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Abstract
As scientific research progresses, there is an increasing understanding of the importance of paternal epigenetics in influenc-
ing the health and developmental path of offspring. Prior to conception, the environmental exposures and lifestyle choices 
of fathers can significantly influence the epigenetic state of sperm, including DNA methylation and histone changes, among 
other factors. These alterations in epigenetic patterns have the potential for transgenerational transmission potential and may 
exert profound effects on the biological characteristics of descendants. Paternal epigenetic changes not only affect the regu-
lation of gene expression patterns in offspring but also increase the risk to certain diseases. It is crucial to comprehend the 
conditions that fathers are exposed to before conception and the potential outcomes of these conditions. This understanding 
is essential for assessing personal reproductive decisions and anticipating health risks for future generations. This review 
article systematically summarizes and analyzes current research findings regarding how paternal pre-pregnancy exposures 
influence offspring as well as elucidates underlying mechanisms, aiming to provide a comprehensive perspective for an 
enhanced understanding of the impact that paternal factors have on offspring health.
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Introduction

Epigenetics is a rapidly evolving field within molecular biol-
ogy that focuses on understanding how non-DNA sequence 
alterations influence gene expression and contribute to 
phenotypic diversity and genetic variability. These altera-
tions include DNA methylation, histone modifications, and 
non-coding RNAs (ncRNAs), which together form a com-
plex regulatory network affecting gene expression. DNA 
methylation is a pivotal modification process in epigenetics 
whereby a methyl group is added to the 5′ carbon atom of 
cytosine, typically occurring at CpG islands. DNA meth-
ylation controls gene transcription and expression, thereby 
affecting gene activity [1]. The genomes of mammalian 
sperm cells are over 90% methylated, the highest of any 
cell type. This is linked to routine semen parameters [2]. 

Chemical modifications of histone tail amino acid residues 
include acetylation, methylation, and phosphorylation. By 
changing chromatin structure and dynamics, these changes 
affect gene accessibility and expression [3]. ncRNAs regu-
late gene expression in many ways. They create complemen-
tary pairs with mRNAs to govern stability and translation 
or modify chromatin modification to affect gene activity. 
Additionally, ncRNAs can form regulatory complexes with 
other proteins or RNA molecules to affect gene expression 
[4]. Epigenetic alterations not only impact gene expression 
within an individual at various stages of development but 
also have the capacity to transmit information to the next 
generation through germ cells, referred to as intergenera-
tional epigenetic inheritance. In some cases, these changes 
can also affect subsequent generations, which is referred to 
as transgenerational epigenetic inheritance [5, 6]. Paternal 
epigenetics involves how paternal spermatozoa pass on key 
epigenetic markers to relay environmental information to 
their immediate offspring (intergenerational inheritance) 
and potentially to subsequent generations (transgenerational 
inheritance) [7]. Sperm epigenetic markers are affected by 
the father’s lifestyle, food, stress, and environmental con-
taminants. These environmental factors may impact sperm 
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epigenetics and future offspring's biology. This epigenetic 
effect may produce “pre-adaptation”, which improves the 
fitness of the offspring, but it may also produce a large num-
ber of pathological disease states [8]. According to existing 
studies, such epigenetic effects are dynamic and complex, 
varying by sex and developmental stage. Paternal epigenetic 
effects in animals are expressed differently in offspring of 
different sexes and ages, and offspring of animals exposed 
to some substances may show resistance to others (see 
Section 3.5 of this review). Thus, in-depth analysis of the 
effects of paternal prenatal exposure on offspring is critical 
to understanding epigenetic effects.

Resetting epigenetic marks: the journey 
from gametes to embryo

Epigenetic reprogramming is a critical process during 
gametogenesis (the formation of sperm and eggs) and early 
embryonic development. This process involves the erasure 
and re-establishment of epigenetic marks to ensure the cor-
rect gene expression patterns necessary for development. 
Parental origin affects gene expression in imprinted genes. 
Germ cells undergo reprogramming of these genes to meet 
embryonic needs and restore their epigenetic state at the 
right time.

The development of primordial germ cells (PGCs) is 
a precisely regulated journey involving complex epige-
netic reprogramming. The developmental journey in mice 
begins at embryonic day (E)7.25 with the first appearance 
of small clusters of approximately 40 cells in the proxi-
mal ectoderm, which express key transcriptional regula-
tors and mark the initiation of PGCs [9]. From E9.5 to 
E10.5, PGCs began to express ten-eleven translocation 
protein (TET)1 and TET2 enzymes, and their expression 
levels peaked from E10.5 to E11.5, providing key cata-
lytic roles for the DNA demethylation process [10]. The 
level of 5-methylcytosine (5mC) in mouse PGCs grad-
ually decreased from E9.5 to E11.5 until it was almost 
undetectable at E11.5, while at the same time, the global 
enrichment of 5-hydroxymethylcytosine (5hmC) in PGCs 
indicated a genome-wide 5mC to 5hmC conversion [10]. 
Mouse PGCs migrate through the posterior endoderm to 
reach the gonadal primordium between E10.5 and E11.5, 
a process that delays the removal of methylation in spe-
cific regions, including differentially methylated regions 
(DMRs) of imprinted genes and CpG islands (CGIs) on 
the X chromosome [9]. The methylation level of PGCs 
in male mice decreases to 14% at E13.5 and then begins 
to show significant re-methylation at E16.5, where the 

methylation level increases to approximately 50% [9]. 
Methylation changes at the E16.5 stage prepare PGCs to 
enter the gonads and undergo subsequent stages of the 
spermatogenesis process. Notably, despite the extensive 
demethylation that PGCs undergo, a few transposable and 
repeat elements remain methylated in PGCs, and these loci 
may be critical for germ cell development and function [9]. 
For example, endogenous retroviral A-particle (IAP) ele-
ments, which are a particularly potent source of insertional 
mutagenesis in mice, are resistant to DNA demethylation 
during reprogramming and can mostly remain methylated 
[10–12], thus preserving their epigenetic marks. Sites that 
escape demethylation tend to be adjacent to IAP elements 
or telomeric regions [10, 13].

At the stage of sperm maturation, chromatin composi-
tion gradually shifts from a nucleosome-based state to a 
protamine-based state [14]. Protamines are small, arginine-
rich, sperm-specific structural proteins that encapsulate 
90–95% of the mammalian sperm genome and are essential 
for sperm chromatin compression, stability, and the subse-
quent fertilization process. A rodent-specific lysine residue, 
K49, is acetylated on protamine 1 (P1), a modification that 
is acquired early in spermatogenesis and remains present 
in mature spermatozoa [15]. In fertilized eggs, if the lysine 
at position 49 of P1 is alanine substitution (P1(K49A)), it 
results in premature decompression of the male pronucleus, 
altered DNA replication patterns, and arrested embryonic 
development. In addition, in vitro experiments have shown 
that the P1(K49A) mutation reduces the binding affinity 
of protamines for DNA and alters the dynamics of DNA 
compression and decompression [15]. These changes may 
affect the stability of sperm chromatin and the efficiency of 
chromatin reprogramming in fertilized eggs.

Post-fertilization, the parental genome undergoes another 
round of DNA demethylation through both active and pas-
sive mechanisms [16, 17]. In human preimplantation 
embryos, DNA methylation levels progressively decline 
from the time of fertilization until the blastocyst stage, with 
the lowest level observed at approximately 43%. Notably, the 
paternal and maternal genomes are dramatically different in 
epigenetic marks and chromatin structure and the paternal 
genome undergoes more rapid and extensive demethylation 
compared to the maternal genome [18, 19]. It is observed in 
mammals that active demethylation of the parental genome 
involves the conversion of 5mC to 5hmC by TET enzymes 
and other subsequent reactions that culminate in demeth-
ylation [5, 17]. This process is essential for the removal of 
unwanted epigenetic marks from the paternal genome to 
ensure smooth embryonic development. In contrast, dem-
ethylation of the maternal genome exhibits a more passive 



Journal of Assisted Reproduction and Genetics	

feature, whereby newly synthesized DNA strands fail to 
be remethylated during the early embryonic developmen-
tal stages after the formation of a fertilized egg due to the 
restriction or absence of DNA methylase (DNMT) activity, 
thus reducing the overall methylation level [20, 21]. During 
mouse embryogenesis, numerous genes marked by altered 
histones or DNA methylation in sperm may not be expressed 
in pre-implantation embryos but could be expressed at later 
stages of embryonic development [22].

Genetic reprogramming is fundamental to ensuring that 
genetic information is accurately transmitted and expressed 
in germ cells and early embryos. However, the transmis-
sion of genetic information does not occur in a vacuum; 
environmental factors also play a key role. It is becoming 
increasingly apparent that fathers’ pre-pregnancy lifestyle 
and environmental exposures may influence the health of 
their offspring through epigenetic alterations. Therefore, we 
will next review and summarize the research on the effects 
of paternal pre-pregnancy exposures on offspring, with 
aiming to provide a scientific basis for understanding the 
associations between paternal pre-pregnancy exposures and 
offspring health, as well as providing theoretical support for 
future prevention strategies and interventions. The concep-
tual schema of our study is depicted in Fig. 1.

Pre‑pregnancy paternal exposures: 
a blueprint for offspring developmental 
outcomes

Cigarette smoke

Extensive research has demonstrated the negative effects of 
tobacco smoking throughout pregnancy and early infancy 
on both the mother and child [23–25]. Subsequently, the 
researchers found that paternal smoking before conception 
was also strongly associated with offspring health [26, 27]. 
An epigenome-wide association study in humans found a 
link between paternal cigarette smoking and altered DNA 
methylation patterns in offspring, independent of maternal 
smoking [28]. One notable finding was the differential meth-
ylation of the Catenin Alpha 2 gene, which is implicated 
in central nervous system (CNS) functions and psychiatric 
disorders [29]. The idea that paternal exposure to cigarette 
smoke may influence the prevalence of psychiatric disor-
ders in offspring through epigenetic effects which is sup-
ported by another human study reporting that offspring of 
men who smoke have a higher risk of developing attention 
deficit hyperactivity disorder (ADHD) and schizophrenia 
[30]. This suggests that epigenetic inheritance may affect 

Fig. 1   Conceptual overview diagram
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psychiatric disorders in offspring. Prenatal paternal smok-
ing and maternal smoking have different profiles on chro-
mosomes 7 and 15, and fathers who start smoking in early 
adolescence have a particularly strong effect on DNA meth-
ylation in their offspring, an effect that may be associated 
with the development of diseases such as asthma, obesity, 
and poor lung function in their offspring [28, 31–35]. Nota-
bly, even passive exposure to cigarette smoke in adolescent 
males in human studies is associated with an increased 
likelihood of non-allergic asthma in their offspring at the 
age of 7 years [36]. The dose of prenatal paternal cigarette 
smoke exposure was positively associated with the level of 
methylation of CG loci in the DNA of the offspring’s cord 
blood, including the LMO2 and IL10 genes, which may be 
relevant to childhood asthma [37]. Sexual dimorphism has 
been shown in the genetic effects of paternal pre-pregnancy 
exposure on offspring, and smokers’ male offspring are at 
higher risk of obesity than female offspring [27, 38, 39]. 
However, fathers who start smoking after the age of 15 years 
are associated with increased obesity in their offspring of 
both sexes [33]. There are results of different statements in 
human studies about the correlation between preconception 
smoking and offspring cancer risk. A French study found an 
association between paternal smoking before pregnancy and 
brain cancer in offspring under 5 years of age [40]. This is 
contrary to earlier studies that found no correlation between 
parental smoking and offspring cancer risk [41, 42]. These 
conflicting results could be attributed to various factors 
such as differences in sample sizes, methods of smoking 
behavior quantification, and the control of confounding fac-
tors. A more critical examination of these studies suggests 
that the timing and intensity of smoking, as well as genetic 
predispositions, could play significant roles in mediating 
these effects. Overall, while there is evidence supporting 
a link between paternal smoking and certain health risks 
in offspring, the variability in findings indicates a need for 
more standardized research methodologies to draw defini-
tive conclusions.

Elevated levels of DNA methylation and reduced chro-
matin condensation in spermatozoa of human smokers [43] 
imply that the chromatin structure becomes more open, 
potentially increasing the accessibility of genes and making 
otherwise tightly regulated genes more susceptible to the 
effects of transcription factors and other regulatory proteins. 
The observation that smoking exposure induces DNA meth-
ylation changes in spermatozoa and is reversible in mice, and 
the similar effects of cigarette exposure observed in wild-
type and Nrf2 knockout mice [44] may indicate that reactive 
oxygen species (ROS) leading to DNA damage and lipid 
peroxidation affects not only the quality of spermatozoa but 
possibly also their epigenetic status. Pre-pregnancy cigarette 
exposure in mouse fathers affects miRNAs in their sperm 
[45]. miRNAs are important molecules that regulate gene 

expression, and smoking exposure may alter the expression 
of specific miRNAs (e.g., genes critical for early embryonic 
developmental regulation) in sperm, thereby affecting the 
development and health of the offspring. Although DNA 
methylation and miRNA changes in spermatozoa may be 
reversible to some extent, whether they can be fully restored 
to the pre-exposure state and whether these changes can be 
transmitted across generations remain unknown, and more 
research is needed to elucidate the stability and persistence 
of these epigenetic marks across multiple generations.

As societal awareness of the health risks associated with 
traditional cigarettes grows, e-cigarettes have gained popu-
larity among young people as an alternative [46]. However, 
the emergence of e-cigarettes has sparked concerns regard-
ing their potential health impacts. While e-cigarettes have 
been shown to potentially decrease the risk of cardiovascular 
events compared to traditional cigarettes [47], reproductive 
genetics studies have not been completed in time to assess if 
e-cigarette smoke will damage future generations. The main 
harmful ingredient in e-cigarettes is nicotine, and results 
from animal studies suggest that paternal exposure to nico-
tine may have neurodevelopmental and metabolic effects on 
the offspring, such as an increase in nicotine demand [48] 
and spontaneous locomotor activity in animal offspring, 
whereas significant deficits in reversal learning ability and 
attention were observed [49, 50]. Additionally, there is an 
elevated risk for ADHD [51]. Male offspring also exhibited 
significant deficits in brain monoamine concentration and 
content and significantly reduced dopamine receptor mRNA 
expression [50], but the liver of the offspring appeared to 
be better able to clear nicotine [52]. This may suggest that 
nicotine exposure in animal fathers may affect the meta-
bolic capacity of the offspring to become better resistant to 
nicotine, but it is not clear whether e-cigarettes would have 
a similar effect in humans. Table 1 outlines the effects of 
pre-pregnancy cigarette smoke and nicotine on offspring.

Body mass index (BMI)

Studies from humans have shown that pre-pregnancy pater-
nal obesity affects imprinted genes reprogramming during 
spermatogenesis [53]. After controlling for various maternal 
and neonatal factors, DNA methylation levels in cord blood 
leukocytes of neonates of obese fathers remained associated 
with paternal obesity [54]. Some studies have reported that 
paternal BMI has different correlations with DNA meth-
ylation depending on the sex of the child. However, after 
correction for multiple testing, none of the observed cor-
relations remained significant [55, 56]. Despite this, the 
potential influence of paternal obesity on offspring methyla-
tion patterns warrants further investigation, as other studies 
have suggested significant effects at specific sexes and at 
specific gene loci [55]. This may explain the sex specificity 
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of paternal obesity producing epigenetic effects observed 
in multiple studies. For example, it has been observed in 
female mouse offspring that paternal overweight may affect 
onset mammary development and increase breast cancer risk 
by altering miRNA expression profiles in offspring mam-
mary tissue [57]. Meanwhile, in humans even though an 
increased risk of asthma was observed in all offspring chil-
dren, the risk was more pronounced in female offspring [58, 
59], and reduced lung function in offspring adult males was 
not observed in females [60]. Pre-pregnancy BMI in human 
fathers was positively associated with the growth rate of 
WHO BMI z-scores (zBMI), mean zBMI, and weight status 
in offspring. However, this association was not significant 
in female offspring [61, 62].

Even after controlling for diabetes, smoking, alcohol, 
and cardiovascular disease, paternal early-onset obesity is 
associated with higher serum alanine transaminase levels 
in children. This elevation is not due to the offspring’s BMI 
[63]. This indicates that paternal obesity may impact the 
liver health of offspring through non-genetic factors, as ele-
vated alanine transaminase levels persist even in offspring 
of normal weight [63]. A correlation was observed between 
an increase in the father’s pre-pregnancy BMI and a corre-
sponding increase in the birth weight of his offspring. The 
observed increase was 10.7 g per unit increase in the father’s 
BMI [64], indicating the potential impact of paternal obesity 
on the early growth and development of the offspring. Con-
currently, fathers who were obese in the six months prior to 
pregnancy demonstrated an increasing prevalence of asthma, 
hand-foot-mouth disease, anemia, dental caries, and obesity 

in their adolescent offspring [65]. In comparison, the preva-
lence of anemia in adolescents in the offspring was higher 
in the offspring of underweight fathers [65]. This reminds 
us that a father’s BMI impact on offspring health risks is 
multifaceted.

Excessive BMI in men causes an increase in the level 
of hypocondensed chromatin and a decrease in the level of 
decondensed chromatin in their spermatozoa, and this may 
affect normal expression of genes in the spermatozoa [66]. 
These abnormal states of chromatin can affect the DNA 
repair process in the sperm nucleus, resulting in damaged 
DNA not repaired in time, which may cause the accumula-
tion of mutations in genetic information. And these muta-
tions may adversely affect the development of embryos after 
fertilization, thus increasing the risk of birth defects. Sperm 
from obese men exhibited elevated ROS levels and signifi-
cant telomere length shortening [67], and sperm proteomic 
analysis showed significant differences in protein abundance 
[68], with changes in proteins involved in oxidative stress 
response and DNA damage repair mechanisms. Reduced 
telomere length may contribute to sperm aging, which may 
affect the early development of the embryo after fertilization 
and, at the same time, may lead to the accumulation of DNA 
damage, which may affect the genomic stability and devel-
opmental potential of the embryo. The increased expression 
of oxidative stress-related proteins may reflect an adaptive 
response of sperm to elevated levels of ROS, which may 
result in oxidative damage to sperm DNA, increasing the 
risk of mutations that may affect the health and disease sus-
ceptibility of the offspring. Changes in DNA damage repair 

Table 1   Outcome of offspring exposed to cigarettes and nicotine in paternal preconception

Exposure Study object Outcome of offspring References

Cigarette smoke Human DNA methylation differences [28, 31, 37]
The risk of ADHD and schizophrenia increased [30]
Obesity [31, 33, 38]
Obesity in men [27, 38]
Decreased Lung function [31, 34]
Increased risk for Asthma [31, 35, 37]
Non-allergic asthma [36]
Increased risk for brain tumors [40]
No association with brain tumor risk [41, 42]

Nicotine Rats Memory deficits and anxiety-like behaviors are increased in males, and the expression of Satb2 is 
decreased

[48]

Motor activity habitual, novel object recognition test ability was significantly reduced, and males 
were hyperactive

[49]

Mice Spontaneous movement activity markedly increased reverse learning ability significant defects. 
Male offspring concentration, content of brain monoamine, and dopamine receptor mRNA 
expression showed significant defects

[50]

Offspring DAT expression in the brain is reduced, the male an increased risk for ADHD [51]
Male offspring enhancement of xenobiotics metabolism tolerability, hepatic clearance rates 

increased
[52]
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proteins, on the other hand, may be indicative of the effects 
of obesity on the genetic stability of sperm. Table 2 breaks 
down how paternal BMI affects offspring outcomes.

Diet, nutrition, and health

Before delving into the discussion of the epigenetic effects 
of a father’s preconception dietary habits on his offspring, 
it is essential to clarify that these effects may arise directly 
from the changes induced by the father’s dietary practices 
prior to conception, or they may be indirectly related to the 
impact of those dietary habits on the father’s BMI, which in 
turn affects the offspring. In this section, our focus is solely 
on the studies that consider the father’s pre-pregnancy diet 
as the primary variable of interest, to distinctly differentiate 
the direct influence of dietary factors on the health of the 
offspring.

It has been suggested that the paternal effect cannot 
be fully explained by the excess or deficiency of a single 
nutrient; rather, it is the result of the interaction of mul-
tiple nutrient balances and total energy intake [69]. As a 
key epigenetic enzyme, DNMT plays a central role in DNA 
methylation, a process critical for regulating gene expres-
sion. Variations in DNMT expression levels, particularly 
in response to dietary factors, may shape the epigenetic 
profiles of offspring, thereby affecting their development 
and gene expression. In rats, the impact of a paternal high-
fat, high-sugar diet on DNMT expression in the adipose 
tissue of adult offspring appears to be sex-specific, with 
male offspring showing upregulated expression of DNMT1 
and DNMT3a and downregulated expression of DNMT3b 
compared to offspring on a high-protein diet, and female 
offspring having a general decrease in the expression of 
DNMT1, DNMT3a, and DNMT3b [70]. This may indicate 
a different genetic response to the father’s pre-pregnancy diet 
in offspring of different sexes and may explain the observed 
correlation of the proportion of fat in the pre-pregnancy diet 

of mouse fathers only in the risk of obesity in female off-
spring [69]. Meanwhile, a high-fat diet in rat/mice paterni-
ties resulted in dyslipidemia, glucose intolerance, and abnor-
mal insulin secretion in the offspring [71–75]. Notably, male 
offspring show significantly elevated inflammation-related 
gene expression, increased sperm ROS levels, and reduced 
circulating testosterone and its biosynthetic enzyme gene 
expression in the liver [76, 77]. Another study found that a 
pre-pregnancy high-fat, high-sucrose, high-salt diet in rats 
caused significant elevations in serum aspartate aminotrans-
ferase activity and changes in intestinal flora in offspring, but 
only male offspring had elevated lipids [78]. This suggests 
that unhealthy dietary habits before fathers’ pre-pregnancy 
may increase the risk of metabolic syndrome and cardio-
vascular disease in offspring, highlighting the potential for 
different dietary habits to induce distinct epigenetic changes.

In contrast, paternal high-protein diets have been shown 
in rats/mice to positively affect metabolic outcomes in off-
spring, improving offspring body composition, insulin sen-
sitivity, circulating satiety hormones, and cecum short-chain 
fatty acids, with higher basal glucagon-like peptide-1 (GLP-
1) concentrations and lower ghrelin levels in male offspring 
[69, 70]. Higher concentrations of GLP-1 have been associ-
ated with enhanced satiety, which contributes to reduced 
food intake. Lower ghrelin levels generally imply reduced 
appetite and better glycemic control; changes in these hor-
mone levels may have a positive impact on weight manage-
ment and metabolic health in male offspring.

Female offspring of mice whose fathers consumed a 
low-protein, high-carbohydrate diet prior to conception 
were at increased risk of obesity, and researchers have 
suggested that their behavioral traits may be affected by 
interactions between paternal dietary macronutrients [69]. 
In addition to contributing to offspring obesity, the mice 
paternal low-protein pre-pregnancy diet affects a variety 
of offspring characteristics related to metabolic function 
and vascular health, such as abnormal glucose tolerance, 

Table 2   Effect of paternal preconception BMI on offspring outcomes

Exposure Study object Outcome of offspring References

BMI obesity Human DNA methylation differences [54]
Increased for birth weight [54, 64]
No support for paternal BMI associated with differential DNA methylation in offspring [55, 56]
Asthma in offspring without nasal allergy [58]
Increased risk for allergic asthma [59]
Male volume in one second drop [60]
Obesity [58, 61, 62]
Increased for serum ALT level [63]
Increased for asthma, hand-foot-mouth disease, anemia, dental caries, and obesity [65]

Mice Female have an increased risk of breast tumors, delayed breast development, and altered 
miRNA expression in the breast

[57]
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nonalcoholic fatty liver disease, abnormal vascular func-
tion, and altered intestinal bacterial profiles [79], with sex-
specific changes in lipid abundance in the cerebellum of 
the offspring [80] and manifesting themselves in adulthood 
as abnormal alterations in heart weights and cardiorespira-
tory lipid profiles [80, 81]. Large-scale studies in humans 
have also found that offspring of fathers who experienced 
food shortages or famine during periods of slow growth 
had significantly lower mortality from cardiovascular dis-
ease [82].

Maintaining physiological functions and promoting 
health requires nutrients, notably essential fatty acids. 
Since the body cannot manufacture these essential fatty 
acids, they must be obtained through diet or supplemen-
tation. Fish oil, extracted from fish, is particularly valued 
for its richness in omega-3 polyunsaturated fatty acids 
(PUFA). Pre-pregnancy fish oil supplementation in mice 
restores offspring glucose tolerance, increases mTOR 
expression, and improves fatty acid oxidation in offspring 
females, thereby reducing offspring metabolism and cardi-
ovascular disease risk [83, 84]. N-3 PUFA are considered 
essential fatty acids. Pre-pregnancy n-3 PUFA supplemen-
tation in mouse fathers attenuated anxiety and depression-
like behaviors in offspring, decreased leptin expression in 
adipose tissue and plasma concentration, improved social, 
learning and memory abilities, and increased the number 
of synapses and neuromarkers in the hippocampus, cer-
ebral cortex, and hypothalamus [85, 86], suggesting that 
pre-pregnancy supplementation with n-3 PUFA may have 
a positive effect on the offspring’s socialization, energy 
balance, and weight management. The small nuclear ribo-
nucleoprotein polypeptide N (Snrpn) gene on chromosome 
15 is imprinted and expressed by a paternal allele. In the 
paternity and offspring of mice supplemented with n-3 
PUFA, the Snrpn gene was downregulated in testicular 
tissues and up-regulated in the cerebral cortex and hip-
pocampus, with corresponding DNA methylation changes 
[86]. This suggests that increased paternal pre-pregnancy 
N-3 PUFA intake may improve brain development and 
function in offspring through Snrpn imprinting and that 
this effect is sex-specific [86]. This may explain why male 
offspring showed significant alterations in imprinted gene 
expression in adipose tissue, whereas females did not [85].

It was observed in mice that mitochondrial tRNAs (mt-
tRNAs) in spermatozoa are affected by diet, and in particu-
lar, a high-fat diet induces changes in these RNAs, which 
are passed on to the offspring through the spermatozoa [87]. 
During fertilization, sperm also pass on mt-tRNAs as they 
deliver a genetic material to the oocyte, and although there is 
no direct evidence that mt-tRNAs are sufficient on their own 
to transfer metabolic phenotypes, their robustness, strength, 
dynamics, and reversibility suggest that these RNA mole-
cules may be useful indicators for monitoring and preventing 

the transmission of metabolic disorders through patrilineal 
inheritance. We distinguish the effects of fathers pre-preg-
nancy diet and nutritional status on offspring outcomes in 
Table 3.

Exercise

Epigenetic studies of the effects of pre-pregnancy exercise 
on paternal have focused on rodents. Numerous studies 
have illustrated the potential metabolic benefits of precon-
ceptionally exercising mouse fathers on their offspring. 
These benefits include improved in offspring glucose 
metabolism [88], elimination of abnormalities in offspring 
glucose tolerance, insulin sensitivity, and body weight due 
to high-fat diets [89, 90], and reduced risk of type 2 diabe-
tes in offspring due to poor diets of their fathers [91, 92]. 
These beneficial metabolic effects may be mediated by a 
markedly different metabolomic phenotype in the offspring 
liver [88], as well as altered insulin receptor sensitivity 
and responsiveness to insulin signaling, and reduced meth-
ylation levels of the paternally imprinted gene insulin-like 
growth factor 2 (IGF2) at the DMR-2 locus of the off-
spring skeletal muscle cells, with these changes observed 
specifically in male offspring [91, 92]. However, some 
studies have provided different insights, stating that pro-
longed pre-pregnancy exercise in paternal mice may lead 
to reprogramming of energy expenditure patterns and 
insulin resistance genes in the offspring, as manifested by 
a significant increase in body weight, obesity, decreased 
glucose tolerance, and abnormally elevated insulin levels, 
with altered metabolic phenotypes, and altered expression 
of key metabolic genes in their skeletal muscle, including 
the epigenome, such as Pdk4, H19, Ogt, and Oga [93]. The 
two conflicting views above may be due to differences in 
the intensity of exercise prior to conception in fathers, as 
the effects of exercise on the male reproductive system 
vary by mode and intensity [94]. This also reminds the 
importance of further follow-up studies lies in determining 
whether differences in exercise intensity lead to distinct 
epigenetic changes affecting the health of offspring。

Animal studies have shown that exercise by fathers 
before conception can enhance mental health and learn-
ing abilities in their offspring. For instance, pre-pregnancy 
running in male rats improves anxiety levels in offspring 
males during adulthood and reduces conditioned fear 
memories in offspring males during puberty. However, 
the effects on female offspring were not significant [95]. 
While exercise by male rats or mice does not affect the 
development or physical performance of male offspring, it 
can improve the spatial learning ability of male offspring 
to some degree and reduce the overall DNA methylation 
level in the hippocampus of offspring [96–98]. Exercised 
rats exhibit changes in sperm miRNA and tRNA content 
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Table 3   Effects of preconception diet and nutrient elements on offspring in paternal lines

Exposure Study object Outcome of offspring References

High-fat diets Mice Female body fat is positively correlated with paternal fat consumption [69]
Male obesity, dyslipidemia, disorders of glucose tolerance and insulin sensitivity, gonadal obesity [72]
Obesity and insulin resistance, altered testicular miRNA expression [73]
Altered levels of DNA methylation [74]
Glucose tolerance was decreased in males, and the expression of Il-6 and CD36 in liver was 

increased, while Cpt expression was decreased in females
[76]

Rats Impaired early-onset insulin secretion and glucose tolerance in females and altered islet gene 
expression in adult females

[71]

Male had increased body weight, increased leptin levels, and decreased expression of circulating 
testosterone and its key biosynthetic enzyme genes

[77]

Serum aspartate aminotransferase activity was increased, intestinal flora was changed, and blood 
lipids were increased in male

[78]

High-protein diets Rats Improvements in body composition, insulin sensitivity, circulating satiety hormones, and cecal 
short-chain fatty acids. Altered gut microbiota, DNMT1, and 3b expression

[70]

Male rise in insulin sensitivity, pancreatic fibrosis resistance increases [75]
Low-protein diets Mice Male anxiety-like phenotype [69]

Disturbed hepatic gene expression in increased obesity, glucose intolerance, and symptoms of 
nonalcoholic fatty liver disease, and altered gut microbiota

[79]

Disturbances in heart-brain lipid abundance [80]
Elevated body weight, dyslipidemia, and altered gene expression of hepatic metabolic and 

inflammatory pathways
[81]

Food scarcity Human Mortality from cardiovascular disease decreased [82]
Fish oil Mice Fatty acid oxidation markers levels, fatty acid synthesis markers levels drop. Males lose weight 

and improve insulin resistance
[83, 84]

N-3 PUFA Mice Plasma concentrations, adipose leptin, and hypothalamic leptin receptor mRNA expression levels 
were elevated in young F1 as well as in adult F1 male and F2 female offspring. Imprinted gene 
expression is altered in adipose tissue of male offspring

[85]

Decreased anxiety and depression-like behaviors, improved social skills, learning, and memory. 
Increase neuronal-specific enolase, acid protein myelin basic protein and glial fibers, the 
expression of brain-derived neurotrophic factor (BDNF) in the hippocampus and cortex, change 
associated with mitochondrial biology gene expression

[86]

Table 4   Effects of paternal preconception exercise on offspring

Exposure Study object Outcome of offspring References

Running wheel Mice Improvement in glucose tolerance and hepatic glucose production and enhanced organization of 
fatty acid oxidation

[88]

Skeletal muscle glucose tolerance, percent fat mass, and glucose uptake improved [89]
Glucose tolerance improvement and endocrine pancreatic changes [90]
The expression levels of insulin signaling markers increased in skeletal muscle [91]
Inhibits male juvenile fear memory recovery, and to reduce the anxiety of adulthood and device [95]

Treadmill run Mice Improved glucose homeostasis and insulin sensitivity and altered imprint expression in skeletal 
muscle

[92]

The spatial learning and memory ability of males is improved, and the expression levels of 
BDNF and reelin are increased

[98]

Rats Spatial learning ability enhancement, the hippocampus, and DNA methylation level significantly 
reduced

[96]

The gonads fat quality and hippocampus DNA methylation percentage decrease [97]
Long-term running Mice Altered metabolic gene expression in skeletal muscle. On a high-fat diet, they are more likely to 

experience weight gain and obesity, impaired glucose tolerance, and elevated insulin levels
[93]
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[95], and it remains unclear if these changes correlate 
with benefits observed in their offspring. Future studies 
are needed to confirm this relationship. Table 4 summa-
rizes the effects of paternal pre-conception exercise on 
offspring outcomes.

Addictive substance use

Addictive substances refer to a class of chemical sub-
stances that can trigger intense cravings and dependence, 
such as amphetamines and cannabis. These substances 
are capable of altering a person’s state of mind, producing 
feelings of pleasure or relaxation, and their long-term use 
alters neural pathways and signaling systems in the brain, 
leading to increased tolerance and a reduced response to 
normally rewarding stimuli. Among these addictive sub-
stances, cocaine (COC) stands out as a particularly potent 
CNS stimulant that can have profound effects on brain func-
tion and behavior. Chronic COC exposure causes promoter 
hypermethylation of key genes in rat sperm [99]. The genetic 
effects of COC exposure of animal fathers prior to concep-
tion on offspring are multifaceted, mainly at the neurode-
velopmental and behavioral levels, such as mild cognitive 
deficits in male offspring of rats and mice, reduction in 
anxiety-like behaviors, impaired hippocampus-dependent 
memory for object location, deficits in synaptic plasticity in 
the basolateral amygdala (BLA), and elevated hippocampal 
D-serine levels and Dao1 mRNA expression levels [100] and 
altered oxytocin receptor binding in rat offspring in brain 
regions that regulate social behavior [101]. Female offspring 
of COC-exposed male rats show higher conditioned freezing 
responses when re-exposed to cues associated with aversive 
stimuli [102]. The BLA is an important region of the brain 
for processing emotions, and the hippocampus is involved 
in memory processes, spatial cognition, and orienting func-
tions, implying that paternal exposure to COCs may have 
contributed to the range of behavioral changes described 
above by interfering with the functioning of both the BLA 
and the hippocampus in the brains of the offspring. At the 
same time, pre-pregnancy COC-exposed rat offspring have 
reduced levels of dopamine and dopamine metabolites in 
the orbitofrontal cortex, the nucleus ambiguus (NAcc), and 
the dorsal striatum and male offspring exhibit higher levels 
of cocaine-seeking compulsion and motivation, with sig-
nificant downregulated of Gabrg3 expression in the ventral 
tegmental area (VTA) of the brain [103, 104], and attenu-
ated behavioral plasticity accompanied by a remodeling of 
histone modifications in the NAcc and selective increase 
in Cdkn1a expression [99, 105]. Gabrg3 is a subunit of the 
GABA(A) receptor, and GABAergic neurons in the VTA 
mainly regulate peripheral dopaminergic neurons, which in 
turn affects the release of dopamine from downstream brain 
regions. Reduced levels of dopamine may affect offspring’s 

sensitivity and response to reward, which may suggest that 
the relationship with the dopamine-related neural pathways 
play a central role in behavioral alterations in offspring. 
NAcc is thought to be the reward center of the brain that 
responds to stimuli such as food, sex, and drugs. Remodeling 
of NAcc histone modifications in offspring may increase 
or decrease specific types of histone modifications, alter-
ing expression of addiction-related genes and affecting drug 
response and addictive behaviors, and selective increases in 
Cdkn1a expression may be driven by a range of epigenetic 
changes.

Morphine, a powerful opioid, has CNS excitatory and 
depressive effects, mostly depressing. It stimulates CNS 
opioid receptors and is used for analgesia, but it can cause 
addiction and abuse. Pre-pregnancy exposure to morphine 
in rats leads to delayed learning and reduced inhibitory con-
trol in offspring, effects that are not mitigated by naloxone, 
and impulsive behavior which is further enhanced in these 
rats after acute and subchronic morphine treatment of the 
offspring [106]. Meanwhile, pre-pregnancy morphine expo-
sure in rats/mice affects the expression of neurobiochemi-
cal markers in their offspring, such as downregulation of 
BDNF mRNA expression in the NAcc, elevated levels of 
phosphorylated cAMP, D2 dopamine receptors, and BDNF 
in the medial prefrontal cortex [107, 108], and the male 
offspring show reduced levels of acetylated histone H3 in 
the prefrontal cortex and hippocampus and new object rec-
ognition index [109–111], elevated cerebrospinal fluid and 
plasma corticotropin-releasing hormone (CRH) levels, and 
increased CRH receptor 1 expression in the brain [109]. 
The elevated CRH in male rat offspring is associated with 
increased anxiety behavior, which researchers suggested may 
be a stress response due to hypothalamic–pituitary–adrenal 
(HPA) axis dysregulation [109]. However, another study 
found no change in anxiety-like behavior or stress-triggered 
HPA axis activation in offspring following pre-pregnancy 
morphine exposure in rat fathers [112]. The reason for the 
discrepancy in results may be related to the dose and length 
of drug exposure in different preconception paternal rats, 
and further studies are needed in follow-up to determine 
the effects of morphine exposure on anxiety behaviors in 
offspring.

Morphine exposure in rats/mouse fathers does not alter 
heroin or cocaine self-administration in minor offspring 
[113], but adult offspring have reduced levels of COC self-
administration and reinforcing effects of COC [107]. In 
addition, female offspring animals show greater sensitiv-
ity to the rewarding effects and self-administration levels 
of morphine [107, 111], which may imply that organisms 
have evolved adaptive responses to drug exposure to help 
offspring better survive and reproduce in potentially drug-
induced environments. Complex and specific abnormali-
ties in neurotransmitters, receptors, or signal transduction 
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molecules in neural networks in the brain that process and 
regulate reward-related behaviors may cause offspring with 
different or even opposite responses to different drug classes.

Methamphetamine (METH) is a potent amphetamine-
class CNS stimulant with harmful and addictive properties. 
Paternal pre-pregnancy exposure to METH significantly 
alters the DNA methylation profile in spermatozoa and 
the mPFC transcriptome profile in male offspring, with 
elevated expression of sortilin1 and Shank2, observed in 
both spermatozoa and the mPFC of male offspring [114]. 
These concurrent alterations suggest a need to investigate the 
association between paternal METH exposure and autism in 
offspring [115, 116]. Offspring of METH-exposed fathers 
exhibit depressive-like behaviors and diminished activ-
ity in the prelimbic cortex, sublimbic cortex, and nucleus 
accumbens in response to mild stimulation, with sex-specific 
differences in brain activity patterns [117]. Male offspring 
showed preferential behavior towards METH and increased 
amygdala activity within the brain, while female offspring 
showed predominantly increased anxiety-like behavior and 
spatial memory deficits and diminished neuronal activity in 
orbitofrontal cortex, cingulate cortex, NAcc shell, medial 
habenula, dorsal hippocampal CA1, and ventral hippocam-
pal CA1 [117, 118]. β1-Adrenergic receptors (ADRB1) on 
CaMKII-positive neurons in the mPFC may mediate the 
greater susceptibility of male mouse offspring to drug addic-
tion resulting from paternal METH exposure[118].

The main psychotropic component in cannabis is tet-
rahydrocannabinol (THC). Cannabis is extensively abused 
but used medically to treat chronic pain, nausea, and other 
symptoms. Cannabis can cause euphoria, relaxation, altered 
time perception, heightened senses, mood swings, anxiety, 
panic, hallucinations, poor memory and cognitive functions, 
and dependence. Pre-pregnancy exposure of rat fathers to 
cannabis causes male offspring to exhibit dopamine utiliza-
tion deficits throughout maturation, which persist even after 
the father’s pre-pregnancy cannabis use has ceased and after 
a long drug-free period, exceeding one full spermatogenesis 
cycle [119]. However, pre-pregnancy exposure of rat fathers 
to THC does not result in defective dopamine utilization in 
offspring [119]. Interestingly, when the dose of THC was 
reduced to a certain level, male offspring showed an increase 
in dopamine utilization that differed from cannabis expo-
sure and significant hyperkinetic activity [119]. The authors 
hypothesized that this may be related to the fact that canna-
bis and THC target different genes are related to the Y chro-
mosome or hormonal status. In male rats exposed to THC, 
the discs-large associated protein 2 (DLGAP2) gene showed 
significant hypomethylation in sperm. This gene is uniquely 
expressed in the testis from the paternal allele, which is 
linked to a variety of neuropsychiatric disorders, such as 
autism spectrum disorders. Interestingly, this hypomethyl-
ated state was also observed in their offspring NAcc [120]. 

This finding suggests that changes in sperm DNA methyla-
tion induced by cannabis use could potentially be passed 
down through generations, influencing the neurodevelop-
ment of offspring. Paternal pre-pregnancy exposure to THC 
in rats significantly affects offspring brain development and 
produces long-term behavioral deficits, with dose-dependent 
deficits in presynaptic activity of the acetylcholine system in 
the offspring [121, 122]. At low doses, acetylcholine recep-
tors upregulate to compensate for this activity deficit but, at 
greater doses, receptor malfunction, impairing presynaptic 
inputs and causing cognitive impairment in offspring [122, 
123]. Table 5 shows how the father’s addictive substance 
use affects kids.

Environmental and occupational exposures

Polycyclic aromatic hydrocarbons (PAHs), persistent organic 
pollutants, are extensively found in the environment due to 
incomplete combustion or thermal cracking of fossil fuels 
including coal and oil. Studies in humans have found that 
pre-pregnancy exposure of fathers to PAHs increases the risk 
of acute lymphoblastic leukemia (ALL) in offspring[124]. 
Benzo[a]pyrene (BaP), a structurally complex and carcino-
genic PAH compound consisting of five benzene rings, can 
lead to alterations in mitochondrial protein abundance and 
enzyme activity in the liver of male mouse offspring and 
reduction in mitochondrial DNA copy number and induce 
alterations in sperm DNA methylation of imprinted genes 
in both fathers and their offspring when mouse fathers are 
exposed pre-conception [125, 126]. Both BaP and benzene 
contain benzene rings and exposure to the father’s ben-
zene can raise the chance of offspring ALL before child-
birth. However, there appears to be no correlation between 
benzene exposure in human fathers and childhood cancer 
in their offspring [127, 128]. Phthalates are a widely used 
class of plasticizers and are commonly used in toys, food 
packaging materials, medical blood bags, and hoses. Pre-
pregnancy exposure to phthalates in human fathers is associ-
ated with lower levels of internalizing problems in offspring 
[129]. Internalizing problems include anxiety, withdrawal, 
fear, obsessive–compulsive behaviors, and other emotions 
or behaviors typically exhibited by children, such as “over-
control, inhibition, or shyness anxiety.” Another study con-
cluded that the effects were gender-specific, with male off-
spring having increased internalizing behaviors and female 
offspring having decreased internalizing behaviors [130]; 
differences in results may stem from inter-individual varia-
bility among humans and different versions of questionnaire 
forms for scoring. Paternal pre-pregnancy MBzP concentra-
tions in human fathers have been linked to offspring’s emo-
tional overeating, food response, and water craving [131]. 
Preservatives like propylparaben (PP) are para-hydroxy-
benzoates (PHBs) derived from benzoic acid. The offspring 
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of human fathers with higher paternal pre-pregnancy urine 
methyl and PP concentrations had more internalizing and 
behavioral issues[132]. Another study revealed no correla-
tion between paternal pre-pregnancy PHB concentrations 
in human fathers and offspring negative behaviors [133]. 
Different sample numbers, evaluation parameters, and scale 
selections may cause this disparity. Bisphenol A (BPA), an 
industrial chemical used in epoxy resins and polycarbonate 
plastics, functions as an endocrine disruptor due to its estro-
gen-like structure. BPA affects spermatogenesis by reduc-
ing the size and number of spermatogenic epithelial cells 
in mice’s testes, leading to sustained hypermethylation of 
sperm DNA [134], resulting in a decrease in the total num-
ber of spermatozoa from parents to grandchildren, suggest-
ing that exposure to BPA in males may lead to reproductive 
problems for up to three generations. Pre-pregnancy BPA 
exposure in human fathers does not affect child internaliza-
tion or externalization behaviors [133] but does affect food 
craving, seeking, and consumption [131].

Fathers working in different occupations may be 
exposed to different sources of exposure, resulting in an 
elevated risk of a variety diseases of offspring, and stud-
ies in this area have focused on the risk of cancer in off-
spring. For example, fathers working in manufacturing, 
animal slaughtering, steel and metal processing, and land 
transportation industries, especially the food and bever-
age industry, increase the risk of retinoblastoma in their 
offspring [135]. Those exposed to emissions from gasoline 
or diesel fuel at work may have a slightly elevated risk of 
Hodgkin’s lymphoma and soft tissue sarcoma in their off-
spring [136]. Organic solvent exposure among fathers has 
been linked to an increase risk of childhood ALL [124], 
while paternal exposure to zoonotic viruses, organic dust, 
and other microorganisms from animal-related activities 
increases the risk of Acute Myeloid Leukemia (AML) in 
offspring [138]. Offspring of fathers in the painting and 
printing industry had a threefold increased risk of AML, 
with no such effect in offspring of mothers in the same 

Table 5   Effects of paternal pre-pregnancy addictive substance use on offspring

Exposure Study object Outcome of offspring References

COC Mice Male patients showed decreased anxiety-like behaviors and differentially expressed oxytocin receptors in 
the brain regions that regulate social behaviors

[101]

Rats Cdkn1a mRNA expression levels are increased in male NAcc [99]
Males had deficits in memory formation, decreased synaptic plasticity in the hippocampus, and increased 

Dao1 expression in the hippocampus
[100]

Female fear conditioning freezing behavior increase, male fear rising behavior clues conditions [102]
VTA and Gabrg3 expression levels were down-regulated in GABAergic neurons [103]
Transcriptomic changes in male orbitofrontal cortex, dorsal hippocampus, dorsal striatum, and VTA [104]
Male activity increases, COC sensitization phenotype defect, NAcc histone epigenetic modifications [105]

Morphine Mice There were sex-specific emotional and behavioral changes, with a decrease in male preference score and 
an increase in female preference score

[111]

Rats Delayed learning, decreased inhibitory control, and increased impulsive behavior following acute and 
subchronic morphine treatment

[106]

Acetylated histone H3 levels and BDNF expression levels in the mPFC increased, and cocaine intake 
decreased. Female morphine consumption rise

[107]

Compulsive behavior increase, the expression level of BDNF drops, the NAcc phosphorylation after 
CREB and D2 DR levels rise

[108]

Adult males had increased anxiety and altered CRH levels [109]
NOR test discriminant index fell, prefrontal cortex, and hippocampus histone H3 acetylation levels drop [110]
Does not cause anxiety-like behavior or HPA axis activation. Novel object recognition decreased in 

Female
[112]

Does not affect opioid intake in adolescent [113]
METH Mice Altered transcriptome profiles related to neuronal systems and brain development in male mPFC [114]

Depression increases, the female behavior and spatial memory deficits increased anxiety samples, under 
the edges of the frontal cortex, the cortex and NAcc passivation

[117]

Male had increased METH sensitivity and increased ADRB1 expression levels in the mPFC [118]
Cannabis Rats Defective androgenic dopamine utilization, equivalent exposure to THC not reproduced [119]
THC Rats DNA methylation alterations [120]

More prone to risky behavior, the male new object recognition ability, female working memory ability [121]
Presynaptic ACh activity was reduced [122]
Males have an increased risk of ADHD and a decreased ability to recognize novel objects and learn [123]
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industry [139]. In addition, parental employment in the 
painting and printing industry was associated with a higher 
risk of CNS cancers in offspring [139], possibly due to 
the high exposure to organic compounds that these jobs 
require. However, other studies have concluded that pre-
pregnancy occupational dust exposure of fathers is not 
associated with childhood cancers, leukemias, or CNS 
tumors [140]. Differences in study outcomes may arise 
due to several factors. First, the selection of populations 
included in the studies can influence results. Second, the 
timing of the fathers’ occupational exposure is another 
critical factor. Additionally, the ventilation performance 
of the premises where the exposure occurs can affect 
outcomes. Lastly, the variability in the specific items to 
which workers are exposed at their jobs contributes to the 
differences observed. Heavy metals like mercury, lead, 

and cadmium can cause health issues due to their persis-
tence and accumulation in the body. While direct expo-
sure to heavy metals may increase cancer risk, paternal 
occupational exposure does not appear to raise the risk 
of cancer in children [141]. Occupational exposure of 
fathers to microorganisms, pesticides, allergens, or reac-
tive chemicals prior to pregnancy does not appear to have 
an effect on asthma risk in offspring [142]. Table 6 shows 
how father pre-pregnancy environmental and occupational 
exposures affect kids.

Aging

Sperm DNA methylation changes with age [143], show-
ing the opposite pattern to that of somatic cells, with age-
associated methylation alterations in spermatozoa showing a 

Table 6   Effects of paternal preconception environmental and occupational exposures on offspring

Exposure Study object Outcome of offspring References

PAHs Human Increased risk of ALL [124]
Organic solvent Human Increased risk of ALL [124]
B[a]P Mice Males proteins involved in mitochondrial function, mitochondrial 

DNA copy number, citrate synthase, and β-hydroxyacyl coen-
zyme A dehydrogenase activities were decreased

[125]

Altered methylation levels of imprinted genes in the F1-2 genera-
tion

[126]

Benzene Human Not related to cancer [127]
Increased risk for ALL [128]

Phthalate metabolite Human Children had fewer internalizing problems and lower behavioral 
symptom index T scores

[129]

Internalizing behaviors increased in males and decreased in 
females

[130]

MBzP Human Children’s eating, food, and drinking impulse to score points [131]
PHBs Human Internalizing problems and behavioral symptom index T scores 

increased
[132]

PP Human Behavioral symptom index, internalizing, or externalizing problem 
scores were not relevant

[133]

BPA Human Inversely associated with scores on food approaching scale [131]
Behavioral symptom index, internalizing, or externalizing problem 

scores were not relevant
[133]

Mice F1 and F2 generation of sperm count and vigor drops, F1 and 
F3 generation of sperm DNA methylation patterns change as a 
whole

[134]

Food and beverage/steel and metal/manufactur-
ing/land transportation industries

Human Increased risk of retinoblastoma [135]

Gasoline engine exhaust Human Increase the risk of non-Hodgkin’s lymphoma and soft tissue 
sarcoma

[136]

Occupational exposure to crystalline silica Human Increased risk of ALL and AML [137]
Occupational exposure to pesticides and animals Human Increased risk of AML [138]
Organic dust Human Increased risk of AML and ALL risk reduction [138]
Painting/printing industry Human Increased risk for AML and CNS [139]
Dust, heavy metal exposure Human Not associated with offspring cancer risk [140, 141]
Occupational exposure to microorganisms, pes-

ticides, allergens, or reactive chemicals
Human Not associated with asthma in offspring [142]
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global tendency to be hypermethylated and a tendency to be 
hypomethylated in specific regions [144, 145]. The distribu-
tion of these age-related methylation changes in spermatozoa 
is not random; hypermethylated sites are often found in distal 
gene regions, while hypomethylated sites are near transcrip-
tional start sites. Genes most affected by age are associated 
with development, neuronal projection, differentiation and 
recognition, and behavior, suggesting a potential link to an 
increased risk of neurodevelopmental disorders in offspring 
born to older fathers [145, 146]. Embryos from older human 
fathers exhibit transcriptome dysregulation affecting multi-
ple neural signaling pathways in the inner cell mass (ICM) 
at the preimplantation. Both the ICM and trophoblast ecto-
dermal cell lineages show methylation group changes asso-
ciated with neurotransmission and neural signaling, which 
have been linked to genes associated with neurodevelop-
mental disorders such as autism and schizophrenia, as well 
as to the regulation of the expression of imprinted genes. 
Epigenetic variation in these genes may arise in sperm and 
persist during embryonic development and after birth [147]. 
No differences in small RNA expression were observed 
between sperm samples from young and old human fathers, 
although significant DNA methylation changes were found, 
suggesting that miRNA regulation is not affected by pater-
nal aging and that sperm DNA methylation is progressively 
impaired with age, which may be related to the inheritance 
of neurodevelopmental disorders [148]. Advanced paternal 
age is a risk factor for autism, schizophrenia, birth defects 
(especially orofacial clefts and down syndrome), and mus-
culoskeletal congenital anomalies in offspring [149–151]. 
Furthermore, a large cohort study from China showed that 
older fathers had a 28–31% increased risk of having mac-
rosomia offspring compared to fathers under 30 years of 
age, after adjusting for multiple factors including occupa-
tion, smoking and alcohol consumption [152]. There is an 
elevated risk of death in offspring of older fathers, with off-
spring of fathers aged 40 years or older having an increased 
risk of death mainly due to congenital anomalies, malignant 
neoplasms, and external causes [153]. From Taiwan, China, 
three population-based studies reported that older fathers 
may be associated with an increased risk of mental health 
and physical health in their offspring [154–156]. The age 
of the father showed a linear increasing trend with the risk 
of a range of mental disorders such as schizophrenia [154], 
autism, and ADHD in the offspring [155]. Fathers’ age of 
40 years or older was correlated with offspring lung function 
and remained statistically significant even after the inclu-
sion of multiple confounders into the multivariate model, 
suggesting that advanced paternal age may have an impact 
on offspring’s large and small airway obstruction, increas-
ing the risk of respiratory disorders in offspring [156]. In 
aged mice, genes near hypomethylated differentially meth-
ylated regions (hypo-DMRs) in sperm DNA are associated 

with cellular projections and processes such as learning or 
memory. Motif analysis has revealed a significant enrich-
ment of specific REST/NRSF binding motifs within these 
hypo-DMRs in the sperm of aged mice. Some hypo-DMRs 
detected near REST/NRSF binding sites in the sperm of 
aged mice are found in proximity to genes related to neu-
rodevelopmental disorders such as autism spectrum disorder 
and schizophrenia, including genes like Shank2 and Htr6. 
Transcriptome analysis of embryonic brains indicates that 
genes related to the REST/NRSF target gene set are upregu-
lated in offspring sired by aged mouse fathers, and these 
offspring exhibit reduced diversity in vocal communication 
[143]. The male offspring of aged mice exhibit poor glu-
cose tolerance, hepatic lipid accumulation, increased adi-
pogenesis, and impaired energy homeostasis. Concurrently, 
there are significant alterations in the expression of genes 
in pathways related to lipid metabolism and thermogenesis 
and activation of peroxisome proliferator-activated receptor 
signaling pathway [157], which may be the result of the aged 
fathers’ carrying specific epigenetic markers in sperm during 
fertilization that are passed on to the offspring, affecting the 
energy balance and metabolic efficiency of the offspring. 
Aging in mice alters the profile of transfer RNA-derived 
small RNAs (tsRNAs) in sperm, and their male offspring 
show anxiety-like behavior and reprogramming of cer-
ebral cortex and hippocampal tissues for gene expression 
involved in dopamine synapses and neurotrophic signaling 
pathways [158], suggesting that paternal aging may affect 
the offspring’s neurological system by altering tsRNAs in 
spermatozoa development and behavioral traits.

Increasing age in humans leads to an increase in sex 
chromosome aneuploidy in sperm [66], which may lead to 
certain genetic diseases or developmental disorders if ane-
uploid spermatozoa are successfully fertilized and develop 
into embryos [159]. Sperm condensed chromatin increases 
linearly with age [160], and condensed chromatin may be 
influential in causing defective embryos after fertilization, 
affecting the health of the offspring. Table 7 displays off-
spring outcomes by a father’s age. These data suggest that 
the father’s reproductive age may affect offspring health and 
survival, but it is insufficient to fully explain how paternal 
age affects offspring epigenetics. Health professionals should 
consider paternal age when providing pre-pregnancy coun-
seling to better assess and communicate potential risks and 
provide couples with more comprehensive health guidance.

Gut microbial

Environmental variables that disrupt the gut microbial pop-
ulation may affect cellular tissue physiological responses 
and pathology [161]. A recent study found that paternal gut 
bacteria can affect offspring [162]. Offspring born to mouse 
fathers with dysbiosis had significantly reduced growth and 
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increased perinatal mortality, and their brain and brown adi-
pose tissue showed differentially expressed metabolic genes. 
However, their gut flora was unaffected, and in vitro fertili-
zation experiments showed that spermatozoa mediated this 
effect. Although few studies have examined the epigenetic 
effects of paternal gut bacteria on offspring, our findings 
suggest future investigation.

Interactions between exposures and cumulative 
effects

It is essential to consider the interactions and cumulative 
effects of various paternal exposures, as many studies have 
only examined their separate impacts. For instance, cigarette 
smoke generates PAHs even in indoor settings. Unhealthy 
eating habits and lack of physical activity may contribute to 
obesity. Smoking, obesity, and exposure to environmental 
toxins may impact men’s sperm quality, leading to a passive 
delay in childbearing. Use of addictive substances can result 
in neglecting one’s own nutritional and physical well-being. 
Obesity may contribute to epigenetic aging of spermato-
zoa [163], and some of these exposures may subject men to 
potential harm. Men’s motility may be enhanced by occu-
pations that include exposure to harmful substances. When 
these factors are combined, they may act on the male repro-
ductive system, leading to an overall decline in sperm qual-
ity, affecting the success of conception while also affecting 
the health of the offspring through epigenetic mechanisms, 
increasing the risk of various diseases in the offspring. Con-
ducting large-scale, long-term cumulative effect studies in 
humans is challenging due to the significant resources, time, 
and participant cooperation required, as well as the need to 
eliminate numerous complex confounding factors. Animal 
model studies that examine multifactorial exposures can pro-
vide follow-up insights, helping to better understand how 

these factors interact and their potential impact on reproduc-
tive health and offspring well-being.

Clinical implications and preventive measures

The findings from this study have significant implications 
for clinical practice. Understanding the epigenetic impact 
of paternal exposures before conception can inform targeted 
interventions and preventive measures for prospective par-
ents. Healthcare professionals should educate and counsel 
prospective fathers about the potential risks associated with 
environmental toxins, smoking, poor diet, and other harmful 
exposures. One preventive measure is pre-pregnancy care, 
including lifestyle changes such as smoking cessation, main-
taining a healthy weight, sensible exercise, a balanced diet 
with essential nutrients such as omega-3 fatty acids, and 
avoidance of addictive substances, which can help mitigate 
adverse epigenetic modifications in sperm, thereby improv-
ing health outcomes for offspring. In addition, public health 
should emphasize the importance of fathers’ health and its 
impact on offspring, and policies aimed at reducing exposure 
to environmental pollutants, promoting healthy lifestyles 
and providing resources for smoking cessation programs 
can also play a key role. At the same time, men should be 
advised to consider the timing of having offspring to avoid 
developmental and genetic defects in the offspring caused 
by advanced age. In clinical settings, routine assessment 
of paternal health and environmental exposures should be 
incorporated into pre-pregnancy care programs. For couples 
with a history of adverse exposures, genetic counseling and 
testing are recommended to assess potential risks and guide 
individualized interventions. Overall, these prevention strat-
egies can help to reduce the risk of offspring health problems 
and improve the well-being of future generations by address-
ing the critical period of pre-pregnancy paternal health.

Table 7   Effects of paternal aging on offspring

Exposure Study object Outcome of offspring References

Elderly father Human Increased risk of autism [149]
Increase the risk of physical and mental diseases, such as autism and schizophrenia, stillbirth, any 

birth defects, mouth facial cleft, and Down syndrome risk
[150]

Increase the risk of musculoskeletal congenital anomaly [151]
Increase the risk of macrosomia [152]
Increase the risk of death [153]
Increased risk of mental illness [154, 155]
Decreased lung function [156]

Mice Upregulation of REST/NRSF target genes in the developing brain, reduced diversity of vocal com-
munication

[143]

Impaired glucose tolerance, hepatic lipid accumulation, increased adipocytes, and impaired energy 
homeostasis resulted in significant changes in gene expression of pathways related to lipid metabo-
lism and thermogenesis in the liver, and activation of the peroxisome proliferator-activated receptor 
signaling pathway

[157]
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New contributions and hypotheses

This review article contributes to the field by offering new 
insights into the epigenetic impact of paternal exposures 
before conception. First, our review article emphasizes that 
the process of epigenetic effects is influenced by factors such 
as sex and developmental stage. While epigenetic effects 
may provide offspring with adaptations to specific environ-
ments, not all changes result in positive adaptive benefits. 
For example, adverse environmental exposures such as 
paternal smoking, obesity, and addictive substance abuse 
may have gender-specific and stage-specific adverse effects 
on offspring health through epigenetic mechanisms. These 
factors may affect gene expression and physiologic function-
ing in the offspring and increase the risk of disease. There-
fore, in-depth studies of paternal epigenetic effects must take 
into account the influence of gender and developmental stage 
and be alert to epigenetic changes that may negatively affect 
the health of offspring at different stages. Second, as stated 
previously, ROS are critical in spermatogenesis and devel-
opment, and exposures such as smoking and obesity affect 
ROS levels within male sperm, and subsequent observation 
of the effects of paternal epigenetics on the levels of ROS 
within the offspring’s sperm is necessary. Third, paternal 
exposure to different factors may cause alterations in spe-
cific miRNAs, mt-tRNAs, and tsRNAs in their own sperm, 
and we speculate that these specific molecular changes have 
the potential to resist reprogramming mechanisms during 
embryonic development to cause genetic effects on the off-
spring. These new contributions emphasize the complex-
ity and importance of paternal epigenetic inheritance and 
open new avenues for research on preventive and therapeutic 
strategies aimed at mitigating adverse health outcomes in 
offspring.

Conclusion

The review article examines several elements that affect 
paternal epigenetic impacts, such as environmental chem-
icals, dietary patterns, lifestyle choices, and aging on the 
development and well-being of offspring. Understanding 
these mechanisms is crucial for developing targeted inter-
ventions and preventive measures aimed at improving public 
health. Future research should focus on standardizing meth-
odologies, increasing cohort diversity, and conducting long-
term follow-up studies to validate and expand upon these 
findings. Additionally, exploring the role of non-coding 
RNAs and other emerging epigenetic markers will provide 
deeper insights into the complex mechanisms of epigenetic 

inheritance. The importance of pre-pregnancy paternal 
health cannot be overstated, as it has profound implications 
for the health of future generations. Public health initiatives 
should prioritize educating and supporting prospective 
fathers in adopting healthier lifestyles to mitigate potential 
risks. By addressing these factors, we can enhance reproduc-
tive outcomes and promote the well-being of future popula-
tions In summary, this review underscores the need for a 
comprehensive approach to paternal pre-pregnancy health, 
integrating clinical practice, public health policies, and fur-
ther scientific research to fully understand and address the 
epigenetic influences on offspring health.

Limitations of current research

While this review provides a comprehensive overview of 
the impact of paternal pre-pregnancy exposures on offspring 
health, several limitations must be acknowledged. Firstly, 
the studies reviewed encompass a variety of experimental 
designs, populations, and exposure types, which can intro-
duce heterogeneity and make direct comparisons challenging. 
Potential confounding factors, such as genetic predispositions 
and environmental influences, may also affect the results but 
were not consistently controlled for across studies. Secondly, 
the generalizability of these findings is limited by the diver-
sity of the study cohorts. Many studies were conducted in 
specific populations or under controlled laboratory condi-
tions, which may not fully represent the broader human popu-
lation. This limits the applicability of the findings to diverse 
demographic and environmental contexts. Thirdly, meth-
odological limitations in the reviewed studies, such as small 
sample sizes, retrospective designs, and varying exposure 
assessment methods, can affect the reliability and validity of 
the results. Additionally, the long-term follow-up required 
to observe transgenerational effects is often lacking, which 
makes it difficult to draw definitive conclusions about the per-
sistence and impact of epigenetic changes over generations. 
Lastly, while animal models provide valuable insights into 
the mechanisms of epigenetic inheritance, their relevance 
to human health must be interpreted with caution. Differ-
ences in physiology, lifespan, and environmental interactions 
between species can influence the extent to which findings 
from animal studies can be extrapolated to humans. Recog-
nizing these limitations is crucial for interpreting the findings 
of this review and for guiding future research. Further studies 
with standardized methodologies, larger and more diverse 
cohorts, and long-term follow-up are needed to confirm and 
expand upon the insights gained from the current literature.
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