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Abstract

Epigenetic transgenerational inheritance of disease and phenotypic variation can be induced by several toxicants, such as
vinclozolin. This phenomenon can involve DNA methylation, non-coding RNA (ncRNA) and histone retention, and/or modi-
fication in the germline (e.g. sperm). These different epigenetic marks are called epimutations and can transmit in part the
transgenerational phenotypes. This study was designed to investigate the vinclozolin-induced concurrent alterations of a
number of different epigenetic factors, including DNA methylation, ncRNA, and histone retention in rat sperm. Gestating
females (F0 generation) were exposed transiently to vinclozolin during fetal gonadal development. The directly exposed F1
generation fetus, the directly exposed germline within the fetus that will generate the F2 generation, and the transgenera-
tional F3 generation sperm were studied. DNA methylation and ncRNA were altered in each generation rat sperm with the
direct exposure F1 and F2 generations being distinct from the F3 generation epimutations. Interestingly, an increased num-
ber of differential histone retention sites were found in the F3 generation vinclozolin sperm, but not in the F1 or F2 genera-
tions. All three different epimutation types were affected in the vinclozolin lineage transgenerational sperm (F3 generation).
The direct exposure generations (F1 and F2) epigenetic alterations were distinct from the transgenerational sperm epimuta-
tions. The genomic features and gene pathways associated with the epimutations were investigated to help elucidate the
integration of these different epigenetic processes. Our results show that the three different types of epimutations are
involved and integrated in the mediation of the epigenetic transgenerational inheritance phenomenon.
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Introduction

Environmentally induced epigenetic transgenerational inheri-
tance is defined as “germline (sperm or egg) transmission of epi-
genetic information between generations in the absence of any
continued exposure or genetic manipulation.” In 1987 the word
epimutation was introduced to describe heritable changes in
genes which were not due to changes in DNA sequence [1]. A
number of different epigenetic factors have been described and
are critical in regulating gene expression including chromatin
structure and non-coding RNA (ncRNA) methylation which
have become an intensively active field of research. The modifi-
cation of histones, particularly acetylation and methylation,
play a crucial role in regulating genome activity [2]. DNA meth-
ylation can provide a primary switch where methylation trig-
gers the changes that lead to a closed (not allowing gene
transcription) or opened chromatin configuration (allowing
gene transcription) [3]. The role of ncRNA in epigenetic events
has become increasingly important [4–6]. All these epigenetic
processes can be altered by numerous environmental exposures
[7]. These environmental exposures can alter the early develop-
ment of various organ systems that result in later life adult indi-
viduals with greater susceptibilities to develop disease when
they encounter a second disease-promoting stimulus [8].

Epigenetic alterations in the germline mediate the heritable
molecular relationship between the environment and gene
expression [9, 10]. Studies have observed epigenetic transgenera-
tional inheritance effects in different species, including plants
[11], flies [12], worms [13], fish [14], birds [15] rodents [16–18],
pigs [19], and humans [20]. This phenomenon has been observed
in a large number of organisms showing that epigenetic transge-
nerational mechanisms are conserved and induced by environ-
mental factors [21]. Many studies on environmental toxicants
have been conducted, such as 2, 3, 7, 8-tetrachlorodibenzo
[p]dioxin [22], permethrin and N, N-diethyl-meta-toluamide mix-
ture [23], jet fuel JP-8 [24], plastics mixture [bisphenol-A, bis
(2-ethylhexyl)phthalate, dibutyl phthalate] [25], dichlorodiphe-
nyltrichloroethane (DDT) [26], methoxychlor [27], and atrazine
[28]. For each exposure, alterations in DNA methylation have
been observed in F3 generation rat sperm.

The first compound showing a transgenerational effect was
vinclozolin. Vinclozolin [3-(3, 5-dichlorophenyl)-5methyl-5-
vinyl-1, 3-oxazolidine-2, 4-dione] is a fungicide used on fruits
and vegetables crops. This chemical was found to exert signifi-
cant antiandrogenic effects [29, 30]. Vinclozolin administration
to pregnant female mice during the gestation period of embry-
onic days E13–E17 (which corresponds to fetal gonadal sex
determination) was found to affect the offspring [16, 31]. This
chemical also demonstrated transgenerational (F1 through F4
generations) effects on male fertility and altered the DNA meth-
ylation patterns in the F2 and F3 generation sperm [16]. This
suggested that environment can induce epigenetic changes in
the germline and be inherited to contribute to disease. Other
exposures since then have been shown to promote epigenetic
transgenerational phenotypes [21]. One of the proposed mecha-
nisms is that “epimutations” induced in the germline become
“imprinted-like” and therefore escape the post-fertilization
DNA methylation erasure. The altered epigenome leads to
modified transcriptomes in somatic cells resulting in adult-
onset disease susceptibility [27, 32, 33]. Anway and collaborators

revealed that following transient gestational exposure to F0
generation females between E8 and E15 (corresponding to the
epigenetic reprogramming of germ cells and gonadal sex deter-
mination) the F1, F2, F3, and F4 generation adult males showed
increased spermatogenic apoptosis and a decreased sperm
number and motility [16]. Altered DNA methylation patterns in
F2 and F3 generation vinclozolin lineages were also observed
[34]. Prostate abnormalities were noted in F1–F4 generation
males [35], severe anemia during pregnancy in F1–F3 generation
females [36] and also sexually dimorphic changes in anxiety
behaviors [37]. The mRNA expression of 196 genes was found to
be consistently different in testis among the F1–F3 generation
vinclozolin animals compared to the F1–F3 generation controls
[35]. Transcription alterations in prostate from F3 males [35],
hippocampus and amygdala in F3 males and females [37], and
Sertoli cells [38] were also reported. These studies demonstrate
the effects of vinclozolin transgenerationally on somatic gene
expression.

The involvement of sperm small non-coding RNA (sncRNA)
in the impact of traumatic stress in early life across generations
was also investigated. Sperm RNAs from traumatized males
were injected into fertilized wild-type oocytes which repro-
duced the behavioral and metabolic alterations in their off-
spring [39]. This suggests that sncRNAs are sensitive to
environmental factors in early life which can be passed to the
next generation and contribute to the inheritance of trauma-
induced phenotypes [39]. Subsequently vinclozolin has also
been shown to alter transgenerationally the sncRNA in sperm
[40]. Previous studies have revealed that ncRNA can modulate
gene expressions and many of them have been identified to
participate in the epigenetic control by affecting DNA methyla-
tion [41, 42] or by interacting with various types of proteins
involved in histone modification or chromatin remodeling
[43–46]. Therefore, long ncRNA (lncRNA) is an ideal mediator
to regulate local and sequence-specific DNA methylation or
demethylation which may also trigger epigenetic disorders and
transgenerational effects [43].

The lncRNAs have been hypothesized to maintain epigenetic
memory and a recent study has correlated lncRNA differential
expression to DDT-induced epigenetic transgenerational inheri-
tance [7]. The sncRNAs were also implicated when the effects of
starvation were found to induce the production of sncRNAs that
persisted for multiple generations and resulted in a longer life-
span for the F3 generation [47]. Total estimates for both lncRNA
and sncRNA in a single spermatozoa have exceeded 20 000 [48,
49]. As such, there are various different kinds of small RNAs
found in spermatozoa including: micro-RNA (miRNAs) and
siRNAs involved in regulating spermatogenesis via translation;
piwi-interacting RNAs (piRNAs) believed to regulate transcript
stability in the germline; and many smaller classes of sncRNA
such as tRNA-derived sncRNAs and mitosRNAs have also been
discovered in spermatozoa [50, 51]. The expression of ncRNAs
throughout spermatogenesis has been shown to be differential
[51], suggesting an environmentally induced disruption of
ncRNA expression in spermatogenic cells can have lasting
effects for generations. Both DNA methylation and ncRNA
transgenerational alterations have been reported to be altered
in the epigenetic transgenerational inheritance phenomenon,
but to the best of our knowledge no studies have examined his-
tone modifications until recently [52]. Several studies have
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observed conserved genes associated with histone retention
sites and modifications [53] indicating modifications of histones
may have an impact transgenerationally.

This study was designed to investigate concomitantly the epi-
genetic modifications of DNA methylation, ncRNA, and histones
retention in sperm. The transgenerational model used for this
study involves epigenetic transgenerational inheritance of sperm
epigenetic alterations and disease triggered by vinclozolin expo-
sure. This study will use this vinclozolin-induced epigenetic
transgenerational inheritance of disease in rats to investigate the
epigenetic changes in the F1, F2, and F3 generation sperm. This
information combined with associated genes will be useful in the
elucidation of the molecular processes implicated in the epige-
netic transgenerational inheritance phenomenon. Observations
demonstrate all three epigenetic processes are potentially
involved and reflect transgenerational epimutations, including a
novel role of new induced transgenerational differential histone
retention sites (DHRs), and distinct transgenerational DNA meth-
ylation and ncRNA epimutations.

Results

The experimental design (Fig. 1A) involved a daily transient
exposure of gestating female F0 generation rats during embry-
onic days E8–E14 to 100 mg/kg per day of vinclozolin in dime-
thylsulfoxide (DMSO) using intraperitoneal injection as
previously described [16]. A separate control generation lineage
was exposed during Days E8–E14 of gestation to vehicle DMSO
alone. Six different gestating females from different litters for
each control and vinclozolin lineage were used. The F1 genera-
tion offspring were obtained and aged to 90-day postnatal age
and selected males and females bred within the control or vin-
clozolin lineage. The F2 generation offspring were obtained and
aged to 90 days and selected males and females from different
litters bred to generate the F3 generation. No sibling or cousin
breeding was used to avoid any inbreeding artifacts. All the
males were sacrificed at 120 days of age for epididymal sperm
collection. In previous studies, onset of disease was primarily
observed between 6 and 12 months of age [54], hence the post-
natal 120-day (P120) males were used to avoid any disease arti-
facts. The only disease detectable at P120 is testis
spermatogenic cell apoptosis [16]. Selected male testis at each
generation for both the control and vinclozolin lineages was
used for spermatogenic cell apoptosis analysis. A significant
level of apoptosis was observed in the F3 generation vinclozolin
lineage (Fig. 1B) supporting the transgenerational phenotype of
the vinclozolin model used. The sperm collected was then used
for epigenetic analysis.

Sperm DNA Methylation Alterations

Methylated DNA immunoprecipitation (MeDIP) followed by
DNA next-generation sequencing (NGS) for a MeDIP-Seq analy-
sis was used to identify the differential DNA-methylated
regions (DMRs) between the control versus vinclozolin lineage
male sperm. Initially the sperm DNA was sonicated to produce
DNA fragments of 200–500 bp. A methylcytosine antibody was
used to immunoprecipitate the methylated DNA fragments.
Libraries were generated for sequencing 50-bp paired-end reads
to assess differential levels (read depths) of DNA methylation.
The DMRs for the F1, F2, and F3 generation sperm were deter-
mined and different threshold p values are shown in Fig. 2.
A P-value of P< 1e-06 was chosen for comparison of all single
100-bp windows, as well as DMRs with multiple (�2) adjacent

windows. The direct exposure F1 generation sperm had the low-
est number of DMRs (Fig. 2A), the F2 generation an increased
number of DMRs (Fig. 2B), and the F3 generation the highest
number of DMRs (Fig. 2C). The DMR lists are presented in the
Supplementary Tables S1–S3. A comparison of the DMRs at
P< 1e-06 demonstrated minimal overlap with a higher level of
overlap between the F2 and F3 generations (Fig. 2D). The major-
ity of the alterations in sperm DNA methylation was unique
between the generations. A small set of 44 overlapping DMRs
between the F2 and F3 generation sperm are presented in the
Supplementary Table S4.

The chromosomal locations of the DMRs for each generation
are shown in Fig. 3. Nearly all the chromosomes display DMRs
as indicated by the red arrowheads and some present clusters
of DMRs indicated by black boxes. These different generation
DMR clusters are also primarily distinct between the genera-
tions with little overlap (Fig. 3D). The CpG density of the DMRs
for the F1, F2, and F3 generation sperm is shown in Fig. 4A–C.
The CpG density of the DMRs at P< 1e-06 is shown and reveals
that the predominant density is one CpG per 100 bp with a range
between 1 and 4 CpG. The lengths of the DMRs are presented in
Fig. 4D–F and shows that their predominant length is 1 kb and a
range of 1–5 kb for each generation DMRs. Thus, the DMRs are
associated with CpG deserts with 10–20 CpG within 1 kb [55].
The lists of DMRs with their chromosomal locations, size, and
CpG density are presented in the Supplementary Tables S1–S3
for the F1, F2, and F3 generation DMRs, respectively.

Sperm ncRNA Alterations

The differential ncRNA present in sperm between the control ver-
sus vinclozolin lineages was determined with NGS using RNA-
Seq analysis previously described [40]. The sperm total ncRNA
was collected and then sncRNA and lncRNA prepared with appro-
priate ncRNA extraction and sequencing library procedures
described in the Methods section. The read depths of differential
ncRNA levels were determined for the F1, F2, and F3 generation
sperm with a comparison of the control versus vinclozolin
lineage sperm. The lncRNA for each generation with different
P-value thresholds is compiled in Fig. 5A. The P-value used for
subsequent analysis selected was P< 1e-04. The sncRNA for each
generation with several P-value thresholds is shown in Fig. 5B.
The P-value used for sncRNA analysis selected was P< 1e-04. The
lncRNA is higher in number than the sncRNA. For the lncRNA,
the F1 generation has a higher number than the F3 generation,
and the F3 generation has a lower number than the F2 generation
(Fig. 5C). The sncRNA was divided into categories with the piRNA,
the miRNA, and the small tRNA being present, as well as a
mixture of uncategorized sncRNA (other) (Fig. 5D). Therefore,
each generation had differential ncRNA present and they were
different between each generation.

The chromosomal locations of the differential ncRNA are
presented for lncRNA in Fig. 6. The red arrowheads identify
individual lncRNA and regional clusters of lncRNA are shown in
black boxes. The F1, F2, and F3 generation lncRNAs are present
on all chromosomes (Fig. 6A–C). The analysis of the lncRNA
overlap between the generations indicated that the vast major-
ity of differential lncRNA was distinct for each generation
(Fig. 6D). The chromosomal locations of the differential ncRNA
are shown for sncRNA in Fig. 7A–C. The overlap analysis
between the three generations is shown in Fig. 7D. It reveals
that the majority of differential sncRNA was unique for each
generation. Both the long and small differential ncRNAs were
predominantly distinct from the transgenerational F3

Transgenerational sperm DNA methylation, ncRNA expression, and histone retention | 3

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/4/2/dvy010/4987173 by guest on 30 N

ovem
ber 2022

Deleted Text: e current
Deleted Text: e current
Deleted Text: e present
Deleted Text:  
Deleted Text: Figure 
Deleted Text: -
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: ere
Deleted Text: m
Deleted Text: a
Deleted Text:  
Deleted Text:  
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text:  
Deleted Text: p
Deleted Text: &thinsp;
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvy010#supplementary-data
Deleted Text: ,
Deleted Text: ere
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvy010#supplementary-data
Deleted Text: ,
Deleted Text: are 
Deleted Text: are 
Deleted Text: -
Deleted Text: are 
Deleted Text: ilo
Deleted Text: ase
Deleted Text: -
Deleted Text: -
Deleted Text: ilo
Deleted Text: ase
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvy010#supplementary-data
Deleted Text: s
Deleted Text: a
Deleted Text: next generation sequencing
Deleted Text: mall <?A3B2 thyc=10?>non-coding<?thyc?> 
Deleted Text: ong <?A3B2 thyc=10?>non-coding<?thyc?> 
Deleted Text: ong 
Deleted Text: are 
Deleted Text: p
Deleted Text: mall 
Deleted Text: p
Deleted Text: are 
Deleted Text: p
Deleted Text: mall 
Deleted Text: p
Deleted Text: ong 
Deleted Text: are 
Deleted Text: mall 
Deleted Text: ong 
Deleted Text: ,
Deleted Text: mall 
Deleted Text: ere
Deleted Text: micro RNA (
Deleted Text: )
Deleted Text: ,
Deleted Text: ong 
Deleted Text: ,
Deleted Text: ong 
Deleted Text: ere
Deleted Text: ,
Deleted Text: mall 
Deleted Text: ere


generation ncRNA. The lists of differential ncRNA separated by
category for identification, chromosomal location, size, statis-
tics and gene associations are presented in the Supplementary
Tables S5–S7 for lncRNA and Supplementary Tables S8–S10 for
sncRNA for the F1, F2, and F3 generations, respectively.

Sperm Histones Alterations

A core of histone retention sites have been previously shown in
control and vinclozolin lineage rat sperm that are not altered
following exposure, but the F3 generation vinclozolin lineage
sperm had an increase in the number of histone retention sites
[52]. This study examined the sites (DHRs for the F1, F2, and F3
generation control versus vinclozolin lineage sperm with a pro-
cedure similar to the DMR analysis. Interestingly, the F1 and F2
generations had negligible DHRs showing no major difference
between control and vinclozolin lineages (Fig. 8A and B).
However, the F3 generation comparison of the control versus
vinclozolin lineage sperm identified an increased number of
DHRs (Fig. 8C). The chromosomal locations of these DHRs are
represented in Fig. 8D. An overlap analysis of these DHRs
between F1, F2, and F3 revealed that each of them was unique
(Fig. 8E). DHRs were induced in the F3 generation lineage sperm
thus displaying a transgenerational effect whereas a direct
exposure did not trigger major alterations. The DHRs are listed

with identification, location, size and associated genes in the
Supplementary Tables S11–S13 for the F1, F2, and F3 genera-
tions, respectively.

Epimutation Gene Associations

The Supplementary Tables S1–S9 provide the lists of DMRs,
ncRNAs, and DHRs for all the epigenetic alterations (i.e. epimu-
tations) identified. The known gene associations for these epi-
mutations were determined using genomic location and are
also listed. All the associated genes were classified by relevant
functions and the functional categories are presented for each
generation in Fig. 9A. For this analysis, sncRNA and lncRNA
were combined. The top ten gene categories containing multiple
genes for F1, F2, and F3 generations are presented for DMRs,
ncRNA, and DHRs separately. Epimutations were found pre-
dominantly in the metabolism, signaling, and transcription cat-
egories. The predominant gene categories for the F1 generation
were mostly found with the lncRNA (Fig. 9A). The predominant
gene categories for the F3 generation were similar as the F1 gen-
eration but found in the DMRs. The ratio of epimutations
between the generations was highest for DMRs in the F3 genera-
tion, highest for ncRNA in the F1 generation, and negligible
DHRs are present in the F1 and F2 generations, but present in
the F3 generation (Fig. 10A).

Figure 1: animal breeding scheme and disease. (A) Experimental design of F0 generation gestating female exposure then F1, F2, and F3 generations being generated for

sperm collection. The direct exposure of the F0 generation female, F1 generation fetus, and F2 generation germline is also shown. (B) Testis spermatogenic cell apopto-

sis as determined with TUNEL analysis of testis histology sections with frequency (%) of apoptosis for each generation and lineage shown. The (**) indicates statistical

significance with control with a P<0.01 with a Fishers exact T-test
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The integration of the different epigenetic alterations is sug-
gested in Fig. 9A and B with epimutation-associated genes in
specific pathways and gene categories. The majority of the gene
categories and pathways observed in the F1 generation was
associated with the lncRNAs. The same phenomenon was
found in the F3 generation but associated with the DMRs
(Fig. 9A and B). Two pathways, axon guidance and pathways in
cancer, were selected to investigate the potential overlap with
genes involving the lncRNA- and DMR-associated genes
(Supplementary Figs. S1 and S2). For the F1 and F3 generation
lncRNA and DMRs the pathways were represented by both types
of epimutations at independent genes, and few had the same
gene involving a lncRNA in the F1 generation and DMR in the F3
generation. In both generations the pathways were affected, but
with different types of epimutations.

The Venn diagrams of DMRs, DHRs, and ncRNA suggest neg-
ligible overlap between the different types of epimutations
within the same generation comparison (Fig. 9C). So, the differ-
ent epigenetic alterations have different genomic locations and
minimal overlap between each other in the same generation.
The total list of associated genes with the DMRs, ncRNAs, and
DHRs are presented in the Supplementary Tables S1–S13.

Discussion

This study was designed to help understand how three different
epigenetic processes in sperm are correlated with vinclozolin-
induced epigenetic transgenerational inheritance of disease. A
number of transgenerational diseases including testis disease,
ovarian disease, kidney pathology, prostate abnormalities, and

Figure 2: DMR analysis. (A) F1 generation control versus vinclozolin lineage DMRs. (B) F2 generation control versus vinclozolin lineage DMRs. (C) F3 generation control versus

vinclozolin lineage DMRs. The number of DMRs found using different P-value cutoff thresholds is presented. The All Window column shows all DMRs. The Multiple

Window column shows the number of DMRs containing at least two adjacent significant windows. (D) The DMR overlap (P� 1e-06) for the F1, F2, and F3 generation sperm
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Figure 3: chromosomal locations and overlaps of DMRs. (A) Vinclozolin F1 generation DMRs. (B) Vinclozolin F2 generation DMRs. (C) Vinclozolin F3 generation DMRs.

The DMR locations on the individual chromosomes are shown with red arrowheads and clusters of DMRs with black boxes. All window DMRs at a P-value threshold of

1e-06 are shown. (D) Overlap of the different generations DMR clusters
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Figure 4: DMR CpG density. (A) F1 generation, (B) F2 generation, and (C) F3 generation. Histograms of the number of DMRs at different CpG densities (CpG/100 bp). All

DMRs at a P-value threshold of 1e-06 are shown. DMR length (kb) for (D) F1 generation, (E) F2 generation, and (F) F3 generation. Histograms of the number of DMR at dif-

ferent length (kb) are shown
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anxiety behaviors have been shown to be induced by vinclozo-
lin [37, 56]. Analyzing in parallel DNA methylation, ncRNA con-
tent, and histone retention in the same sperm samples from F1,
F2, and F3 generation control versus vinclozolin lineage rats
provides a broader comprehensive analysis of epigenetic

alterations linked with environmentally induced germline epi-
mutations. Classic toxicology studies for risk assessment inves-
tigate the direct exposure of the individual only, disregarding
the impacts on future generations. However, transgenerational
studies on environmental toxicants have shown that even if a

Figure 5: ncRNA differentially regulated in control versus vinclozolin lineage F1, F2, and F3 generation sperm. (A) lncRNA and (B) sncRNA numbers at different P-value

thresholds. (C) The number of lncRNA (P<1e-04) for the F1, F2, and F3 generation correlated to the number of differential lncRNA. (D) The number of sncRNA (P<1e-04)

for the F1, F2, and F3 generation correlated to the number of miRNA, piRNA, stRNA, and other sncRNA
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compound seems safe or has negligible risk from direct expo-
sure mechanisms, it can affect the offspring of future genera-
tions [28]. Treatment of a gestating F0 generation female
exposes the F1 generation fetus and the germline that will gen-
erate the F2 generation (Fig. 1A). Thus, the F1 generation repre-
sents a direct exposure, the F2 generation is a mix of direct and

generational exposure, and the F3 generation and subsequent
generations are considered purely transgenerational. This study
investigates and compares the sperm epimutations in each of
these generations.

Alterations in DNA methylation patterns were the first epi-
genetic process shown in F3 generation sperm [16, 57].

Figure 6: chromosomal locations of lncRNA. (A) F1 generation, (B) F2 generation, and (C) F3 generation sperm. The lncRNA locations on the individual chromosomes are

indicated with red arrowheads and clusters with black boxes. The lncRNA at a P-value threshold of 10�4 is shown. (D) The overlap between the lncRNA (P<1e-04) in

the three vinclozolin generations. Overlaps were determined based on common ncRNA names

Transgenerational sperm DNA methylation, ncRNA expression, and histone retention | 9
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Therefore, many studies have focused on DNA methylation
alterations in the germline and since then numerous chemicals,
nutrition or stress exposures have been shown to induced
transgenerational phenotypes [21]. A previous study identified a
distinct set of DMRs in vinclozolin lineage rat sperm DNA

methylation between the F1 and the F3 generation [58]. Most
DMRs identified in this study are unique between the F1, F2,
and F3 generations. This shows that the direct exposure F1 gen-
eration sperm and transgenerational F3 generation sperm
DMRs are specific to each generation. Interestingly, we observed

Figure 7: chromosomal locations of small ncRNA. (A) F1 generation, (B) F2 generation, and (C) F3 generation. The sncRNA locations on the individual chromosomes are

indicated with red arrowheads and clusters with black boxes. The sncRNA at an FDR-adjusted P-value threshold of P < 1e-04 is shown. (D) The overlap between the

sncRNAs (P <1e-04) in the three vinclozolin generations. Overlaps were determined based on common RNA names
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that the F2 generation seems to have fewer epimutations and
has minimal overlap with the F1 and F3 generations. A small set
of overlapping DMRs between the F2 and F3 generation sperm
are presented in the Supplementary Fig. S4. These represent the
potential transgenerational DMR that appear first in the F2 gen-
eration. In addition, no known imprinted genes correlated to
the DMRs identified. As classic imprinted genes are resistant to
environmental alterations in regards to DNA methylation [59],
they do not appear in the differential DNA methylation regions
observed.

Environmental conditions such as traumatic stress in early
life in mice altered miRNA expression and behavioral and meta-
bolic responses in the progeny. Several miRNAs were affected in
the serum and brain of the traumatized animals and their prog-
eny when adult. Sperm of traumatized males was also affected.
Injection of sperm ncRNAs from these males into fertilized
wild-type oocytes reproduced the behavioral and metabolic

changes in the resulting offspring. These results suggest that
sncRNAs are sensitive to environmental factors in early life and
contribute to the inheritance of trauma-induced phenotypes
across generations [39]. Vinclozolin-induced epigenetic transge-
nerational inheritance of disease has also been shown to
involve alterations in sperm sncRNA [40]. Transgenerational
lncRNA and sncRNA have been proposed to have diverse func-
tions [5]. The sncRNA often targets specific genes through alter-
ations in mRNA metabolism or binding protein [60], whereas
the lncRNA regulates the transcriptional machinery and targets
multiple distal genes. In this study, the number of lncRNA was
much higher than the number of sncRNA. The overlap between
each generation was very low or nonexistent. The piRNA was
the most common class of sncRNA for the F1 and F3 genera-
tions, stRNAs (small tRNA fragments) were the most common
for the F2 generation (Fig. 5D). Our results show that concurrent
DNA methylation and ncRNA alterations in sperm may be

Figure 8: vinclozolin DHRs. (A) F1 generation, (B) F2 generation, and (C) F3 generation. The number of DHRs found using different P-value cutoff thresholds. The All

Window column shows all DHRs. The Multiple Window column shows the number of DHRs containing at least two significant windows. (D) Chromosomal locations of

the DHRs in the F3 generation on individual chromosomes are indicated by red arrowheads and DHR clusters with black boxes. All DHRs at a P-value threshold of 1e-06

are shown. (E) The DHR overlap (P <1e-06) for the F1, F2, and F3 generation sperm
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Figure 9: epimutation overlaps and gene associations. (A) The number of DMR, ncRNA, and DHR epimutation-associated genes in each gene category for the F1, F2, and

F3 generations. (B) Gene pathways with epimutation-associated genes for the DMRs, DHRs and ncRNAs in the F1, F2 and F3 generations. The pathways with greater

than three associated genes for each epimutation type are listed that were in general common between generations. (C) Overlaps of the F1, F2, and F3 generation epi-

mutations between the DMRs, DHRs, and ncRNAs

12 | Environmental Epigenetics, 2018, Vol. 4, No. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/4/2/dvy010/4987173 by guest on 30 N

ovem
ber 2022



associated with the epigenetic transgenerational inheritance
phenomenon.

Sperm chromatin not only has a unique structure to con-
dense and protect the paternal DNA, but it also provides epige-
netic information supporting early embryonic development.
The histones and other chromatin proteins remaining are
located in structurally and transcriptionally relevant positions
in the genome and carry diverse posttranslational modifica-
tions relevant to the control of embryonic gene expression. In
Caenorhabditis elegans and Drosophila, inheritance of phenotypes
has been associated with histone modifications [13, 61] which
has not been reported in mammals. Histone modifications and
retentions have been shown to be implicated in male fertility
[53, 62]. However, until recently the role of histone retention has
not been implicated in transgenerational inheritance studies
[52]. At the end of spermatogenesis the histones are removed in
many species and the DNA is condensed by protamines forming
highly dense nucleoprotamine complexes [63]. Generally, 5–10%
of histones are retained and are thought to play a role in the
zygotic and early embryonic gene expression [53, 64–67]. In this
study, the hypothesis that vinclozolin could alter histone reten-
tions in a transgenerational manner was investigated. In a pre-
vious study, control sperm rats were shown to have a highly
reproducible core set of histones [52]. This core set of histones
generally remained the same in the control animals and the
animals exposed to vinclozolin between the F1, F2, and F3 gen-
erations. Because of its high reproducibility and consistency
between each generation, and despite the treatment with DDT
or vinclozolin, these core histone sites are highly conserved and
speculated to be critical for early development [52]. The analysis
of DHRs revealed that the F1 and the F2 generation control ver-
sus vinclozolin lineage sperm had negligible DHRs (Fig. 8). This
observation suggests that the direct vinclozolin exposure does
not alter histone retention or trigger any changes. However, the
F3 generation control versus vinclozolin lineage sperm DHRs
increased considerably in comparison to the F1 and F2 genera-
tion DHRs. In addition to the DMRs and ncRNAs, alterations in
histone retention sites are also associated with the vinclozolin-

induced transgenerational F3 generation sperm. Unlike the
ncRNAs and DMRs, the F1 and F2 generation histone retention
sites were not affected in the exposed animals. The DHR epimu-
tations are all present in the transgenerational F3 generation
sperm and therefore might also play a role in mediating the epi-
genetic transgenerational inheritance phenomenon.

In order to investigate the integration of DMRs, ncRNA, and
DHR, the overlap of the different genomic sites between the dif-
ferent epimutations was analyzed. The chromosomal locations
of the DMR, ncRNA, and DHR epimutations were distinct with a
low number of overlaps. These transgenerational epimutations
have chromosomal localizations that are distinct between each
other, but generally they are present in regions with similar
genomic features (e.g. CpG desert and size). The genome evolv-
ing over time develops regions that have very low cytocine (C)
levels due to the ability of DNA methylation of the CpG site to
promote susceptibility for a C to T conversion point mutation.
Over 90% of the known point mutations in the genome are C to
T conversions. Therefore, if a cluster of CpG sites with DNA
methylation are conserved evolutionarily in these deserts of
CpG, they likely are functionally important [55].

The gene associations of the transgenerational epimutations
identified two similar categories of genes for the ncRNA and the
DMRs involving metabolism, signaling, and transcription. The
analysis comparing the F1, F2, and F3 generation epimutation-
associated genes showed minimal overlap between the differ-
ent types of epimutations (Fig. 9C). Each one of them (DMRs,
ncRNA, DHRs) appears to associate with different pathways and
may be integrated on a functional level. Although the epimuta-
tions in sperm can have associated genes, the sperm are tran-
scriptionally silenced due to the compaction of DNA with
protamines and complete loss of transcriptional machinery.
The epimutations observed will primarily function in the early
embryo to impact gene expression and epigenetic programming
to alter the embryonic stem cell epigenome and transcriptome.
Therefore all somatic cells derived from this stem cell popula-
tion will have altered epigenomes and transcriptomes, and
those sensitive to that will have a susceptibility to develop

Figure 10: The regulatory mechanisms of DNA methylation by lncRNAs. (A) Summary of the different epimutations in the F1, F2, and F3 generation exposed rat sperm

with larger/thicker arrows reflecting larger numbers of epimutations than thinner arrows and nd (negligible detected). (B) lncRNA/DNMT interaction prevents locus-

specific DNA methylation locally in cis. (C) lncRNA interacts with DNMT1 (methyltransferase 1) indirectly through a protein intermediate. Figure modified from [43]
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disease later in life. Therefore, the epimutation gene associa-
tions may be important for later somatic cell development and
differentiation, but not relevant to sperm function.

Interestingly, the comparisons in the F1, F2, and F3 genera-
tions provide insights into the direct exposure effects to vinclo-
zolin and transgenerational impacts of the exposure. The F1
and F2 generations are exposed directly to vinclozolin (Fig. 1B),
whereas the F3 generation is the first transgenerational genera-
tion. The effects observed in the F1 and F2 generations were dif-
ferent from the ones observed in the F3 generation.
Predominantly, ncRNAs were altered by the direct exposure to
vinclozolin in the F1 generation whereas the DNA methylation
and histone retention sites were more predominant in the F3
generation. Histone retention did not seem to be affected by a
direct exposure of vinclozolin. Therefore, the number of ncRNA
was dramatically altered in the F1 generation, but to a lesser
extent in the F2 and F3 generations. The altered ncRNA was also
distinct between each generation (Fig. 9B). The transgenera-
tional F3 generation alterations in DNA methylation, ncRNAs,
and histone retention are distinct from the direct exposure in
the F1 and F2 generations.

The analysis of the different epimutations associated gene
pathways revealed that the F1 generation ncRNA seemed to be
targeted by the direct vinclozolin exposure. However, these
ncRNA epimutations (predominantly lncRNA) associated gene
pathways disappeared in the F3 generation and similar associ-
ated gene pathways were found within the DMRs. The hypothe-
sis is that the ncRNA could be more sensitive to the direct
exposure to vinclozolin, then mediate the formation of the
other epimutations in the next generation with DNA methyla-
tion and histone retention becoming permanent and mediating
the epigenetic transgenerational inheritance in the future gen-
erations. An emerging hypothesis is the capacity of ncRNAs to
modulate gene expression and many of them have been identi-
fied to participate in epigenetic control by interacting with vari-
ous types of proteins involved in histone modification or
chromatin remodeling [43]. Although these ncRNA regulations
have not been observed in transgenerational animals, lncRNAs
appear to be able to modulate DNA and/or histone methylation
[43, 68]. Therefore, ncRNA may be the epimutation that helps
mediate the formation and actions of the other types of epimu-
tations. Based on Zhao et al., two hypotheses are proposed to
explain how lncRNA can interact directly or indirectly with
diverse DNMT members (Fig. 10B) [43]. Through recruitment or
eviction the lncRNA can either promote or repress DNA methyl-
ation in cis or in trans. The dynamic of the lncRNA repertoire and
the ncRNA plasticity to interact with DNA, ncRNA, and protein
makes lncRNA a potential mediator to regulate local and
sequence-specific DNA methylation or demethylation.
Although lncRNA are not as well annotated or functionally
linked as sncRNA, as seen in Supplementary Tables S5–S7
nearly a third of those observed have associated genes. These
modifications can result in global changes in DNA methylation
profile, thus changing how cells can respond to diverse stimuli
(Fig. 10). Even though it has not been shown yet, an interplay
between lncRNA and histones is likely. Clearly an integration
and interplay between the different epigenetic processes will be
critical in the epigenetic transgenerational phenomenon and
regulation of genome activity.

Studies are in progress to explore the integration of these
transgenerational epimutations. One of the possibilities is that
the transgenerational epimutations developed in the F1 and F2
generations alter the developmental epigenetic programming of
the primordial germ cells (PGCs) which are the stem cells for the

germline. This epigenetic alteration in the PGCs development
and become permanently established and is transmitted
through the germline to the next generation. This germline
reprogramming will promote the epigenetic transgenerational
inheritance phenomenon. Epigenetic alterations in the transge-
nerational PGCs have already been observed [32, 69], but further
studies are required to better understand the PGCs’ transge-
nerational mechanisms. This study provides new insights into
the distinct epigenetic alterations between a direct exposure
phenomenon and the transgenerational impact of the exposure.
Additional support that vinclozolin is concurrently altering
these different types of epimutations comes from similar obser-
vations of concurrent alterations following DDT exposure [7].

Further investigation is needed to better understand the
integrated mechanisms of the unique transgenerational F3 gen-
eration germline epigenetic alterations. It appears that the phe-
nomenon is more complex than just a direct exposure
triggering the formation of epimutations that are then simply
maintained in the subsequent generations. This study finds
concurrent alterations of DNA methylation, ncRNA, and histone
retention in the sperm. Observations indicate that all three
types of epimutations are involved in the epigenetic transge-
nerational inheritance phenomenon. The ncRNA have already
been shown to act on DNA methylation or histone methylation
[43, 68]; so it is not surprising to discover that DNA methylation,
ncRNA, and histone retention appear to be integrated to facili-
tate the epigenetic transgenerational inheritance. The potential
impact of these epimutations on disease etiology and other
areas in biology requires further investigation and clarification
of the mechanisms involved.

Methods
Animal Studies and Breeding

Female and male rats of an outbred strain Hsd: Sprague Dawley
SDVR TM (Harlan) at about 70 and 100 days of age were fed ad lib
with a standard rat diet and received ad lib tap water for drink-
ing. To obtain time-pregnant females, the female rats in proes-
trus were pair-mated with male rats. The sperm-positive (Day
0) rats were monitored for diestrus and body weight. On Days 8
through 14 of gestation [36], the females received daily intraper-
itoneal injections of vinclozolin (100 mg/kg BW/day) or DMSO.
The vinclozolin was obtained from Chem Service Inc. (West
Chester, PA) and was injected in a 20-ll DMSO vehicle as previ-
ously described [70]. Treatment lineages are designated
“control” or “vinclozolin” lineages. The treated gestating female
rats were designated as the F0 generation. The offspring of the
F0 generation rats were the F1 generation. Non-littermate
females and males aged 70–90 days from the F1 generation of
control or vinclozolin lineages were bred to obtain F2 generation
offspring. The F2 generation rats were bred to obtain F3 genera-
tion offspring. Individuals were maintained for 12 months and
euthanized for sperm collection. The F1–F3 generation offspring
were not themselves treated directly with vinclozolin. The con-
trol and vinclozolin lineages were housed in the same room and
racks with lighting, food, and water as previously described
[54, 70, 71]. All experimental protocols for the procedures with
rats were pre-approved by the Washington State University
Animal Care and Use Committee (IACUC approval # 02568-49).

Testis sections from the males were obtained, fixed for histol-
ogy, and examined by Terminal Deoxynucleotidyl Transferase-
mediated dUTP Nick End Labeling (TUNEL) assay (in situ cell death
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detection kit, Fluorescein, Sigma, St. Louis, MO) to assess sperma-
togenic cell apoptosis.

Epididymal Sperm Collection and DNA

The epididymis was dissected free of connective tissue, a small
cut made to the cauda and tissue placed in 5 ml of 1� PBS solu-
tion for up to 24 h at 4�C. The epididymal tissue was minced and
the released sperm was centrifuged at 6000 g, then the super-
nant removed, and the pellet resuspended in NIM buffer, to be
stored at �80�C until further use. One hundred microliters of
sperm suspension was sonicated to destroy somatic cells and
tissue, spun down at 6000 g, the sperm pellet washed with 1�
PBS once, and then combined with 820ml DNA extraction buffer
and 80ml 0.1 M DTT. The sample was incubated at 65�C for
15 min. Following this incubation 80 ml proteinase K (20 mg/ml)
was added and the sample incubated at 55�C for at least 2 h
under constant rotation. Then 300 ml of protein precipitation sol-
ution (Promega, A7953) was added, the sample mixed thor-
oughly and incubated for 15 min on ice. The sample was
centrifuged at 12 500 g for 30 min at 4�C. One milliliter of the
supernatant was transferred to a 2-ml tube and 2 ml of glycoblue
and 1 ml of cold 100% isopropanol were added. The sample was
mixed well by inverting the tube several times, then left in
�20�C freezer for at least 1 h. After precipitation the sample was
centrifuged at 12 500 g for 20 min at 4�C. The supernatant was
taken off and discarded without disturbing the (blue) pellet. The
pellet was washed with 70% cold ethanol by adding 500 ml of
70% ethanol to the pellet and returning the tube to the freezer
for 20 min. After the incubation the tube was centrifuged for
10 min at 4�C at 12 500 g and the supernatant discarded. The
tube was spun again briefly to collect residual ethanol to the
bottom of the tube and then as much liquid as possible was
removed with gel loading tip. Pellet was air-dried at RT until it
looked dry (about 5 min). Pellet was then resuspended in 100 ml
of nuclease free water.

Equal amounts of DNA or ncRNA from each individuals
sperm from 3–4 different individuals for the F1 and F2 genera-
tions and 4–6 different individuals for the F3 generation were
pooled and three different pools generation for each F1, F2, and
F3 generation control and vinclozolin lineage males. Therefore,
each pool had different individuals and there were three pools
for each group. A summary of the pools for the DNA and ncRNA
pools is shown in Supplementary Table S14. Two analyses of
the same pool were taken, one for DNA and one for ncRNA.
Therefore, between 10 and 17 individuals were present in the
three pools for the subsequent analysis.

RNA Isolation

The F1–F3 generation vinclozolin and control lineage male epi-
didymal sperm were collected and processed as previously
described and stored at �80�C until use [57]. The total RNA
(messenger RNA, lncRNA, ribosomal RNA, sncRNA) was isolated
using the mirVana miRNA Isolation Kit (Life Technologies) fol-
lowing the manufacturer’s instructions with modifications at
the lysis stage. In brief, after addition of lysis buffer, the sperm
pellets were manually homogenized, followed by a 20-min incu-
bation at 65�C. Samples were then placed on ice, and the default
protocol was resumed. For quality control, RNA integrity num-
bers (RIN) were obtained by RNA 6000 Pico chips run on an
Agilent 2100 Bioanalyzer (Agilent). A RIN of 2–4 indicates good
sperm RNA quality. Concentration was determined using the
Qubit RNA HS Assay Kit (ThermoFisher). Biological replicates of

sperm were pooled by equal ncRNA content and were concen-
trated using Agencourt AMPure XP beads (Beckman Coulter).
Some pools had underrepresented replicates due to low concen-
tration. In this case, the maximum RNA content from the repli-
cate was used in the pool and the pool was concentrated. The
pools and samples that were underrepresented are as follows:
F1 control pool 3, samples 1 and 2; F2 control pool 2, sample 3;
and F2 vinclozolin pool 2, sample 3. Equal amounts of each pool
were used in the final analysis.

Methylated DNA Immunoprecipitation

MeDIP with genomic DNA was performed as follows: rat sperm
DNA pools were generated using the appropriate amount of
genomic DNA from each individual for three pools each of con-
trol and vinclozolin lineage animals. Genomic DNA was soni-
cated using the Covaris M220 the following way: the pooled
genomic DNA was diluted to 130 ll with TE buffer into the
appropriate Covaris tube. Covaris was set to 300-bp program
and the program was run for each tube in the experiment. Each
sonicated DNA of 10 ll was run on 1.5% agarose gel to verify
fragment size. The sonicated DNA was transferred from the
Covaris tube to a 1.7-ml microfuge tube and the volume meas-
ured. The sonicated DNA was then diluted with TE buffer
(10 mM Tris HCl, pH7.5; 1 mM EDTA) to 400 ll, heat-denatured
for 10 min at 95�C, then immediately cooled on ice for 10 min.
Then 100 ll of 5� IP buffer and 5 lg of antibody (monoclonal
mouse anti-5-methyl cytidine; Diagenode #C15200006) were
added to the denatured sonicated DNA. The DNA–antibody mix-
ture was incubated overnight on a rotator at 4�C.

The following day magnetic beads (Dynabeads M-280 Sheep
anti-Mouse IgG; 11201 D) were pre-washed as follows: the beads
were resuspended in the vial, then the appropriate volume
(50 ll per sample) was transferred to a microfuge tube. The
same volume of Washing Buffer (at least 1 ml PBS with 0.1% BSA
and 2 mM EDTA) was added and the bead sample was resus-
pended. Tube was then placed into a magnetic rack for 1–2 min
and the supernatant was discarded. The tube was removed
from the magnetic rack and the beads were washed once. The
washed beads were resuspended in the same volume of 1� IP
buffer (50 mM sodium phosphate ph7.0, 700 mM NaCl, 0.25%
TritonX-100) as the initial volume of beads. Fifty microliters
of beads was added to the 500 ll of DNA–antibody mixture
from the overnight incubation, then incubated for 2 h on a
rotator at 4�C.

After the incubation the bead–antibody–DNA complex was
washed three times with 1� IP buffer as follows: the tube was
placed into magnetic rack for 1–2 min and the supernatant dis-
carded, then washed with 1� IP buffer three times. The washed
bead–DNA solution is then resuspended in 250 ll digestion buf-
fer with 3.5 ll Proteinase K (20 mg/ml). The sample was then
incubated for 2–3 h on a rotator at 55�C and then 250 ll of buf-
fered phenol–chloroform–isoamylalcohol solution was added to
the supe and the tube vortexed for 30 s then centrifuged at 12
500 g for 5 min at room temperature. The aqueous supernatant
was carefully removed and transferred to a fresh microfuge
tube. Then 250 ll chloroform was added to the supernatant
from the previous step, vortexed for 30 s and centrifuged at 12
500 g for 5 min at room temperature. The aqueous supernatant
was removed and transferred to a fresh microfuge tube. To the
supernatant 2 ll of glycoblue (20 mg/ml), 20 ll of 5 M NaCl and
500 ll ethanol were added and mixed well, then precipitated in
�20�C freezer for 1 h to overnight.
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The precipitate was centrifuged at 12 500 g for 20 min at 4�C
and the supernatant removed, while not disturbing the pellet.
The pellet was washed with 500 ll cold 70% ethanol in �20�C
freezer for 15 min, then centrifuged again at 12 500 g for 5 min at
4�C and the supernatant was discarded. The tube was spun
again briefly to collect residual ethanol to the bottom of the
tube and as much liquid as possible was removed with gel load-
ing tip. Pellet was air-dried at RT until it looked dry (about 5 min)
then resuspended in 20 ll H2O or TE. DNA concentration was
measured in Qubit (Life Technologies) with ssDNA kit
(Molecular Probes Q10212).

ncRNA Sequencing Analysis

LRNA and noncoding RNA were constructed using total RNA
with the KAPA Stranded RNA-Seq Library Preparation kit with
RiboErase, according to the manufacturer’s instructions, with
some modifications. The adaptor and barcodes used were from
NEBNext Multiplex Oligos for Illumina. Prior to PCR amplifica-
tion, libraries were incubated at 37�C for 15 min with the USER
enzyme (NEB). PCR cycle number was determined using qPCR
with the KAPA RealTime Library Amplification kit before final
amplification. Size selection (300–700 bp) was performed using
Agencourt AMPure XP beads (Beckman Coulter). Quality control
was performed using Agilent DNA High Sensitivity chips
(Agilent) and Qubit dsDNA high sensitivity assay
(ThermoFisher). Libraries were pooled and loaded onto an
Illumina NextSeq High Output v2 1x75 chip, and sequenced on
an Illumina NextSeq 500 sequencer. Bioinformatics analysis
was used to separate mRNA libraries from ncRNA libraries (see
ncRNA Bioinformatics section).

Prior to sncRNA library preparation, total sperm RNA sam-
ples were enriched for sncRNAs using the miRNA enrichment
protocol (Beckman Coulter), and libraries were constructed
using the NEBNext Multiplex Small RNA Library Prep Set for
Illumina, and barcoded with NEBNext Multiplex Oligos for
Illumina. Size selection (135–170 bp) was performed using the
Pippin Prep (Sage Science). Quality control was performed using
Agilent DNA High Sensitivity chips (Agilent) and Qubit dsDNA
high sensitivity assay (ThermoFisher). Libraries were pooled
and loaded onto an Illumina NextSeq High Output v2 1x75 chip,
and sequenced on an Illumina NextSeq 500 sequencer.

Histone Chromatin Immunoprecipitation ChIP-Seq

Histone chromatin immunoprecipitation with genomic DNA
was performed as follows (adapted from [72]): rat sperm pools
were generated using a total of 8 million sperm per pool for 3
pools of control and vinclozolin lineage animals. The control
pools contained equal amounts of sperm for each of 3–4 individ-
uals for a total of n¼ 11 rats and the vinclozolin pools contained
equal amounts of sperm for each of 3 individuals for a total of
n¼ 9 rats per exposure group. To remove any somatic cell con-
tamination, sperm samples from each animal were sonicated
10 s using a Sonic Dismembrator Model 300 (Thermo Scientific
Fisher, USA) then centrifuged 4000 g for 5 min at 4�C. The super-
natant was discarded and the pellet was resuspended and
counted individually on a Neubauer counting chamber (Propper
Manufacturing Co., Inc., New York, USA) prior to pooling. The
sperm pools were reconstituted up to 1 ml with 1� PBS. To
reduce disulfide bonds, 50 ll of 1 M DTT was added to each pool
and the pools were then incubated for 2 h at room temperature
under constant rotation. To quench any residual DTT in the
reaction, 120 ll of fresh 1 M NEM (N-ethylmaleimide, Thermo

Scientific, Rockford, USA) was then added and the samples were
incubated for 30 min at room temperature under constant rota-
tion. The sperm cells were pelleted at 2000 g for 5 min at room
temperature and the supernatant was discarded. Pellets were
resuspended in 1� PBS and then spun again at 2000 g for 5 min
at room temperature. The supernatant was discarded. The
sperm cell DNA was divided into aliquots of 4 lg of DNA and
was then suspended in “complete buffer” [final concentration:
15 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 0.1 mM EGTA; all filtered
through a 0.22-lm filter and stored at room temperature; 0.5%
tergitol (vol/vol) and 1% DOC (wt/vol), sodium deoxycholate]. A
130 ll of this complete buffer was added to each DNA aliquot.
The samples were mixed and incubated for 20 min on ice. These
aliquots were sonicated using the Covaris M220 the following
way: 4 lg of genomic DNA was resuspended in 130 ll of com-
plete buffer supplemented with tergitol 0.5% and DOC 1%.
Covaris was set to a 10-min “Chromatin shearing” program and
the program was run for each tube in the experiment.

For each sample 10 ll was run on a 1.5% agarose gel to verify
fragment size. Aliquoted samples were pooled back together and
centrifuged at 12 500 g for 10 min at room temperature. The
supernatant was transferred to a fresh microfuge tube. Sixty-five
microliters of protease inhibitor cocktail (1 tablet dissolved in
500 ll, 20� concentrated) (Roche, cat. no. 11 873 580 001) was
added to each sample as well as 3 ll of antibody (monoclonal rab-
bit antihistone H3, Millipore 05-928). The DNA–antibody mixture
was incubated overnight on a rotator at 4�C. The following day,
magnetic beads (ChIP-Grade protein G magnetic beads, Cell
Signaling 9006) were pre-washed as follows: the beads were
resuspended in the vial, then 30ll per sample was transferred to
a microfuge tube. The same volume of Washing Buffer (at least
1 ml) was added and the bead sample was resuspended. Tube
was then placed into a magnetic rack for 1–2 min and the super-
natant was discarded. The tube was removed from the magnetic
rack and the beads were washed once. The washed beads were
resuspended in the same volume of 1� IP buffer as the initial vol-
ume of beads. Thirty microliters of beads was added to each
DNA–antibody mixture from the overnight incubation, then incu-
bated for 2 h on a rotator at 4�C. After the incubation, the bead–
antibody–DNA complex was washed three times with 1� IP buffer
as follows: the tube was placed into a magnetic rack for 1–2 min
and the supernatant was discarded, then washed with 1� IP buf-
fer 3 times. The washed bead–antibody–DNA solution was then
resuspended in 300 ll of digestion buffer and 3 ll proteinase K
(20 mg/ml). The sample was incubated for 3 h on a rotator at 56�C.
After incubation the samples were extracted with phenol–
chloroform–isoamylalcohol and precipitated with 2 ll of glyco-
blue (20 mg/ml), a one-tenth volume of 3 M sodium acetate and
two volumes of ethanol overnight at�20�C.

The precipitate was centrifuged at 14 000 g for 30 min at 4�C
and the supernatant was removed, while not disturbing the pel-
let. The pellet was washed with 500 ll cold 70% ethanol, then
centrifuged again at 14 000 g for 10 min at 4�C and the superna-
tant was discarded. The tube was spun briefly to collect residual
ethanol and as much liquid as possible was removed with a gel
loading tip. Pellet was air-dried at RT until it looked dry (about
5 min) then resuspended in 20 ll H20. DNA concentration was
measured in the Qubit (Life Technologies) with the BR dsDNA
kit (Molecular Probes Q32853).

MeDIP-Seq Analysis

The MeDIP pools were used to create libraries for NGS using the
NEBNextVR UltraTM RNA Library Prep Kit for IlluminaVR (NEB, San

16 | Environmental Epigenetics, 2018, Vol. 4, No. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/4/2/dvy010/4987173 by guest on 30 N

ovem
ber 2022

Deleted Text: ,
Deleted Text: &ring;
Deleted Text: -
Deleted Text: &ring;
Deleted Text: .
Deleted Text: ,
Deleted Text: &ring;
Deleted Text: utes
Deleted Text: s
Deleted Text: utes
Deleted Text: -
Deleted Text: mall <?A3B2 thyc=10?>non-coding<?thyc?> 
Deleted Text: -
Deleted Text: -
Deleted Text: econds
Deleted Text: , 
Deleted Text: x
Deleted Text: X
Deleted Text: ours
Deleted Text: , 
Deleted Text: X
Deleted Text: , 
Deleted Text: ere
Deleted Text: ``
Deleted Text: ''
Deleted Text: (
Deleted Text: &thinsp;
Deleted Text: )
Deleted Text: &thinsp;
Deleted Text: ``
Deleted Text: ''
Deleted Text: ,
Deleted Text: 65
Deleted Text: &thinsp;&mu;l 
Deleted Text: x
Deleted Text: ere
Deleted Text: -
Deleted Text: -
Deleted Text: utes
Deleted Text: X
Deleted Text: 30
Deleted Text: &thinsp;&mu;l 
Deleted Text: ere
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: X
Deleted Text: -
Deleted Text: utes
Deleted Text: X
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: ,
Deleted Text: ,
Deleted Text: next generation sequencing (
Deleted Text: )


Diego, CA) starting at step 1.4 of the manufacturer’s protocol to
generate double-stranded DNA. After this step the manufac-
turer’s protocol was followed. Each pool received a separate
index primer. NGS was performed at WSU Spokane Genomics
Core using the Illumina HiSeq 2500 with a PE50 application,
with a read size of �50 bp and �100 million reads per pool. Two
to three libraries were run in one lane.

Histone ChIP-Seq Analysis

The ChIP pools were used to create libraries for NGS using the
NEBNextVR UltraTM II DNA Library Prep Kit for IlluminaVR (NEB,
San Diego, CA). The manufacturer’s protocol was followed. Each
pool received a separate index primer. NGS was performed at
WSU Spokane Genomics Core using Ilumina HiSeq 2500 with a
PE50 application, with a read size of �50 bp and �35 million
reads per pool. Six libraries were run in one lane.

ncRNA Bioinformatics

The sncRNA-Seq data were annotated as follows: reads shorter
than 15 nt were discarded by Cutadapt [73]. The remaining reads
were matched to known rat sncRNA, consisting of mature
miRNA (miRBase, release 21), tRNA (Genomic tRNA Database,
rn5), piRNA (piRNABank), rRNA (ENSEMBL, release 76), and
mitochondrial RNA (ENSEMBL, release 76) using AASRA pipeline
with default parameters [74]. Read counts generated by AASRA
were statistically normalized by DESeq2 [75].

The lncRNA data were annotated as follows: trimmomatic
was used to remove adaptor sequences and the low-quality
reads from the RNA sequencing data [76]. To identify all the
transcripts, we used Tophat2 and Cufflinks to assemble the
sequencing reads based on the Ensembl_Rnor_6.0 [77]. The dif-
ferential expression analyses were performed by Cuffdiff. The
coding and the noncoding genes were primarily annotated
through rat CDS data ensembl_Rnor_6.0. The non-annotated
genes were extracted through our in-house script, then ana-
lyzed by CPAT, indicating the true ncRNAs [78].

Statistics and Bioinformatics

For the DMR and DHR analyses, the basic read quality was veri-
fied using summaries produced by the FastQC program (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). The raw
reads were trimmed and filtered using Trimmomatic. The reads
for each MeDIP sample were mapped to the Rnor 6.0 rat genome
using Bowtie2 [76] with default parameter options. The mapped
read files were then converted to sorted BAM files using
SAMtools [79]. To identify DMRs and DHRs, the reference
genome was broken into 100-bp windows. The MEDIPS R pack-
age [80] was used to calculate differential coverage between
control and exposure sample groups. The edgeR P-value [81]
was used to determine the relative difference between the two
groups for each genomic window. Windows with an edgeR
P-value <10�6 were considered DMRs or DHRs. The DMR or DHR
edges were extended until no genomic window with a P-value
<0.1 remained within 1000 bp of the DMR or DHR. CpG density
and other information were then calculated for the DMR based
on the reference genome.

DMRs, DHRs, and ncRNA were annotated using the biomaRt
R package [82] to access the Ensembl database [83]. The genes
that fell within 10 kb of the DMR, DHR, or ncRNA edges were
then input into the KEGG pathway search [84, 85] to identify
associated pathways. The associated genes were then sorted
into functional groups by consulting information provided by

the DAVID [86], Panther [87], and Uniprot databases incorpo-
rated into an internal curated database (www.skinner.wsu.edu
under genomic data).
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A B S T R A C T

Epigenetic alterations in the germline can be triggered by a number of different environmental factors from diet
to toxicants. These environmentally induced germline changes can promote the epigenetic transgenerational
inheritance of disease and phenotypic variation. In previous studies, the pesticide DDT was shown to promote
the transgenerational inheritance of sperm differential DNA methylation regions (DMRs), also called
epimutations, which can in part mediate this epigenetic inheritance. In the current study, the developmental
origins of the transgenerational DMRs during gametogenesis have been investigated. Male control and DDT
lineage F3 generation rats were used to isolate embryonic day 16 (E16) prospermatogonia, postnatal day 10
(P10) spermatogonia, adult pachytene spermatocytes, round spermatids, caput epididymal spermatozoa, and
caudal sperm. The DMRs between the control versus DDT lineage samples were determined at each
developmental stage. The top 100 statistically significant DMRs at each stage were compared and the
developmental origins of the caudal epididymal sperm DMRs were assessed. The chromosomal locations and
genomic features of the different stage DMRs were analyzed. Although previous studies have demonstrated
alterations in the DMRs of primordial germ cells (PGCs), the majority of the DMRs identified in the caudal
sperm originated during the spermatogonia stages in the testis. Interestingly, a cascade of epigenetic alterations
initiated in the PGCs is required to alter the epigenetic programming during spermatogenesis to obtain the
sperm epigenetics involved in the epigenetic transgenerational inheritance phenomenon.

1. Introduction

Numerous environmental factors have been shown to promote the
epigenetic transgenerational inheritance of disease such as the agri-
cultural fungicide vinclozolin [1] and the pesticide DDT (dichlorodi-
phenyltrichloroethane) [2]. Caloric restriction, high fat diets, stress and
a variety of different toxicants have also been linked to the transge-
nerational epigenetic inheritance phenomenon [3–5]. This non-genetic
form of inheritance involves epigenetic modifications of the germline
(sperm and egg) to pass an altered epigenome to the early embryo that
can then impact the transcriptomes and epigenetics of all subsequently
derived somatic cells [1,5]. Different epigenetic processes are involved
in the transgenerational germline transmission where the environment
can impact the health and evolution of species [3,4,6].

Epigenetics is defined as “molecular factors and processes around
the DNA that regulate genome activity independent of DNA sequence
and that are mitotically stable” [7]. Transgenerational epigenetic

inheritance requires the germline transmission of epigenetic informa-
tion. Different epigenetic processes have been shown to be involved in
the transgenerational phenomenon such as DNA methylation [8–10],
non-coding RNA [11,12], and histone modifications and retention
[10,13,14]. Recently, concurrent alterations in all three of these
processes have been observed in transgenerational sperm transmission
after exposure to DDT and vinclozolin [15,16]. Most previous studies
have been conducted in sperm due to the ability to isolate large
numbers of cells and the inability to isolate large numbers of eggs, but
experiments have shown that the female germline also has the capacity
to transmit epigenetic inheritance [2,17]. The current study investi-
gated the transgenerational sperm transmission of DNA methylation
alterations after DDT exposure.

The primordial germ cells (PGCs), which give rise to spermatogenic
(or oogenic) cells, develop and migrate down the genital ridge to
colonize the indifferent gonad [18]. Upon sex determination and
depending on the chromosomal sex, the PGCs differentiate into the
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male or female germline lineage [19]. In the rat gonad, the early
developing testis germ cells will become prospermatogonia cells during
the male gonadal sex determination period by embryonic day 16 (E16)
[20,21]. By postnatal day 10 (P10) the germline develops into
spermatogonia. Following the onset of puberty the initial wave of
spermatogenesis begins in the testis where the spermatocytes, includ-
ing the meiotic stage of pachytene spermatocytes, develop. After
meiosis the round spermatid stage differentiates, then in the final
spermatozoa stage the cells are released into the lumen of the
seminiferous tubules [22], Fig. 1A. After entering the caput region of
the epididymis the spermatozoa undergo further differentiation.
During the transit in the epididymis the spermatozoa mature. When
the spermatozoa reach the final caudal stage of the epididymis, the
sperm have developed the capacity for motility and fertility [23,24].
Prior to ejaculation or degradation the mature caudal epididymal

sperm will be stored in the vas deferens. In the current study we used
several male germline developmental periods (E16 prospermatogonia,
P10 spermatogonia, adult pachytene spermatocytes, round spermatids,
caput epididymal spermatozoa, and caudal epididymal sperm), Fig. 1A,
to investigate the developmental origins of the transgenerational sperm
DMRs following DDT exposure in the F0 generation.

Epigenetic programming occurs during these male germline devel-
opmental periods. The migrating PGCs have an erasure of DNA
methylation that then re-methylate during gonadal sex determination
to create the male germline and prospermatogonia [25]. In the adult
testis, during spermatogenesis some epigenetic programming events
occur [26,27]. The first examples of this male germline epigenetic
programming were observed with imprinted genes [28,29]. Imprinted
genes can develop either early in the embryonic period or develop
during spermatogenesis. Although previous studies have discussed the

Fig. 1. Sperm DMR developmental origins. (A) Spermatogenic cell origin percentages for cauda sperm DMRs. The schematic of each developmental cell morphology listed during
gametogenesis and spermatogenesis and epididymal maturation. The percentage DMR in brackets is presented for the developmental stages analyzed. (B) Developmental origins of
cauda sperm DMRs for each stage of development with number DMRs at specific stages listed. The prospermatogonia (E16), spermatogonia (P10), pachytene spermatocytes (Pachy),
round spermatids (RT), caput spermatozoa (Caput) and cauda sperm (Cauda) are presented.

M. Ben Maamar et al. Developmental Biology 445 (2019) 280–293

281



germline developmental origins of epigenetic inheritance [5,30–34],
none of these studies identified the developmental programming
origins of the transgenerational epigenetic alterations observed in
sperm.

The current study was designed to investigate the developmental
origins of the DDT induced transgenerational sperm DMRs termed
epimutations. The hypothesis tested is that a cascade of epigenetic
changes occurs during development such that the majority of DMRs
develop throughout gametogenesis and spermatogenic stages. It has
been previously demonstrated that epigenetic alterations occur in the
PGC [35]. However, due to this being the earliest stem cell stage of the
germline, the PGCs DMRs were found to be different from the
epimutations observed in sperm [35]. These observations suggest that
the epimutations in sperm develop at later stages of epigenetic
programming. The present study shows the majority of sperm DMRs
originate during spermatogonia development and spermatogenesis, but
some also do originate during epididymal maturation. This is one of the
first genome-wide analyses of epigenetic programming during game-
togenesis for transgenerational sperm epimutations [36].

2. Results

F3 generation control and DDT lineage male rats were used in this
experimental design to isolate various germ cell stages for epigenetic
analysis. The F0 generation gestating female rats at 90 days of age were
transiently exposed to DDT or a vehicle control during gestational days
8–14. This stage of fetal development corresponds to when the PGCs
migrate to colonize the indifferent gonad through the early stage of
gonadal sex determination as previously described [18,25,35]. The F1
generation offspring were obtained and when they reached 90 days of
age they were bred within the control and DDT lineages to generate the
F2 generation (grand offspring) which were then bred at 90 days of age
to obtain the transgenerational F3 generation for each control and DDT
lineage. No cousin or sibling breedings were used to avoid any
inbreeding artifacts. Only the F0 generation gestating females were
exposed to DDT, which also directly exposed the F1 generation fetus
and the germline within the F1 generation fetus that will generate the
F2 generation. Therefore, the F3 generation is the first transgenera-
tional generation not directly exposed [37] and was used to study the
developmental origins of the transgenerational sperm epimutations.
The F3 generation control and DDT lineage male rats were aged to the
embryonic day 16 (E16) fetal stage for prospermatogonia cell isolation,
to postnatal day 10 (P10) for spermatogonial cell isolation, and to 120
days of age for pachytene spermatocyte isolation, round spermatid
isolation, caput spermatozoa isolation, and cauda epididymal sperm
isolation. A gravity sedimentation StaPut protocol, as described in the
Methods [38,39], was used to isolate the prospermatogonia, sperma-
togonia, pachytene spermatocytes and round spermatids cells. Three
different pools each with different individual sets of animals from
different litters were obtained with 5–6 males per pool for the E16
stage, 6–7 males per pool for the P10 stage, 3 adult males per pool for
the adult stages. Therefore, 3–7 different males were used in the
analysis within each of the three different pools analyzed for both the
control and DDT lineages. Genomic DNA was isolated from each
purified germ cell stage pool and from individual animals for epididy-
mal caput spermatozoa and cauda sperm [8,13] and then three pools
generated for subsequent epigenetic analysis.

The analysis of differential DNA methylation regions (DMRs) was
performed with a methylated DNA immunoprecipitation (MeDIP)
procedure followed by next generation sequencing for an MeDIP-Seq
protocol described in the Methods [8]. The F3 generation control
versus DDT lineage pools were compared to identify the DMRs at each
developmental stage of the male germline. The DMRs at various
p-value thresholds are presented at each developmental stage in
Fig. 2. An EdgeR p-value of p < 1e-05 was selected at all stages for
further analysis of the DMRs. This correlated with an FDR (false

discovery rate) value of < 0.1 for all except the E16 prospermatogonia
which was more variable. The All Windows is all DMRs with at least
one 100 bp region (window) with statistical significance and the
Multiple Windows being ≥2 significant 100 bp windows. The number
of DMRs with multiple windows is also presented in Fig. 2. Most
developmental stages showed approximately 100–300 DMRs. The
epigenetic alterations were higher at the pachytene spermatocyte and
round spermatid stages which showed more than 300 DMRs. The
chromosomal locations of the DMRs at each developmental stage are
presented in Fig. 3. The red arrowheads indicate the location of a DMR
with the black boxes indicating clusters of DMRs. In most stages, all the
chromosomes, except the Y and mitochondrial DNA (MT), were found
to contain DMRs. The genomic features of the DMRs at each stage of
development were investigated. The CpG density of the DMRs at all
stages was 1–5 CpG per 100 bp with 1 CpG per 100 bp being
predominant, Fig. 4. This is characteristic of a low density CpG desert
[40] which has been observed with previous transgenerational DMRs.
The length of the DMRs at all the developmental stages were between
1 and 4 kb with 1 kb length being predominant, Fig. 5. Therefore, the
DMRs are generally 1 kb in size with around 10 CpGs as previously
observed [40]. The overlap between the various developmental stage
DMRs was investigated and is presented in Fig. 6A. The DMRs were
found to be primarily stage specific with a very low number of DMRs
overlapping between the stages with a p < 1e-05. The cauda sperm and
the caput spermatozoa had the highest level of overlap with 88 DMRs,
Fig. 6B and S7 Table, comprising over 45% of the caput epididymal
spermatozoa DMRs. These observations suggest a cascade of epigenetic
programming occurs throughout male germline development.

The DNA methylation alterations of the DMRs at each stage of
development were investigated. For the developmental time-course the
top 100 statistically significant DMRs at each stage of development
were examined regarding the scaled mean read depth between the
control versus DDT lineage DMR data. The scaled mean read depths at
each DMR was separated into control greater than DDT data
(i.e. decrease in DNA methylation) and DDT greater than control data
(i.e. increase in DNA methylation) which is presented as a scaled mean
read depth, Figs. 7 and 8. The E16 prospermatogonia DMRs had 28
DMR with a decrease in methylation and 72 DMR with an increase in
methylation, Figs. 7A & 8A. For both data sets the DMR methylation
alterations generally dropped by the P10 spermatogonia stage and
became mixed with no distinct patterns in later stages. Although a few
of both populations stayed elevated, the majority had an alteration in
DNA methylation at later stages of development. The P10 spermato-
gonia DMRs had 38 DMRs with a decrease in methylation and 62 with
an increase in methylation in regard to % mean read depth, Figs. 7B &
8B. A dramatic change in methylation between the prospermatogonia
to spermatogonia stage and from the spermatogonia to later stages of
development were observed. Therefore, the E16 prospermatogonia and
P10 spermatogonia stage DMRs are for the most part unique at these
stages of development. The pachytene spermatocyte DMRs had pre-
dominantly a decrease in methylation with 63 DMRs and 37 DMRs
with an increase, Figs. 7C & 8C. Therefore, DNA methylation was
primarily decreased in the pachytene spermatocyte DMRs. The round
spermatid DMRs had a higher number of 72 DMR with an increase and
28 DMR with a decrease, Figs. 7D& 8D. The caput epididymal
spermatozoa DMRs had 46 DMR with a decrease and 54 DMR with
an increase in methylation, Figs. 7E & 8E. The cauda epididymal sperm
DMRs had 49 DMR with a decrease and 51 DMR with an increase,
Figs. 7F & 8F. The caput spermatozoa and cauda epididymal sperm
have relatively consistent DNA methylation characteristics for both
data sets. Therefore, the cauda sperm show more consistent DNA
methylation profiles during spermatogenesis and epididymal sperm
maturation, but are distinct in the spermatogonial stem cell stages.

Genes associated with the DMRs were identified and compared at
each of the developmental stages. The DMRs that had a gene within 10
kb distance, so the promoter is considered, were identified and the
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associated genes and gene functional categories determined, S1–S6
Tables. The DMRs with a p < 1e-05 were used in this analysis at all the
developmental stages. The number of genes associated with specific
gene functional categories is presented in Fig. 9A. Each of the
developmental stages are presented to compare the major gene
categories. The signaling, metabolism, transcription and receptor gene
categories were the major categories present in the different develop-
mental stages. Additional categories were cytoskeleton, development,
transport and immune system, that were present in all the develop-
mental stages, Fig. 9A. The DMR associated genes at each develop-
mental stage were also used in a gene pathway analysis applying the
KEGG pathway association as described in the Methods. The number of
DMR associated genes involved with the major pathways is presented
in Fig. 9B. The most predominant pathways present in at least two
different developmental stages are shown. The E16 prospermatogonia,
round spermatids, caput spermatozoa and cauda sperm had DMR
associated genes in the metabolic pathways. The E16 prospermatogo-
nia, P10 spermatogonia, pachytene spermatocytes had DMR associated
genes in the pathways in cancer in common. Therefore, the only

pathways that were present in nearly all the stages are metabolism and
pathways in cancer. The caput epididymal spermatozoa and cauda
sperm were more consistent than the others which were more distinct.

The final aspect of the study involved an investigation of the
developmental origins of the cauda sperm DMRs, meaning when the
differential DNA methylation alterations appeared within the develop-
mental stages examined. In the cauda sperm there are 265 DMRs at
p < 1e-05. For the analysis of developmental origins the 265 DMRs
were examined individually with a reduced statistical stringency of p
< 0.05 to see the first stage the DMR appears or originates. Fig. 1B
demonstrates 70 DMRs were developed in the E16 prospermatogonia
stage, 65 DMRs in the P10 spermatogonia stage, 47 DMRs in the
spermatocyte stage, 14 DMRs in the round spermatid stage, 33 DMRs
in the caput epididymal spermatozoa stage, and 36 DMRs in the cauda
sperm stage, S8 Table. The cauda sperm had a total of 265 DMRs at
p < 1e-05 with the majority of DMRs originating in the prosper-
matogonia and spermatogonia. Fewer were observed in the round
spermatids and caput epididymal spermatozoa stages, Fig. 1B. The
percentage of the total DMR origins and schematic of the different

Fig. 2. DMR identification and numbers. The number of DMRs found using different p-value cutoff thresholds. The All Window column shows all DMRs. The Multiple Window column
shows the number of DMRs containing at least two significant windows (100 bp each). The number of DMRs with the number of significant windows (100 bp per window) at a p-value
threshold of 1e-05 is presented. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E) Caput Spermatozoa. (F) Cauda Sperm.
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Fig. 3. DMR chromosomal locations. The DMR locations on the individual chromosomes is represented with an arrowhead and a cluster of DMRs with a black box. All DMRs containing
at least one significant window at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E)
Caput Spermatozoa. (F) Cauda Sperm.

M. Ben Maamar et al. Developmental Biology 445 (2019) 280–293

284



stage cells during development is presented in Fig. 1A. Therefore, the
majority of the transgenerational sperm DMRs were developed during
the prospermatogonia and spermatogonia stages with a small number
developed in the epididymal maturation stages. This correlated to a
cascade of epigenetic and transcriptome changes during these stages of
male germline development to generate the transgenerational sperm
epimutations, Fig. 1A.

3. Discussion

The aim of the current study was to identify the developmental
origins of the cauda sperm transgenerational DMRs that transmit the
epigenetic transgenerational inheritance of disease and phenotypic
variation. During embryonic day 8–14 in the rat, when the primordial

germ cells (PGCs) migrate to colonize the indifferent fetal gonad, the F0
generation gestating female exposure to DDT was performed
[18,25,35]. Five different stages of male germ cell development were
investigated: E16 prospermatogonia, P10 spermatogonia, and adult
pachytene spermatocytes, round spermatids, caput epididymal sper-
matozoa and cauda sperm, Fig. 1A. The functional considerations of
these cell populations involve the prospermatogonia precursor stem
cell population, spermatogonia stem cell population in the testis, the
meiotic pachytene spermatocyte cell population, the post-meiotic
spermatid population and the spermatozoa present in the caput
epididymis, and mature sperm in the cauda epididymis. The caput
spermatozoa and cauda epididymal sperm were directly isolated as
described in the Methods then sonicated and washed to remove any
contaminating somatic cells, so are pure sperm cell preparations. For

Fig. 4. DMR genomic features. The number of DMRs at different CpG densities. All DMRs at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10
spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E) Caput Spermatozoa. (F) Cauda Sperm.
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the other cell populations a gravity sedimentation on a StaPut
apparatus procedure was used to isolate the specific cell populations
as previously described [39,40]. The E16 prospermatogonia and P10
spermatogonia were found to have a greater than 85% purity. The
pachytene spermatocytes were greater than 95% spermatocytes with
two-thirds of these cells pachytene spermatocytes and one-third other
spermatocyte stages. This is due to the longer developmental life span
or developmental period of pachynema compared to the other stages of
first meiotic prophase [41] and to the efficiency of the StaPut gradient
protocol. For the isolated round spermatids 95% of them were
spermatids with 90% of them being round spermatids and 10% being

elongate spermatids and other spermatogenic cell stages [42]. Despite
obtaining a high purity for these developmental stage male germline
cell populations, cell purity needs to be considered in the data
interpretations. The embryonic day 16 (E16) prospermatogonia were
isolated from the fetal gonad, the postnatal day 10 (P10) from the early
pubertal age, the pachytene spermatocytes, round spermatids, caput
epididymal spermatozoa and cauda sperm were all isolated from
postnatal day 120 (P120) age adult male rats. DDT has been previously
shown to induce transgenerational inheritance of disease between
6 and 12 months of age [5]. Therefore, by choosing the postnatal day
120 or earlier with negligible disease present, no disease artifacts are

Fig. 5. DMR lengths. All DMRs at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E)
Caput Spermatozoa. (F) Cauda Sperm.
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anticipated in the current study. This is consistent with the primary
objective of the study to investigate the developmental origins of the
sperm DMR, but future studies can now consider disease correlations.

The transgenerational F3 generation control and DDT lineage
germline samples were compared at each of the developmental stages.
The F1 and F2 generations have somatic cell and germline epigenetic
alterations due to the F1 generation fetal direct exposure and
F1 generation fetal germline direct exposure that will generate the
F2 generation. Therefore, the F3 generation is the first transgenera-
tional generation not having any direct exposures, so was the focus of
the current study [37]. A comparison of the F1 generation direct
exposure sperm DMR development with the transgenerational
F3 generation observations will be an interesting future study to
consider. All F3 generation developmental samples had differential
DNA methylation regions (DMRs). Excluding the caput spermatozoa
and cauda epididymal sperm with common DMRs, all the other stage
DMRs were found to be primarily distinct from each other, Fig. 6. The
majority of the epigenome was not altered (i.e. potentially millions of
CpG regions) and the current study focused on the transgenerational
alterations at each stage of development. The distinct DMRs at each
stage indicate a cascade of epigenetic changes occur to program the
sperm transgenerational epigenome.

A comparison of the different developmental stage germline
populations was conducted in regard to DNA methylation alterations
for the top 100 most statistically significant DMRs at each develop-
mental stage separately. Analysis of these DNA methylation alterations
for the different developmental stage DMRs revealed that the E16
prospermatogonia and P10 spermatogonia presented distinct patterns
of DNA methylation compared to the other stages, Figs. 7 and 8. The
statistically significant top 100 DMRs at both these developmental
stages altered greatly with adjacent stages and often lost their statistical

significance. In contrast, the pachytene spermatocytes, round sperma-
tids, caput epididymal spermatozoa and caudal sperm were more
consistent between each other regarding the DMRs maintaining similar
DNA methylation alterations and statistical significance, Figs. 7 and 8.
This suggests that the developing stem cells and spermatogonia have
principally unique DNA methylation profiles associated with the
cascade of epigenetic programming of the cells. When the spermato-
gonia initiate the spermatogenesis process there is a cascade of
epigenetic programming and DNA methylation observed between the
spermatogenic cell populations, as well as between spermatozoa
undergoing epididymal maturation. Observations suggest a dynamic
epigenetic programming of the male germline in the testis and
epididymis. Epididymal maturation has been shown to promote
structural and molecular alterations in the developing sperm, which
also appear to be involved in the transgenerational sperm DMR
programming [32].

Significant epigenetic reprogramming in the primordial germ cells
(PGCs) has already been described. DNA methylation erasure during
migration and colonization of the fetal gonad has been shown to occur
[18]. This process enables the germline stem cell population to
facilitate the generation of the male or female germ lines following
gonadal sex determination [18,25]. A stable epigenetic cascade of
events occurs to produce the spermatogonial stem cell population in
the adult testis. Studies have shown that environmental toxicants have
the ability to promote epigenetic DNA methylation alterations in the
PGCs and prospermatogonia [35]. These transgenerational DMRs
observed in the PGCs were found to be distinct from the caudal
epididymal sperm DMRs [35]. The current study supports this
observation and determines that sperm DMRs not only originate in
the fetal period, but trigger a cascade of epigenetic alterations that
eventually impact the mature sperm epigenome, Fig. 1B. Therefore, the
developmental cascade of epigenetic programming initiated by fetal
exposure induces a number of DMRs that are also maintained
throughout development.

In the cauda sperm, the origins of the DMRs were identified. The
majority of them originate throughout the development of prosper-
matogonia, spermatogonia and spermatocytes, Fig. 1B and S9 Table. A
smaller number of DMRs also arose in the round spermatids and cauda
epididymal sperm. The highest number of DMRs was observed in the
prospermatogonia, the stage of development during which the initial
F0 generation gestating female and F1 generation developing fetus
were exposed. The DMRs in the cauda sperm originated in all the
earlier developmental spermatogenic stages and through epididymal
maturation. These observations correlated with the DNA methylation
alteration data for DMRs between the different developmental stages
shown in Figs. 7 and 8. Thus, the primary origin of the transgenera-
tional sperm DMR epimutations/DMRs does not occur during early
PGC development or in the embryonic stem cell population, but
throughout development and spermatogenesis in the testis, as well as
during epididymal maturation. Although the induction of a cascade of
epigenetic programming in the PCGs is critical as previously suggested
[7,35], there is a continual cascade of epigenetic alterations throughout
spermatogenesis to give rise to the transgenerational sperm DMRs,
Fig. 1A. Another recent study investigating vinclozolin induced sperm
DMR origins found similar observations, but the highest level of DMRs
were developed at the pachytene spermatocyte stage [36]. Therefore,
an exposure specificity may exist in the developmental epigenetics
observed.

The DMRs associated genes were identified for DMRs at p < 1e-05
at each stage of development. The analysis of associated gene func-
tional categories identified signaling, transcription, metabolism and
receptor as the major categories at all stages of development. The
pathway analysis also identified a number of stage specific pathways
with negligible overlap except in metabolism and pathways in cancer.
Gene pathways more specific to testis development such as meiosis or
the pyruvate pathway did not contain more than a few DMR associated

Fig. 6. Developmental stage DMR overlaps. (A) Different developmental stage DMRs
overlap. (B) Epididymal caput spermatozoa and caudal sperm DMR overlap.
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genes. Therefore, for all the stages of development for the DMR-
associated genes involved similar gene categories, but different path-
ways. Future studies are needed to correlate the DMRs with data
identified from transcriptome and altered non-coding RNA expression
to provide a better understanding as to how the DMRs may regulate
genome activity.

The caput epididymal spermatozoa displayed unique DMRs and
others that were in common with the cauda sperm. Interestingly, the
cauda epididymal sperm did acquire DMRs that were not present in
earlier stages of development. Even though the majority of the cauda
epididymal sperm DMRs were obtained during prior developmental
stages, 36 DMRs were acquired at the cauda epididymal sperm stage of
maturation only, S7 and S8 Tables. Two studies have previously
suggested that epididymal maturation (epididymosomes) may be
involved with transgenerational spermmaturation regarding epigenetic
alterations, but no direct data have been provided [43–45]. The current
study supports a role for epididymal maturation altering sperm DMRs.
However, the majority of DMRs originated during earlier develop-
mental stages and spermatogenesis in the testis and not the epididy-
mis, Fig. 1B. A combination of early development, spermatogenesis and
epididymal mutation appears to be involved in the development of the
transgenerational sperm epimutations. Further investigation is needed
to elucidate the molecular mechanisms in the epididymis that alter
sperm epigenetics.

4. Conclusions

The current study was designed to investigate the developmental
origins of transgenerational sperm DMRs induced by the pesticide
DDT. Results show that each stage of male germ cell development
examined, including the E16 prospermatogonia, P10 spermatogonia,
pachytene spermatocytes, round spermatids, caput epididymal sper-
matozoa and cauda sperm, has distinct and unique DMRs when the
DDT lineage and control lineage F3 generation samples are compared.
Both the prospermatogonia and spermatogonia display unique DNA
methylation alterations in comparison with later stages that are more
consistent. The origins of the cauda sperm DMRs developed through-
out the earlier developmental stages with the highest number during
prospermatogonia, spermatogonia and pachytene spermatocytes, and
fewer originating during epididymal maturation. In conclusion, a
developmental cascade of epigenetic programming occurs from the
PGCs to the sperm with epimutations developing throughout the
different stages of development, Fig. 1A. The initial speculation that
the DMRs may develop in the PGCs is not the case, even though the
developmental cascade initiated is important. Recently, sperm carrying
transgenerational epimutations were found to have alterations in DNA
methylation, ncRNAs and histone retention, such that all epigenetic
factors are involved in the epigenetic transgenerational inheritance
phenomenon [15,16]. Future studies will now need to investigate these

Fig. 7. Timeline DMR development. Top 100 statistically significant DMR developmental alterations for control greater than DDT in read depths (decrease in DNA methylation).
Genomic windows with an edgeR p-value < 10−5 are indicated by astrisks and windows separated showing only those with an RPKM read depth elevated in the control. (A) E16
prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round spermatids. (E) Caput spermatozoa. (F) Cauda sperm.
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other epigenetic processes and correlated gene expression to develop a
more systems biology assessment of the molecular mechanism in-
volved.

5. Methods

5.1. Animal studies and breeding

Female and male rats of an outbred strain Hsd: Sprague
Dawley®™SD®™ obtained from Harlan/Envigo (Indianapolis, IN) at
about 70–100 days of age were maintained in ventilated (up to 50 air
exchanges/hour) isolator cages (cages with dimensions of 10 ¾″W×19
¼″ D×10 ¾″ H, 143 square inch floor space, fitted in Micro-vent 36-
cage rat racks; Allentown Inc., Allentown, NJ) containing Aspen Sani
chips (pinewood shavings from Harlan) as bedding, and a 14 h light:
10 h dark regimen, at a temperature of 70 F and humidity of 25–35%.
The mean light intensity in the animal rooms ranged from 22 to 26 ft-
candles. Rats were fed ad lib with standard rat diet (8640 Teklad 22/5
Rodent Diet; Harlan) and ad lib tap water for drinking. To obtain time-
pregnant females, the female rats in proestrus were pair-mated with
male rats. The sperm-positive (i.e. sperm plug present) (day 0) rats
were monitored for diestrus and body weight. On days 8 through 14 of
gestation [46], the females received daily intraperitoneal injections of
DDT (25mg/kg body weight/day) or dimethyl sulfoxide (DMSO). The

DDT (dichlorodiphenyltrichloroethane) was obtained from Chem
Service Inc. (West Chester, PA) and reported to have a purity of
98.2%. DDT were dissolved and injected in DMSO vehicle as previously
described [47]. Treatment lineages are designated ‘control’ or ‘DDT’
lineages. The treated gestating female rats were designated as the F0
generation. The offspring of the F0 generation rats were the F1
generation. Non-littermate females and males aged 70–90 days from
the F1 generation of control or DDT lineages were bred to obtain F2
generation offspring. The F2 generation rats were bred to obtain F3
generation offspring. The F1–F3 generation offspring were not them-
selves treated directly with DDT. The control and DDT lineages were
housed in the same room and racks with lighting, food and water as
previously described [47–49]. All experimental protocols for the
procedures with rats were pre-approved by the Washington State
University Animal Care and Use Committee (IACUC approval # 6252).

5.2. Epididymal sperm collection and DNA isolation

Testis and epididymis were collected from 12 month old rats for
germ cell collection. The epididymis was dissected free of connective
tissue and divided into caput and cauda halves with a cut in the mid-
corpus. A small cut made to the cauda and to the caput and each half
was placed in 3ml of PBS for up to 2 h at 4 °C. Caput and cauda
epididymal tissue were each coarsely minced and the liquid with the

Fig. 8. Timeline DMR development. Top 100 statistically significant DMR developmental alterations for DDT greater than control in read depths (increase in DNA methylation).
Genomic windows with an edgeR p-value < 10−5 are indicated by astrisks and windows separated showing only those with an RPKM read depth elevated in the DDT over control. (A)
E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round spermatids. (E) Caput spermatozoa. (F) Cauda sperm.
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released sperm collected. For each sample the released sperm was
centrifuged at 6000×g, then the supernatant removed, and the pellet
resuspended in NIM buffer, to be stored at −80 °C until further use.
One hundred μl of sperm suspension was sonicated to destroy somatic
cells and tissue, spun down at 6000×g, the sperm pellet washed with
1x PBS once, and then combined with 820 μl DNA extraction buffer
and 80 μl 0.1M DTT. The sample was incubated at 65 °C for 15min.
Following this incubation 80 μl proteinase K (20mg/ml) was added
and the sample incubated at 55 °C for at least 2 h under constant
rotation. Then 300 μl of protein precipitation solution (Promega,
A7953) was added, the sample mixed thoroughly and incubated for
15min on ice. The sample was centrifuged at 12,500×g for 30min at
4 °C. One ml of the supernatant was transferred to a 2ml tube and 2 μl
of glycoblue and 1ml of cold 100% isopropanol were added. The
sample was mixed well by inverting the tube several times then left in
−20 °C freezer for at least one hour. After precipitation the sample was
centrifuged at 12,500×g for 20min at 4 °C. The supernatant was taken
off and discarded without disturbing the (blue) pellet. The pellet was
washed with 70% cold ethanol by adding 500 μl of 70% ethanol to the
pellet and returning the tube to the freezer for 20min. After the
incubation the tube was centrifuged for 10min at 4 °C at 12,500×g and
the supernatant discarded. The tube was spun again briefly to collect
residual ethanol to bottom of tube and then as much liquid as possible
was removed with gel loading tip. Pellet was air-dried at RT until it
looked dry (about 5min). Pellet was then resuspended in 100 μl of
nuclease free water.

5.3. Developing germ cell stage isolation and DNA preparation

Harlan Sprague-Dawley rats (Harlan Inc., Indianapolis IN) were
used for all experiments. The rats were kept in a temperature
controlled environment and given food and water ad libitum. Estrous
cycles of female rats were monitored by cellular morphology from
vaginal smears. Rats in early estrus were paired with males overnight
and mating confirmed by sperm-positive smears, denoted day 0 of
pregnancy. Pregnant rats were euthanized at embryonic day 16 (E16)
of gestation, and fetal gonads were collected for germ cell preparations.
Sex was determined on the basis of gonadal morphology. Germ cells
were isolated exclusively from males.

Purified populations of male PGCs type T1 prospermatogonia (at
E16) were prepared using a mini StaPut gradient method as previously
described [50,51]. Briefly, fetal testes were pooled and dissociated by
incubation in 0.25% trypsin-EDTA (Sigma) with vigorous pipetting
using a 1000 microliter pipette tip, and the resulting cell solution was
filtered through 100 µm nylon mesh to yield a single cell suspension.
This cell suspension was then loaded onto a 50ml 2–4% bovine serum
albumen (BSA) gradient prepared in KREBS buffer, and the cells were
allowed to sediment at unit gravity at 4 °C for two hours as described
[50,51]. The gradient was then fractionated and aliquots of the
fractions were examined under phase optics to identify those enriched
for the appropriate cell types on the basis of morphological character-
istics. The enriched fractions were pooled to yield the final sample
which was ≥85% pure for the desired male germ cell type in each case.

Fig. 9. Sperm DMR associated gene categories and pathways. (A) DMR associated gene functional categories for each stage (color insert) versus DMR number. (B) DMR associated gene
pathways for each stage of development with number of DMR associated genes in pathway in brackets. Bolded pathways show overlap in at least three developmental stages.
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Three pools of prospermatogonia were prepared for each treatment
group, with each pool derived from testes of 5–6 rats from different
litters.

A similar mini StaPut gradient method [50,51] was used to isolate
spermatogonia from testes of 10-day old rats, with the addition of
incubation of the testes in 0.5mg/ml collagenase (Sigma C1639) at
33 °C for 20min with agitation to dissociate the seminiferous tubules.
Three pools of spermatogonia from 10-day old rats were prepared for
each treatment group, with each pool derived from testes of 6–7 rats
from different litters.

To isolate pachytene spermatocytes and round spermatids, testes
were collected from 12 month old rats suspended in F-12 culture
medium (Gibco-Life Technologies, USA. Ref 11765-054) and shipped
overnight on ice to Dr. John McCarrey. A StaPut gradient method was
used to isolate the developing germ cell stages as previously described
[50,51]. Three pools of cells of each cell type were prepared for each
treatment group, with each pool derived from testes of three rats from
different litters. DNA was isolated from prospermatogonia, spermato-
gonia, pachytene spermatocytes and round spermatids using the same
procedure as was used for sperm, with the omission of sonication and
DTT treatments.

5.4. Methylated DNA immunoprecipitation MeDIP

Methylated DNA Immunoprecipitation (MeDIP) with genomic
DNA was performed as follows: rat DNA pools were generated using
the appropriate amount of genomic DNA from each individual for 3
pools each of control and DDT lineage animals. Genomic DNA pools
were sonicated using the Covaris M220 the following way: the pooled
genomic DNA was diluted to 130 μl with TE buffer into the appropriate
Covaris tube. Covaris was set to 300 bp program and the program was
run for each tube in the experiment. 10 μl of each sonicated DNA was
run on 1.5% agarose gel to verify fragment size. The sonicated DNA was
transferred from the Covaris tube to a 1.7ml microfuge tube and the
volume measured. The sonicated DNA was then diluted with TE buffer
(10mM Tris HCl, pH7.5; 1mM EDTA) to 400 μl, heat-denatured for
10min at 95 °C, then immediately cooled on ice for 10min. Then
100 μl of 5X IP buffer and 5 μg of antibody (monoclonal mouse anti 5-
methyl cytidine; Diagenode #C15200006) were added to the denatured
sonicated DNA. The DNA-antibody mixture was incubated overnight
on a rotator at 4 °C.

The following day magnetic beads (Dynabeads M-280 Sheep anti-
Mouse IgG; 11201D) were pre-washed as follows: The beads were
resuspended in the vial, then the appropriate volume (50 μl per
sample) was transferred to a microfuge tube. The same volume of
Washing Buffer (at least 1ml PBS with 0.1% BSA and 2mM EDTA) was
added and the bead sample was resuspended. Tube was then placed
into a magnetic rack for 1–2min and the supernatant discarded. The
tube was removed from the magnetic rack and the beads washed once.
The washed beads were resuspended in the same volume of IP buffer
(50mM sodium phosphate ph7.0, 700mM NaCl, 0.25% TritonX-100)
as the initial volume of beads. 50 μl of beads were added to the 500 μl
of DNA-antibody mixture from the overnight incubation, then incu-
bated for 2 h on a rotator at 4 °C.

After the incubation the bead-antibody-DNA complex was washed
three times with IP buffer as follows: The tube was placed into
magnetic rack for 1–2min and the supernatant discarded, then washed
with IP buffer 3 times. The washed bead-DNA solution is then
resuspended in 250 μl digestion buffer with 3.5 μl Proteinase K (20
mg/ml). The sample was then incubated for 2–3 h on a rotator at 55 °C
and then 250 μl of buffered Phenol-Chloroform-Isoamylalcohol solu-
tion was added to the supe and the tube vortexed for 30 s then
centrifuged at 12,500×g for 5min at room temperature. The aqueous
supernatant was carefully removed and transferred to a fresh micro-
fuge tube. Then 250 μl chloroform were added to the supernatant from
the previous step, vortexed for 30 s and centrifuged at 12,500×g for 5

min at room temperature. The aqueous supernatant was removed and
transferred to a fresh microfuge tube. To the supernatant 2 μl of
glycoblue (20mg/ml), 20 μl of 5M NaCl and 500 μl ethanol were added
and mixed well, then precipitated in −20 °C freezer for 1 h to overnight.

The precipitate was centrifuged at 12,500×g for 20min at 4 °C and
the supernatant removed, while not disturbing the pellet. The pellet
was washed with 500 μl cold 70% ethanol in −20 °C freezer for 15min
then centrifuged again at 12,500×g for 5min at 4 °C and the super-
natant discarded. The tube was spun again briefly to collect residual
ethanol to bottom of tube and as much liquid as possible was removed
with gel loading tip. Pellet was air-dried at RT until it looked dry (about
5min) then resuspended in 20 μl H2O or TE. DNA concentration was
measured in Qubit (Life Technologies) with ssDNA kit (Molecular
Probes Q10212).

5.5. MeDIP-Seq analysis

The MeDIP pools were used to create libraries for next generation
sequencing (NGS) using the NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (NEB, San Diego, CA) starting at step 1.4 of the
manufacturer's protocol to generate double stranded DNA. After this
step the manufacturer's protocol was followed. Each pool received a
separate index primer. NGS was performed at WSU Spokane Genomics
Core using the Illumina HiSeq. 2500 with a PE50 application, with a
read size of approximately 50 bp and approximately 30 million reads
per pool. Five to six libraries were run in one lane.

5.6. Statistics and bioinformatics

For the DMR analyses, the basic read quality was verified using
summaries produced by the FastQC program http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/. The raw reads were
trimmed and filtered using Trimmomatic. The reads for each MeDIP
sample were mapped to the Rnor 6.0 rat genome using Bowtie2 [52]
with default parameter options. The mapped read files were then
converted to sorted BAM files using SAMtools [53]. To identify DMRs,
the reference genome was broken into 100 bp windows. Genomic
windows with no CpG or ambiguous base within 1000 bp were
identified in the reference genome and used as control genes to
perform RUVg normalization [54]. The MEDIPS [55] and edgeR [56]
R packages were used to calculate differential coverage between control
and exposure sample groups. The edgeR p-value was used to determine
the relative difference between the two groups for each genomic
window. Windows with an edgeR p-value less than 10–5 were
considered DMRs. The FDR adjusted p-values were also calculated.
The DMR edges were extended until no genomic window with an
edgeR p-value < 0.1 remained within 1000 bp of the DMR. CpG density
and other information was then calculated for the DMR based on the
reference genome. DMRs were annotated using the biomaRt R package
[57] to access the Ensembl database [58]. The genes that fell within
10kbp of the DMR edges were then input into the KEGG pathway
search [59,60] to identify associated pathways. The associated genes
were then sorted into functional groups by consulting information
provided by the DAVID [61], Panther [62], and Uniprot databases
incorporated into an internal curated database (www.skinner.wsu.edu
under genomic data). All molecular data has been deposited into the
public database at NCBI (GEO # GSE121585).
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ORIGINAL RESEARCH ARTICLE

Prenatal Lipopolysaccharides Exposure Induces 
Transgenerational Inheritance of Hypertension
Nian Cao, MD, PhD*; Cong Lan, MD, PhD*; Caiyu Chen, BS*; Zaicheng Xu, MD, PhD*; Hao Luo, MS; Shuo Zheng, BS;  
Xue Gong, MD, PhD; Hongmei Ren, BS; Zhuxin Li, BS; Shuang Qu, MS; Cheng Yu, MD, PhD; Jining Yang, PhD; Pedro A. Jose , 
MD, PhD; Yundai Chen, MD, PhD; Gengze Wu , MD, PhD; Cuimei Hu, PhD; Junyi Yu , MD, PhD; Chunyu Zeng , MD, PhD

BACKGROUND: Adverse environmental exposure during the prenatal period can lead to diseases in the offspring, including 
hypertension. Whether or not the hypertensive phenotype can be transgenerationally transmitted is not known.

METHODS: Pregnant Sprague Dawley rats were intraperitoneally injected with lipopolysaccharide (LPS) on gestation days 6, 
8, 10, and 12 to generate the prenatal LPS exposure model. Blood pressure was monitored by both telemetry and tail-cuff 
method. RNA sequencing was performed to analyze transcriptome alteration in the kidney of the third generation. Tempol 
and spironolactone were used to test the potential preventative and therapeutic effect of targeting reactive oxygen species 
and mineralocorticoid receptor signaling, respectively. Molecular biological experiments were performed to illustrate the 
mechanism of epigenetic and transcription regulation.

RESULTS: Prenatal LPS exposure can impair the ability to excrete a salt load and induce hypertension from the first to the 
third generations, with the fourth and fifth generations, inducing salt-sensitive hypertension. Compared with control pups, 
the transcriptome in the kidney of the hypertensive third-generation prenatal LPS–exposed offspring have upregulation 
of the Ras-related C3 botulinum toxin substrate 1 (Rac1) gene and activation of mineralocorticoid receptor signaling. 
Furthermore, we found that LPS exposure during pregnancy triggered oxidative stress that upregulated KDM3B (histone 
lysine demethylase 3B) in the oocytes of first-generation female rats, leading to an inheritable low level of H3K9me2 
(histone H3 lysine 9 dimethylation), resulting in the transgenerational upregulation of Rac1. Based on these findings, we 
treated the LPS-exposed pregnant rats with the reactive oxygen species scavenger, tempol, which successfully prevented 
hypertension in the first-generation offspring and the transgenerational inheritance of hypertension.

CONCLUSIONS: These findings show that adverse prenatal exposure induces transgenerational hypertension through an 
epigenetic-regulated mechanism and identify potentially preventive and therapeutic strategies for hypertension.

Key Words:  epigenetics ◼ hypertension ◼ lipopolysaccharides ◼ reactive oxygen species ◼ receptors, mineralocorticoid 

Editorial, see p 1096

Hypertension is one of the leading risk factors for 
cardiovascular disease and one of the largest 
contributors to morbidity and mortality worldwide.1 

The cause of hypertension is multifactorial in nature, with 
environmental, genetic, and social determinants hav-

ing the potential to contribute to its development.2 The 
understanding of the interplay among these determi-
nants remains poor.

Besides the traditional environmental factors (eg, obesity, 
physical inactivity, excessive sodium intake, chronic stress) 
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and complex genetic background, parental life experiences 
and environmental exposures influence physical health 
across generations.3 Studies from animal models have 
established the existence of a nongenetic mode of inheri-
tance, which involves transmission of the effects of paren-
tal exposure to the offspring through epigenetic changes 
in the germline.4,5 Adverse prenatal exposure, particularly in 
utero, is regarded as one of the causes of hypertension.6 

Maternal infection is a common event during pregnancy, 
and it is now clear that maternal infection is closely related 
to adverse pregnancy outcomes, including hypertension.7,8 
Our previous studies, using an animal model, showed that 
the intraperitoneal injection to dams of lipopolysaccharides 
(LPS), a toxic component of cell walls of gram-negative 
bacteria, was sufficient to induce hypertension in the off-
spring caused by renal and vascular dysfunctions.8,9 How-
ever, whether prenatal LPS (PLPS) exposure can induce 
transgenerational hypertension is unclear.

METHODS
The data, analytic methods, and study materials will be made 
available to other researchers for purposes of reproducing the 
results or replicating the procedure. The RNA-sequencing data-
sets are deposited into Sequence Read Archive  with acces-
sion number PRJNA825173. All experimental approaches are 
detailed in the Supplemental Methods.

Animal Studies
All animal procedures conformed to National Institutes of 
Health guidelines for the care and use of laboratory animals 
and were approved by The Third Military Medical University 
(Army Medical University) Animal Care and Use Committee.

Statistical Analysis
Data are shown as mean±SEM. All experiments were repeated 
at least 3 times. The data were analyzed with Prism 9.0 
(GraphPad Inc). Comparison of means between 2 samples was 
performed using 2-tailed unpaired Student t tests and 1-way 
or 2-way ANOVA with Tukey post hoc analysis for ≥3 samples. 
P<0.05 is defined as statistically significant.

RESULTS
PLPS Exposure Induces Transgenerational 
Transmission of an Impaired Ability to Increase 
Urinary Sodium Excretion and Hypertension 
Across F1 to F3 Generations in Rats
Given the heritability of hypertension in the first genera-
tion (F1) of gestating rats prenatally exposed to LPS 
(F0),8 we sought to test whether gestating rats prenatally 
exposed to LPS (F0) could transgenerationally transfer 
the hypertensive phenotype to the offspring. Pregnant 
Sprague Dawley rats were intraperitoneally injected with 
saline (0.2 mL) or LPS (0.79 mg/kg) on gestation days 
6, 8, 10, and 12 (Figure 1A), to generate F1 control pups 
(dams injected with saline, control group) and F1 pups 
from LPS-exposed F0 mother (dams injected with LPS, 
PLPS group, Figure 1B). Female control F1 or hyperten-
sive PLPS F1 offspring were then mated with wild-type 
male Sprague Dawley rats to generate control F2 and 
PLPS F2. In the same way, female control F2 or hyper-
tensive PLPS F2 offspring were mated with wild-type 
male Sprague Dawley rats to generate F3 offspring, and 

Clinical Perspective

What Is New?
•	 Prenatal lipopolysaccharide exposure can induce 

transgenerationally transmitted hypertension and 
impairment of urinary sodium excretion.

•	 Renal Rac1-mineralocorticoid receptor axis is nec-
essary for the development of transgenerationally 
transmitted hypertension and impaired natriuresis.

•	 Prenatal lipopolysaccharide exposure induces oxi-
dative stress in F0, which increases the expression 
of histone demethylase KDM3B (histone lysine 
demethylase 3B) in the oocytes of F1 female rats 
and decreases the expression of H3K9me2 (his-
tone H3 lysine 9 dimethylation) in the kidney of F2 
offspring, leading to the activation of the RAC1-min-
eralocorticoid receptor axis, resulting in impaired 
urinary sodium excretion and hypertension.

What Are the Clinical Implications?
•	 Our analyses of transgenerational hypertension 

phenotypes in a prenatal lipopolysaccharide rat 
model suggested a strong maliferous effect of 
adverse stimulation during gestation.

•	 Reactive oxygen species antagonist treatment in F0 
pregnant mother can prevent Prenatal lipopolysac-
charide-induced transgenerational hypertension, 
whereas RAC1-mineralocorticoid receptor signal-
ing can be a potential therapeutic target for trans-
mitted hypertension in each subsequent generation.

Nonstandard Abbreviations and Acronyms

ENaCs	 epithelial sodium channel
H3K9me2	 histone H3 lysine 9 dimethylation
H3K4me1	 histone H3 lysine 4 monomethylation
H3K27me3	 histone H3 lysine 27 trimethylation
HS	 high salt
KDMs	 lysine demethylases
LPS	 lipopolysaccharide
MR	 mineralocorticoid receptor
PLPS	 prenatal lipopolysaccharide
Rac1	� Ras-related C3 botulinum toxin sub-

strate 1
ROS	 reactive oxygen species
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Figure 1. PLPS exposure induces transgenerational transmission of hypertension and impaired natriuresis.
A, Schematic illustration of PLPS exposure. B, Schematic illustration of the experimental design to generate intergenerational and transgenerational 
offspring of control or PLPS dams. C through E, Tail-cuff systolic blood pressure, 24-hour ambulatory systolic blood pressure, and 24-hour urinary Na+ in 
F1 to F3 rats. C1, D1, E1, Systolic blood pressure measured monthly by tail-cuff method from 5-week-old to 1-year-old offspring (C1, F1 generation; D1, 
F2 generation; E1, F3 generation; n=20–40 rats/group). *P<0.05, **P<0.01, vs control, 2-way ANOVA followed by Bonferroni correction and within-test 
multiple corrections using Tukey multiple analysis. C2, D2, E2, 24-hour ambulatory systolic blood pressure measured by telemetry from 5-month-old 
offspring (C2, F1 generation; D2, F2 generation; E2, F3 generation; n=6). **P<0.01, vs control, 2-way ANOVA followed by Bonferroni correction and 
within-test multiple corrections using Tukey multiple analysis. C3, D3, E3, 24-hour urinary Na+ of 5-month-old F1 control and PLPS offspring (C3, F1 
generation; D3, F2 generation; E3, F3 generation; n=20–30 rats/group). *P<0.05, **P<0.01, vs control 2-tailed Student t test. F and G, Tail-cuff systolic 
blood pressure, 24-hour ambulatory systolic blood pressure, 24-hour urinary Na+ measurement, and pressure-natriuresis curve in F4 and F5 rats fed 
with HS diet. F1, G1, Systolic blood pressure was measured monthly for 2 months by tail-cuff method from 4-month-old control and PLPS offspring fed 
HS (8% NaCl) diet for 2 months (F1, F4 generation; G1, F5 generation; n=20–40 rats/group). ns: not significant, vs Control, **P<0.01, vs Control+HS, 
2-way ANOVA followed by Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. F2, G2, 24-hour ambulatory systolic 
blood pressure was measured by telemetry from 6-month-old control and PLPS offspring fed HS (8% NaCl) diet for 2 months (F2, F4 generation; G2, 
F5 generation; n=6). ns: not significant, vs Control; **P<0.01, vs Control+HS, 2-way ANOVA followed by Bonferroni correction and within-test multiple 
corrections using Tukey multiple analysis. F3, G3, The first 24-hour urinary Na+ of 4-month-old control and PLPS offspring fed with HS (8% NaCl) 
diet (F3, F4 generation; G3, F5 generation; n=20–40 rats/group). ns: not significant, *P<0.05, **P<0.01, 2-way ANOVA. F4, G4, Pressure-natriuresis 
curve illustrating the relationship between renal perfusion pressure and urinary sodium excretion in 6-month-old control and PLPS offspring fed HS 
(8% NaCl) diet for 2 months (F4, F4 generation; G4, F5 generation; n=6). *P<0.05, **P<0.01, vs Control+HS, 2-way ANOVA followed by Bonferroni 
correction and within-test multiple corrections using Tukey multiple analysis. F0 indicates gestating female; F1, first generation; F2, second generation; 
F3, third generation; F4, fourth generation; Fn, the “n” th generation; HS, high salt; LPS, lipopolysaccharide; P6, gestation day 6; P8, gestation day 8; P10, 
gestation day 10; P12, gestation day 12; and PLPS, prenatal lipopolysaccharide. 
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so on (Figure 1B). For each generation, blood pressure 
was monitored monthly by the tail-cuff method, starting 
from 5 weeks of age until 1 year of age. Blood pressure 
was also monitored by telemetry in conscious rats at 5 
months of age.

After the first dose of LPS, the body temperature of 
F0 dams increased significantly, but the increase was 
less with subsequent exposures, such that the body tem-
perature did not increase with the fourth injection (Figure 
S1A), indicating the successful induction of inflamma-
tion. The frequency of adverse maternal events in the 
F0 dams, including premature delivery, abortion, dysto-
cia, and death, was significantly higher (Figure S1B) in 
PLPS F0 than control F0. The percentage of low birth 
weights (<7.0 g) of F1 surviving offspring was greater 
in the PLPS than in the control offspring (Figure S1C), 
indicating the adverse influence of PLPS exposure on 
embryonic development. However, the body weights of 
adult F1 PLPS rats were slightly higher than control 
offspring (Figure S1D), suggesting that postnatal influ-
ence can overcome the adverse effect on body weight 
of PLPS exposure.8

In agreement with our reported studies,8,9 PLPS expo-
sure led to an increase in blood pressure, especially sys-
tolic blood pressure, in the F1 PLPS offspring, as early 
as 5 weeks of age, which persisted up to 12 months of 
age (Figure 1C1). Twenty-four hour ambulatory systolic 
blood pressure monitored by telemetry was also higher 
(nighttime and daytime) in conscious F1 PLPS than F1 
control offspring at 5 months of age (Figure 1C2). Uri-
nary sodium excretion, a key process in the long-term 
regulation of blood pressure,10 was markedly reduced in 
F1 PLPS, relative to F1 control offspring (Figure 1C3). 
We then assessed whether the hypertensive phenotype 
can be transmitted to F2 and F3 PLPS offspring. It is 
intriguing that significantly higher systolic blood pres-
sure, and the decrease in urinary sodium excretion, as 
well, were transmitted to the second filial generation 
(F2, Figure 1D1–1D3) and the third filial generation (F3, 
Figure 1E1–1E3). However, other parameters, such as 
kidney weight, heart rate, plasma glucose, renal function 
(determined by serum creatinine, blood urea nitrogen, 
and urinary protein), serum dopamine, serum norepi-
nephrine, and serum epinephrine in F1 to F3 generation 
offspring were not different between control and PLPS 
offspring (Table S1).

The blood pressure–monitoring data showed that 
the blood pressures of individual pups varied within the 
same group. To determine the frequency of hyperten-
sion in each generation, we labeled the blood pressure 
as normal when it was lower than the mean+1 SD of 
the control group and hypertensive when it was higher 
than the mean+1 SD of the control group at the first 
time a significant difference of blood pressure was 
observed between control and PLPS group. Accord-
ing to this classification, the frequency of hypertension 

is 86.8% in PLPS F1 generation, 76.1% in PLPS F2 
generation, and 60.6% in PLPS F3 generation (Figure 
S1E). The frequency of hypertension is sex indepen-
dent (Figure S1E).

PLPS Exposure Increases Salt Sensitivity of 
Blood Pressure in F4 and F5 Generations
Although the transgenerational hypertensive phenotype 
was observed in the F3 offspring, there was no differ-
ence in systolic blood pressure (Figure S2A1 and S2A2) 
or urinary sodium excretion (Figure S2A3) between the 
F4 control and PLPS offspring fed a normal NaCl diet. 
Salt-sensitive hypertension is one of the hypertension 
subtypes, which is also a risk factor of cardiovascular 
diseases.11 We, therefore, fed the F4 to F6 generation 
control and PLPS offspring high salt (HS, 8% NaCl) diet 
to determine if the pups develop salt-sensitive hyperten-
sion. After a 2-month treatment with HS diet,12 the PLPS 
offspring had a significantly higher elevation in systolic 
blood pressure in F4 (Figure 1F1 and F2) and F5 (Fig-
ure 1G1 and G2) offspring, whereas there was no signifi-
cant difference between control and PLPS group treated 
with HS diet in the F6 generation (Figure S2B1 and 
S2B2). When fed with HS diet, the PLPS offspring had 
an impaired urinary sodium excretion compared with the 
control group in F4 (Figure 1F3) and F5 (Figure 1G3) 
generations but recovered in F6 generation (Figure 
S2B3). To depict further the relationship between blood 
pressure and sodium excretion, we plotted the pressure-
natriuresis curve in F4 to F6 control and PLPS rats fed 
with 2 months of HS diet. The pressure-natriuresis curve 
flattened and shifted to the right in F4 (Figure 1F4) and 
F5 (Figure 1G4) in PLPS rats compared with control rats 
on a HS diet, indicating that pressure-related natriuresis 
was impaired in PLPS F4 and F5 generations. By con-
trast, the right-shifted pressure-natriuresis curve was not 
observed in the F6 PLPS rats, reflecting the recovery of 
renal sodium excretion in PLPS F6 rats when fed a HS 
diet (Figure S2B4).

PLPS Treatment Results in Altered Renal 
Transcriptome in the Offspring With 
Transgenerational Hypertension
To dissect the molecular mechanisms and the affected 
gene pathways underlying the transgenerationally inher-
ited hypertension, and the impaired natriuresis induced 
by PLPS exposure, we performed RNA-sequencing 
(RNA-seq) analysis in the kidneys from F3 control and 
PLPS offspring (Figure 2A). There were 8162 differen-
tially expressed genes in the kidney from F3 control and 
PLPS offspring. Using the Gene Set Enrichment Analy-
sis to gain functional insight into the transcriptome, we 
found that some of the gene signatures altered in the 
renal transcriptome of F3 PLPS offspring, relative to F3 
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control offspring, participated in sodium ion transport 
(Figure  2B). The increase in renal tubular sodium and 
water reabsorption is a core process in the development 
of hypertension,2 consistent with the phenotype found in 
the F3 PLPS offspring. We then selected 29 upregu-
lated genes involved in the regulation of blood pressure 
and sodium-water metabolism13–15 from the differentially 
expressed genes as candidates for further study (Fig-
ure  2C). Using quantitative real-time polymerase chain 
reaction, we validated the expression of these 29 genes 
in the kidney from F3 control and PLPS offspring (Fig-

ure 2D). Moreover, we measured the top 5 upregulated 
genes of the 29 blood pressure regulation and sodium-
water metabolism–related genes in the kidneys of F1, 
F2, and F3 offspring, and found that the Ras-related 
C3 botulinum toxin substrate 1 (Rac1) gene is the most 
consistently upregulated gene across the F1 to F3 gen-
erations (Figure  2E). From the Gene Set Enrichment 
Analysis of the RNA-seq data, we noticed a significant 
activation of RAC1 signaling in the kidney of F3 PLPS, 
relative to F3 control offspring (Figure  2F), further in-
dicating a potential functional role of Rac1 gene in the 

Figure 2. RNA-sequencing analysis of kidney in F3 control and PLPS offspring indicates altered expression of genes related to 
sodium transport and RAC1 signaling.
A, Heatmap illustrating differentially expressed genes in the kidney of F3 control and PLPS offspring (n=3). B, Gene enrichment plot illustrating 
regulation of sodium ion transport pathway activated in kidney of F3 PLPS offspring compared with F3 control offspring, analyzed by Gene 
Set Enrichment Analysis using RNA-sequencing data (normalized enrichment score>1, false discovery rate<0.25). C, Heatmap of 29 selected 
upregulated genes, from the RNA-sequencing data with known effect on blood pressure regulation and sodium-water metabolism in kidney of F3 
control and PLPS offspring (n=3). D, Quantitative real-time polymerase chain reaction validation of the 29 selected genes in kidney of F3 control 
and PLPS offspring (n=4). **P<0.01, ns: not significant, vs control, 2-tailed Student t test. E, Quantitative real-time polymerase chain reaction 
of the 5 most upregulated genes in kidney of F1 to F3 control and PLPS offspring (n=4). *P<0.05, **P<0.01, vs control, 2-tailed Student t test. 
F, Gene enrichment plot of RAC1 pathway activated in kidney of F3 PLPS offspring analyzed by Gene Set Enrichment Analysis by using the 
RNA-sequencing data (normalized enrichment score >1, false discovery rate<0.25). F1 indicates first generation; F2, second generation; F3, third 
generation; GOBP, Gene Ontology Biological Process; PID, the Pathway Interaction Database; and PLPS, prenatal lipopolysaccharide.
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PLPS exposure–induced transgenerationally transmitted 
hypertension and impaired urinary sodium excretion.

RAC1 Is Responsible for the Transgenerational 
Impaired Urinary Sodium Excretion 
and Hypertension by Inducing Nuclear 
Accumulation of Mineralocorticoid Receptor
RAC1, also known as Rac Family Small GTPase 1, is 
involved in the development of hypertension,16 includ-
ing salt-sensitive17 and obesity-related hypertension,18 
through activation of mineralocorticoid receptor (MR) 
signaling.11,16 To determine whether the impaired urinary 
sodium excretion and hypertension in PLPS offspring 
were attributable to a high mineralocorticoid level, we 
measured plasma renin and serum aldosterone levels in 
5-month-old rats. PLPS offspring had decreased plasma 
renin and serum aldosterone levels in F1 to F3 PLPS 
rats compared with control rats (Figure S3A and S3B), 
indicating that the hypertension in PLPS offspring is 
caused by a renin-aldosterone–independent mechanism. 
Considering that the transcriptome alteration in the kid-
ney of F3 PLPS rats involved RAC1 signaling activation, 
we hypothesized that RAC1-MR signaling was the cen-
tral pathway responsible for the transgenerational trans-
mission of impaired sodium excretion and hypertension 
induced by PLPS. Using Western blotting, we compared 
the protein expression of RAC1 in the kidney from F1 to 
F3 generations of control and PLPS offspring and found 
that RAC1 in the kidney was upregulated across all 3 
generations (Figure 3A1 and 3A2).

To test the critical role of RAC1 in the transgenera-
tionally inherited natriuresis dysfunction and hyperten-
sion phenotype, a highly selective inhibitor of RAC1, 
NSC23766 (10 mg·kg–1·d–1),16,19 was subcutaneously 
injected in both F1 and F3 offspring. Blood pressure 
monitoring showed that NSC23766 lowered the ambu-
latory systolic blood pressure and reached normal values 
at day 7 after injection in F1 (Figure 3B1) and at day 
4 after injection in F3 (Figure  3C1) offspring. Consis-
tent with the normalization of systolic blood pressure, 
NSC23766 also normalized the impaired natriuresis in 
F1 and F3 PLPS offspring without affecting the sodium 
excretion in the control offspring (Figure 3B2 and 3C2). 
These data suggested the essential role of RAC1 in the 
PLPS-induced transgenerational transmission of natri-
uresis dysfunction and hypertension.

RAC1 upregulation and activation are implicated in the 
pathogenesis of hypertension through MR activation, which 
is characterized by localization of MR in the nucleus.11 
Using GTP pulldown assay followed by Western blotting, 
we validated the successful inhibition of RAC1 activation 
(GTP-Rac1/total RAC1) in kidneys from F1 PLPS rats 
(Figure 3D1 and 3D2) and F3 PLPS rats (Figure 3E1 and 
3E2) by NSC23766 treatment. Using Western blotting, we 
studied the subcellular distribution of MR, and the down-

stream target epithelial sodium channel (ENaC) genes 
αENaC, βENaC, δENaC, and γENaC, as well.19,20 Nuclear 
MR and the target genes were significantly upregulated in 
the kidneys from F1 and F3 PLPS offspring, relative to F1 
and F3 control offspring (Figure 3D1, 3D2, 3E1, and 3E2). 
NSC23766 treatment decreased these elevated expres-
sions in PLPS offspring to the levels observed in vehicle-
treated control offspring; NSC23766 treatment did not 
affect the levels in the control offspring (Figure 3D1, 3D2, 
3E1, and 3E2). These data suggested that PLPS exposure 
induced the transgenerational activation of RAC1-MR axis 
in the kidney that is responsible for the development of 
hypertension in each generation.

We also studied the expression of active RAC1 (GTP-
RAC1), total RAC1, nuclear MR, and MR downstream tar-
gets in the kidneys of F4 control and PLPS rats. Under 
basal conditions, there were no differences in RAC1-MR 
signaling between F4 control and PLPS rats (Figure 
S3C1–S3C3). However, after 2 months of HS diet, total 
RAC1 was unchanged, but RAC1 activity (GTP-Rac1/
total RAC1) was upregulated in the kidney of F4 PLPS 
rats (Figure S3C1 and S3C2), along with the increase of 
nuclear MR and its downstream targets compared with 
F4 control rats (Figure S3C1 and S3C3). Consistent with 
effect in F1 to F3 generations, the subcutaneous injec-
tion of NSC23766  also significantly attenuated the HS 
diet–induced hypertension (Figure S3D) and impairment 
in urinary sodium excretion (Figure S3E) in F4 PLPS rats. 
These data indicated that RAC1-MR signaling is neces-
sary for the development of salt-sensitive hypertension in 
the F4 generation of PLPS-treated rats.

We also explored a therapeutic approach targeting 
transgenerationally inherited hypertension with spirono-
lactone (80 mg·kg-1·d-1), an antagonist of MR,21 in F1 
and F3 PLPS offspring. The intragastric administration 
by oral gavage of spironolactone significantly amelio-
rated the hypertension and increased the urinary sodium 
excretion in both F1 (Figure  3F1–3F3) and F3 PLPS 
offspring (Figure 3G1–3G3). Moreover, in the F4 gen-
eration, the intragastric administration of spironolactone 
could also partially reverse the hypertension and impaired 
sodium excretion in HS diet–fed rats (Figure S3F and 
S3G). These data suggested that inhibition of MR sig-
naling could treat the PLPS-induced transgenerational 
impairment of urinary sodium excretion and hypertension 
in each generation.

Histone Demethylase KDM3B Reduces 
H3K9me2 Modification Leading to 
Transgenerational Upregulation of Rac1 Gene 
in PLPS Offspring
To investigate further the mechanism of the transgen-
erationally transmitted upregulation of the Rac1 gene, 
we first performed Sanger sequencing of polymerase 
chain reaction products targeting Rac1 full exons, using 
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Figure 3. RAC1 is responsible for the transgenerational impairment in urinary sodium excretion and hypertension by inducing 
nuclear accumulation of MR.
A, Representative Western blots (WBs) of RAC1 expression in kidney of F1 to F3 generation control and PLPS offspring (A1). Quantification 
of WB, normalized to β-actin (A2, n=6). **P<0.01, 2-tailed Student t test. B, Ambulatory systolic blood pressure, and 24-hour urinary Na+ of F1 
control and PLPS offspring treated with or without RAC1 inhibitor NSC23766 (NSC). B1, Ambulatory systolic blood pressure of 5-month-old F1 
control and PLPS offspring monitored by telemetry, daily monitored from 9 am to 10 am, for 7 consecutive days after subcutaneous injection of the 
RAC1 inhibitor NSC  or vehicle (Veh; n=6). Arrow points to the time of NSC or Veh injection. **P<0.01, vs PLPS+Veh, 2-way ANOVA followed by 
Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. B2, 24-hour urinary Na+ was measured in 5-month-old F1 
control and PLPS offspring with or without NSC treatment (n=6). **P<0.01, ns: not significant, 2-tailed Student t test. C, Ambulatory systolic blood 
pressure and 24-hour urinary Na+ of F3 control and PLPS offspring treated with or without RAC1 inhibitor NSC23766. C1, Ambulatory systolic blood 
pressure of 5-month-old F3 control and PLPS offspring monitored by telemetry, daily monitored from 9 am to 10 am, for 7 consecutive days after the 
subcutaneous injection of NSC  or Veh (n=6). Arrow points to the time of NSC or Veh injection. **P<0.01, vs PLPS+Veh, 2-way ANOVA followed by 
Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. C2, 24-hour urinary Na+ was measured in 5-month-old F3 
control and PLPS offspring with or without NSC treatment (n=6). *P<0.05, **P<0.01, ns: not significant, 2-tailed Student t test. (Continued )
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genomic DNA extracted from kidneys of F1 control and 
PLPS offspring as template. We found that PLPS expo-
sure did not induce DNA mutation in the exons of the 
Rac1 gene (see Supplemental Material for Rac1 DNA 
sequencing data). Epigenomic modification has been re-
ported to regulate transgenerational heritage of patho-
physiological phenotypes.4 Therefore, we investigated 
epigenomic modifications that may drive the transcrip-
tional activation of the Rac1 gene. Bisulfite sequencing 
did not show any change in the methylation level of the 
Rac1 gene promoter (Figure S4A and S4B) in the kid-
ney of F1 offspring, indicating that DNA methylation was 
not involved in the transgenerational inheritance. Histone 
modification is another major epigenetic modification 
that determines the loose and dense state of chroma-
tin, thus regulating the accessibility of genes, leading to 
inheritable change of the transcription of target genes.22 
We investigated multiple major histone modifications in 
the kidneys from F1 offspring and found that H3K9me2 
(histone H3 lysine 9 dimethylation) and H3K4me1 (his-
tone H3 lysine 4 monomethylation) were downregulated, 
whereas H3K27me3 (histone H3 lysine 27 trimeth-
ylation) was upregulated in the PLPS offspring (Fig-
ure 4A1 and 4A2). Because H3K4me1 is associated with 
transcriptional activation,23 whereas H3K27me3 is asso-
ciated with gene repression,24 and Rac1 was upregulated 
in PLPS offspring, we focused on studying H3K9me2. 
H3K9me2 is strongly associated with transcriptional 
repression, and it was reported that the persistent sup-
pression of Rac1 expression is mediated by enhanced 
H3K9me2.25 We then compared the H3K9me2 expres-
sion in the kidneys from F1 to F3 offspring and found 
that H3K9me2 was persistently repressed (Figure 4B1 
and 4B2) in the PLPS offspring, relative to the control 
offspring. Using H3K9me2 chromatin immunoprecipita-
tion followed by quantitative real-time polymerase chain 
reaction, we found that the H3K9me2 occupancy on 

Rac1 promoter was decreased in the kidney tissue from 
F1 to F3 PLPS offspring (Figure 4C). These results sug-
gested that the decreased deposition of H3K9me2 on 
Rac1 gene promoter prevented its gene-repressive ef-
fect and contributed to the persistent upregulation of 
RAC1 in PLPS offspring.

Because H3K9me2 is regulated by many methylases 
and demethylases,26 and considering that the repres-
sion of H3K9me2 may have originated from and trans-
mitted through oocytes of PLPS-exposed female rats, 
we investigated the expression levels of several meth-
ylases and demethylases in the ovary of F1 offspring 
female rats with or without PLPS exposure. We found 
2 lysine demethylases (KDMs), KDM3B and KDM5B, 
that were significantly upregulated (Figure  4D) in 
PLPS-exposed female rats. KDM5B is a major regu-
lator of H3K4 methylation,27 and several studies have 
shown that KDM3B demethylates the H3K9me2 in 
many tissues.28,29 We therefore focused on KDM3B. The 
increase in KDM3B level and repression of H3K9me2 
level was also observed in oocyte nuclei in vivo through 
immunofluorescence in ovaries of ovulation-induced F1 
female offspring30 (Figure  4E). The increased expres-
sion of KDM3B was only observed in the ovarian tissue 
of F1 but not in F2 or F3 female offspring (Figure 4F1 
and 4F2), indicating that H3K9me2 is initially repressed 
but subsequently inherited.

PLPS-Induced Oxidative Stress Decreases 
H3K9me2 in Oocytes Leading to 
Transgenerational Activation of RAC1-MR 
Signaling
Our previous study showed that LPS exposure during preg-
nancy leads to impaired renal sodium excretion and hy-
pertension in the offspring attributable to oxidative stress, 

Figure 3 Continued. D, Representative WB of the expression of GTP pulldown RAC1 (GTP-RAC1), total-RAC1, nuclear MR (n-MR), 
cytoplasmic MR (c-MR), and downstream target genes of n-MR in kidney of F1 control and PLPS offspring with or without NSC treatment.  
PCNA was the internal control for nuclear protein, and β-actin was the internal control for cytoplasmic and total protein (D1). Quantification 
of WB (D2, n=6), normalized to PCNA or β-actin. **P<0.01, vs Control+Veh; ##P<0.01, ns: not significant, vs PLPS+Veh, 2-way ANOVA. E, 
Representative WB of the expression of GTP-RAC1, total-RAC1, n-MR, c-MR, and downstream target genes of n-MR in kidney of F3 control 
and PLPS offspring with or without NSC treatment. PCNA was the internal control for nuclear protein, and β-actin was the internal control for 
cytoplasmic and total protein. Quantification of WB (E2, n=6), normalized to PCNA or β-actin. *P<0.05, **P<0.01, vs Control+Veh; ##P<0.01, 
ns: not significant, vs PLPS+Veh, 2-way ANOVA. F, Tail-cuff systolic blood pressure, ambulatory systolic blood pressure, and 24-hour urinary Na+ 
of 5-month-old F1 control and PLPS offspring with or without spironolactone (MR antagonist) treatment. F1, Systolic blood pressure measured 
by tail-cuff method in 5-month-old F1 control and PLPS offspring with or without intragastric spironolactone treatment (n=12). *P<0.05, 
**P<0.01, ns: not significant, 2-way ANOVA. F2, Ambulatory systolic blood pressure was monitored by telemetry, daily monitored from 9 am to 
10 am, for 7 consecutive days after vehicle or intragastric spironolactone treatment (n=6), **P<0.01, vs PLPS+Veh, 2-way ANOVA followed 
by Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. F3, 24-hour urinary Na+ of 5-month-old F1 control 
and PLPS offspring with or without spironolactone treatment (n=10) *P<0.05, **P<0.01, ns: not significant, 2-way ANOVA. G, Tail-cuff systolic 
blood pressure, ambulatory systolic blood pressure, and 24-hour urinary Na+ of 5-month-old F3 control and PLPS offspring with or without 
spironolactone treatment. G1, Systolic blood pressure measured by tail-cuff method in 5-month-old F3 control and PLPS offspring with or without 
intragastric spironolactone treatment (n=11). *P<0.05, ns: not significant, 2-way ANOVA. G2, Ambulatory systolic blood pressure was monitored 
by telemetry, daily monitored from 9 am to 10 am for 5 consecutive days after vehicle or intragastric spironolactone (n=6). **P<0.01, vs PLPS+Veh, 
2-way ANOVA followed by Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. G3, 24-hour urinary Na+ of 
5-month-old F3 control or PLPS offspring rats with or without spironolactone treatment (n=10). *P<0.05. ns: not significant, 2-way ANOVA. F1 
indicates first generation; F2, second generation; F3, third generation; MR, mineralocorticoid receptor; MW, molecular weight; PCNA, proliferating 
cell nuclear antigen; and PLPS, prenatal lipopolysaccharide.
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caused by decreased antioxidant capacity, resulting in the 
accumulation of reactive oxygen species (ROS) in the kid-
ney.8 To determine the oxidative stress level in the rats with 
transgenerational inherited hypertension induced by PLPS 
exposure, we measured the serum levels of malondialde-
hyde, a lipid peroxidation product used as an indicator of 
oxidative stress in the whole body,31 in F0 to F3 control and 
PLPS offspring. The serum malondialdehyde levels, mea-
sured by ELISA, were significantly increased in F0 and F1 
PLPS offspring compared with control rats but decreased 
to control levels in the F2 and F3 offspring (Figure 5A1). 
We also measured by ELISA the serum superoxide dis-
mutase level, which indicates antioxidant capacity, in F0 to 
F3 control and PLPS offspring and found that serum su-
peroxide dismutase levels were significantly decreased in 
F0 and F1 PLPS offspring but recovered to control levels 
in the F2 and F3 offspring (Figure 5A2). The serum malo-
ndialdehyde and superoxide dismutase data showed that 
oxidative stress was a direct result of PLPS exposure that 
influenced both F0 maternal rats and F1 offspring in utero.

To test further whether oxidative stress is a causal 
factor of the transgenerationally inherited hypertension 
induced by PLPS exposure through KDM3B-mediated 
H3K9me2, we treated control and PLPS F0 maternal rats 
with tempol, an ROS scavenger (superoxide dismutase 
mimetic), added to the drinking water at a concentration 
of 1.0 mmol/L on gestation days 5 to 13,8 along with 
intraperitoneal injection of LPS (0.79 mg/kg) or saline 
(0.2 mL) on gestation days 6, 8, 10, and 12 (Figure 5B). 
Prenatal tempol treatment was sufficient to normalize 
the systolic blood pressure and urinary sodium excretion 
of F1 PLPS offspring (Figure S5A–S5C), consistent with 
our published results.8,9 We also found that tempol treat-
ment of F0 maternal rats significantly decreased the sys-
tolic blood pressure in F2 PLPS offspring to F2 control 
offspring level (Figure 5C), indicating a transgenerational 
effect. Moreover, tempol treatment of F0 female rats pre-
vented the upregulation of KDM3B in the ovarian tissue 
from F1 PLPS female offspring (Figure 5D1 and 5D2), 
along with recovery of the downregulation of H3K9me2 

Figure 4. Histone demethylase KDM3B reduces H3K9me2 modification leading to transgenerational upregulation of Rac1 gene 
in PLPS offspring.
A, Representative Western blots (WB) showing multiple histone modifications in kidney of F1 control and PLPS offspring (A1). Quantification of 
WB, normalized to total histone H3 (A2, n=6). *P<0.05, **P<0.01, ns: not significant, 2-tailed Student t test. B, Representative WB of H3K9me2 
expression in kidney of F1 to F3 control and PLPS offspring (B1). Quantification of WB, normalized to total histone H3 (B2, n=6). **P<0.01, 
2-tailed Student t test. C, Chromatin immunoprecipitation–quantitative real-time polymerase chain reaction detecting H3K9me2 binding to the 
promoter region of Rac1 gene in kidney tissue of F1 to F3 control and PLPS offspring (n=6). Normalized to Input, **P<0.01. 2-tailed Student t test. 
D, Quantitative real-time polymerase chain reaction of mRNA, normalized to GAPDH, of several methylases and demethylases in ovary of F1 control 
and PLPS female offspring (n=6). **P<0.01, ns: not significant, 2-tailed Student t test. E, Representative immunofluorescent staining of KDM3B 
(green) and H3K9me2 (red) in ovary of F1 control and PLPS female offspring induced by ovulation. Nuclei are labeled by DAPI (blue). Scale bar, 
40 μm. F, Representative WB of KDM3B expression, normalized to total histone H3, in ovary of F1 to F3 control and PLPS female offspring (F1). 
Quantification of WB (F2, n=6). **P<0.01, ns: not significant, 2-tailed Student t test. DAPI indicates 4′,6-diamidino-2-phenylindole; H3K9me2, 
histone H3 lysine 9 dimethylation; KDM3B, histone lysine demethylase 3B; MW, molecular weight; and PLPS, prenatal lipopolysaccharide.
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Figure 5. PLPS-induced oxidative stress decreases H3K9me2 in oocytes leading to transgenerational activation of RAC1-MR 
signaling.
A, Serum malondialdehyde (MDA, A1) and superoxide dismutase (SOD, A2) levels in F0 to F3 control and PLPS rats quantified by ELISA 
(n=10). *P<0.05, **P<0.01, ns: not significant, 2-tailed Student t test. B, Schematic illustration showing pretreatment with the antioxidant 
(superoxide dismutase mimetic), tempol, added to drinking water before LPS injection. C, 24-hour ambulatory systolic blood pressure of 
conscious 5-month-old F2 control and PLPS offspring monitored by telemetry (n=6). **P<0.01, vs PLPS+Veh, 2-way ANOVA followed by 
Bonferroni correction and within-test multiple corrections using Tukey multiple analysis. D, Representative Western blot (WB) showing the 
expression of KDM3B in the ovary tissue from F1 control and PLPS female offspring with or without tempol treatment in F0 (D1). Quantification 
of WB (D2, n=6). Normalized to total histone H3. **P<0.01, ns: not significant, 2-way ANOVA. E, Representative WB showing the expression 
of H3K9me2 and RAC1 in kidney from F2 control and PLPS offspring with or without tempol added to the drinking water in F0 rats (E1). 
Quantification of WB (E2, n=6). H3K9me2 was normalized to total histone H3. RAC1 was normalized to β-actin. **P<0.01, vs Control+Veh; 
##vs PLPS+Veh, 2-way ANOVA. F, Chromatin immunoprecipitation–quantitative real-time polymerase chain reaction detecting H3K9me2 
binding to the promoter region of RAC1 gene in kidney tissue of F2 control and PLPS offspring with or without tempol treatment in F0 (n=6). 
Normalized to Input. **P<0.01, ns: not significant, 2-way ANOVA. G, Representative WB of the expression of n-MR, c-MR, and downstream 
target genes of MR in kidney of F2 control and PLPS offspring with or without tempol treatment in F0. Proliferating cell nuclear antigen is the 
internal control for nuclear protein and β-actin is the internal control for cytoplasmic and total protein (G1). Quantification of WB in G1 (G2, 
n=6). *P<0.05, **P<0.01, vs Control+Veh; #P<0.05, ##P<0.01, vs PLPS+Veh, 2-way ANOVA. H, Tail-cuff systolic blood pressure, 24-hour 
ambulatory systolic blood pressure, and 24-hour urinary Na+ of 5-month-old F3 control or PLPS offspring from F0 control or PLPS rats with or 
without tempol treatment. H1, Systolic blood pressure, measured by tail-cuff method, of 5-month-old F3 control and PLPS offspring born from 
F0 control or PLPS female rats with or without tempol treatment (n=12). **P<0.01, ns: not significant, 2-way ANOVA. H2, 24-hour ambulatory 
systolic blood pressure was monitored by telemetry in 5-month-old F3 control and PLPS offspring born from F0 control or PLPS female rats 
with or without tempol treatment (n=6). **P<0.01, PLPS+tempol vs PLPS+Veh, 2-way ANOVA followed by Bonferroni correction and within-
test multiple corrections using Tukey multiple analysis. H3, 24-hour urinary Na+ excretion of 5-month-old F3 control or PLPS offspring from 
F0 control or PLPS rats with or without tempol treatment (n=11). **P<0.01, ns: not significant, 2-way ANOVA. c-MR indicates cytoplasmic MR; 
H3K9me2, histone H3 lysine 9 dimethylation; KDM3B, histone lysine demethylase 3B; MR, mineralocorticoid receptor; MW, molecular weight; 
n-MR, nuclear MR; PLPS, prenatal lipopolysaccharide; and Veh, vehicle. 
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and upregulation of RAC1 expressions in the kidneys of 
F2 PLPS offspring (Figure 5E). Tempol treatment in F0 
also recovered the decreased binding of H3K9me2 to 
the promoter region of RAC1 gene in the renal tissue of 
F2 PLPS offspring (Figure 5F). In addition, the activation 
of MR signaling in F2 kidneys was alleviated by tempol 
treatment in F0 PLPS rats (Figure 5G1 and 5G2). Prena-
tal tempol treatment also alleviated PLPS-induced trans-
generational hypertension and impaired urinary sodium 
excretion in F3 offspring (Figure  5H1 to 5H3), and in 
F4 offspring fed a HS diet, as well (Figure S5D–S5F), 
indicating a preventive effect of transgenerational hyper-
tension using anti-ROS strategy. Taken together, these 
data demonstrated that PLPS exposure induced oxida-
tive stress in F0, which was necessary to increase the 
expression of KDM3B in the oocytes of F1 female rats 
and decrease the expression of H3K9me2 in the kidney 
of F2 offspring, leading to the activation of the RAC1-
MR axis, resulting in transgenerational impaired urinary 
sodium excretion and hypertension.

DISCUSSION
Clinical and preclinical studies indicate that hypertension 
is highly heritable.6 However, numerous large-scale ge-
netic studies, expecting to find the predisposing loci of 
hypertension, have found that genetic variants account-
ed for only a small proportion of variation in blood pres-
sure levels,1 suggesting that nongenomic mechanisms 
may be taking part in the heritability of hypertension. Pa-
rental exposure could have an important influence on the 
development and health of their offspring across genera-
tions.22 Prenatal or in utero exposure is a major type of 
parental exposure that leads to adverse events, including 
premature delivery, abortion, and dystocia.32,33 Our study 
provides the first evidence of transgenerational trans-
mission of hypertension induced by PLPS exposure, a 
classic animal model in studies related to maternal infec-
tion.34 Although there was no difference in systolic blood 
pressure between F4 PLPS and control offspring at the 
basal state, an HS diet for 2 months increased the sys-
tolic blood pressure of F4 PLPS rats, associated with im-
paired urinary sodium excretion, to a greater extent than 
the F4 control offspring. These phenotypes in F4 PLPS 
offspring were also observed in the F5 PLPS offspring, 
implying that the increased susceptibility to hypertension 
was transmitted to F4 and F5 offspring. The impairment 
in urinary sodium excretion with HS diet in F4 and F5 
PLPS offspring suggests that the kidney could be the 
target organ taking part in the transgenerational pheno-
type of hypertension.

We used RNA-seq analysis to detect the alteration 
of the transcriptome in the kidney of F3 PLPS offspring, 
searching for candidate genes and pathways respon-
sible for the transgenerational hypertension. Our RNA-
seq analysis of F3 PLPS offspring kidneys revealed a 

significant enrichment in the “regulation of sodium ion 
transport,” which is a major participant in the regulation 
of renal tubular sodium reabsorption.10 Quantitative real-
time polymerase chain reaction validation of several top 
candidate genes regulating renal sodium reabsorption 
showed a sustained upregulation of RAC1, a member 
of the Rho family of small GTPases, throughout the dif-
ferent generations. RAC1 has been shown to play a 
crucial role in the pathogenesis of salt-sensitive hyper-
tension through the MR signaling pathway.16,17,19 In our 
PLPS-exposed offspring, the delivery of the RAC1 highly 
selective inhibitor NSC23766 normalized their impaired 
urinary sodium excretion and elevated systolic blood pres-
sure. RAC1 inhibition with NSC23766 also decreased 
in the F1 and F3 generations the renal expression of 
RAC1-MR axis target genes, αENaC, βENaC, δENaC, 
and γENaC, which are important in renal tubular sodium 
reabsorption, especially the distal nephron.16–21 Moreover, 
treatment with the MR antagonist spironolactone in the 
F1 and F3 PLPS offspring significantly ameliorated the 
impaired sodium excretion and hypertension, indicating 
an essential role of RAC1-MR axis in the transgenera-
tional hypertension induced by PLPS exposure.

Epigenetic modifications are implicated in the trans-
generational inheritance of prenatally programmed 
diseases,3,22 and epigenetic factors have gained consid-
erable attention in the pathogenesis of hypertension.6 
To determine which epigenetic modification caused the 
transgenerational upregulation of Rac1 gene, we first 
evaluated the DNA methylation level, which is a strong 
inheritable epigenetic factor inhibiting the expression 
of certain genes.22,35 It is surprising, however, that there 
was no difference in DNA methylation level in the pro-
moter region of the Rac1 gene. Histone modification is 
another long-lasting epigenetic modification in both the 
positive and negative regulation of gene expression.36–38 
After screening, we focused on a downregulated histone 
modification, H3K9me2, because its gene-repressive 
action was found consistently decreased in each genera-
tion. Because H3K9me2 is a negative regulator of the 
expression of Rac1, we used chromatin immunoprecipi-
tation–quantitative real-time polymerase chain reaction 
to validate the causal role of the low H3K9me2 occu-
pancy in the transgenerational upregulation of the Rac1 
gene. Furthermore, we identified KDM3B, the histone 
demethylase of H3K9me2, serving as the histone marker 
“eraser,” decreasing the H3K9me2 in the oocytes of F1 
offspring, which was transmitted in the kidney through 
generations. These data added new evidence to the con-
cept that heredity involves transmission of the effects of 
parental exposure to the offspring through epigenetic 
changes in the germline.22,37

Our previous study showed that PLPS exposure 
can induce global oxidative stress in the offspring, 
with decreased antioxidant capacity and accumulation 
of ROS in the kidney.8,9 Oxidative stress was detected 
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in F0 to F3 generations, but ROS level was only sig-
nificantly increased in F0 and F1 PLPS rats, compared 
with control rats, indicating that the oxidative stress is a 
direct result of PLPS exposure. Treatment with an ROS 
scavenger, tempol, successfully rescued the transgen-
erational hypertension and impaired renal sodium excre-
tion, with recovery of the upregulation of KDM3B in the 
ovaries from F1 PLPS female rats and amelioration of 
the decreased H3K9me2 level and overactivated RAC1 
expression in the kidneys of F2 PLPS offspring. The 
phenomenon that ROS was only significantly increased 
in F0 and F1 suggests that PLPS exposure–induced 
oxidative stress may serve as the trigger that drives 
the KDM3B-regulated H3K9me2. Once H3M9me2 is 
written, the epigenetic cascade gets transmitted across 
generations. The reversible nature of epigenetic modifi-
cations makes them more druggable than approaches 
that target or correct defects in gene expression, per se. 
Therefore, we tried the commercially available reagent 
tempol to target upstream ROS in a preclinical investi-
gation. Our investigation showed that treatment of F0 
PLPS rats with the ROS scavenger tempol prevented the 
transgenerational natriuresis dysfunction and hyperten-
sion in F1 through F4 generations, indicating a potential 
preventive strategy for PLPS exposure–induced trans-
generational hypertension.

This study has several limitations. First, although we 
demonstrated that the RAC1-MR axis in the kidney 
was essential for the development of transgeneration-
ally transmitted hypertension, there are probably other 
pathways, together with the RAC1-MR axis, that affect 
the blood pressure level which need to be determined in 
the future. Moreover, we did not perform RNA-seq stud-
ies in other blood pressure–regulating organs, such as 
the central nervous system, autonomic nervous system, 
and resistance vessels. Thus, there may be other mecha-
nisms, together with renal mechanism, responsible for 
the susceptibility of hypertension across generations. 
Second, to illustrate the mechanism of transgenerational 
alteration of RAC1 gene, we screened out and validated 
the role of KDM3B-H3K9me2 epigenomic modification. 
Considering that KDM3B regulates not only H3K9me2, 
but also other histone modifications, and H3K9me2 may 
influence multiple gene loci, we do not know how those 
other genes regulated by KDM3B-H3K9me2 partici-
pate in the regulation of blood pressure. Last, although 
we identified that the RAC1-MR signaling is essential 
for the development of salt-sensitive hypertension in F4 
generation, we did not fully assess how the activation of 
RAC1 was increased by HS diet treatment. Further stud-
ies are necessary to explore more fully the mechanisms 
for the transgenerationally transmitted hypertension.

Figure 6. Schema of the working model of this study. 
F0 indicates gestating female; F1, first generation; F2, second generation; F3, third generation; F4, fourth generation; F5, fifth generation; 
H3K9me2, histone H3 lysine 9 dimethylation; KDM3B, histone lysine demethylase 3B; LPS, lipopolysaccharide; and ROS, reactive oxygen 
species.
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Taken together, this study showed that PLPS expo-
sure can induce the transgenerational transmission of 
natriuresis dysfunction and hypertension, and that the 
underlying mechanism is related to an altered landscape 
of histone modification and transcriptome expression 
(Figure 6). This work could potentially uncover preventive 
and therapeutic approaches to the prenatal LPS expo-
sure–induced transgenerational natriuresis dysfunction 
and hypertension.
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