Front. Med. 2022, 16(2): 176-184

https://doi.org/10.1007/s11684-021-0885-y REVIEW

Paternal environmental exposure-induced spermatozoal small
noncoding RNA alteration meditates the intergenerational
epigenetic inheritance of multiple diseases

Xin Yin, Azhar Anwar, Yanbo Wang, Huanhuan Hu, Gaoli Liang, Chenyu Zhang (D<)

Nanjing Drum Tower Hospital Center of Molecular Diagnostic and Therapy, State Key Laboratory of Pharmaceutical Biotechnology and
Department of Physiology, Jiangsu Engineering Research Center for MicroRNA Biology and Biotechnology, NJU Advanced Institute of Life
Sciences (NAILS), School of Life Sciences, Nanjing University, Nanjing 210023, China

© The Author(s) 2021. This article is published with open access at link.springer.com and journal.hep.com.cn

Abstract Studies of human and mammalian have revealed that environmental exposure can affect paternal
health conditions as well as those of the offspring. However, studies that explore the mechanisms that meditate this
transmission are rare. Recently, small noncoding RNAs (sncRNAs) in sperm have seemed crucial to this
transmission due to their alteration in sperm in response to environmental exposure, and the methodology of
microinjection of isolated total RNA or sncRNAs or synthetically identified sncRNAs gradually lifted the veil of
sncRNA regulation during intergenerational inheritance along the male line. Hence, by reviewing relevant
literature, this study intends to answer the following research concepts: (1) paternal environmental factors that can
be passed on to offspring and are attributed to spermatozoal sncRNAs, (2) potential role of paternal spermatozoal
sncRNAs during the intergenerational inheritance process, and (3) the potential mechanism by which
spermatozoal sncRNAs meditate intergenerational inheritance. In summary, increased attention highlights the
hidden wonder of spermatozoal sncRNAs during intergenerational inheritance. Therefore, in the future, more
studies should focus on the origin of RNA alteration, the target of RNA regulation, and how sncRNA regulation
during embryonic development can be sustained even in adult offspring.
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proposed potential epigenetic mechanisms, such as DNA
methylation, histone modification, and small noncoding
RNAs (sncRNAs), in germ cells (sperm and eggs) [4].
Recent studies have shown that different classes of
sncRNAs, including microRNAs (miRNAs), piRNAs
(piwi-interacting RNAs), tRNA-derived small RNAs

Introduction

Parental environmental exposure can induce phenotype
changes and lead to the passing on of a specific phenotype
to offspring. This phenomenon may contribute to explain-
ing some heritable diseases, such as modern lifestyle-

caused obesity, type 2 diabetes mellitus, and mental illness,
that cannot be fully understood in a classical DNA
sequence-based heritable manner. These findings support
the theory of Lamarck, who proposed “inheritance of
acquired characters” from their parents [1]. Moreover,
paternal factors play an important role, and studies have
mainly focused on sperm cells [2,3]. However, the
molecular mechanism of the transmission of paternal
factors to offspring remains unknown. Many studies have

Received April 10, 2021; accepted July 30, 2021
Correspondence: Chenyu Zhang, cyzhang@nju.edu.cn

(tsRNAs), and rRNA-derived small RNAs (rsRNAs), in
sperm exhibit alterations when exposed to environmental
stress, such as diet (high-fat diets and low-protein diets)
[5], mental stress [6,7], and metabolic disorders [8—10].
Moreover, injection of isolated total RNA or sncRNAs
from paternal sperm into wild-type zygotes provides direct
evidence to demonstrate the important epigenetic effects of
sperm sncRNAs during intergenerational transmission of
paternal-acquired phenotype processes [6-9].

sncRNAs mediating paternal intergenerational inheri-
tance are still in the early stages of development, but a
considerable amount of academic research has accumu-
lated in this field. Here, we review the current literature on
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paternal intergenerational inheritance phenomenon addres-
sing the following issues: description of the paternal
intergenerational inheritance phenomenon (focusing on
paternal metabolic stress and mental stress); sperm
sncRNA variation and their potential role in mediating
paternal intergenerational inheritance; the potential
mechanism of sncRNA meditation on paternal intergenera-
tional inheritance.

Paternal factors can be passed on to the
offspring

Human clinical trials

More evidence suggests that the transgenerational response
results from parental environmental exposure. Human
trials are limited because distinguishing genetic, epige-
netic, and cultural influences during transgenerational
processes is crucial [11]. However, several human studies
justify the actual existence of transgenerational effects. In
2007, Lumey et al. [12] found that parental malnutrition
was associated with metabolic diseases in children in
epidemiological studies of the Dutch Hunger Winter of
1944-1945. This study provides indirect evidence that
abnormal conditions, such as starvation during maternal
pregnancy may cause inaccurate importing of information
during the embryonic development of offspring. Illuminat-
ing the transgenerational effects is difficult given the
complications of maternal pregnancy. Therefore, several
human studies emphasizing paternal effects on offspring
can better explain the transgenerational effects, and clues
from paternal environmental exposure are obtained,
leading to many rodent studies that have recently focused
on alterations in sperm cells.

Bygren et al. [13] first found a connection between the
availability of food for paternal ancestors in mid-childhood
and the longevity of grandchildren based on detailed
historical records of harvests on the Overkalix cohort in
Northern Sweden in 1905. More precisely, the arresting
intergenerational effects revealed that paternal grand-
fathers’ good food availability was associated with a
shorter lifespan for the grandchild, and poor availability
imparted a longer life [14]. Subsequently, the same group
further analyzed the data and revealed that food availability
in the paternal grandfathers’ mid-childhood was associated
with mortality due to cardiovascular disease and diabetes
of the proband. Paternal grandfathers’ sufficient food
supplementation increased cardiovascular and diabetes
mortality of the proband [15]. Interestingly, in 2006,
Pembrey et al. [16] found that Swedish data actually
showed a sex-specific pattern. The food supply of paternal
grandfathers and maternal grandmothers only affects the
mortality of their grandsons and granddaughters, respec-
tively. This series of studies provided indirect evidence for

transgenerational effects. Several studies have been
performed to test the hypothesis of transgenerational
effects. Chen et al. [17] demonstrated that paternal betel-
quid chewing increased the risk of early manifestation of
metabolic syndrome in human offspring in a dose-
dependent manner based on a community-integrated
screening program in Taiwan region. Northstone et al.
[18] reported that smoking by paternal mid childhood may
contribute to obesity in adolescent male offspring using the
Avon Longitudinal Study of Parents and Children
(ALSPAC). A recently published paper in Nature Com-
munications by Denny et al. [11] expanded the data set
almost 40 times to explain the association between the
food supply of grandfathers (» = 9039) and the mortality of
children (n = 7280) and grandchildren (» = 11 561).
Indeed, paternal grandfathers’ food supply in prepuberty
predicts his male, but not female, grandchildren’s all-cause
mortality. However, only cancer mortality follows this
pattern, and no diabetes or cardiovascular mortality has
been reported.

Referring to the intergenerational transmission of mental
stress, several human studies have demonstrated that
paternal mental stress can impact the mental health of
offspring. For example, cohort studies of Holocaust
survivors and their offspring reported an enhanced
prevalence of neuropsychiatric disorder, posttraumatic
stress disorder (PTSD), reduced cortisol levels, and
glucocorticoid receptors (GR) [19]. Other environmental
variations, such as toxicants and smoking, have also been
reported to affect human paternal sperm [20,21].

In summary, because few human trials have been
conducted to study the paternal transgenerational effect,
the existence of paternal transgenerational effects can be
confirmed. However, the mechanisms of biological events
between cells, especially somatic and sperm cells, remain
unclear. More research that focuses on rodents is required
to clarify this issue.

Animal trials

The term “epigenetics” was first proposed by Waddington
Hull to explain the “crossveinless” phenotype [22]. In
1953, Waddington heated the pupae of flies to 40 °C to
cause a phenotype of a break in the transverse veins of the
wing. After several generations of selection, the most
significant break in the vein was selected and subsequently
stored at normal temperature subsequently. Astoundingly,
the crossveinless phenotype still existed in the selected fly
offspring. This evidence was the first of advanced
epigenetic inheritance research, even though it was not
recognized at that time. Currently, epigenetic phenomena
are characterized as “gene expression changes that are
mutation independent and heritable in the absence of the
triggering event [23].” In 1994, Boucher et al. [24] first
observed the intergenerational inheritance phonotype in
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mice when they focused on betel nut consumption-induced
metabolic disorder and found that paternal betel nut
consumption is related to the metabolic disorder of their
offspring rather than the simple effect of maternal
hyperglycemia during gestation. This research was con-
sistent with the human trial of paternal betel-quid chewing-
induced metabolic disorder in the offspring mentioned
[17].

More recently, a series of studies in the white tail of mice
[25], C. elegans longevity [26,27], metabolic disorder in
mice [8—10,24], mental stress [6,7,28-30], mental stress
induced metabolic disorder in offspring [31], and chemical
exposure [20,32,33] supports the theory of “intergenera-
tional inheritance” along the male line. The role of
sncRNAs in these non-Mendelian inheritance phenotypes
will be discussed subsequently in the manuscript.

Combined with clinical and animal trials, intergenera-
tional inheritance is greatly interesting to genetics, and the
molecular mechanism appears to be very important to
explain this non-Mendelian inheritance phenotype.

Ideal “RNA-mediated epigenetic
inheritance”

The idea of “RNA-mediated epigenetic inheritance” was
first proposed by Rassoulzadegan’s group in their research
on the Kit gene mutant-induced white tail phenotype, the
first mouse model of epigenetic inheritance described as
paramutation of the Kit gene [25]. They found that the
mutation abrogates the synthesis of the Kif tyrosine kinase
receptor, which is critical in several developmental
processes, including germ cell differentiation, hematopoi-
esis, and melanogenesis. The homozygotes died shortly
after birth, and the heterozygotes showed a white tail tip
and feet phenotype. Interestingly, the offspring of Kit
heterozygotes mice also showed white tail tip and feet
phenotype in heterozygote Kit mutant mice and homo-
zygote wild-type mice when they mated with Kit
heterozygotes mice. In these pups, the expression of the
Kit gene was also reduced despite the presence of normal
alleles. Furthermore, they injected isolated total RNA from
heterozygous Kit mutant mouse sperm cells, and miR-221/
222 specifically targeted the Kit gene and led to the same
phenotype. Subsequently, Rassoulzadegan’s group further
focused on hereditary cardiac hypertrophy with signs
typical of human hypertrophic cardiomyopathy (HCM) in
response to microinjection of miR-1* (predicted to target
Cdk9) in early embryos (one-cell embryo). However,
Cdk9, a key regulator of cardiac growth, was upregulated
(at mRNA and protein levels) in response to the injection
of fragments of either the coding region of Cdk9 or miR-
1*, and mice inhibited cardiac hypertrophy [34]. Subse-
quently, Rassoulzadegan’s group moved forward to
generate an alternative phenotype for this research area

with a giant phenotype. They demonstrated that micro-
injection of miR-124 into fertilized eggs resulted in a 30%
increase in size from blastocyst to adult and subsequently
inherited over several generations either male or female. In
addition, they generated miR-124 transgenic male mice
during spermatogenesis to further confirm the role of
sperm RNA as a transgenerational signal in the giant
phenotype of the offspring. Similar to the Cdk9 expression
pattern, the injection of miR-124 or miR-124 transgenic
mice resulted in elevated Sox9 levels and giant sizes [35].

This finding is puzzling because miRNAs function as
negative regulators of target genes. However, in these
cases, the injection of specific miRNAs into one-cell
embryos resulted in the opposite outcome. These results
suggest that sncRNA-mediated epigenetic inheritance does
not simply bind to target genes at the transcriptional level
but works in an epigenetic method that targets heritable
silencing, including the regulation of DNA methylation or
histone modification [36], which is still unclear. This series
of works spawned the following studies focusing on
sncRNA-mediated intergenerational inheritance to deter-
mine the potential mechanism and explain this special non-
Mendelian inheritance phenomenon.

RNA-mediated epigenetic inheritance of
C. elegans longevity

In combination with the Kit gene paramutation study,
another study with respect to C. elegans longevity is also
crucial to this research field. Greer et al. also observed a
similar paramutation phenotype. They first demonstrated
the extension of the lifespan of C. elegans after deletion of
any histone methylation H3K4me3 consisting of three
proteins, namely, ASH-2, SDR-5, and SET-2 [26]. Then,
they crossed the wild-type male mutant hermaphrodites
with knockout for the wdr-5 gene (wdr-5/wdr-5) or with
mutant hermaphrodites with knockout for set-2 (set-2/set-
2). After self-fertilization, they detected a 20% and 30%
increase in longevity in homozygous wild-type hermaph-
rodites born to heterozygotes (+/wdr-5) and (+/set-2), and
this extension existed for at least one generation. They
adopted an RNAi methodology to study the epigenetic
inheritance of the ASH-2 gene. They fed wild-type
nematode bacteria expressing siRNA that targeted the
ASH-2 gene. The mRNA and protein levels of ASH-2 were
downregulated in parent worms and subsequently
extended life. Interestingly, the offspring showed increased
longevity in the F1, F2, and F3 generations without ash-2
gene variation compared with norms [27]. The knockout
animals and RNAI interference model suggest a similar
pattern of epigenetic inheritance to the Kit paramutation
model. In summary, the concept of RNA-mediated inter-
generational epigenetic inheritance in mammals seems to be
of great value in explaining many intergenerational
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inheritances of diseases that cannot be explained by
classic genetics.

RNA-mediated epigenetic inheritance of
metabolic disorder

Clinical trials concerning paternal diet conditions that
regulate the mortality and metabolic conditions of the
offspring trigger off laboratory studies to explore the
underlying mechanism of intergenerational epigenetic
inheritance. A series of studies revealed that paternal
metabolic conditions can pass on to offspring along the
male line. Recently, injection of total RNA or sncRNA
fragments from sperm has raised great attention because
sncRNAs may play an important role during the
inheritance of paternal environmental exposure.

Rando’s group [37] first applied a low-protein diet in
fathers to test whether transgenerational inheritance of
environmental information occurs in mammals by measur-
ing the transcriptome of offspring livers. They explained
that a paternal low-protein diet elevated the hepatic
transcriptome and decreased the levels of cholesterol
esters compared with male offspring fed a control diet.
Furthermore, their results showed that several miRNAs in
offspring livers changed in response to paternal diet.
Although they did not measure the level or modification of
sncRNAs in sperm, they addressed the potential role of
sncRNAs in this transmission. Fullston et al. [38] showed
that paternal obesity-induced metabolic disorder of off-
spring is associated with sncRNA (mainly focused on
miRNAs) profiles in testes and sperm. Subsequently,
Rassoulzadegan’s group [10] provided more direct evi-
dence to reinforce this connection. They also found the
inheritance of metabolic disorders along the male line.
They pioneered an applied microinjection of either testis or
sperm RNA of male fed on a Western-like diet into early
one-cell embryo to finally induce metabolic disorder
phenotype in the resulting progenies compared with
RNAs from healthy controls. Moreover, even the injection
of a single miRNA (miR-19) partially reproduced the
metabolic phenotype. Although microinjection technology
was not novel at that time, this study is the first to
demonstrate the potential mediation of sncRNAs in
metabolic disorders during transgenerational inheritance.

Another important study conducted by Chen et al. [§]
focused more on the regulation of tsRNA (30—40 nt)
alteration and modification of tsSRNAs in sperm, given that
tsRNAs are the most abundant class of RNAs in mature
spermatozoa [39]. They applied a high-fat diet to fathers,
thereby resulting in insulin resistance in their offspring.
Furthermore, they injected the sperm head into normal
oocytes, demonstrating the irreplaceable role of paternal
sperm. Then, they found modification in sperm tsRNAs
and microinjection of isolated tsSRNAs or synthetic tsSRNAs

and provided more direct evidence that the high-fat diet
induced modification of sperm tsRNAs is critical for
successful transmission but not miRNAs, long RNA
fraction, or synthetic oligonucleotides in this case [8].
Subsequently, Rando’s group further revealed the biogen-
esis and function of tsSRNAs during sperm maturation and
fertilization in mammals. They proposed that these tsRNAs
may be shuttled from the epididymis to sperm via
epididymosomes (exosomes excreted from the epididymis
that are located in the intraluminal epididymal compart-
ment), as small RNAs found in purified epididymosomes
closely mirror (r= 0.96) those in cauda sperm [9].
Moreover, miRNAs, piRNAs, and proteins are found in
epididymosomes [40—42]. Although the idea of sncRNAs
shuttled from the epididymis to sperm via epididymosomes
is intriguing, more functional experiments are required to
demonstrate the exact mechanism of small RNA changes
in sperm during environmental exposure.

Studies have shown that abnormal paternal metabolic
conditions can affect miRNA and tsRNA levels in sperm
cells. Intriguingly, rsSRNAs, a class of rRNA-derived small
RNAs that were reported to be related to sperm quality
biomarkers for in vitro fertilization [43], have also been
found to be altered in mature sperm after paternal
metabolic disorder [44,45]. Moreover, the phenotypic
outcome of injecting 30—40 nt fractions could be a
combinatorial effect from tsRNAs and rsRNAs because
newly published data have shown that rsSRNAs are more
abundant in 3040 nt RNA fractions from mature sperm
[46]. These results suggest that rsSRNAs are also a potential
carrier of epigenetic information in sperm.

Rassoulzadegan’s group previously demonstrated that
RNA methyltransferase Dnmt2 is required for transmission
from father to offspring in their well-established model
(Kit paramutation and Sox9 gigantism) [47]. Following this
idea, Chen et al. applied Dnmt2 knockout mice and found
that the paternal metabolic disorder phenotype could not
pass on to their offspring with deletion of Dmmt2. In
addition, injections of 30—40 nt sperm RNAs (which are
enriched for tsSRNAs) reproduced the transgenerational
effects in wild-type mice but not in Dnmt¢2 knockouts [44].
More recently, in 2019, Sarker et al. [48] demonstrated that
maternal high-fat diet-induced enhanced metabolic dis-
orders (mainly hedonic behavior and obesogenic pheno-
types) were converted across three generations along with
the paternal lineage and F1 sperm tsRNAs partly
contributed to this transmission and excluded the larger
sperm RNA fractions (40-90 nt). Furthermore, they only
observed moderate changes in F1 and F2 sperm CpG
methylation, indicating that the sperm methylome may not
be responsible for this transmission type, contrary to
sncRNAs [49,50]. This finding is also supported by early
nutritional animal models [51,52].

In summary, a series of paternal metabolic condition
studies provides several ideal transgenerational inheritance
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models of mammals for transgenerational effect research.
This finding indicates that sncRNAs may play a crucial
role in mediating epigenetic effects along with spermato-
genesis and embryonic development.

RNA-mediated epigenetic inheritance of
mental stress

Recently, mRNA and sncRNA populations have been
found in human and mouse sperm, suggesting the potential
role of sncRNAs in spermatogenesis and embryonic
development [53—55]. Dietz et al. [56] applied the chronic
social defeat stress paradigm to adult male mice and bred
them with normal female mice to generate offspring. They
showed that male and female offspring from stressed
fathers exhibit increased measures of several depression-
and anxiety-like behavior, indicating the epigenetic
inheritance of mental stress. Subsequently, Rodgers et al.
[57] demonstrated that paternal chronic stress before
breeding contributes to offspring hypothalamic—pituitary—
adrenal (HPA) axis dysregulation. Offspring from the
paternal stress group displayed significantly reduced HPA
stress axis responsivity. More importantly, they found
significant changes in nine miRNAs in sperm from stress
fathers, indicating the potential epigenetic inheritance
pathway through miRNA regulation during spermatogen-
esis and embryonic development. Their findings suggest
the important role of RNA in meditating epigenetic
inheritance of paternal mental stress and elicit more studies
to clarify the idea of RNA-mediated epigenetic inheritance
of mental stress.

Gapp et al. [7] initially explored whether environmental
stress can induce germline epigenetic inheritance via sperm
RNAs. They applied traumatic stress early in the life of
mice that changed miRNA expression and behavioral
response in offspring. In particular, they injected sperm
RNAs from stressed fathers into fertilized wild-type
oocytes, resulting in a behavioral response similar to
normal breeding. Early-life trauma can damage cognitive
function and alter synaptic plasticity in stressed fathers and
offspring [58]. Environmental enrichment, a physiologi-
cally and socially stimulating environment, could poten-
tially reverse or prevent the stressed effects in the progeny
[59]. At that time, environmental enrichment was not
linked to sperm RNAs. Benito et al. [29] found that
environmental enrichment exposure improved cognitive
function and enhanced synaptic plasticity in fathers and
offspring. More importantly, they demonstrated that the
intergenerational inheritance is mediated by sperm RNA
and especially miR-212/132 by injection of isolated sperm
RNAs or synthetic RNAs into normal zygotes. A similar
improved paternal cognitive function phenotype induced
through moderate exercise also passed on to their offspring
along male line. Some genes that were predicted as targets

of miR-212/132 were enriched and have proven to be key
regulators of cognitive improvement [60]. Similarly,
Rodgers et al. [6] further found that injection of nine
identified miRNA compounds into normal zygotes
induced blunted HPA axis activation in the offspring and
reduced several mRNA levels in the zygote. Recently,
Wang et al. [61] published their work that suggested that
offspring born to a paternal depression-like model are
susceptible to depression-like symptoms at the molecular,
neuronal, and behavioral levels. The levels of sperm
miRNAs exhibit distinct expression patterns in a paternal
depression-like model. Neutralization of the abnormal
miRNAs in zygotes by antisense strands rescues the
depression-like phenotype in offspring born to a paternal
depression-like model. This finding suggests a potential
therapeutic direction for depression-like symptoms. More-
over, their data revealed that the profiles of piRNAs and
rsRNAs were altered in paternal depression-like models,
whereas the level of tsSRNAs remained unchanged. The
authors mainly focused on miRNA alteration; however,
piRNAs and rsRNAs, which may also confer depression
susceptibility to offspring, could be a novel direction for
the future work.

More interestingly, Chen’s group demonstrated that
sncRNAs meditate intergenerational inheritance only
partially because isolated sperm sncRNAs from high-fat
fathers cannot replicate metabolic disorders on Dnmt2
knockout mice [44]. Gapp et al. recently published further
work and found that the intergenerational inheritance of
paternal early life trauma can be mediated partly through
long RNAs (> 200 nt) and partly through small RNAs.
Moreover, different types of RNAs seem to meditate
different intergenerational inheritance effects because they
can reproduce only some of the stress on the anxiety-
related phenotype by injecting isolated sperm total RNAs
but not small nor long RNAs [62].

These findings emphasize the important role of different
types of sperm RNA and provide a feasible direction to
investigate the mechanism of the transmission of environ-
mental mental stress from fathers to offspring. A newly
published paper by Bale et al. [63] demonstrated a novel
direction to explore the potential mechanism. An apparent
phenomenon is that paternal stress can affect offspring
phenotype; thus, they collected extracellular vesicles (EVs)
from stress-treated epididymal epithelial cells, which were
called epididymosomes in previous studies [9,41]. Surpris-
ingly, paternal stress altered protein and miRNA content in
stress treated epididymosomes, and they proposed that the
secretion of these epididymosomes could affect sperm
maturation and may also play a role in stress-induced
intergenerational inheritance. This research provides a new
direction to understand the transfer of environmental stress
information molecules into the reproductive system.
However, more functional experiments are required to
clarify the mechanism behind this argument.



Xin Yin et al.

181

Discussion

The two main hypotheses of Lamarck’s theory to explain
the gradual complication of organisms in the evolutionary
process—the so-called “principle of graduation”—are as
follows: inheritance by the body of characteristics acquired
throughout life and the presence of a certain internal
“striving for perfection.” Lamarck explained this phenom-
enon by his theory of fluids. Advances in modern biology
have revealed the possibility of communication between
somatic and germ cells in which sncRNAs are packaged
into EVs, such as exosomes, to establish cell—cell
communication [59]. More importantly, paternal environ-
mental exposure could change the levels of sncRNAs
(tsRNAs, piRNAs, miRNAs, and rsRNAs) and may
transmit paternal environmental exposure information to
offspring by targeting some critical genes during sperma-
togenesis and subsequent embryonic development would
provide an important direction for researchers [6,64]. More
research focusing on EVs and their cargo, especially
sncRNAs, in the male reproductive system would be
significant to the field (Fig. 1).

Current literature has demonstrated that alterations in
spermatozoal sncRNAs may play a role in intergenera-
tional inheritance and seminal plasma. However, these
alterations have not been investigated. Seminal plasma is
the only medium in which exosomal sncRNAs released
from somatic cells can pass the reproductive barrier into
germ cells. Bale’s group demonstrated the vital role of
epididymosomes and their cargo, such as sncRNAs; they
did not explore the alterations or the role of EVs in seminal
plasma. Chen et al. [65] found that alterations in piRNAs
in seminal plasma from male humans can serve as
molecular biomarkers for male infertility, indicating the
vital role of sncRNAs in seminal plasma. However, the
limited volume of seminal plasma from male mice
increases the difficulty of collection as well as further

analysis. Moreover, seminal plasma is vital to the
fertilization process. In summary, seminal plasma, which
has not been investigated during intergenerational inheri-
tance of acquired characteristics, should be explored in the
future.

In addition, because sncRNA levels are very low in one
signal sperm and diluted post fertilization, the effect of
low-concentration sncRNAs on embryonic development
until adulthood is unknown. Several studies have proposed
possible mechanisms, such as targeting the maternal
mRNA population [6], inducing transcriptional activation
or repression within the nucleus through other epigenetic
mechanisms [66], and regulating de novo methylation in
embryonic stem cells [67]. Evidently, sncRNA regulation
acts during fertilization and may regulate nuclear fusion or
early fertilized egg development. More studies are required
to explore the mechanisms of how sncRNAs regulate this
process to clarify the idea of RNA-mediated intergenera-
tional inheritance of paternal acquired characteristics.

In summary, further work that focuses on sperm cells is
essential. How somatic cells transfer information to germ
cells is also significant because the alteration in sperm cells
simplifies the result, but the phenotypic changes in specific
organs cause this condition. In addition, the transmitter of
seminal plasma should not be ignored because it may also
support and complement the integrity of the Lamarck
theory. Lastly, the mechanism by which a small number of
sncRNAs regulate such precise inheritance processes is
unknown.

Conclusions

Paternal environmental exposure alters the levels of
sncRNAs in sperm and increases the risk of diseases in
offspring. Normalizing the level of small RNA in sperm by
various approaches may be effective in preventing off-
spring disease.
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