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Abstract

Background: Infertility is a common reproductive disorder, with male factor infertility 

accounting for approximately half of all cases. Taking a paternal perceptive, recent research has 

shown that sperm epigenetics, such as changes in DNA methylation, histone modification, 

chromatin structure, and non-coding RNA expression, can affect reproductive and offspring health. 

Importantly, environmental conditions during the preconception period has been demonstrated to 

shape sperm epigenetics.

Aim: To provide an overview on epigenetic modifications that regulate normal gene expression 

and epigenetic remodeling that occurs during spermatogenesis, and to discuss the epigenetic 

alterations that may occur to the paternal germline as a consequence of preconception 

environmental conditions and exposures.

Results and conclusion: The preconception period represents a significant window of 

susceptibility in which environmental conditions, such as chemical exposures, nutrition, drugs and 

stress, shape the sperm epigenome, which can have downstream adverse effects on reproductive 

success and offspring health. Understanding the environmental legacy of the sperm epigenome 

during spermatogenesis will enhance reproductive success as well as improve offspring health.
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Introduction

Infertility, defined as the inability to establish a clinical pregnancy following 12 months of 

regular, unprotected intercourse, is one of the most common reproductive health disorders 

(Zegers-Hochschild et al. 2017). The prevalence of infertility globally is estimated at 15% 

for couples, whereby males are solely responsible for 20–30% of infertility and contribute to 

50% of overall cases (Agarwal et al. 2015). Infertility is costly, both financially and 

emotionally, for couples seeking to become pregnant (Chachamovich et al. 2010). 

Additionally, infertility interventions usually require multiple attempts of treatment to 

achieve a pregnancy; there is a 75% failure rate of each assisted reproductive technologies 
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(ART) cycle, thus the psychological/emotional toll of ART can also profound. Lastly, 

success rates decline with increasing male and female age (Farley Ordovensky Staniec and 

Webb 2007). This is especially concerning as over the past several decades, there has been 

an increase in parental age at the time of conception, especially in developed countries 

(Khandwala et al. 2017).

One factor thought to be driving infertility rates is environmental conditions prior to 

conception. (Mima et al. 2018; Haotian Wu et al. 2015). While any exposure has the 

potential to negatively impact health outcomes, there are sensitive periods during which 

exposures might have an amplified, long-lasting effect. For example, windows of 

susceptibility to environmental insults include preconception, prenatal, early childhood, and 

puberty. Common exposures include endocrine disrupting chemicals, heavy metals, 

industrial waste, as well as lifestyle exposures such as diet, exercise, and stress. Both the 

type of exposure and the timing of exposure may lead to differential health outcomes.

The burden of the developmental health outcomes of offspring has largely fallen on the 

women; the fetus develops in the maternal environment, so it was thought that the paternal 

preconception environment played little role in development. This is in spite of the fact that 

findings that the paternal preconception environment influences fertility and offspring health 

in animal studies dates back to over three decades. This includes studies largely focused on 

ionizing radiation (Shu et al. 1994) and anti-cancer drug use (Trasler et al. 1986, 1987). 

Recent research also suggests that paternal preconception environment plays a role in fetal 

development and offspring health outcomes (Day et al. 2016; McPherson et al. 2015; 

Messerlian et al. 2017). The increasing evidence of offspring manifestation of other paternal 

preconception experiences, such as obesity and exposure to environmental pollutants, have 

led to the growing field of Paternal Origin of Health and Disease (POHaD)(Soubry 2018), a 

paternal offshoot of the established field of Developmental Origins of Health and Disease 

(DOHaD). Increasing evidence suggests that environmental exposures can alter the 

epigenetic marks in the germline, leading to possible changes in reproductive outcomes. 

Environmental exposures may also lead to the transmission of aberrant sperm epigenetic 

marks following fertilization, which may alter embryonic development and offspring health. 

This suggests that exposures can be embodied within the developing male germ cell through 

epigenetic marks and that these modifications may impart information that leads to 1) lower 

fertilization rates, 2) decreases in developmental potential, and 3) negative health outcomes 

for the offspring (H. Wu et al. 2015). Thus, it is important to consider male environmental 

exposures during the preconception window.

In this review, we will cover the typical epigenetic changes that occur during early 

embryonic development and spermatogenesis and how emerging evidence of environmental 

exposures during the preconception window might alter these mechanisms, leading to 

infertility and poor offspring outcomes.
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How do environmental exposures lead to phenotypic outcomes?

Vectors of epigenetic information

While it might seem like environmental exposures would alter fertility rates and 

developmental potential by altering the genome, it is often the case that exposures alter the 

more flexible epigenetic landscape. Epigenetics deals with the broad range of modifications 

to the genome that do not change the underlying genetic sequence. The most commonly 

studied epigenetic mechanism is DNA methylation, but the study of epigenetics also 

includes histone composition and modifications, chromatin structure, larger 3-dimensional 

genome arrangement, and non-coding RNA expression. Together, these modifications allow 

distinct cell types to utilize the same genome for different phenotypic outcomes. 

Specifically, the epigenetic landscape allows differential gene expression in the 

approximately 200 distinct cell type that make up the human body. Epigenetic modifications 

also allow cells to respond to changing environments, which can be advantageous for 

survival and fitness.

DNA methylation—In mammalian cells, the predominant form of DNA methylation 

(5mC) occurs at CpG dinucleotides, although methylation at cytosines can also be found at 

low frequency in non-CpG contexts (Lee et al. 2017; Patil et al. 2014). The CpG 

dinucleotides are found in different genomic context; CpG islands are regions of high CpG 

density. Methylation at specific genomic regions such as promoters has been established to 

play a role in gene regulation. Functionally, DNA methylation can regulate gene expression 

in a number of ways. For a while, it was thought that methylation largely led to gene 

repression. It is true that in most cell types, the methylation at promoter-associated CpG 

islands is inversely correlated with the transcriptional activity of the locus. Within the 

promoter island, actively transcribed genes are generally unmethylated, while silenced genes 

are often found to be heavily methylated. Even though methylation is thought to be a binary 

on-off switch, it appears that CpG density, not presence of methylation alone, contributes to 

regulation of expression (Hartl et al. 2019).

Due to the crucial role of methylation in gene expression, the coordination of adding, 

maintaining, and removing methylation across tissues needs to be carefully controlled. The 

regulation is catalyzed by actions of methylating enzymes such as DNA methyltransferases 

(DNMT1, DNMT3A, DNMT3B and, DNMT3L) (Bestor et al. 1988) and the more recently 

discovered family of TET proteins (TET1, TET2, and TET3) found to mediate active 

demethylation processes especially post-fertilization (Kriaucionis and Heintz 2009; Tahiliani 

et al. 2009). Although, passive demethylation may also occur during cell replication (Zhu et 

al. 2018) due to lack of maintenance machinery. Hence, misregulation of any of these 

methylation modifiers may result in aberrant methylation patterns and alteration of cellular 

functions. For example, loss of Dnmt3l was associated with hypomethylation in male 

germline and sterility (Bourc’his et al. 2001; Bourc’his and Bestor 2004; Hata et al. 2002; 

Veland et al. 2019); while loss of Dnmt1 or its cofactor (Np95) resulted in dramatic, but not 

complete or identical, loss of methylation (Arand et al. 2012; Bostick et al. 2007; Sharif et 

al. 2007).
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Histone Modifications and Chromatin Structure—Generally, DNA is packaged 

around structural proteins such as core (H2A, H2B, H3, and H4) and cell specific histones 

(Bao and Bedford 2016; Rathke et al. 2014) in a manner that allows transcription regulation. 

Importantly, post-translational tail modification (methylation, acetylation, phosphorylation, 

ubiquitination) of these histone molecules are known to alter genes expression and may be 

closely regulated by enzymes such as acetyltransferases, methyltransferases, and kinases as 

well as histone deacetylases (HDACs) and demethylases (HDMs) (Qin et al. 2019).

Furthermore, higher-order, organization of the chromosome into 3-dimensional topological 

associating domains (TADs) and A/B compartments has been reported to alter gene 

expression (Dixon et al. 2012; Dixon et al. 2015; Hawkins et al. 2010; Lieberman-Aiden et 

al. 2009; Peric-Hupkes et al. 2010). While TADs are defined by local interactions of 

genomic region such as enhancers and promoters, A and B compartments are associated 

with open and closed chromatin, respectively (Ibn-Salem et al. 2014; Lupiáñez et al. 2015). 

Additionally, Lamina-Associated Domains (LADs) and nucleolar-associating domains 

(NADs) are regions of the genome that interact with the nuclear laminin and nucleolus, 

respectively, and are also involved in genome regulation (Lochs et al. 2019). Taken together, 

the structural organization of the genome allow for differential regulation of gene expression 

and suggests their alteration may be detrimental to cellular function.

Non-coding RNAs—DNA methylation and chromatin structure impact gene regulation by 

physically constraining or allowing for a permissive expression state, but expression from 

the genome itself in a non-protein coding form can also regulate transcription and/or 

translation. For example, non-coding RNAs transcribed from DNA, but remain untranslated 

into proteins, serve important regulatory functions. They are broadly divided into long non-

coding RNAs (lncRNAs) and short non-coding RNAs (sncRNAs). lncRNA, typically greater 

than 200 nucleotides in length, include the well-characterized Xist and Tsix, both of which 

are involved in X-chromosome inactivation. LincRNA, and natural antisense transcripts 

(NATs) are often polyadenylated and associated with other epigenetic mechanisms such as 

histone methylation and chromatin remodeling (Novikova et al. 2012; Surface et al. 2010). 

On the other hand, sncRNAs are usually less than 200 nucleotides in length. They include 

transfer RNAs (tRNAs), ribososomal RNAs (rRNAs) and small nuclear RNAs (snRNAs), as 

well as different regulatory RNAs like microRNAs (miRNAs), small interfering RNAs 

(siRNAs), Piwi-interacting RNAs (piRNAs), and small nucleolar RNAs (snoRNAs) (Collins 

et al. 2011).

The sensitivity of sperm borne ncRNAs to different environmental pollutants, epimutation 

involvement, and regulatory functions, as well as potential role in inheritance of paternally 

acquired traits has been well reviewed (Q. Chen et al. 2016; Yan 2014). Overall, non-coding 

RNAs play an important regulatory function necessary for appropriate gene expression and 

can serve as epigenetic mediators of environmental exposures. Because non-coding RNA 

expression can regulate germline expression profiles, they may potentially transfer 

environmental information to subsequent generations.
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In order to establish the appropriate epigenetic state of a genome for a specific cell type, 

epigenetic reprogramming needs to occur. In the next section, we will highlight the major 

windows of reprogramming, focusing on the paternal germline.

Windows of Susceptibility

Susceptibility to harmful environmental exposures can be grouped into windows of time 

when cells undergo global epigenetic reprogramming. These reprogramming events are 

particularly sensitive to the environment, which can confer changes to both the genetic and 

epigenetic landscapes. Importantly, it was thought for a long time that the male germ cell 

contributed only genetic material and that any alteration to the paternal germline by the 

environment would arrive in the form of genetic alterations (Linschooten et al. 2013). While 

it is true that environmental factors can lead to genetic changes, it is clear that epigenetic 

changes also occur and can be passed through the male germline (Donkin and Barrès 2018). 

Understanding the normal epigenetic features of the male germline, as well as the changes 

during reprogramming of the embryo, allows for researchers to better understand the 

epigenetic changes that occur following environmental exposures.

Embryonic Development—Following fertilization, there are two major epigenetic 

reprogramming events: preimplantation development and primordial germ cell development. 

The first wave of reprogramming occurs immediately following fertilization, when the 

terminally differentiated sperm and oocyte fuse to form a zygote. Prior to fertilization, the 

sperm and the oocyte have dramatically different epigenetic landscapes. The sperm genome 

is heavily methylated, with 80–90% of all CpG dinucleotides methylated (Mayer et al. 2000; 

Oswald et al. 2000; Santos et al. 2002). In contrast, global DNA methylation levels in the 

maternal haploid genome are approximately half that of the sperm (Howlett and Reik 1991; 

Peat et al. 2014; Smallwood et al. 2011). Additionally, the paternal genome is largely 

wrapped around protamines, rather than histones (Balhorn 2007; Braun 2001). These 

epigenetic differences need to be resolved in order for the embryo to reach a totipotent state.

Upon fertilization, rapid epigenetic reprogramming begins. The kinetics of reprogramming 

are different between the two parental pronuclei, owing to the fact that they are 

epigenetically distinct. Prior to pronuclear fusion, the paternal genome undergoes rapid, 

replication-independent loss of 5-methylcytosine (5mC) (Santos et al. 2002)https://

paperpile.com/c/J7e68p/LVQ0j. In contrast, little change in the 5mC is found in the maternal 

pronucleus (Mayer et al. 2000; Oswald et al. 2000). By the time of the first cell division, 

there is no 5mC signal detected in the paternal pronucleus and although the two parental 

genomes occupy the same nucleus after pronuclear fusion, the differences in 5mC levels are 

apparent beyond the 4-cell stage (Santos et al. 2002). It has been shown that TET enzymes 

mediate the oxidation of 5mC to 5hmC (as well as 5fC and 5caC) in vivo and that TET 

proteins are expressed and differentially localized during preimplantation development, 

leading to the differences in demethylation dynamics (Gu et al. 2011; Iqbal et al. 2011; 

Wossidlo et al. 2011).

While the paternal genome, facilitated by TET proteins, undergoes active DNA 

demethylation, the maternal genome is protected from TET activity by PGC7/Stella, which 
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binds to H3K9me2-enriched regions (Nakamura et al. 2012). The paternal genome also has 

regions of H3K9me2, specifically in imprinted regions, but because it is protamine-rich, it is 

able to undergo rapid demethylation (Branco et al. 2008; Cirio et al. 2008; Hirasawa et al. 

2008; Nakamura et al. 2007). The maternal genome largely undergoes passive, replication-

dependent DNA demethylation; however, it is important to note that there is still some active 

demethylation of the maternal genome, but not to the extent of the paternal genome. In both 

cases, there is some ambiguity as to what reprogramming mechanisms are required for 

proper development; albeit, appropriate reprogramming is critical for development (Inoue et 

al. 2015; Peat et al. 2014; Shen et al. 2014).

In addition to DNA methylation, histone enrichment and chromatin dynamics between the 

two parental genomes differ. Both the paternal and maternal genomes have distinct 

chromatin and histone enrichment. The obvious difference is the packaging of the paternal 

genome around of protamine. Additionally, the paternal pronuclei is enriched early on with 

H3K27ac, H4K5ac, and H4K16ac (Adenot et al. 1997; Hayashi-Takanaka et al. 2011; Stein 

et al. 1997). In contrast, the maternal pronuclei is exclusively enriched for H3K9me3S10P, 

H3K36me3 and H4K20me3, as well as being highly enriched for H3K4 and H3K9 

methylation (Beaujean 2014; Bošković et al. 2012; Lepikhov and Walter 2004; Ribeiro-

Mason et al. 2012; Santenard et al. 2010; Wongtawan et al. 2011). While some of the 

enrichment is known to be functional (for example, H2K9me2 protecting against 

demethylation), the significance of many of the differences is still unknown. It is clear, 

however, that reprogramming needs to occur in order to merge the two distinct parental 

genomes to achieve a totipotent embryonic state.

The second major wave of epigenetic reprogramming occurs during primordial germ cell 

development. During gastrulation in mouse, a population of cells is allocated as primordial 

germ cells, which will later become the oocytes and sperm. Due to experimental constraints, 

the human timeline for germ cell allocation has been more difficult to elucidate, but takes 

place around 4-weeks post-fertilization (Guo et al. 2015). Following specification, waves of 

epigenetic reprogramming take place within the primordial germ cells. During cell 

migration, epigenetic reprogramming begins again. There is a reduction in H3K9me2 

coupled with an increase in H3K27me3 (Sasaki and Matsui 2008; Seki et al. 2007) along 

with a decrease in Dnmt3a and 3b and decrease in methylation levels (Seki et al. 2005; 

Yabuta et al. 2006). Additionally, reactivation of the X-chromosome in female embryos 

occurs (Chuva de Sousa Lopes et al. 2008).

Once cell migration is complete, the second stage of primordial germ cell reprogramming 

occurs. This stage is characterized by rapid, global changes in DNA methylation levels, 

along with alterations to chromatin structure and histone modifications (Gkountela et al. 

2015; Guo et al. 2015; Guo et al. 2017; Hajkova et al. 2002; Hajkova et al. 2008; Tang et al. 

2015). In humans, the primordial germ cell are nearly devoid of methylation by weeks 10–

11, with less than 8% median methylation levels (Guo et al. 2015). Imprinted epigenetic 

marks are also erased and will eventually be reestablished as development persists (Hajkova 

et al. 2002; Reik et al. 2001); however, some methylated loci persist during reprogramming 

and these regions have been shown to be associated with metabolic and neurological 

disorders, hinting at a mechanism for epigenetically inheritance traits (Tang et al. 2015). 
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Importantly, while the eventual sperm and oocyte contribute equally to the genomic DNA of 

the embryo, they differ in their epigenetic contribution; sperm and oocyte establish and 

retain epigenetic signatures at imprinted loci. These epigenetic marks are established in the 

time between primordial germ cell development and gametogenesis and are important for 

normal development of offspring.

Spermatogenesis—Once embryonic development is complete, the next major window of 

epigenetic reprogramming is gametogenesis. In males, spermatogenesis is a complex, 

dynamic physiological process leading to the production of mature haploid spermatozoa 

from a diploid self-renewing spermatogonia stem cells (Figure 1A). Spermatogonia stem 

cells are sub-population of undifferentiated germ cells derived from primordial germ cells 

during embryo development as discussed in the previous section (de Kretser et al. 2016). At 

puberty, spermatogenesis is initiated and the entire process is generally considered to be 

subdivided into two major parts based on the cross-sectional analysis of the seminiferous 

tubules: spermatocytogenesis which encompasses both mitotic proliferation by the 

spermatogonia and meiotic division of spermatocytes, and spermiogenesis, the structural 

differentiation of spermatids (de Kretser et al. 2016; de Rooij 2017). (Figure 1A,B).

Spermatogenesis is tightly regulated. Just as there are gene expression profiles and structural 

variations across germ cells (Li et al. 2019), natural epigenetic landscape distinctions and 

reprogramming have also been observed (McSwiggin and O’Doherty 2018; Rathke et al. 

2014). For example, replication-dependent, passive demethylation may occur, especially at 

the early stages of spermatogenesis. This is followed by de novo methylation observed in 

mice spermatogonia and primary spermatocyte (Oakes et al. 2007) and has been linked to 

high expression of DNMT3a and 3b (La Salle and Trasler 2006). In turn, DNA methylation 

changes have been shown to be regulated by early onset interaction of H3K4me3 and 

H3k36me3 (Morselli et al. 2015).

Other core histones (H4, H2a, and H2b) have been reported in germline cells during mitotic 

and meiosis stages; however, at the mid-spermiogenesis elongation phase, the haploid round 

spermatids may also contain testis-specific histone variants in addition to the core histones. 

At this stage, the spermatids also undergo major structural modification and chromatin 

reconfiguration with vast majority of histones (~85% in human and 99% in mice) are 

replaced by protamines, resulting in a mechanically stable nucleus (Dadoune 2003; 

McSwiggin and O’Doherty 2018) (Figure 1A).

It is worth noting that the deposition of protamine is a gradual and well-guided 

chronological process, beginning with the incorporation of testis-specific histone variants, 

followed by histone (H4) hyperacetylation and transient formation of DNA double strand 

breaks, exchange of histones with transition proteins, and finally, integration of protamines 

(Carrell et al. 2007; Marcon and Boissonneault 2004). This suggests that to ensure proper 

packaging of sperm DNA, which is essential for protection in the female reproductive tract 

and ensuring adequate hydrodynamic properties, mature spermatozoa chromatin structure 

contains mostly protamines (Zhang et al. 2006). While the majority of sperm DNA is 

wrapped around protamines, histones are retained at a ratio within a narrow range that may 

be necessary for fertilization (Zhang et al. 2006). In addition, regions of histone retention are 
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enriched for developmentally relevant genes such as the HOX cluster, suggesting that sperm 

histone retention also plays an important role in early embryonic development (Hammoud et 

al. 2009). Unlike most other mammals, both humans and mice sperm genome encode two 

protamine species (P1 & P2); specific ratios of both are particularly important for 

spermatogenesis and male fertility (Mengual et al. 2003) and have recently been considered 

as potential clinical biomarker of male infertility (Amor et al. 2017).

Following spermatogenesis, sperm exit the testis where maturation is completed in the 

epididymis (Figure 1B). The transit through the epididymis is an important developmental 

window that lasts between 1–2 weeks (Cornwall 2014). During this window, the sperm 

acquire their motile ability and their capacity to fertilize an oocyte due to their interactions 

with specific microenvironments along the route. Importantly, the sperm encounter 

differential gene, non-coding RNA, and protein expression. Along the length of the 

epididymis, the protein composition shifts, indicating a regionality to protein expression 

(Dacheux and Dacheux 2014). In addition, differentially expressed proteins and non-coding 

RNAs are often loaded in epididymal extracellular vesicles, referred to as epididymosomes 

(Baker et al. 2012; Belleannée et al. 2012; Cornwall 2014; Ijiri et al. 2011; U Sharma et al. 

2016; Sharma et al. 2018). Interestingly, sperm interaction with epididymosomes resulted in 

dynamic shifts in miRNA profiles, such that a gain of 115 miRNAs was observed in mouse 

sperm collected from the cauda epididymis compared to sperm from the caput epididymis 

(Nixon et al. 2015). Together, the epididymal fluid and epididymosome composition may be 

altered based on the paternal environment (see below), which might act as a way to 

epigenetically prime the sperm prior to fertilization.

Hence, maintenance of a normal spermatogenesis state through the stages of development is 

crucial, offering a window of susceptibility to environmental conditions and an increased 

risk of epigenetic errors.

Aberrant Epigenetics Modification During Spermatogenesis and Male Infertility

The epigenetic features described in the previous section are assumed to be the normal state 

of the epigenome during each developmental window. Epigenetic profiles that deviates from 

this norm have been shown, in some cases, to be correlated with male infertility. Often 

times, imprinted genes are used as an epigenetic readout in these cases. This is because 

parent-specific epigenetic marks are protected during reprogramming and loss or 

misregulation of imprinted expression can be indicative of larger epigenetic dysregulation of 

the genome. Indeed, numerous studies have reported abnormal sperm methylation at 

imprinted loci of men with poor semen parameters compared to normozoospermic men 

(Boissonnas et al. 2010; El Hajj et al. 2011; Kobayashi et al. 2007; Marques et al. 2004; 

Marques et al. 2008; Minor et al. 2011; Poplinski et al. 2010). For instance, idiopathic 

infertile males, especially those with oligozoospermia, were more likely to have aberrant 

methylation profiles at imprinted control regions of imprinted genes such as H19, GNAS, 

and DIRAS3 when compared to fertile male (Tang et al. 2018). In another study, infertile 

males had significantly altered methylation levels at LIT1, SNRP, MEST, PEG3, ZAC, and 

H19. Interestingly, sperm methylation at imprinted loci of oligozoospermic patients were 
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distinct from abnormal protamine patients, indicating that imprinted genes may be 

differentially affected depending on the clinical diagnosis (Hammoud et al. 2010).

In addition to imprinted genes, genome-wide methylation studies have allowed for the 

identification of differential methylation profiles associated with male infertility. 

Houshdaran and colleagues were the first to report broad methylation changes associated 

with abnormal semen parameters (Houshdaran et al. 2007). Studies have also reported 

distinct sperm methylation patterns associated with sperm with low motility (Jenkins et al. 

2016a; Pacheco et al. 2011) and viability (Jenkins et al. 2016a). Additionally, in males with 

reduced fecundity, abnormal sperm methylation was observed at HSPA1L and HSPA1B 
(Jenkins et al. 2016b), while another study reported methylation changes in TYRO3, CGβ 
and FAM189A1(Laqqan and Hammadeh 2018). Lastly, Carell and colleagues found distinct 

sperm DNA methylation profiles between infertile and fertile normozoospermic men and 

that such sperm methylation patterns may provide predictive value in embryo quality 

assessment in an IVF setting (Aston et al. 2015).

Researchers have also found changes in histone retention and post-translational modification 

enrichment in infertile males. One study found that infertile males have randomly distributed 

histone retention across their genome when compared to fertile men. While localization of 

specific histone modifications were generally normal in infertile men across the genome, 

there was decreases in enrichment of H3K4me3 and H3K27me at imprinted loci and 

developmentally relevant genes (Hammoud et al. 2011)https://paperpile.com/c/J7e68p/

3fUBu. This suggests small, cumulative changes in the histone state across the sperm 

epigenome might alter fertility status.

Together, the above evidence suggests that altered DNA methylation and chromatin 

landscape during spermatogenesis may affect sperm quality and reproductive outcomes. 

These are only some known changes in the sperm epigenetic profile that can occur, leading 

to changes in fertility outcomes. Importantly, the epigenetic landscape of sperm can be 

altered due to environmental exposure. Next, we will discuss the epigenetic changes that 

have been associated with specific paternal environmental conditions and exposures.

Preconception Environment and Sperm Epigenetics

In the previous section, we highlighted some of the epigenetic changes that occur during 

normal reprogramming and development of the male germ cell. It is clear that these 

windows are highly dynamic; aberrant epigenetic alterations during these windows have the 

potential to persist, altering the epigenetic landscape of the germline and/or offspring, 

potentially leading to negative health outcomes in future generations. We also discussed 

some of the known epigenetic alterations that are present in infertile or subfertile males. 

Next, we will describe the current state of results of how the preconception environmental 

exposures can affect sperm epigenetics and subsequently impact reproductive outcomes, 

early-life development, and offspring health.

Endocrine-disrupting compounds—Endocrine-disrupting chemicals (EDCs) are 

exogenous chemicals, or a mixture of chemicals, that can mimic, block, or interfere with any 

aspect of endogenous hormone action (reviewed in (Zoeller et al. 2012)). Given the broad 
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diversity of chemicals that display endocrine disrupting properties, the reported adverse 

health effects of EDCs are broad. These health effects include adverse female and male 

reproductive health outcomes, obesity, diabetes, and cardiovascular disease, among others 

(reviewed in (Gore et al. 2015)). While research on EDC-induced health effects has 

dramatically increased over the past decade, the effects of EDCs on sperm epigenetics have 

been limited but have gained traction over the last several years.

Phthalates are a family of synthetic chemicals that exhibit endocrine-disrupting 

characteristics and are widely used in a range of consumer products and industrial 

applications. Given the pervasive use of phthalates, it is not surprising that exposure is 

widespread. In fact, urinary phthalate metabolites have been detected in the majority of 

individuals from representative samples within the U.S. general population (Silva et al. 

2004). Epidemiologic data associate male phthalate exposure with low sperm quality 

(Bloom et al. 2015; Jurewicz and Hanke 2011; Lyche et al. 2009; Wang et al. 2015). Beyond 

sperm quality effects, male phthalate exposures have been shown to be associated with poor 

embryo quality (Wu et al. 2017a) and time-to-pregnancy (Buck Louis et al. 2014). For 

instance, among 50 couples seeking IVF treatment and participating in the Sperm 

Environmental Epigenetics and Development Study (SEEDS), male urinary phthalate 

metabolite concentrations of MEHP, MBzP, MBP, MHBP, MMP, and the DINCH 

metabolite, MCOCH (all of which are considered anti-androgenic metabolites with the 

exception of MMP) were associated with a pronounced decrease in blastocyst quality (i.e., 

day 5) (Wu et al. 2017a). However, male phthalate concentrations were not associated with 

cleavage-stage (i.e., day 3) embryo quality. These results suggest that the negative influences 

of paternal phthalates on embryo quality arose after day 3, during the transition from the 

cleavage to blastocyst stage of embryo development. Interestingly, this coincides with the 

timing of zygotic genome activation. It is noteworthy that these findings are supported by 

previous results from the Longitudinal Investigation of Fertility and the Environment (LIFE) 

study showing that male urinary phthalate metabolite concentrations of MMP, MBP and 

MBzP were associated with a 20% reduction in fecundity as measured by time-to-pregnancy 

(Buck Louis et al. 2014).

In order to identify potential markers that might mediate the observed relationship between 

paternal urinary phthalate levels and poor reproductive outcomes, subsequent research from 

SEEDS investigated the role of sperm methylation via the Illumina 450k array. After 

adjusting for potential confounders, a total 131 differentially methylated regions (DMRs; 

q<0.05) were associated with 10 different urinary phthalate metabolite concentrations. 

Moreover, three anti-androgenic metabolites, MEHP, MBP, MCOCH that were previously 

found to be associated with poor blastocyst quality (Wu et al. 2017b), were associated with 

the majority of the sperm DMRs. Interestingly, functional analysis of these sperm DMRs 

revealed a potential role in blastocyst quality, such that significantly enriched pathways 

identified included growth and development and cellular function and maintenance. Thus, 

these results suggest that phthalates may impact sperm DNA methylation in or near genes 

relevant to early embryogenesis, providing a pathway linking the observed inverse 

associations between anti-androgenic phthalates and blastocyst quality (Wu et al. 2017a; Wu 

et al. 2017b) and time-to-pregnancy (Buck Louis et al. 2014). In support of the influence of 

phthalates on sperm methylation aberrations, DEHP exposure in an occupational setting was 
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reported to be inversely associated with LINE-1 methylation; however, the use of high 

melting resolution PCR used in this study provided no contextual genomic insights of their 

reported associations (Tian et al. 2019). Future studies in human and animal models are 

forthcoming and hold promise to further delineate the role of sperm epigenetics as a 

pathway by which male phthalates influence reproductive success and offspring 

development.

Bisphenol A (BPA) is another ubiquitous EDC commonly produced in high volume and 

widely used in the manufacturing of products like plastics, thermal receipt papers, medical 

devices, can linings, and dental sealants (Shelby 2008). The influence of BPA on male 

reproductive function has been reviewed previously (Manfo et al. 2014); however, the 

influence of preconception BPA exposures on sperm epigenetics is now emerging. Utilizing 

hydroxymethylated DNA immunoprecipitation (hMeDIP) and sequencing, Chinese men 

who were occupationally-exposed to BPA had higher global content of sperm 5hmC 

compared to the non-exposed group (Zheng et al. 2017). Additionally, 9,610 differentially 

5hmC regions were identified, most of which were enriched within the intergenic and 

intronic regions, promoters of known imprinted genes, and regions in sperm associated with 

histone 3 trimethylation (H3K27me3, H3K4me2, and H3K4me3). This suggests a potential 

interplay between 5hmC and sperm-specific histone modifications (Zheng et al. 2017). 

Subsequent data from this research team showed that BPA-exposed compared to non-

exposed workers had higher sperm 5hmC, as measured by qPCR, at the acetylcholinesterase 

(ACHE) gene locus; however, it must be noted that after adjusting for potential confounders, 

the relationship between BPA exposure and ACHE 5hmC was attenuated. While these 

studies suggest that BPA may alter sperm 5hmC in occupationally exposed men, the 

relationship between BPA and 5mC was not examined and the generalizability of such 

results obtained in an occupational setting to the general population needs further 

investigation.

Dioxins are a broad class of structurally related, stable organochlorinated compounds 

released into the environment as a byproduct of industrial processes such as smelting and 

incineration, as well as from natural sources like forest fires and volcanic eruptions (Dopico 

and Gómez 2015). Because of their stable nature, they are also ubiquitous and may persist in 

the environment, leading to long-term human exposure. Exposure often occurs from 

consumption of animal products, including meat, dairy products, and fish (Liem et al. 2000). 

Dioxins are known to negatively impact male reproductive system by altering 

spermatogenesis, epididymal structure, and the sperm epigenome during different sensitive 

windows of development (Pilsner et al. 2017). For instance, in a prospective cohort study of 

Russian boys, whole genome bisulfite sequencing (WGBS) revealed that serum 

concentrations of the dioxin, TCDD, in peripubertal boys (8 – 9 years) were associated with 

52 DMRs in sperm collected in young adulthood (18 – 19 years). Functional enrichment 

analysis identified multiple biological pathways such as embryo development and cellular 

assembly and organization, in which estrogen receptor alpha was suggested to be the central 

regulator. It must be noted that while this study focused on peripubertal serum 

concentrations, TCDD’s long half-life (approximately 7 years) could have impacted other 

epigenetic sensitive periods including differentiation of primordial germ cells as well as 

spermatogenesis in adulthood (Pilsner et al. 2018). Recently, a study among U.S. veterans of 
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Operation Ranch Hand exposed to Agent Orange in Vietnam, who were highly exposed to 

dioxin via Agent Orange herbicide, found 36 sperm DMRs (p < 0.05) among high and low 

exposure groups (Kelsey et al. 2019) as well as similar directions of association in 5 DMRs 

previously reported by Pilsner et al. (Pilsner et al. 2018).

Drug Use—Pharmaceutical drug use, especially during cancer treatments, may affect off-

target tissues like germ cells, resulting in genetic defects that are transferable to next 

generation (Wyrobek et al. 2005). In addition to genetic alterations, pharmaceutical drugs 

may also induce epimutations in developing germ lines at sensitive genomic regions 

(Shnorhavorian et al. 2017). For example, sperm methylation alterations in adult men 

exposed to chemotherapy for treatment of osteosarcoma least 10 years prior to the study 

were compared to unexposed control men using MeDIP-seq. The study found that 

chemotherapy was associated with over 2,000 DMRs (p = 0.0001), mostly within CpG 

desert regions distributed over the entire chromosomes, including sex chromosomes. 

Similarly, in a separate rat model study that utilized restriction landmark genomic scanning 

(RLGS) to investigate methylation patterns of male rat germ cells exposed to different doses 

of combined testicular cancer therapy (bleomycin, etoposide, and cis-platinum (BEP)). They 

found a total of 143 loci significantly altered in both spermatids and mature spermatozoa 

relative to controls with methylation patterns proceeding either upward or downwards (Chan 

et al. 2012). Taking together, it suggests anti-cancer chemotherapy may alter epigenetic 

profile of the germline.

Similar to pharmaceutical drugs, the causal effects of recreational drug use on health may be 

mediated by an altered epigenome. While the negative effect of maternal tobacco smoking 

during pregnancy on offspring health and development are well delineated, comparatively 

less attention has been given to the effect of paternal smoking; however, emerging evidence 

details the negative impact of paternal tobacco use on fertility and offspring health (Beal et 

al. 2017). With a myriad of exposures occurring during cigarette smoking including nicotine, 

particulate matter, and thousands of other harmful chemicals, the negative effects of 

smoking on biological targets and pathways are multidimensional (Talhout et al. 2011). This 

includes effects on semen parameters as indicated in a recent meta-analysis (R Sharma et al. 

2016).

While smoking has been associated with epigenetic aberrations in somatic tissue 

(Ambatipudi et al. 2016; Besingi and Johansson 2014; Li et al. 2018), recent studies have 

shifted their focus on the role of current smoking on modifying the sperm methylome. 

Among a group of fertile men who were current smokers compared to nonsmokers, 450K 

array analyses identified 11 differentially methylated CpG sites, including CpG sites near 

genes, PGAM5 and PTPRN2, which have been shown to be important for spermatogenesis 

(Alkhaled et al. 2018; Laqqan et al. 2017). Moreover, in comparing sperm methylation 

among 78 current smokers with 78 never-smokers, Jenkins et al. found 141 CpG sites that 

were differentially methylated including a trend of increased variability of DNA methylation 

among smokers, suggesting that smoking may induce stochastic genome-wide aberrations in 

DNA methylation. Smoking-induced differential methylation was found to be enriched in 

CpG shores and in regions of histone retention, specifically trimethylation of H3K4 and 

H3K27 (Jenkins et al. 2017). While there were no shared differentially methylated CpGs 
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across the above cited studies, they report that smokers had poorer semen quality compared 

to non-smokers (Alkhaled et al. 2018; Jenkins et al. 2017). The temporal relationship 

between differential methylation and semen quality have yet to be delineated; smoking-

induced methylation changes may play a causal role in poor semen quality or alternatively, 

abnormal spermatogenesis may impact DNA methylation profiles.

In another study, targeted methylation approaches linked cigarette smoking to methylation 

changes at imprinting control regions (ICR) of the two imprinted genes studied. Specifically, 

when compared to nonsmokers, male smokers displayed lower methylation at H19 and 

higher methylation at SNRPN (Dong et al. 2017). Taken together, epidemiologic data clearly 

indicates that smoking, even in fertile men, can alter sperm DNA methylation profiles; 

however, a causal role of smoking-induced sperm DNA methylation aberrations on adverse 

offspring health is currently unknown in humans. However, a recent mouse study has begun 

to provide a mechanistic link between smoking-induced methylation changes and 

subsequent behavior of F1 and F2 offspring. For instance, adult male C57BL/6 mice 

exposure to nicotine via drinking water for 12 weeks induced both intergenerational 

behavioral impairment in both male and female (F1) offspring. Additionally, 

transgenerational (F2) deficits in learning were observed in male mice derived from 

paternally nicotine-exposed female F1 (McCarthy et al. 2018). While genome-wide 

methylation of F0 sperm was not analyzed, targeted methylation approaches using qPCR 

found that F0 sperm from nicotine-exposed males had higher global methylation and lower 

methylation at dopamine D2 receptor promoter compared to sperm from non-exposed males 

(McCarthy et al. 2018).

In addition to cigarettes, cannabis is one of the most widely used psychoactive drugs 

worldwide and has gained further popularity in daily use with the legalization of recreational 

and medicinal use in many developed countries including the United States. The effects of 

cannabis use on health outcomes have been discussed elsewhere; these include adverse child 

health from prenatal use (reviewed in (Gunn et al. 2016)), male infertility (Rajanahally et al. 

2019), and potential epigenetics effects (reviewed in (Szutorisz and Hurd 2016). Currently, 

data on cannabis use and sperm epigenetics are beginning to emerge. Recently, Murphy et 
al., examined the associations between cannabis or tetrahydrocannabinol (THC) exposure 

and sperm methylation in humans and rats, respectively (Murphy et al. 2018). RRBS 

analyses identified 3,979 differentially methylated CpG sites in human sperm of cannabis 

users compared to non-users, with a significant pathway enrichment in Hippo signaling and 

cancer. These results are in concordance with their findings from rat sperm RRBS data. 

Interestingly, in a follow-up study, 9 of the 17 human sperm THC-sensitive CpG sites were 

found within the intron 7 of the Discs-Large Associated Protein 2 (DLGAP2) gene, which is 

strongly implicated in autism. The sites were validated in both human and rat sperm using 

pyrosequencing technique, with significant hypomethylation in the exposed group relative to 

controls (Schrott et al. 2019). This suggests sperm methylation may be used as important 

biomarker of THC exposure.

It is worth noting that several genes (e.g., PTPRN2 and MAPK8IP3) that were previously 

reported to be sensitive to cigarette exposure (Alkhaled et al. 2018; Laqqan et al. 2017; 

Murphy et al. 2018) were also differentially methylated with cannabis use, suggesting that 
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the act of smoking, be it tobacco or cannabis, may impact the same biological pathways. In 

terms of potential offspring effects, THC-induced changes in rat sperm methylation (Murphy 

et al. 2018) overlapped with methylation changes previously reported in the brain of rat 

offspring born to parents exposed to THC during adolescence (Watson et al. 2015), 

indicating that preconception cannabis use may impact neurodevelopment of the next 

generation via transfer of aberrant sperm epigenetic profiles.

Aligned with the effects of cigarettes and cannabis, recent studies also point to the 

remodeling of the sperm epigenome associated with alcohol use. Notably, preconception 

ethanol exposure in male mice produced male, but not female, progeny with reduced ethanol 

preference and consumption. Additionally, there was increased brain-derived neurotrophic 

factor (Bdnf) expression in the ventral tegmental area (VTA), a region of the brain associated 

with cognition, motivation, and when misregulated, psychiatric disorders. Remarkably, Bdnf 
was found to be hypomethylated in F0 sperm, as well as in the VTA of male and female F1 

offspring (Finegersh and Homanics 2014). Most recently, preconception alcohol exposure 

was found to alter three classes of sperm small RNAs (tRNA, mitochondrial small RNA, and 

miRNA). Additionally, alcohol exposure impacted the epitranscriptome by increasing two 

nucleoside modifications: a uridine modification, 5′-methylaminomethyl-2-thiouridine, and 

a cytidine modification, formylcytidine. Moreover, ethanol-responsive sperm tRNAs were 

similarly altered in epididymosomes, suggesting a dynamic cross-talk and cargo exchange 

between sperm and extracellular vesicles (EVs) during epididymal transit (Rompala et al. 

2018).

Diet—Lifestyle factors such as diet and exercise play a critical role in overall health for the 

individual, as well as to the health of offspring. As such, most of the initial research 

examining how the preconception environment shapes sperm epigenetics and subsequent 

offspring phenotype was derived from nutritional manipulation studies in rodent models. For 

example, while Rando and colleagues showed that low protein diets (LPD) had only modest 

effects on genome-wide DNA methylation of sperm, they found that LPD resulted in the 

down-regulation of transcriptional factors and chromatin regulators, as well as a decrease in 

H3K27me3 of specific loci in sperm (Carone et al. 2010). Subsequent work from this group 

found that LPD in male mice resulted in changes in small RNA profiles in epididymosomes 

that matched changes observed in mature sperm (U Sharma et al. 2016), supporting the 

hypothesis of RNA trafficking from EVs during the epididymal transit of sperm. These 

LPD-induced changes in small RNA profiles most notably affected the let-7 family of 

miRNAs and tRNA fragments, which have been reported to be in high concentrations in 

seminal plasma EV of humans (Vojtech et al. 2014). Furthermore, the change in sncRNA 

profiles induced by LPD affected preimplantation embryo development. For example, EV-

derived tRNAs isolated from sperm of protein restricted mice and injected into zygotes 

resulted in repression of the gene targets of MERVL, a mouse retrotransposon express 

during preimplantation embryo development, as well as ribosomal genes in two-cell 

embryos that corresponded with delays in embryo development (U Sharma et al. 2016). The 

importance of sncRNA acquisition from epididymosomes during epididymal transit was 

highlighted in a recent paper showing that cauda sperm, but not caput sperm, and their 

associated sncRNA payloads were necessary for successful implantation (Conine et al. 
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2018). More recent data from another group, however, contradict such findings as they 

observed no differences in development and the number of pups obtained from caput and 

cauda sperm (Zhou et al. 2019). Finally, male mice exposed to LPD displayed global 

hypomethylation of sperm, reduced expression of DNA methyltransferases (DNMT1 and 

DNMT3L), and interestingly, blunted preimplantation uterine immunological and vascular 

remodeling, which suggests a seminal plasma-derived effect (Watkins et al. 2018). 

Nonetheless, the above studies indicate that LPD diets in adult males is sufficient to modify 

the sperm epigenetic repertoire and/or EV cargo to influence early-life development.

Similarly, studies with high fat diets (HFD) have also been shown to influence sperm 

epigenetics. For instance, HFD in adult male mice resulted in altered miRNA content 

(Fullston et al. 2013) and increased acetylation of H3K9 in late round spermatids to early 

elongating spermatids. The changes in H3K9ac are possibly mediated by a corresponding 

decreased expression of SIRT6, a stress-response deacetylase (Palmer et al. 2011). The 

effect of HFD on global DNA methylation of sperm is inconsistent (Binder et al. 2015; 

Fullston et al. 2013); however, in another study of prediabetic male mice, widespread 

alterations to sperm DNA methylation patterns were observed. Interestingly, a large portion 

of these differentially methylated genes overlapped with genes expressed in pancreatic islets 

of the offspring (Wei et al. 2014). Moreover, HFD in male rats was shown to induce 

metabolic phenotypes transgenerationally (e.g., F1 and F2 offspring), and interestingly, 

DNA methylation and certain sncRNA (piRNAs and miRNA let-7c) expression of F0 and F1 

sperm shared common profiles, indicating that paternal exposures may impact epigenetic 

patterns in offspring germ cells (de Castro Barbosa et al. 2016).

While the role of sncRNAs such as miRNAs and endo-siRNAs in fertilization and 

embryonic development is well elucidated (Yuan et al. 2016), miRNA specific function as 

vector of paternal inheritance of metabolic diseases was first observed following male mice 

exposure to Western-like diet characterized with high fat and/or high sugar levels (Grandjean 

et al. 2015). The study found that mice fed a Western-style diet acquired metabolic disorders 

relative to the control standard mice diet. The diet significantly altered sperm RNA 

populations, with miRNA being the most sensitive sub-RNA species. Furthermore, injection 

of sperm miRNA (miR-19b) into naive one-cell embryo resulted in offspring with metabolic 

disorders similar to the exposed F0 phenotypes.

More recently, additional work further emphasized the importance of sperm sncRNA in the 

inheritance of acquired diseases (Qi Chen et al. 2016), where sperm 5’ tRNA fragments 

were found to be most responsive to HFD exposure using mice models. Interestingly, 

injection of the altered sperm tsRNA fragments from HFD males into normal zygotes 

recapitulated metabolic disorders in F1 offspring. Further experiments by the group showed 

that most predominant sub-species of tRNAs were those with methylation at the 5th-

positioned cytosine (m5C) of the tRNA fragment, implying that modification of tRNAs are 

also important for paternal-offspring transmission of HFD-induced metabolic disorders (Qi 

Chen et al. 2016). In fact, laboratory-synthesized tRNA fragments, which contain no 

modifications, were readily degraded and failed to recapitulate the F1 phenotype. This 

underscores the notion that not only are certain species of sncRNA responsive to 

environmental cues, but specific modifications to RNA nucleotides (e.g., epitranscriptome) 
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may be equally important in conferring the inheritance of paternal acquired traits. 

Interestingly, a follow-up study by the same group showed knockout of DNMT2 resulted in 

down-regulation of modified tsRNA (m5C) in sperm and nullified the effects of HFD-

induced intergenerational transmission (Zhang et al. 2018). This suggests DNMT2 might be 

an important mediator of diet-induced intergenerational metabolic disorders through sperm 

RNA modifications.

While the previously discussed research utilized nutritional manipulation exclusively in 

animal models, epidemiologic evidence indicates that children of obese fathers may have 

higher likelihood of being overweight irrespective of mother’s obesity status (Lake et al. 

1997), suggesting a potential role for the epigenetic transfer of sperm profiles. Indeed, 

paternal overweight or obesity status prior to conception was associated with sperm 

methylation at several ICRs, including PEG10, SNRPN, MEG3 and H19 (Soubry et al. 

2016). Additionally, this group previously reported that paternal obesity was associated with 

cord blood leukocyte methylation of IGF2 (Soubry et al. 2013); however, no significant 

association was found for sperm IGF2 methylation (Soubry et al. 2016).

Perhaps the most convincing data on the effect of obesity is from a novel study by Donkin 

and colleagues (Donkin et al. 2016). Epigenome-wide profiling of sperm from obese and 

lean men found similar histone positioning; however, DNA methylation profiles and 

sncRNA profiles diverged between the groups. Specifically, piRNAs and tRNA fragments 

were the most predominantly differentially expressed sncRNA. Interestingly, target 

prediction of the 37 differentially expressed piRNAs (q<0.1) resulted in genes putatively 

involved in regulating food intake related to obesity. Most fascinating, this study also 

examined sperm methylation profiles in obese men before and after bariatric gastric bypass 

surgery. Compared to sperm collected prior to surgery, 1,509 and 3.910 sperm DMRs, most 

notably at genes implicated in appetite, were identified one week and one year after the 

surgery, respectively (Donkin et al. 2016). This suggests that the sperm epigenome is 

malleable to current environmental conditions and thus can be modified after weight loss. 

Finally, in addition to sncRNAs, Krawetz and colleagues recently reported that male BMI 

was associated with 487 sperm RNA elements (defined as short exon-sized sequences) 

consisting of 421 genes, in which a number of genes were related to epigenetic processes 

that regulate chromatin organization (Swanson et al. 2019).

In additional to overall diet, micronutrient intake can also alter the epigenome. For example, 

dietary supplementation with folic acid has been shown to improve semen parameter, 

especially among men with polymorphism in folate metabolizing gene, 

methylenetetrahydrofolate reductase (MTHFR), (Huang et al. 2019; Najafipour et al. 2017) 

and may be considered a part of oral micronutrient supplementation in male factor infertility 

treatment (Buhling et al. 2019). However, since folate is crucial in the production of S-

adenosyl methionine, the universal methyl donor, whether this exposure could alter other 

biological markers in developing germ cells with potential effect on future generation 

remains a concern. Using RRBS, Trasler and colleagues investigated sperm methylation 

profiles of idiopathic infertile men exposed to long-term, high dose folic acid 

supplementation at 5 mg/d for 6 months (Aarabi et al. 2015). They observed significant 

global hypomethylation mostly occurring at low CpG density and DNA repeat regions; an 
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effect found to be exacerbated by MTHFR polymorphism. The unanticipated methylation 

loss was validated in a follow-up mice study by the same research group and was attributed 

to downregulation of MTHFR enzyme at high doses of folic acid (Aarabi et al. 2018), 

although the mechanism remains unclear. It is however worth mentioning that low level of 

folic acid (400 μg/d) administered over 90 days failed to alter sperm methylome of men 

without history of infertility using HumanMethylation450 beadchip array (Chan et al. 2017). 

Taken together, sperm methylome sensitivity to high level of folic acid may be species 

independent and may be modified by underlying genetic status.

Exercise—To mitigate the potential negative effects of chemical exposures and diet 

discussed above, there is growing interest in the effect of enriched or positive environmental 

exposures such as exercise on sperm epigenetics. While it was evident that exercise can alter 

the epigenetic state of muscle cells in rats (Keller et al. 2011) and humans (Jacques et al. 

2019), recent data indicate that the sperm epigenome may be responsive to exercise in a 

similar fashion. Indeed, 8-week nutrition/exercise interventions (~ 2 spermatogenesis cycles) 

to obese male mice restored the abundance of sperm miRNAs, predominantly found on the 

X-chromosome, that target genes regulating cell cycle, apoptosis, and embryogenesis, to that 

of controls. Additionally, interventions mitigated the propensity for the development of 

obesity and metabolic disease in female offspring (McPherson et al. 2015). Likewise, 

targeted analyses by qPCR revealed that 12-week exposure to voluntary wheel-running, 

compared to sedentary controls, resulted in changes in sperm DNA methylation in several 

metabolic genes and miRNA expression. Surprisingly, offspring of males subjected to 

exercise were more susceptible to the adverse effects of a high-fat diet, such as increased 

body weight and impaired glucose tolerance, suggesting that paternal exercise may induce a 

thrifty phenotype in offspring (Murashov et al. 2016). In a similarly designed study, 

voluntary wheel-running also altered the expression of five miRNA and tRNA fragments via 

unbiased sncRNA-sequencing (Short et al. 2017), further highlighting the importance of 

sncRNA in sperm.

In humans, the effect of exercise has also been shown to modify the sperm epigenome. In 

one such intervention, sprint interval training twice a week for 3 months resulted in global 

hypomethylation of sperm and genome-wide methylation changes occurring at gene loci 

implicated in schizophrenia and Parkinson’s disease (Denham et al. 2015). It must be noted, 

however, that a major limitation of this study was that it did not evaluate intra-individual 

changes in sperm methylation, thus the direct effect of exercise within an individual is 

unknown. To overcome this limitation, Ingerslev and colleagues examined sperm epigenetic 

profiles at three different time-points: prior to exercise (untrained), after 6-weeks of 

endurance training regime (trained), and 3 months following exercise (detrained) (Ingerslev 

et al. 2018). Compared to untrained, 177 and 190 DMRs (q <0.05) were identified in sperm 

collected at trained and detrained periods, respectively. While the authors do not state the 

amount of overlap of DMRs between analyses, ontology analyses indicated DMRs were 

associated with genes known for neurological function. In regard to sncRNA, exercise-

induced alterations in piRNA expression were reported, while expression of miRNA and 

tRNA remained fairly stable (Ingerslev et al. 2018). Overall, dietary and exercise lifestyle 

choices made by fathers before the conception period may alter sperm epigenetic profile, 
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affect semen quality, and reprogram the health of future generations. This effect is likely 

independent, but potentially additive, to mothers’ lifestyle.

Environmental stressors and other environmental cues—The aforementioned 

studies on preconception environment focused largely on exposures that potentially could be 

modified via lifestyle changes; however, stress or trauma is another key component of the 

preconception environmental milieu that is less malleable and has shown to impart adverse 

behavioral outcomes in offspring. For example, epidemiologic evidence indicates that 

offspring of Holocaust survivors (Yehuda et al. 2014), Vietnamese refugees (Vaage et al. 

2011), and military action in war (Schick et al. 2013) had increased risk of mental health 

issues (reviewed in (Bowers and Yehuda 2016)).

Not surprisingly, recent studies have focused on sperm epigenetics as the mechanism of 

paternal transfer of stress. For instance, paternal pubertal or adult chronic variable stress 

conditions in mice were found to alter miRNA profiles of sperm and contributed to offspring 

hypothalamic-pituitary-adrenal (HPA) axis dysregulation (Rodgers et al. 2013). Other 

interesting studies have shown that the sperm epigenome adapts to other environmental cues 

such as temperature and odors. Perhaps one of the most fascinating studies examined the 

inheritance of parental traumatic exposures via odor fear conditioning (Dias and Ressler 

2014). In doing so, male mice exposed to acetophenone, which activates the odorant 

receptor Olfr151, concomitant with mild foot shocks, resulted in F1 and F2 offspring with 

increased behavioral sensitivity to acetophenone. Most strikingly, bisulfite sequencing of 

sperm from F0 and F1 males revealed that Olfr151 was hypomethylated (Dias and Ressler 

2014). Lastly, synonymous to human cold seasons, preconception cold exposure in male, but 

not female, mice was linked to improved systemic metabolism and protection from diet 

induced obesity in male offspring. WGBS analyses revealed that sperm from cold exposure 

increased in global methylation, and moreover, 2,431 DMRs were identified, which were 

enriched in pathways for neurogenesis (Sun et al. 2018). Taken together, these data 

demonstrate that parental experiences are also epigenetically written in the male germline 

and can lead to changes in offspring phenotypes.

Perspectives and Future Work

Improving our understanding of epigenetic changes that occur to the paternal germline 

following preconception environmental conditions and exposures will enhance reproductive 

success as well as improve offspring health. Currently, most of the preconception 

environmental research on the sperm epigenome focuses on DNA methylation and ncRNAs; 

technical limitations are often the reason. Moving forward, it will be important to identify 

other environmentally-sensitive epigenetic mechanisms, including local histone modification 

and enrichment, global chromatin structure and 3-D conformation, and non-coding RNA 

exosomal loading and expression in seminal plasma and epididymosomes. Advances in 

systems biology to ably integrate and analyze the complex and multi-faceted epigenetic 

information are also warranted. Research is also necessary to understand the variability of 

sperm epigenetic profiles within one semen sample. Currently, research is reporting average 

methylation profiles within a semen sample and thus, it is unknown if environmental 

conditions uniformly impact sperm epigenetic profiles or if a subset of spermatogonia are 
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more sensitive to exposures. Such information may lead to the development of diagnostic 

tools to separate sperm by their epigenetic profiles in order to select sperm that have the best 

reproductive capacity and prognosis for optimal health and development of future 

generations.
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Figure 1: Sperm epigenetic programming during the preconception period.
A) Sperm epigenetic profiles are finalized during spermatogenesis, a process divided into 

two major steps: spermatocytogenesis and spermiogenesis. During spermatocytogenesis, the 

undifferentiated spermatogonia undergo clonal expansion through mitosis to produce 

spermatocytes. It is important to note that this step occurs before the blood-testis barrier; 

thus the epigenome is potentially susceptible to environmental conditions during cell 

divisions. As spermatocytogenesis continues across the blood-testis barrier, spermatocytes 

obtain final DNA methylation profiles. Next, during spermiogenesis, spermatids are 

remodeled such that testis-specific histone marks are established, followed by histone to 

protamine exchange. B) Illustration of the testes, epididymis, and vas deferens. While 

spermatogenesis occurs primarily within the seminiferous tubules of the testes, final 

maturation occurs during the transit through the epididymis where RNA loading occurs with 

interactions between sperm and extracellular vesicles (e.g., epididymosomes). The RNA 

loading via extracellular vesicles within fluids of the male reproductive tract and other 

secondary sex organs (e.g., prostate and seminal vesicle) represents the final opportunity for 

sperm to “epigenetically match” their current environment prior to fertilization. (Low 

resolution copy)
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