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Abstract: Background/Objectives: Recently, the phenomenon called Transgenerational Epigenetic
Inheritance (TEI) is getting more and more focused. The effect of this non-mendelian inheritance is
demonstrated to have a wider effect on people’s health and also the behavioral change in certain
animals. However, as this is a newly emerged area, much research is focused more on the invertebrate
or simpler form of prokaryote which is due to the difficulty of doing animal research. In this review,
I examine 192 researches and review and selected 99 as references which focus the discussion on.
Experimental findings from mammalian studies will be compared and analyzed, along with a discussion of the
mechanisms through which small RNAs contribute to TEL. The complex nature of epigenetic changing still
confusing people and the variety of possibilities also enhance the difficulty of isolated and clarified
single mechanism. Various Conclusions: Focusing on the sncRNA transgenerational epigenetic
effect in mammals, this review article tries to synthesize the mechanism of small RNA in epigenetic
effect and providing suggestion for the future researches.
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1. Introduction (Should Increase the Length of Introduction by Including a More
Thorough Background Overview and a Detailed Analysis of Importance of TEI
Effect)

In current-day research, transgenerational epigenetic inheritance (TEI) has garnered more
intensive intention due to its intriguing properties. TEI refers to the phenomenon wherein the
offspring experience certain phenotypic changes or behavioral shifts due to the paternal exposure to
specific environmental factors that induced their gene expression alteration. The concept “TEI”
begins with the investigation of “Epigenetics” which was first produced by Waddington’s theory and
generalized the way that external factors pose an effect on gene expression[1,2]. In contrast to the
classical Darwin’s theory and Weismann barrier theory, current research in TEI demonstrated that
there is actually not gene content change that caused the behavioral change in the next generation,
but the gene differential expression instead which opens a new direction for the animals evolution
investigations[3].

With more research being completed, various kinds of organisms are found to demonstrate the
TEI effect. The study of C.elegan begins with the paper about nematode’s PIWI RNA differential
expression causing the argonaut protein change which leads to the TEI of aversive behavior against
the PA14[4]. After this paper, more papers are discussing the TEI transmission of the aversive
behavior through generations which proposed more and more mechanisms and factors that include
the Cer-1 transmission, nitrogen assimilation, small RNA, and bacteria non-coding RNA[5-8]. At the
same time, other organisms were also found to demonstrate the TEI effect when facing environmental
stress. The rice species that have TEI effect due to the heavy metal stress to the drosophila and
S.pombe[9-12]. Different kinds of environmental stress are also being investigated, including
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common environmental stress such as heat, starvation, pathogenetic effect, ethanol exposure to the
stress that may solely be faced by specific kinds of animals such as maternal womb pressure, and
social stress including faced by mammals[13,14].

Although increment in article number about transgenerational epigenetic inheritance marks a
concrete evidence for its presence and also a further investigation in its mechanism, other researchers
hold the opposite idea and questioning the validity for its existence and debate around the extent of
its effect on the animal’s trait change. The two epigenetic reprograming events occur in the primordial
germ cells and in the early embryo which makes the environmental effect transgenerational
epigenetic inheritance hard to take place and post stronger effect across more than one generation[3].
Also, some researchers have proven that for certain effect previously reported as transgenerational
effect is actually intergenerational interaction which further post question on how to classify the
observance as transgenerational effect and whether this is a routinely events or just due to random
mutation[15]. Specifically, some researchers report that the seemingly transgenerational effect of the
stress on the chromatin structure and the corresponding increment in the offspring’s performance or
ability still lack defining evidence to prove the existence[16]. Also, most environmental stress for
mammal is not strong enough to induce the transgenerational effect which leads to the proposal for
the further consideration during the experiment design and analysis to ensure enough stress
exposure causing substantiate effect[16]. At the same time, the research on the triclosan (TCS) effect
on the newly-birth and mature flea demonstrate specific range (50-100 ng/L)of environmental stress-
-toxin concentration—can leads to response of the flea species transgenerically and different
component of cells have different lower bound for response to generate[17]. Other than the animal,
in the plant like H. arabidopsidis, the previously proposed transgenerational effect evidence of priming
effect to the resistance to biotic stress is not rectify based on the further investigation of b-amino-
butyric acid (BABA) concentration within the plant seeds which manifest the apparent deviation from
the general trend[18]. The low concentration of the molecules in seeds is not high enough for
transgenerational effect to occur and the similar effect is also observed when lacking the BABA
molecules within the plants[18]. The examples above demonstrate the instability nature of the TEI
effect in organism, warning the researchers that confirmative evidence about transgenerational effect
is required for the determination of the TEI effect but not other mechanisms instead.

As all the papers indicate, there are three basic kinds of mechanisms for TEI research to be
focused on, which are, DNA methylation, small RNA differential expression, and histone
modification. These mechanisms make up the most prominent mechanism that is focused on which
is discussed by lots of review articles and research papers. The DNA methylation and histone
modification method is directly worked on the chromatin architecture to change their expression
pattern which involves the interaction of the histone and DNA especially on H3K9 which is a
common initiator that active in the DNA transcription[19]. In this review article, we will focus on
the effect of small RNA on mammal TEI occurrence which regulates the TEI in another way by
affecting the RNA-dependent RNA polymerase (RARP) which seldom being stable in mammals as
they encode it[20]. Within the scope of the small RNA mechanism, several kinds of small RNA are
focused on by the researchers, including piwi interacting-RNA(piRNA), small interfering
RNA(siRNA), microRNA(miRNA), small tRNA(tRNA), small nuclear RNA(snoRNA), which all of
them affects the gene expression by cooperating with the DNA interference complex to block the
transcription from happening to account for gene differential expression in germ-line cells or
oocytes[21,22].

In this review article, the discussion will mainly focus on the mechanism of small RNA causing
the TEI effect in mammals and compare the results of different mammal experiments that focus on
various environmental stresses and small RNAs. The results from other experiments will be analyzed
and the extent of environmental effects on animals will be focused on. This article also discusses the
potential difficulty of doing mammal experiments and the possible future direction in this large area.
The reasons for doing TEI-related experiments on mammals will also be presented to encourage more
researchers to turn on mammal experiments in this area.
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2. Small RNA Functions and Mechanisms (Should Added More Reference to the
Table Included, Should Added One or More Graph)

To begin the discussion of mammal TEI occurrence due to the small noncoding RNA effect, the
focus should first shift towards the mechanism, biogenesis, and function of the common types of
small RNA that produce the TEI effect to get a better understatement for the later part of this review.
In this section, different kinds of small RN As including piRNA, miRNA, siRNA, snoRNA, and tsRNA
will be discussed about their different functions and the potential role in the TEI of mammals. For
each small RNA here, a few examples would connect them with the future TEI effect discussion that
provides a brief overview of their role in different mammals” experiments. The table below describes
the basic mechanism and function of the various small RNA in the animals and the related example
in TEI mechanism.

Table 2. This is a table. Tables should be placed in the main text near to the first time they are cited.

Small RNA Small RNA mechanism Example

Ranging from 24-32 nucleotides in
length, piRNA expresses in several
types from PIWI1 to PIWI4 in
mammals. Work with the argonaut
protein (AGO) regulating the Moore et al.[8]
mammal epigenetic. Forming Aravin et al. [23]
piRISC to recognize the mutating
transposons and distinguishing
between self and non-self-
transposons.
siRNA is a 21-23 nt long double-
stranded RNA molecule, the
siRNA complex arising when
dsRNA is cleaved by Dicer, a
member of the RNAase III family. Posner et al
siRNA The siRNA induced in RNA- X
induced silencing complex (RISC)
interacts with Argonaut 2
component, resulting in duplex

piRNA

[24]
Xu et al. [25]

unwinding and degradation of
passenger strand.

miRNA has approximated 22
nucleotides in length deriving
from the longer primary miRNA
transcripts. The primary miRNA
will under cleavage of the RNase
III Dicer, producing miRNA
interacting with the Argonaut
protein family. Collaborating with
the Argonaut protein, miRNA will

Criséstomo et
al.[26]
Baldini et al. [27]

miRNA

bind with the complementary
DNA strands that function to
repress the transcription process.
snoRNA is small RNA that widely
presents in the nucleoli of the Ma et al. [28]
snoRNA eukaryotic cells, ranging from 60-  Liu et al. [29]
300 nt. snoRNA has several Sarker et al. [30]
different types like H/ACA box
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snoRNA, C/D box snoRNA, small
cajal RNAs. snoRNA forms the
small nucleolar ribonucleoproteins
(snoRNPs) by binding with
structures like Cbf5p, Garlp, and
Nop58p. 2’-O-methylation and
pseudouridylation will be
normally involved in the
functioning mechanism

2.1. Piwi Interacting-RNA (piRNA)

To begin with, the basic mechanism of piRNA should be understood for future discussions on
the effect of piRNA-related TEI in mammals. The main function of piRNA is regulating the
transposable element in the human genome which may lead to mutation if not regulated
properly[31]. To achieve this function, the human body designs an intricate system for regulating the
TE by enabling the piRNA clade to work with the argonaut protein (AGO) also known as PIWI
protein for the regulation of the TE. The complex would form the piRISC complex which functions
in the soma and germ-line cell to silence the target complementary RNA and inhibit the functioning
of TE[32]. The place where piRNA functioning are mainly the animals’ germ-line cell where the
piRNA is reported to function as an important regulating factor[33]. In the animal’s oocytes such as
the macaque monkey, the piRNA production has a small variation of less than 10% compared to the
piRNA in macaque monkeys’ testicular but there is variation in piRNA length in the human testis
and ovaries. Moreover, the examination of the differential expression of transcription factor A-MYB
is reported insignificant in the ovary while expressed strongly in the testis of macaque monkeys and
humans[34]. In mice, there are mainly three kinds of PIWI-protein, including PIWIL1, PIWIL2, and
PIWIL4 all of which serve to express in different stages and places during cell development and
differentiation for the controlling purpose[35,36]. The production of piRNA is also different from
other small RNA which is verified as a DICE-independent process as indicated by its 24-to 30-nt
length strand[37].

The loci that produced piRNA are called clusters due to the high density of piRNA sequence
presence in there these sequences will be as same as another genome sequence of the mammals’ RNA
polymerase II, but different from drosophila as the piRNA precursor in drosophila in
heterochromatic loci[21]. For piRNA in both kinds of animals, the precursor will appear in two forms
the first would be the traditional ‘Uni-strand’ condition which the transcription will be in uni-
direction, however, in the ‘Dual-strands’ condition, the transcription will be convergent which is
identified in lepidopterans as the nearly 70% of the splice site would be in the trans-splice form in
C.elegan|[21,38].

Even though the piRNA performs a critical function in the animal’s body the sequence is not
highly conserved but demonstrates various lost and gained phase alterations during the
revolution[21]. This may indicate the potential of piRNA in regulating the epigenetic inheritance of
animals which may lead to the TEI as consequence. Due to the close relationship between the piRNA
and TE regulation, the piRNA may lead to a large effect on the TEI effect in animals across different
species. From the piwi argonaut protein regulating C.elegan to the mice that exhibit decreased social
ability and social recognition due to the decreased piRNA counts[4,39]. The piRNA may also induce
the TEI through modulating the functioning of the DNA methylation which was demonstrated in
one study on the dnmt3 mutant drosophila that reported the piRNA effect MILI protein blockage the
transposon methylated process and hence affected the overall transcription in germ-line cell[23]. The
result in this study indicates the interconnection in MILI and MIWI protein associated with piRNA
which both demonstrate deficiencies due to mutation as well as the MILI/MIWI2 ping pong cycle
observed in the experiments may also lead to potential effect on the animal’s metabolism in
offspring[23]. Moreover, research has also demonstrated the role of piRNA regulation in sperm
histone-to-protamine of male infertility which may also be a future direction for the research of TEI
effect on mammal[40]. This could be further traced back to the PIWI effect on the MIWI binding
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protein that leads to male infertility and due to the removal of APC/C in the late spermatogenesis[41].
All these researches demonstrate the potential function of piRNA in regulating the mammal TEI
effect due to environmental stress which is further verified by the instability demonstrated by the
piRNA in evolution history.

2.2 Small Interfering RNA (siRNA)

The effect of siRNA in the TEI and spermatogenesis of the male is the most well-studied species
of small RNA within the large category. siRNA is a 21-23 nt length double strand molecule that
mainly regulated the posttranscriptional function that derived from the cleavage by Dicer protein
towards the dsRNA[42]. The siRNA family could be substantially divided into two groups which are
exogenous siRNA and endogenous siRNA. The main focus of TEI on animals is on the effect of RNAi
induced by the environmental stress and the subsequent inducing dsRNA to accomplish the change
in the transcription scheme[42]. Indeed, most of the endo-siRNA is derived from the endogenous
dsRNA source this dsRNA production could happen in either the viral infection or the production
by animals by itself[43]. In this whole process, a protein called dicer plays an extremely important
role in identifying the dsRNAs cutting them into 21 to 23 small fragments that form so-called siRNA.
These siRNAs will then bind to the guide strand and form RNA induced silencing complex (RISC) to
accomplish the final interruption of the RNA transcription process and regulate the expression of
gene content[44]. The siRNA will then trigger the stage called post-transcriptional gene silencing
which could further be decomposed into two steps including the direct sequence-specific cleavage
leads to repression of translation and content degradation and the transcriptional gene silencing[44].
During the process, the RISC complex formed by siRNA will bind with its Argonaut 2 component
and will hence result in the complex unwinding the target strand or binding with the guide strand to
degrade the complementary shape mRNA[42]. C. elegan, for example, has 19 kinds of functional
AGO protein that could be connected with the RISC complex and siRNA, the kinds of AGO protein
binding, in this case, will be based on the location of the expression and specific function required to
produce in the cell[45]. The endo-siRNA in C. elegan is reported to target several AGO clusters such
as the WAGO cluster which the depleted endo-siRNA targeting the ALG-3, ERGO-1, and CSR-1 class
genes[45]. The function of siRNA in regulating the posttranscriptional function is reported to be
important in mice’s oocytes which both the endo-siRNA is reported to be regulated by the inverted
pseudogene and increase regulation target as the Dicer protein removed during the production
site[46]. Also, in mice’s oocytes, another research team verified that the siRNA didn’t require the
function of RNA-dependent RNA polymerase (RARP) to function in mammal cells[47].

The extent effect of siRNA on the occurrence of TEI should be further extended beyond the scope
of general regulation of gene expression. Research has identified the direct TEI effect caused by the
siRNA exerted by the maternal oocyte, the influence of siRNA in this case would further extend to
the offspring for future development but not constraint to temporary differential expression[48]. The
effect of siRNA on the sperm DNA expression scheme should also be focused on as the male sperms
have fewer gene material contributions to the overall offspring development but a large TEI effect
has been observed. The study reports that the sperm siRNA content could pose an effect on the
epididymal protease inhibitor differential expression within testicular tissue which caused the
increase in sperm mortality due to the presence of siRNA[25]. This influence on the sperm content
could be treated as the possible effect of siRNA on the offspring’s health rate.

2.3. MicroRNA (miRNA)

MiRNA is the fundamental type of IncRNA which is been studied for at least 20 years since the
first discovery of miRNA in the C. elegans[49]. Having been reported as highly conservative in
different kinds of animals, miRNA intrigues the interest of researchers to investigate its biogenesis
and detailed mechanism in regulating gene transcription and expression which already has in-depth
research of its mechanism[45,50]. The importance of miRNA is hence with no need to tell in the TEI
and its function should be focused on in detail to get a more comprehensive overview of its potential
mechanism and effect on mammals’ TEI expression. MiRNAs are 22 nucleotide RNA that are derived
from longer primary miRNA and the primary mRNA is derived from the hairpin which is processed
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through the nuclear microprocessor that bound to DGCRS8 and then released the precursor hairpin.
As the primary miRNA is being produced, the cleavage site is like the conventional RNA processing
stage with the removal of 5'-cap and polyA tails, but this production of miRNA will mainly occur
through two sites-specific cleavages which are dsRBD protein recruiting Drosha cleavage (further
export to the cytoplasm by Exportin 5 protein) and the Dicer cleave occur in the cytoplasm[51]. After
the complex processing stages, the miRNA with 22~23 nt length would be ready for function. For
the miRNA to function, they work with the AGO2 protein to form the RISC complex and then form
the mature miRNA strand and bind with the complementary RNA sequence strand to pose an
interfering effect on the DNA expression or transcription[22]. In C. elegans, the investigation
demonstrates that ERGO-1Ips treatment C. elegant will demonstrate decreased expression of miRNA
but still enriched 26G-RNAs which indicates that miRNA enrichment present in ERGO-1 Ips may be
indirect due to the interaction of ERGO-1 and ALG-1 or ALG-2 on target transcripts[45]. This result
manifests the close relationship of miRNA with the AGO protein and the related protein complex,
which the interaction of these pathways would proceed to the final gene differential expression
ultimately. One defect that miRNA has in affecting TEI is their lack of corresponding amplification
mechanism that could enable their proliferation in the offspring even under the condition that lack
the previously inducing environmental signal which the piRNA and siRNA both contain[52].

Even though the lack of the self-amplification process may be a potential defect for the miRNA
TEI study, still numerous researches have revealed the important role miRNA plays in the TEI effect
in mammals even though the interior mechanism remains unknown. One study has proposed the
importance of the miR-34/449 effect in regulating the pathway of sperm to preimplantation embryo
which will pass the effect of parental social instability stress[53]. The function of miRNA is not
confined to the sperm or other germ-line cells, miRNA is reported to perform a function in the motor
neuron generation process in the embryo which the removal of miR-17-3p generated by cytoplasmic
RNAase III Dicer would eliminate its silence effect on Olig2 in p2 progenitors. Thus, the miRNA is
thought to be crucial in the refinement of the spatial and cognitive ability[54]. Moreover, the miRNA
is reported to affect the alteration of animal cognitive behavior due to the enrichment
environment[55]. However, all the research mentioned above does not involve the pathway of soma-
germline translation and how the miRNA could pass the effect to the offspring with such a small
amount previously present in sperm. This question is left unsolved and should be focused on
afterward.

2.4 Small Nuclear RNA and Small tRNA (snoRNA & tsRNA)

The small nuclear RNA (snoRNA) and small tRNA(tsRNA) also have a regulated function in the
sperm and perform an important role in the TEI effect. SnoRNA is widely present in the nuclei of the
eukaryotic cell and has a general 60-300nt length. snoRNAs are mainly encoded by intronic regions
of both protein-coding and non-protein-coding genes. SnoRNAs could be mainly classified into three
groups: H/ACA box snoRNAs, C/D box snoRNAs, and small cajal RNAs (scaRNAs). The former two
types of snoRNAs participate in the processing of ribosomal RNA (rRNA) by adding 2'-O-
methylation and pseudo uridylation modifications to rRNA molecules which both could have
potential effect on the gene expression[56]. The C/D box snoRNA has a length range from 70 to 120
nt which contains two conserved strains one C box and one D box and contains the RUGAUGA
sequence in the 5-end. Working together, these structures would intertwine to form a kink-turn
which is recognized by snu-13p and then recruit the Noplp, and Nop58p to perform the methylation
modification process[27]. For the H/ACA box snoRNA, usually has 60-75 nt in length and contains
the pseudouridylation pocket that functions to isomerize the uridine residue on the RNA this process
could be accelerated by binding the H/ACA box snoRNA with the Cbf5p, Nop10p protein to form
the complex. H/ACA box snoRNA is also similar to the C/D box snoRNA that has the H box and
ACA box as conserved areas in the cells of eukaryotic organisms[56,57]. The last type of snoRNA is
the scaRNAs which get its name from its location in Cajal bodies in cells that also follow the C/D-
H/ACA classification but contain both structures at the same time enabling it could bind to all the
proteins that could bind with the other two kinds of snoRNA[58]. The functions of different kinds of
snoRNA should also be focused. Currently, the researchers have mainly identified several potential
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roles of snoRNA which are pseudouridylation, 2’-O methylation, N4-acetylcitidine, and regulation
of alternate splicing[56,59]. For the N4-acetylcitidine (ac4C), it performs to increase the efficiency of
translation and stability of mRNA by ensuring correct reading of codons. The GCN5-related NAT
family of histone acetyltransferase NAT10 will catalyze the formation of ac4C on rRNA, tRNA, and
mRNA. The ac4C will bind to the wobble position stabilizing the C3" endo conformation of ribose,
the ac4C at the wobble position will significantly promote translation efficiency and fidelity[60]. All
these potential functions may contribute to the gene regulation within the cell and snoRNA plays key
roles in many of these functions which would further manifest the potential of snoRNA in regulating
the TEI expression in mammals and other animals that have proven to be needed for future studies
by researchers in this area[60,61].

In the case of tsRNA, it is a kind of small RNA that derives from the mature tRNA which could
classified into two types: tRNA-derived stress-induced RNA (tiRNA) and the tRNA-derived
fragments (TRF) which both are not randomly fragmented pieces on the tRNA but function in the
cells[62]. For the case of tiRNA, it is produced by the ANG cleaving at the middle of the anticodon
loop of mature tRNA this cleavage would result in a 31-40nt length tiRNA that the cleavage is
induced by the presence of environmental stress such as heat shock, starvation, oxidative stress that
has a direct relationship with the generation of TEI[63,64]. Due to the presence of cleavage, the
resulting tiRNA could be further classified into two types which are 5" tiRNA and 3'tiRNA the 5" one
refers to the 5" anticodon loop of tRNA towards the cleavage site, and the 3’ one vice versa[29]. For
the TREF, it could be classified into 5 types which are tRF-1, tRF-2, tRF-3, tRF-5, and tRF-i. Except for
the TRF-1 cleavage on the pre tRNA, the rest of the TRFs are all cleavage by one of the ANG, Dicer,
or RnaseZ on the mature tRNA on different sites that would hence generate various results. The
function of tsRNA is also important in gene expression regulation as the experiment reports the tRF
could exhibit the mRNA-like function that can bind with the AGO proteins to form complex and bind
to the 3’ untranslated area of mRNA to inhibit the translation process and hence perform the gene
expression regulation function[65].

Both tsRNA and snoRNA functions in the TElI mechanisms were reported by several
experiments[28,30].

3. Mammal Experiments
3.1. Mammal Experiments Problem and Difficulty

In this section, the problem and difficulty related to mammal experiments will be discussed. The
reason for many experiments targeting plants and nematodes is the difficulty of mammals to
demonstrate apparent behavioral change and the relatively complex mechanism behind the TEIL Due
to the complex system mammals have, it is generally requiring a large degree of environmental
change to cause an apparent effect on mammal behavior as studies demonstrates that animals will
perform a milder behavioral change under environmental stress and some of these behavior changes
are derived from their learning ability rather than the inheritance from the paternal and their passage
could hence be explained as a social effect like parents teach their offspring[66]. Also, mammal TEI
occurrence, requires the participation of lots of different mechanisms and pathways which adds to
the complexity of the whole investigation, it is hard for researchers to focus on a single mechanism
as multiple TEI pathways may be chosen by mammal bodies and the complex life cycle brings more
opportunities for potential pressure effect to contact to mammals that not consider as an epigenetic
pathway. Like the maternal womb pressure the mammals” embryos have a chance to contact with
outer environment pressure that exerts on mammals which could hence disturb the result of the
paternal side TEI investigation[13]. Furthermore, the mammal experiment has some disadvantages
against the invertebrate experiments as mammals are generally harder to raise and require more
specific environmental conditions to produce the individual that is ideal for the investigation this
production would also require a longer cycle which would further increase the cost of experiments

To solve this problem, researchers need to consider more holistic aspects when designing the
experiments, they should regulate the duration and period that mammals are exposed to
environmental stress carefully to minimize the non-genetic effect on offspring especially control the
pressure exposed to females when pregnancy. The researchers may need to focus on wider aspects
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when conducting the experiments and put the target investigation on more different mechanisms
that possibly lead to behavioral change. The degree of environmental stress needs to be considered
as well and the stress should be large enough to cause enough change in mammals” behavior cross-
fostering settings may also be used to minimize the social effect on behavioral change.[67]. Moreover,
the difference between the maternal and paternal effects on TEI should be focused on as the oocyte
will generally contain more mitochondria and small RNA within it as TEI-induced factors, the same
period exposure for both female and male mice may result in a larger effect on female mice offspring
which studies demonstrate the relationship of UPRmt and BGP-15 inducer and the mitochondria
RNA (mtRNA) content in female mice[68,69]. Indeed, some problems may not be able to be solved
like the cost of the experiment, but it doesn’t block the way of future experiments as they could
produce more results in one experiment by examining wider effects to achieve more results and
limiting the number of experiments to conclude inner mechanisms.

3.2. Important Mammal Experiment Comparison and Analysis

As we already discussed the mechanism of specific kinds of small RNA on TEI], in this section,
the focus will shift to the experiments that investigate the TEI effect act on mammals of different
species. The results of the experiments will be evaluated and compared with others in this section to
provide a better overview of the TEI effect on mammals and would provide a possible future research
direction for the researchers to carry on or doing refinement on the current investigation.

3.2.1. Mice Related Experiment (Should Increase the Content in Mice Related Experiment)

Most experiments related to the mammal use the mice as models as it is universal with standard
gene content and traits and also easy to feed and monitor the behavior. These experiments include
various kinds of environmental stress and demonstrate the different kinds of mice's behavioral or
physiological changes when facing these factors. In each experiment, the mice's behavior is being
assessed and the number of generations that possess the trait is being examined as one of the factors
that influence the extent of environmental effect as well as the difference of the trait demonstrated
from the normal behavior. Based on the different environmental factors, it could be classified into
positive environmental stimulation, also known as environment enrichment (EE), or the negative
environmental stress exerted on the mice. Also, for these experiments, the function of small RNA in
each case is being investigated and the comparison of the result would give a more holistic overview
of this area of research.

For the positive environmental stimulation, there are relatively fewer cases compared to the
negative environmental stress as the positive one is generally concerned as cannot exert much effect
on the gene content of the mice offspring. One of the positive environmental stimulation
investigations is the effect of EE on improving mice's intergenerational cognitive behavior
change[55]. In this research, the researchers demonstrate that the mice will perform enhanced long-
term potentiation (LTP) increase in the hippocampus area due to the upregulation of miR212/132 and
other targeted miRNA in the sperm. The mice who are the offspring of the EE have higher cognitive
scores compared to the control group[55]. The ability of TEI and small RNAs to increase cognitive
ability is further manifested in another experiment in which the researchers investigate the effect of
environment enrichment on alleviating the mutant effect on LTP of the mice and their offspring. Their
result indicates that the EE  could help to decrease the mutant effect on LTP for several generations
and this effect is decreased as the generation progresses the contextual memory could also be
increased by the EE and have the same trend with the LTP across the generations[70]. Similar to the
EE, some researcher's investigation of the social enrichment after the postnatal phases could also have
transgenerational effects such as increasing nursing contact on mice that last 3 generations from FO
to F2[71]. Especially for the female offspring, the researchers observe the presence of decreased stress
levels and increased social interaction with other mice within the communal and the researchers
attribute these changes to increased oxytocin levels. As this behavioral change is still present in the
offspring it may be due to the differential expression of gene induced by the small RNA in the
genome|[71]. Despite the common cognitive improvement ability, EE is also reported to prevent the
transgenerational effect of parental trauma in the mice’s offspring which the alteration of gene
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methylation and small RNA may lead to this change in mice epigenetic expression[72]. Like the EE,
the physical exercise along on mice is reported to have increase brain cognition function which
demonstrated through the improving score of Novel Object Recognition Test (NOR) and this
phenomenon will pass transgenerationally across generation from FO to F1[73]. This paternal side
transmission is found to associate with the increasing expression of cell proliferation gene sequence
and also the miR212-132 sequence in both the offspring and parent who have more exercise compare
to the sedentary group[73]. Also, the environmental enrichment like attributed more exercising
opportunities for the mice enable them to present increasing memory recall and also spatial and non-
spatial information processing ability[74]. For the group of F2 generation of mice from the parents
who not exposing to exercise restraint, the higher performance was observed during the NOR, CFC
and OL tests which demonstrate more ability to explore novel object and accepting the new
knowledge[74,75]. In the smallRN Aseq of the F2 generation hippocampus, an underregulation of the
35 sDE microRNAs and 15 microRNAs and the upregulation of 20 microRNA is recorded in more
active mice F2 generation compare to the sedentary one[74].

Overall, the positive environment stimulation would present an increase in cognitive behavior
and hippocampus ability in the brain of mice and this effect could last for more than one generation
which is induced by either small RNA or the DNA methylation method. However, these experiments'
results still have some defects in that they didn’t include the detailed mechanism of how the inner
cell process is altered by the epigenetic factors and this lack of detailed mechanism could only provide
us with a limited overview of the EE effects on mammals which would hence require more research
to examine the various factors that could lead to the alteration.

Although the effect of positive environmental stimulation is promising as the potential to be
used for human cognitive behavior enhancement, the extent of this kind of environmental influence
is limited compared to the more general environmental stress. As most of the positive environment
stimulation only lasts for intergenerational or only 2 to 3 generations, the effect of environmental
stress such as the pathogen threat could even pass the influence to at most 5 generations in the
C.elegan[4]. For the case of mice, the general TEI effect induced by the environmental stress could be
extended from 4 to 5 generations which have longer duration compared to the positive environmental
stimulation[76]. Lots of studies demonstrate the effect of negative environment stress on the mice
that each stress would induce the response from experiment subject uniquely and differentiate from
each other’s which each response would involve one or more kinds of small RNA participants. The
tsRNA is reported as very important in the TEI occurrence of the mice as it would directly function
in the mice sperms and regulate the gene expression there[29]. It is reported to function in the TEI
effect due to environmental stress such as parental high-fat diet (HFD) and its upregulation leads to
apparent change in gene content as accompanied by the upregulation of the miRNA[26]. In the
experiment, the alteration of expression in the G-protein signaling pathway is observed in the F1 and
F2 generations and this alteration is coupled by the upregulation in tsSRNA which results in the
effecting in the testicular metabolism function. Except for the tsSRNA, other piRNA and miRNA are
also differentially expressed in the F1 and F2 generations but the extent of alteration is not significant
compared to the tsSRNA. The researchers in this experiment measure the extent of the HFD effect by
measuring the GO term differential expression and the intergenerational expression change is
observed with a limited passing length[26]. Also, another study manifests that the maternal
overnutrition program could cause the tsRNA expression alteration in the male sperm of mice which
would lead to obese phenotype in the later generation[30]. The research team observes the differential
expression of tsRNA targets like CHRNA2 and GRIN3A both of which imply addiction pathology
which hence explains the behavior change demonstrated by the mice. The researcher further verified
this effect by injecting the pre-made tsRNA into the embryonic F1 mice obesogenic and addictive
behaviors were observed in the F1 mice that were similar to the FO generation that experienced the
HFD program hence verifying the effect[30]. In both cases, the research teams observed the alteration
in tsSRNA contents under the HFD condition which the mice generations they observed led to
different behavior changes the first experiment demonstrates the increased stress behavior and the
second demonstrates the increasing additive behavior. Criséstomo et al. in a later examination state
that the alteration of tsRNA and other sncRNA due to the HFD would result in the defect of sperm
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content and hence would cause a transgenerational effect on the later generation[26]. Except for the
tsRNA alteration under HFD environmental stress, other kinds of sncRNA such as miRNA are
reported to function to help the gene differential expression under the HFD environmental stress[77-
79]. In these experiments, the differential expression of microRNAs such as miR-149-5p, miR-335-3p,
miR10b-5p, and miR-122 would induce the change in lipid metabolism scheme and also the
glycolipid metabolism in the offspring within several generations. Thus, the mice's metabolism and
body function will be affected by various kinds of pathways and this would eventually result in
different results even for similar pathways.

Except for the HFD stress and the resulting behavior change, other environmental stress is also
critical for focusing. In one study, the researchers found that environmental psychological stress
would lead to a metabolic change in the offspring, and this change is due to the differential DNA
methylation in the sperm this different level of methylation is reported to be induced by the function
of miRNA[80]. Also, the paternal environmental exposure can cause the alteration in spermatozoa
sncRNA alteration and causing the next generation with multiple disease and other health
condition[81]. In one study, the alteration of expression of sperm microRNA is reported to effect the
depression-like syndrome susceptibility in the mice which the distinct expression profile in FO
generation depression mice will be passed to the F1 generation using the sperm as vector[82]. During
the test, the F1 generation of the depressive offspring express similar symptom as their parents like
longer floating time in the water and lower sucrose ingestion compare to the control group of F1
mice. For the expressive of the depression symptom, large increase in upregulation of the sperm
miRNA is observed while the piRNA experience significant decrease in expression intensity compare
to the control group for both FO generation and F1 generation[82]. Another research also
demonstrates the TEI effect could be the result of the function of different kinds of mechanisms in
which the DNA methylation, histone modification, and piRNA differential expression both work
together to lead to the inherited effect of the DDT-induced TEI effect[83]. Using the RNA-seq analysis,
the location of ncRNA differential expression is demonstrated to be distinct with each generations
from F1 to F3, but specifically, the F3 generation demonstrate more similarity with the F1 generation
with 29 locations of repeating demonstrate the transgenerational effect presented by mice[83]. The
real world pM2.5, also, is founded to affect the mice sncRNA especially the microRNA and piRNA
expression which cause the hypogonadism in the offspring transgenerationally[84]. Specifically, the
miR6240 and piR016061 is responsible for this change, which accompanied with other 19 piRNA and
3 tsRNA that differentially expressed within the male sperm and 13 of them upregulated while other
experience down-regulation[84]. When mice exposing to other toxicity like environmental stress, like
the heavy metal cadmium, alteration in the expression scheme of tsRNA expression which 9 is
upregulated and 5 is down regulated is observed within mice and the following change will pass to
the next generation[85]. The change in tsSRNA expression reflect further on the development of mice’s
mitochondria and the lysosome within the testes and liver. The reported decrease activity of content
of mitochondria in 2-cell stage and morula stage is accompanies with the increasing expression of
mitochondria and lysosome in 6-days old offspring mice’s testes but decreasing expression
significantly in the adult stage[85]. For the pathway involves in coordinating with the cadmium
exposure stress, the neuro-interactive ligand receptor pathway is reported with most significant
related with this trait change within the mice testes[85].

When comparing these results of research, the positive environment stimulation is
demonstrated to have less implication on TEI of the mammal behavior alteration and most studies
on the negative environmental stress could extend the effect to several generations. For each case of
mice experiment, there are multiple small RNA participants for the overall TEI effect on the offspring
or several generations later. Some are upregulated and others are downregulated and the gene
expression they regulate works together to change the behavior and metabolic effect of the offspring.
These experiments reveal the complexity of the TEI effect and also remind future researchers to
increase the variety of research targets. The effect of TEI on different parts of the organism should
also be focused as it demonstrates the possibility.
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3.2.2. Human Related Experiment & Research (Also Included Data Analysis from Human Related
Experiment and Research)

For the human experiments, there are relatively fewer cases compared to the mice due to the
ethical issue of conducting experiments on the human bodies. Along with the ethical issue, the
difficulty in operating the experiments like precisely controlling the F1 or F2 generation exposure
time added more difficulty to the experiments[86]. Also, the lack of providing sufficient mechanistic
insight into human evidence blocks the way for further investigation. Along with the evidence from
humans is mostly from non-invasive methods like blood and urine, they are inadequate for the
studying of complex epigenetic dynamics that occur during development[87]. The relative deficiency
in understanding the human epigenetics transmission effect blocks future experiments and reviews
from finding basements to support theories. Even though few experiments are conducted, these
experiments have made some progress as they demonstrate the TEI effect could also affect human
and their offspring. The most famous human experiments would be the observance of the TEI effect
on the offspring of people who experienced the Netherlands famine demonstrates a higher chance of
having chronic diseases and metabolic diseases in adulthood compared to the siblings who have not
experienced the famine[88]. Several other studies have also demonstrated the effect of paternal poor
on the food supply in children’s childhood can lead to an increase in the probability of cardiovascular
disease[89]. Another experiment on humans focused on the TEI effects caused by the polycystic ovary
syndrome(PCOS) of the maternal side would pass the reproductive and metabolic phenotypes to the
male offspring which has been manifested both in humans and the mice[10]. Furthermore, other
experiments demonstrate the potential effect of non-DNA transgenerational epigenetic inheritance
on the passage of mental disorders to human offspring and these effects will eventually express
during the pubescent time with the phenotype of increasing possibility of mental disorder[90]. Also,
some related experiments demonstrate the potential of sperm transmission in the human as the rapid
response to diet which provides a potential target for the overnutrition environmental stress
investigation, with the reported potential effect on the sperm tsRNA upregulation due to the
ingestion of high sugar diet[91]. Furthermore, when exposing to endocrine disrupting chemicals
(EDC) 2,3,7,8-tetraclorodibenzo-p-dioxin will causing the transgenerational transmission effect in
human granulosa cells which caused by the miRNA[92]. Using the miRNA4.0 arrays, 109 sncRNA
are founded to be differentially expressed within the cells when the cells exposing the EDC at day 9
and day 14 for 2 and 72 hours of chronic exposure[92]. Specifically, the predicted differentially
expressed miRNA like miR-24-2-5p, miR 30b-5p, miR 27a-3p, and miR 8063, are involved in the
pathway of cancer regulation which indicated their potential role in cancer producing and pointing
to the possibilities of transgenerational cancer transmission and promotion effect within human[92].
Other outer environmental stress such as smoking will also exert potential disturbance to the miRNA
expression in the human embryo. For example, one research team finished the microRNA analysis
has found that 28 miRNA had been altered due to the effect of smoking and may lead to different
schemes of cell death and apoptosis[93].

Expanding from the nutritional effect on human epigenetic expression, the mental effect is also
critical for some certain traits” alteration. Exercising in humans is demonstrated to have the effect of
altering mental health conditions and curing spectrums of mental diseases like ADHD and
autism[86]. Not only solely focusing on the human experiments, some researchers seek to combine
the evidence from the mice and the human males. With the usage of the Adverse Childhood
Experience (ACE) questionnaire, researchers using the score from ACE with the sperm miRNA, and
siRN A expression result to determine that the miR-449/34 family will perform an inverse relationship
with the ACE score revealing the transgenerational effect[94]. From the mice, they investigated the
early chronic social instability (CSI) stress in the male mice and found similar results with the
experiments from humans hence further verifying this condition[94].

The human area within the TEI research field is still requiring much effort of investigation in the
future. Lots of areas are still left resolving for the human transgenerational effect which requires more
data collected from either experiments or the clinical observation that involves the genetic testing or
RNA expression examination.
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3.3. Different Kinds of Environmental Stress

In this part, there will be a brief discussion about the general environmental stress included in
different research and the result of this environmental stress will be discussed. For the different
environmental stress, each effect and behavioral change induced will be discussed and compared.

One of the common environmental stress that are being investigated is starvation or
malnutrition. The parental mice will usually be fasting for several periods cyclically to mimic the
famine condition. The fasting and TEI reveal the increased expression of the autophagy gene in the
human liver and muscle and also the upregulation of certain small RNAs, including mtRNA and
siRNA[95]. Opposite to starvation is the high-fat diet (HFD) or overnutrition environmental stress.
In this condition, the subjects will be provided with a diet that has a lower percentage of protein
concentration and a higher percentage of fat concentration which will, and the effect of this type of
diet will be measured. Several types of research demonstrate that under HFD, mice will express
subfertility for both female and male offspring of two generations of mice and will also express higher
levels of glucose level within the blood accompanied by insulin resistance symptom[96,97]. The
effects of HFD could be passed through generations through both DNA methylation and sperm
defects in mice, both of the mechanisms leading to the presence of an increase in susceptibility to
diabetes and a decrease in the health condition of offspring for the first generation[98,99]. Except for
the common starvation and overnutrition investigation, other food-related experiments such as
exposure to ethanol provide interesting results that the exposure to ethanol leads to increased
depressive behavior, and this alteration extends to the F3 generations in 20-day-old mice which may
be induced by the altered cortical. Expression of Id2 in F1 generation[14].

Another stress that is commonly investigated in mammals is the psychiatric stress of the parents.
The parental mice will be exposed to long-term constraint pressure conditions that will induce
depression or anxiety-like behavior in them., then the effect of this stress will be investigated in their
offspring to see whether there is behavior change and related genetic expression and content. In one
study, the researchers found that when parental mice were exposed to a long-term restraint stress
model that induced depression and anxiety could pass metabolic and behavioral disorders like lower
body weight and higher blood glucose levels after being fed to the next generations of mice. As this
alteration occurs, they find differential DNA methylation regions of intergenerational at ~11.36% and
also the differential expression of tsSRNA, miRNA, rRNA derived small RNA (rsRNA)[80]. Other
experiments also demonstrate the effect of psychiatric stress on the offspring that postnatal trauma
could be passed by alteration expression of IncRNA and the parental stress may contribute to the
occurrence of offspring’s hypothalamic—pituitary—adrenal (HPA) axis dysregulation which using the
alteration of sperm miRNA expression scheme as a conduction pathway[100,101]. The offspring is
demonstrated to have a more increased level of corticosterone after experiencing 15 minutes of
restraint stress compared to the control group offspring[100].

Except for the stress mentioned above, other stresses such as heat, pathogenic infection, and
olfactory imprinting fear are all focused by the researchers and find different levels of effect on the
offspring and different mechanisms involved pass the effect to the next generations[39,102,103]. In
the case of pathogenic infection, the infected male mice are demonstrated to have behavioral change
with less sex vigor and with lower sperm production, the F1 offspring also demonstrate spending
less time in the center in open field tests which indicates anxiety-like behavioral alteration. In the
olfactory-imprinting fear experience experiment, the FO generation conditioned fear experience to a
specific odor, and the subsequent F1 and F2 generation is demonstrated to have increased sensitivity
to the odor that conditioned with fear in the FO generation.

For all these environmental stresses, more research should be completed to give a more holistic
view of the relationship between animal behavioral change and environmental stress. The
experiments may also shift some focus to the more positive environment and the potential benefits it
may bring to the mice and their offspring.

4. Discussion (Should Increase the Content in Discussion, Should Include Some
Basic Data Analysis)
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Even though much research has been done on the mammal TEI effect due to environmental stress,
current research inevitably falls into some way of bias and inclination towards the simpler form of
the animals and also solely focusing on the result of TEI but ignoring the mechanism behind that
cause it to happen as transferring from the soma to germline. The pathway should be more focused
by the researchers especially for the soma to germ-line pathway which reveals the inner mechanism
of how environmental stress affects the TEI of mammals and this feature is lacking in lots of studies.
For instance, the Benito et al. study about the effect of environment enrichment on the cognitive
ability of offspring lacks a detailed investigation of how the siRNA and piRNA affect the sperm cell
and how they are been transported from the hippocampus to the sperm[55]. This may be due to the
difficulty in conducting the mammal experiments which the long feeding and maturing period may
lead to the researcher having less chance to operate on the offspring. Also, the lack of human research
may also due to the difficulties for human to demonstrate transgenerational radiation across the
generations because of the specific oocyte resting mechanism, the haploid insufficient amount of
small RNA and gene to transmit and the specific spermatogenesis causing various in sensitivity
extent which destabilize the transgenerational radiation[104]. As a result, the different aspects of
mechanisms may not be sufficiently investigated. Even under these conditions, several researches
have been done about the soma-to-germline transportation process. This phenomenon is first noticed
in Drosophila which the neuroactive compound pentylenetetrazol leads to increased transcriptomic
content in the CNS of FO generation and this increment of transcriptome is also observed in FO & F1
testis[105]. Another experiment concludes that environmental stress. Also, the mammal experiments
tend to be more complex compared to the invertebrate experiments as the behavioral change of
animals seems to have a less direct relationship with the environmental stress that affects their
parents. For example, an experiment that targets the pathogenic effect on mice demonstrates the
offspring of affected mice only show increased anxiety and nervous-like behavior instead of
behavioral change like nematode about the direct aversion towards the source of the pathogen[4,39].
This phenomenon may relate to the complex inheritance mechanism possessed by mammals in which
the affected genes may not directly contribute to the TEI effect that could increase the survival rate of
offspring which demonstrated in the nematode that the F1 to F4 generations all demonstrate
increased resistance and survival rate when placing with the deadly PA14[4].

As facing some current deficiencies in the area of research, several solutions could also be
proposed to solve this instead of being evasive to the problem. The new RNA sequencing method
could provide further investigation into the expression level of different RNA in sperm[106]. The
enhanced sequencing technique would also enable the more rapid experiment processes which lower
the time cost of conducting mammal experiments and the accuracy of results which has more
statistical significance and directivity. Accompanied by the advances in sequencing technology, the
shift in focus in this area is also important as the view is not confined to the three major mechanisms
but extends to another possible pathway that could explain the same consequence. For example, the
experiments on nematodes, test the mechanism of TEI effect towards the PA14 aversion range from
the general piwi RNA TEI to the Cerl role in the horizontal transfer and heterochromatin formation
due to RNAI[8,107]. The current increased attention on this area also aids the generation of several
review articles and meta-analyses that could provide an overview in this area of study pointing
researchers to the future directions in this area and providing useful data for references at the same
time[13,108-110]. Also, researchers should try to do more mammal-related experiments that have
similar structures and gene sequences to humans and thus could provide more insightful
implications to the human medical research area. The animals” experiments have extended to pigs,
dogs, fishes, and other kinds of general rodents which would provide other researchers with a more
comprehensive overview of the different TEI expressions within different functioning
systems[111,112].

Thus, even though still requires much investigation, this research area is becoming more mature
with a complex and intricate knowledge frame as well as a wide range of experiments on different
animals from invertebrates to vertebrates. As a result, the research in this area is destined to become
faster than before with more key data generated through multiple investigations and interactions of
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different datasets. The booming time of this research area will come after overcoming several key
problems including how to ensure apparent behavioral change, the pathway of inter-body
information exchange, and how different potential TEI systems interact with each other to produce
the final result that leads to the behavioral change. These problems will be the potential future
research direction in this area, and we believe they will be solved soon.

5. Conclusions

To conclude, for the research on the TEI effect induced by the small RNA on mammals and other
vertebrates, the researchers are demonstrating the effect of TEI more and more thoroughly. But even
for this good situation, the researchers should face the problem such as ignoring the deep
mechanisms that lead to the soma-germline communication pathway and the inclination on the
animal-specific TEI mechanisms instead of considering all the possible mechanisms that may
contribute to the overall behavioral change. Despite the possible defect of the area of study, the
meaning and the possible usage of the knowledge of this area in the future is very promising. The
deep mechanism may serve as a potential target for the medical treatment of inheritance disease and
could also be a factor considered by paleontologists when investigating the evolution and trait change
across generations. Especially for animal experiments the inner pathway and several unsolved
questions still present should be focused on. Due to the complexity of mammals’ physiological
mechanisms, researchers should not treat mammals as other kinds of experiment subjects that longer
or larger scale of environmental stress may be implied to achieve enough effect on the offspring and
both maternal and paternal sides should strictly regulate the exposure to environmental stress.

In the future, the researchers should concentrate on combining the effects of different
mechanisms which give a more holistic view of the inner cause of the behavioral change of the
offspring due to the environmental stress. Researchers should also try to discover new mechanisms
that could serve to explain the TEI rather than basing all the studies on the three preexisting
mechanisms. However, the mechanisms present today also need to be studied more closely to
determine the exact route taken by the inner signal transmission pathway. Overall, this review article
discusses the common pathway that small RNA TEI may involve accompanied by a brief explanation
of the potential mechanism that leads to the TEIL Also, different TEI evidence on mammals is
discussed which compares the experiment results.
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