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A paternal environmental legacy:
Evidence for epigenetic inheritance

through the male germ line
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Literature on maternal exposures and the risk of epigenetic changes or
diseases in the offspring is growing. Paternal contributions are often not
considered. However, some animal and epidemiologic studies on various
contaminants, nutrition, and lifestyle-related conditions suggest a paternal
influence on the offspring’s future health. The phenotypic outcomes may
have been attributed to DNA damage or mutations, but increasing evidence
shows that the inheritance of environmentally induced functional changes of
the genome, and related disorders, are (also) driven by epigenetic
components. In this essay we suggest the existence of epigenetic windows
of susceptibility to environmental insults during sperm development.
Changes in DNA methylation, histone modification, and non-coding RNAs
are viable mechanistic candidates for a non-genetic transfer of paternal
environmental information, from maturing germ cell to zygote. Inclusion of
paternal factors in future research will ultimately improve the understanding
of transgenerational epigenetic plasticity and health-related effects in future
generations.
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Introduction

A number of animal and human studies
demonstrate that periconceptional and
in utero developmental maternal expo-
sures to a variety of environmental
factors affect the risk for disease devel-
opment in subsequent generations.
Early observations of intrauterine expo-
sure to maternal malnutrition as a
determinant for type two diabetes in
the offspring led to Barker’s “thrifty
phenotype hypothesis” [1]. This theory
has now been extended to reflect a
wider scope of exposures, and is called
the “Developmental Origins of Health
and Disease” (DOHaD) hypothesis.
DOHaD concepts include exposures to
environmental chemicals and toxins,
use of medicines, infections, nutritional
status, and other stressors in pre-
pregnancy, during in utero develop-
ment, and during the first years of life
(reviewed by [2]). Poor health outcomes
in children associated with harmful
maternal exposures include congenital
abnormalities [3], obesity, and insulin
resistance [4], cardiovascular dis-
eases [5], behavioral disorders [6], and
potentially even cancer [7]. Following a
landmark study by Waterland and
Jirtle [8] using the agouti viable yellow
(A") mouse model, the biological
mechanisms underlying these associa-
tions in humans are now proposed to
involve alterations in the epigenome,
including DNA methylation, histone
modifications, and transcription of
non-coding RNAs. During the develop-
ment of gametes, DNA methylation is
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uniquely regulated. Primordial germ
cells undergo a nearly complete epige-
netic erasure, followed by reprogram-
ming of DNA methylation patterns in
a sex-specific manner, such as at
imprinted genes [9-11]. Imprinted genes
are characterized by parent-of-origin
dependent monoallelic expression;
their functional haploid state being
controlled by differentially methylated
regions (DMRs) [12, 13]. The establish-
ment of inherited imprint methylation
marks at these DMR sites during game-
togenesis is essential [9, 14, 15], and
their aberrant methylation is associated
with infertility and several chronic
disorders [16—20]. Hence, paternal influ-
ences on the formation of epigenetic
marks during spermatogenesis, and
their impact on the health of the
offspring are important biological end-
points to investigate. Human epidemio-
logic studies covering two or more
generations are difficult to conduct,
and only a few have provided evidence

Box 1

for the inheritance of epigenetic infor-
mation through the male germ line [21,
22]. Nevertheless, a significant number
of epidemiologic studies report unex-
plained father-child effects from various
occupational or other environmental
exposures. Although DNA damage or
mutations are often suggested or as-
sumed as the biological background for
these harmful outcomes, the literature
does not always provide sufficient
evidence for an exposure-related muta-
genic effect. An increasing number of
animal experiments confirm that the
offspring’s epigenetic profile and health
status is influenced by paternal pre-
conceptional insults, such as exposures
to endocrine disruptors or toxins [23],
ionizing radiation [24], and nutritional
status [25, 26]. Hence, an additional (or
sole) epigenetic component responding
to the environmental insult cannot be
excluded. In this essay, we explore
paternal exposures to various pollu-
tants and lifestyle-related conditions,
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and their potential effect on the health
status of future generations. We discuss
the accumulating evidence that epige-
netic mechanisms are important in the
transfer of information from one gener-
ation to the next through the male germ
line.

Do paternal exposures to
environmental toxins
promote transgenerational
epigenetic changes?

Fathers occupationally exposed to high
levels of carcinogenic substances may
not only endanger themselves, but also
their children. The realization that
paternal occupational exposure to
chemical substances can affect the
integrity of spermatogenesis, and po-
tentially result in the transmission of
carcinogenic defects to the children,
was initially reported by Fabia and

Animal models: Evidence for transgenerational epigenetic effects from paternal exposures to environmental toxins.

Animal models indicate that male exposure to pesticides or
other harmful chemicals causes defects in the gametes and
abnormal development of the offspring. Insecticides, such as
chloropyrifos, affect sperm quality, and pregnancy outcomes
in mice [52]. The fungicide vinclozolin induces fertility
problems and abnormalities in rats for at least four
subsequent generations. Interestingly, this effect was most
pronounced in males and was correlated with altered DNA
methylation patterns in the germ line [23, 53]. Reproductive
consequences of vinclozolin appear at relatively low doses;
lower than the dose defined by the US Environmental
Protection Agency (EPA) as “no observed adverse effect
level” (NOAEL) [54]. Chronic exposures to low doses of
vinclozolin not only affect male fertility, but also affect the
levels of MRNA in mice testes [54]. Similarly, very low doses of
a herbicide used worldwide, Simazine, administered during
pregnancy did not elucidate measurable toxicity in the
mother, but adversely affected normal development and
reproductive activity of male offspring, accompanied with
changes in expression of several genes in the testes [55].
These results on low-dose exposures are concerning,
especially given the fact that toxicological classifications
are generally based on mutagenic or other non-epigenetic
tests. Another report on the commercially available pesticide
Roundup reveals that low dose exposure during prepuberty
in rats negatively affects fertility and causes overproduction of
ROS in the testis [56]. Increased levels of ROS potentially
cause cellular damage. Unbalanced ROS have been linked

with impaired spermatogenesis, DNA damage and epigenetic
alterations that ultimately increase risk of development of
diseases [57, 58]. Pollutants such as plasticizers (e.g.
phthalates) and heavy metals (e.g. lead) also stimulate
testicular ROS generation, resulting in (at least) impaired
spermatogenesis [59-61]. Plastic-derived endocrine com-
pounds bisphenol-A (BPA), bis(2-ethyl-hexyl)phthalate
(DEHP) and dibutyl phthalate (DBP) and other toxins such
as the hydrocarbon mixture JP-8 (or jet fuel) cause permanent
changes to DNA methylation in F3 generation animals, testis
or pubertal abnormalities, and several adult onset patholo-
gies [62, 63]. Another study in mice confirmed the concept
that environmental toxins induce transgenerational epigenetic
changes in sperm DNA. Adult males treated with methoxy-
chlor, an insecticide, showed a decrease in methylation at the
paternally imprinted DIk1/Meg3 (Delta-like, drosophila homo-
log1/maternally expressed gene3) gene, and an increase in
methylation at the maternally imprinted genes Peg1/Mest
(paternally expressed genel/mesoderm specific transcript),
Snrpn (small nuclear ribonucleoprotein polypeptide N), and
Peg3 (paternally expressed gene3) in sperm. Interestingly,
administration of methoxychlor in pregnant mice seemed to
encompass the erasure of the methylation marks and the
beginning of the methylation resetting within imprinted genes
in sperm of offspring over two generations [64]. Although the
mechanisms have not yet been elucidated, these observa-
tions suggest that environmentally induced epigenetic
defects can survive transgenerational reprogramming.
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Thuy [27]. Subsequently, a number of
other studies have also reported that
paternal occupational exposures to
chemicals are associated with harmful
health outcomes in the offspring. Wil-
kins and Sinks [28] showed that chil-
dren born to painters were six times
more likely to develop Wilms’ tumor
than children from fathers with other
occupations. Other case-control studies
or cohorts confirm associations between
paternal exposures to paints, thinner,
turpentine, dyes, or pigments and
childhood cancer, such as leukemia,
neuroblastoma, and brain cancer; how-
ever, the magnitude of the correlations
often differs by region and time when the
study was performed [29-31]. Since paint
composition has evolved over the years,
including a change to lead-free paint
since the late 1970s, comparisons of
results of studies spanning decades
need to take these changes into account.
Lead is a reproductive toxicant [32]; and
early-life environmental lead exposure
has been linked with defects in brain
development and Alzheimer’s disease;
epigenetic mechanisms have been sug-
gested as the underlying cause [33].
Although a direct epigenetic effect on a
male’s gametes and his offspring has not
yet been reported in humans, this
question should be addressed in epide-
miological studies in which lead expo-
sures are evaluated.

Paternal exposures to other hydro-
carbons, such as the industrial solvent
trichloroethylene, mineral oils, and poly-
cyclic aromatic hydrocarbons (PAHs)
present in cigarette smoke are strongly
related to childhood leukemia [34].
Recently, epidemiological studies show
significant associations between PAH
exposures and poor human sperm
quality and increased levels of bulky
DNA adducts [35, 36].

Pesticides belong to another catego-
ry of substances widely discussed in
literature as affecting sperm quality
and chromatin integrity [37, 38]; but,
potentially also affecting the offspring
through preconceptional exposure of
the father. A recent meta-analysis
provides evidence that paternal occu-
pational exposure to herbicides, such as
pentachlorophenol (PCP) used in wood-
related industries, increases the risk of
lymphoma and leukemia in the exposed
individual and in their children [39].
Agricultural work is also associated
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with an increased risk of congenital
malformations [40] and cancer in the
offspring [29, 41]. However, it is not
always clear to what extent the potential
environmental effect is related to the
father only, especially in a domestic or
agricultural context. If the outcome
varies by gender of the parent it is
easier to separate paternal from mater-
nal influences. In a case-control study of
families residing in industrially or
agriculturally polluted regions of the
Yangtze River, an association was
reported between high concentrations
of PCP in the father’s urine and unex-
plained spontaneous abortions; while
similar significant associations were not
found for urinal PCP in mothers [42]. A
recent meta-analysis, focusing on case-
control and cohort studies where infor-
mation on preconceptional exposures of
both parents was available, provided
evidence for increased risk of childhood
brain cancer if the father was exposed to
pesticides through occupational activity
or the use of household or garden
pesticides; maternal exposures were
also linked to the incidence of child-
hood cancers, but cancer sites were
different [43]. Not all studies show an
association between paternal exposure
to pesticides and health outcomes in the
offspring; and many miss the assess-
ment of exposure-risk gradients. Addi-
tionally, the evaluation of broad classes
of pesticides may dilute the potential
effect(s) [44]. Hence, there is a need for
studies that better define and quantify
the exposures to the different categories
of biocides used at home or through
occupation. Organophosphates and
organochlorides (or dioxins) are like-
wise health burdens on a large scale,
but they are still used as pesticides and
as flame retardants. High concentra-
tions of some of these organophosphate
chemicals in house dust, such as
tris(1,3-dichloro-2-propyl)  phosphate
(TDCPP) and triphenyl phosphate
(TPP), are associated with decreased
semen quality [45]. Whether flame
retardants present in furniture and
clothing also affect the offspring
remains unanswered. Exposure to other
contaminants, such as bisphenol A
(BPA), phthalates, heavy metals, and
other toxic compounds through mater-
nal exposures are known to affect
pregnancy outcomes and the offspring’s
health potentially by altering the epi-
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genome; however, the consequences of
paternal exposures to the male germ
line and offspring are unknown.

The striking consequences of invol-
untarily human exposures to high con-
centrations of chemicals, such as during
war, confirm that paternal chemical
exposures before conception can affect
the offspring’s health. “Agent orange”, a
mixture of chemicals including herbi-
cides and dioxin, used by the US Army
in the Vietnam war, not only caused
devastating disabilities and birth defects
in the Vietnamese population, it also
affected the offspring of exposed US
soldiers. A meta-analysis conducted
by Ngo et al. [46] describes a strong
association between congenital malfor-
mations in offspring, and the exposure of
veterans and Vietnamese; with an overall
estimated relative risk of 1.95 (95%CI:
1.6-2.4) and 3.0 (95%(CI: 2.2-4.1), respec-
tively. In a subsequent meta-analysis, a
twofold increased risk of spina bifida was
reported in children from agent orange-
exposed Vietnam veterans [47].

Both genomic and epigenetic path-
ways have been suggested to explain
the transmissible effects of environmen-
tal contaminants, including sperm DNA
mutations, genomic instability, sup-
pression of germ-cell apoptosis, and
imprinting errors [48]. However, most
epidemiologic studies do not include
evidence for these mechanisms, and
many assume that the (only) mechanis-
tic underlying cause is a genetically
inherited mark. Since epidemiologists,
environmental toxicologists and molec-
ular biologists have just begun to
explore these questions through inter-
disciplinary research, yet undiscovered
epigenetic effects from occupational or
environmental exposures through the
paternal germ line will undoubtedly be
revealed in the future. An interesting
study performed in people who migrat-
ed from agricultural areas to urban
settings in India showed that having a
malformed or aborted child is associat-
ed with high DNA damage and high
reactive oxygen species (ROS) levels in
semen [49]. In the same population,
high seminal ROS was also found in
men who fathered children with retino-
blastoma (personal communication
with Rima Dada). We know from animal
models that high ROS in testes is related
to epigenetic changes in sperm. Hence,
it is possible that paternal occupational
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exposure to pesticides may have affect-
ed some genetic and epigenetic charac-
teristics of the sperm through altered
ROS, and ultimately increased the risk
for disorders in the offspring. Further
investigation in this and other popula-
tions is necessary to confirm our hypo-
thesis. Noteworthy is the study of
Warmlander et al. [50] on the skeletal
phenotypes of Ancient Californian Indi-
ans and their use of bitumen more than
2,000 years ago. Bitumen (tar) is a
mixture of PAHs that was used in Indian
manufacturing techniques, from the
making of leak-free water baskets to the
sealing of fishermen’s canoes. Skeletal
analyses revealed an association between
the increase in use of bitumen over
centuries and a decrease in population
stature, reflecting a decline in health
conditions. Although caution is war-
ranted when drawing conclusions from
these ancient data, since the exact
exposure levels are unknown, a gender-
related decline in cranial volume was

Box 2

observed over multiple generations; the
effect appears to be stronger in males [50].
If the current evolving technology makes
it possible ultimately to determine PAH
levels in these archeological specimens,
and if next-generation sequencing tech-
nologies are included to perform (epi)
genome-wide analyses, we may be able
to decipher the effects of environmental
changes in the past on human adapta-
tion. Recent research on ancient bison
bones indicates that DNA methylation
patterns are faithfully retained along
with nuclear DNA over evolutionary
timescales [51]; making these ancient
samples ideal tools to explore the role of
environmentally induced epigenetic
modifications and their effects on evo-
lution. Research on animal models
shows that toxin-induced epigenetic
changes are measurable in the germ
line and can survive several generations.
Epigenetic effects from different harmful
chemicals in animals are summarized
in Box 1.
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Do paternal exposures to
low dose ionizing
radiation promote
transgenerational
epigenetic changes?

Ionizing radiation induces germ line
genomic instability and may have
adverse effects on the offspring [48].
Men who received radiation treatment
for childhood cancers have an elevated
sperm DNA fragmentation index, and
are at increased risk of having fertility
problems when compared to con-
trols [65]. Transgenerational effects
from paternal exposure to radiation
through occupation, airport scans,
medical treatment and diagnosis, and
other man-made sources of radiation
presently remain mostly unknown. An
unsolved epidemiologic finding relates
to the Sellafield case. Public concerns in
the 1980s prompted the UK government
to investigate the excess of malignant

Animal models: Evidence for transgenerational epigenetic effects from paternal exposures to ionizing radiation.

High doses of ionizing radiation in mice, administrated
before mating, cause an accumulation of DNA double
strand breaks in somatic cells of the offspring, which is
accompanied by global hypomethylation, changes in the
levels of methyltransferases, and altered microRNA
expression [24, 87]. An acute gamma-irradiation of male
mice destabilizes the sperm genome and F1 brain
genome, indicating a transgenerational instability triggered
by a certain threshold dose of acute paternal irradia-
tion [88]. Koturbash et al. [87] speculate that sperm cells
damaged by radiation may interfere with the epigenetic
programming of the fertilized egg, causing genomic
instability and potential carcinogenesis in the progeny of
the exposed parent. Additionally, an epigenetic bystander
effect occurs in the cells of unirradiated organs of rats after
cranial radiation with high doses. These changes included
loss of global DNA methylation, altered levels of miRNAs,
and downregulation of DNA methyltransferases and
methyl CpG binding protein 2 (Mecp2) [89, 90]. Since
these epigenetic effects occur in organs that neighbor the
exposed tissues, it is possible that germ cells may also be
affected through a bystander process, thereby causing
heritable defects in the offspring. The same research group
investigated the effects of chronic low dose radiation
exposure on somatic cells in an in vivo murine model, and
found that it induced epigenetic changes, such as
genome-wide hypomethylation; while acute low dose
administration showed no direct measurable effects [91].

Bernal et al. [92] recently showed, with the use of the
agouti viable yellow (AYY) mouse model, that maternal
exposure to doses of X-rays used in diagnostic CT-scans
(0.7-7.6 cGy) alters the epigenome in the offspring. The
offspring were irradiated at implantation stage, while an
effect of paternal irradiation on the epigenome of the
offspring has not yet been determined. The results of this
study demonstrate that low doses of X-rays induce dose-
and sex-dependent increases in DNA methylation at the
A" locus, causing a significant shift in the coat color
distribution of the offspring from yellow to brown [92].
Dietary antioxidants taken during pregnancy negate the
radiation-induced increase in DNA methylation, indicating
that low doses of ionizing radiation increase DNA
methylation at the A*Y locus in part through the generation
of ROS. Persistent induction of ROS as a response to
radiation exposure has been suggested earlier [93], and
free radical injury can profoundly alter DNA methylation
levels [58, 94]. Thus, events such as exposure to X-rays
during early pregnancy may alter the cellular redox state in
pluripotent stem cells, determining the ultimate methyla-
tion status at the A" locus at birth. Once the utero-
placental circulation is established, dietary antioxidants
may reduce the abundance of highly reactive ROS, and
reduce the epigenetic consequences. Although this is
speculative, this intriguing possibility needs to be
investigated.
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diseases in children living in the vicinity
of the Sellafield nuclear plant. A
population-based analysis confirmed
the high incidence of leukemia and
lymphoma in the young residents of
Seascale, the village near the Sellafield
plant, when compared to those in
national registries and surrounding
areas [66]. In a cohort study of children
attending school at Seascale, an in-
creased rate of leukemia and other
cancers was observed among children
born in Seascale, but not in children
who moved to the village after birth [67].
A case-control study indicated that
children of fathers working at the
nuclear plant at the time of conception
had a three times higher risk of
developing leukemia or non-Hodgkin’s
lymphoma before the age of 25. Inter-
estingly, the same study suggested a
preconceptional dose-response rela-
tionship [68]. An independent case-
control analysis confirmed the associa-
tion between excess risk of childhood
leukemia and lymphoma in the area
when paternal radiation exposure oc-
curred at the time of conception, but not
when radiation exposure occurred three
to six months before conception [69].
These studies ultimately led to “Gard-
ner’s Hypothesis”, which proposes a
causal relationship between paternal
exposure to ionizing radiation and
cancer risk in the offspring [68, 70].
Gardner’s hypothesis has been widely
criticized, and was ultimately rejected
[71-73]; in part, because after a com-
parison with other studies, such as
those on the atomic bomb survivors in
Japan, no evidence was found for
increased cancer incidence in children
from exposed fathers [74-76]. Some
attributed the increased risk of child-
hood leukemia near the nuclear plant
to population mixing and a yet uniden-
tified infectious agent [69, 77, 78].
Furthermore, additional studies on
populations near nuclear plants in other
countries did not show significant
effects on the young population living
in the vicinity of nuclear plants, with
some exceptions [79]. Other clusters of
childhood cancers were reported near
the Kriimmel nuclear power plant in
Germany [80], the Dounreay nuclear
reactor in Scotland [77], and the nuclear
fuel reprocessing plant near La Hague,
France [81]. Nevertheless, no plausible
(genetic) explanations have been pro-
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posed to date for these clusters, and
because of a lack of knowledge regard-
ing the biological mechanism behind
these observations, it was concluded
that there were “no indications” for an
increased risk of childhood cancer [79].
But, in his critical report [82], Nusshaum
rightfully reminded epidemiologists
that they should not ignore a funda-
mental rule earlier espoused by Altman
and Bland [83], “The absence of evi-
dence of an effect does not constitute
evidence of absence of that effect.”

Although the possibility that pater-
nal exposure to ionizing radiation
increases the susceptibility of the off-
spring to cancer remains controversial,
it cannot be excluded that epigenetic
effects may play a role in the unex-
plained excess of cancer incidence
observed in children from fathers work-
ing in the nuclear industry. Notably,
studies in human and animal popula-
tions exposed to radiation from the
Chernobyl nuclear power plant accident
in 1986 showed DNA damage in sperm
and an overall increase in generation of
reactive oxygen metabolites [84, 85].
Further analyses in the offspring of
fathers exposed to low doses of radia-
tion during cleanup of the nuclear plant
showed an elevated frequency of chro-
mosome aberrations, which may lead
to increased morbidity over their life-
times [86]. To our knowledge, no studies
on Chernobyl victims were performed to
verify potential transgenerational epi-
genetic effects through the paternal
germ line. Analyses on epigenetic
markers and long-term follow-up stud-
ies are needed to help resolve this
important question. Animal data pro-
vides evidence for transgenerational
epigenetic changes from exposure to
high and low dose ionizing radiation
(see Box 2).

Does paternal lifestyle,
diet, or obesity promote
transgenerational
epigenetic changes?

Maternal smoking before and during
pregnancy is a well-recognized risk
factor for adverse health outcomes in
the child; however, paternal preconcep-
tional exposure to PAHs from cigarette
smoking is likewise associated with

A. Soubry et al.

childhood cancer [34]. The Avon Longi-
tudinal Study of Parents and Children
(ALSPAC) indicates that the earlier the
father starts smoking in life, the higher
is his son’s BMI [95]. Paternal cigarette
smoking at the time of conception is
also linked with DNA damage in cord
blood of the offspring, while maternal
passive smoke exposure is not a predic-
tor for DNA damage [96]. This indicates
that cigarette smoke metabolites may
induce transgenerational epigenetic
inheritance of vulnerability for DNA
integrity defects through the paternal
germ line. Interestingly, cigarette smoke
induces changes in miRNA profiles of
human spermatozoa. The altered miR-
NAs were suggested to target epigenetic
compounds important in DNA methyla-
tion and histone modification [97].

Another lifestyle-related factor is
obesity. The obesity burden and con-
comitant health problems are global
issues. More alarming is that obese
parents tend to give birth to children
who will also become obese [98]. Fur-
thermore, these children not only have a
higher BMI than children from non-
obese parents, there is also a higher risk
of congenital abnormalities at birth [3],
behavioral problems [6], cardiometa-
bolic dysfunction, and other chronic
disorders in later life [5]. As with other
parent-child associations, these harm-
ful health conditions are generally
attributed to the mother’s lifestyle or
diet. However, Figueroa-Colon et al. [99]
emphasized for the first time in humans
that the father’s body composition can
also affect the offspring. They reported a
significant association between pater-
nal body fat and long-term changes in
the percentage of body fat in their
prepubertal children. In contrast, a
separate correlation analysis on mater-
nal anthropometric characteristics did
not show a significant influence of BMI
on the offspring’s body composition.

Long-term cohort studies, such as
the Framingham Heart Study, show
associations between early-onset pater-
nal (but not maternal) obesity and
aberrant levels of circulating alanine
transaminase (ALT) in the offspring.
Elevated ALT levels are associated with
liver dysfunction and obesity, providing
evidence for an as yet unknown under-
lying transgenerational influence on
metabolic processes affecting the off-
spring of obese fathers [100].
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Box 3

Insights & Perspectives |

Animal models: Evidence for transgenerational epigenetic effects from paternal lifestyle and

nutrition-related exposures.

It is widely accepted that the intrauterine environment,
including maternal nutrition, is important in determining an
offspring’s birth weight and risk for chronic disorders in
childhood and adult life (reviewed by [2]). Research with the
A" mouse model also demonstrated that maternal nutrition
during pregnancy can alter the phenotype of the offspring by
changing the epigenome [8]. Experiments in rats also show
that environmental factors, such as a parental high-fat diet,
already affect the offspring if the exposure takes place before
in utero development. A high-fat diet of the parents before
and during mating results in offspring with increased body-fat
accumulation, increased weight gain, and altered expression
of lipoprotein lipase and leptin in adipose tissues [108].
Maternal obesity in rat disturbs postnatal steroid levels and
development of male germ cells [109]. Paternal food
deprivation in male mice before conception leads to offspring
with impaired glucose metabolism [25]. Carone et al. [110]
demonstrated that male mice consuming a low-protein diet
from weaning to sexual maturity had different RNA content
and chromatin packaging of sperm as compared to controls;
they also fathered offspring with altered DNA methylation at
specific liver CpG islands, including a potential enhancer for
the key lipid regulator PPARq; and, expression of hepatic
genes involved in lipid and cholesterol biosynthesis were
elevated. Ng et al. reported that a paternal high-fat diet
results in lower DNA methylation at a putative regulatory
region of the interleukin 13 receptor alpha 2 gene, coupled
with impaired glucose tolerance and increased body weight
in rat offspring [26]. These data strongly indicate that a
suboptimal diet during male gametogenesis can influence
the metabolic status of the offspring and affect phenotypic
outcomes. Although a diet-induced epigenetic effect during
spermatogenesis was suggested, a “sperm signature” from
paternal diet was only recently reported by the group of
Michelle Lane. High-fat paternal diet may increase histone
acetylation [111], ROS and sperm DNA damage [112-114]. In
addition, male mice consuming a high-fat diet showed
altered global methylation and microRNA content in mature
sperm, and altered transcriptional profiles in the testes;
interestingly, these alterations were linked to metabolic
disturbances in the next generations [115].

Genistein is a dietary compound also known to affect
DNA methylation patterns. It is a phytoestrogen present in

soy or soy-derived products. While its effects on the
epigenome have been widely discussed in offspring after
relatively short perinatal or in utero exposures [116, 117],
and changes in DNA methylation have been demonstrated
in organs of exposed animals, including mouse pros-
tate [118], Eustache et al. explored genistein exposures
from conception to adulthood in male mice and found
deleterious effects on male reproductive development,
adult reproductive organs, and fertility. Another important
finding of this lifelong genistein exposure was a change in
the testis transcriptome, with a general repressive effect
on gene expression [54]. Importantly, a major effect was
seen at low doses as compared to high doses, and variable
results were detected if mixtures with vinclozolin, an anti-
androgenic food contaminant, were used. These results
underscore the complex interplay of synergistic or
antagonistic actions of food-born nutrients and/or con-
taminants, resulting in different molecular or phenotypic
outcomes.

Other examples of nutritional compounds or supple-
ments influencing the epigenome are vitamins. Singh
et al. [119] suggested that nutritional deficiencies of
vitamins or micronutrients, are potential triggers for
disturbances in chromatin packaging and DNA integrity
during spermatogenesis, and hence the maintenance
of the male reproductive health. Folate is a naturally
occurring water-soluble vitamin and a key source of the
one-carbon group necessary to methylate DNA. Folate, or
its synthetic form folic acid, is crucial for normal embryonic
development; hence, most studies focus on effects of
folate deficiencies during pregnancy (reviewed by [120]).
An interesting approach by Mejos et al. [121] showed that
both maternal and paternal folate deficiency can influence
global DNA methylation in rat offspring. Further studies on
animal models are needed to confirm a direct epigenetic
effect of folate on sperm DNA and to explore the
mechanisms involved to transmit these defects perma-
nently through fertilization and embryonic growth.

Literature showing a direct effect of other lifestyle-
related exposures on sperm epigenetics is scarce. To
date, two studies demonstrate a correlation between
alcohol use and demethylation at gene regulatory sites of
IGF2 and H719 in humans [122], and in mice [123].

A Swedish study on historical data of
three generations indicates a transge-
nerational response to variable food
availability during the slow growth
period (SGP), before the prepubertal
growth peak. Longevity of males was
reduced if the grandfather [101] or the
father [102] was exposed to an excess of
food during the SGP. Similar results

were found in females if the paternal
grandmothers were exposed to an
excess of food supply [102]. Further-
more, the risk of death from diabetes in
the descendants was four times in-
creased if the paternal grandfather
was exposed to a plentiful food supply
in his SGP [21]. These remarkable
gender-specific associations suggest

that during the SGP epigenetic changes
in the germ line may underlie these
transgenerational effects, but this has
not yet been determined.

The first epidemiologic evidence of
epigenetic changes in the offspring
being triggered by paternal obesity
came from analyses of DNA methylation
in the Newborn Epigenetics STudy
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Figure 1. Susceptibility windows for environmentally induced epigenetic changes through
the paternal germ line. Hypothetical pedigree chart of children with altered epigenetic profiles
that may increase risk for disease. Changes in epigenetic profiles may have different causes
that vary by timing (lightning bolts) and type of exposure, including — but not limited to —
environmental toxins, pollutants, endocrine disruptors, ionizing radiation, smoking, nutrition,
etc. Windows of heritable epigenetic damage include: 1. during migration of primordial germ
cells (PGCs) to the genital ridge (before week 6 of development of the future father in the
grandmother), when genome-wide epigenetic erasure occurs; 2. before puberty, from PGC
(or gonocyte) to spermatogonia, during which methylation profiles are largely established;

3. during each reproductive cycle, from spermatogonium (SG) to spermatocyte (SC) and
finally the spermatozoon (SZ), when DNA methylation should be fully established; and 4. in
the zygote, when the acquired methylation marks need to withstand post-zygotic epigenetic
reprogramming at specific regions (e.g. imprinted genes).

(NEST) birth cohort. The father’s BMI was
shown to be inversely related to the level
of DMR methylation at the imprinted
insulin-like growth factor 2 (IGF2) locus
[22]; similar results were seen at DMRs
of other imprinted genes involved in
early growth regulation [103]. Interest-
ingly, these results were independent of
maternal obesity. As stated before, the
inherited methylation marks for DMRs
involved in regulating imprinted gene
expression are established during ga-
metogenesis [15], and their deregulation
is associated with several chronic
or metabolic diseases in the offspring
[16-18]. A follow-up analysis of NEST
children is needed in order to correlate
the obesity-induced findings with meta-
bolic outcomes at later age.

Two study cohorts on maternal
nutrition highlight the importance of
the timing of exposure to nutritional
insults. Periconceptional exposure to
food deprivation in the Dutch famine

Bioessays 36: 0000-0000, © 2014 The Authors. Bioessays published by WILEY Periodicals, Inc.

cohort or seasonal dietary circumstan-
ces in a Gambian study cohort showed
strong associations with poor health
outcomes and altered DNA methylation
in the offspring [104, 105]; however,
neither study addressed the importance
of the fathers’ diet. Since the fathers
were likely to be exposed to the same
famine or nutritional conditions as the
mothers, a paternal effect cannot be
excluded in these cohorts. As suggested
by Lecomte et al. [106], large epidemio-
logical studies are needed where strati-
fied analyses by maternal and paternal
influences are carried out, and attempts
to dissociate parental obesity from
nutritional status should help us under-
stand which phenotype is related to
which nutrient deficiency or abun-
dance. Finally, an extensive nutritional
study on multiple populations was
published in 1939 by Weston Price, an
American nutritionist and dentist who
investigated multiple tribal diets around

the world [107]. Price reported that in
several primitive tribes there was a
consciousness that the food eaten by
both parents before conception has
significant influences on birth character-
istics, ultimate overall health, and
character of the child. He noticed a
higher frequency of facial deformities
when these “primitive” tribes adopted
the Western diet. Furthermore, he com-
mented specifically about the effect of
the father’s diet on the offspring’s dental
and facial phenotypes. Nevertheless,
since Price did not report his original
measurements or statistical analyses,
these observations need to be inter-
preted with some caution. Studies on
animal males consuming different diets
provide evidence for epigenetic effects in
the male reproductive system and in the
offspring (see Box 3).

Epigenetic mechanisms:
How and when is the
paternal environmental
information transmitted to
the next generation?

The increasing number of reports on
associations between paternal environ-
mental exposures and fertility or risk of
disease in the next generation evokes
the compelling question of how and
when the effects of environmental
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exposures are transferred to the male
gametes, and how these effects are
sustained through developmental pro-
cesses. Besides the potential for genetic
damage or DNA mutations in sperm
cells, animal studies, and epidemiologi-
cal data indicate that transfer of infor-
mation through generations may also
occur via epigenetic mechanisms. There
are a number of potential windows of
susceptibility during the lifespan of the
father where environmental effects can
impact the epigenetic profile of his
gametes. We summarized four windows
of susceptibility during development of
the paternal germ line and zygote in
Fig. 1, and discuss the potential roles of
DNA methylation, histone modifica-
tions, and/or presence of non-coding
RNAs during these early developmental
processes, in the following paragraphs.

Paternal embryonic
development: A first
window of susceptibility

During embryonic development, primor-
dial germ cells undergo genome-wide
epigenetic erasure as they migrate to the
genital ridge. Animal models indicate that
this process may appear in waves of
active and passive DNA demethylation
mechanisms, affecting the bulk of the
genome and imprinted genes at different
times. However, some portions of the
genome have been reported to remain
resistant to DNA methylation erasure [124,
125]. These protected genomic regions,
currently limited to IAPs, LTR-ERV1
elements, and a few single-copy sequen-
ces, open the potential for transgenera-
tional inheritance of DNA methylation
profiles over multiple generations.
Defects in complete erasure, or in main-
tenance of the protected regions, could be
the first potential effect from internal or
external factors during early development
(green lightning bolt, Fig. 1).

Paternal prepuberty and
spermatogenesis: Second
and third windows of
susceptibility

Following the epigenetic erasure, DNA
methylation is gradually re-established

throughout spermatogenesis [9, 10].
The literature suggests that de novo
methylation at imprinted gene loci
occurs mainly during differentiation
from primordial germ cells to spermato-
gonia, i.e. before puberty in human.
Hence, this period of life represents a
second, and presumably important,
window of susceptibility (blue lightning
bolt, Fig. 1). Given that methylation
patterns seem to be established by the
time germ cells are differentiated to
mature spermatocytes [14, 15], the early
phase of each reproductive cycle (i.e.
development from spermatogonium
to spermatocytes) is a third potential
vulnerability window (orange lightning
bolt, Fig. 1).

De novo methylation and its main-
tenance are established through DNA
(cytosine-5)-methyltransferase (DNMT)
enzymes, including DNMT3A and
DNMT3B, and DNMT1, respectively.
DNMTs are expressed throughout sper-
matogenesis [15]. Further, the DNA
methyltransferase-like protein DNMT3L
possesses no DNA methyltransferase
activity, but is crucial to the establish-
ment of DNA methylation patterns
during spermatogenesis [126, 127]; it
interacts and stimulates de novo meth-
ylation activity of DNMT3A and
DNMT3B [128, 129]. It has been sug-
gested that maintenance of paternal
imprints during all stages of spermato-
genesis is a dynamic process that might
result in a fluctuation in methylation at
some CpG dinucleotide sites [15]. This
normal fluctuation may be vulnerable to
skewing by exposure to environmental
factors that influence the transcription-
al activity of DNMTs. The autocrine
human growth hormone (hGH) has
been described to influence DNA meth-
ylation through activation of signaling
pathways that lead to transcriptional
upregulation of the de novo DNA
methyltransferase enzymes [130]. Envi-
ronmental toxins, such as endocrine
disruptors, or circulating obesity-relat-
ed hormones (e.g. estrogen, leptin, and
insulin) can accumulate in scrotal fat,
potentially affecting sperm DNA meth-
ylation through their influence on
DNMT activity; thereby contributing
to infertility and pregnancy failures
[131]. Pathak et al. reported how the
estrogen pathway could be involved in
genomic imprinting. In rat spermato-
zoa, the estrogen-estrogen receptor

Insights & Perspectives | |

complex interacts with Dnmtl and
binds an estrogen response element at
the H19 DMR, catalyzing methylation of
the H19 CpG island. DNA methylation
at this site may be counteracted by
administration of an estrogen receptor
modulator, Tamoxifen [132]. These
reports strengthen the idea that envi-
ronmental estrogens may interfere
with a normal crosstalk between estro-
gen signaling and imprinting during
spermatogenesis.

Nutritional compounds, such as
dietary fatty acids, can directly stimu-
late transcription of specific genes or
transcription factors (such as PPARa)
[133, 134], potentially also affecting
the establishment of epigenetic mech-
anisms during spermatogenesis; but
this is still an unexplored area. Supple-
mentation of methyl donors including
folic acid and vitamin B12 are able
to increase the flux through a DNA
methylation pathway at specific loci,
resulting in DNA hypermethylation.
This has been studied mainly in mater-
nal or pregnancy models [8, 135], while
a recent animal study on males sug-
gests that also the paternal germ line
is susceptible to DNA methylation
changes through dietary folate in-
take [121]. Besides a potential environ-
mental epigenetic effect through
interaction with hormonal signaling
pathways during spermatogenesis,
other downstream effects of the sur-
rounding environment on sperm and
surrounding cells, e.g. Sertoli cells and
leucocytes, include altered ROS con-
centrations. Various factors such as
long-term exposures to chemicals or
pesticides [56, 59], heavy metals [61],
low dose ionizing radiation [93], chron-
ic conditions such as diabetes [136, 137]
and obesity [113, 114], or increasing
levels of fatty acids [112] can promote
ROS generation. Changes in ROS may
modulate sperm DNA methylation and
chromatin structure, ultimately influ-
encing regulation of imprinted genes
important in growth and development;
or other genes, such as those responsi-
ble for maintenance of genome stabili-
ty, altering DNA damage responses and
repair mechanisms. Consequently at
birth, cord blood or samples of other
tissues may reveal DNA strand breaks
and/or DNA methylation abnormalities,
sustained throughout life and increas-
ing risk for disease.
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Periconception and zygote
stage: Fourth window of
susceptibility

In order to persist throughout embryo-
genesis, the acquired epigenetic signa-
ture needs to withstand reprogramming
that occurs after fertilization. Until
recently, the role of histones in convey-
ing epigenetic information in mature
spermatozoa was doubted because it
was believed that all histone proteins
are replaced by protamines (i.e. prot-
amines 1 and 2) during late spermato-
genesis. This facilitates a highly
condensed state of the chromosomes,
represses transcriptional activity, and
prevents DNA damage [19]. After fertili-
zation, the protamines are removed and
replaced with maternal histone pro-
teins, which then undergo the epigenet-
ic modifications required for cellular
differentiation. It is now clear, however,
that there is selective retention of up to
~10% of the histone proteins in con-
densed chromatin of the sperm DNA
(reviewed by [138]). The modifications
present on histone proteins in sperm
provide one mechanism by which
epigenetic information is carried to
the next generation. This retention of
histones may relate to the selective
establishment of specific DNA methyla-
tion patterns, as observed for develop-

mental genes critical to early
embryogenesis, including imprinted
genes, microRNAs, and homeobox

genes [139]. For these genes, histone
retention provides a regulatory mecha-
nism in which paternal DNA is poised
for immediate activation after fertiliza-
tion [20]. Lane et al. [124] demonstrated
in mouse that intracisternal A-particles
(IAPs) are largely resistant to DNA
demethylation during preimplantation.
Consequently, acquired epigenetic
states of IAPs can also lead to persistent
heritable changes in transcription of
neighboring genes. Histone retention at
yet undefined genes or gene promoters
cannot be excluded as a potential
mechanism for inheritance of environ-
mentally induced epigenetic marks
through this window. Importantly, nu-
cleosomal patterns are disrupted in
men with infertility [140]. Although
the processes described here may ex-
plain in part how early environmental
messages can be transmitted to the
embryo, the complex mechanisms of
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selective removal, replacement, and
retention of epigenetic factors (such as
histones or methylation marks) in the
fertilized oocyte makes this period of
development vulnerable to environmen-
tal damage; hence, we define the zygote
as a fourth developmental stage where
paternal periconceptional influences
may play an indirect role (pink lightning
bolt, Fig. 1).

Non-coding RNAs as
potential messengers of
epigenetic information

Besides DNA methylation and histone
modifications, the presence of RNA
molecules in spermatozoa suggests
another type of regulatory mechanism
that is implicated in conveying epige-
netic information; thereby potentially
leading to phenotypic changes in the
next generation [141]. An extensive
review on the “hidden features” of
RNAs in spermatozoa has been auth-
ored by Kumar et al. [49]. The types of
RNA molecules present include mRNAs
and non-coding RNAs. Their retention
in spermatozoa begins to occur during
early stages of spermatogenesis. Among
the non-coding RNAs, several small
RNAs have been identified in the sperm,
which raises the possibility that these
small molecules can carry hereditary
information from one generation to the
next [142, 143]. RNAs present in the
mature spermatozoa are delivered to
the oocyte, and from RNA-Seq analysis,
many seem to have essential functions
during early embryogenesis [144]. The
genetic origins of RNAs identified in
sperm are highly correlated with regions
of the genome that are hypomethylated
and enriched in histone proteins, espe-
cially those with H3K4me3 (but not
H4K27me3) modifications. Spermatozo-
al RNAs seem to possess the capacity to
direct histone modifications and DNA
methylation, for instance in response
to paternal smoking [97], while the
chromatin structure and DNA modifica-
tions in turn may affect transcription of
RNAs. This “epigenetic crosstalk”, sug-
gested by Rando, may be influenced by
the paternal environment [145]. The
longevity of such effects is presently
unclear, but enzymes such as DNMT2
may protect these small RNA molecules

A. Soubry et al.

from stress conditions during early
embryogenesis [146].

Conclusions and outlook

Environmental variation may lead to
transgenerational epigenetic changes
resulting in differences in gene expres-
sion and ultimately different pheno-
types or diseases in the following
generations. Besides the generally as-
sumed inherited genomic defects from
environmental insults, epigenetic
changes may accumulate (i.e. from
chronic exposures) or persist and result
in heritable modifications of the epige-
nome. This may influence male fertility
or if the epigenetic modification is
subtle it may be transmitted to the
zygote through yet unidentified carriers,
ultimately affecting health status in the
offspring. Aside from the need to better
understand the mechanisms by which
environmental factors can alter epige-
netic reprogramming in sperm, there
are a number of unanswered questions.
Is there a threshold of tolerance for
epigenetic skewing beyond which there
is certainty of an effect on the next
generation? Environmental insults to
epigenetic programming in male game-
tes may not cause equivalent defects in
every cell stage of sperm maturation.
Indeed, analysis of individual cloned
alleles shows some variability in meth-
ylation at sporadic CpG dinucleotide
sites during normal spermatogene-
sis [15]. Paternal age is also likely to
be a major contributory factor to
the epigenetic integrity of the sperm.
Advanced paternal age is a well-estab-
lished risk factor for child morbidities,
and it is plausible that the ability to
reprogram the epigenome declines with
advancing years, as do other cellular
processes [147]. We hypothesize that the
male gametes are at higher risk for
epigenetic damage during the epigenet-
ic reprogramming periods, and that
environmental factors can alter the
fidelity of this process. Such an “envi-
ronmental message” may be carried to
the next generation through epigenetic
modifications in the form of incomplete
or unstable methylation at certain
regions of the genome, changes in the
levels of DNMTs, histone modifications,
and defects in the transmission of non-
coding RNAs during the process of
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fertilization. Research on human sperm,
and long-term epidemiologic investi-
gations of multiple generations are
necessary in order to obtain better
insights into the epigenetic mecha-
nisms underlying transgenerational
environmental effects through the pa-
ternal lineage. This will lead to a better
understanding of the etiology of certain
(childhood) disorders, and may ulti-
mately have implications for public
health recommendations. We conclude
that a healthy occupational environ-
ment and lifestyle for future fathers
may be more important than ever
realized before.

Acknowledgments

We thank Prof. Dr. Dirk Vanderschue-
ren, Prof. Dr. Carl Spiessens, and
Dr. Goedele Paternot for their thought-
ful comments. This work was supported
by the University of Leuven (KU
Leuven), Duke University School of
Medicine, Duke Nicholas School of the
Environment, National Institutes of
Health (PO1ES022831, RO1ES016772,
RO1DK085173), the U.S. Environmental
Protection Agency (RD-83543701), and
the U.S. Department of Energy (DE-
FG02-10ER64931). The content is solely
the responsibility of the authors and
does not necessarily represent the
official views of the NIH, U.S. EPA,
or U.S. DOE.

Conflict of interest

The authors declare that they have no
competing interests.

References

1. Hales CN, Barker DJ. 1992. Type 2 (non-
insulin-dependent) diabetes mellitus: the
thrifty phenotype hypothesis. Diabetologia
35: 595-601.

2. Barouki R, Gluckman PD, Grandjean P,
Hanson M, et al. 2012. Developmental
origins of non-communicable disease: impli-
cations for research and public health.
Environ Health 11: 42.

3. Stothard KJ, Tennant PW, Bell R, Rankin
J. 2009. Maternal overweight and obesity
and the risk of congenital anomalies: a
systematic review and meta-analysis. JAMA
301: 636-50.

4. Boerschmann H, Pfluger M, Henneberger
L, Ziegler AG, et al. 2010. Prevalence and
predictors of overweight and insulin resis-
tance in offspring of mothers with gestation-

10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

al diabetes mellitus. Diabetes Care 33:
1845-9.

. Drake AJ, Reynolds RM. 2010. Impact of

maternal obesity on offspring obesity and
cardiometabolic disease risk. Reproduction
140: 387-98.

. Rodriguez A, Miettunen J, Henriksen TB,

Olsen J, et al. 2008. Maternal adiposity prior
to pregnancy is associated with ADHD
symptoms in offspring: evidence from three
prospective pregnancy cohorts. Int J Obes
(Lond) 32: 550-7.

. Painter RC, De Rooij SR, Bossuyt PM,

Osmond C, et al. 2006. A possible link
between prenatal exposure to famine and
breast cancer: a preliminary study. Am J
Hum Biol 18: 853-6.

. Waterland RA, Jirtle RL. 2003. Transpos-

able elements: targets for early nutritional
effects on epigenetic gene regulation. Mol
Cell Biol 23: 5293-300.

. Lucifero D, Mertineit C, Clarke HJ, Bestor

TH, et al. 2002. Methylation dynamics of
imprinted genes in mouse germ cells.
Genomics 79: 530-8.

Niemitz EL, Feinberg AP. 2004. Epige-
netics and assisted reproductive technolo-
gy: a call for investigation. Am J Hum Genet
74: 599-609.

Boissonnas CC, Abdalaoui HE, Haelewyn
V, Fauque P, et al. 2010. Specific epigenetic
alterations of IGF2-H19 locus in spermato-
zoa from infertile men. Eur J Hum Genet 18:
73-80.

Dolinoy DC, Weidman JR, Jirtle RL. 2007.
Epigenetic gene regulation: linking early
developmental environment to adult dis-
ease. Reprod Toxicol 23: 297-307.
Strathdee G, Sim A, Brown R. 2004.
Control of gene expression by CpG island
methylation in normal cells. Biochem Soc
Trans 32: 913-5.

Kerjean A, Dupont JM, Vasseur C, Le
Tessier D, et al. 2000. Establishment of the
paternal methylation imprint of the human
H19 and MEST/PEG1 genes during sper-
matogenesis. Hum Mol Genet 9: 2183-7.
Marques CJ, Joao Pinho M, Carvalho F,
Bieche |, et al. 2011. DNA methylation
imprinting marks and DNA methyltransfer-
ase expression in human spermatogenic cell
stages. Epigenetics 6: 1354-61.

Murphy SK, Jirtle RL. 2003. Imprinting
evolution and the price of silence. BioEssays
25: 577-88.

Jirtle RL, Skinner MK. 2007. Environmental
epigenomics and disease susceptibility. Nat
Rev Genet 8: 253-62.

Dolinoy DC, Das R, Weidman JR, Jirtle
RL. 2007. Metastable epialleles, imprinting,
and the fetal origins of adult diseases.
Pediatr Res 61: 30R-7R.

Jenkins TG, Carrell DT. 2011. The paternal
epigenome and embryogenesis: poising
mechanisms for development. Asian J
Androl 13: 76-80.

Carrell DT. 2012. Epigenetics of the male
gamete. Fertil Steril 97: 267-74.

Kaati G, Bygren LO, Edvinsson S. 2002.
Cardiovascular and diabetes mortality de-
termined by nutrition during parents’ and
grandparents’ slow growth period. Eur J
Hum Genet 10: 682-8.

Soubry A, Schildkraut JM, Murtha A,
Wang F, et al. 2013. Paternal obesity is
associated with IGF2 hypomethylation
in newborns: results from a Newborn

Insights & Perspectives | |

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Epigenetics Study (NEST) cohort. BMC
Med 11: 29.

Anway MD, Leathers C, Skinner MK. 2006.
Endocrine disruptor vinclozolin induced
epigenetic transgenerational adult-onset
disease. Endocrinology 147: 5515-23.
Filkowski JN, linytskyy Y, Tamminga J,
Koturbash |, et al. 2010. Hypomethylation
and genome instability in the germline of
exposed parents and their progeny is
associated with altered miRNA expression.
Carcinogenesis 31: 1110-5.

Anderson LM, Riffle L, Wilson R, Travlos
GS, et al. 2006. Preconceptional fasting of
fathers alters serum glucose in offspring of
mice. Nutrition 22: 327-31.

Ng SF, Lin RC, Laybutt DR, Barres R, et al.
2010. Chronic high-fat diet in fathers pro-
grams beta-cell dysfunction in female rat
offspring. Nature 467: 963-6.

Fabia J, Thuy TD. 1974. Occupation of
father at time of birth of children dying of
malignant diseases. Br J Prev Soc Med 28:
98-100.

Wilkins JR, lll, Sinks TH, Jr. 1984. Paternal
occupation and Wilms’ tumour in offspring. J
Epidemiol Commun Health 38: 7-11.
Feychting M, Plato N, Nise G, Ahlbom A.
2001. Paternal occupational exposures and
childhood cancer. Environ Health Perspect
109: 193-6.

Reid A, Glass DC, Bailey HD, Milne E, et al.
2011. Parental occupational exposure to
exhausts, solvents, glues and paints, and
risk of childhood leukemia. Cancer Causes
Control 22: 1575-85.

De Roos AJ, Olshan AF, Teschke K, Poole
C, et al. 2001. Parental occupational expo-
sures to chemicals and incidence of neuro-
blastoma in offspring. Am J Epidemiol 154:
106-14.

Sallmen M. 2001. Exposure to lead and
male fertility. Int J Occup Med Environ
Health 14: 219-22.

Bakulski KM, Rozek LS, Dolinoy DC,
Paulson HL, et al. 2012. Alzheimer’s
disease and environmental exposure to
lead: the epidemiologic evidence and po-
tential role of epigenetics. Curr Alzheimer
Res 9: 563-73.

Castro-Jimenez MA, Orozco-Vargas LC.
2011. Parental exposure to carcinogens and
risk for childhood acute lymphoblastic
leukemia, Colombia, 2000-2005. Prev
Chronic Dis 8: A106.

Jeng HA, Pan CH, Lin WY, Wu MT, et al.
2013. Biomonitoring of polycyclic aro-
matic hydrocarbons from coke oven
emissions and reproductive toxicity in
nonsmoking workers. J Hazard Mater
244-245: 436-43.

Ji G, Yan L, Wu S, Liu J, et al. 2013. Bulky
DNA adducts in human sperm associated
with semen parameters and sperm DNA
fragmentation in infertile men: a cross-
sectional study. Environ Health 12: 82.
Miranda-Contreras L, Gomez-Perez R,
Rojas G, Cruz I, et al. 2013. Occupational
exposure to organophosphate and carba-
mate pesticides affects sperm chromatin
integrity and reproductive hormone levels
among Venezuelan farm workers. J Occup
Health 55: 195-203.

Martenies SE, Perry MJ. 2013. Environ-
mental and occupational pesticide exposure
and human sperm parameters: a systematic
review. Toxicology 307: 66-73.

Bioessays 36: 0000-0000, © 2014 The Authors. Bioessays published by WILEY Periodicals, Inc.



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bioessays 36: 0000-0000, © 2014 The Authors. Bioessays published by WILEY Periodicals, Inc.

B Insights & Perspectives

Zheng R, Zhang Q, Zhang Q, Yang L, et al.
2013. Occupational exposure to pentachlo-
rophenol causing lymphoma and hemato-
poietic malignancy for two generations.
Toxicol Ind Health, in press, doi: 10.1177/
0748233712472520

El-Helaly M, Abdel-Elah K, Haussein A,
Shalaby H. 2011. Paternal occupational
exposures and the risk of congenital mal-
formations - a case-control study. Int J
Occup Med Environ Health 24: 218-27.
Kristensen P, Andersen A, Irgens LM, Bye
AS, et al. 1996. Cancer in offspring of
parents engaged in agricultural activities in
Norway: incidence and risk factors in the
farm environment. Int J Cancer 65: 39-50.
Chen X, Chen M, Xu B, Tang R, et al. 2013.
Parental phenols exposure and spontane-
ous abortion in Chinese population residing
in the middle and lower reaches of the
Yangtze River. Chemosphere 93: 217-22.
Vinson F, Merhi M, Baldi |, Raynal H, et al.
2011. Exposure to pesticides and risk of
childhood cancer: a meta-analysis of recent
epidemiological studies. Occup Environ
Med 68: 694-702.

Wigle DT, Turner MC, Krewski D. 2009. A
systematic review and meta-analysis of
childhood leukemia and parental occupa-
tional pesticide exposure. Environ Health
Perspect 117: 1505-13.

Meeker JD, Stapleton HM. 2010. House
dust concentrations of organophosphate
flame retardants in relation to hormone
levels and semen quality parameters. Envi-
ron Health Perspect 118: 318-283.

Ngo AD, Taylor R, Roberts CL, Nguyen
TV. 2006. Association between Agent
Orange and birth defects: systematic review
and meta-analysis. Int J Epidemiol 35:
1220-30.

Ngo AD, Taylor R, Roberts CL. 2010.
Paternal exposure to Agent Orange and
spina bifida: a meta-analysis. Eur J Epide-
miol 25: 37-44.

Cordier S. 2008. Evidence for a role of
paternal exposures in developmental tox-
icity. Basic Clin Pharmacol Toxicol 102:
176-81.

Kumar M, KumarK, Jain S, Hassan T, et al.
2013. Novel insights into the genetic and
epigenetic paternal contribution to the
human embryo. Clinics (Sao Paulo) 68: 5-14.
Warmlander SK, Sholts SB, Erlandson
JM, Gjerdrum T, et al. 2011. Could the
health decline of prehistoric California indi-
ans be related to exposure to polycyclic
aromatic hydrocarbons (PAHSs) from natural
bitumen? Environ Health Perspect 119:
1203-7.

Llamas B, Holland ML, Chen K, Cropley
JE, et al. 2012. High-resolution analysis of
cytosine methylation in ancient DNA. PLoS
One T7: €30226.

Farag AT, Radwan AH, Sorour F, El Okazy
A, et al. 2010. Chlorpyrifos induced repro-
ductive toxicity in male mice. Reprod Toxicol
29: 80-5.

Guerrero-Bosagna C, Covert TR, Haque
MM, Settles M, et al. 2012. Epigenetic
transgenerational inheritance of vinclozolin
induced mouse adult onset disease and
associated sperm epigenome biomarkers.
Reprod Toxicol 34: 694-707.

Eustache F, Mondon F, Canivenc-Lavier
MC, Lesaffre C, et al. 2009. Chronic dietary
exposure to a low-dose mixture of genistein

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

and vinclozolin modifies the reproductive
axis, testis transcriptome, and fertility.
Environ Health Perspect 117: 1272-9.

Park HO, Bae J. 2012. Disturbed relaxin
signaling pathway and testicular dysfunction
in mouse offspring upon maternal exposure
to simazine. PLoS One 7: e44856.

de Liz Oliveira Cavalli VL, Cattani D, Heinz
Rieg CE, Pierozan P, et al. 2013. Roundup
disrupts male reproductive functions by
triggering calcium-mediated cell death in
rat testis and Sertoli cells. Free Radic Biol
Med 65C: 335-46.

Tremellen K. 2008. Oxidative stress and
male infertility — a clinical perspective. Hum
Reprod Update 14: 243-58.

Ziech D, Franco R, Pappa A, Panayiotidis
MI. 2011. Reactive oxygen species (ROS) —
induced genetic and epigenetic alterations
in human carcinogenesis. Mutat Res 711:
167-73.

Lee E, Ahn MY, Kim HJ, Kim IY, et al. 2007.
Effect of di(n-butyl) phthalate on testicular
oxidative damage and antioxidant enzymes
in hyperthyroid rats. Environ Toxicol 22:
245-55.

Acharya UR, Rathore RM, Mishra M. 2003.
Role of vitamin C on lead acetate induced
spermatogenesis in swiss mice. Environ
Toxicol Pharmacol 13: 9-14.

Xu DX, Shen HM, Zhu QX, Chua L, et al.
2003. The associations among semen
quality, oxidative DNA damage in human
spermatozoa and concentrations of cadmi-
um, lead and selenium in seminal plasma.
Mutat Res 534: 155-63.

Manikkam M, Tracey R, Guerrero-Bosa-
gna C, Skinner MK. 2013. Plastics derived
endocrine disruptors (BPA, DEHP and
DBP) induce epigenetic transgenerational
inheritance of obesity, reproductive dis-
ease and sperm epimutations. PLoS One 8:
e55387.

Tracey R, Manikkam M, Guerrero-Bosa-
gna C, Skinner MK. 2013. Hydrocarbons
(et fuel JP-8) induce epigenetic transge-
nerational inheritance of obesity, reproduc-
tive disease and sperm epimutations.
Reprod Toxicol 36: 104-6.

Stouder C, Paoloni-Giacobino A. 2011.
Specific transgenerational imprinting effects
of the endocrine disruptor methoxychlor on
male gametes. Reproduction 141: 207-16.
Romerius P, Stahl O, Moell C, Relander T,
et al. 2010. Sperm DNA integrity in men
treated for childhood cancer. Clin Cancer
Res 16: 3843-50.

Draper GJ, Stiller CA, Cartwright RA,
Craft AW, et al. 1993. Cancer in Cumbria
and in the vicinity of the Sellafield nuclear
installation, 1963-90. Br Med J 306: 89-94.
Gardner MJ, Hall AJ, Downes S, Terrell
JD. 1987. Follow up study of children born
elsewhere but attending schools in Seas-
cale, West Cumbria (schools cohort). Br
Med J (Clin Res Ed) 295: 819-22.

Gardner MJ, Snee MP, Hall AJ, Powell CA,
et al. 1990. Results of case-control study of
leukaemia and lymphoma among young
people near Sellafield nuclear plant in West
Cumbria. Br Med J 300: 423-9.

Sorahan T, Haylock RG, Muirhead CR,
Bunch KJ, et al. 2003. Cancer in the
offspring of radiation workers: an investiga-
tion of employment timing and a reanalysis
using updated dose information. Br J
Cancer 89: 1215-20.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

A. Soubry et al.

Inskip H. 1993. The Gardner hypothesis. Br
Med J 307: 1155-6.

Slovak AJ, Kalman C, Davies NF, Pilling K.
1994. The Gardner hypothesis. Found want-
ing. Br Med J 308: 60.

COMARE. 2002. Parents occupationally
exposed to radiation prior to the conception
of their children: a review of the evidence
concerning the incidence of cancer in their
children. In Agency HP, ed; Committee on
Medical Aspects of Radiation in the Environ-
ment, Seventh Report. London, UK.
Wakeford R. 2003. Childhood leukaemia
and radiation exposure of fathers - the end
of the road, perhaps? J Radiol Prot 23:
359-62.

Kodaira M, Satoh C, Hiyama K, Toyama K.
1995. Lack of effects of atomic bomb
radiation on genetic instability of tandem-
repetitive elements in human germ cells. Am
J Hum Genet 57: 1275-83.

Kodaira M, Izumi S, Takahashi N, Naka-
mura N. 2004. No evidence of radiation
effect on mutation rates at hypervariable
minisatellite loci in the germ cells of atomic
bomb survivors. Radiat Res 162: 350-6.
Izumi S, Koyama K, Soda M, Suyama A.
2003. Cancer incidence in children and
young adults did not increase relative to
parental exposure to atomic bombs. Br J
Cancer 89: 1709-13.

Sharp L, Black RJ, Harkness EF, McKin-
ney PA. 1996. Incidence of childhood
leukaemia and non-Hodgkin’s lymphoma
in the vicinity of nuclear sites in Scotland,
1968-983. Occup Environ Med 53: 823-31.
Kinlen L. 2011. Childhood leukaemia, nu-
clear sites, and population mixing. Br J
Cancer 104: 12-8.

Laurier D, Jacob S, Bernier MO, Leuraud
K, et al. 2008. Epidemiological studies of
leukaemia in children and young adults
around nuclear facilities: a critical review.
Radiat Prot Dosimetry 132: 182-90.
Kaatsch P, Spix C, Schulze-Rath R,
Schmiedel S, et al. 2008. Leukaemia in
young children living in the vicinity of
German nuclear power plants. Int J Cancer
122: 721-6.

Guizard AV, Boutou O, Pottier D, Trous-
sard X, et al. 2001. The incidence of
childhood leukaemia around the La Hague
nuclear waste reprocessing plant (France): a
survey for the years 1978-1998. J Epidemiol
Community Health 55: 469-74.

Nussbaum RH. 2009. Childhood leukemia
and cancers near German nuclear reactors:
significance, context, and ramifications of
recent studies. Int J Occup Environ Health
15: 318-23.

Altman DG, Bland JM. 1995. Absence of
evidence is not evidence of absence. Br
Med J 311: 485.

Fischbein A, Zabludovsky N, Eltes F,
Grischenko V, et al. 1997. Ultramorpho-
logical sperm characteristics in the risk
assessment of health effects after radiation
exposure among salvage workers in Cher-
nobyl. Environ Health Perspect 105: 1445-9.
Bonisoli-Alquati A, Mousseau TA, Moller
AP, Caprioli M, et al. 2010. Increased
oxidative stress in barn swallows from the
Chernobyl region. Comp Biochem Physiol A
Mol Integr Physiol 165: 205-10.
Aghajanyan A, Kuzmina N, Sipyagyna A,
Baleva L, et al. 2011. Analysis of genomic
instability in the offspring of fathers exposed

11

MuIy L

urebe



Think again

A. Soubry et al.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

12

to low doses of ionizing radiation. Environ
Mol Mutagen 52: 538-46.

Koturbash |, Baker M, Loree J, Kutanzi K,
et al. 2006. Epigenetic dysregulation under-
lies radiation-induced transgenerational ge-
nome instability in vivo. Int J Radiat Oncol
Biol Phys 66: 327-30.

Mughal SK, Myazin AE, Zhavoronkov LP,
Rubanovich AV, et al. 2012. The dose and
dose-rate effects of paternal irradiation on
transgenerational instability in mice: a radio-
therapy connection. PLoS One 7: e41300.
Koturbash |, Boyko A, Rodriguez-Juarez
R, McDonald RJ, et al. 2007. Role of
epigenetic effectors in maintenance of the
long-term persistent bystander effect in
spleen in vivo. Carcinogenesis 28: 1831-8.
linytskyy Y, Koturbash I, Kovalchuk O.
2009. Radiation-induced bystander effects
in vivo are epigenetically regulated in a
tissue-specific manner. Environ Mol Muta-
gen 50: 105-13.

Pogribny |, Koturbash |, Tryndyak V,
Hudson D, et al. 2005. Fractionated low-
dose radiation exposure leads to accumu-
lation of DNA damage and profound alter-
ations in DNA and histone methylation in the
murine thymus. Mol Cancer Res 3: 553-61.
Bernal AJ, Dolinoy DC, Huang D, Skaar
DA, et al. 2013. Adaptive radiation-induced
epigenetic alterations mitigated by antiox-
idants. FASEB J 27: 665-71.

Wright EG, Coates PJ. 2006. Untargeted
effects of ionizing radiation: implications for
radiation pathology. Mutat Res 597: 119-32.
Cerda S, Weitzman SA. 1997. Influence of
oxygen radical injury on DNA methylation.
Mutat Res 386: 141-52.

Pembrey ME, Bygren LO, Kaati G, Edvins-
son S, et al. 2006. Sex-specific, male-line
transgenerational responses in humans. Eur
J Hum Genet 14: 159-66.

Laubenthal J, Zlobinskaya O, Poterlowicz
K, Baumgartner A, et al. 2012. Cigarette
smoke-induced transgenerational altera-
tions in genome stability in cord blood of
human F1 offspring. FASEB J 26: 3946-56.
Marczylo EL, Amoako AA, Konje JC, Gant
TW, et al. 2012. Smoking induces differential
miRNA expression in human spermatozoa: a
potential transgenerational epigenetic con-
cern? Epigenetics T: 432-9.

Whitaker RC, Wright JA, Pepe MS, Seidel
KD, et al. 1997. Predicting obesity in young
adulthood from childhood and parental
obesity. N Engl J Med 337: 869-73.
Figueroa-Colon R, Arani RB, Goran MI,
Weinsier RL. 2000. Paternal body fat is a
longitudinal predictor of changes in body fat
in premenarcheal girls. Am J Clin Nutr 71:
829-34.

Loomba R, Hwang SJ, O’Donnell CJ,
Ellison RC, et al. 2008. Parental obesity
and offspring serum alanine and aspartate
aminotransferase levels: the Framingham
heart study. Gastroenterology 134: 953-9.
Bygren LO, Kaati G, Edvinsson S. 2001.
Longevity determined by paternal ances-
tors’ nutrition during their slow growth
period. Acta Biotheor 49: 53-9.

Kaati G, Bygren LO, Pembrey M, Sjostrom
M. 2007. Transgenerational response to
nutrition, early life circumstances and lon-
gevity. Eur J Hum Genet 15: 784-90.
Soubry A, Murphy SK, Wang F, Huang Z,
et al. 2013. Newborns of obese parents
have altered DNA methylation patterns at

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

imprinted genes. Int J Obes (Lond), in press,
doi: 10.1038/ij0.2013.193.

Heijmans BT, Tobi EW, Stein AD, Putter H,
et al. 2008. Persistent epigenetic differences
associated with prenatal exposure to famine
in humans. Proc Natl Acad Sci USA 105:
17046-9.

Waterland RA, Kellermayer R, Laritsky E,
Rayco-Solon P, et al. 2010. Season of
conception in rural gambia affects DNA
methylation at putative human metastable
epialleles. PLoS Genet 6: e1001252.
Lecomte V, Youngson NA, Maloney CA,
Morris MJ. 2013. Parental programming:
how can we improve study design to discern
the molecular mechanisms? BioEssays 35:
787-93.

Price WA. 1939. Nutrition and physical
degeneration:  Price-Pottenger  Nutrition
Foundation.

Wu Q, Suzuki M. 2006. Parental obesity and
overweight affect the body-fat accumulation
in the offspring: the possible effect of a high-
fat diet through epigenetic inheritance. Obes
Rev 7: 201-8.

Christante CM, Taboga SR, Pinto-Fochi
ME, Goes RM. 2013. Maternal obesity
disturbs the postnatal development of
gonocytes in the rat without impairment of
testis structure at prepubertal age. Repro-
duction 146: 549-58.

Carone BR, Fauquier L, Habib N, Shea
JM, et al. 2010. Paternally induced trans-
generational environmental reprogramming
of metabolic gene expression in mammals.
Cell 143: 1084-96.

Palmer NO, Fullston T, Mitchell M,
Setchell BP, et al. 2011. SIRT6 in mouse
spermatogenesis is modulated by diet-
induced obesity. Reprod Fertil Dev 23:
929-39.

Koppers AJ, Garg ML, Aitken RJ. 2010.
Stimulation of mitochondrial reactive oxy-
gen species production by unesterified,
unsaturated fatty acids in defective human
spermatozoa. Free Radic Biol Med 48:
112-9.

Fullston T, Palmer NO, Owens JA, Mitch-
ell M, et al. 2012. Diet-induced paternal
obesity in the absence of diabetes dimin-
ishes the reproductive health of two subse-
quent generations of mice. Hum Reprod 27:
1391-400.

Bakos HW, Mitchell M, Setchell BP, Lane
M. 2011. The effect of paternal diet-induced
obesity on sperm function and fertilization in
a mouse model. Int J Androl 34: 402-10.
Fullston T, Ohlsson Teague EM, Palmer
NO, Deblasio MJ, et al. 2013. Paternal
obesity initiates metabolic disturbances in
two generations of mice with incomplete
penetrance to the F2 generation and alters
the transcriptional profile of testis and
sperm microRNA content. FASEB J 2T:
4226-43.

Dolinoy DC, Weidman JR, Waterland RA,
Jirtle RL. 2006. Maternal genistein alters
coat color and protects Avy mouse offspring
from obesity by modifying the fetal epige-
nome. Environ Health Perspect 114: 567-72.
Bernal AJ, Jirtle RL. 2010. Epigenomic
disruption: the effects of early developmen-
tal exposures. Birth Defects Res A Clin Mol
Teratol 88: 938-44.

Day JK, Bauer AM, DesBordes C, Zhuang
Y, et al. 2002. Genistein alters methylation
patterns in mice. J Nutr 132: 2419S-23S.

Insights & Perspectives | |

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Singh RK, Behari S, Kumar V, Jaiswal AK,
et al. 2012. Posterior inferior cerebellar
artery aneurysms: anatomical variations
and surgical strategies. Asian J Neurosurg
7: 2-11.

Crider KS, Yang TP, Berry RJ, Bailey LB.
2012. Folate and DNA methylation: a review
of molecular mechanisms and the evidence
for folate’s role. Adv Nutr 3: 21-38.

Mejos KK, Kim HW, Lim EM, Chang N.
2013. Effects of parental folate deficiency on
the folate content, global DNA methylation,
and expressions of FRalpha, IGF-2 and IGF-
1R in the postnatal rat liver. Nutr Res Pract 7:
281-6.

Ouko LA, Shantikumar K, Knezovich J,
Haycock P, et al. 2009. Effect of alcohol
consumption on CpG methylation in the
differentially methylated regions of H19 and
IG-DMR in male gametes: implications for
fetal alcohol spectrum disorders. Alcohol
Clin Exp Res 33: 1615-27.

Stouder C, Somm E, Paoloni-Giacobino
A. 2011. Prenatal exposure to ethanol: a
specific effect on the H19 gene in sperm.
Reprod Toxicol 31: 507-12.

Lane N, Dean W, Erhardt S, Hajkova P,
et al. 2003. Resistance of IAPs to methyla-
tion reprogramming may provide a mecha-
nism for epigenetic inheritance in the mouse.
Genesis 35: 88-93.

Guibert S, Forne T, Weber M. 2012. Global
profiing of DNA methylation erasure in
mouse primordial germ cells. Genome Res
22: 633-41.

Kaneda M, Okano M, Hata K, Sado T, et al.
2004. Essential role for de novo DNA
methyltransferase Dnmt3a in paternal and
maternal imprinting. Nature 429: 900-3.

La Salle S, Oakes CC, Neaga OR,
Bourc’his D, et al. 2007. Loss of spermato-
gonia and wide-spread DNA methylation
defects in newborn male mice deficient in
DNMT3L. BMC Dev Biol 7: 104.

Chedin F, Lieber MR, Hsieh CL. 2002. The
DNA methyltransferase-like protein
DNMT3L stimulates de novo methylation
by Dnmt3a. Proc Natl Acad Sci USA 99:
16916-21.

Suetake |, Shinozaki F, Miyagawa J,
Takeshima H, et al. 2004. DNMT3L stim-
ulates the DNA methylation activity of
Dnmt3a and Dnmt3b through a direct
interaction. J Biol Chem 279: 27816-23.
Shafiei F, Rahnama F, Pawella L, Mitchell
MD, et al. 2008. DNMT3A and DNMT3B
mediate autocrine hGH repression of pla-
koglobin gene transcription and consequent
phenotypic conversion of mammary carci-
noma cells. Oncogene 27: 2602-12.

Du Plessis SS, Cabler S, McAlister DA,
Sabanegh E, et al. 2010. The effect of
obesity on sperm disorders and male
infertility. Nat Rev Urol 7: 153-61.

Pathak S, D’Souza R, Ankolkar M, Gaon-
kar R, et al. 2010. Potential role of estrogen
in regulation of the insulin-like growth
factor2-H19 locus in the rat testis. Mol Cell
Endocrinol 314: 110-7.

Rees WD, McNeil CJ, Maloney CA. 2008.
The roles of PPARs in the fetal origins of
metabolic health and disease. PPAR Res
2008: 459030.

Cavalieri D, Calura E, Romualdi C, Marchi
E, et al. 2009. Filing gaps in PPAR-alpha
signaling through comparative nutrigenom-
ics analysis. BMC Genomics 10: 596.

Bioessays 36: 0000-0000, © 2014 The Authors. Bioessays published by WILEY Periodicals, Inc.



135.

136.

137.

138.

Bioessays 36: 0000-0000, © 2014 The Authors. Bioessays published by WILEY Periodicals, Inc.

B Insights & Perspectives

Steegers-Theunissen RP, Obermann-
Borst SA, Kremer D, Lindemans J, et al.
2009. Periconceptional maternal folic acid
use of 400 microg per day is related to
increased methylation of the IGF2 gene in
the very young child. PLoS One 4: e7845.
La Vignera S, Lanzafame F, Di Mauro M,
Condorelli R, et al. 2009. Spermatic and
ultrasound characterization of young dia-
betic patients. Arch Ital Urol Androl 81:
245-7.

Amiri |, Karimi J, Piri H, Goodarzi MT, et al.
2011. Association between nitric oxide and
8-hydroxydeoxyguanosine levels in semen
of diabetic men. Syst Biol Reprod Med 57:
292-5.

Miller D, Brinkworth M, lles D. 2010.
Paternal DNA packaging in spermatozoa:
more than the sum of its parts? DNA,

139.

140.

141.

142.

histones, protamines and epigenetics. Re-
production 139: 287-301.

Hammoud SS, Nix DA, Zhang H, Purwar J,
et al. 2009. Distinctive chromatin in human
sperm packages genes for embryo devel-
opment. Nature 460: 473-8.

Hammoud SS, Nix DA, Hammoud AO,
Gibson M, et al. 2011. Genome-wide
analysis identifies changes in histone reten-
tion and epigenetic modifications at devel-
opmental and imprinted gene loci in the
sperm of infertile men. Hum Reprod 26:
2558-69.

Rassoulzadegan M, Grandjean V, Gounon
P, Vincent S, et al. 2006. RNA-mediated
non-mendelian inheritance of an epigenetic
change in the mouse. Nature 441: 469-74.
Peng H, Shi J, Zhang Y, Zhang H, et al.
2012. A novel class of tRNA-derived small

143.

144,

145.

146.

147.

A. Soubry et al.

RNAs extremely enriched in mature mouse
sperm. Cell Res 22: 1609-12.

Kiani J, Rassoulzadegan M. 2013. A load
of small RNAs in the sperm — how many
bits of hereditary information? Cell Res
23: 18-9.

Sendler E, Johnson GD, Mao S, Goodrich
RJ, et al. 2013. Stability, delivery and
functions of human sperm RNAs at fertiliza-
tion. Nucleic Acids Res 41: 4104-17.
Rando OJ. 2012. Daddy issues: paternal
effects on phenotype. Cell 151: 702-8.
Kiani J, Grandjean V, Liebers R, Tuorto F,
et al. 2013. RNA-mediated epigenetic he-
redity requires the cytosine methyltransfer-
ase Dnmt2. PLoS Genet 9: e1003498.
Rando TA, Chang HY. 2012. Aging, rejuve-
nation, and epigenetic reprogramming: re-
setting the aging clock. Cell 148: 46-57.

13

MuIy L

urebe



