Environmental Protection Agency 


In the early 1990’s, David Barker and his colleagues studied the relationship between mortality from 
coronary heart disease (CHD) before 65 years of age and weight at birth in men and women in 
Hertfordshire, England. They found an inverse correlation between the incidence of CHD mortality 
and birth weight – the lower the weight at birth, the higher the risk of CHD mortality in adulthood. 
This was not simply a problem of low birth weight or premature birth, as the inverse relationship was 
evident among full-term births within a normal birth weight range (i.e., ~5-10 pounds). Subsequent 
studies by this group and others expanded the range of adult disease inversely correlated with birth 
weight to include hypertension, diabetes, and obesity. These are components of the metabolic 
syndrome, and all contribute to increased risk of CHD. Studies around the world have since 
corroborated and further expanded these findings. The Barker hypothesis states that organs and 
metabolic pathways undergo programming during embryonic and fetal life in response to the 
developmental environment that determines the set points of physiological and metabolic processes 
that carry into adulthood. 


A corollary hypothesis, the thrifty phenotype hypothesis by Hales and Barker focuses on 
maternal/fetal nutrition as a determinant of the inverse relationship between birth weight and risk of 
adult disease. This hypothesis states that during the prenatal (and perhaps early postnatal) period, 
the developing child adapts to a low nutrient environment by permanently altering metabolism to 
become more efficient at storing scarce nutrients, an advantage in the face of a life of low nutrient 
availability. This “predictive adaptive” response would indeed be advantageous if the undernutrition 
experienced during development continues throughout life. 


But what if this developmental prediction of the adult world is wrong? What if developmental 
undernutrition is followed by a later environment of adequate or excess nutrition? The ability to 
efficiently store nutrients is now a maladaptation, one that will favor accumulation of excess energy 
stores, increasing the risk of obesity, insulin resistance, hyperinsulinemia, and hypertension. Such a 
mismatch (Figure 1) between the developmental environment and the environment in later life may 
be a key factor in increasing the risk of developing the metabolic syndrome. At present it is not clear 
what, if any, role the developmental environment has played in the rampant increase in the 
incidence of childhood obesity and Type 2 diabetes in developed countries in the past few decades. 
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Figure 1. The mismatch hypothesis. Predictive adaptive responses to the prenatal environment 
(developmental programming) produce a birth phenotype adapted to a similar postnatal environment 
(e.g., nutrient deprived). Developmental programming probably occurs in part by epigenetic 
alterations to the DNA. If the postnatal environment does not match the prenatal environment, the 
individual is maladapted and may be at increased risk of diseases later in childhood or adulthood. 
Adapted from Gluckman and Hanson, 2008. 


Studies in laboratory species, including rats, mice and sheep, have recapitulated the findings in 
human epidemiology studies. Pregnant rats, either underfed or fed a low-protein diet during 
pregnancy, have offspring that are more prone to obesity, hyperinsulinemia, and elevated blood 
pressure than are offspring of rats fed a nutritionally complete diet. Offspring of rats fed deficient 
diets are born smaller but tend to catch up by weaning and then are more likely to become obese, 
hyperinsulinemic, and hypertensive, especially if fed a high-fat diet after weaning. Likewise, offspring 
of pregnant ewes fed a low protein diet demonstrate insulin resistance and elevated blood pressure. 
Vascular reactivity is elevated, and the number of nephrons in the kidneys is reduced in these 
offspring; both conditions contribute to development of hypertension. The periods of development 
most sensitive to the long-term effects of undernutrition have not yet been well-defined in humans or 
experimental animals. 


There is mounting evidence that chemical exposure during development may have some of the 
same long-term effects on health as undernutrition. Very similar to maternal undernutrition during 
pregnancy, maternal smoking is associated with lower birth weight followed by increased risk of 
obesity and type 2 diabetes in adolescence. Chemicals, including certain phthalates, bisphenol A, 
organotins, and diethylstilbestrol, have been called environmental obesogens because 
developmental exposures to these chemicals can induce obesity in rodent offspring later in life. 
These chemicals may alter energy balance through their ability to interfere with fatty acid metabolism 
and/or nuclear receptor signaling in adipocytes and other cells. In our labs, we have shown that 
diverse chemical exposures during pregnancy in rats can lead to elevated blood pressure in 
offspring. 
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What are the mechanisms by which developmental undernutrition, toxicant exposure, or other 
adverse developmental conditions permanently affect health? Alterations of the hypothalamic-
pituitary-adrenal axis may be a common mechanism underlying fetal programming. Plasma cortisol 
levels in adulthood are inversely correlated with birth weight and risk of developing the metabolic 
syndrome. Levels of glucocorticoids in the fetus can be elevated by undernutrition and other 
maternal stressors. These changes of hormone levels are paralleled by altered expression of 
glucocorticoid receptors and affect expression of enzymes, ion channels, and transporters regulated 
by glucocorticoids. Thus, these endocrine changes may be both the cause and the consequence of 
intrauterine programming. 


The molecular basis for developmental programming is likely to be, at least in part, epigenetic 
modification of chromatin (cross-reference to Greene and Pisano). Epigenetic changes are those 
that alter the expression of genes without altering the genetic sequence of the genes. Two prominent 
forms of epigenetic changes are DNA methylation and histone modifications. For example, extensive 
methylation of cytosine nucleotides in gene promotors tends to turn genes off, which can be 
permanent. Conversely, acetylation of histones (proteins associated with the DNA) can open the 
structure of the chromatin and enhance gene expression. There are periods during gametogenesis 
and embryonic development during which the DNA methylation pattern of the genome is largely 
erased and reestablished, and there are probably other developmental periods during which 
particular genes important for regulating growth and metabolism may be epigenetically altered. 
Maternal smoking is again illustrative, as specific changes in DNA methylation are observed in cord 
blood and other tissues of newborns of smoking mothers. Insights into the etiology of smoking-
related adverse birth outcomes are emerging rapidly. 


So yes, the in utero environment can clearly affect life-long health, and a healthy start lasts a 
lifetime. A society devoted to the study of the Developmental Origins of Health and Disease 
(DOHaD) has a website with further information for those interested in this 
area: http://www.mrc.soton.ac.uk/dohad/ 
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Teratology Communication: How Can I Provide 
Information in a Way That Supports Effective Decision 
Making? 


Elizabeth A. Conover, MS, APRN, LCGC 
Adapted from: Conover EA, Polifka JE. 2011. The art and science of teratogen risk communication. 
Am J Med Genet Part C Semin Med Genet 157:227–233. 
 
An estimated 9 out of 10 pregnant women use some type of medication during pregnancy. In many 
cases, women have serious medical conditions that necessitate treatment and avoiding or stopping 
medications presents a significant risk to the woman and/or her pregnancy. Children have enormous 
value and importance, and pregnant women feel tremendous responsibility for keeping their babies 
safe. Prior studies have suggested that pregnant women tend to overestimate the magnitude of risk 
from an exposure. Information on the safety of medications continues to improve each year but it is 
rarely sufficient to fully determine risk, and almost never guarantees safety. Even in situations where 
there is a great deal of reliable data, it takes a skilled provider to convey information in a way that 
can be understood and utilized for informed decision making. 


Why is conveying teratology information so difficult? 
Probability and numbers are often used as a strategy to accurately convey teratogenic risk. Health 
literacy refers to an individual’s ability to understand health information and use it to make 
decisions. Numeracy is the component of health literacy that involves understanding numbers such 
as ratios, fractions, and percentages. Many people, including some health care providers, have 
limited health literacy and numeracy. Perceptions of probability, risk, and benefit may be distorted by 
people who have lower health literacy. These individuals are more likely to be reliant on non-numeric 
sources of data such as emotions or trust/non-trust in the health care provider. 
 
People with less health literacy are susceptible to framing and can be very sensitive to how the 
information is presented. Framing refers to the context or wording of information. When used 
consciously or inadvertently it can have a powerful effect on a patient’s risk perception and decision 
making. For example, in a Motherisk study, women given negatively framed information (“your baby 
has a 5% risk for a birth defect”) had a significantly higher perception of risk than those given 
positively framed information (you still have a 95% chance of having a healthy baby). 
 


Probability of necessity includes uncertainty, but uncertainty is difficult for patients, especially in high 
stress situations. Most people, including health providers, view things in a black or white fashion (risk 
vs no risk) and have difficulty making decisions when the risks are uncertain. This difficulty can result 
in inflating risk, even if it is presented with data suggesting that the chance of an adverse outcome is 
small or, conversely, denying that the risk even exists. 
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What can I do to make my communication easier to understand? 
• Resist ‘information dumping’ (i.e., going into excruciating detail). Patients who are in a stressful 


situation often hear only your first couple of sentences, so weigh what you want to say carefully. 
You can always offer more if this is a patient who does want a lot of supporting information. 


• When presenting probability information, frame it in a variety of ways (positive vs. negative) and 
compare it to the baseline risk. For example, a woman with an exposure that carries a 1/100 
increase in chance for a malformation can be advised that even women who have not had any 
exposures during pregnancy have a 3/100 chance of giving birth to a child with a malformation, 
whereas she now has a risk of 4/100 because of her exposure. This can then be framed in a 
more positive light by pointing out that this means that despite her exposure she has 96/100 
chance of having a normal, unaffected baby. Note the use of a consistent denominator! It is very 
difficult do comparisons when the denominators are different (quick…which is bigger, 2/40 or 
3/75?). Using natural numbers can also assist with understanding (“If there were 100 people in 
this room with the same chance that you have, 4 of them would have a baby with a birth defect”). 


• Use verbal expressions of probability cautiously. These are words like ‘low risk’, ‘minimal risk’, 
and ‘high risk.’ Studies have shown that people have various interpretations of the same 
expressions, and it is difficult to develop verbal probability expressions that all people interpret in 
the same way. Use numerical probabilities appropriately as a basis for providing information, but 
consider including verbal qualifiers to place the numerical risk in the context of other life events. 


• Visual aids such as pie charts, graphs, pictograms, or risk ladders may enhance understanding of 
probability information. For example, bar graphs can be useful in comparing chances of various 
events. Be careful that visual aids do not introduce another form of bias, however. For example, 
graphs tend to draw people’s attention to harm. 


• Consider using the words ‘chance’ or ‘probability’ in place of ‘risk’ when discussing possibilities. 
Risk is a form of negative framing, because it implies a negative outcome. However, note how 
difficult this advice is to implement, since it has been difficult to eradicate ‘risk’ from this paper 
despite knowledge that the word is prejudicial! 


 
What about doing teratology counseling on the telephone, or by email or texting? Will the 
patient understand the information as well as when it is presented in person? 
Teratology counseling is often done over the phone, and recently by other modalities including 
email, chats, and texting. These newer formats are an effective strategy for serving a broader group 
of clients including teenagers, non-English speakers, rural, and other medically underserved 
populations. Studies done on telephone genetic counseling suggest that patients appreciate the 
accessibility, privacy, and anonymity. While effective in expanding the reach of teratology 
information services, there are some down-sides including barriers to rapport and difficulty using 
communications strategies such as visual aids. 


Many of the issues with regard to conveying teratology information are present with telephone, 
email, and internet-based counseling, and in some cases are enhanced by not providing information 
in-person. Thus, teratology counselors need to be especially cognizant of biases, framing of risk, 
and numeracy issues when utilizing these modes of communication. There are currently no studies 
comparing patient satisfaction with the various modalities, and few data on comprehension of 
information. In an effort to examine this issue, the Organization of Teratology Information Services 
(OTIS) is investigating these factors in phone vs text teratology counseling. 


Conclusion 


It can be difficult to weigh the advantages and disadvantages of a particular medication and even 
more difficult to effectively convey the information needed for an informed decision. Nonetheless, it 
is worth making the effort to develop and practice strategies that improve communication. People 
tend to comprehend more and make better informed decisions when the presentation format makes 







the most important information easier to evaluate and when less cognitive effort is required. 
Remember that this decision is an intensely personal one for each woman – she is the person who 
will benefit from the treatment but who will also have to cope with any possible adverse outcomes. 
Despite the temptation to provide huge amounts of information, remember that it is your 
responsibility to emphasize what is truly important so that the patient can put it into context and is 
not cognitively overwhelmed. What is important may vary from patient to patient, but selecting what 
is important is part of the art of effective communication. 


What we say: “It is impossible to guarantee safety, and I cannot be absolutely certain about whether 


this medication will hurt your baby. However, the available animal and human data suggest low risk. 


In addition, this medication is important for your health and the well-being of your pregnancy.” 


What pregnant women hear: “…this medication might hurt your baby, blah, blah, blah, blah, blah, 


blah, blah, blah, blah, blah, blah…” 
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Which Infections Increase the Risk of Birth Defects? 


Sonja A. Rasmussen, Centers for Disease Control and Prevention, Atlanta, Georgia 
Amelia K. Watson, University of Florida College of Medicine, Gainesville, Florida 
Margaret A. Honein, Centers for Disease Control and Prevention, Atlanta, Georgia 


The findings and conclusions in this chapter are those of the authors and do not necessarily 
represent the official position of the Centers for Disease Control and Prevention. 


The identification of Zika virus as a cause of birth defects has renewed interest in infectious causes 
of birth defects. Certain infections during pregnancy have long been known to cause birth defects. 
The effects of rubella during pregnancy were first described in 1941 by Dr. Norman Gregg, an 
Australian ophthalmologist who identified a particular type of cataract in infants born to women 
infected with rubella virus (German measles) during pregnancy. The findings in infants whose 
mothers had been infected with rubella virus during pregnancy were later expanded beyond 
cataracts to include hearing loss, heart defects, and intellectual disability (termed congenital rubella 
syndrome). Since then, infections with other pathogens during pregnancy have been identified as 
causes of adverse pregnancy and birth outcomes, including structural birth defects (Table). 


Other infections (e.g., influenza) have not been specifically recognized as a cause of birth defects, 
but fever, which often occurs with infection, has been associated with an increased risk for certain 
birth defects, including a doubling in the risk for neural tube defects, including spina bifida and 
anencephaly. Some infections are suspected to increase the risk for adverse pregnancy outcomes 
(e.g., Japanese encephalitis virus has been suspected to increase the risk for pregnancy loss, based 
on evidence from case series), but the increased risk has not been well documented. Some 
infections pass from mother to infant during pregnancy but have not been found to increase the risk 
of birth defects (e.g., human immunodeficiency virus [HIV]), although HIV-induced 
immunosuppression increases the risk of other infections that can increase the risk of birth defects. 
For most infections, the risk of adverse pregnancy and birth outcomes is unknown because 
systematic studies have not been performed. 


Several different types of adverse pregnancy and birth outcomes, ranging from pregnancy loss to 
structural birth defects apparent at birth, to developmental disabilities observed after birth, have 
been associated with infections during pregnancy. Infectious causes of adverse pregnancy and birth 
outcomes include viruses (cytomegalovirus [CMV], herpes simplex-2 (HSV-2), lymphocytic 
choriomeningitis virus [LCMV], parvovirus B19, rubella, varicella, Venezuelan equine encephalitis 
virus, Zika virus), bacteria (Treponema pallidum, Listeria monocytogenes), and parasites 
(Toxoplasma gondii). Some infectious pathogens increase the risk for pregnancy loss (e.g., Listeria 
monocytogenes and parvovirus B19), while others increase the risk for birth defects that are evident 
at birth (e.g., rubella and Zika viruses). Several infectious pathogens increase the risk for defects of 
the brain and eye, including CMV, LCMV, Toxoplasma gondii, and Zika virus. Some infections during 
pregnancy (e.g., CMV) can cause problems, such as hearing loss, which appear several months 
after birth in infants with no apparent problems at birth. 



http://www.teratology.org/primer





As with other teratogenic exposures during pregnancy, the timing of an infection during pregnancy 
affects the types and frequencies of adverse outcomes observed. For example, the risk of birth 
defects from first trimester rubella infection may be as high as 100 percent, and includes eye 
abnormalities, congenital heart defects, defects of the central nervous system, hearing loss and 
intrauterine growth retardation. Infection in the second trimester poses a lower risk of abnormalities, 
and the types of abnormalities include hearing loss, retinopathy, microcephaly, and cognitive 
impairment. Third trimester rubella infection is associated with a much lower risk to the fetus, 
primarily of intrauterine growth retardation, rather than of birth defects or developmental disabilities. 


Infections that cause adverse pregnancy and birth outcomes have different primary routes of 
transmission, including exposure to infected saliva and urine of infected persons (CMV), fresh urine, 
droppings, saliva, or nesting materials from infected rodents (LCMV), contaminated foods (Listeria 
monocytogenes ), undercooked foods and cat feces (Toxoplasma gondii), bites of infected 
mosquitoes (Zika virus), and sexual contact (syphilis and Zika virus). Depending on the type of 
infection, approaches to prevention differ (Table). For most infections, avoidance of exposure (e.g., 
avoidance of mosquito bites, rodents, contaminated foods, or contact with infected persons) is the 
primary prevention strategy. For women who have contracted syphilis during pregnancy, early 
recognition and treatment can be effective in preventing congenital syphilis. The most successful 
program for prevention of birth defects that occur after infection during pregnancy is the rubella 
vaccination program. Following development of a vaccine against rubella and a comprehensive 
vaccination program, rubella and congenital rubella syndrome have been eliminated from the United 
States, and progress toward elimination is being made in other countries throughout the world. 


Table: Infections that Cause Adverse Pregnancy and Birth Outcomes Following Exposures 
during Pregnancy 


Infection Pathogen Most 
Common 
Routes of 
Exposure 


Potential 
Strategies for 


Pregnant Women 
to Reduce Risk 


Adverse 
Pregnancy and 
Birth Outcomes 


CDC 
Website (if 
available) 


Cytomegal
ovirus 
(CMV) 


Cytomegal
ovirus – 
Herpesvirid
ae family 


Direct contact 
with body fluids 
(e.g., urine, 
saliva) 
Sexual contact 


Avoid contact with 
saliva and urine 
from young 
children 


• Pregnancy loss 


• Microcephaly 


• Seizures 


• Intracerebral 
(usually 
periventricular) 
calcifications 


• Intellectual 
disability 


• Vision loss 


• Hearing loss 
(may be 
present at birth 
or develop 
later) 


• Low birth 
weight 


https://www.
cdc.gov/cm
v/  


Herpes 
simplex 


Herpes 
simplex 
virus 2 – 


Sexual contact Avoid sexual 
contact with 
infected persons 


• Skin, eye, 
mouth disease 
– disease 


https://www.
cdc.gov/std/
herpes/  
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virus 2 
(HSV-2) 


Herpesvirid
ae family 


or use latex 
condoms  
Viral suppression 
of infected partner 


localized to 
skin, eye and 
mouth 


• Central nervous 
system disease 


• Disseminated 
disease – 
involving 
multiple organs 
including liver, 
lungs, and 
central nervous 
system 


Listeriosis Listeria 
monocytog
enes - 
bacterium 


Consuming 
Listeria-
contaminated 
foods 


Avoid consuming 
foods potentially 
contaminated with 
Listeria (e.g., soft 
cheese made with 
raw milk, raw or 
lightly cooked 
sprouts, and hot 
dogs, lunch 
meats, cold cuts, 
other deli meats, 
or fermented or 
dry sausages 
unless they are 
heated to an 
internal 
temperature of 
165°F or until 
steaming hot just 
before serving) 


• Pregnancy loss 


• Preterm labor 
  


https://www.
cdc.gov/list
eria/  


Lymphocyti
c 
Choriomen
ingitis 
Virus 
(LCMV) 


Lymphocyti
c 
choriomeni
ngitis virus 
- 
Arenaviridi
ae family 


Contact with 
urine, feces, 
saliva, or blood 
of infected 
rodents 
(common 
house mouse, 
hamsters and 
other pet 
rodents) 


Avoid contact with 
mice and pet 
rodents during 
pregnancy 


• Macrocephaly, 
usually due to 
noncommunicat
ing 
hydrocephalus 


• Microcephaly 


• Periventricular 
calcifications 
and other brain 
abnormalities 


• Chorioretinitis, 
optic atrophy, 
nystagmus, 
vitreitis, 
strabismus, 
microphthalmia, 
and cataract 


https://www.
cdc.gov/vhf/
lcm/ 
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Parvovirus 
B19 
(erythema 
infectiosum
, Fifth 
disease) 


Parvovirus 
B19  -  Par
voviridae 
family 


Exposure to 
respiratory 
secretions from 
persons 
infected with 
parvovirus B19 


Avoid contact with 
persons infected 
with Parvovirus 
B19, if susceptible 


• Fetal hydrops 


• Intrauterine 
growth 
restriction 


• Pleural and 
pericardial 
effusions 


• Fetal death 


https://www.
cdc.gov/par
vovirusb19/f
ifth-
disease.htm
l 


Rubella 
(German 
measles) 


Rubella 
virus - 
Togavirida
e family 


Direct or 
droplet contact 
from 
nasopharyngea
l secretions 


Vaccinate with 
rubella-containing 
vaccine before 
pregnancy  


• Hearing loss 


• Intellectual 
disability 


• Intrauterine 
growth 
restriction 


• Microcephaly 


• Cataracts, 
microphthalmia, 
glaucoma, 
chorioretinitis, 
retinopathy 


• Patent ductus 
arteriosis, 
septal defects, 
pulmonary 
artery stenosis 


• Hepatosplenom
egaly 


• Thrombocytope
nia, purpura 


https://www.
cdc.gov/rub
ella/  


Syphilis Treponem
a pallidum 
- bacterium 


Sexual contact Avoid sexual 
contact with 
infected persons 
or use latex 
condoms 
Routine screening 
of pregnant 
women during 
pregnancy (at first 
prenatal visit for 
all women and 
additional testing 
at 28 weeks’ 
gestation and 
again at delivery 
for those at 
increased risk), 
followed by 
treatment if 
indicated 


• Fetal Hydrops 


• Preterm birth 


• Fetal death 


• Hepatosplenom
egaly 


• Snuffles 
(copious nasal 
secretions) 


• Lymphadenopat
hy 


• Mucocutaneous 
lesions 


• Pneumonia 


• Osteochondritis 


• Pseudoparalysi
s, edema, rash, 


• Hemolytic 
anemia, 
thrombocytopen
ia 


https://www.
cdc.gov/std/
syphilis/  
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  • If untreated, 
later onset 
findings: 


• Interstitial 
keratitis 


• Hearing loss 


• Hutchinson 
teeth (peg-
shaped, 
notched central 
incisors) 


• Anterior bowing 
of the shins 


• Frontal bossing 


• Saddle nose 


• Symmetric, 
painless 
swelling of the 
knees 


Toxoplasm
osis 


Toxoplasm
a gondii – 
protozoan 


Consumption 
of undercooked 
contaminated 
meat 
Exposure to 
cat feces or 
contaminated 
soil 


Avoid 
consumption of 
undercooked 
meats 
Wear gloves 
during any contact 
with soil or sand 
Avoid exposure to 
cat faces 


• Intrauterine 
growth 
restriction 


• Fetal death 


• Cerebral 
calcifications 


• Hydrocephalus 


• Microcephaly 


• Chorioretinitis 


• Seizures 


• Intellectual 
disability 


• Hearing loss 


https://www.
cdc.gov/par
asites/toxop
lasmosis/  


Varicella 
(chickenpo
x) 


Varicella-
zoster 
virus – 
Herpesvirid
ae family 


Close contact 
with a person 
with varicella or 
herpes zoster 


Vaccinate with 
varicella vaccine 
before pregnancy 
if woman is 
determined to be 
susceptible 


• Limb 
hypoplasia 


• Scarring of skin 


• Eye 
abnormalities 


• Neurologic 
abnormalities 


https://www.
cdc.gov/chi
ckenpox/  


Venezuela
n Equine 
Encephaliti
s 


Venezuela
n Equine 
Encephaliti
s virus – 
Togavirida
e family 


Bite of infected 
mosquito 


Avoid bites of 
infected 
mosquitoes 


• Pregnancy loss 


• Microcephaly 


• Hydranencepha
ly 


• Necrosis of 
brain tissue 


• Microphthalmia 


• Hip dislocation 


-- 
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Zika virus Zika virus 
– 
Flaviviridae 
family 


Bite of infected 
mosquito 
Sexual 
transmission 


Avoid bites of 
infected 
mosquitoes 
Avoid sexual 
contact with 
persons with Zika 
virus exposure or 
confirmed 
infection or use 
latex condoms 
Avoid travel to 
areas with risk of 
Zika virus 


• Severe 
microcephaly 


• Misshapen skull 
consistent with 
fetal brain 
disruption 
sequence 


• Subcortical 
calcifications of 
brain 


• Hydrocephalus 
and increased 
extra-axial fluid 


• Polymicrogyria 


• Hypoplasia or 
absence of 
brain structures 


• Microphthalmia, 
coloboma 


• Retinal scarring 
and pigmentary 
changes 


• Joint 
contractures, 
including 
clubfoot, hip 
dislocation 


https://www.
cdc.gov/zik
a/ 
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What Does It Mean to Be a Teratologist Today? 


Nisha S. Sipes 
National Toxicology Program 
National Institute of Environmental Health Sciences 
Research Triangle Park, North Carolina 
 
Teratology is a relatively young discipline and the field today was largely shaped by the thalidomide 
crisis of in the early 1960s (See the Foreword for historical perspective.) As you will see in 
subsequent chapters, the research and clinical practice of today’s teratologists have advanced along 
with the advances in science. It is an exciting time to be in this field because we are not only making 
important progress in understanding the cause of birth defects, we are learning how to prevent them. 
This chapter provides insight into the various avenues where careers in teratology unfold. 
 


Research 


Understanding the adverse effects of exposures on human reproduction and development is 
complex and challenging, requiring partnerships among researchers from various disciplines. 
Genetics, maternal and paternal care, and socioeconomic factors are important for maternal, 
paternal, and embryonic health. Diet and chemical or drug exposures are also important, as is 
knowing when the mom, dad, or fetus is exposed. Untangling the relationships among these factors 
and an adverse human reproductive and/or developmental outcome often requires interdisciplinary 
collaboration. 


Developmental biologists/geneticists, cell and molecular biologists, toxicologists, statisticians, 
epidemiologists, computational modelers, and clinicians have unique perspectives on how to 
approach studying the etiology of adverse developmental and reproductive outcomes. 
Developmental biologists/geneticists evaluate animal models throughout development and 
reproduction. These models may include fruit flies, worms, zebrafish, mice, rats, and other 
mammalian models. Cell and molecular biologists seek to understand processes and mechanisms 
inside of the cell and typically use in vitro cell models. Toxicologists take advantage of these two 
disciplines to focus on what happens to the model organism after an exposure (e.g., chemical, diet, 
radiation), the fate of the exposure (metabolism, activation/inactivation, accumulation) inside the 
organism, and the potential biological interactions that occur. Statisticians can help set up study 
designs and analyze the data gathered to determine the significance of an exposure associated with 
a reported effect. Epidemiologists investigate causes of adverse health effects by designing 
research studies and surveys to collect data and then studying the patterns within these data. 
Computational modelers use computers to simulate complex system behavior by first defining the 
system into easy to understand parts. Then, using math and statistics rules, complex interaction 
among the parts that are not seen intuitively can be revealed. Finally, clinicians help mitigate illness 
in humans (or in animals, for veterinarians) and can also have a research laboratory of their own. 
Typically researchers are hybrids of these disciplines (and others) and collaborate with each other to 
provide a unique perspective on how to design and interpret study data for developmental and 
reproductive disorders and birth defects. 


Translation 
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Educating patients and the public, regulating what is known to be harmful, and advocating for 
developmental and reproductive research allows one to translate the latest research knowledge 
about birth defects and developmental and reproductive disorders into practice. Clinicians in 
obstetrics, medical genetics, neonatology, and pediatrics focus on taking care of and treating 
patients throughout pregnancy, after parturition, and during childhood. Counselors in these fields 
spend time with patients and families to provide personalized care information, foster understanding 
of test results, and provide the latest health recommendations. Risk and safety assessors evaluate 
the benefits of a product (e.g., pesticide or drug) with the risks for potential adverse pregnancy and 
reproductive outcomes. With this information, regulations may limit the use of certain products to 
adults not trying to conceive or to non-pregnant females and provide labeling on products to limit 
exposures during sensitive time periods. Finally, advocates for developmental and reproductive 
health have campaigns, websites, hold events, form societies, and publish research articles to make 
the public aware of the research and best practices, as well as raise funds to help further research 
efforts. Effectively translating and advocating research often requires knowledge about the field; 
therefore, many of the people involved hold similar backgrounds as those performing the research. 


Where Do Teratologists Work? 


In almost every job sector, you can find careers dedicated to researching and translating birth 
defects and disorders of developmental and reproductive origin. Research is accomplished by 
individuals at all career levels, from undergraduate students to scientific and regulatory directors. 
Private and public hospitals and medical clinics provide medical professionals the opportunity to 
translate the latest standard of prenatal and postnatal care to practice. Journals allow research to be 
peer-reviewed and published for public availability. For-profit and non-profit societies and 
associations, as well as private individuals, are advocates for raising awareness and funds regarding 
developmental and reproductive disorders and birth defects. 


The Teratology Society thrives on the diversity of our members. This diversity gives us the 
opportunity to research and understand birth defects and disorders of developmental and 
reproductive origin and to serve as a source of information for clinicians, researchers, and the 
general public. Within the Teratology Society, interactions occur at all levels, among an international 
multidisciplinary group of individuals that includes researchers, clinicians, epidemiologists, and 
public health professionals from academia, government, and industry. The Teratology Society 
welcomes and highly values students, fellows, and other trainees interested in understanding birth 
defects and disorders of developmental and reproductive origin, as well as professionals active in 
the field. You are the future. 
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Sciences funded and managed the research described and this paper has been subjected to review 
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How Has Epigenetics Influenced Understanding of 
Teratogenesis? 


Robert M. Greene, Ph.D. 
Department of Surgical & Hospital Dentistry, Division of Craniofacial Development & Anomalies, 
University of Louisville, Louisville, KY 


M. Michele Pisano, Ph.D. 
Department of Surgical & Hospital Dentistry, Division of Craniofacial Development & Anomalies, 
Department of Pharmacology & Toxicology, University of Louisville, Louisville, KY 


Developmental defects are complex and heterogeneous in nature due to contributions from, and 
interactions between, genetic and environmental risk factors. Despite significant progress in the 
identification of genetic and environmental risk factors, the majority of congenital anomalies still have 
no known cause. For many specific anomalies, emphasis has been placed on the search for single-
nucleotide polymorphisms (SNPs), where there is a DNA sequence variation, deletion or addition of 
a single nucleotide, within a gene. It has become apparent, however, that the genome is also 
organized in an entirely different plane, 'above' the level of DNA sequence — at the epigenetic level. 
Epigenetics represents a field of study that examines modifications to the genome that alter the 
activity of certain genes in the absence of changes in the nucleotide sequence. Some of these 
epigenetic modifications are heritable. Current biological thought now recognizes that epigenetics is 
a fundamental contributing process in embryogenesis, and that the environment (nutrition, stress, 
chemical exposures including cigarette smoke, and heavy metals etc.) can have a profound effect on 
shaping the epigenome. Epigenetic alterations that could mediate many of these environmental 
insults during embryonic or fetal development include 1) methylation, where methyl groups are 
added to the DNA molecule, 2) altered expression of microRNAs (miRNAs), small RNA molecules 
that directly regulate gene expression without themselves being translated into proteins, 3) 
modification (phosphorylation, acetylation, methylation etc) of histone proteins, and 4) remodeling of 
chromatin via histone modification or restructuring of nucleosomes (DNA segments wrapped around 
histone protein cores) , among others. Environmentally-induced epigenetic alterations have the 
contrasting properties of being both plastic (modifiable) and mitotically stable. Thus, an 
environmentally-induced epigenetic alteration can be replicated during cell division and faithfully 
transmitted through the cell’s lineage with potentially profound negative consequences for 
development of tissue and embryonic structures in which such cells are found. Thus, the 
term epigenetics has come to be defined as the study of individual mitotically stable structural 
modifications to genes that alter their activity without changing the DNA 
sequence. Epigenomics refers to the global study of epigenetic changes across the entire genome. 


Conventional screening techniques such as mutational analysis or genome-wide association studies 
(GWAS) do not identify epigenetic alterations or epigenetically altered genes. Such analyses focus 
almost solely on protein-encoding genes, which constitute a mere 1.2% of the human genome, 
leaving the remaining 98.8% of the genome largely unexplored. The knowledge that environmental 
perturbations trigger cellular reprogramming, with downstream effects on cellular function and 
phenotypes, has led to the development of epigenome-wide association studies (EWAS). Such 
studies hold the promise of identification of epigenetic factors that contribute to the etiology of 
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congenital malformations and human disease conditions. Since the developmental periods of 
preimplantation and organogenesis are particular susceptibility to epigenetic influences, epigenetic 
alterations may represent key mechanisms in the misregulation of gene expression during 
embryogenesis and present the intriguing notion that such alterations may be potential loci, 
undetected by mutational or GWAS analyses, for congenital defects. Indeed, some congenital 
syndromes (e.g. Prader-Willi, Beckwith-Wiedemann and Angelman syndromes) can be caused by 
factors that utilize epigenetic mechanisms to produce abnormal expression of genetic loci critical for 
normal embryogenesis. Moreover, it is well documented that mutations of genes involved in 
epigenetic mechanisms, such as DNA methyltransferases and histone deacetylases, have been 
linked to several human syndromes (Rett syndrome, Rubinstein–Taybi syndrome). 


Three independent epigenetic mechanisms that regulate gene expression serve to illustrate: 


DNA methylation: 
Methylated DNA is reflective of regions where a methyl group (−CH3) has been added to cytosine 
nucleotides. Methylation usually involves cytosines followed by guanines, often in clusters called 
CpG islands. Such methylated regions normally are found in areas that are transcriptionally silent, 
whereas unmethylated regions generally correspond to regions of DNA active in transcription. 
Advances in high-throughput DNA analysis now enable examination of epigenetic variants, such as 
changes in DNA methylation patterns across the genome. As such, EWAS provide an opportunity to 
detect aberrant methylation patterns at a population level, allowing association with disease 
phenotypes and congenital defects. While direct DNA promoter methylation generally has been 
thought to result in gene silencing, genome-wide methylation profiling has provided the 
understanding that methylation changes also can alter distal regulatory elements, particularly 
enhancers. Enzymes responsible for DNA methylation are known as DNA methyltransferases 
(DNMTs). One type, DNMT1, maintains methylation at preexisting sites. In mammalian 
semiconservative DNA replication, DNMT1 recognizes the methylation of the parental strand of DNA 
and matches it to the new daughter strand. Thus, modifications of DNA methylation patterns induced 
by exposure to environmental conditions during embryogenesis can become heritable. Since 
genomic programming is critical for normal embryogenesis, such developmental reprogramming can 
potentially result in abnormal embryonic development. Prenatal exposure to cigarette smoke, 
alcohol, or heavy metals are examples of environmental exposures eliciting epigenetic changes 
during development. 


MicroRNAs: 
While DNA methylation is the best studied epigenetic process, the ability of small non-protein-coding 
RNAs, specifically microRNAs (miRNAs), to regulate gene expression has come under increasing 
scrutiny as an epigenetic phenomenon that appears to play a significant role in embryonic 
development. Genes that code for such RNAs account for nearly 90% of the human genome. The 
discovery of these vast conserved genomic stretches encoding for non-protein-coding regulatory 
RNAs has revealed a previously unrecognized layer of genomic information of potentially 
fundamental importance to embryonic development, creating a far reaching paradigm shift regarding 
how our "genetic code" functions. MicroRNAs, representing only one type of non-protein-coding 
RNA, are 20 to 22 base pairs long and downregulate gene expression via complementary binding to 
the 3-prime untranslated region of target RNAs. Using orofacial clefting as an example, compelling 
hints that DNA sequence variations in human genes encoding miRNAs, or miRNA processing 
enzymes, were able to discriminate between humans with orofacial clefts and those without a cleft 
phenotype. This provides support for the premise that dysregulation of miRNAs might underlie the 
etiology of nonsyndromic cleft palate. Additional support comes from the association of a SNP in the 
human gene encoding miR-140 with isolated cleft palate, and the demonstration that SNPs in the 
miRNA binding sites of MSX1, a candidate gene for susceptibility to nonsyndromic orofacial clefts 
(NSOC), are also associated with NSOC susceptibility. Collectively, these data provide 1) convincing 







evidence that specific miRNAs play a role in orofacial development and 2) support for the intriguing 
notion that miRNAs, might be potential gene loci for congenital orofacial defects and may serve as 
biomarkers to diagnose NSOCs. 


Histone Modifications: 
DNA is usually wrapped around histone proteins forming chromatin (Fig.1). Remodeling of chromatin 
via postranslational modifications of histones and alterations in chromatin structure represent two 
additional epigenetic means by which gene expression is regulated. In general, chromosomal 
regions are either tightly packed (heterochromatin) and genetically inactive, or are loosely configured 
(euchromatin) which represents single-copy, transcriptionally active DNA (Fig.1). Post-translational 
modification of histones include methylation, acetylation, phosphorylation, and sumoylation. Histone 
acetylation, for example, is thought to be associated with relaxation of chromatin, facilitating access 
to transcription factors, and enhancing gene transcription. This may provide mechanistic insight into 
how aberrant acetylation or deacetylation of histones may contribute to the formation of Fragile X or 
Rubinstein-Taybi syndromes. Histone methylation, by contrast, is considered to be associated with 
tightly packed chromatin, impeding access of transcription factors to DNA and, as such inhibiting 
transcription. Such histone modifications are thought to fine-tune the regulation of specific genes. 


Figure 1. Diagrammatic 
representation of selected 
epigenetic mechanisms that 
may alter the epigenome and 
affect embryonic development 
and effect teratogenesis. DNA 
associates with histone 
proteins to form chromatin. 
Epigenetic processes 
including methylation (Me), 
acetylation (Ac), or 
phosphorylation (P), to name 
a few, can alter the epigenetic 
profile of histone tails, as well 
as the extent to which DNA is 
wrapped around histones 
(blue spheres). Chromosomal 
regions can be tightly packed 
(heterochromatin) and 
genetically inactive, or loosely 
configured (euchromatin) and 
transcriptionally active. 


Abundant evidence exists, confirmed in many populations as well as in animal models, linking in 
utero environmental exposures to increased susceptibilities and adult onset conditions including 
hypertension, coronary heart disease, obesity, metabolic syndrome, and type II diabetes. This 
phenomenon is now referred to as “developmental origins of health and disease” (DOHD) or the 
Barker hypothesis, after David J. P. Barker, who proposed such a linkage in 1990. The original 
hypothesis posited that adverse in utero conditions/exposures, with birth size serving as a response 
marker of the intrauterine environment, program the fetus to have metabolic characteristics that can 
lead to future disease. Such “programming” is currently thought to take the form of epigenomic 
alterations and illustrates the developmental plasticity of the embryo/fetus. 
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Conclusion 


Epigenetic regulation is fundamental to tissue differentiation and normal embryonic development. 
The field of epigenetics has provided new insights into the molecular underpinnings of the fetal 
origins of adult diseases and teratogenesis. Large amounts of genomewide data are being 
generated for the interdependent fields of gene expression, genotyping, and epigenomic alteration. 
Each is being explored for associations with diseases and, increasingly, congenital anomalies. A 
challenge facing teratologists is to determine the means to integrate these datasets to reveal how 
variations in any one impact the others such that normal embryonic development is perturbed. 
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Can Chemicals in the Environment that Affect Hormone 
Function Disrupt Development? 


Barbara F Hales, McGill University, Montreal, QC, Canada 
Robert J. Kavlock, Washington, DC, USA 


The endocrine system is made up of glands that produce and secrete hormones; these hormones 
regulate metabolism, growth and development, tissue function, and sexual function. In the embryo, 
they play a critical role in regulating the expression of genes that guide the development of a number 
of organ systems. Changes in either the amount or the timing of hormone exposure can lead to 
altered human development. For example, humans with a defect in the androgen receptor gene 
have androgen insensitivity syndrome; although they are genetically male, they have a female 
appearance, because androgens cannot activate the receptor to masculinize the reproductive tract 
during critical periods of prenatal development. 


Figure 1. The response to an endogenous hormone is depicted on the left. EDCs may enhance 
(middle) or antagonize (right) the response to this hormone.  
https://www.niehs.nih.gov/health/topics/agents/endocrine/index.cfm 


A chemical that disrupts the endocrine system (i.e. an endocrine disrupting chemical or EDC) is 
defined by the International Programme on Chemical Safety (IPCS), a joint programme of WHO, 
UNEP and the International Labour Organization as “an exogenous substance or mixture that alters 
function(s) of the endocrine system and consequently causes adverse health effects in an intact 
organism, its progeny, or (sub)populations.” A potential EDC is defined as “an exogenous substance 
or mixture that possesses properties that might be expected to lead to endocrine disruption” (Figure 
1). Chemicals that may act as EDCs are found in everyday household products and throughout the 
environment. Although the mechanisms of action of environmental EDCs may be complex, studies 
have generally focused on alterations in estrogen, androgen, and thyroid signaling pathways. One of 
the first hormonally-active chemicals shown to have effects on development in humans was 
diethylstilbestrol (DES), a synthetic estrogen, given to women during the 1950s in an effort to 
prevent miscarriage and preterm delivery. In the early 1970s, fetal exposure to DES was linked to 
vaginal adenocarcinoma, a rare cancer; since then many other effects of maternal DES exposure 
have been identified. In Taiwan in 1979, many people consumed rice oil contaminated with high 
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levels of polychlorinated biphenyls (PCBs) and dibenzofurans. The offspring of exposed women 
were smaller at birth and had delays in neurological development. Several more recent studies on 
PCBs have shown neurological effects in other populations exposed to lower amounts. Although we 
know that PCBs and related compounds can interact with various components of the endocrine 
system, the cause for the developmental disorders observed after these exposures is not known. 


Our understanding of the potentially harmful effects of EDC exposures during development has 
advanced tremendously during the past three decades, triggered by the dedication and passion of a 
number of scientists. In 1992, a publication of the proceedings of a conference organized by Theo 
Colborn concluded, “We are certain of the following:...A large number of man-made chemicals that 
have been released into the environment... have the potential to disrupt endocrine systems of 
animals, including humans.” Since this conference, evidence has accumulated showing that 
exposure to EDCs may lead to adverse health effects in wildlife living in contaminated environments, 
in livestock foraging on phytoestrogen-containing plants, in laboratory animal studies, and in 
humans. 


Polybrominated diphenyl ether (PBDE) flame retardants, certain phthalate plasticizers, epoxy resin 
ingredients, such as bisphenol A (BPA), pesticides, such as methoxychlor and vinclozolin, and even 
phytoestrogens, such as soy products, may act as EDCs. The PBDEs, added to textiles, plastics, 
furniture foam and electronic equipment to retard the propagation of flames, leech out into the 
environment where they are persistent and bioaccumulate. Human exposure to PBDEs is 
widespread through house dust, air, water and food. In epidemiological studies, the exposure of 
women during pregnancy to some PBDEs has been associated with effects on measures of 
intelligence related to learning and memory, such as IQ, in their children. Studies in rodents 
designed to assess the effects of specific PBDEs on measures that test learning have also 
demonstrated that these chemicals may act as developmental neurotoxicants. While the 
mechanism(s) of action of PBDEs as developmental toxicants is not clear, several studies have 
linked their effects on brain development to thyroid hormone disruption. PBDEs also affect the 
development of other organs. In humans, there is evidence that PBDE exposure during pregnancy is 
associated with an increase in the failure of the testes to descend in male infants, a condition known 
as cryptorchidism. In rodent studies, in utero and lactational PBDE exposure is associated with 
adverse effects on ovarian folliculogenesis and steroidogenesis in female offspring. 


Phthalates, widely used as plasticizers to increase the flexibility of polyvinylchloride (PVC), are found 
in construction materials, toys, packaging films and medical devices. They leech out of these 
products and are ubiquitous environmental contaminants. In animal studies, exposure to certain 
phthalates (e.g. to di(2-ethylhexyl) phthalate, DEHP; dibutyl phthalate, DBP; benzylbutyl phthalate, 
BzBP) during a specific window of development may have adverse effects on the reproductive 
system of offspring. In male animals, these effects include decreases in testosterone production and 
in anogenital distance, an increase in the incidence of hypospadias and the presence of multi-
nucleated early male germ cells (gonocytes) in the testis. As with the earlier examples, the precise 
mode of action of members of this chemical class is not clear, but the observed phenotypes are 
consistent with alterations in hormonal signaling in the developing organism. In parallel, some 
human studies suggest that increases in maternal urinary concentrations of metabolites of di(2-
ethylhexyl) phthalate (DEHP) are associated with a shorter anogenital distance in male infants. 


The epoxy resin ingredient bisphenol A (BPA) is found in the protective linings of metal-based food 
and beverage cans and in some reusable polycarbonate water bottles, tableware, and food storage 
containers. Exposure to BPA is widespread – data from the Canadian Health Measures Survey 
(2007-2013) and NHANES reveal that BPA is detected in the urine of more than 90% of those 
tested. Perhaps this finding is not surprising since it has been estimated that approximately 16,000 
processed food and drink items are packaged in materials that may contain BPA. BPA has been 







reported to have estrogen-like activity. In animal studies, BPA exposure has been reported to lead to 
a disruption of estrous cyclicity, the early onset of puberty, a reduction in the sexual dimorphism of 
brain structures, effects on mammary glands, changes in the prostate, a reduction in sperm counts 
and infertility, in addition to obesity. Furthermore, there is evidence that some of the effects of BPA 
may not be limited to exposed individuals, but may be carried into the next generation. 
Epidemiological studies link environmentally relevant BPA exposures with adverse effects in 
humans. For example, prenatal BPA exposure has been associated with effects on fertility, 
neurobehaviour, and obesity. During pregnancy, elevations in urinary BPA concentrations have been 
associated with a reduction in TSH levels and an increase in biomarkers of inflammation and 
oxidative stress. 


We may not fully appreciate the impact of endocrine disruptors in the environment on human health 
since many of the effects of hormone disruption are not obvious at birth, only becoming apparent on 
the functional level as the individual matures. This realization has led to an urgency to increase our 
understanding of the effects of endocrine active chemicals. For example, the US Environmental 
Protection Agency initiated an Endocrine Disruptor Screening Program (EDSP) 
(https://www.epa.gov/endocrine-disruption/what-endocrine-disruption) to screen pesticides, 
chemicals, and environmental contaminants for their potential effect on estrogen, androgen, and 
thyroid hormone systems. However, in its more than 15 years of existence to date, relatively few of 
the thousands of chemicals covered by this program have been screened for endocrine activity, due 
in part to the difficulties in establishing validated assays and the cost of screening. This program 
recently adopted a high throughput screening system for estrogenic activity that has the potential to 
examine large numbers of chemicals of interest (See: https://www.epa.gov/endocrine-disruption/use-
high-throughput-assays-and-computational-tools-endocrine-disruptor). 


Today, human, animal, and cell-based research data that provide evidence that EDCs chemicals 
affect human health and the ecosystem are available; these data have led numerous organizations, 
including the Endocrine Society, the World Health Organization (WHO), the United Nations 
Environment Programme (UNEP), and the American Medical Association to call for prevention 
policies and regulatory actions by governments, or voluntary withdrawal by industry due to public 
pressure. For instance, Parties of the Stockholm Convention on Persistent Organic Pollutants 
(POPs) banned the tetra-, penta-, hexa-, and hepta-BDE flame retardants in 2009. Numerous 
jurisdictions, including Canada, the USA, and the European Union, have introduced standards 
and/or regulated the use of specific phthalates and BPA in certain infant products. In some 
instances, these regulations have been passed in the absence of a complete understanding of the 
modes of action of these chemicals. To fill the void created by the withdrawal of these products, new 
chemicals are introduced to meet industry needs. The nature of these alternative materials is often 
not disclosed; indeed, there is usually very little information about alternatives, including what they 
are or whether they are any safer than the compounds they are replacing. While it is evident that 
replacement chemicals are often chosen on the basis of their physico-chemical properties and their 
functional suitability, e.g. as a flame retardant, plasticizer, or can liner, it is also crucial that the 
impact of these alternatives on human and environmental health be considered with great care. The 
Organisation for Economic Co-operation and Development (OECD) has identified a number of gaps 
in the current landscape of alternatives assessment practices and opportunities to enhance 
alternatives assessment practices 
(http://www.oecd.org/env/ehs/testing/oecdworkrelatedtoendocrinedisrupters.htm). 


Information on EDCs and their possible adverse health effects is now widely available online 
(See: https://youtu.be/J9SWBAUIAvw; https://www.niehs.nih.gov/health/topics/agents/endocrine/ind
ex.cfm) along with general advice from an advocacy group to pediatricians and the public on how to 
avoid or minimize exposure to EDCs (See: https://www.nrdc.org/stories/9-ways-avoid-hormone-
disrupting-chemicals). 
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What Is the Role of Post Marketing Surveillance in 
Detecting Teratogenic Exposure? 


Christina D. Chambers University of California, San Diego, School of Medicine La Jolla, California 
 
Once a new medication is marketed, if the medication is used by women in their childbearing years, 
there are likely to be pregnant women who take the drug. Exposures to new medications can occur 
unintentionally during the early weeks of pregnancy before a woman knows that she is pregnant. A 
pregnant woman may also take a new medication intentionally for some disease or condition that 
requires treatment. Without human pregnancy clinical trial data to establish the safety of a 
medication for the developing fetus, post-marketing surveillance studies are a common method for 
gathering data on potential teratogenicity as quickly and as efficiently as possible. 
 
One type of post-marketing surveillance study is a called a “pregnancy registry.” Pregnancy 
registries are studies in which pregnant women who have taken a specific medication or received a 
certain vaccine are asked to enroll in the registry. Information is collected about the woman’s 
pregnancy, her medication and other exposures, the outcome of that pregnancy, and the health of 
the newborn baby. Information is typically collected on all pregnancy outcomes, whether the 
pregnancy ends in miscarriage, stillbirth, or a live born baby or babies, and information is collected 
on any complications that occur, including birth defects. The number of specific poor outcomes, such 
as babies born with birth defects, among women who took the drug of interest is evaluated to 
determine if these events are more frequent than expected and if it is plausible that the excess 
number of affected infants might be due to a teratogenic effect. 


Every pregnant woman has a small (about 3%) risk of having a child with a birth defect regardless of 
the medications she takes or vaccines she receives. In order to determine if a specific new drug or 
vaccine exposure might be increasing that risk, pregnant women exposed to the drug or vaccine 
under study are compared to another group of pregnant women. This reference group can be the 
general population of pregnant women, or can be a comparison group of pregnant women who are 
enrolled in the registry but who have not taken the medication or received the vaccine under study. 


The objective of a pregnancy registry is to determine, as early as possible after a drug or vaccine is 
marketed, whether or not there is any indication of a teratogenic risk in humans. A pregnancy 
registry may be the most efficient method for post-marketing surveillance if a drug is used for a very 
rare condition or is used only infrequently in the population of women who might become pregnant. 
A pregnancy registry can also be a good method for identifying a new human teratogenic exposure if 
the medication causes a unique and severe pattern of birth defects or a very high incidence of 
specific birth defects. 


However, because new medications might be infrequently used in pregnant women and because 
pregnancy registries rely on women and/or their health care providers to volunteer for the study, the 
number of women who enroll in any given registry often is very small. Small numbers of participants 
can limit the ability of a pregnancy registry to detect human teratogenic exposures, particularly if the 
drug exposure occurs in only a small proportion of exposed pregnancies. Thus, an important 
function of a pregnancy registry is to identify potential “signals” or suggestions of an excess risk, and 
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to call for additional studies to confirm or refute that signal. By the same token, pregnancy registries 
can never definitively establish safety but can provide some reassurance that a specific drug does 
not carry a high risk for a severe pattern of birth defects. 


Another approach to post-marketing surveillance takes advantage of the technological advances in 
electronic insurance claims data and medical and pharmacy records storage. Large databases that 
include pregnancy information, such as linked prescription and birth records, can compare 
pregnancy outcomes between pregnant women who have been prescribed a new drug or received a 
new vaccine of interest and those who have not within the same healthcare database. This approach 
offers many of the advantages of a pregnancy registry at potentially far less cost and need not rely 
on volunteers to enroll. 


Some limitations of healthcare database studies include the difficulty in determining if the drug or 
vaccine was actually taken or received by the mother and when in gestation. Database studies 
oftentimes lack access to information on other important exposures such as whether or not the 
mother smoked cigarettes or drank alcohol during pregnancy. In addition, just as with pregnancy 
registries, if the drug or vaccine of interest is infrequently given to women of childbearing age, even 
very large databases may have access to only small numbers of pregnant women exposed to any 
particular drug or vaccine. Therefore, large databases may still have difficulty in identifying new 
teratogenic exposures unless the risk is high for a severe and easily recognizable teratogenic effect. 


Other sources of information, for example the National Birth Defects Prevention Study case-control 
study, may also be informative in identifying human teratogenic exposures. In recent years, there 
has been increased interest in using a combined or complementary approach to post-marketing 
surveillance employing two or more of these post-marketing surveillance methods in parallel to study 
a new drug or vaccine. This combined approach can help address the limitations of each approach 
individually, and potentially provide informative safety information more quickly. 


Despite the challenges of performing post-marketing surveillance for human teratogenicity, the 
public health need for such information is great. In the absence of randomized clinical trials that 
include pregnant women, synthesis of information from post-marketing studies along with 
population-based studies, pre-clinical developmental toxicity studies, and other predictive 
techniques, as described in this Primer, are needed to optimize the capacity to recognize a potential 
teratogenic effect with a new pharmaceutical agent or conversely to provide reassurance that a new 
drug does not pose a substantial risk. 
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Is Stress a Developmental Toxicant? 


Shari I. Lusskin, M.D., Mount Sinai School of Medicine, New York NY 


Stress is a term that can mean very different things under different circumstances. In toxicology, 
stress refers to any external challenge that disturbs the constancy of the internal environment, or 
homeostasis. This definition encompasses the neurochemical, physiological, and behavioral 
reactions to novel, dangerous, or upsetting situations. Stress isn’t necessarily bad; the endocrine 
and neural adaptations typically referred to as the “stress response” may cause a person to, for 
example, escape from the path of a moving car. However, these responses can be maladaptive in 
certain situations, especially in cases of chronic stress. 


Stressors can be environmental conditions or events, including excessive heat or cold, noise, 
chemical exposures, physical exertion or traumas such as natural and manmade disasters (e.g. 
famine, floods, hurricanes, or earthquakes). Traumas also include domestic violence or other types 
of physical or sexual abuse, conflicts with family members, or a hostile work situation, and 
neurobiological conditions such as the psychiatric disorders generalized anxiety disorder, panic 
disorder, and major depression. Although a considerable amount of experimental animal research 
has been done on the topic, far fewer human studies have been attempted. Because women and 
their life situations differ widely, such studies are difficult to conduct and interpret. The impact of 
stress depends on the type and severity of the stress and on the timing of the exposure. In animals 
and humans, there are windows of vulnerability during development such that the effects can vary 
depending on the stage of development. 


Although there has been much speculation, we know relatively little about mechanisms by which 
maternal stress could adversely affect pregnancy. The response to stress is a basic adaptive 
mechanism that is protective in times of crisis. Stress activates the sympathetic nervous system and 
results in the release of specific hormones, including catecholamines and glucocorticoids. In mice, it 
is the increase in glucocorticoids that appears to be the cause of stress-induced cleft palate 
(see Figure 1). Stressors may also 
alter activities of the immune, 
neural, and renal systems, as well 
as having additional endocrine 
effects. Any of these influences 
may, in turn, affect various aspects 
of a mother’s physiology and 
behavior, which then impact the 
developing fetus and the growing 
child. 


Figure 1. Cleft palate (right) can be 
induced in fetuses of susceptible 
mouse strains by maternal stress 
during pregnancy. 
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Laboratory animal studies, most often with rodents, have tested the effects of such stressors as 
physical restraint, hypothermia, electric shock, noise, visual stimuli, vibration, shipping, and crowding 
on development. Deprivation of food and water has also been used as a stressor, but the possible 
effects of malnutrition confound these studies. Studies in pregnant rodents have demonstrated that 
certain maternal stressors can increase the adverse effects of chemicals known to cause 
malformations or other manifestations of developmental toxicity. Moreover, it is also possible that the 
stress caused by maternally toxic exposures to chemicals might exacerbate the harmful effects of 
those chemicals on the embryo or fetus. 


Numerous experimental animal studies have examined effects of maternal stress or excess 
glucocorticoids (hormones produced in response to stress) on the physiology (especially endocrine 
alterations) or behavior of the young at various times after birth. Some investigators have noted 
increases in the likelihood of disorders of cardiovascular function, glucose homeostasis, and anxiety 
related behaviors in the animal as an adult. Other investigators have noted mortality, decreased 
growth, or development of extra ribs in the embryo or fetus, and a few studies have reported stress-
related malformations. These malformations include encephalocele and exencephaly (different 
degrees of defective development of the brain and skull) caused by failure of the neural tube to close 
normally during development of the embryo. 


There are clearly significant differences in susceptibility to maternal stress during development 
among species and even among strains of the same species. For example, it is generally easier to 
induce adverse effects of stress on growth, mortality, and anatomical development in mice than in 
rats. And in some strains of mice, maternal stress is associated with cleft palate, while other strains 
are unaffected. 


Several human studies have attempted to evaluate the potential for effects of maternal stress on 
development. Various clinical studies have associated an adverse environment during pregnancy 
with the development in the offspring of metabolic disorders and neuroendocrine dysfunction as well 
as an increased risk of neurobiological (psychiatric) diseases in later life. Some studies have 
reported increased incidences of low birthweight or preterm delivery, and a few studies have found 
diminished scores on neonatal neurological examinations. However, these human studies often 
have methodological shortcomings, including arbitrary measures of psychological stress or 
inappropriate comparisons between groups. These studies must also deal with possible biases, 
especially recall bias. Recall bias is attributable to selective memory. Women, who miscarried, gave 
birth prematurely, or who gave birth to abnormal children may be more likely than women with 
normal pregnancies to remember events that they believe may have contributed to such outcomes. 
This differential reporting may occur even when the life experiences of the two groups were not truly 
different. Prospective studies are more informative in assessing the effects of antenatal stress. 


Confounding factors are also common in human studies. Potential confounders include, among 
others, drug, alcohol, and tobacco use, socioeconomic status, and comorbid medical conditions. 
While poverty is a risk factor for adverse pregnancy outcomes, domestic violence and sexual abuse 
occur across all socioeconomic groups. Among other confounding factors are maternal and paternal 
psychiatric illness, medication exposure, and the postnatal environment. Any of these exposures 
could affect the results of a study on development. Thus, consistent human evidence for stress-
induced effects on the offspring has been difficult to obtain. 


As in animal models, individual fetuses and children may differ in their neurobiological susceptibility 
to stress, based on their genetic makeup. Epigenetic mechanisms are increasingly being studied as 
the mediators of antenatal and postnatal manifestations of stress on the offspring (see Figure 2). 
Stress responses are complex and can vary depending on the stressor and species involved. 
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Although adverse effects have been shown to occur in laboratory animals and in some human 
studies, determining possible mechanisms by which maternal stress might negatively affect human 
embryonic or fetal development remains challenging. 


Figure 2. Fetal antecedents such as maternal dietary deficiencies, chronic stress or infection can 
increase pro-inflammatory cytokines and stress hormones and can produce shifts in metabolic 
indices. These environmental exposures can indirectly alter placental development and function by 
changing local energy metabolism and lipid storage and metabolism, which can alter the 
transmission of key nutrients that are important for fetal growth and brain development, including 
growth factors and methyl donor nutrients such as folate and choline, which can affect fetal somatic 
and germ cell epigenetic programming. FFAs, free fatty acids; IGF, insulin-like growth factor; IGFBP, 
IGF-binding protein. From Bale TL. Epigenetic and transgenerational reprogramming of brain 
development. Nature Reviews Neuroscience 2015;16:332-344. Used with permission. 
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the Risk of Birth Defects? 
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Epidemiology Branch, Eunice Kennedy Shriver National Institute of Child Health and Human 
Development, National Institutes of Health, DHHS 
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Institute of Child Health and Human Development 


Two landmark studies published in the early 1990s proved conclusively that folic acid could reduce 
the risk of neural tube defects (NTDs) and led the United States Public Health Service (USPHS) to 
recommend that all women of childbearing age capable of becoming pregnant take 400 micrograms 
of folic acid daily. It is unfortunate that this recommendation was followed by only 30-40 percent of 
American women. The USPHS recognized that another strategy was needed to deliver folic acid to 
all women at risk and required fortification of enriched cereal grains, e.g., bread, pasta, and rice, with 
140 micrograms of folic acid per 100 grams of grain. 


The impact of this effort has not been easy to measure. In the USA most NTDs are diagnosed 
prenatally and many pregnancies are terminated without being identified in vital records. Thus, 
looking at rates reported on birth certificates results in missing many cases. Many countries have 
now implemented mandatory grain fortification programs, and the reduction in risk has been well 
documented (Figure 1). Comparing rates in US and Canadian studies showed that the drop in rates 
was greater in areas where ascertainment was more complete. As shown in the figure, the drop in 
rates is also related to the starting rate; higher risk populations show greater reductions. This 
difference in rates is probably due to a combination of factors: some populations have low folate 
diets and some are genetically at high risk. Newfoundland had higher rates than most areas of 
Canada, probably because their folate intakes were insufficient and the Irish and Scottish 
background of the inhabitants put them at high risk because of genetic factors. 
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Figure 1. Changes in neural tube defect prevalence rates following mandatory fortification of food 
with folic acid in selected populations. Ascertainment of cases varies by area; some include 
prenatally as well as postnatally diagnosed cases. Therefore, the denominator may be births or 
pregnancies. 


The variation in rates and changes in rates highlight an important issue: it is not clear how much of a 
reduction in rates should have been seen. The Medical Research Council trial found a 72% 
decrease in NTD rates but the confidence interval extended from 29% to 88%, and the women in the 
trial were not typical because all had a history of previous affected children. Other trials do not have 
a sufficient number of subjects to determine what the expected benefit should be. As noted above, 
the benefit has been shown to be related to the pre-fortification rate and has been quite variable 
even in areas where both pre- and postnatally diagnosed cases are included. Thus, it remains 
uncertain exactly what the target reduction is. The figure illustrates the change in rates following 
mandatory fortification in selected countries. Keeping in mind the differences in ascertainment and 
genetic background, the reductions ranged from 15% to 80%. The average was 46%. 


This drop is consistent with the effect expected based on the early case control studies. It is also 
consistent with the effect predicted by modeling based on giving women various doses of folic acid 
to determine how much was needed to reach blood folate levels known to be protective against 
NTDs. 


Are there more folic acid preventable NTDs? Two US studies indicate that there may not be. The 
investigators interviewed women who had NTD pregnancies and women who had unaffected 
pregnancies. They found that women who had an affected child were not significantly less likely to 
have used folic acid supplements. Their data suggest that, because folic acid supplement use was 
not a factor, the amount of folic acid in fortified food is sufficient to prevent folate-related NTDs. 
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Conversely, there has been little change in NTD rates in Europe where mandatory fortification has 
not been instituted. 


It is well known that some NTDs are due to maternal diabetes, teratogenic drugs like valproic acid, 
and obesity where the beneficial effects of folic acid are not totally clear. Moreover, some have well 
defined genetic causes that are not related to folate status. So we know that not all NTDs are folate 
preventable. 


Can folic acid prevent defects other than NTDs? We now have data from numerous studies that 
examined birth defect rates before and after mandatory fortification. Although some reports found 
significant decreases in rates of other defects, these decreases could be chance findings because 
so many defects were studied. It is useful to compare studies because chance associations would 
not be replicated. In fact, no other defects were consistently decreased following fortification. Given 
that no other defect rates have fallen consistently in different populations, it is reasonable to 
conclude that only NTDs are folic acid preventable. It is worth mentioning, however, that the dose of 
folic acid most women receive from fortified food is modest. Therefore, it is possible that much 
higher doses could reduce the rate of other defects. 


There is considerable debate over other benefits and risks of food fortification. Food fortification can 
almost eliminate folate deficiency. Most trials have not shown a protective effect of folic acid on 
cardiovascular disease although recent studies suggest that there may be some benefit for stroke 
prevention. The benefits may depend on whether the population has adequate folate intake. Some 
have raised concerns that folic acid may be promoting the growth of cancerous or pre-cancerous 
lesions. A large meta-analysis showed a slight (relative risk 1.06), but not statistically significant, 
increase in all cancers (95% confidence interval 0.99, 1.13) in populations that had received high 
doses of folic acid during clinical trials. These data suggest that, if a high exposure did not produce a 
significant increase in cancer risk, the dose people receive from fortified foods is likely to be safe. 


In summary, folic acid has been a major success story. Food fortification with folic acid is one of very 
few modalities that can actually prevent a serious birth defect. Mandatory fortification programs have 
had a major impact in reducing the number of children who have NTDs. 
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Division of Pediatric and Maternal Health 


This chapter represents the opinions of the author, and does not necessarily represent the official 
position of the FDA. 


Pregnant and breastfeeding women can become ill or have chronic medical conditions that require 
treatment. Therefore, information on drug safety, effectiveness and dosing in pregnancy, and safety 
information for infants who may get exposed through lactation is important. The majority of pre-
approval clinical trials performed to evaluate the dosing, safety, and efficacy of pharmaceuticals are 
conducted in adult, nonpregnant subjects. Pregnant and breastfeeding women are often excluded 
from these trials to protect the fetus or infant from risks associated with exposure to an 
investigational (test) product. The scientific and ethical complexities of enrolling pregnant women in 
research are challenging. While these challenges exist, when it is clear that pregnant and 
breastfeeding women will use a drug after it is approved, there is a clear public health need to 
understand the safety and efficacy of medications used during pregnancy and lactation. To address 
this need for better information, federal agencies, academia, and other stakeholders and advocates 
have been working to increase the inclusion of pregnant and breastfeeding women in clinical trials 
that are conducted according to scientific and ethical guidelines. 


The need for data to inform prescribing in these populations raises the question regarding which 
type of study is the most appropriate. In considering research in pregnant and lactating women, it is 
helpful to distinguish clinical studies from observational studies. Furthermore, in considering clinical 
studies, it is helpful to distinguish interventional studies from opportunistic studies (see Table 1).  


Table 1.  
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Observational studies assess the safety of medications in pregnancy and are conducted after a drug 
has been marketed. Observational studies involve evaluation of information already accruing in the 
post-marketing environment as a result of clinical practice decisions. Clinical studies, such as clinical 
trials where a study drug is administered, involve potential risk to the pregnant woman and the fetus. 
Opportunistic clinical studies enroll pregnant or breastfeeding women who are already taking a 
medication that was prescribed by their health care providers. A medication is not given to the 
pregnant woman as part of the study, and there is no comparison to a placebo or treatment arm. 
Studies that enroll women who are already receiving a medication that was prescribed by their own 
health care providers for treatment of their medical condition are generally considered minimal risk. 
The only study-related risks include blood draws and expression of milk using a breast pump, which 
are considered minimal risk. Most lactation studies that evaluate how much medication passes into 
breast milk fall into this category. Studies that report pharmacokinetic data collected during 
pregnancy to determine whether dose adjustments are need in pregnant women who are receiving a 
medication prescribed by their health care provider also fall into this category. 


All human research is governed by current federal regulations, referred to as the “Common Rule” 
which provide for human subject protection to ensure that research participants are not exploited, 
are respected for their ability to make informed choices, and are provided accurate information that 
reflects the potential risks and benefits of the study. The general ethical framework ensures that the 
research has scientific value by addressing an unmet need and validity by being scientifically 
rigorous and interpretable. The regulations require that an Institutional Review Board (IRB) provide 
independent ethical and scientific oversight to a clinical study, serving as the gate-keeper in 
protecting the rights and welfare of study participants. Additionally, there are other regulations that 
specifically address pregnant women, referred to as “Subpart B”. These regulations have the 
following 10 requirements that need to be met in order to include pregnant women in clinical trials 
supported or conducted by the Department of Health and Human Services: 


1. Where scientifically appropriate, preclinical studies, including studies on pregnant animals, and 
clinical studies, including studies on nonpregnant women, have been conducted and provide 
data for assessing potential risks to pregnant women and fetuses. 


2. The study must provide potential benefit for the woman or the fetus. If there is no such prospect 
of benefit, there must be minimal risk to the fetus, and the purpose of the research is the 
development of important biomedical knowledge which cannot be obtained by any other means. 


3. Any risk is the least possible for achieving the objectives of the research. 


4. The pregnant woman's consent is obtained. 


5. If the research is only for the purpose of benefiting the fetus, the consent of the father is 
required as well, with the following exceptions: if he is unable to consent because of 
unavailability, incompetence, or temporary incapacity or the pregnancy resulted from rape or 
incest. 


6. Each individual providing consent is fully informed regarding the reasonably foreseeable impact 
of the research on the fetus or neonate. 


7. For minors who are pregnant, consent is obtained in accordance with local state laws. 


8. No inducements, monetary or otherwise, will be offered to terminate a pregnancy. 



https://www.teratology.org/primer/Post-Marketing-Surveillance.asp

https://www.teratology.org/primer/Post-Marketing-Surveillance.asp





9. Individuals engaged in the research will have no part in any decisions as to the timing, method, 
or procedures used to terminate a pregnancy. 


10. Individuals engaged in the research will have no part in determining the viability of a neonate. 


FDA recommends that the 10 requirements above be satisfied for FDA-regulated clinical research. 


In considering when it would be ethically justifiable to include pregnant women in clinical trials, it is 
helpful to consider the postmarketing setting (i.e., FDA approved drugs) separately from the 
premarketing setting (i.e. an investigational drug that is not FDA approved). For approved drugs, 
there may be a need to determine efficacy in pregnancy due to concerns regarding physiologic or 
metabolic changes that occur as the pregnancy progresses. For example, randomized controlled 
trials (RCTs) have been conducted to assess the effectiveness and safety of oral hypoglycemic 
agents in the management of gestational diabetes. There may also be a need to assess a safety 
outcome that is specific to pregnancy. For example, RCTs have been conducted to assess the 
incidence and severity of neonatal withdrawal syndrome in opioid-dependent pregnant women on 
methadone compared with buprenorphine. As illustrated by these examples, it would be ethically 
and scientifically acceptable to conduct RCTs in pregnant women for approved drugs if the 
requirements, as outlined in Subpart B (above) are met: efficacy and/or safety cannot be assessed 
by other less risky study methods, adequate preclinical studies (including studies on pregnant 
animals) have been completed, and there is an established safety database in nonpregnant women 
from clinical trials or preliminary safety data from the medical literature and/or other sources 
regarding use in pregnant women. 


Inclusion of pregnant women in clinical trials of premarket investigational products involves greater 
potential risk, because available safety and efficacy data are limited. Therefore there are additional 
risk-benefit and ethical considerations and safeguards for research participants. Questions that need 
to be addressed include whether the potential benefit outweighs the potential risk? Is it a life-
threatening condition for which there is no other treatment? Is there no other way to obtain the data? 
Considerations that may make it ethically justifiable to include pregnant women in these types of 
clinical trials include the study of treatments for a serious or life-threatening condition for which there 
are no other available effective therapies (e.g., endemic infections), and the development of drugs to 
treat pregnancy-related conditions. Pregnant and breastfeeding women are populations that have 
not been well studied historically. However, these populations deserve access to medications that 
have been adequately evaluated, and can be studied in an ethically and scientifically sound manner. 
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Can Computational Models Be Used to Assess the 
Developmental Toxicity of Environmental Exposures? 


Thomas B. Knudsen, PhD, Developmental Systems Biologist, National Center for Computational 
Toxicology, US Environmental Protection Agency, Research Triangle Park NC 27711 


Scope of the Problem 


Environmental chemicals are natural and man-made compounds to which human populations are 
continually exposed as a matter of individual lifestyle, local geography, and community life. The 
Centers for Disease Control and Prevention (CDC) National Health and Nutrition Examination 
Survey (NHANES) surveys the U.S. population every two years to determine which chemicals get 
into people and at what concentrations [CDC, 2017]. NHANES has measured 308 environmental 
chemicals in blood or urine. Yet, we are all exposed to many more chemicals daily and lack data on 
developmental effects scenarios for most of the chemical landscape. The U.S. Environmental 
Protection Agency’s (EPA) Aggregated Toxicology Resource (ACToR) database indicates that 
developmental effects data are available for less than ~30% of 9,912 chemicals in commerce or of 
relevant environmental interest. And there are more chemicals synthesized on a daily basis. With 
tens of thousands of untested chemicals in the marketplace, the traditional animal-based paradigm 
does not meet the assessment needs. 


In 2007, the National Research Council published Toxicity Testing in the 21st Century: A Vision and 
a Strategy (NRC, 2007). This report addressed the potential for automated high-throughput 
screening (HTS) and high-content screening (HCS) assays and technologies to identify chemically 
induced biological activity in human cells and to develop predictive models of in vivo biological 
response. This document ignited a shift in thinking from traditional animal endpoint-based testing to 
human pathway-based risk assessment paradigm. Since 2007 a surfeit of HTS/HCS data has fueled 
the paradigm shift and led to ‘big-data’ and integrative models for “encoding the toxicological 
blueprint of active substances that interact with living systems”, quoting Sturla and co-workers. 
Unprecedented amounts of data from genomic sciences, epidemiological studies, and HTS assays 
now provide the opportunity to profile the toxicological landscape. Impetus for this work is bolstered 
by the need to assess tens of thousands of environmental chemicals under European Registration, 
Evaluation, and Authorization of Chemicals (REACH) legislation and The Frank R. Lautenberg 
Chemical Safety for the 21st Century Act (Amended TSCA) in the United States. Under Amended 
TSCA, the EPA must prioritize and carry out studies to accelerate the development of scientifically 
valid test methods and strategies that reduce, refine, or replace the use of vertebrate animals and as 
well consider the impacts of chemical exposures on pregnant women and children as potentially 
exposed or susceptible populations. 


Predictive Toxicology 


As the primary source for regulatory developmental toxicity information, prenatal animal studies are 
used to characterize adverse pregnancy outcomes in rats and rabbits. The traditional paradigm is 
designed for a health protective effects assessment based on observation of fetal malformations in 
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scenarios using relatively high doses. Approximately one in six chemicals show prenatal 
developmental toxicity under standard test conditions. For example, an initial assessment of adverse 
outcomes from standard prenatal developmental toxicity studies entered into the U.S. Environmental 
Protection Agency's (EPA) Toxicity Reference Database (ToxRefDB) revealed potential 
developmental toxicity for 53 of 283 (18.7%) environmental chemicals that had been tested in both 
pregnant rats and rabbits. If one of six chemical compounds were to evoke adverse developmental 
activity in a traditional testing paradigm, then prenatal exposure and developmental hazard data 
would be needed for some 13,800 of 83,000 environmental compounds falling under TSCA. A tiered 
testing strategy is therefore needed to filter large chemical inventories for follow-up studies. For 
example, an HTS assay that predicts teratogenicity in a human stem cell-based system in EPA's 
Toxicity Forecaster Database (ToxCastDB) reveals an exposure-based potential for 181 of 1065 
(17.0%) environmental chemicals. Although the 17.0% positives predicted by a human stem cell 
response in vitro closely matches the 18.7% positives predicted by in vivo animal studies, only about 
one-third of those chemicals are predicted by both types of assays – human stem cells on the one 
hand and rat/rabbit studies on the other. Uncertainties exist even for compounds assessed by 
traditional animal models in translating results to human populations. Teratologists may turn to 
various kinds of in silico models to help reduce the uncertainties by providing information on 
exposure pathways and toxicological mechanisms. 


Exposure Models 


Environmental chemicals encompass a very wide diversity of chemical structures. Publicly available 
in silico models have been described with predictive application for developmental toxicity utilizing 
structure–activity relationships (SAR). Because the chemical structure is usually known, some 
developmental toxicants may be classified by a ‘decision tree’ for determining whether or not a 
chemical has receptor-binding properties and structural features consistent with related chemical 
structures known to have developmental or reproductive toxicity endpoints. The SAR decision tree 
could be used as a component of a tiered screening system to identify chemicals of potential 
concern or as a starting point for hypothesis-based testing. 


Kinetic models predict what happens to the chemical once it enters the body: Absorption following 
oral intake, breathing dust, or contact with the skin; Distribution and partitioning to different body 
compartments; Metabolism to chemical forms that are more or less biologically active; and Excretion 
from the body. ADME factors vary by individual, species, and chemical based on the particular 
xenobiotic (foreign chemical) metabolizing enzymes in the organ. Kinetic models can predict internal 
dose to a human embryo when the mother is exposed to low concentrations of the chemical for 
prolonged periods of time. Such information is necessary to determine the range of exposures that 
may be relevant for potential human toxicity. These models do not, however, address mechanisms. 


Adverse Outcome Pathways (AOPs) 


Teratogenic mechanisms may be modeled conceptually as an adverse outcome pathway (AOP) 
(Figure 1). An AOP starts with a distinct molecular initiating event (MIE) and describes the sequelae 
of key events (KEs) that culminate in a measureable adverse outcome (AO) relevant to effects 
assessment. An AOP says “here is a biological perturbation that can lead to a specific adverse 
outcome, and here is how we think it happens”. A particular malformation, such as thalidomide-
induced phocomelia or alcohol-induced craniofacial defects, is constructed from weight-of-evidence 
supporting MIE targets and KE relationships for developmental toxicity and from biological 
understanding of developmental pathways and processes. 
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Figure 1. Principles for building an AOP. (1) AOPs are not chemical-specific, but rather based on 
biological motifs of failure. (2) AOPs are modular, with the individual relationships based on weight of 
evidence from the extant literature. (3) Individual AOPs are a pragmatic simplification and are 
constructed as a linearized sequence of biology. (4) AOP networks are, in most cases, the functional 
unit of prediction. (5) AOPs are living documents and evolve as knowledge grows. A knowledgebase 
holds the compendium of AOPs with demonstrated relevance to the mode-of-action for specific 
chemicals and may be accessed from the internet at https://AOPwiki.org. Figure courtesy of D 
Villeneuve, US EPA. 


In 2000, the National Academy of Sciences issued a report advocating the use of detailed 
knowledge about cell signaling pathways to help elucidate mechanisms in developmental toxicity. 
That report summarized a listing of molecules mediating cell signaling pathways across species and 
developmental processes as well as the qualitative relationships between the molecular components 
in 17 cell–cell signaling pathways and two stress response pathways having conserved roles in 
animal development. Although these pathways provide a means to understand how cellular 
decisions are timed, controlled, and orchestrated during embryogenesis, it still remains to be 
determined how they are wired into AOPs for prenatal developmental toxicity. For example, 
cyclopamine, a natural plant product consumed by foraging sheep, blocks cholesterol esterification 
of the sonic hedgehog protein (SHH) as an MIE, leading to a disruption of SHH signaling that 
patterns forebrain development and in turn formation of a single midline eye (cyclopia) as an 
adverse outcome. 


High-throughput screening 


Automated technologies originally developed for pharmaceutical screens are now being used to 
profile cellular effects of thousands of chemical compounds in commerce or potentially entering the 
environment. In a drug development paradigm, chemical libraries containing thousands of unique 
structures may be rapidly screened for target biological activity against specific cell lines in a high-
throughput mode. Active compounds may be used as leads to design compounds that would have 
the desired in vivo efficacy; they are then evaluated in animal tests, clinical trials, and post-marketing 
surveillance. For example, the National Center for Advancing Translational Sciences of the NIH has 
the capacity for automated high-throughput screening of 100-200K compound libraries across 
dozens of in vitro assays. 



https://www.teratology.org/primer/computational-models.asp#fig1

https://aopwiki.org/





Applying the pharmaceutical high-throughput screening paradigm to toxicity testing turns the drug 
discovery process upside down (Figure 2). Environmental chemicals of unknown or suspected 
human toxicity may be tested through hundreds of in vitro assays. Computers are then used to look 
for patterns of biological activity across the assay portfolio and chemical library. These profiles may 
be compared with reference compounds of well-characterized biological activity or interrogated in 
different ways, looking for in vitro signatures that are potentially diagnostic of in vivo toxicities. For 
example, EPA’s ToxCast™ project is providing high-throughput screening data on ~2000 chemicals 
for proof-of-concept on ~600 assays. The broader “Toxicity Testing for the 21st century” (Tox21) 
federal consortium is ramping up to test ~8000 chemicals of importance to commerce and the 
environment [http://www.epa.gov/ncct/toxcast/]. Alternative assays, such as embryonic stem cells 
and free-living zebrafish embryos, can be used to rapidly test chemical effects in systems 
undergoing morphogenesis, growth, and differentiation. 


Figure 2. HTS paradigm for pharma (top) and industrial chemicals (bottom). Databases and 
computer models that track exposure-disease correlations, as well newer technologies that permit 
‘high-throughput screening’ of the molecular and cellular pathways of toxicity can help to fill in our 
knowledge gap with respect to developmental toxicity of environmental chemicals. 


‘Big-Data Analytics’ 


The older concept of one chemical, one target has become outdated with the realization that 
environmental chemicals, as well as many pharmaceuticals, have a range of potential molecular 
targets that may engage at different concentrations, cell types, lifestages, or physiological states. 
EPA’s ‘ToxCast Dashboard’ helps users examine high-throughput assay data to inform chemical 
safety decisions. To date, the dashboard has data on over 9000 chemicals and information from 
more than 1000 high-throughput assay components [https://www.epa.gov/chemical-
research/toxcast-dashboard] including nearly a million concentration-response curves that can be 
mined for complex relationships between chemical structures, molecular targets, and cellular 
responses. Users of the dashboard can explore the dataset from a chemical or an assay viewpoint. 
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After selecting the chemicals and assays of interest he or she can then explore the biological activity 
for the chemical-assay combinations. 


New science can emerge from analysis of the surfeit of HTS data and information now available for 
thousands of chemicals in the ToxCast/Tox21 databases. But, a practical need arises to tie these 
data in some way to formal biological understanding. This effort is part of a bigger picture, ‘big-data’ 
analytics: looking for hidden correlations that are difficult to extract from individual association in 
large sets of unsorted, noisy data. Challenges facing this type of predictive modeling include 
correlating in vitro concentration-response with internal dose-response kinetics, understanding how 
in vitro bioactivity profiles can be extrapolated from one cell-type or technology to another, and 
linking individual targets of in vitro bioactivity into pathways of toxicity. These challenges cycle back 
to a need for computational models that merge high-throughput screening data with biological 
knowledge. A deep understanding of embryological development, intuition for new technologies and 
approaches to the study of birth defects, and a concern for environmental influences on human 
development are all driving the new vision on where environmental health protection needs to go. 
Computational biology is uniquely positioned to advance this science and technology. For 
developmental toxicology, this means making sense of ‘big-data’ on a broader scale without falling 
prey to a meaningless mass of interconnected data linkages. 


Computational Biology 


The explanatory and predictive power of simple informal models has its limits. Development 
functions through ‘systems dynamics’. As the biological complexity becomes clearer to us, a more 
quantitative approach has become essential for predicting developmental toxicity. Computational 
models can help translate genetic signals and responses at the subcellular level into multicellular 
networks that drive morphological development at the organ level. Multicellular Agent-Based Models 
(ABMs) that execute a morphogenetic series of events can bridge the gap between in vitro profiling 
and in vivo response at different concentrations of chemical. The general idea of an ABM is to 
represent the ‘cell’ of an embryonic tissue as an ‘agent’, i.e. the smallest fundamental unit capable of 
an autonomous decision. Individual agents and their interactions are coded into modeling software 
such as CompuCell3D.org based on our understanding of cellular signals, responses, and 
behaviors. Each simulated cell, like a biological cell, processes local cues from its environment and 
behaves according to its own blueprint or history. Running a multicellular simulation enables cell-cell 
interactions in a shared microenvironment that includes an array of physiological signals that 
mediate cell-cell communication. The collective multicellular behavior results in some emergent 
(non-coded) property that can be recorded, analyzed, and interpreted in ways similar to experimental 
teratology. 


Rendering an ABM is ideal for predictive toxicology because it integrates information across different 
biological scales including molecular information (internal clocks, biochemical gradients, and gene 
regulatory networks), cellular properties (growth, adhesion, and differentiation), and tissue-level 
properties (homeostasis, morphogenesis, and repair). These approaches have successfully been 
applied to reconstruct a morphogenetic series of events and perturb them as an approximation. See 
developmental toxicity models for the vasculature, genital tubercle, and palate for examples (Figure 
3). 
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Figure 3. Cell agent-based 
model of palatal 
development. Made practical 
by computational advances 
and quantitative data from 
HTS, these dynamical models 
formally reconstruct tissue 
development cell-by-cell, 
interaction-by-interaction. The 
model shown here 
recapitulates the outgrowth and 
fusion of paired palatal shelves 
in the embryo to form a uniform 
rudiment of the hard palate. 
Introducing perturbations to 
key genetic signals and 
responses gives rise to in silico 
phenotypes or ‘cybermorphs’. 
By introducing ToxCast lesions 
into the model, the computer 
simulates lesion propagation 
through various developmental 
trajectories and returns a 
quantitative prediction of cleft 
palate [Hutson et al., 2017]. 


 


 


 


So, to return to the original question, “Can Computational Models Be Used To Assess The 
Developmental Toxicity of Environmental Exposures?” Certainly they can operationalize in vitro data 
from HTS testing platforms. Much effort is being expended today to realize this goal for the future. 
EPA’s Virtual Embryo is building and testing computational (in silico) models that may make high-
throughput screening data useful in a quantitative risk assessment of developmental toxicity 
[http://www.epa.gov/ncct/v-Embryo/]. 


Disclaimer: The United States Environmental Protection Agency through its Office of Research and 
Development funded and managed the research described and this paper has been subjected to 
Agency review and approved for publication. Reference to commercial products or services does not 
constitute endorsement. 
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How Might Systems Biology Contribute to the Prediction 
of Teratogenic Risk? 


Elaine M. Faustman, University of Washington, Seattle, Washington 
Josh Robinson, University of California, San Francisco, California 
Maxwell C. K. Leung, University of California, Davis, California 


Development is a collection of interacting and dynamic processes that form an embryo, fetus, and 
ultimately a child. Much of what we understand has come about through study of isolated individual 
events occurring at an organ, cellular, or molecular level. However, in the dynamic events such as 
those that form an embryo, fetus, or a child, the interplay of individual events must also be 
understood. Systems biology seeks to study the relationships and interactions between various parts 
of a biological system (metabolic pathways, organelles, cells). This approach can contribute to our 
understanding of normal development and how it may be perturbed by a teratogenic exposure. 


Teratologists think as systems biologists, either consciously or intuitively. In order to understand 
development, the conceptus is thought of as the maternal-child unit from the very start of life. While 
this approach is not unique to teratologists (many systems biologists and engineers model and 
understand processes as a whole), it is unique that teratologists have developed both disciplinary 
and scientific approaches that allow for such an integrated examination of normal and altered 
development. 


Early embryologists used hierarchical and temporal approaches to understand the origin of tissues 
and cells. For example, the developing organism moves from the blastula to gastrula to neurula 
stages, and organs form from three tissues, ectoderm (neural plate, neural crest, and epidermis), 
mesoderm (dorsal –cephalic and trunk notochord and somites, ventral-blood islands and lateral plate 
organs including heart and kidney), and endoderm (yolk cells and alimentary canal organs such as 
lungs, liver, and stomach). Such tissue hierarchies are highly relevant for predicting impacts across 
species. 


Systems biology provides a framework to follow the interconnectedness and dependencies of the 
different processes of development. Recent research has emphasized the importance of using cell, 
organ, and embryo cultures to understand the details of tissue and cell interactions. Only by looking 
at how these interactions build upon levels of biological complexity, moving from genetic and 
epigenetic, molecular, cellular, multicellular, tissues, organs, organ systems, to whole organisms can 
we understand overall development. There is genomic conservation so observations made at these 
levels are highly conserved and relevant across species. Examples include the relatively few (17) 
cell signaling pathways that have been characterized in all bilateral organisms that are able to 
explain most of development. For example, hedgehog signaling pathways, present in both vertebrate 
and Drosophila development, direct spermatogenesis in vertebrates and oogenesis in Drosophila. 
Hence, there is both a conserved but also a species-specific component that requires a systems 
approach in order to interpret impacts. 
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Recent advances in computational approaches have allowed systems biologists to become 
increasingly sophisticated in their ability to quantify impacts at one level for outcomes observed at 
more complex levels, birth and functional development (see chapter by Thomas Knudsen). In 
particular, such computational approaches have shown promise for answering more detailed 
questions about mode of action for teratogenic exposures, for improving cross-species extrapolation, 
for quantitative structure activity relationships, and for improving our understanding of gene-
environmental interactions and responses. A systems biology approach also allows for evaluation at 
molecular, cellular, organ, conceptus, or population levels and can allow for better extrapolation 
across biological levels of observation. There has been tremendous progress made in the use of cell 
systems and organ culture to examine various effects on development. Linking the knowledge about 
the toxicokinetics and dynamics of chemical impacts has allowed for better prediction of potential for 
impacts at the organism level. 


Two examples described below illustrate how a systems based approach can be used to evaluate 
developmental toxicology. A hallmark of such an approach is the use of data from different levels of 
biological complexity, form, and type. For example, knowledge about how a specific syndrome is 
defined phenotypically, and temporally expressed in both rodents as well as humans can be 
revealing. 


Male developmental reproductive toxicology was investigated by M. Leung et al. 2016 using systems 
biology examples. These researchers conducted a review of rodent studies that evaluated male 
reproductive endpoints from studies that were identified in ToxRefDB, a comprehensive animal 
database from the US EPA. Endpoints included malformations, testicular atrophy, sperm effects, and 
tumors. Chemicals were identified with affected male developmental endpoints. Evaluation identified 
the lowest effect level at which the endpoint occurred with each system (mouse, rat, paternal, and 
offspring), experiment condition (time period and dose tested) and chemical tested (over 774 
chemicals were included in the database at the time this work was done). Leung et al. identified 
prenatal development, sub-chronic and chronic, multigenerational reproductive and one-generational 
reproductive studies. in vitro assays were evaluated and identified from ToxCastDB (an EPA 
database of high-throughput in vitro assays) for bioactivities relevant for male reproductive events 
during development. This was accomplished by defining relevant assays as those that intersected 
with the in vivo database for male developmental endpoints of interest. 


Twenty-three male reproductive endpoints were identified and classified into five types of categories 
relevant for male reproductive systems, including malformations, testicular tumors, sperm effects, 
and reproductive organ weight changes and histological changes. In this case study malformations 
were identified and included reduced anal-genital distance, hypospadias, cryptorchidism, and 
abnormal nipple retention, all of which were linked to early life-stage (prenatal, early postnatal) 
exposure scenarios. These databases allowed the investigators to look at endpoints across life-
stages and in different generations, such as P1 (parental generation) versus F1 (filial generation). 
The comparisons allowed the investigators to identify chemicals that produced similar effects in all 
species or were species specific. They allowed for systematic comparison of species differences in 
sensitivity and by endpoint specificity Combinations of endpoints were also evaluated by chemical 
exposure and species. 


In a similar fashion, evaluation of the in vitro systems allowed for the identification of results for 
specific receptor-mediated assays as well as cell growth and differentiation. Specific endocrine 
pathways and cellular and molecular changes such as vascularization and angiogenesis genes were 
identified as molecular targets. Of particular interest in this study were impacts on metabolism genes 
such as the cytochrome P450 specific genes for pathways that controlled synthesis as well as 
modification of hormones such as testosterone. A phenotypic hierarchy for testicular developmental 
pathways was identified for 54 chemicals. 
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In Leung et al. 2017, the authors used a systems biology approach to understand how stress and 
developmental pathways have evolved over time (Figure 1). This application shows that linking high-
throughput data with evolutionary principles in a systems biology approach can identify conserved 
pathways across species. Ultimately, understanding species differences will improve adverse 
outcome pathway modeling and help toxicologists embrace variability in response. 


Figure 1. Evolutionary origins of stress response and developmental pathways. Leung et al. 2017, 
reprinted with permission.  


The availability of databases of compiled developmental studies that can be queried and in 
vitro assays allow this systems based approach to use common gene ontologies and common 
identifiers for chemicals (in this case over 774 chemicals) and common phenotypic profiles to 
accomplish these integrated evaluations. This is an example of systems biology application but also 
of the required data needs for establishing such evaluations. The toxicology programs at EPA are an 
excellent example of how these approaches can be integrated to answer important chemical and 
developmental endpoint questions. 


A second example of using systems based approaches for addressing developmental toxicology 
questions can be seen in a set of papers by J. Robinson et al. These papers define how to address 
both genetic and environmental factors for developmental toxicology using systems biology for 
integration. This case study is with neural tube defects (NTD). NTDs occur at a rate of approximately 
0.2 to 3.5 per 1000 births and are among the most common birth defect. Reviews of the genetic 
contribution to NTDs in humans and rodents were available and a candidate gene list was 
established. Genetic epidemiological studies were identified for human cases and quantitative trait 
loci analysis (QTL) allowed for the identification of genetic regions that conferred susceptibility for 
NTDs. Mouse knock-out studies and identification of genetically sensitive mouse strains, such as 
Swiss Webster Vancouver (SWV) inbred mice, were used along with genetic linkage assessments to 
identify the candidate genes in the rodent models, allowing these investigators to establish genome 
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wide associations (GWAS) study databases. Using both sensitive and resistant mouse strains, SWV 
and C57BL6 mice, these investigators exposed the rodents to environmental chemicals (cadmium 
and methylmercury)that could cause neural tube defects. These environmental wide associate 
studies (EWAS) studies in rodents allowed for identification of candidate genes following exposure. 
By using a systems biology approach, these gene lists were integrated with toxicogenomic gene 
expression analysis and bio informatics tools including gene ontology databases that linked genes 
with specific gene pathways and function. Pathways were identified as common across humans and 
rodents with normal development as well as identifying pathways linked with NTDs across species. 
This case study illustrated how information from humans and rodents was collectively evaluated and 
both genetic and environmental factors contributing to the sensitivity to NTDs were identified. 


An important implication of a systems biology approach is that in order to understand normal as well 
as altered development, teratologists are needed from diverse scientific and clinical disciplines. 
Clinicians such as obstetricians who are teratologists follow the course of pregnancy and may see 
birth defects early in gestation using ultrasound imaging. Dysmorphologists are trained to look at 
developmental processes and to diagnose syndromes and alterations in development that represent 
deviations from such processes resulting in malformations. Developmental biologists study details 
on the mechanisms of organ and tissue development. Molecular biologists look at comparable 
cellular and molecular processes in order to follow alterations that result in birth defects. 
Developmental toxicologists and pharmacologists study how chemicals or drugs can alter normal 
development and cause birth defects and developmental toxicity. An integration of knowledge from 
these many disciplines using the principles of systems biology will speed the understanding of 
teratogenic risk and an increased ability to minimize or prevent birth defects. 
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How Do We Know if a Worksite is Safe for a Pregnant 
Worker? 


Rachel Hunicke, MPH, Division of Environmental Health, New York City Department of Health and 
Mental Hygiene 
Emma Roberts, BS, MPH program (graduate student), Bouvé School of Public Health, Northeastern 
University 
Linda Roberts, PhD, DABT 


As the workforce diversifies and women enter job fields traditionally filled by men, the potential for 
occupational exposures to chemical and nonchemical hazards during pregnancy has increased. 
Nearly three-fourths of women aged 25–44 years, a major period of childbearing years, work outside 
the home. Most women continue to work during their pregnancy even late into the third trimester. 
Occupational exposure limits (OELs) are values recommended by scientific authori-ties and 
enforced by legislation as an upper limit to the concentration of a hazardous substance in the air of a 
workplace. These limits are essentially risk management decisions based upon assessment of the 
inherent hazards of an agent, the level of exposure that can be harmful, and selection of an 
exposure threshold deemed protective for most individuals. OELs often predate the diverse 
workforce present today and may not have been set with consideration of health concerns specific to 
the changes in a woman’s health when she is pregnant or for the health of the developing fetus. 


Not only may the 
OEL not be 
adequate during 
pregnancy, but 
many chemicals 
do not have 
OELs. The lack of 
a limit is not 
surprising, given 
that 
approximately 
15,000 new 
chemicals are 
registered in the 
Chemical Abstract 
Services (CAS) 
each day. 


Figure 1. 
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Where OELs do exist, various organizations may create different values, making selection of the 
appropriate exposure threshold even more complex. Workplace health scientists may need to use 
information on hazards and exposure to develop guidance for potential exposures during pregnancy. 
The essential goal of risk management in this case is to create and maintain a workplace safe for a 
pregnant worker and her developing fetus. A workplace reproductive health evaluation, 
communicated clearly to an employee, can enable her to make informed deci-sions in partnership 
with her personal health care provider. To do so, the evaluation needs to consider the physiological 
changes during pregnancy that may impact job safety, hazards pre-sent in her responsibilities, and 
compare actual to harmful exposure levels. 


Physiological changes during pregnancy 


A woman’s body undergoes significant changes during pregnancy, and these changes can im-pact 
the potential effects of chemical agents. Increased breathing rate can amplify the absorp-tion of 
inhaled chemicals, while increased blood volume, altered metabolism, and decreased transport 
through the gut can influence toxicokinetics after absorption. How a substance is han-dled by the 
body is important to understand, as peak concentration in maternal blood is some-times a more 
important parameter than averaged exposure for developmental toxicity. Often, exposure monitoring 
is based upon concentrations averaged over a full work day to standardize a time-weighted-average 
(TWA) OEL. Several physiological changes during pregnancy, and their potential impacts, are 
shown in Table 1. 


Table 1. 


System Change Potential Consequences 


Cardiovascular 1. Increased cardiac output 
2. Reduced vascular resistance 


(pulmonary and systemic) 
3. Plasma volume increases 
4. Decreased concentration but 


increased number of red blood 
cells 


1. Greater volume of distribution 
for absorbed chemicals 


2.  Greater delivery of chemicals 
to the placenta as well as to 
maternal tissues 


Respiratory 1. Increased minute ventilation 
from increased tidal volume 


2. Arterial pO2 increases as 
pCO2 and bicarbonate 
decrease 


3. Increased oxygen demand 


1. Increased inhalation of 
chemicals, faster peak 
concentration 


2. Faster elimination by 
exhalation 


Renal 1. Decreased systemic vascular 
resistance 


2. Increased renal plasma flow 
and glomerular filtration rate 


1. Faster clearance of chemicals, 
metabolites 


Gastrointestinal 1. Decreased motility 1. Increased absorption from oral 
exposure 







Metabolism 1. Mobilization of calcium from 
bone 


2. Decreased catabolism of fat 
tissues 


3. Increased metabolic rate 
4. Metabolic enzyme activities 


may change (increase or 
decrease) 


1. Co-mobilization of lead stored 
in bone 


2. Greater storage of 
hydrophobic chemicals in fat 


3. Changed toxicokinetics of a 
chemical, resulting in changes 
to tissue levels of chemicals or 
metabolites 


General 1. Progressive weight gain 
2. Abdominal muscles separate 
3. Increased body fat 


1. Center of gravity changes 
2. Core strength decreases 
3. Altered distribution of 


chemicals or metabolites 


 


Non-chemical hazards 


A variety of non-chemical hazards that may adversely affect the pregnant worker or her fetus can be 
present in the workplace, including physical, biological, ergonomic, and psychological stressors. 
Many of the physical stressors are also stressful to non-pregnant employees, but the pregnant 
employee may have greater sensitivity and/or less tolerance. While more research is needed in 
many areas, studies suggest that exposures to radiation (EU limit of 100 mRem), in-fectious agents 
(e.g., toxoplasma, Zika, rubella), heavy lifting, shift work, noise (> 85 dB), heat, and stressful 
environments can potentially have a harmful effect on growth and development of the conceptus. 


Chemical hazards 


Data about a chemical’s potential to produce reproductive or developmental harm may be availa-ble 
through online databases, call-in centers, and safety data sheets (SDSs), which identify haz-ardous 
ingredients in a product. SDS information is limited, though, in that a chemical will not be classified 
for these effects if it has not been tested. Manufacturers may also arrive at different interpretations 
for classification, even when their assessments are based upon the same data. The SDS is required 
to have contact information for the manufacturer, so questions and addi-tional information can be 
obtained. 


Most test data are derived from animal studies. Exposure in animal studies often occurs by oral 
administration, usually not the route of exposure to workplace chemicals, which is predominantly by 
inhalation or skin contact. The study can identify an exposure that does not harm develop-ment, the 
No Adverse Effect Level (NOAEL) and/or an estimated threshold exposure level at which harm could 
be detected, often the benchmark dose (BMD). The NOAEL or BMD can be compared to the 
estimated actual exposure level or the existing OEL. 


Many chemicals do not have data, or have very limited data. In these situations, comparisons to 
structurally similar chemicals or to chemicals with similar metabolic pathways may help to reach an 
educated opinion. Assessment of the chemical’s physical-chemical properties can be of used to 
estimate the likelihood of being absorbed and reaching the developing fetus if the mother is 
exposed. 







Examples of occupations and potentially harmful non-chemical and chemical agents are shown in 
Table 2. These provide an example of what a worksite survey may uncover. Exposure does not 
necessarily mean harmful. 


Table 2. 


Occupation Non-chemical Stressors Chemical Categories 


Manufacturing 1. Shift work 
2. Physical exertion 
3. Climbing/heights 
4. Noise/vibration 
5. Heat 
6. Ionizing radiation 


1. Solvents (inhalation/skin) 
2. Equipment fluids/greases (skin) 
3. Analytical standards (inhalation) 
4. Metal fumes (inhalation) 
5. Waste products 


(inhalation/skin) 


Health Care 1. Shift work 
2. Prolonged standing 
3. Infectious agents 
4. Ionizing radiation 
5. Lifting 


1. Anesthetic gases (inhalation) 
2. Medications 
3. Cleaning chemicals 


Cosmetology/Esthetics 1. Prolonged standing 
2. Infectious agents 


1. Solvents/glues (inhalation/skin) 
2. Cleaning chemicals 


Agriculture 1. Physical exertion 
2. Lifting 
3. Heat 
4. Prolonged standing 
5. Infectious agents/insect 


bites 


1. Pesticides (inhalation/skin) 
2. Combustion exhaust 


(inhalation) 
3. Fuels (inhalation/skin) 
4. Venom/bug bites (skin) 
5. Contaminated soil (skin) 


 
Exposure assessment 


Occupational exposure assessments are typically performed by industrial hygienists in collabo-ration 
with other health and safety professionals. Exposure assessments follow a basic frame-work that 
includes characterizing the workplace, workforce, and environmental agents including chemicals, 
establishing similar exposure groups, and developing a monitoring plan to evaluate exposures. Peak 
concentration in maternal blood may be a more important parameter than av-eraged exposure for 
developmental toxicity. 


For known or suspected exposures, the following factors need to be considered: 


• Route of exposure (e.g., skin, inhalation, ingestion, injection). 


• Duration of exposure 


• Frequency 


• Simultaneous exposures 







If a potential source of exposure is identified and there is evidence that the exposure could be 
harmful, a monitoring plan is developed to prioritize and guide the collection of personal and/or area 
samples in order to measure actual worker exposure. If measurements cannot be collect-ed directly 
through personal/area monitoring or biomarkers, indirect methods such as mathemat-ical models 
and questionnaires may be useful to estimate potential exposure. Non-occupational exposures such 
as diet, overall health, and lifestyle may impact susceptibility. 


Risk characterization 


A risk assessment compares the dose-response curve for harmful effects against the actual 
exposure to derive an estimated likelihood of potential harm. The process includes, if needed, 
extrapolation between routes of exposure, e.g. oral to inhalation. Risk assessment also incorpo-rates 
safety factors to account for variability in human responses and interspecies differences. Historically, 
these safety factors have been 10x each for intra-individual (human) variability and interspecies 
(animal to human) extrapolation, but the use of non-default values based upon in-formation such as 
toxicokinetics can refine the process. For example, US EPA reported a max-imum factor difference 
of 1.5 between the 50th and 95th percentiles in pregnant women for internal dose metrics for four 
different volatile organic chemicals. Dermal absorption is generally greater in rats and rabbits than in 
humans; absorption of the pesticide lindane, for example, was roughly three-fold greater in rats than 
in humans (in vivo, both species). Future developments of OELs may be refined by better 
understanding the mechanisms of toxicity, induced biological signals, and integration of genetic 
factors. 


Risk management 


Risk management is the decision process of selecting actions to ensure that exposures stay within a 
level considered to be without an appreciable risk to development. A control plan can be developed 
to address unacceptable exposure(s) and/or to ensure exposures never reach a risky level. The plan 
may include: 


• Substituted agents or equipment - It may be possible to substitute a risky chemical with one that 
poses less risk. A physical hazard may be mitigated by replacing the current task per-formance, 
such as lifting heavy containers, with a less stressful option such as use of a hand truck. 


• Engineering controls - Exposures may be reduced through use of equipment such as a fume 
hood or ventilation. 


• Administrative controls - Modification of the job, work procedure, or work site housekeeping may 
reduce exposure. 


• Personal protective equipment - Protective equipment such as respirators and gloves reduce the 
likelihood of absorption of a harmful chemical. 


Finally, it is essential that the basis of a risk assessment be communicated to affected workers, 
supervisors, and other personnel as part of the overall risk management program so that actions can 
be prioritized and sustained and exposure potential regularly reevaluated to account for changes in 
processes, agents, hazard interpretation, or equipment in the workplace. 







Figure 2. 
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Background concepts and definitions 


The founding principles of in silico approaches are based on the premise that the properties of a 
chemical are inherent in its molecular structure. i.e. the (biological) activity of a chemical is a function 
of its molecular structure where activity can make reference to toxicity effects. This premise offers 
the possibility of developing models that predict the toxicity of a chemical based solely on its 
chemical structure. Such models have the potential to virtually screen large numbers of chemicals 
for their potential developmental toxicity as well as enable safety by design. 


In practice, the way in which inferences of toxicity based on chemical structure are derived is by one 
of three main approaches: structure-activity relationships (SARs), quantitative structure activity 
relationships (QSARs) and chemical grouping approaches. A structure-activity relationship (SAR) is 
a qualitative association that relates a chemical (sub)structure (such as a functional group) to the 
presence or absence of a property or biological activity of interest. Often times SARs are referred to 
as structural alerts. 


Figure 1. 
Examples 
of structural 
alert motifs 
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A QSAR, on the other hand, is a mathematical relationship (often a statistical correlation) relating 
one or more quantitative parameters derived from chemical structure to a property or biological 
activity of interest. These quantitative parameters are referenced as chemical descriptors and vary in 
terms of their complexity and computational needs. The simplest descriptors include those that 
account for the presence or absence of specific structural fragments or functional groups 
(fingerprints). Other descriptors encode whole chemical property information such as hydrophobicity, 
usually approximated by LogKow (the log of the octanol-water partition coefficient). There are 
descriptors that take into account 3D information and are based on quantum chemical calculations to 
characterize reactivity in parameters such as Energy of the Lowest Unoccupied Molecular Orbital 
(eLUMO) or Superdelocalizability, among others. QSAR models yield a continuous or categorical 
outcome. 


Chemical grouping addresses the manner by which similar chemicals are grouped together typically 
based around some concept or aspect of chemical similarity in order for predictions to be made by a 
technique called “read-across”. In read-across, the activity/property information for one or more 
chemicals are used to predict the same property/activity for another chemical that is considered to 
be similar, usually on the basis of structural similarity. 


Availability of existing (Q)SARs and expert systems for developmental and reproductive 
toxicity endpoints 


While there are many (Q)SARs that have been published in the literature for a number of different 
biological activities, there is a paucity of (Q)SAR models in the literature for developmental toxicity. 
The reasons for this paucity are twofold: the lack of sufficient good quality data and a lack of 
knowledge about the mechanisms of action. We will discuss some of the potential opportunities 
herein. 


The majority of the (Q)SARs that have been developed were derived on the basis of limited datasets 
focusing in on specific chemical classes such as short-chain carboxylic acids, substituted phenols, or 
haloacetic acids. There also have been (Q)SARs developed for the passive diffusion of chemicals 
across the placenta or other relevant barriers. A few of the published (Q)SARs have been based on 
larger heterogeneous datasets but their performance has typically been poor. 


A number of these and other (Q)SAR models have been implemented into stand alone or web-
based software applications for more convenient use. Such applications are known as expert 
systems and themselves can be categorized into one of three different types – statistical, 
knowledge-based, and hybrid. Statistical expert systems are based on a collection of QSAR models, 
knowledge-based systems typically rely on structural alerts, whereas a hybrid system is a 
combination of statistical and knowledge-based systems. A number of these systems are able to 
generate structure-based predictions of reproductive and developmental toxicity (DART) endpoints. 
Most of the (Q)SARs for DART toxicity are classification models making categorical predictions. 


Examples of statistical expert systems include VEGA, Leadscope, TEST, TOPKAT, and CASE Ultra 
amongst others. VEGA (Virtual models for property Evaluation of chemicals within a Global 
Architecture) addresses a number of different human health-related endpoints, including a QSAR 
model that predicts whether a chemical might be associated with developmental toxicity. Leadscope 
Model Applier contains a suite of models for predicting developmental toxicity in the rodent fetus, 
including skeletal and visceral birth defects, fetal growth impairment, and fetal survival, and 
reproductive toxicity models for male and female rodents. 







An example of a knowledge-based system is Derek Nexus v5.0.2 which contains over 850 structural 
alerts for a number of different toxicity endpoints. These alerts are supported by experimental toxicity 
data, a mechanistic hypothesis, example chemicals, and a reasoning engine to assign a level of 
confidence (certain, probable, plausible, etc.) for the endpoint prediction being made. Within the 
current version of Derek Nexus, there are approximately 60 alerts for reproductive toxicity, of which 
50 alerts are specifically for teratogenicity. Other resources include OCHEM, a web-based resource 
which contains a collection of 12 ToxAlerts for developmental and mitochondrial toxicity. 


An example of a hybrid expert system is TIMES (Tissue Metabolism Simulator) which contains a 
collection of structural alerts (or SARs), some of which are underpinned by QSARs based on 3D 
chemical information. A key feature of this tool is that it also contains a number of structure-
metabolism relationships such that predictions can be made for chemicals taking into account their 
potential transformation products. TIMES does not have any specific models to predict 
developmental toxicity but it does contain models to predict estrogenic, androgenic, AHR binding 
activity, and aromatase inhibition. 


Type of 
expert 
system 


Name Website Endpoint covered 


Knowledge 
based 


Derek Nexus https://www.lhasalimited.or
g/products/derek-
nexus.htm  


Approx. 60 alerts covering 
teratogenicity, developmental 
toxicity and reproductive toxicity 


  OCHEM ochem.eu/  12 ToxAlerts covering 
developmental and mitochondrial 
toxicity 


  DART profiler Implemented in the OECD 
Toolbox 


Described 
in http://pubs.acs.org/doi/abs/10.10
21/tx400226u 


Statistical VEGA https://www.vegahub.eu/ 
formerly 
in http://www.caesar-
project.eu/index.php?page
=results&section=endpoint
&ne=5 


Binary classification class – 
developmental toxicant vs non-
developmental toxicant 


  Leadscope http://www.leadscope.com/
model_appliers/  


Developmental toxicity: Skeletal & 
visceral dysmorphogenesis, fetal 
growth restriction, fetal weight 
decrease, fetal survival (death, pre-
implantation and post implantation 
loss) 
Reproductive toxicity in male and 
female rodents and male sperm 


  TEST (Toxicity 
Estimation 
Software Tool) 


https://www.epa.gov/chemi
cal-research/toxicity-


Binary classification class – 
developmental toxicant vs non-
developmental toxicant 
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estimation-software-tool-
test  


  MCASE/CASE 
Ultra 


http://www.multicase.com/c
ase-ultra-models 


Teratogenicity, fetal development 
and survival, reprotox (sperm 
toxicity and fertility), developmental 
toxicity and fetal dysmorphogenesis 


  TOPKAT 
(TOxicity 
Prediction by 
Komputer 
Assisted 
Technology 


http://accelrys.com/product
s/collaborative-
science/biovia-discovery-
studio/qsar-admet-and-
predictive-toxicology.html 


Binary classification class – 
developmental toxicant vs non-
developmental toxicant 


Hybrid TIMES 
(Tissue 
Metabolism 
Simulator) 


http://oasis-
lmc.org/products/models/h
uman-health-
endpoints.aspx  


Estrogen, Androgen and AHR 
binding affinity, Aromatase 
inhibition 


Table 1: Available expert systems and applications 


Chemical grouping tools 


There are also software tools to form chemical groups to enable read-across. Notable among these 
is the OECD QSAR Toolbox, a software application coordinated by the OECD (Organization for 
Economic Co-operation and Development), an intergovernmental organization. The Toolbox is 
designed to aid in the development, evaluation, justification, and documentation of grouping 
approaches to enable read-across predictions to be made. The system relies upon a workflow to 
help identify similar chemicals, form groups, and then perform predictions. A decision support 
system for DART effects was developed by researchers and comprised a set of structural alerts with 
associated mechanistic justifications. This decision tree is encoded in the OECD Toolbox enabling a 
more targeted search of similar chemicals that might share a common structural feature indicative of 
a common mechanism or mode of action. There are a number of other tools and resources to 
facilitate search of chemicals for read-across (see suggested reading). 


An important consideration is being able to determine what data might be available for a given 
chemical or collection of chemicals in order to identify what the best approach might be to address 
specific data gaps and making toxicity predictions. There are many sources of available toxicity data 
that have been collected in different databases. Within the OECD Toolbox, data collections include 
the EU REACH data which comprises information submitted by companies to the European 
Chemicals Agency, and the Toxicity Reference database (ToxRefDB) compiled by EPA. The EPA 
Chemistry dashboard hosts links to different data and information sources and is linked back to 
chemicals and their associated chemical structures. These collections of data form a rich resource 
from which new models for developmental toxicity potentially could be derived. 


Considerations for new model development and application 


In recent years, advances in high-throughput technologies have offered new means to derive data 
helpful in elucidating the mechanistic pathways underpinning many of the endpoints of interest and 
moving away from reliance only on observations in animal studies. This has implications for the way 
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in which future QSARs might be developed and used. Instead of QSARs linking structure to remote 
downstream toxicity effects in a simplistic correlative manner (such as is the case with some of the 
existing developmental toxicity QSARs), there could be scope to develop SARs and QSARs that 
capture a single step in a mechanistic pathway. Examples of such models include those already 
developed to predict in vitro estrogen binding affinity. 


Validation of (Q)SARs has been a contentious issue for many years. Regulations in Europe provided 
momentum for reconsidering the manner and role that QSAR models could play in providing 
information for a range of different regulatory purposes. A set of 5 validation principles were 
formulated and agreed upon at an international level within the OECD. These were aimed to aid the 
development, application and interpretation of QSARs and their predictions for regulatory purposes. 
The 5 principles are: defined endpoint; unambiguous algorithm; a defined domain of applicability; 
appropriate measures of goodness of fit; robustness and predictivity; and, a mechanistic 
interpretation. These principles were intended to provide guidance for how a QSAR model and its 
prediction could be applicable for a given purpose. The principles aim to characterize the scientific 
validity of a model, rather than adhere to a formalized endorsement process of validation. Templates 
to assist in documenting QSAR models and their predictions made were also drafted to capture 
pertinent information, and these themselves were structured using the OECD principles as a 
foundation. There is still an open question of whether these principles and their associated 
documentation are sufficient to ensure greater uptake and acceptance of QSARs for regulatory 
purposes. There is certainly acceptance of using QSAR information as supporting information as 
part of an overall weight of evidence approach and, for certain endpoints, in lieu of experimental 
data. For developmental toxicity, positive predictions are considered helpful in such an overall 
assessment but since the available models typically provide a binary outcome (positive or negative 
outcome), their utility is limited. Of the principles, perhaps the greatest emphasis has been placed on 
the applicability domain of a model. This domain aims to describe the scope of the model in terms of 
where it can make reliable and robust predictions. The goal was to provide information to an end-
user on when a prediction could be confidently relied upon. 


Concluding remarks 


For developmental toxicity effects, the preference has been to rely on read-across approaches to 
make inferences of toxicity. Unlike QSARs, read-across approaches have not had a formalized 
framework for assessing validity and robustness of the justification for the associated prediction 
being made for any specific purpose. However, this lack of a framework has been changing in the 
last few years with research efforts ongoing to develop ways and means of structuring, documenting 
justifications in a consistent manner and exploring to what extent high throughput screening (HTS) 
data might be useful in enhancing the confidence of a read-across prediction being made. 


With the advent of data collections that have been made available – both conventional development 
toxicity data as well as HTS data sources, there are now more opportunities than ever before to 
exploit computational approaches to develop new predictive models for developmental toxicity 
endpoints. 


Suggested Reading 


U.S. EPA National Center for Computational Toxicology ‘s Chemistry 
dashboard https://comptox.epa.gov/dashboard provides resources relevant to computational 
toxicology. 
QSAR validation principles and the OECD Toolbox can be found 
at: https://www.oecd.org/chemicalsafety/risk-assessment/oecdquantitativestructure-
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activityrelationshipsprojectqsars.htm 
The JRC’s published review described many of the expert systems and literature (Q)SAR models 
available:  
LoPiparo E, Worth AP. 2010. Review of QSAR Models and Software Tools for predicting 
Developmental and Reproductive Toxicity Elena Lo Piparo and Andrew Worth EUR 24522 EN 
Available at https://eurl-ecvam.jrc.ec.europa.eu/laboratories-
research/predictive_toxicology/doc/EUR_24522_EN.pdf 
The DART framework encoded in the OECD Toolbox is described in: 
Wu S, Fisher J, Naciff J, Laufersweiler M, Lester C, Daston G, Blackburn K. 2013. Framework for 
identifying chemicals with structural features associated with the potential to act as developmental or 
reproductive toxicants. Chem Res Toxicol. 26(12): 1840-1861. doi: 10.1021/tx400226u.  
Reviews of (Q)SARs validation, expert systems, read-across approaches and their integration are 
described in:  
Patlewicz G, Fitzpatrick JM. 2016. Current and Future Perspectives on the Development, Evaluation, 
and Application of in Silico Approaches for Predicting Toxicity. Chem Res Toxicol. 29(4):438-51. doi: 
10.1021/acs.chemrestox.5b00388.  
Patlewicz G, Worth AP, Ball N. 2016. Validation of Computational Methods. Adv Exp Med Biol. 
856:165-187. 
Patlewicz G, Helman G, Pradeep P, Shah I. 2017. Navigating through the minefield of read-across 
tools: A review of in silico tools for grouping. Computational Toxicology 3: 1-
18 https://doi.org/10.1016/j.comtox.2017.05.003 
Worth AP, Patlewicz G. 2016. Integrated Approaches to Testing and Assessment. Adv Exp Med 
Biol. 856:317-342.  
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Does Obesity Increase the Risk of Having a Child with 
a Birth Defect? 


Sarah C. Tinker and Janet D. Cragan, National Center on Birth Defects and Devlopmental 
Disabilities, Centers for Disease Control and Prevention, Atlanta GA 


The findings and conclusions in this report are those of the authors and do not necessarily represent 
the official position of the Centers for Disease Control and Prevention. 


The prevalence of obesity in the United States has more than doubled in the past 50 years, and 
currently approximately one-third of women of childbearing age have obesity. One concern about the 
high prevalence of obesity, defined as body mass index greater than 30 kg/m2, among this 
population is the consistently observed association between maternal prepregnancy obesity and an 
increased risk for certain birth defects. 


Neural tube defects (NTDs) are the birth defects most consistently associated with maternal 
prepregnancy obesity. A 2009 meta-analysis estimated that the risk for NTDs was almost twice as 
high among obese women relative to women with a normal BMI (18.5 – 24.9 kg/m2), based on data 
from nine different studies (Figure 1). Data published subsequently have been consistent with these 
results. When specific NTDs have been assessed, a slightly stronger association is observed for 
spina bifida relative to anencephaly (Figure 1). 
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Figure 1. 


Prepregnancy obesity is associated with a modestly increased risk for congenital heart defects 
(CHDs), when considered as a group (Figure 1). Associations with prepregnancy obesity have been 
observed for certain broad categories of CHDs, including septal defects, conotruncal defects, and 
left and right ventricular outflow tract obstruction defects; associations with specific defects include 
hypoplastic left heart syndrome, atrial septal defects, Tetralogy of Fallot, transposition of the great 
arteries, coarctation of the aorta, and pulmonary valve stenosis. However, results across studies 
show considerable heterogeneity. 
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Relatively consistent, but modest, associations with obesity have been observed for orofacial clefts 
(Figure 1). It appears that these associations may be limited to cleft palate with or without cleft lip 
(Figure 1). Other defects that have been studied less thoroughly, but for which associations with 
prepregnancy obesity have been observed, include hydrocephaly, limb reduction defects, and 
anorectal atresia. In contrast, gastroschisis is strongly inversely associated with prepregnancy 
obesity; being underweight prior to pregnancy is associated with an increased risk for gastroschisis. 
The reasons for the opposite pattern of association for this defect relative to others is unknown. 


Associations between being overweight (BMI 25.0 to 29.9 kg/m2) and birth defects tend to be more 
modest (e.g., NTDs) or absent (e.g., cleft palate) compared with birth defects associated with 
obesity. In studies that were able to assess different degrees of obesity, the association with certain 
defects became stronger with increasing obesity. In a 2008 meta-analysis, a dose-response was 
observed for summary odds ratios. The risk of NTDs among overweight, moderately obese, and 
severely obese women compared to normal weight women was 1.2, 1.7, and 3.1 times higher, 
respectively. Results from a meta-analysis focused on CHDs also demonstrated a dose-response 
with obesity levels for all CHDs combined; the pooled odds ratios were 1.1, 1.2, and 1.4 for 
overweight, moderately obese, and severely obese, respectively. When specific CHD categories 
were examined, the risk for pulmonary valve stenosis and atrial septal defects showed a dose-
response with levels of obesity. Data from a large population-based cohort study of over 1.2 million 
singleton births in Sweden showed a dose-response for increasing BMI category and increasing risk 
for several birth defects classified by broad categories, including nervous system defects, CHDs, 
orofacial clefts, digestive system defects, genital organ defects, and limb defects (Figure 2). Sub-
categories of obesity were defined differently across studies, with the cut-point between moderate 
and severe obesity ranging from 35 to 40 kg/m3 or defined by a maximum weight (>240 to >260 lbs). 


The mechanism through which obesity affects the risk for birth defects is not well understood. If 
causal, a likely pathway is through metabolic dysfunction. Pregnant women with uncontrolled 
diabetes have an increased risk for certain birth defects, including NTDs. When pregnant women 
with diabetes maintain tight glycemic control, however, their risk for birth defects decreases to match 
that of the general population, implicating hyperglycemia as a potential mechanism. Obesity 
increases the risk for non-insulin dependent diabetes and hyperglycemia. While the majority of 
studies of obesity and birth defects exclude women with pregestational diabetes, women with 
undiagnosed diabetes would be included in these studies. It is also possible that hyperglycemia at 
levels below the diagnostic threshold for diabetes have a negative impact on fetal development. 


Prenatal diagnosis of birth defects is more challenging in women who are obese. Women with 
obesity may therefore have a lower rate of prenatal diagnosis of birth defects and fewer pregnancy 
terminations, which would result in a higher birth prevalence of defects and biased results from 
studies that ascertain only live births. Obesity also increases the risk for infertility, and use of fertility 
treatments has been associated with an increased risk for certain birth defects. Other possible non-
causal explanations for the observed association between obesity and the risk for certain birth 
defects include nutritional issues, such as poor diet quality or lower folic acid intake, and 
sociodemographic factors. 


The American College of Obstetricians and Gynecologists recommends that women achieve a 
healthy weight prior to pregnancy. However, effective treatments for obesity are limited and the 
safety of their use immediately before conception is unknown. Furthermore, almost half of U.S. 
pregnancies are unplanned, and weight loss during pregnancy is not recommended. Future research 
could help toward understanding the mechanisms through which obesity is associated with the risk 
for certain birth defects in order to develop effective interventions and prevention measures. 


 



https://www.teratology.org/primer/obesity-risk.asp#fig1

https://www.teratology.org/primer/obesity-risk.asp#fig1





Suggested Reading 


American College of Obstetricians and Gynecologists. ACOG Practice Bulletin No 156: Obesity in 
Pregnancy. Obstet Gynecol 2015;126(6): 112-126. 
Cai GJ, Sun XX, Zhang L, Hong Q. Association between maternal body mass index and congenital 
heart defects in offspring: a systematic review. Am J Obstet Gynecol 2014;211(2):91-117. 
Correa A, Marcinkevage J. Prepregnancy obesity and the risk of birth defects: an update. Nutr Rev 
2013;71 Suppl 1:S68-77. 
Persson M, Cnattingius S, Villamor E, et al. Risk of major congenital malformations in relation to 
maternal overweight and obesity severity: cohort study of 1.2 million singletons. BMJ 
2017;357:j2563. 
Rasmussen SA, Chu SY, Kim SY, et al. Maternal obesity and risk of neural tube defects: a 
metaanalysis. Am J Obstet Gynecol 2008;198(6):611-619. 
Stothard KJ, Tennant PW, Bell R, and Rankin J. Maternal overweight and obesity and the risk of 
congenital anomalies: a systematic review and meta-analysis. JAMA 2009;301(6):636-650. 
Information about specific types of birth defects: https://www.cdc.gov/ncbddd/birthdefects/types.html 
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What Are the Effects of Alcohol Use During Pregnancy? 


Miguel del Campo, MD, PhD, Kenneth Lyons Jones, MD., Division of Dysmorphology and 
Teratology, Department of Pediatrics, University of California, San Diego, USA 


The potential harmful effects of alcohol in pregnancy have been referenced on multiple occasions 
throughout history. Aristotle suggested that alcohol should not be used in pregnancy with the 
following admonition: ‘‘Foolish, drunken and hare-brained women most often bring forth children like 
unto themselves, morose and languid’’. The London Gin epidemic in the 1700s made the weakness 
and abnormal behavior of children born to alcoholic mothers quite evident, in addition to 
demonstrating an increase in fetal and infant mortality. However, no specific diagnostic features 
were ever proposed, nor were medical recommendations suggested that might result in prevention 
of the deleterious effects of alcohol on fetal development 


The Fetal Alcohol Syndrome 


The term Fetal Alcohol Syndrome (FAS) was set forth by Jones and Smith in 1973. The French 
clinician Paul Lemoine had described a large group of children affected by alcohol exposure in 
pregnancy in 1968. Both publications identified a common pattern of growth deficits and dysmorphic 
features and proposed diagnostic criteria. In the reported cases there were abnormal physical and 
ocular features as well as neurological, cognitive and behavioral deficits. 


Since its delineation, physical features have been the hallmark for the recognition of FAS. Moreover, 
the pattern of physical features of FAS is today considered specific enough so that a diagnosis of 
FAS can be established even in the absence of confirmation of prenatal alcohol exposure (PAE). 
The pattern in FAS includes growth deficits (height and/or weight ≤10%), microcephaly (head 
(occipito-frontal) circumference ≤10%), and at least 2 of 3 facial features (short palpebral fissures 
below the 10th centile a smooth philtrum, and a narrow and poorly shaped vermillion border of the 
upper lip) (Figure 1). In addition, other dysmorphic features known to occur more frequently in 
patients with PAE include ptosis of the eyelids, epicanthal folds, midface hypoplasia, a short 
anteverted nose, a long philtrum, abnormally shaped “railroad track” ears, abnormal hand creases, 
particularly the hockey stick crease (Figure 2), limited finger extension (camptodactilies), incomplete 
pronosupination of the elbows, and contractures in other joints. 
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Figure 1. The faces of 
FASD. A. Short palpebral 
fissures, normal philtrum 
pillars, narrow and linear 
vermillion, midface 
hypoplasia. B Apparent 
hypertelorism with normal 
measurements due to the 
very short palpebral fissures. 
Prominent epicanthal folds, 
bilateral ptosis. C. Midface 
hypoplasia and railroad track 
ears. D. Mild ptosis, short 
anteverted nose with long 
smooth philtrum, fleshy lips. 
E and F. Frontal and lateral 
view of the smooth philtrum 
and linear vermillion border 
of the upper lip that has lost 
the characteristic Cupid’s 
bow configuration. Midface 
hypoplasia. 


 


 


Figure 2. The hands of 
FASD. A. Hockey stick 
crease, absent proximal 
transverse palmar 
crease, normal thenar 
crease. B. Hockey stick 
crease, absent proximal 
transverse palmar 
crease, absent proximal 
interphalangeal crease 
of the 5th finger, 
limitation to extension 
of 4th and 5th fingers 
indicating mild 
camptodactyly C. 
Clinodactyly of the 5th 
finger D. 
Camptodactyly of the 
4th finger. E. Bilateral 
camptodactyly of the 
5th fingers. and F. 
Camptodactyly of 
fingers 3-4 and 5. 
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A correct assessment of the dysmorphic features in FAS is part of a careful physical examination 
also aimed at differentiating FAS from other genetic and teratogenic conditions. Since the diagnosis 
often depends on the assessment of the dysmorphic features, this should be as accurate as 
possible. Measurement of the largest occipito-frontal circumference, as well as using the ruler at the 
correct angle for measurement of the palpebral fissures will be essential. In addition, assessment of 
the philtrum and upper lip scores should be done with the help of a lip/philtrum guide, specific to the 
closest ethnic group if available (Figure 3). But most features are somewhat subjective, particularly 
for non-experts. A good method to improve recognition is to have pictures at the bedside with clear 
positive cases for these features. 


Figure 3. Lip philtrum 
guide for black South 
African race and US 
Caucasians. In both 
guides, the prominence 
of the philtrum pillars is 
lost from 1-5, which can 
be best appreciated on a 
450 view. Only scores 4 
and 5 are used for the 
diagnosis of FAS, These 
represent a complete 
absence of the pillars (5) 
or very faint or 
incompletely visible 
pillars (4). For the 
vermillion border of the 
upper lip, the Cupid’s 
bow shape is either lost 
(5) or very 
underdeveloped (4), and 
the vermillion border 
becomes linear. The 
upper lip is much thinner 
in Caucasians, a fact 
that should be taken into 
account with the use of 
race-specific lip-philtrum 
guides. Courtesy of Prof. 
Eugene Hoyme, 
University of Arizona)  
(Hoyme D.B. et al., 
2010) (Hoyme et al., 2016)  


The fetal alcohol spectrum disorders 


Many patients affected by prenatal alcohol exposure do not have all the physical features of FAS. 
Fetal alcohol spectrum disorders (FASD) is an umbrella term for the full spectrum of defects 
resulting from PAE. The term was initially set forth by the Institute of Medicine of the National 
Academy of Science in 1996 to include all features seen in children affected by PAE; years later it 
was clarified by Hoyme et al. in 2005 and again revised in 2016. Other diagnostic systems such as 
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the Canadian guidelines and the 4 digit code, establish similar diagnostic categories with some 
differences in the details for each category. 


In FAS, microcephaly reflects structural damage to the brain. MRI findings show decreased brain 
volume and poor gyration, abnormal or absent corpus callosum, and small cerebellum. In addition, 
functional brain damage can become evident as seizures or abnormal EEG in addition to the 
presence of a characteristic neurobehavioral phenotype. Partial FAS (pFAS) identifies cases where 
either growth deficits or microcephaly and other forms of brain impairment are present, but not both, 
along with the dysmorphic features. Major malformations can also occur as a consequence of PAE, 
particularly heart, renal, and ocular defects. Hypoplasia of the optic nerve and refraction errors are 
particularly problematic for some of these children, all of which should have ophthalmology 
evaluations. In the presence of confirmed PAE, individuals with those defects will be given a 
diagnosis of alcohol-related birth defects (ARBD). 


The larger group of individuals with FASD, however, have cognitive and behavioral differences 
without recognizable features of FAS. In such cases, confirmation of PAE is necessary for a 
diagnosis. This diagnostic category is called alcohol-related neurodevelopmental disorders (ARND) 
in most diagnostic criteria and is somewhat equivalent to a new diagnostic category included in the 
DSM-5 called neurobehavioral disorder associated with prenatal alcohol exposure (ND-PAE). The 
definitions of ARND or ND-PAE are based on patterns of neurobehavioral differences assessed 
through comprehensive neuropsychological testing. These patterns include intellectual disability (IQ 
<70) only in a subset of patients. Most patients have other learning disabilities, impaired visual 
spatial abilities, and/or poor executive functions. These patients often have intelligence in the normal 
range but specific learning deficits will make it difficult for them to succeed in mainstream classes in 
school, as well as to understand and judge situations in daily life, or put in practice concepts they 
were taught. In addition, the neuropsychological profile includes a mood/behavior disorder with poor 
attention, anger outbursts, poor impulse control that reflect poor self regulation of their behavior. 
Finally, they show deficits in communication, social interaction and skills, and difficulties in motor 
skills, all of which are reflective of poor adaptive functioning. All these learning and behavior 
characteristics often result in secondary disabilities, including increased dependence on their family 
members and caretakers, social isolation, addiction to drugs and alcohol, and an increase in 
conflicts with the legal system. 


Experimental evidence of alcohol teratogenesis 


Decades of research have determined that brain damage in FASD is complex and multidimensional. 
Early animal studies revealed that development of the face and brain are intimately interrelated, as 
the brain provides structural, cellular, and molecular input that guides the development of the face. 
Studies in the mouse that began soon after the identification of FAS in humans provided the first 
experimental evidence that both brain and craniofacial abnormalities result from prenatal alcohol 
exposure and that the defects in the mouse are similar to those seen in humans (Figure 4). Striking 
changes appear in the developing brain in the rostral neuroectoderm, leading to decreased 
development of the neural plate and its derivatives, which account for the craniofacial malformations. 
These cells originate from the anterior neural ridge (ANR) at the rostral boundary of the forebrain. In 
addition to the ANR, neural crest, epibranchial placodes, and otic placodes are also affected. An 
underdevelopment of the medial nasal processes leads to the short nose, smoothness of the 
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philtrum, and underdevelopment of the upper lip in FAS. Therefore, in individuals with FAS, the face 
somewhat reflects the degree of brain damage. 


Figure 4. A child with Fetal Alcohol Syndrome (FAS; a), an alcohol-affected fetal mouse (b), and a 
comparably-staged normal fetal mouse (c) are shown. Microcephaly, small eye-openings, a long 
smooth philtrum are seen in the baby and the exposed mouse. The characteristic facial features of 
FAS were induced in the mouse by maternal alcohol treatment only on gestational day 7, when the 
mouse embryo is at a stage corresponding to that in humans in the 3rd week. Modified from Sulik et 
al. 1981. Courtesy of Prof. Kathie Sulik, University of North Carolina-Chapel Hill. 


Besides direct cell toxicity of ethanol and its metabolite acetaldehyde, alcohol increases oxidative 
stress and leads to alterations in epigenetic imprinting, gene expression, and the generation of 
abnormal cell metabolites. Alcohol affects several genetic pathways, cholesterol homeostasis, 
neurotransmitter signaling, and has destructive effects on the cytoskeleton. No single or simple 
mechanism is responsible for the damage, and research evidence of how PAE causes brain damage 
suggests potential therapeutic targets to modify or reverse some of the deleterious effects of alcohol 
in brain cells. 


FASD is a prevalent, fully preventable condi tion 


FASD is the leading cause of cognitive and behavioral deficits worldwide and is fully preventable. 
Prevalence studies have indicated that FASDs are frequent in all countries, in populations of all 
ethnic groups, and all socioeconomic levels. Studies in the United States have revealed as many as 
2-5% of school-age children may be in the FASD spectrum. In well-studied, high-risk populations in 
South Africa for example, greater than 10% of children have FASD. Higher levels of alcohol intake 
as well as binge drinking are major risk factors for the infant being severely affected, but neither 
animal nor human research can ensure there is a safe minimum for alcohol in pregnancy. In 
addition, a critical period for major brain damage is the first trimester of pregnancy, often preceding 
pregnancy recognition. Therefore, all major scientific societies are now recommending to abstain 
from consuming alcohol in pregnancy or even when planning a pregnancy. 


Early diagnosis of FASD is of critical importance for the medical community and society in general. 
Infant early intervention and therapies are important therapeutic tools to improve the life of these 
children. However, a fundamental component associated with the diagnosis of FAS, is personal, 
familial, social and medical stigma, which often precludes correct and routine assessment of drinking 
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of alcohol beverages during pregnancy, diagnosis of patients, and enrollment in early therapies. 
Several interventions have been proven to work for these children, and many trials for new 
approaches are ongoing. Early and correct assessment of these children can help improve their lives 
and the lives of their families. 


The numbers for alcohol consumption in pregnancy are high and do not seem to be declining. 
Therefore, continuous efforts should be made to promote awareness and to implement strategies for 
primary prevention, with the goal of eliminating this significant and costly health problem. 
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What Is the Role of the Placenta—Does It Protect 
Against or Is It a Target for Insult? 


Richard K. Miller 
University of Rochester School of Medicine & Dentistry Rochester, New York 


The placenta is not just a barrier but has many functions that are vital to the health of the 
embryo/fetus. The placenta is the anchor, the conduit, and the controller of pregnancy—and it can 
also be a target for toxicant action. The placenta encompasses not only the chorioallantoic placenta 
but all of its extraembryonic membranes (chorion/amnion) and the yolk sac. (Figure 1). The placenta 
and its membranes secure the embryo and fetus to the decidua (uterine lining) and release a variety 
of steroid and protein hormones that characterize the physiology of the pregnant female. 


Figure 1. Placental Structure in the Mouse. Figures depict early development of the mouse 
conceptus at embryonic days (E3.5, E7.5, E12.5). In the fetus, the visceral yolk sac (vYS) inverts 
and remains active throughout the entire gestation providing for transfer of selective large molecules, 
e.g., immunoglobulins IgG and vitamin B12. Abbreviations: Al, allantois; Am, amnion; Ch, chorion; 
Dec, decidua; Emb, embryo; Epc, ectoplacental cone; ICM, inner cell mass; Lab, Labyrinth; pYS, 
parietal yolk sac; SpT, spongiotrophoblast; TCG, trophoblast giant cell; Umb Cord, umbilical cord; 
vYS, visceral yolk sac; C-TGC, maternal blood canal trophoblast giant cell; P-TGC, parietal 
trophoblast giant cell; S-TGC, sinusoidal trophoblast giant cell; SpA-TGC, Spiral artery-associated 
trophoblast giant cell; Cyan-trophectoderm and trophoblast lineage, Black- inner cell mass and 
embryonic ectoderm; Gray -endoderm, Red-maternal vasculature, Purple-mesoderm, Yellow-
decidua, Pink-fetal blood vessels in labyrinth. (From Hu and Cross, Int. J. Dev. Biol. 54:341–354, 
2010.)  


Alterations in any of these functions can lead to pregnancy loss (miscarriage or stillbirth). Of 
particular concern is the relative hypoxic environment that is normally present during early 
embryonic development. Abnormally high maternal blood flow to the implantation site can produce 
higher levels of oxygen and lead to miscarriage and later in gestation can lead to pre-
eclampsia/eclampsia, as noted in Figure 2. The placenta transports nutrients to the embryo/fetus 
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and waste products away from the embryo/fetus but, during this exchange, foreign compounds can 
hitchhike across the placenta. The placenta stores chemicals and also serves as a site for 
biotransformation. Substances that may be benign to the pregnant woman can be transformed by 
metabolizing enzymes in the placenta to agents toxic to the embryo/fetus, e.g., 13-cis retinoic acid. 
Thus, the functions of the placenta that nourish and support the fetus can be compromised and 
result in placental toxicity, fetal nutrient deprivation, and production of toxic chemicals. It has been 
noted that placental size can be used as a proxy for fetoplacental metabolism, while 
histopathological assessments of placental inflammation have been associated with autism. 


Figure 2. Oxygen tension plays an important role in guiding the differentiation process that 
leads to cytotrophoblast invasion of the human uterus. (A) The early stages of placental 
development take place in a relatively hypoxic environment that favors cytotrophoblast proliferation 
rather than differentiation along the invasive pathway. Accordingly, this cell population (light green 
cells) rapidly increases in number as compared with the embryonic lineages. (B) As development 
continues, cytotrophoblast cells (dark green cells) invade the uterine wall and plug the maternal 
vessels, a process that helps maintain a state of physiological hypoxia. As indicated by the blunt 
arrows, cytotrophoblast cells migrate farther up arteries than veins. 
(C) By 10 to 12 weeks of human pregnancy, blood flow to the intervillous space begins. As the 
endovascular component of cytotrophoblast invasion progresses, the cells migrate along the lumina 
of spiral arterioles, replacing the maternal endothelial lining. Cytotrophoblast cells are also found in 
the smooth muscle walls of these vessels. In normal pregnancy the process whereby placental cells 
remodel uterine arterioles involves the decidual and inner third of the myometrial portions of these 
vessels. As a result, the diameter of the arterioles expands to accommodate the dramatic increase in 
blood flow that is needed to support rapid fetal growth later in pregnancy. It is likely that failed 
endovascular invasion leads in some cases to miscarriage, whereas an inability to invade to the 
appropriate depth is associated with pre-eclampsia/eclampsia and a subset of pregnancies in which 
the growth of the fetus is restricted. (From Red-Horse et al, J. Clin. Invest. 114:749, 2004.) 
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Patterns of placental development are similar among different animal species, while developmental 
time schedules may differ. The placentae themselves vary widely among species. Marsupials, for 
example, have only a yolk sac, while sheep have multicotyledonary (multi-lobed) placentation. Rats, 
mice, and rabbits, the principal species used for teratology testing, all have yolk sac placentae, as do 
humans, but the functions of the yolk sacs are very different. In rodents and rabbits, the yolk sac 
everts (turns inside out) and becomes an important port of entry for molecules (e.g., 
immunoglobulins) into the embryo and fetus throughout pregnancy, even though a chorioallantoic 
placenta develops during the last half of pregnancy to provide gas and small molecule exchange. In 
contrast, the yolk sac shrinks and becomes vestigial in humans during the latter part of the first 
trimester. 


In laboratory species, immunoglobulins, critical for immune function in the neonate (IgG), are 
transported only through the visceral yolk sac; in humans, transport occurs via receptors in the 
chorioallantoic placenta. Both the yolk sac of the rodent as well as the chorioallantoic placenta of the 
human are important sites for degrading proteins and providing amino acids to the embryo and fetus. 
Trypan blue and other agents that interfere with protein degradation can kill the rodent embryo/fetus 
or can cause birth defects. 


Many agents, including the heavy metal s, such as cadmium, can alter placental function (see Table 
1). Injecting cadmium into a pregnant rat close to birth causes the fetus to die and the placenta to 
degenerate within 24 hours. Directly injecting fetuses with cadmium near term doesn’t kill them, 
although they do develop hydrocephalus (head enlargement due to excess cerebrospinal fluid in the 
ventricles of the brain). Cadmium was previously thought to affect primarily the kidney, but it turns 
out that, at least in rats, cadmium is even more highly concentrated in the placenta. Human 
placentae definitely concentrate cadmium and can degenerate because of cadmium exposure. Early 
in pregnancy, the effects of cadmium on the placenta can lead to miscarriage; women affected by 
exposures to high concentrations of cadmium can have repeated pregnancy losses. The ability of 
the placenta to sequester cadmium protects the fetus or embryo for a while, but when a pregnant 
woman is exposed to substantial amounts of cadmium, the placenta—and with it, the fetus—may 
die. 


Table 
1. 
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One source of cadmium is cigarette smoke, which may be one reason why smoking can 
compromise the growth of the conceptus. Smoking is associated with pregnancy loss, premature 
delivery, and decreased birth weight. Smokers’ placentae have very high levels of cadmium 
compared with those of nonsmokers, and these levels may contribute to the adverse outcomes that 
are associated with cigarette smoke. 


The placenta can prevent or at least delay the transmission of viruses that infect the mother. 
Experiments have shown that a variety of viruses, including cytomegalovirus (CMV), human 
immunodeficiency virus (HIV), Coxsackie B, and Echo 11 cannot directly cross the placenta. 
However, these viruses may infect certain cells within the placenta. Whether or not the placenta is 
infected determines whether the embryo/fetus eventually becomes infected. 


In vitro models using dual perfusion of the human placenta, explant cultures, chips, and cell cultures 
have been useful to assess transfer of agents as well as effects on the placenta. Studies using 
human placental perfusions have been used in lieu of rodent studies for human proteins when FDA 
approval for these types of new agents has been necessary. Clinical evaluations of both 
embryo/fetus and placenta are being pursued with ultrasound and magnetic resonance imaging and 
elastography in anticipation of identifying biomarkers of the at-risk placenta and fetus. 


Following delivery, the baby gets all of the attention. The placenta is neglected, often assigned to the 
trash; however, detailed pathologic/morphologic and ’omic assessments of the placenta can not only 
be critical for determining what happened in utero but also may be helpful in predicting what may be 
health issues for the child and the adult. During pregnancy, the placenta is the star of the show. 
Teratology would be incomplete as a science without attention to this important organ. 
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How are Prescription Medications Labeled for 
Pregnancy and Lactation? 


Leyla Sahin, MD, FACOG FDA, Center for Drug Evaluation and Research, Office of New Drugs, 
Division of Pediatric and Maternal Health 
Marie Teil, MD UCB Pharma, Immunology Patient Value Unit, Women of Childbearing Age and 
Pediatrics Program 


This chapter represents the opinions of the author, and does not necessarily represent the official 
position of the FDA or UCB. 


Prescription medication labeling (also known as prescribing information and package insert) in the 
US, or Summary of Product Characteristics in the EU, is a compilation of information about a product 
that is written by the manufacturer and approved by the Food and Drug Administration (FDA), or 
European Medicines Agency (EMA). Labeling is based on the regulatory authority's review of the 
new drug application (NDA) or biological license application (BLA), and includes information 
necessary for safe and effective use. Updates are made as new information becomes available. 
Labeling is written primarily for the health care provider. 


Women of childbearing potential affected with chronic diseases may require continuation of 
prescription medicines before, during and after pregnancy to ensure the health of the mother and the 
baby. Women may also develop acute conditions during pregnancy that need treatment. Healthcare 
professionals may face challenging situations such as prescription of medicinal products to women 
of child-bearing potential, pregnant or breast-feeding women. The product information on pregnancy 
and lactation is important to provide relevant information on the use of medicinal products in human 
reproduction, pregnancy and breastfeeding. 


The information included in the pregnancy and lactation sections of prescription product labeling is 
based on a comprehensive review of all available data, including nonclinical (animal) reproductive 
and developmental toxicity data, and human data. During drug development and the early post 
marketing period non-clinical data are of great importance since clinical experience is still lacking or 
limited, resulting in little if any information on the use of the drug in pregnant or lactating women. 


Clinical data becomes more important as experience grows during the life cycle of the product, and 
companies are required to incorporate clinically relevant data into existing labeling. Such data may 
be derived from post-marketing surveillance (either voluntary or required), observational studies, 
published literature, clinical trials, and pharmacokinetic or lactation studies. 


FDA and EMA perform a multi-disciplinary assessment of all available data to assess the quality of 
evidence. Data are added to labeling if they are determined to be meaningful or clinically relevant for 
the healthcare provider. Differences between FDA and EMA approaches in label outcomes are 
described below. 


 



http://www.teratology.org/primer





US Labeling 


Before a new prescription medication is approved by the FDA, product labeling must be developed. 
Prescription product labeling is a detailed document that must include information about the 
approved use(s) of the drug. 


FDA-approved product labeling is accessible electronically and is an important tool for prescribers in 
communicating risks, benefits, and uncertainties to their patients. In the United States, prescription 
drugs and biological products must include information on the safety of the drug when used during 
pregnancy or lactation. On June 30, 2015, FDA began implementing its new pregnancy and lactation 
labeling system, which eliminates the pregnancy letter categories (A, B, C, D, and X), and replaces 
this information with narrative summaries of available data. These changes are occurring through 
the year 2020, and labeling will be further updated as new information becomes available. The 
pregnancy letter categories are being eliminated because they were overly simplistic and did not 
capture the complexities and nuances of available risk information and benefit-risk considerations. 
The pregnancy letter categories were misinterpreted as a grading system, which sometimes resulted 
in misguided prescribing decisions. The new labeling system provides clinically relevant information 
that presents the background risk of birth defects and miscarriage for context, and, when applicable, 
the adverse pregnancy outcomes associated with the underlying medical condition. 


Under the new labeling system, Section 8 – USE IN SPECIFIC POPULATIONS has subsections for 
pregnancy, lactation and reproductive potential (Figure 1). The Pregnancy (8.1) and Lactation (8.2) 
subsections include three headings: “Risk summary,” “Clinical Considerations” and “Data.” These 
headings provide information regarding human, animal, and pharmacologic data on the use of the 
medication, and adverse reactions of concern for pregnant or breastfeeding women. If applicable, 
the Pregnancy subsection also includes the contact information for a pregnancy exposure registry 
that is enrolling pregnant women exposed to the medication. 


 


Figure 1. Overview of US Pregnancy and Lactation Labeling. 
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The Risk Summary is a narrative summary of the data, and conveys what is known about the 
potential risk of exposure for the medication during pregnancy. Additionally, the Risk Summary 
includes the background rate for major birth defects and miscarriage in the general population, 
regardless of medication exposure. The absence of data to inform risk is conveyed if appropriate. 


The Clinical Considerations heading under Pregnancy includes additional information relevant to the 
use of a medication in pregnancy. Information may include possible impacts of untreated disease in 
order to provide balanced risk-benefit information. For example, poorly controlled Crohn’s disease in 
pregnancy is associated with adverse pregnancy outcomes, including fetal loss, preterm delivery, 
and small for gestational age. The Clinical Considerations section also includes the subheading, 
“Dose adjustments during pregnancy and the postpartum period,” which presents clinical 
pharmacology information that inform dosing during pregnancy and the postpartum period. 


The Data section includes a concise description of the studies, both human and animal, that support 
the statements in the Risk Summary. 


The Lactation subsection (8.2) provides information about using the medication while breastfeeding, 
such as the amount of medication in breast milk and potential effects on the breastfed infant. The 
Clinical Considerations heading under Lactation includes information on minimizing exposure to the 
breastfed infant, if applicable. 


The Females and Males of Reproductive Potential subsection (8.3) presents information about 
pregnancy testing and contraception recommendations for medications with suspected or known 
adverse pregnancy effects and information about infertility effects. 


The new labeling system for medications in pregnancy and lactation is an important step in 
increasing the availability of clear and current information for prescribers, pregnant women, and 
breastfeeding women. 


EMA Labeling 


In the EU, the Summary of Product Characteristic (SmPC) is the key reference document on a 
medicinal product and the basis for information on how to use this medicinal product safely and 
effectively. The SmPC is the result of the agreed position on the medicinal product, as defined 
during the assessment process, before and after marketing authorization. It contributes to informing 
on factors that may influence the benefits and the risks. The SmPC is updated throughout the life of 
the product as new data are collected and is available to healthcare professionals, patients, and 
consumers (organizations). The content and the order of the SmPC are defined by Article 11 of 
Directive 2001/83/EC. Section 4.6 entitled Fertility, Pregnancy and Lactation provides information on 
the use of a medicine product in relation to reproduction. More specifically, this section refers to 
contraception, pregnancy, breastfeeding, and fertility. 


The Committee for Medicinal Products for Human Use (CHMP) guideline on risk assessment of 
medicinal products on human reproduction and lactation from data to labeling 
(EMEA/CHMP/203927/2005) describes the process of assessment of available data and the 
integration of animal and human data to evaluate the risks of the use of medicinal products during 
pregnancy. The assessment aims at avoiding an increased risk of birth defects compared to the 
untreated population. 


 







The Non-Clinical Assessment is based on non-clinical pharmacological and pharmacokinetic 
properties of the medicinal product, results from non-clinical toxicity studies, reproductive toxicity 
studies, and all available pharmacological and toxicological data. Toxicity studies can provide 
important information regarding potential effects on reproduction, including male fertility. Conclusions 
of the non-clinical assessment are based on the detection/lack of detection of a suggested 
reproductive toxicity effect. 


The Clinical Assessment is based on comprehensive information on human data such as the extent 
of the clinical post marketing experience and any additional results from clinical studies if available. 


a. The Women of Childbearing Potential sub-section provide information on the use of 
contraceptive measures (in males and females): The assessment is based on product 
molecular structure, mode of action, and pre-clinical and clinical study results including post 
marketing experience. Recommendations on the use of the medicinal product in women of 
childbearing potential may include pregnancy testing and contraception language, including 
defined period before starting and/or after ending treatment (wash-out period). 


b. The Pregnancy sub-section includes conclusions from animal studies and human data if 
available and an overall recommendation on the use of the medicinal product during pregnancy. 
The recommendation is based on the integration of the pre-clinical assessment conclusions (i.e. 
effect detected vs. effect not detected) together with the conclusion of the clinical assessment 
(i.e. demonstrated or suspected human teratogenicity or fetotoxicity; no increased incidence of 
malformations observed within a moderate amount (at least 300) of 1st trimester prospectively 
exposed pregnancies with known outcome; no increased incidence of malformations observed 
within a large amount (at least 1000) of 1st trimester prospectively exposed pregnancies with 
known outcome). The outcome is a recommendation on the use of the medicine during different 
periods of gestation with or without recommendations on the management of pregnancy based 
upon timing of exposure. 


c. The Lactation sub-section provides available data if any and a recommendation based on all 
available data including pre-clinical results and potential transfer into breast milk. 


d. The Fertility section includes all known data if available from both male and female fertility 
studies, based on the characteristics of the medicinal product, as identified in the non-clinical 
studies and/or due to the pharmacological profile 


Additional collection and analysis of human data during the lifecycle of the medicinal product, and 
their inclusion in section 4.6, are essential to continual provision of the most current information for 
healthcare providers, pregnant, and breastfeeding women. 
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How Can Predictive Modeling Be Used to Assess 
Developmental Toxicity? 


Nisha S. Sipes, National Toxicology Program, National Institute of Environmental Health Sciences, 
Research Triangle Park, North Carolina 


What is Predictive Modeling? 


A predictive model is a functioning method to forecast an outcome. In the case of developmental 
toxicity, the model would be used for toxicity prevention as we would want the model to predict what 
exposures would cause human developmental toxicity. The rodent model is the classic example of a 
predictive model for human developmental toxicity. It is an intact developing living system with the 
ability for the chemical to partition among tissues, to be broken down into fragments that may be less 
or more toxic than the parent compound (metabolism), to have multiple routes of exposures, and to 
reach biological targets that are directly related to mammalian, including human, development. 
There is a desire to reduce or eliminate the need for animal testing for ethical reasons, to decrease 
the time it takes to understand the exposure level at which a chemical is a potential toxicological 
concern, to reduce the cost associated with these studies, and to increase mechanistic 
understanding of how the chemical causes the toxicity. 


As an example, pesticides in the United States require animal testing with specific guidelines and 
reporting protocols that need extensive oversight for regulation, leading to years before an exposure 
is reported as a potential concern for developmental toxicity with consequent increased cost. For 
pharmaceuticals, the results may be faster, but extensive testing still requires a significant number of 
animals and associated cost. Furthermore, it is known that some chemicals (e.g., thalidomide) do 
not elicit developmental toxicity effects similarly between human and rodent models. Faster and less 
expensive predictive developmental toxicity models are already in practice to mimic some aspects of 
developmental biology, including zebrafish embryos, and limb bud and whole embryo cultures, as 
discussed in another chapter of this Teratology Primer. 


This chapter focuses on alternative high-throughput predictive models that integrate large amounts 
of information (e.g., high-throughput mammalian cell-based experiments with exposure to thousands 
of chemicals, data from public literature mining, and historical animal study data) on biological 
disruption due to specific chemical exposures, statistical methods, and mathematical modeling of the 
likely fate of chemicals in a simulated human. While these approaches apply to a variety of 
compounds, environmental chemicals are the focus, because thousands of non-pharmaceutical 
chemicals are in commerce today with little or no toxicological information. We can prioritize the 
most likely developmentally toxic exposures for further evaluation with the help of predictive models. 


Data for High-Throughput Predictive Modeling 


For high-throughput developmental toxicity prediction, a relational database is needed to find and 
sort connections between the input and output. Text-mining peer-reviewed literature data, through 
public sources such as PubMed, can pull relevant information about chemical-biological interactions 



http://www.teratology.org/primer

https://www.teratology.org/primer/Alternative-Methods.asp





from animal, cell-based, or cell-free studies. The Comparative Toxicogenomics Database has 
collected this information in a curated fashion to make connections between chemicals and genes, 
genes and diseases, and chemicals and diseases, noting the literature reference for cross-checking. 
Information specifically on developmental toxicity identified from animal studies can be found in 
publicly available governmental databases, such as the US EPA’s Toxicity Reference database 
(ToxRefDB), which is mostly from pesticide registration studies, and the National Toxicology 
Program’s (NTP) Chemical Effects in Biological Systems (CEBS) database. High-throughput 
screening (HTS) assays are being used to identify the potential for chemicals to alter biological 
processes as part of the Federal Tox21 partnership among the four federal agencies (US EPA, NTP, 
National Center for Advancing Translational Sciences, US Food and Drug Administration) and the 
US EPA’s ToxCast program. Specifically, these programs have screened over 8000 chemicals in 
>60 HTS assays and >1000 chemicals in >800 assays, respectively. These chemicals include those 
that have been historically tested in developmental toxicity animal tests. The assays range in 
complexity from cell-free receptor binding or enzyme inhibition, cell-based disruption of intracellular 
signaling, co-cultures of multiple cell types to mimic a more tissue-like environment simulating 
disruption of feedback among the cells, to zebrafish embryo cultures. 


Predictive Models Using Biology and Statistics 


Can we use a set of HTS assays to predict if an exposure will be developmentally toxic? If we can, 
then in the future, in lieu of the animal studies, we may be able to test chemicals in the subset of 
HTS assays that are predictive of developmental toxicity. In order to answer the question, we first 
need data on a set of chemicals that have been run in both HTS assays and chemical-animal 
studies. We next try to find patterns in the data, and ask questions such as, “if a group of chemicals 
lead to a particular developmentally toxic effect (e.g., cleft palate), do they affect the same HTS 
assays?” This question is addressed through statistical correlations. We can then use these assays 
to predict the developmental toxicity outcome, but we may also be able to better understand the 
biology on how those chemicals lead to the developmental toxicity outcome. We have performed this 
analysis on the Tox21/ToxCast data and ToxRefDB animal studies and found associations between 
assays and endpoints (such as transforming growth factor beta and cleft palate), differences 
between species (e.g., exposures affecting rabbits tended to be more associated with altering 
inflammatory pathways in the HTS assays), and associations among groups of endpoints (e.g., 
urogenital and palate defects are correlated). Another way to use these assays for predictive biology 
is to map the assays to pathways affecting developmental toxicity, often identified by expert 
judgement. Exposures that affect a majority of these pathways can be flagged and prioritized for 
evaluation of developmental toxicity. Using these datasets, this evaluation has been performed for 
vasculogenesis. While these approaches provide a way to prioritize exposures as developmentally 
toxic, other processes, such as the growth factor gradients important in development, are not 
captured by these HTS assays and may warrant further studies. Along these lines, 
another chapter in the Teratology Primer focuses on computer simulations of developmental 
processes using HTS data to figure out where in the process a chemical may cause an effect and 
how that effect disrupts a particular developmental process. 


Predictive Models Using Biology and Kinetics 


Kinetic models can build upon the statistical predictive models by incorporating data on how much of 
the chemical gets absorbed into the animal, how it gets distributed in the plasma and throughout the 
body, how it gets broken down through metabolism, and how the chemical exits the body or gets 
accumulated (collectively known as ADME). Unlike the situation in HTS assays, in the body, 
chemicals may be broken down or exit quickly, accumulated, or metabolized into more toxic 
metabolites. High-throughput toxicokinetic (HTTK) models allow the rapid processing of thousands 
of chemicals with a few chemical specific parameters, e.g., LogP, molecular weight, metabolic 
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clearance (estimated or measured), fraction of the chemical unbound in plasma (estimated or 
measured). These models can take a HTS chemical-assay pair output, such as the concentration it 
takes to reach a 50% activation or inhibition of a target (AC50), and convert it to an estimated daily 
dose. The models can also take a dosing scenario (e.g., the subject is exposed to a dose of a 
specific compound 3 times a day for 5 days) and estimate internal plasma or specific tissue 
concentrations. These models allow us to take the internal body kinetics into consideration. An adult 
HTTK model is available, while a HTTK maternal-fetal specific model is under development. In 
addition, lower throughput chemical-specific kinetic maternal-fetal models containing more chemical-
specific information have been and can be developed with the proper input information. Once the 
HTS chemical-assay pair concentration information is turned into an estimated dose, these doses 
can be directly compared to actual exposure information, if available. If the actual exposure is higher 
than what is estimated from the HTS data, the person or animal is exposed to doses for which the 
chemical may elicit a biological response, as indicated by the HTS assay. 


Future of Predictive Modeling 


While these two high-throughput predictive modeling efforts can rapidly prioritize thousands of 
compounds and decrease cost and animal use, there are more questions to be asked. Aspects not 
covered in these models include 1) is the biological space covered adequately in the HTS assays? 
2) what is a “developmental toxicant” (i.e., dose should be taken into consideration)?, 3) how does 
the changing metabolism and interaction with the fetus affect developmental toxicity?, and 4) how do 
the placenta, blood-brain barriers, and transporters affect the chemical distribution? While there is 
always more research to do, these models have proven useful. For example, the US EPA has 
adopted a predictive model using a series of estrogen-related HTS assays, in lieu of an animal 
model, toward regulating chemicals interacting with the body’s endocrine system. There is a future 
for high-throughput predictive modeling, and it is ripe for research. There is much to learn and much 
to discover. 


The National Toxicology Program Division within the National Institute of Environmental Health 
Sciences funded and managed the research described and this paper has been subjected to review 
and approved for publication. Reference to commercial products or services does not constitute 
endorsement. 
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Figures 


Figure 1. Building a predictive model for developmental toxicity from in vitro high-throughput 
screening data to predict an in vivo animal outcome or developmental process requires finding 
patterns in a database containing chemical-specific data between both outcomes. 
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Figure 2. High-throughput toxicokinetics can rapidly convert chemical exposure doses to internal 
concentrations as well as high-throughput screening concentrations (e.g., AC50) into doses, while 
high throughput screening data can provide mechanistic information about a chemical’s interaction 
with biology. 
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