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Abstract

Exposure to an environmental endocrine disruptor (e.g., vinclozolin) during embryonic gonadal
sex determination appears to alter the male germ line epigenome and subsequently promotes
transgenerational adult onset disease. The epigenetic mechanism involves the induction of new
imprinted-like genes/DNA sequences in the germ line that appear to transmit disease phenotypes.
The disease phenotypes include testis abnormalities, prostate disease, kidney disease, immune
abnormalities, and tumor development. This epigenetic transgenerational disease mechanism
provides a unique perspective from which to view inheritable adult onset disease states, such as
cancer, and ultimately offers new insights into novel diagnostic and therapeutic strategies.
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Epigenetics refers to the regulation of genome activity that does not directly involve changes
in the DNA sequence. The stability of the DNA sequence is extensive and is not readily
mutated or modified. The epigenetic regulation of the genome involves factors such as
histone modifications and DNA methylation that directs chromatin structure and gene
transcription. Much of the research on environmental factors and toxicants has not
demonstrated direct modification of the genomic DNA sequence; however, these factors can
alter epigenetic factors. A consideration of environment-genome interactions requires that
epigenetic regulation be considered as a component of the molecular basis on which the
environmental factors influence the genome.

Environmental exposures have been found to promote several transgenerational disease
states or phenotypes.! In general, an embryonic or early postnatal exposure is required for
these transgenerational phenotypes to develop. For example, embryonic exposure to
diethylstilbesterol (DES) promotes reproductive tract defects in both male and female F2
generation offspring.2 Another example is the ability of embryonic nutritional defects (i.e.,
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caloric restriction) to promote an F2 generation diabetes phenotype.3 The reproducibility
and frequency of these disease phenotypes suggests that they are more likely the result of
epigenetic alterations rather than due to DNA sequence mutations, since DNA sequences are
highly stable. The potential that these phenotypes are induced by an epigenetic mechanism
has not yet been directly identified, but studies suggest such a phenomenon may exist.

A transgenerational phenomenon can be defined as the ability of an acquired physiological
phenotype (i.e., disease state) to be transmitted to subsequent generations through the male
germ line, such that the subsequent generation is not directly exposed to the environmental
factor or toxicant. For example, the exposure of a gestating mother exposes the FO
generation mother, the F1 generation embryo, and the germ line that will generate the F2
generation. Since multiple generations are exposed, the phenotypes in the FO, F1, and F2
generations could be due to toxicology of the direct exposure and not necessarily transmitted
transgenerationally through an alternate mechanism. Therefore, in the above case the F3
generation would be the first unequivocal transgenerational generation not directly exposed.
This does not rule out that the F2 generation is not a transgenerational phenotype, but simply
points out the limitation in concluding this as a result of the direct exposure of the germ line
in the F2 generation. A multigenerational exposure, such as that of an exposed gestating
mother, can transmit a phenotype due to the toxicology of the direct exposure, but a
transgenerational phenotype involves the transmission of a phenotype independent of the
direct exposure (Fig. 1).

Recently, the observation was made that the transient exposure of an FO generation gestating
rat at the time of embryonic sex determination to an endocrine disruptor promotes an adult
onset disease of spermatogenic defects and male sub-fertility.* Observations demonstrate
that 90% of all male progeny for four generations (F1-F4) developed spermatogenic defects
following the direct exposure of the FO gestating rat.# This transgenerational phenotype was
only transmitted through the male germ line (i.e., sperm) and was not passed through the
female germ line (i.e., oocyte). Prior to 120 days of age, the primary disease phenotype was
a spermatogenic cell defect in the male testis.*°> Animals that were allowed to age up to 14
months were found to have additional transgenerational disease phenotypes beyond
spermatogenic cell defects. These aged animals had the following disease state frequencies:
17% tumor development, 51% prostate disease, 38% kidney disease, 29%) immune
abnormalities, and 27% severe spermatogenic defects in males from F1 to F4 generations.®
Female animals also developed transgenerational disease states including tumor
development and kidney disease.

Exposure of gestating female rats to endocrine disruptors induced a transgenerational
phenotype of increased tumor frequencies. These tumors included skin merkel cell tumor,
lung sarcoma, knee synovial cell tumor, and mammary adenomas, and fibroadenomas in the
male rats. Mammary gland tumors were the most frequent tumors observed and they
occurred at similar frequencies in the aged male exposed F1-F4 generations. Along with
tumors, the aged males developed regions of hyperplasia in the ventral prostate. However, in
the female vinclozolin F1-F3 generations, the tumors were limited to mammary adenomas,
fibroadenomas, and carcinomas, as well as pituitary tumors and a brain astrocytoma.
Interestingly, these female tumors were specific to the F2 and F3 generations. Aged match
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controls developed very few tumors in the females (i.e., less than 2%) and none of the males.
6

The transgenerational phenotype was induced by exposing the FO gestating rat to the
endocrine disruptor vinclozolin. Vinclozolin is an antiandrogenic compound used as a
fungicide in the fruit industry (e.g., wineries).” The spermatogenic cell defect can also be
induced by the pesticide methoxychlor, which has a mixture of estrogenic, antiestrogenic,
and antiandrogenic metabolites.*® The ability of endocrine disruptors to promote adult onset
disease has been previously reviewed.? Endocrine disruptors are a large class of
environmental toxicants ranging from plastics to pesticides.1? These environmental toxicants
generally do not promote DNA sequence mutations, which generally occur at a frequency
less than 0.01%.11 The frequency of the transgenerational phenotype described above
(occurring in 30-90% of the sample population) could not be attributed to DNA sequence
mutations. Therefore, the hypothesis was developed that the transgenerational phenotype
observed is an epigenetic transgenerational phenotype resulting from changes in gene
function that are not related to a DNA sequence mutation.14

Sex determination has been shown to involve a demethylation and remethylation of the germ
line in a sex-specific manner.12 Potential permanent reprogramming of DNA methylation of
the male germ line is speculated to be involved in the transgenerational phenotype. The
epigenetic transgenerational phenotype appears to involve an endocrine disruptor (i.e.,
vinclozolin) exposure during embryonic sex determination resulting in an epigenetically
reprogramming (i.e., DNA methylation) of the male germ line that induces new imprinted-
like DNA sequences (Fig. 2). This altered epigenome is then transmitted through the male
germ line to all subsequent progeny (F1-F4) causing a dysregulation of the genome altering
transcriptomes in a variety of organs and promoting transgenerational disease.* 613

A large number of studies have demonstrated that embryonic or postnatal exposures can
induce adult onset disease.®1% The mechanism for this fetal basis of adult onset disease,
however, is largely unknown, but likely involves in part epigenetic alterations in the genome.
Many adult onset disease phenotypes are not transgenerational, but manifest in the exposed
individuals. These individual disease exposures and phenotypes may also involve epigenetic
mechanisms, but currently cannot be separated from the results of the direct exposure. A
recent study demonstrated a pubertal exposure to bisphenol A (BPA) promoted an alteration
in DNA methylation of a number of genes and in the adult promoted a high frequency of
prostate disease.14 Therefore, an embryonic, postnatal, or adult exposure could cause an
epigenetic event that then alters the physiology of a tissue and promotes disease. It is likely
that rapidly developing tissues will be more sensitive to environmental exposures and
epigenetic modifications. The ability of an environmental exposure to induce an abnormal
phenotype or physiology is likely to involve epigenetic mechanisms in the toxicology of the
agent or compound. Epigenetics will be an important process to consider in the investigation
of environmental exposures, environment-genome interactions, and the toxicology of
specific compounds.

Tumor formation in the Sprague-Dawley rat model is not uncommon. Male and female rats
often develop a variety of tumors as they age (i.e., 24 months old) at frequencies of 0.01% to
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7.0%. In the male rat, the common tumor is the adenoma of the pituitary, which occurs at an
average frequency of 46% in 24-month-old animals. Whereas most mammary, lung, skin,
brain, and prostate tumors occur at less than 1-2% in 24-month-old rats. In females, the
most common types of tumors are the pituitary adenomas at 70% and mammary gland
fibroadenomas at 32% frequencies. Tumors found in the skin, brain, lung, and uterus occur
at < 1-2%) in 24-month-old rats (Charles River Web site: www.criver.com). The tumor
frequency of > 10%) at an age of < 14 months old in the endocrine disruptor F1-F4
generations has not been previously observed.

Many human cancers to date have epigenetic components to their disease etiology including
prostate,15-17 colon,18-20 Jung,20 intestinal 2! and breast.2? These epigenetic alterations are
usually the result of DNA methylation changes; however, alterations in chromatin
remodeling and histone modifications 17:22-24 are also associated with cancer development
and progression. Speculations have been made that these epigenetic alterations in cancer
could be the result of environmental exposure.25-28 The fetal basis of cancer susceptibility
and progression has also been postulated to involve epigenetics.19:2527.29 These previous
links between epigenetics and cancer suggest the epigenetic transgenerational phenotype
observed may be a factor to consider in cancer biology.

The epigenetic transgenerational disease phenotype described was due to an embryonic
exposure promoting an adult onset disease. The speculation is drawn that an altered germ
line epigenome is the causal mechanism for the adult onset disease observed. The
identification of novel epigenetic diagnostics and therapeutic strategies based on this unique
disease etiology is anticipated to provide a significant advance in our understanding of
disease phenotype transmission and development. An elucidation of the role of epigenetics
in environment-genome interactions will provide critical insights for environmental health
and disease.
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FIGURE 1.
Transgenerational transmission of adult onset disease through the male germ line following

endocrine disruptor exposure of a gestating female.
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Proposed mechanism involved in the transgenerational epigenetic phenomena.
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