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BACKGROUND: Modern reproductive behavior in most developed countries is characterized by delayed parenthood. Older gametes
are generally less fertile, accumulating and compounding the effects of varied environmental exposures that are modified by lifestyle factors.
Clinicians are primarily concerned with advanced maternal age, while the influence of paternal age on fertility, early development and
offspring health remains underappreciated. There is a growing trend to use assisted reproductive technologies for couples of advanced
reproductive age. Thus, the number of children born from older gametes is increasing.

OBJECTIVE AND RATIONALE: We review studies reporting age-associated epigenetic changes in mammals and humans in sperm,
including DNA methylation, histone modifications and non-coding RNAs. The interplay between environment, fertility, ART and
age-related epigenetic signatures is explored. We focus on the association of sperm epigenetics on epigenetic and phenotype events in
embryos and offspring.

SEARCH METHODS: Peer-reviewed original and review articles over the last two decades were selected using PubMed and the Web of
Science for this narrative review. Searches were performed by adopting the two groups of main terms. The first group included ‘advanced
paternal age’, ‘paternal age’, ‘postponed fatherhood’, ‘late fatherhood’, ‘old fatherhood’ and the second group included ‘sperm epige-
netics’, ‘sperm’, ‘semen’, ’epigenetic’, ‘inheritance’, ‘DNA methylation’, ‘chromatin’, ‘non-coding RNA’, ‘assisted reproduction’, ‘epigenetic
clock’.

OUTCOMES: Age is a powerful factor in humans and rodent models associated with increased de novo mutations and a modified sperm
epigenome. Age affects all known epigenetic mechanisms, including DNA methylation, histone modifications and profiles of small
non-coding (snc)RNA. While DNA methylation is the most investigated, there is a controversy about the direction of age-dependent
changes in differentially hypo- or hypermethylated regions with advanced age. Successful development of the human sperm epigenetic clock

GRAPHICAL ABSTRACT

Age is a driver of sperm epigenetic changes, including DNA methylation, histone modifications and small non-coding RNA
profiles that may be linked with neurodevelopmental disorders in offspring.
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based on cross-sectional data and four different methods for DNA methylation analysis indicates that at least some CpG exhibit a linear
relationship between methylation levels and age. Rodent studies show a significant overlap between genes regulated through age-
dependent differentially methylated regions and genes targeted by age-dependent sncRNA. Both age-dependent epigenetic mechanisms
target gene networks enriched for embryo developmental, neurodevelopmental, growth and metabolic pathways. Thus, age-dependent
changes in the sperm epigenome cannot be described as a stochastic accumulation of random epimutations and may be linked with autism
spectrum disorders. Chemical and lifestyle exposures and ART techniques may affect the epigenetic aging of sperm. Although most epige-
netic modifications are erased in the early mammalian embryo, there is growing evidence that an altered offspring epigenome and pheno-
type is linked with advanced paternal age due to the father’s sperm accumulating epigenetic changes with time. It has been hypothesized
that age-induced changes in the sperm epigenome are profound, physiological and dynamic over years, yet stable over days and months,
and likely irreversible.

WIDER IMPLICATIONS: This review raises a concern about delayed fatherhood and age-associated changes in the sperm epigenome
that may compromise reproductive health of fathers and transfer altered epigenetic information to subsequent generations. Prospective
studies using healthy males that consider confounders are recommended. We suggest a broader discussion focused on regulation of the
father’s age in natural and ART conceptions is needed. The professional community should be informed and should raise awareness in the
population and when counseling older men.

Key words: sperm / epigenetics / advanced paternal age / age / DNA methylation / non-coding RNA / epigenetic clock / assisted repro-
ductive technologies / delayed parenthood / pregnancy success

Introduction

Delayed parenthood and advanced paternal
age
Modern reproductive behavior in most developed countries is charac-
terized by delayed parenthood due to increased life expectancy, con-
traception, socioeconomic status and pressures and overall changes in
society, rates of divorce and remarriage and increased access to ART
(Schmidt et al., 2012; Cedars, 2015; Goisis et al., 2020). Until recently,
clinicians and researchers were mainly concerned about the advanced
age of prospective mothers which known to reduce the ovarian re-
serve (Richardson et al., 2014) and increase the risks of miscarriages
and aneuploid offspring presenting, for example Down syndrome
(Nugent and Balen, 2001). The influence of paternal age on reproduc-
tive outcomes has largely been ignored. However, the age of fathers
at the time of conception has increased worldwide, primarily in high-
income countries (Martin et al., 2018; Brandt et al., 2019). For exam-
ple, 15% of newborns were fathered by men older than 40 in England
and Wales in 2016 (Office for National Statistics, 2019; Morris et al.,
2021), and in the USA, newborns fathered by men over 40 doubled
from 4.1% in 1972–1975 to 8.9% in 2011–2015 (Khandwala et al.,
2017).

In the past decade, data accumulating from epidemiological studies
showed that the paternal age at conception is associated with an in-
creased risk of de novo mutations (Smits et al., 2022, reviewed in
Goldmann et al., 2019), which have significant effects on pregnancy
outcomes and offspring health (Belloc et al., 2014; Sharma et al., 2015;
Khandwala et al., 2018). As noted in recent reviews (Brandt et al.,
2019; Couture et al., 2021), there is no consensus for the definition of
advanced paternal age (APA), although some professional societies de-
fine APA as greater than 40 years of age.

Age and natural fertility
Decreased female fertility with age is associated with decreased ovarian
reserve, oocyte function and oocyte ploidy, followed by menopause.

In contrast, men maintain lifelong reproductive function although it also
declines over time (Ford et al., 2000; Hassan and Killick, 2003).

Age-associated physiological changes in the male reproductive sys-
tem affect the testis, the seminal vesicles, the prostate and the epididy-
mis (Sharma et al., 2015; Gunes et al., 2016). Some studies have
shown that APA is associated with alterations in reproductive hor-
mone levels, declining testicular and sexual function and sperm produc-
tion (Eskenazi et al., 2003; Belloc et al., 2014; Avellino et al., 2017;
Paoli et al., 2019). Semen quality declines with advancing age and is as-
sociated with increased sperm DNA damage (Evenson et al., 2020), al-
tered sperm protamination and seminal plasma miRNA profiles (Paoli
et al., 2019), increased oxidative stress (Aitken, 2018), decreased sper-
matogenic efficiency and increased proliferation of spermatogonia
(Pohl et al., 2019).

Clinicians underestimate male age as a factor in assessing the repro-
ductive potency of couples. This is exasperated given that men are
less likely to seek evaluation of their reproductive health and fertility,
and the assessment is rather rudimentary compared to that for
women. For example, female age is a key factor in when treating infer-
tility (Petok, 2015; Turner et al., 2020), while male age is typically not
considered (Jungwirth et al., 2019). Although APA has been associated
with an increased risk of pregnancy loss, birth defects and offspring dis-
eases (Belloc et al., 2014; du Fossé et al., 2020), in clinical guidelines of
professional andrology societies, there is a gap in the understanding of
the importance of APA and its potentially harmful influence on early
development and short- and long-term offspring health. As an exam-
ple, recent European Association of Urology Guidelines for sexual and
reproductive health focuses on an association of APA with infertility
only (Salonia et al., 2020).

Environment and lifestyle-induced changes
in gametes
Increasing evidence indicates that the interaction between aging
and environmental impacts contributes to the epigenetic programming
of gametes (Jenkins et al., 2018; Suvorov et al., 2020; Oluwayiose
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et al., 2021; Pilsner et al., 2021). As one ages, it is not surprising that
the potential adverse effects of environmental conditions on gametes
are compounded. Men may be more sensitive to these accumulating
effects due to the fundamental differences in gametogenesis among
men and women. In particular, the mitotic divisions in spermatogonia,
the undifferentiated male germ cell, occur throughout the life span of
men (Rosenwaks and Wassarman, 2014). Spermatogonia are charac-
terized by their inherent self-renewal, with around 23 divisions every
year (Goriely, 2016), that results in sperm production throughout
man’s life span. While appearing to be evolutionary beneficial for men,
the self-renewal properties of male germ cells allow for the accumula-
tion of genetic and epigenetic errors throughout the life course.

Sperm are essential vehicles with specific molecular and epigenetic
markers connecting paternal experiences with the phenotypes of their
offspring (Chen et al., 2016). It has been shown that the preconcep-
tion period is a sensitive developmental window in which a variety of
environmental conditions such as toxicants, nutrition, drugs, stress and
exercise affect sperm epigenetics (reviewed by Marcho et al., 2020).

Assisted reproductive technologies prolong
fertile age
Some older couples use natural conception. Up to 1–3% of women
and 7% of men who conceive naturally are older than 40 years in the
USA (Wesselink et al., 2017; Bertoncelli Tanaka et al., 2019).
However, there is a growing trend toward the use of ART for older
men and women who have may be subfertile or fertile. Among cou-
ples seeking ART in the USA, approximately 20% are older than
40 years (American Society for Reproductive Medicine, Society for
Assisted Reproductive Technology, 2017; Bertoncelli Tanaka et al.,
2019; Centers for Disease Control and Prevention, 2019, 2021).
Although ART increases the chances for older men to become fathers,
fertilization, pregnancy and live birth rates decrease with increasing pa-
ternal age when using in vitro fertilization or intracytoplasmic sperm in-
jection (Cheung et al., 2019; Marsidi et al., 2021; McCarter et al.,
2021; Morris et al., 2021; Oluwayiose et al., 2021). This can be con-
founded by the reproductive biological age of the female (Ntostis
et al., 2021).

The number of children born using gametes from older men by
ART is increasing (Goisis et al., 2020). While ART is considered gener-
ally safe, it is associated with an increased risk of adverse perinatal out-
comes, including low birthweight, preterm birth and birth defects,
compared to spontaneous gestations (reviewed in Berntsen et al.,
2019). Thus, the negative effects of delayed fatherhood raise concerns
for the health and development of the next generation (Bertoncelli
Tanaka et al., 2019). Despite this, the characterization of the molecular
effects of APA, such as epigenetics, is not considered standard care in
ART clinics. Another point for consideration is that ART allows and
promotes the use of sperm for research. For example, most human
sperm epigenetics findings come from ART clinics. However, the in-
vestigated subjects are men from couples seeking fertility treatment or
donors of sperm, who do not represent the general population, and
thus, the research findings may not be generalizable to non-ART
populations.

In this review, we summarize the current knowledge of age-
associated sperm epigenetic changes in mammals and humans, includ-
ing DNA methylation and epigenetic clocks, histone modifications and

sncRNA profiles. The interplay between environment, lifestyle and fer-
tility and age-related epigenetic markers is explored.

Germ cells’ fate and epigenetic
mechanisms of the sperm
The germline transmits genetic and epigenetic information to the sub-
sequent generation (Hackett et al., 2012; Seisenberger et al., 2012;
Kagiwada et al., 2013; Xavier et al., 2019). The mammalian germline
generates critical epigenetic information for embryo development
through gene imprinting (Kelsey and Feil, 2013; Li, 2013; Tucci et al.,
2019) as well as through some RNAs (Sendler et al., 2013; Zhang
et al., 2019; Cecere, 2021; Santiago et al., 2021).

Although each parental genome contribute equivalent genetic infor-
mation to the zygote, their epigenetic contributions are different and
depend on the parental origin. For example, paternally imprinted genes
only express the allele inherited from the mother, while maternally
imprinted genes only express the allele inherited from the father.
Erasure and reestablishment of imprints occur in each germline cell
(GC) generation (Hayashi and Surani, 2009).

Male GCs undergo two waves of nearly complete erasure of meth-
ylated DNA. In the zygote, shortly after fertilization, the first wave of
erasure is targeted to the paternal genome (Oswald et al., 2000; Smith
et al., 2012). It affects the majority of the genome while sparing pater-
nal imprints (Hajkova, 2011; Smith et al., 2012; Hackett and Surani,
2013). Thus, most DNA methylation gained by GCs during the
father’s lifetime is removed before the embryo starts development
(Hajkova et al., 2002). At the point at which primordial germ cells
(PGCs) are specified from post-implantation epiblast cells, they are
epigenetically indistinguishable from their neighbors (Hackett et al.,
2012). Therefore, nascent PGCs inherit stable epigenetic states, includ-
ing DNA methylation and X-inactivation, constituting an epigenetic
barrier against the eventual acquisition of totipotency (Surani et al.,
2007; Tang et al., 2016). An essential early step in PGC development
is reprogramming that erases these stable epigenetic blocks. The sec-
ond and dynamic wave of genome-wide erasure of DNA methylation
and extensive chromatin remodeling occurs after entry into the genital
ridges at approximately E10.5 in mice. By E13.5, this almost yields
complete erasure of DNA methylation with complete stripping of pa-
rental imprints and promoter CpG methylation of germline-specific
genes. Male GCs retain about 7% of DNA methylation in mice when
they reach the gonads (Seisenberger et al., 2012).

Spermatogenesis begins at puberty, and during mitosis and meiosis,
sperm DNA is packaged in nucleosomes, comprised of histones suscep-
tible to covalent modifications that influence gene expression.
Monomethylation, dimethylation and trimethylation of H3K4, H3K9 and
H3K27 display tightly controlled temporal expression and ensure proper
progression through spermatogenesis (Khalil et al., 2004; Godmann
et al., 2007). The strict timing of establishing and removing histone
methylation marks is critical to spermatogenesis, as demonstrated in nu-
merous transgenic animal models. Dynamic regulation of histone lysine
acetylation is essential for spermatogenesis (Lahn et al., 2002; Fenic
et al., 2004, 2008; Kurtz et al., 2007). On the one hand, histone acetyla-
tion relaxes chromatin and promotes RNA polymerase II gene transcrip-
tion, on the other hand, deacetylation causes gene silencing.

Age-associated sperm epigenetic changes 27
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A hallmark of spermiogenesis is the widespread change in chromatin

structure, including the exchange of most canonical histones for prot-
amines (Hao et al., 2019). Protamines are small basic proteins that
bind DNA to form toroids, tightly packed structures that compact the
genome to approximately 1/13 the size occupied by a human oocyte
(Martins and Krawetz, 2007), which is well beyond that attainable with
nucleosomes. The high level of compaction is an essential attribute for
genome transport in the mature sperm head. The histone to the prot-
amine exchange process is incomplete, with a small percentage (10%
and 1% of histones in humans and mice, respectively) of the genome
remaining bound to nucleosomes (Wykes and Krawetz, 2003;
Hammoud et al., 2009; Brykczynska et al., 2010). The replacement of
somatic histones by protamines is important for nuclear chromatin
compaction, sperm maturation and fertility (Kramer et al., 1997;
Hammoud et al., 2009). In humans, the relative proportion of
protamine-1 (P1) to protamine-2 (P2) is strictly regulated at an ap-
proximately 1:1 ratio (Carrell and Hammoud, 2010). Changes in the
P1/P2 ratio are common in infertile men and are associated with al-
tered sperm quality, decreased embryo quality and reduced IVF out-
comes (Aoki et al., 2006). It was shown that nucleosomes retained in
sperm are not randomly distributed remnants of inefficient protamine
replacement but are significantly enriched at many loci important for
embryo development, including gene regulatory sequences (Arpanahi
et al., 2009) and genes of key embryonic transcription factors and sig-
naling pathway proteins (Hammoud et al., 2009). Histones are also sig-
nificantly enriched at the promoters of miRNAs and imprinted genes.
However, some studies contradict these findings showing that nucleo-
somes are not enriched in promoter regions including those of devel-
opmental genes but are rather in gene-poor regions (Carone et al.,
2014; Samans et al., 2014).

In mice and humans, most protein-coding genes and long non-
coding RNAs (lncRNAs) are transcribed in spermatogenic cells with
strict temporal regulation (Chen et al., 2018; Hermann et al., 2018;
Sohni et al., 2019). Multiple stages of spermatogenesis are defined by
specific gene expression profiles (Estill et al., 2019). Mature sperm cells
are transcriptionally inactive (Grunewald et al., 2005; Goodrich et al.,
2013). The vast majority of RNA molecules in sperm are fragments of
longer transcripts (Johnson et al., 2011; Sendler et al., 2013; Soumillon
et al., 2013). Cessation of transcription and fragmentation of existing
sperm mRNAs may be one of the several safety mechanisms to en-
sure that, upon fertilization, the highly differentiated sperm gives rise
to the totipotent zygote. However, other transcripts remain intact and
may have a post-fertilization function, affecting the embryo and off-
spring phenotype (Jodar et al., 2013; Sendler et al., 2013; Santiago
et al., 2021). Mature sperm express a large number of sncRNAs, in-
cluding microRNAs (miRNAs) (Krawetz et al., 2011; Hammoud et al.,
2014), transfer RNA-derived (tsRNA) (Sharma et al., 2016) and PIWI-
interacting RNAs (piRNAs) (Fu and Wang, 2014). The composition of
different sncRNAs changes dynamically throughout the spermatogene-
sis cycle, which indicates specific roles for specific subtypes at specific
timepoints (Sharma et al., 2018). miRNAs and tsRNA in sperm are in-
volved in intergenerational epigenetic inheritance (Rassoulzadegan
et al., 2006; Chen et al., 2016; Wang et al., 2021). Interestingly, this
intergenerational transmission of epigenetic information via miRNAs
depends on the activity of the DNA methyltransferase 2 (Dnmt2)
gene (Kiani et al., 2013). This feature is likely reflective of miRNA

stabilization by the known cytosine RNA methyltransferase activity of
Dnmt2 (Goll et al., 2006; Ashapkin et al., 2016).

Age and genetic events in
gametes
A meta-analysis has shown a direct correlation between age and
nuclear DNA damage (Soares et al., 2014). An increase in DNA frag-
mentation with age has been confirmed in sperm (Wyrobek et al.,
2006). Genetic and epigenetic changes in somatic cells related to aging
have been extensively studied, including their connection with age-
related diseases (reviewed in Ashapkin et al., 2017, 2019; Booth and
Brunet, 2016; Jones et al., 2015; Kane and Sinclair, 2019; Sen et al.,
2016; Xiao et al., 2019). In comparison, age-related genetic and epige-
netic changes in gametes are understudied.

Goldmann et al. reviewed recent findings based on whole-genome
sequencing of parent-offspring trios to characterize de novo mutations
of the human germline associated with age (Goldmann et al., 2019).
They concluded that both the father’s age and the mother’s age are
positively correlated with the number of de novo mutations in offspring,
with a larger effect size for APA (Goldmann et al., 2019). The paternal
age effect could reflect that, unlike oogenesis, spermatogenesis is a life-
long process. The number of spermatogonial cell divisions preceding
spermiogenesis increases each year starting at puberty (given that a
spermatogonial cell divides once every 16 days, it is estimated that
the spermatogonia of a 75-year-old man have 1500 total mitotic cell
divisions (Goriely, 2016; Laurentino et al., 2020)) with a concomitant
accumulation of mutations (Goldmann et al., 2019).

Recently, Paoli et al. (2019) showed increased sperm DNA damage
and altered sperm protamination, as assessed by PRM1 and PRM2 ex-
pression, in sperm during aging. However, in contrast with somatic tis-
sues, telomere length in human sperm increases with age (Aston et al.,
2012; Eisenberg et al., 2019; Laurentino et al., 2020). Even though telo-
meres are longer in the offspring of older fathers, paternal age effects
are still detectable in grandchildren (Eisenberg et al., 2019). Yatsenko
and Turek reviewed the effects of APA on sperm genetic changes.
They found that APA is associated with accumulated damage to sperm
DNA and mitotic and meiotic quality control mechanisms (mismatch
repair) during spermatogenesis. In turn, this causes well-delineated ab-
normalities in sperm chromosomes, both numerical and structural,
with increased sperm DNA fragmentation (3%/year of age) and single-
gene mutations (relative risk, RR 10.0) (Yatsenko and Turek, 2018).

Accumulation of de novo mutations explains only a small part of the
increased disease risk in children of older fathers. Since the DNA
methylation maintenance at replication is much more error-prone than
DNA replication (Wigler et al., 1981; Stein et al., 1982), aging somatic
cells likely accumulate many more changes in DNA methylation than
genetic mutations. It is likely true for gametes as well.

Age-associated epigenetic
markers in sperm and fertility
From a clinician’s perspective, paternal age is a factor primarily associ-
ated with male infertility. Research has mainly focused on searching for
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fertility or infertility biomarkers and biomarkers of the efficacy of ART
procedures. Epigenetic markers are among the promising biomarkers
of fertility or infertility, particularly for idiopathic (“unexplained”) infer-
tility (Jenkins and Turek, 2020).

Selected imprinted genes were investigated in some of the earliest
sperm epigenetics and semen parameter studies among normozoo-
spermic and oligozoospermic men. Abnormal methylation patterns at
both paternal (hypomethylated) and maternal (hypermethylated)
imprinted sites have been found in men with low sperm counts
(Kobayashi et al., 2007; Marques et al., 2008; Boissonnas et al., 2010).
High-throughput technologies for detecting DNA methylation across
the genome allow the investigation of hundreds of DNA methylation
targets. Houshdaran et al. (2007) were the first to find significant cor-
relations between methylation levels in dozens of genes and sperm
concentration, motility or morphology. Aston et al. (2015) compared
genome-wide methylation patterns in the sperm of 54 men with nor-
mal semen quality and proven fertility, 55 infertile men whose partners
produced high-quality embryos at IVF along with many confirmed
pregnancies and 72 infertile men whose partners generally produced
poor-quality embryos with far fewer pregnancie. Patterns of sperm
methylation highly predictive of male fertility status (fertile or infertile)
with 82% sensitivity and 99% positive predictive value were identified.
Other types of epigenetic change recently investigated as a biomarker
of fertility and better ART outcomes are sncRNA and other RNA pro-
files (Ostermeier et al., 2005; Jodar et al., 2015; Hua et al., 2019).

To our knowledge, no associations of age, fertility status and epige-
netic marker data are available in sperm. At the moment, epigenetic
changes associated with altered semen quality and/or infertility seem
to be pathological. Causal mechanisms linking the sperm epigenome
with sperm quality or fertility remain unknown. For example, it is
unclear whether abnormal DNA methylation among imprinted and
other genes arises from de novo methylation or failure to erase pre-
existing methylation marks (Houshdaran et al., 2007). A large-scale
well-designed longitudinal study among healthy men could shed light
on the interplay of age-associated epigenetic changes and changes in
fertility. One example of a longitudinal retrospective study aiming to
construct sperm epigenetic clocks used 17 donors with biobank sperm
samples 9–19 years apart with a mean age of 37.7 and 50.3 years
(Jenkins et al., 2014; Jenkins and Turek, 2020). However, the relatively
small sample size of that study limited the evaluation of the effects of
age on fertility over time.

Age-dependent changes in the
sperm epigenome: animal data

DNA methylation
Animal studies of age-dependent changes in the sperm epigenome
have recently started to emerge, focusing mostly on DNA methylation
and small RNA. Unfortunately, these studies have employed different
strategies, including different animal models, different timepoints and
different bioinformatic pipelines. Thus, it is not surprising that a con-
sensus has not been reached. We do not yet have a good understand-
ing of age-dependent dynamics in sperm epigenome.

The earliest study failed to identify differences in global methylation
levels in sperm and livers of 6- and 21–24-month-old Brown Norway

rats using thin-layer chromatography (Oakes et al., 2003). Using a dif-
ferent approach (restriction landmark genomic scanning), the authors
identified age-dependent hypermethylation of repeated ribosomal
DNA (rDNA) loci. Later studies used more sensitive methods of
DNA methylation analysis.

In our recent study, we also used a rat model (Wistar rats) to ex-
amine the effect of aging on DNA methylation in spermatozoa (Pilsner
et al., 2021). Profiles of DNA methylation were compared in 65- and
120-day-old animals, corresponding approximately to young (20–
25 years old) and mature men (40–45 years old), respectively (Robb
et al., 1978; Zanato et al., 1994). DNA methylation was assessed by
reduced representation bisulfite sequencing (RRBS). In control animals,
5319 age-dependent differentially methylated regions (aDMRs) were
identified, of which 99.3% of the aDMRs were hypermethylated in ma-
ture animals compared to young pubertal rats. These aDMRs were
mostly associated with regions with low methylation levels and were
enriched for functional categories essential for embryonic develop-
ment, such as pattern specification, forebrain and sensory organ devel-
opment and Hippo and Wnt pathways.

The earliest mouse study compared sperm DNA methylation in 3-
and 12–24-month-old 129SvEv/Tac mice, corresponding to approxi-
mately 25 and 40–60-year-old men, using the methyl-MAPS approach
(Milekic et al., 2015). This study did not find global changes in methyla-
tion and hydroxymethylation of sperm DNA. However, it reported an
age-dependent loss of sperm DNA methylation in regions associated
with transcriptional regulation.

Another RRBS study revealed a 3% higher level of sperm DNA
methylation in introns, intergenic regions and retrotransposons of 17-
month-old and 18-week-old C57BL/6N mice as compared with
8-week-old animals. This corresponds to approximately 60-, 30- and
20-year-old men, respectively (Kobayashi et al., 2016). Specifically,
methylation levels of long interspersed nuclear elements (LINEs) in-
creased with age from 80.0% at 8 weeks, 82.0% at 18 weeks, to 83.1%
at 17 months of age. It is not clear whether a 3% change in LINE is
biologically meaningful. Given the critical role of retrotransposons in
zygotic genome activation (Fu et al., 2019), even small change in their
methylation in germ cells may hypothetically shift the balance of retro-
transposon activity, where excessive activity can cause insertional
mutagenesis or chromosomal abnormality, while decreased activity can
cause developmental arrest at the stage of two cell embryo (Huang
et al., 2017). Additionally, Kobayashi et al. (2016) identified 126 pro-
moters that showed statistically significant absolute methylation
changes �5% between different age groups. Promoters undergoing
age-dependent hypomethylation were significantly enriched for gene
ontology (GO) categories related to spermatogenesis. Promoters
undergoing age-dependent hypermethylation were enriched for cell
projection-related genes. Interestingly, most of the significant changes
were observed between the youngest and two older groups, suggest-
ing that sperm DNA methylation changes may occur at variable rates
at different age periods.

Another study using RRBS compared DNA methylation in sperm of
4- and >21-month-old C57BL/6J mice, corresponding to approxi-
mately 25- and >60-year-old men (Xie et al., 2018). This study
identified 484 aDMRs in promoters, with 62% hypomethylation and
38% hypermethylation in older mice. Enrichment analysis of genes
associated with aDMRs identified several aging-related pathways, in-
cluding mTOR, PTEN, IGF1 and p53 signaling and immune-regulatory
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pathways. Contrary to the previous study, Xie et al. report overall loss
of methylation across Alu and LINE-1 repetitive elements in aged rela-
tive to young sperm.

In a mouse model of autism spectrum disorder (ASD), the APA ef-
fect was manifested by vocal communication deficits in the offspring at
infancy (Yoshizaki et al., 2021). Targeted sperm methylome analysis
identified 16 hypermethylated and 96 hypomethylated DMRs in aged
(12 months old) compared to young (3 months old) mice. Binding
motifs for the neuron-restrictive silencer factor (NRSF) were detected
in 19 out of 96 hypo-DMRs, while none were found in hyper-DMRs.
These changes in sperm DNA methylation appeared to lead to the
upregulation of NRSF target genes in the brain of the offspring em-
bryos at E14.5, the peak stage of neuronal production.

In a study of DNA methylation patterns in spermatozoa from bulls
at 10 months old (early puberty), 12 months old (late puberty) and
16 months old (adult), no statistically significant differences were
detected between 16- and 12-month animals (Lambert et al., 2018).
However, about 2600 aDMRs were found when the 16- and 10-
month bulls were compared. Furthermore, in blastocysts obtained
from these bulls’ spermatozoa by IVF of same-age cows, more than
250 genes were differentially expressed, and nearly 7000 aDMRs were
found (Wu et al., 2020a).

In a study of age-dependent DNA methylation in the Japanese Black
bull, semen samples were collected from animals of five different ages
(between 14 and 162 months) and analyzed using human Infinium
EPIC BeadChip array (Takeda et al., 2019). This analysis identified 77
CpGs undergoing an age-dependent change in methylation: 56 with
higher methylation levels and 21 with lower methylation levels in older
animals. Targeted analysis of 13 age-dependent CpG sites using com-
bined bisulfite restriction analysis (COBRA) demonstrated rapid
changes in methylation levels in animals younger than 4 years of age
and less pronounced changes in older animals (Takeda et al., 2019).

Small non-coding RNAs
Several animal studies have addressed age-dependent changes in small
RNA (sRNA) of spermatozoa. For example, when RNA-seq data
were compared for 4- and >21-month-old C57BL/6J mice, 428 differ-
entially expressed sRNAs were identified (Xie et al., 2018). A total of
43% were miRNAs and 53% were piRNAs. The majority of age-
dependent miRNAs (98%) were down-regulated in the sperm of old
males. Targets of age-dependent miRNAs were enriched for signaling
pathways, including mTOR, insulin and growth factor signaling (Xie
et al., 2018). Age-dependent differentially methylated promoters
enriched for similar sets of molecular pathways as those discussed
above were identified.

In a recent study, our group showed that the distribution of small
RNA fractions is different in 65- and 120-day-old Wistar rats, corre-
sponding approximately to young (20–25 years old) and mature men
(40–45 years old), with fractions of reads mapping to rRNA and
lncRNA decreasing and fractions of reads mapping to tsRNA and
miRNA increasing with age (Suvorov et al., 2020). Furthermore, we
identified 1384 sncRNA, including 249 miRNA, 908 piRNA and 227
tsRNA-derived RNAs significantly differentially expressed between two
age groups of rats. Differentially expressed miRNA and piRNA were
enriched for protein-coding targets involved in development and me-
tabolism. Additionally, piRNA was enriched for long terminal repeat

targets. Interestingly, our results on age-dependent changes in miRNA
and piRNA were concordant with changes in DNA methylation in the
same rat model (Pilsner et al., 2021). Genes associated with aDMRs
were significantly enriched with gene targets of age-dependent miRNA
and piRNA. In addition, genes (n¼ 1052) overlapping as miRNA
targets and as aDMR-associated genes were highly enriched for cate-
gories related to embryonic development.

Another recent study also reports age-dependent changes in
the distribution of fractions of sncRNA (Ma et al., 2020). The piRNA
fraction was significantly lower and the miRNA fraction was higher in
12-month-old C57BL/6 mice than in 6–8-week-old animals. There
were 162 miRNAs differentially expressed between age groups with
160 miRNA up-regulated in the sperm of older male mice. Gene tar-
gets of 33 age-dependent and spermatozoa-specific miRNA (not
expressed in the oocyte but expressed in embryo) were enriched for
fatty acid metabolism, protein processing, mTOR signaling, Hippo sig-
naling and steroid biosynthesis (Ma et al., 2020).

Notably, age-associated changes in sncRNA profiles of epididymal
sperm observed in rats (Suvorov et al., 2020) and in mice (Ma et al.,
2020) were similar to maturation-associated changes of sncRNA pat-
terns in sperm collected along the bovine male reproductive tract
from testis through the caput, corpus, cauda epididymis to ejaculated
sperm (Sellem et al., 2021). miRNA and tsRNA were enriched, while
piRNA were expressed at lower levels in ejaculates and cauda com-
pared to testis parenchyma and caput epididymis. Similar small RNA
dynamics in sperm maturation were observed in mice (Sharma et al.,
2016, 2018). Thus, for sncRNA sperm profiles, it is reasonable to hy-
pothesize similar mechanisms for the maturation-associated changes in
the cauda epididymis over the spermatogenesis cycle and age-
associated changes over the life span.

In a complex recent study of the role of aging-related changes of
sperm tsRNA in the intergenerational transmission of behavioral traits
in mice, Guo et al. (2021) found 1202 up-regulated tsRNA and 408
down-regulated tsRNA in the older sperm (14–18 months old) com-
pared to young sperm (3–4 months old). Enrichment analysis showed
that up-regulated tsRNA target genes were involved in nervous
system-related signaling pathways, including neurotrophin signaling,
cholinergic synapses and axon guidance and in the metabolic mTOR
signaling pathway.

In a recent study of age-dependent changes in sncRNA profiles in
bull spermatozoa, semen was collected and analyzed from the same
four animals at the ages of 10, 12 and 16 months, representing the
pre-, peri- and post-pubertal stages, respectively (Wu et al., 2020b).
Six miRNA were differentially expressed at 16 months compared to
12 months of age, and eight miRNA and one tsRNA were differentially
expressed at 16 months compared to 10 months of age. Gene targets
of 10 age-dependent and spermatozoa-specific miRNA (not expressed
in the oocyte, but expressed in the embryo) were enriched for meta-
bolic and developmental pathways, including TGF-b, Rho family
GTPase, PI3K/AKT and IGF-1 signaling.

Histone modifications
Only two studies are available where histone modifications in sperma-
tozoa are analyzed in relation to age. Xie et al. (2018) used the
ChIP-seq approach with antibodies for H3K4me3 and H3K27me3 to
identify retention of major activating and suppressive histone marks,
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respectively, in 4- and >21-month-old C57BL/6J mice. They identified
a small region on chromosome 5 enriched with spermatogenesis-
related genes (Speer), which contained 90% of the differential histone
modifications (Xie et al., 2018). Tatehana et al. (2020) used a histo-
chemical approach to analyze the patterns of histone modifications
throughout spermatogenesis in young (3 months) and aged
(12 months) mice. Among the transcription-repressive marks,
H3K9me3 decreased, while H3K27me2/3 increased with age. The ac-
tivating mark H3K4me2 drastically decreased in the GCs of the aged
males.

Technical challenges in the assessment of nucleosome locations and
their histone modifications exist due to the structural constraints of
highly compact genome of mature sperm. Additional methodological
advances are warranted to resolve the findings before a defining role
of sperm nucleosomes, as well as their histone modifications, on em-
bryo development or determining how age impacts nucleosome locali-
zation and histone modifications.

Interaction between age and
environmental factors
There is a significant knowledge gap in understanding how environ-
mental and lifestyle factors interact with the epigenetic aging of sperm.
Two examples of such research were published recently by our group,
which documented changes in the age-dependent profile of DNA
methylation (Pilsner et al., 2021) and small RNA (Suvorov et al., 2020)
in spermatozoa of rats exposed perinatally to environmental bromi-
nated flame retardant 2,20,4,40-tetrabromodiphenyl ether (BDE-47).
Surprisingly, perinatal exposure to BDE-47 had very similar effects as
age-dependent changes in DNA methylation and sncRNA expression.
At first glance, exposure eliminated most of the aging effects on both
epigenetic markers. Further analysis revealed convergence between
the epigenomes of the younger and older animal. This convergence
consisted of opposite effects of exposure on age-dependent changes
in profiles of sncRNA and DNA methylation in young and old animals.
In young animals, exposure accelerated age-dependent changes while
in older animals, exposure resulted in a slowing down of age-
dependent changes. As a result, the epigenomes of exposed younger
and older animals were much more similar than those of control
animals.

Lessons from animal studies
A review of animal data shows that we do not clearly understand the
age-dependent dynamics of different epigenetic mechanisms in sperma-
tozoa. Comparison of published studies indicate that these changes
may be species and even strain specific or may have more complex
dynamics than just linear increases or decreases in methylation. If the
later statement is true, then selection of different timepoints for com-
parison may result in identification of opposite time-trends in age-
dependent epigenetic changes. Finally, most methods for both DNA
methylation and sncRNA analysis today are prone to selection bias of
specific genomic regions (DNA methylation) and specific transcripts
(sncRNA). Therefore, results of different studies may be not directly
comparable as they focus on somewhat different populations of nu-
cleic acids. Some common findings that can be derived from animal
studies include the following (Table I): (i) age is a powerful factor that

affects the sperm epigenome; (ii) it is likely that pubertal life is associ-
ated with more significant changes in the sperm epigenome than are
later stages; (iii) age-dependent changes of DNA methylation and
sncRNA expression occur synchronously or are linked causatively and
affect the same biological functions; (iv) age-dependent epigenetic
changes include changes in fractions of sncRNA subtypes; and
(v) genes associated with aDMRs or genes targets of age-dependent
sncRNA are enriched with metabolic pathways and major develop-
mental pathways, including nervous system-related signaling, Wnt,
Hippo, mTOR and Igf1.

Age-associated epigenetic
changes and epigenetic clocks
in human sperm
Research began on age-associated epigenetic changes in human sperm
epigenome by examining the differences in DNA methylation of the
BRCA1, BRCA2, HD, DM1, PSEN1 and PSEN2 promoter regions. DNA
methylation was quite variable between individual spermatozoa in
healthy individuals at 22–56 years of age and between individuals
(Flanagan et al., 2006). Some of the methylated loci displayed a clear
correlation with age.

A longitudinal study of sperm DNA methylation in fertile human
donors at timepoints 9–19 years apart showed that 139 aDMRs lose
methylation, while only eight aDMRs gain methylation with age
(Jenkins et al., 2014). Of the 139 hypomethylated aDMRs, 112 were
associated with a gene body or promoter; of the 8 hypermethylated
aDMRs, 7 were associated with a gene. In total, 110 genes showed
hypomethylation with age. The majority of hypermethylation events,
six of eight, occurred at promoter CpG islands (regions with a high
frequency of CpG sites), whereas hypomethylation events were pref-
erentially associated with CpG shores (regions immediately flanking
CpG islands, up to 2 kb). Interestingly, most (�88%) hypomethylated
aDMRs were found within 1 kb of known nucleosome retention sites
in the mature sperm. When validated in an analysis on an independent
cohort of young (<25 years) and aged (>45 years) individuals, the age-
associated methylation differences in the same regions were higher by
about 2-fold, in accordance with the larger age difference (27.2 years
on average) compared with that in the longitudinal study (12.6 years
on average). This notion suggested a linear relationship between meth-
ylation alterations and age. However, these changes were relatively
subtle, considering their possible impacts on gene activity. Although
these age-associated changes in sperm methylation are highly significant
and consistent in their location, more direct evidence of their biological
implications is needed. Of the genes associated with aDMRs, the most
relevant was DRD4, which is implicated in schizophrenia and bipolar
disorder.

Nine genes known to be associated with neuropsychiatric and other
disorders were selected among those reported by Jenkins et al. (2014)
to test their correlation with age by Atsem et al. Their methylation lev-
els were measured by bisulfite pyrosequencing in 162 IVF/ICSI sperm
samples that led to pregnancy (Atsem et al., 2016). Four of these
genes, DMPK, FOXK1, KCNA7 and NCOR2, showed a significant nega-
tive correlation with donor age. In DMPK, the age-hypomethylated
sites were within a gene-body CpG island, in FOXK1, they were within
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..a gene-body CpG shore, in KCNA7, they were within a promoter
CpG shore, while in NCOR2, they were within a distal CpG island.
Single allele methylation profiles of FOXK1 (5 CpGs) and KCNA7 (12
CpGs) were then studied in 13 sperm samples from young (25–
35 years) and 13 sperm samples from older (40–55 years) donors by
deep bisulfite sequencing. In sperm samples from younger donors,
both genes showed highly variable (0–100%) methylation levels, with
most alleles exhibiting mixed methylation profiles (50–90% CpGs
methylated). In the sperm samples from older donors, methylation
variation was much lower, and methylation profiles showed hypome-
thylation (0–20% for FOXK1 and 10–40% for KCNA7) relative to young
sperm. Average methylation levels showed a significant negative corre-
lation with paternal age (correlation coefficients �0.63 for FOXK1 and
�0.77 for KCNA7).

Sperm DNA methylation data obtained on the Illumina Infinium
HumanMethylation450 BeadChip microarray platform from three pre-
vious studies (Jenkins et al., 2014, 2017; Aston et al., 2015) were used
to generate a DNA methylation sperm age prediction model (Jenkins
et al., 2018). It should be noted that the model was constructed

mainly using samples from men of typical paternity ages (20–45 years).
Of several design strategies tested, the model trained on a subset of
51 most robust aDMRs from Jenkins et al. (2014) was chosen. It per-
formed well in the entire data set with an R2 ¼ 0.89 and a mean abso-
lute error (MAE) of 2.04 years. Testing the model on independent
sperm samples (n¼ 10) showed high accuracy of age prediction, with
an MAE of 2.37. When the epigenetic sperm ages were compared be-
tween individuals who had never smoked, smokers and long-term
(>10 years) smokers of similar chronological ages, an increase of epi-
genetic age was observed of around 1.5% in all smokers and 2.5% in
long-term smokers relative to never smokers. The authors suggested
that their model is capable not only of correctly predicting age based
on sperm DNA methylation but also of predicting the aging-
acceleration effects of smoking.

Another recent study used a customized methylC-capture sequenc-
ing approach to characterize DNA methylation in spermatozoa from
94 fertile and infertile men, who were categorized as young (48 men
between 18 and 38 years) or old (46 men between 46 and 71 years)
(Cao et al., 2020). Among the 2.65 million CpGs covered, 21 971

.............................................................................................................................................................................................................................

Table I Sperm epigenome and age: findings from animal studies.

Findings Studies Species Ages compared
(PND)

N per
age group

Methods

Age significantly affects sperm
epigenome

Pilsner et al. (2021) Rat 65/120 6 RRBS*

Kobayashi et al. (2016) Mouse 56/126/510 3–7 RRBS

Xie et al. (2018) Mouse 120/630 Pool of 5 RRBS/RNA-seq/ChIP-
seq#

Yoshizaki et al. (2021) Mouse 90/360 4 or 9 SureSelect**

Ma et al. (2020) Mouse 50/360 ? RNA-seq

Guo et al. (2021) Mouse 90–120/420–540 3–4 RNA-seq

Lambert et al. (2018) Bull 300/360/480 4 EDMA***

Takeda et al. (2019) Bull 420/570/840/1620/
4860

�7 EPIC##, COBRA$

Tatehana et al. (2020) Mouse 90/360 ? Histone immunostaining

More changes in sperm epigenome
occur during pubertal life than at
older age

Lambert et al. (2018) Bull 300/360/480 4 EDMA

Takeda et al. (2019) Bull 420/570/840/1620/
4860

�7 EPIC, COBRA

Age-dependent changes in DNA
methylation and sncRNA affect the
same biological functions

Pilsner et al. (2021)/
Suvorov et al. (2020)

Rat 65/120 6 RRBS/RNA-seq

Xie et al. (2018) Mouse 120/630 Pool of 5 RRBS/RNA-seq

Fractions composition of sncRNA
subtypes change with age in sperm

Suvorov et al. (2020) Rat 65/120 6 RNA-seq

Ma et al. (2020) Mouse 50/360 ? RNA-seq

Genes associated with age-
dependent DMRs or genes targets
of age-dependent sncRNA are
enriched with metabolic and major
developmental (including
neurodevelopmental) pathways

Pilsner et al. (2021) Rat 65/120 6 RRBS

Suvorov et al. (2020) Rat 65/120 6 RNA-seq

Xie et al. (2018) Mouse 120/630 Pool of 5 RRBS/RNA-seq

Ma et al. (2020) Mouse 50/360 ? RNA-seq

Wu et al. (2020b) Bull 300/360/480 4 RNA-seq

Yoshizaki et al. (2021) Mouse 90/360 4 or 9 SureSelect

Guo et al. (2021) Mouse 90–120/420–540 3–4 RNA-seq

*sncRNA, small non-coding RNA; DMRs, differentially methylated regions; RNA-seq, RNA sequencing; RRBS, reduced representation bisulfite sequencing.
#ChIP-seq, chromatin immunoprecipitation sequencing.
**SureSelect, SureSelect Methyl-Seq technique (Agilent).
***EDMA, EmbryoGENE DNA methylation array.
##EPIC, Infinium MethylationEPIC BeadChip (Illumina).
$COBRA, combined bisulfite restriction analysis.

32 Ashapkin et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
were associated with aging, most of them (>99.5%) in regions not
reported previously. Interestingly, hypomethylation was less common
(38.3%; 8409 CpGs) than hypermethylation (61.7%; 13 562 CpGs)
with age. The hypomethylated CpGs were frequently located near
gene regions, whereas the hypermethylated CpGs were mostly in the
distal regions. Furthermore, 26% of age-associated CpGs were clus-
tered in DMRs where �5 CpGs in a 500-bp window were either
hypomethylated (315 hypoDMRs) or hypermethylated (483
hyperDMRs) with age. These aDMRs showed stronger associations
with subgenomic regions. Clusters of hyperDMRs were found in chro-
mosomes 4 and 16. The chr4 hyperDMR cluster overlaps the PGC-1a
locus, known to be involved in metabolic aging (Halling and Pilegaard,
2020), and the chr16 hyperDMR cluster overlaps the RBFOX1 gene,
implicated in neurodevelopmental disease (Hamada et al., 2016).
Overall, both hypoDMRs and hyperDMRs were enriched for develop-
mental pathway genes, including a strong association of hyperDMRs
with the nervous system. An age predictor was built by linear regres-
sion using the top 5000 age-related CpGs (>99% were not reported
previously). It showed high accuracy with an average error of
2.68 years. The authors concluded that genome-wide DNA methyla-
tion changes in sperm from a wide range of male ages could be used
to create more accurate epigenetic clocks.

A recent prospective study was the first to link male age-related
declines in ART outcomes with sperm DNA methylation changes
among 47 male participants (21–45 years of age) of couples seeking in-
fertility treatment from the Sperm Environmental Epigenetics and
Development Study (Oluwayiose et al., 2021). Adjusting for male BMI,
infertility status, smoking and female age, male age was significantly asso-
ciated with diminished odds of fertilization, high embryo quality (at both
Days 3 and 5) and live birth. Male age was also associated with sperm
methylation at 1698 CpGs and 1146 regions via the 450k array. These
were associated with >750 genes enriched in embryonic development,
behavior and neurodevelopment. High-dimensional mediation analyses
identified four genes (DEFB126, TPI1P3, PLCH2 and DLGAP2) with age-
related sperm differential methylation that accounted for 64% of the ef-
fect of male age on the lower fertilization rate. Interestingly, DEFB126 is
a member of the beta-defensin protein family that has been shown to
be important for sperm to penetrate oocytes and linked to lower clinical
pregnancy rates (Tollner et al., 2011; Boroujeni et al., 2019). DLGAP2
functions in synapse organization and signaling and has been implicated
as a candidate gene for autism and schizophrenia and linked to male in-
fertility (Rasmussen et al., 2017; Sujit et al., 2018).

Since most sperm epigenome studies have used cohorts of men
recruited from fertility clinics, changes in sperm DNA methylation
caused by aging may be difficult to differentiate from those due to age-
and environment-associated comorbidities. A recent whole-genome
bisulfite sequencing (WGBS) study used 198 variously aged (18–
84 years) healthy men (Laurentino et al., 2020). A total of 236 aDMRs
were identified in sperm DNA between young (18–25 years) and old
(>65 years) men, about equal numbers of them hyper- or hypomethy-
lated with age. GO analysis of neighboring genes revealed significant
enrichment for homeobox, DNA binding, nucleus and transcription
categories in the hypomethylated aDMRs. In contrast, no significant
enrichments were found for the hypermethylated aDMRs.
Furthermore, 10 aDMRs overlapped with those known to escape the
genome-wide demethylation after fertilization. The six aDMRs with the
lowest P-values selected from 11 aDMRs validated by deep bisulfite

sequencing were used to derive an age predictor for sperm. Its valida-
tion in an independent set of sperm samples showed a good correla-
tion between calculated and chronological age with an MAE of
9.8 years. The precision of this age predictor is lower than that of the
sperm DNA methylation clock described above (Jenkins et al., 2018;
Cao et al., 2020). While all clocks could be used in various experimen-
tal settings, they should be confirmed by other studies, and a prospec-
tive design using men from a healthy population is preferable.

Most recently, Pilsner et al. (2022) developed a novel sperm
epigenetic clock utilizing a state-of-the-art ensemble machine learning al-
gorithm, Super Learner (van der Laan et al., 2007), to predict age from
the sperm DNA methylation data from 379 semen samples from male
partners from male participants of the Longitudinal Investigation of
Fertility and the Environment (LIFE) Study, a prospective pregnancy co-
hort from the general population. Remarkable male age was associated
with 85 434 CpGs and 22 397 CpGs after Bonferroni correction and re-
gional analyses identified >12 000 DMRs. Ontology analyses revealed
that sperm DMRs were enriched in numerous biological processes
including multiple terms related to signaling, morphogenesis, brain devel-
opment and learning or memory. Next, they developed two indepen-
dent biological clocks by applying Super Learner to predict chronological
age from the previously identified 22 397 Bonferroni age-associated indi-
vidual CpGs and the 2364 age-associated sperm DMRs and then calcu-
lated sperm epigenetic aging (SEA). The CpG-based clock (SEACpG)
model had the highest predictive performance of chronological age
within sample (r¼ 0.91, MAE¼ 1.6) and out of sample (r¼ 0.81,
MAE¼ 2.2). Furthermore, SEACpG showed a strong performance in an
independent IVF cohort (n¼ 173; r¼ 0.83) (Pilsner et al., 2022).

Pilsner et al. examined the association of SEACpG with pregnancy
outcomes. In adjusted discrete Cox models, SEACpG was negatively as-
sociated with time to pregnancy (TTP), with fecundability odds
ratios¼ 0.83, indicating a longer TTP with advanced SEACpG.
Furthermore, advanced SEACpG was associated with a shorter gesta-
tional age. Finally, current smokers also displayed advanced SEACpG

(Pilsner et al., 2022), which corroborates the previous findings from
Jenkins et al. (2018).

A highly significant positive correlation was found between sperm
rDNA methylation and age using bisulfite pyrosequencing of 53 CpGs
of the upstream control element (UCE), core promoter, 18S rDNA
and 28S rDNA sequences in variously aged (25–66 years) men
(Potabattula et al., 2020). Sperm samples from old donors consistently
displayed significantly higher numbers of hypermethylated (potentially
silenced) alleles compared with those from young men. An epigenetic
clock model was built by ElasticNet regression using methylation values
of the 53 CpG sites. A model involving 15 of the most robust CpGs
showed a correlation between the predicted epigenetic age and chro-
nological age (r¼ 0.67, median absolute difference between predicted
and chronological age 2.91). In a similar study using 60 couples who
underwent IVF, a positive correlation was found between the methyla-
tion of 21 CpG sites in sperm rDNA promoter and donor age, but no
statistically significant correlation was observed between rDNA meth-
ylation and IVF outcomes (successful fertilization, Day 3 good-quality
embryos, clinical pregnancies) (Li et al., 2020). It should be noted
that the rDNA methylation clock gives a lower correlation compared
with the epigenetic clock of Jenkins et al. described above (Jenkins
et al., 2018). Possibly, the precision of the rDNA clock could be higher
if all �1500 CpGs in the rDNA were analyzed.
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Only one study using a small sample size (n¼ 3 for each age group)

and semen samples that led to clinical pregnancy during in vitro fertiliza-
tion procedures has been published with results of an age-related
tsRNA profile in human sperm. Guo et al. found 34 up-regulated and
11 down-regulated tsRNA in older sperm (45–50 years old) compared
to young sperm (25–27 years old). Analysis of GO terms suggested
that up-regulated tsRNA target genes were involved in neurogenesis
and nervous system development (Guo et al., 2021). For non-coding
RNA in seminal plasma, one study of 40 older men (50–81 years) and
40 younger men (20–40 years) demonstrated lower expression of
three selected miRNAs, miR-371, miR-122 and miR-146a, of 756 ana-
lyzed miRNA (Paoli et al., 2019) in older men.

Some discrepancies in results discussed in this section may be due
to specific technical challenges of human research. Among others,
these include differences in the source, methods of purification and
fractionation of sperm, the methylation/sncRNA analysis methodology
and the type of bioinformatic analysis (Donkin and Barrès, 2018;
Jenkins and Turek, 2020). In addition, the epidemiological design of the
study may affect results. While a longitudinal design is time intensive
and expensive, the cross-sectional design is limited by an inability to as-
sess intra-individual age-related epigenetic changes, possible selection
bias and insufficient control of confounders.

Age-induced epigenetic sperm
changes and their influence on
fertilization, embryo
development and offspring
health
Recent reviews have shown that APA is associated with increased mis-
carriage (RR¼ 2) and fetal loss (RR ¼ 2) as well as rare single-gene
disorders (RR¼ 1.3–12), congenital anomalies (RR¼ 1.2), autism,
schizophrenia and other forms of ‘psychiatric morbidity’ (RR ¼ 1.5–
5.7) in human offspring (Sharma et al., 2015; Yatsenko and Turek,
2018). Using 1057 embryos from 87 couples undergoing IVF treat-
ment, a negative association of APA has been reported with the
chance of an optimal eight-cell embryo on the third day of develop-
ment: couples with older men were less likely to produce an embryo
of eight blastomeres, compared to those with younger men (Van
Opstal et al., 2021).

The effect of APA and related epigenetic sperm changes on off-
spring health is still underappreciated, despite growing evidence that
an association exists. If APA is considered a harmful factor, sperm epi-
genetic changes can be markers and mechanisms through which ad-
verse effects are transmitted to offspring. Some authors have
suggested the role of DNA methylation profiles in inheritance (Jenkins
et al., 2018). Others have highlighted the potential role of extracellular
vesicles and their small RNA cargo (Chen et al., 2016; Morgan et al.,
2019; Guo et al., 2021).

The direct role of age-associated sperm epigenetic changes in off-
spring outcomes has been studied in better controlled rodent models.
A genome-wide methylation study of epididymal sperm DNA from
young (3 months old) and old (12–14 months old) mice showed that
age-associated DNA methylation alterations that occur in sperm are

passed to the offspring (Milekic et al., 2015). The offspring of older
fathers had reduced exploratory and startle behaviors and exhibited
similar brain DNA methylation abnormalities as those observed in the
paternal sperm. Offspring from old fathers also exhibited transcrip-
tional dysregulation of developmental genes implicated in autism and
schizophrenia.

In addition, in a recent study of age-related changes in sperm
tsRNA, using the injection of sperm tsRNAs from aged and young
male mice into zygotes, Guo et al. investigated behavioral traits of F1
progeny and transcriptome of the cerebral cortex and hippocampus of
male mice and the embryo at two-cell and blastocyst stage (Guo
et al., 2021). They found that injection of sperm tsRNAs from aged
male mice into zygotes induced anxiety-like behaviors in F1 males and
altered expression of nerve development genes in embryos and nerve
tissue in F1 males.

Xie et al. found a significant reduction of the median life spans in the
offspring of old fathers (�21-month age) compared with the offspring
of young fathers (4-month age), 825 and 883.5 days, respectively (Xie
et al., 2018). These effects were independent of maternal age.
Examination of old (19-month age) offspring of old and young fathers
showed that many aging dysfunctions were more pronounced in the
progeny of old mice, indicating that APA aggravated specific aging-
associated tissue changes. Specifically, RRBS analysis of hippocampus
tissue in the offspring of old and young fathers at 4-week age revealed
189 promoter regions that were significantly hypomethylated and 33
promoter regions that were significantly hypermethylated in the off-
spring of old fathers. Among these differentially methylated promoters,
14 were also aDMR in sperm. Pathway analyses showed enrichment
for genes encoding components of mTOR and immune-regulatory
pathways, the same pathways enriched with aDMRs and age-
dependent miRNAs in paternal sperm.

Zhao et al. (2020) characterized changes in glucose and cholesterol
metabolism and also ASD-like behaviors in first and second genera-
tions from 12- and 18-month-old male mice, respectively (Zhao et al.,
2020). WGBS of sperm from APA mice identified aDMRs within the
whole genome and aDMRs within promoter regions, suggesting that
specific genes and relevant pathways might be associated with autism
and aberrant glucose metabolism in the offspring from APA males.
Whether this and the above-mentioned mechanisms are involved in
the intergenerational and transgenerational inheritance of paternal age-
associated DNA methylation abnormalities remains to be explored.

A few human studies in this field have used fathers’ sperm and ei-
ther fetal cord blood (Atsem et al., 2016) or blastocysts (Denomme
et al., 2020) to investigate the transmission of sperm epigenetics to
the next generation. Atsem et al. have analyzed by bisulfite pyrose-
quencing the DNA methylation in fetal cord blood samples of >190
children conceived by IVF/ICSI. Of genes known to display a correla-
tion between paternal age and sperm methylation (Jenkins et al.,
2014), several (FOXK1 and KCNA7) were associated with neuropsy-
chiatric and other disorders, and methylation levels in their regions
have a negative correlation with age. SNPs in the FOXK1 and KCNA7
target regions were used to distinguish paternal and maternal alleles in
the offspring’s methylation profiles. For FOXK1, a significant correla-
tion was observed between methylation of the paternal allele in fetal
cord blood and paternal age, whereas no correlation was found be-
tween the maternal allele methylation and maternal age. Thus, there
was a strong tendency for hypomethylation to be inherited between
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..fathers and their offspring (Atsem et al., 2016). Collectively, these
results suggest that paternal epigenome reprogramming in early em-
bryogenesis is incomplete, and some features of the sperm epigenome
can persist in the offspring’s differentiated somatic cells.

Recently, the possibility of aberrant DNA methylation being inher-
ited via aged sperm was approached by analyses of global methylomes
in sperm of younger (�30 years) and older (>50 years) fathers and
blastocysts donated from young fertile donor oocyte IVF cycles
(Denomme et al., 2020). More than 3000 sperm aDMRs and nearly
4000 blastocyst aDMRs were detected. A statistical comparison of
genes associated with aDMRs in the sperm and blastocysts revealed
218 common genes: 167 were hypomethylated and 61 were hyperme-
thylated in samples from older aged individuals. Ten genes contained
both hypo- and hypermethylated aDMRs. Statistically significant enrich-
ment for the known nucleosome retention regions was found in the
sperm aDMRs. This colocalization with nucleosomes was even more
pronounced for aDMRs common between sperm and blastocysts.
Several neurological signaling pathway genes were associated with
aDMRs, including multiple genes from the opioid pathway.
Furthermore, a highly significant enrichment for genes implicated in
ASDs, schizophrenia and bipolar disorder was found in both sperm
and blastocyst aDMRs. Notably, all three candidate gene lists for these
neurological disorders share genes with the opioid signaling pathway
(Denomme et al., 2020) that is a neurotransmitter system in the brain
involved in mood regulation and genesis of neurodevelopmental pa-
thologies (Pellissier et al., 2018). In the sperm methylome, 19 hypome-
thylated and 7 hypermethylated aDMRs, while in blastocysts, 22
hypomethylated and 10 hypermethylated aDMRs were associated with
imprinted genes, and 6 imprinted genes were shared between sperm
and blastocyst aDMRs. The authors concluded that some changes of
genome methylation associated with neurodevelopmental pathways
could be directionally induced in sperm of aged fathers and partially
transferred to the preimplantation embryo.

However, a comparison of sperm DNA methylation patterns be-
tween similar-aged grandsons of younger (<25 years of age at the
time of conception of the father) versus older (older than 40 years of
age at the time of conception of the father) grandfathers did not reveal
any significant differences (Jenkins et al., 2019). The authors suggested
that aging signals appeared to be erased and reestablished with each
generation. Only a weak trend for the subjects of the older grandfa-
ther group to display reduced methylation at the 140 aDMRs known
to undergo hypomethylation with age was found. These remnants of
age-related DNA methylation signals were too small to have any bio-
logical consequences.

For humans, studies of the association of APA, epigenetic changes
and health risk in offspring remain a challenge. The one crucial chal-
lenge involves the use of ART in the study design as it contributes ad-
ditional confounders to investigated outcomes.

Age, ART procedures and
additional epigenetic risks
APA is associated with increased use of ART (Bertoncelli Tanaka
et al., 2019; American Society for Reproductive Medicine, Society for

Assisted Reproductive Technology, 2017) due to a significant decrease
in age-related female fertility for a couple and the slightly decreased
male fertility, and because ART is considered generally safe. A father’s
age for ART is rarely regulated in guidelines, except in Germany,
where the age limit for ART is 50 years (Belaisch-Allart et al., 2016;
Couture et al., 2021). ART spans the periconception period from ga-
metogenesis, fertilization and early embryonic development, coinciding
with an intense epigenetic reprogramming in germ cells. ART-induced
epigenetic changes may provide additional epigenetic changes and risks
for the next generation (Vrooman and Bartolomei, 2017; Chen et al.,
2020). ART-related epigenetic changes (disruption of DNA methyla-
tion in imprinted control regions in mouse models were mainly investi-
gated) occur during the following ART procedures: ovarian stimulation
by gonadotropins, intracytoplasmic sperm injection and embryo culture
and transfer (de Waal et al., 2015; Vrooman and Bartolomei, 2017).
Possible male-associated epigenetic risks linked to ART techniques
may result from either use of sperm with incomplete reprogramming
or from the ART procedures themselves.

Among the two most common types of ART, conventional IVF
and ICSI (69% of ART cycles in the USA utilized ICSI), ICSI and
round spermatid injection seem to be more harmful because they
may increase the incidence of imprinting disorders and adversely af-
fect embryonic development by using immature spermatozoa that
may not have proper imprints or global methylation established
(Kishigami et al., 2006; Rajender et al., 2011). One recent study
aimed to clarify epigenetic risks attributable to ARTs (Chen et al.,
2020) using high-throughput methods to assess profiles of DNA
methylation from 137 umbilical cord blood (UCB) and 158 parental
peripheral blood samples, profiles of histone modifications
(H3K4me3, H3K4me1, H3K27me3 and H3K27ac) from 33 UCB
samples and transcriptomes of 32 UCB samples. They found that
H3K4me3 was the most profoundly impacted by ICSI and freeze-
thawing operation compared with the other three types of histone
modifications. In that study, IVF-fresh embryo transfer seemed to in-
troduce fewer disturbances into infant epigenomes than IVF-frozen
embryo transfer or ICSI-embryo transfer did. Another study, how-
ever, suggested that cryopreservation may temper some of the
epigenetic aberrations induced by IVF or ICSI (Estill et al., 2016).
ARTs also decreased the similarity of DNA methylome within twin
pairs, and researchers suggested that ART processes potentially
caused conservative epigenetic changes distributed widely through-
out the genome (Chen et al., 2020). Notably, those unique and
common alterations induced by different ART procedures were, for
example, highly enriched in the processes related to the nervous
system, cardiovascular system and glycolipid metabolism. Given the
available data already in hand, a meta-analysis may begin to provide
a consensus or at least indicate the variables that should be consid-
ered. However, this can only be established from a life course
study.

Research associating ART with epigenetic changes in the offspring is
still limited and accompanied by methodological challenges, including a
large number of confounders related to male and female infertility, en-
vironment and lifestyle and ethical restrictions in the use human em-
bryos. Our knowledge and understanding of the association of APA,
ART procedures and epigenetic changes is lacking as many gaps
remain.
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Age-dependent changes in sperm
epigenome: stochastic errors or program
targeting offspring fitness
Today, age-dependent changes in the sperm epigenome and changes
induced by different environmental or lifestyle stressors are usually
explained by the accumulation of random epigenetic errors: epimuta-
tions. Indeed both extended periods of time and unfavorable condi-
tions are likely factors that can increase rates of such stochastic errors.
However, this hypothesis contradicts the patterns of enriched biologi-
cal functions usually identified when sperm epigenome changes are an-
alyzed in relation to time or other factors, as discussed above.

Findings from many independent studies suggest that different epige-
netic mechanisms undergo non-random and concerted age-dependent
changes. For example, in the mouse study by Xie et al. (2018), both
age-dependent changes in DNA methylation and sncRNA were associ-
ated with major developmental and aging pathways included mTOR,
insulin and growth factor signaling. In our experiments with rats, age-
dependent changes in sncRNA (Suvorov et al., 2020) and DNA meth-
ylation (Pilsner et al., 2021) targeted the same set of developmental
pathways, including those identified by Xie et al. Thus, emerging evi-
dence suggests that a purely stochastic error model cannot explain
age-dependent changes in animal sperm epigenome. Instead, these
changes follow well-defined patterns.

Findings from several epidemiologic studies have shown that aDMRs
were enriched for genes involved in embryonic development, behavior
and neurodevelopment pathway (Cao et al., 2020; Denomme et al.,
2020; Laurentino et al., 2020; Oluwayiose et al., 2021; Pilsner et al.,
2022). Human studies are usually limited by the effect of confounders
(ART, men from infertility clinics, concomitant influence of environ-
ment and lifestyle); however, construction of epigenetic clocks based
on sperm DNA methylation with relatively high precision (Jenkins
et al., 2018; Cao et al., 2020; Pilsner et al., 2022) demonstrate clear
age-related impacts on the sperm epigenome. The novel recent find-
ings that SEA is associated with TTP in the general population under-
scores the importance of biological aging of male germ cells to
pregnancy success and may enhance our understanding of idiopathic
infertility (Pilsner et al., 2022).

Today we do not know what mechanisms determine selective age-
associated changes in the sperm epigenome. However, one can pro-
pose that these patterns may be partly a result of natural selection,
which enabled fine-tuning of offspring development based on the actual
paternal state and experience. Age-dependent changes in sperm epige-
nome may be a part of normal developmental program shaped by nat-
ural selection to inform better fitness of offspring phenotypes. One
recent study demonstrated that paternal dominance status determines
the growth rate in offspring in mice, where offspring of dominant males
grow faster than the offspring of subordinate fathers even if available
food resources are the same (Cauceglia et al., 2020). One interpreta-
tion of this intriguing finding is that in nature, dominance usually
ensures better access to resources and may increase the fitness of
faster-growing offspring. Fine-tuning offspring growth as a function of
paternal dominance status could result from natural selection.

Similarly, natural selection may shape epigenetic programs transferred
to the new generation by fathers of different ages.

The alternative explanation of clear patterns in age-dependent
changes of sperm epigenome refers to the chromatin structure in
spermatozoa. One can assume that open areas of chromatin accumu-
late stochastic epigenetic errors faster than densely packed sites.
Several animal studies have demonstrated that genes encoding most
key embryonic developmental and morphogenesis genes are associ-
ated with modified nucleosomes in mature sperm (Arpanahi et al.,
2009; Hammoud et al., 2009; Brykczynska et al., 2010). Interestingly,
the majority of regions in fertile human males corresponding to regions
coincident with sperm RNAs genes were H3K4me3 and H3K27me3
enriched within hypomethylated DNA regions (Sendler et al., 2013). In
one study, most hypomethylated aDMRs were found within 1 kb of
known nucleosome retention sites in human sperm (Jenkins et al.,
2014). In another study, sperm aDMRs were also significantly enriched
for the known nucleosome retention regions (Denomme et al., 2020).
Hence, a bias of age-dependent epigenetic changes toward primary
developmental pathways in sperm may be due to the loose packaging
of corresponding genes in spermatozoa.

Finally, both explanations may be valid, and in fact, they do not con-
tradict each other and may act together to fine tune the response.
Additional research on sperm chromatin is needed to identify if age-
dependent changes are often associated with loose chromatin
segments.

Future perspectives characteristics of
sperm epigenetic markers: dynamic/
stability and reversibility
When epigenetic markers are detected in sperm, we should first
know ‘what is stable and what is dynamic, and what is consistent
within and between men over time?’ (Ostermeier et al., 2005; Morgan
et al., 2020). ‘Over time’ for males means a period that extends from
puberty when spermatogenesis occurs till late adulthood (60 years and
older). ‘Over time’ for males also could mean either a short period,
within one to several spermatogenesis cycles, 3–12 months or a long
period, over the life span.

Based on data of epigenetic clocks in human sperm, we suggest that
observed epigenetic markers related to aging are naturally dynamic
and appear to be irreversible, as data has yet to suggest otherwise.
For environment-modulated sperm epigenetic changes, a few recent
epidemiological studies using a cross-over cross-back binary study de-
sign demonstrated the reversible fashion after exercise training
(Ingerslev et al., 2018) and chemical exposure (Estill et al., 2019), al-
though the period for full recovery is likely to be longer than one sper-
matogenic cycle. In some cases of phthalate exposure, it appears that
a point of no return was reached with high doses (Estill et al., 2019).
We hypothesized that environmental and lifestyle epigenetic changes
in sperm are rather naturally dynamic over days or months and seem
to be reversible if exposure occurs for short periods in adults when
spermatogenesis is ongoing. Some observed environment-induced epi-
genetic changes in sperm could be irreversible if the duration of expo-
sure is chronic or coincides with sensitive windows of development.

Critical issues of age-associated sperm epigenetic changes still re-
main (Table II). In Fig. 1, we summarize our vision of current and
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.. future research in sperm epigenetics and related fields. We propose
some recommendations for future longitudinal studies in animal mod-
els and human epidemiological studies. Experimental and epidemiologi-
cal studies using a prospective design, healthy males from peripuberty
and multi-omics approaches, are required. They should extend across
age periods and encompass all types of genomic elements and epige-
netic markers. Only then, may they explain the lifetime dynamics of
epigenetic changes, the role of lifestyle and environmental factors on
SEA, the modulation by infertility and ART techniques and the rela-
tionship with embryo and offspring characteristics.

Conclusions
Throughout a man’s life span, spermatogonia self-renew by undergoing
approximately 23 mitotic divisions per year with each cycle yielding
millions of spermatozoa. Although male fertility declines over age,
older men are fertile or subfertile and a single spermatozoon from the

.......................................................................................................

Table II Critical issues of age-associated sperm epigenetic
changes (AASEC) that still poorly addressed in human
and animals.

Critical issues Description

Genomic elements Which sperm genomic elements are affected by
age?

Lifetime dynamics Are AASEC linear? Or are changes that occur dur-
ing peripubertal period more significant? What is
the direction of DNA methylation change?

Species specificity Are AASEC the same in humans and animals?

Cofactors and
vulnerable periods

What factors affect AASEC in different sensitive
windows?

Inheritance Do AASEC survive epigenome remodeling in early
embryo?

Interventions What critical knowledge gaps need to be
addressed to develop therapeutic interventions?

Figure 1. Proposed future research on age, environment and lifestyle and ART-associated sperm epigenetic changes in humans
and mice over their life span. The use of prospective design for human studies and animal models for investigation of age, epigenetic changes and
consequent events in offspring among the next generation(s) looks promising and is recommended to be implemented. (A) Although longitudinal hu-
man studies over life span stages (childhood, puberty, young adulthood, adulthood, APA, elderly age) are time intensive, expensive and difficult to do,
they are more conclusive and, therefore, this needs to be proposed. Animal models have an invaluable advantage of removing the environmental and
lifestyle factors from the design and they can be conducted much faster. (B) Involvement of healthy population including twins (human), prospective
follow up, controls and use of environmental and lifestyle factors, fertility status and method of fertilization in designs are recommended to distinguish
(1) age-associated changes; (2) environment and lifestyle changes; (3) fertility-associated changes; and (4) ART-induced changes of the sperm epige-
nome. *Equivalency of mouse reproductive ages to these of humans was determined based on previously published data (Flurkey et al., 2007; Brust
et al., 2015; Bell, 2018) as well as information from Charles River Laboratories that male mice breeders are usually retired by 9 months of age (270
days) due to the decline of their reproductive efficiency. ART, assisted reproductive technologies.
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.
millions of spermatozoa produced, is selected to fertilize an oocyte ei-
ther from natural sperm competition, or in vitro, with the selection of
what appears to be the best sperm. Increasing evidence indicates that
delayed fatherhood is associated with the accumulation of changes in
male gametes induced by various factors, including aging, environmen-
tal exposures, lifestyle factors and in some cases, ART. Age-associated
genetic and epigenetic changes affect the developmental trajectories of
offspring and may result in adverse health outcomes, including psychi-
atric and neurodevelopmental disorders. Yet, paternal age is rarely
considered an important factor for the fertility of couples’ fertility and
the health of offspring.

Although documented in many studies, age-associated changes in
the sperm epigenome, including DNA methylation, histone modifica-
tions and profiles of sncRNA, are yet poorly understood. For example,
some humans and rodent studies suggest that most sperm aDMRs un-
dergo hypermethylation with age, whereas other studies do not.
Several animal studies suggest that the rate of DNA methylation
changes over the life span is not uniform, and significant changes mainly
occur during puberty. However, the successful development of the hu-
man sperm epigenetic clock indicates that at least some aDMRs follow
linear relations between methylation levels and paternal age.

The few rodent studies in which age-dependent DNA methylation
and sncRNA profiles were analyzed show that both age-dependent
epigenetic mechanisms target the same genes and biological functions.
In addition, most animal and human studies identify similar lists of bio-
logical categories enriched by age-dependent epigenetic mechanisms in
sperm, including embryonic developmental, neurodevelopmental,
growth and metabolic pathways. Thus, age-dependent changes in the
sperm epigenome cannot be described by the model of stochastic ac-
cumulation of epimutations.

An emerging body of studies indicate that chemical exposures and
lifestyle factors may affect the normal process of epigenetic aging of
sperm. Future experimental and epidemiological studies using a pro-
spective design, healthy males and multi-omics approaches across all
types of genomic elements and epigenetic markers are needed to fur-
ther understand the mechanisms of age-related genetic and epigenetic
changes in sperm, their interplay with environmental and lifestyle fac-
tors and their association with epigenetic events after fertilization and
the health of the successive generation. We suggest a broader discus-
sion focused on the father’s age in natural and ART conceptions is
needed. Professional community should be informed and raise aware-
ness of the general population, particularly older men and couples
seeking reproductive care. Future research on SEA may open doors
for the development of paternal therapeutic interventions to protect
the health of the next generations.
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