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Cadmium (Cd) is a toxic heavy metal and ubiquitous environmental endocrine disruptor.
Previous studies on Cd-induced damage to male fertility mainly focus on the structure and
function of testis, including cytoskeleton, blood-testis barrier, and steroidogenesis.
Nevertheless, to date, no studies have investigated the effects of Cd exposure on
sperm epigenetic inheritance and intergenerational inheritance. In our study, we
systematically revealed the changes in sperm tRNA-derived small RNAs (tsRNA)
profiles and found that 14 tsRNAs (9 up-regulated and 5 down-regulated) were
significantly altered after Cd exposure. Bioinformatics of tsRNA-mRNA-pathway
interactions revealed that the altered biological functions mainly were related to ion
transmembrane transport, lipid metabolism and cell membrane system. In addition, we
focused on two stages of early embryo development and selected two organs to study the
impact of these changes on cell membrane system, especially mitochondrion and
lysosome, two typical membrane-enclosed organelles. Surprisingly, we found that the
content of mitochondrion was significantly decreased in 2-cell stage, whereas remarkably
increased in the morula stage. The contents of mitochondrion and lysosome were
increased in the testes of 6-day-old offspring and livers of adult offspring, whereas
remarkably decreased in the testes of adult offspring. This provides a possible basis to
further explore the effects of paternal Cd exposure on offspring health.

Keywords: cadmium, sperm tsRNA, intergenerational epigenetic inheritance, cell membrane system,mitochondrion
and lysosome

INTRODUCTION

In recent years, the enigma of how environmental exposure induces phenotypic changes across
multiple generations of offspring has aroused much interest. Environmental inputs, including an
unhealthy diet (Chen et al., 2016; Sharma et al., 2016), toxin exposure (Anway et al., 2005; Salian
et al., 2009; Wolstenholme et al., 2012), obesity (Ng et al., 2010; Saikia et al., 2014), environmental
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enrichment (a combination of physical and mental exercise)
(Benito et al., 2018), mental stress (de Castro Barbosa et al.,
2016) and psychological trauma (Yehuda et al., 2005; Gapp et al.,
2014), can reshape the sperm epigenome, especially the small
non-coding RNA (sncRNA) expression profile, and affect
offspring phenotypes (Zhang et al., 2019).

Cadmium (Cd) is a toxic heavy metal and ubiquitous
environmental endocrine disruptor (EDC), which is widely
present in contaminated foods, water, soil and air at low
concentrations (Sirot et al., 2008; Järup and Åkesson, 2009;
Satarug, 2018; Genchi et al., 2020; Shi et al., 2020). Notably,
smoking is an increasingly important route to Cd exposure
(Faroon et al., 2012; Taha et al., 2018). Continuous low-dose
Cd exposure can lead to its slow accumulation in human body,
with a long half-life of 25–30 years. Studies have shown that
environmental Cd can affect male fertility through various
pathways, seriously threatening male reproductive health
(Mathur and D’cruz, 2011; Ji et al., 2012; Cupertino et al.,
20172017a; Wu et al., 2017; Wang et al., 2017). Previous
studies on Cd-induced damage to male fertility mainly focus
on the testis physiology, especially in cytoskeleton (Egbowon
et al., 2016; Venditti et al., 2021), blood-testis barrier (Chen et al.,
2018; Fang et al., 2020; Venditti et al., 2021) and steroidogenesis
(Cupertino et al., 20172017b; Habib et al., 2019; Shi and Fu,
2019). As a result, spermatogenesis disruption leads to the
abnormalities of sperm concentration and motility.
Nevertheless, to date, there are no studies focusing on sperm
epigenetic inheritance after Cd exposure. Whether Cd could
affect sperm tsRNAs expression profile and further affect
offspring health remains to be elucidated.

Previous studies suggest that epigenetic markers in germ cells,
which include DNA methylation, histone modifications, and
sncRNAs, are capable of both responding to parental
environmental factors and affecting offspring phenotypes. These
epigenetic markers are potentially positioned to mediate
intergenerational or transgenerational epigenetic inheritancec
(Skinner, 2008; Skvortsova et al., 2018; Perez and Lehner, 2019).
Recently, the research of tsRNAs has undergone a renaissance,
demonstrating that sperm tsRNAs could mediate
intergenerational inheritance of acquired traits as a type of
paternal epigenetic information carrier (Yan and Zhai, 2016).
According to published RNA-sequencing data, the sncRNA
population in mature mouse sperm is mainly composed of
tsRNAs, while microRNAs (miRNAs) and Piwi-interacting
RNAs (piRNAs) accounted for a small proportion (Peng
et al., 2012; Chen et al., 2016; Sharma et al., 2016; Zhang
et al., 2019). Interestingly, sperm tsRNAs are not directly
derived from the testes, but from extracellular vesicles (EVs)
produced by epididymal epithelial cells during post-testicular
sperm maturation (Sharma et al., 2016).

Recent studies show that sperm tsRNA expression profiles are
altered in mice fed a low-protein diet (LPD) (Sharma et al., 2016),
or a high-fat diet (HFD) (Chen et al., 2016), in rats fed an HFD
(de Castro Barbosa et al., 2016), and in obese humans (Donkin
et al., 2016), suggesting that sperm tsRNAs can function as
sensitive markers of environmental stimuli. Moreover,
offspring from zygotes injected with sperm RNAs, total RNAs

or even only tsRNAs, from mice fed a HFD showed impaired
glucose tolerance and insulin secretion (Chen et al., 2016). The
deletion of DNA methyltransferase 2 (Dnmt2), a highly
conserved DNA methyltransferase, affected the expression
profile of sncRNAs in sperm and prevented the increase of
RNA m5C and m2G modifications in 30-40nt sperm RNA
fragments induced by a HFD. Specifically, injecting total
RNAs from the sperm of mice fed a HFD into zygotes
resulted in abnormal glucose tolerance, while injecting RNAs
extracted from the sperm of Dnmt2−/− HFD-fed animals did not
induce similar phenotypes (Zhang et al., 2018). These findings
provide evidence that sperm tsRNAs, along with tsRNAs
modifications, are involved in the intergenerational inheritance.

Therefore, we aim to investigate sperm tsRNA expression
profiles and preliminarily determine the potential functional
roles of candidate tsRNAs in the offspring after paternal Cd
exposure. In the present study, we studied the sperm tsRNA
expression profiles of Cd-exposured mice by RNA-sequencing
technologies and validated 14 tsRNAs with quantitative real-
time PCR (qRT-PCR). After that, the potential effects on their
offspring were analyzed. These findings may provide new clues
for studying the effects of Cd exposure on the health of
offspring.

MATERIALS AND METHODS

Animals and Experimental Groups
All the animal procedures were approved by the Institutional
Animal Care and Use Committee of Tongji Medical College,
Huazhong University of Science and Technology. All
experiments with mice were conducted ethically according to
the Guide for the Care and Use of Laboratory Animal guidelines
(S2547). 8 weeks adult male C57BL/6J mice were housed for
1 week before the study in a temperature (22–25°C) and humidity
controlled (50% relative humidity) animal facility with 12 h light/
dark cycles. The animals had free access to food and water. 30
mice were randomly assigned into two groups. Refer to our
previous study (Wang et al., 2020a; Wang et al., 2020b), the
control group was treated with 0.9%NaCl (equivalent to receiving
0 mg/kg of body weight of CdCl2), and the treatment group was
intraperitoneally injected with CdCl2 at the concentration of
1.0 mg/kg of body weight for 5 weeks every other day. CdCl2
was purchased from Sigma Chemical Co. (St. Louis, MO,
United States).

Cadmium Content in the Testis
As previously reported (Wang et al., 2020b; Zeng et al., 2021), Cd
content in testis was detected by graphite furnace atomic
absorption spectrometry (GFAAS). The samples were baked
and weighed. 3 ml nitric acid and 0.5 ml perchloric acid were
added to dissolve the samples into a flowing liquid. And then the
samples were baked on a 280°C hotplate for 1 h. After the samples
cooled, 5 ml pure water was added to the volume. The operating
conditions for GFAAS require atomization at 1,600°C for Cd after
a heating phase (110°C and then 1,308°C) and pyrolysis at 500°C
for Cd. The wavelength was 228.80 nm for Cd.
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Histopathological Analyses of the Testis
Unilateral testis of 5 mice in each group were used for
histopathological analyses of the testis. The testes were fixed in
Bouin’s solution following dissection and then paraffin-
embedded. The paraffin blocks were then sectioned by a Lycra
paraffin slicer into 4-μm-thick sections, and at least 2 sections for
each paraffin blocks. The testicular sections were immediately de-
waxed, rehydrated, and stained with hematoxylin and eosin (HE).
The images were captured using an inverted microscope.

Sperm Parameter Analysis
Basic semen analysis followed the recommendations of theWorld
Health Organization (WHO) 2010 manual for the examination of
human semen. The sperm concentration was assessed using an
improved Neubauer hemocytometer. Motility measurements
were performed to record the progressive sperm count per 200
sperm under a microscope.

Mature Sperm Collection
Animals were sacrificed by cervical dislocation. As previously
reported (Chen et al., 2016), mature sperm were isolated from
cauda epididymis of male mice and processed for RNA
extraction. In brief, sperm were released from cauda
epididymis into 1ml Nutrient Mixture F-10 Ham (Sigma-
Aldrich, N6013-500ML) maintained at 37°C for 30 min
incubation. After that, sperm were filtered with 100um and
then 40°µm cell strainer to remove the tissue debris. The
sperm were then treated with somatic cell lysis buffer (0.1%
SDS, 0.5% Triton X-100 in DEPC H2O) for 30 min on ice to
eliminate somatic cell contamination. The sperm were pelleted by
centrifugation at 600 g for 5 min. After removal of suspension, the
sperm pellet was resuspended and washed twice in 10ml of
phosphate-buffered saline (PBS) then pelleted at 600 g for 5 min.

RNA Extraction
The total RNA was isolated using TRIzol LS Reagent (Invitrogen
Corp., Carlsbad, CA) based on the manufacturer’s instructions.
Before the sequencing experiment, agarose gel electrophoresis
was used to check the integrality of total RNA samples, and then
the samples were quantified on the NanoDrop ND-1000
instrument.

Small RNA Library Preparation and
Sequencing
In order to remove RNA modifications that interfered with small
RNA-seq library construction, we used the commercial kit
(NEBNext® Multiplex Small RNA Library Prep Set for
Illumina®) for tRF & tiRNA-seq library preparation, including
3′-aminoacyl (charged) deacylation to 3′-OH for 3adaptor
ligation, 3′-cP (2′,3′-cyclic phosphate) removal to 3′-OH for
3′adaptor ligation, 5′-OH (hydroxyl group) phosphorylation to
5′-P for 5′-adaptor ligation, m1A and m3C demethylation for
efficient reverse transcription. Pretreated total RNA of each
sample was taken for tRF & tiRNA-seq library preparation.
The prepared tRF & tiRNA-seq libraries were finally absolutely
quantified using Agilent 2,100 BioAnalyzer (Agilent Inc., MD,

United States), then sequenced using Illumina NextSeq 500
(Illumina, CA, United States). For standard small RNA
sequencing, the sequencing type was 50-bp single-read.

Sequencing Data Analysis
The raw sequencing data that passed the Illumina chastity filter
were used for the following analysis. Sequencing quality are
examined by FastQC software (v0.11.7) and 5′, 3′-adaptor
bases were trimmed by cutadapt software (1.17). The trimmed
reads are aligned allowing for 1 mismatch only to the mature
tRNA sequences, and then reads that do not map were aligned to
precursor tRNA sequences with bowtie software (v1.2.2). The
remaining reads were aligned allowing for 1 mismatch only to
miRNA reference sequences with miRDeep2 (2.0.0.8)
(Friedländer et al., 2012). The expression profiling of tRF &
tiRNA and miRNA can be calculated based on counts of reads
mapped and normalized as counts per million (CPMs) of the total
aligned tRNA reads. The differentially expressed tRFs & tiRNAs
and miRNAs were screened based on the count value with R
package DEseq2 (Love et al., 2014). When comparing the two
groups for profile differences (Cd group vs. Ctrl group), the ‘‘fold
change (FC),’’ i.e., the ratio of the group averages between the
groups was computed for each tsRNA. An |log2 (FC)| > 1.5 and a
p-value < 0.05 were considered as a significantly different
expression, and the tsRNAs with such values were chosen for
the next analysis. Pie plots, Venn plots, hierarchical clustering,
scatter plots, and volcano plots were performed in an R
environment for statistical computing and graphical
presentation of the expressed tsRNAs and miRNAs.

Bioinformatic Prediction
The 14 significantly differentially expressed tsRNAs (|log2 (FC)|
> 1.5 and p-value < 0.05) selected from the sequencing data were
analyzed using bioinformatic methods. The candidate selection
was based on several points: 1) higher FC and lower p-value; 2)
higher CPM in both groups and balanced expression of each
mouse in each group; 3) Referring to previous publications to
achieve more evidence of similar subtype of tsRNA. First, in terms
of target prediction of the candidate tsRNAs, the tsRNAs
contained some seed sequences that could match the
crosslink-centered regions of the target mRNAs (Kim et al.,
2017). Mounting evidence has strongly suggested that tsRNAs
could act as miRNAs, silencing the target mRNA via
complementary base pairing (Kumar et al., 2014). According
to a previous study (Li et al., 2019), two common algorithms were
used to predict the target genes, including TargetScan (Lewis
et al., 2005; Grimson et al., 2007; Friedman et al., 2009; Jan et al.,
2011), and miRanda (Enright et al., 2003). Notably, to reduce the
false-positive results, only the genes predicted by all two
algorithms were considered as target genes of the tsRNAs.

Second, to assign the biological annotation of the target genes,
enrichment analyses were performed. We used the package
clusterProfiler (3.18.1) (Yu et al., 2012) for Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
database (KEGG) pathway annotations. GO enrichment
analysis was used to reveal the biological process, cellular
component, and molecular function of the target genes. KEGG
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enrichment analysis was used to identify the significant pathways.
A p < 0.05 indicated the significance of the GO and KEGG
enrichment pathways. The false discovery rate was calculated to
correct the p-values.

As for differentially expressed miRNAs, we used R package
multiMiR (0.98.0.2) (Ru et al., 2014) to predict the target genes.
Furthermore, we used the package clusterProfiler (3.18.1) (Yu
et al., 2012) for GO and KEGG pathway annotations.

qRT-PCR Assay
TsRNA acts in a manner similar to miRNA, recognizing binding
sites on target mRNA 3 ′-UTR through its seed sequence (Li et al.,
2019). The differential genes were classified according to the seed
sequence, and 1-2 tsRNAs were selected from the differential
genes with the same seed sequence for primer design. Afterwards,
cDNA synthesis and qPCR detection were done using All-in-
OneTM miRNA qRT-PCR Detection Kit (No.QP015,
GeneCopoeia, Inc., MD, United States) according to
manufacturer’s instructions. The temperature program
consisted of an initial single cycle of 10 min at 95°C, followed
by 40 cycles of 10 s at 95°C, 20 s at 58°C and 30 s at 72°C. PCR
reactions were implemented using a StepOnePlus™ realtime PCR
system (Version 2.2.2, Applied Biosystems, MA, United States).
The cycle threshold (Ct) values were recorded, and relative
expression of the target genes was calculated using the 2–ΔΔCT

method. RNU6 was used as the internal control to normalize the
data. PCR primers were synthesized by Sangon Biotech (China).
The primer sequences are listed in Supplementary Table S1. All
experiments were repeated three times.

Collection of Embryos and
Immunofluorescence
We used 5 male mice in each group at a time to co-house with
unexposed female mice in the afternoon. The housed ratio of
male to female was 1:2. The morning of the day on which a
vaginal plug was detected was designated embryonic day 0.5
(E0.5). Embryos at different stages of development (E1.5 through
E3.5) were collected by flushing oviducts or the uterus with
HEPES-buffered medium 2 (M2; Sigma). Embryos were fixed
immediately for 30 min with PBS containing 3%
paraformaldehyde and washed in 0.1% BSA/PBS. After
blocking with 0.1% Triton X-100/1% BSA in PBS, embryos
were incubated with anti-VDAC1/2 antibody (10866-1-AP, 1:
100, Proteintech, China) at 4°C overnight. After washing with
0.1% BSA/PBS 3 times for 10 min each, embryos were incubated
with the secondary antibody (SA00013-2, 1:200, Proteintech,
China). The nucleiwere counter-stained with DAPI in the
dark. The images were acquired using a confocal microscope
(ZEISS LSM 780) in Tongji Medical College, Huazhong
University of Science and Technology. The same microscope
settings were maintained between groups and replicates. During
imaging, z-stack was used to stratify the embryos and Orthogonal
Projection was used to get the merged image. Afterwards, those
merged images were used for statistical analysis through ZEN 3.2
(blue edition).

Western Blot Analysis
Total proteins from 6 day-old progeny testes, 16 week-old
progeny livers and testes were extracted immediately after
the mice were sacrificed. The protein concentration in the
extracts was determined using a BCA protein assay kit
(BL521A, Biosharp, China). Proteins were denatured,
separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to a
polyvinylidene fluoride (PVDF) membrane, which was then
blocked in 5% non-fat milk at room temperature for 2 h. The
membranes were then washed three times using Tris buffered
saline tween (TBST) for 10 min each. Subsequently, the
membranes were incubated with primary antibodies
according to the manufacturer’s instructions, including
VDAC1/2 (10866-1-AP, 1:1,000, Proteintech, China),
LAMP2 (27823-1-AP, 1:1,000, Proteintech, China), and
β-Actin (66009-1-Ig, 1:1,000, Proteintech, China). Next, the
membranes were rinsed and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (HRP-
conjugated Affinipure Goat Anti-Rabbit IgG(H + L),
SA00001-2, 1:4,000; HRP-conjugated Affinipure Goat Anti-
Mouse IgG(H + L), SA00001-1, 1:4,000; both from
Proteintech, China). The specific immunoreactive protein
bands were developed using ECL reagent (G2014-50ML,
Servicebio, China).

Immunofluorescence Microscopy
The progeny livers and testes were paraffin-embedded and cut
into 4-µm sections using a microtome (Leica, Germany). Each
section was de-waxed, followed by antigen retrieval by boiling in
10 mM sodium-citrate buffer pH 6.0 for 10 min. After blocking
with 5% goat serum (GS), the primary antibody (VDAC1/2,
10866-1-AP, 1:100; LAMP2, 27823-1-AP, 1:100; both from
Proteintech, China) was added to the sections and incubated
at 4°C overnight, followed by washing with 5% GS 3 times for
10 min each, and incubation with the secondary antibody
(SA00013-2, 1:200 or SA00013-3, 1:200, both from
Proteintech, China). The nuclei were counter-stained with
DAPI in the dark. The images were acquired using a confocal
microscope (ZEISS LSM 780). The fluorescence intensity was
analyzed using ZEN 3.2 (blue edition).

Transmission Electron Microscopy
Progeny liver and testis samples were fixed with 2.5%
glutaraldehyde for 2 h at 4°C, post-fixed with 1% osmium
tetroxide, and embedded in Epon 812. Blocks were cut into
semi-thin sections and stained with methanolic uranyl acetate
and lead citrate. The liver and testicular ultrastructure was
investigated by transmission electron microscopy (TEM) (JEM
1200-EX; Hitachi, Ltd, Tokyo, Japan) at 80 kV.

Statistical Analyses
GraphPad Prism 8 (GraphPad Inc., CA, United States) was used
for the visualization of graphs and data analysis. All data are
presented as the means ± standard deviations (SD). Differences
between groups were analyzed using Student’s t-test or single
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factor analysis of variance (one-way ANOVA). Differences with p
values of less than 0.05 were considered statistically significant.

RESULTS

Effects of Cd Exposure on Male
Reproductive System in Mice
Adult male C57BL/6 J mice were treated with Cd at a dose of
1 mg/kg for 5 weeks every other day. Body weights were gained
more slowly in the Cd-treated group (Figure 1A). After Cd
exposure, the Cd content in testis was remarkably increased
(p < 0.01; Figure 1B). Cd resulted in testicular morphometric
injury. As shown in Figure 1C, the structure of the seminiferous
tubules in F0-Cd was disrupted and the tubes were loosely
arranged, even exhibiting severe vacuolization. Significantly,
Cd reduced sperm motility and counts in the epididymis,
compared with the control group (Figure 1D). These data
indicated that Cd inducedmale reproductive dysfunction inmice.

Effects of Cd Exposure on Sperm tsRNAs
Expression Profile
In eukaryotic cells, tsRNAs are produced through specific
cleavage of precursor tRNAs (Pre-tRNAs) and mature tRNAs
by different endonucleases. The tsRNAs generated from mature
tRNAs can be divided into twomain types: tRNA halves (or tRNA
derived stress-induced RNAs, also known as tiRNAs), which are
the product of angiogenin (ANG) cleavage of tRNA at the anti-
codon site during stress (Elkordy et al., 2018), and smaller tRNA
fragments (tRFs), which are miRNA-like fragments that interact
with Argonaute protein (Cole et al., 2009; Lee et al., 2009;

Martinez et al., 2017; Lyons et al., 2018). The tRNA halves,
which are 31–40 nucleotides (nt) long, have two subtypes: 5′-
tRNA halves (tiRNA-5) and 3′-tRNA halves (tiRNA-3). The tRFs
are 14–30 nt long and mainly consist of three subtypes: tRF-5,
tRF-3, and tRF-1. Additionally, tsRNAs derived from pre-tRNAs
can be divided into two types according to the presence of
sequences derived from the 5′ leader or 3’ trailer (Anderson
and Ivanov, 2014).

In order to explore the effect of Cd exposure on sperm tsRNA
expression profile, we used Illumina NextSeq 500 for tsRNAs
sequencing. After the quality filtering, we identified 115
commonly expressed tsRNAs, 18 tsRNAs specifically expressed
in the control group, and 43 tsRNAs specifically expressed in the
Cd group (Figure 2A). Next, as shown in Figure 2B, a pie chart
was performed of each tsRNA subtype, indicating that most
sperm tsRNAs were generated from mature tRNAs. In those
tsRNAs, the number of each tsRNA subtype were quite different.
Overall, the number of tRF-5 (including tRF-5a, tRF-5b, tRF-5c)
was increased in Cd group, as compared to the control group.
Interestingly, tRF-3a specially appeared after Cd treatment.

As we know, tRNA isodecoders share the same anticodon but
have differences in their body sequence (Geslain and Pan, 2010).
The number of tsRNA subtypes can be counted against tRNA
isodecoders. In the stacked bar charts (Figure 2C), stack bars
respectively represent different tRNA isodecoders on top of each
other. The height of the respective bar shows the gross result of
tRNA isodecoders. Next, as shown in Figure 2D, stack bars
respectively represent the frequency of subtypes against the
length of the tsRNA. Above all, the most significant difference
in the isodecoders or frequency of subtypes between the two
group was that 18-nt tRF-3a (Gln-CTG) specially appeared after
Cd treatment.

FIGURE 1 | Effects of Cd exposure onmale reproductive system inmice. (A)Body weight of F0males (n � 15). (B)Cd content in the testes of F0mice (n � 5). (C)HE
results of the testis in F0 mice. (D) Sperm concentration and sperm motility in F0 mice (n � 5). All results are expressed as the mean ± SD. Labeled asterisk represents
statistical significance compared with the respective control group. *p < 0.05, **p < 0.01 and ***p < 0.001. ns, no significant difference.
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In addition, we identified that a total of 53 tsRNAs were
significantly differentially expressed between the two groups: 32
were significantly up-regulated, whereas 21 were significantly
down-regulated (Cd vs. Control; |Log2FC| > 1.5; p < 0.05).
The experimental data on the top 10 upregulated and
downregulated tsRNAs ranked by fold change are presented in
Table 1. As shown in Figure 3A, heat map was performed using
the significantly differentially expressed tsRNAs, indicating a
distinguishable tsRNA expression profiling among the samples.
Next, volcano plot was constructed using the fold change values
and p-values to visualize the differential expression between the
two different conditions (Figure 3B).

Subsequently, we detected the expression level of the 18
candidate tsRNAs using qRT-PCR to comfirm the tsRNA-Seq
results (Figure 3C; Supplementary Table S1). As a result,
compared with the control group, 9 candidate tsRNAs (tRF-

60:76-Tyr-GTA-1-M5, tRF-69:86-Leu-CAA-1-M5, tRF-58:75-
Gln-CTG-1-M7, tRF-1:16-Leu-TAG-3, tRF-1:22-Ser-AGA-1-
M3, tiRNA-1:33-Pro-CGG-1, tRF-1:22-Lys-TTT-1, tRF-1:32-
Gly-ACC-1 and tRF-1:22-Ser-GCT-1-M4) were significantly
up-regulated in the Cd group, while 7 candidate tsRNAs (tRF-
1:31-His-GTG-1, tRF-1:28-Gly-GCC-1, tRF-1:28-Glu-TTC-2,
tRF-1:29-Ala-CGC-5, tRF-1:14-Gly-CCC-1, tiRNA-1:33-Gly-
CCC-1 and tRF-1:23-Glu-CTC-1-M3) were significantly down-
regulated in the Cd group.

In general, based on the sequencing data and qRT-PCR
validation, it seems reasonable to conclude that Cd exposure
may affect sperm tsRNA expression.

Bioinformatics Analysis
Increasing amounts of evidence has revealed that tsRNAs contain
some seed sequences (positions 2–7 nt at the 5′ends) that could

FIGURE 2 | Effects of Cd exposure on sperm tsRNAs expression profile. (A) Venn diagram of the number of tsRNAs. The pie plot shows the number of tsRNAs
which were expressed in both of the groups and also the number of specific expressed tsRNAs in Ctrl or Cd group. (B) Pie charts for all tsRNAs of each group using all
uniquely expressed tsRNAs. The pie chart show the distribution of the number for each subtype tsRNAs which the average CPM of the group is not less than 20. (C) The
stacked bar charts stack bars that represent different tRNA isodecoders on top of each other, respectively. The height of the resulting bar shows the combined
result of tRNA isodecoders. (D) The stacked bar charts represent the length distribution of tsRNA subtype for each group. CPM: counts per million of total aligned reads.
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TABLE 1 | The top 10 up-regulated and down-regulated tsRNAs ranked by logFC after Cd exposure.

tsRNA_ID Type tRFdb_ID Length logFC padj Regulation

tRF-59:75-Pro-AGG-1-M4 tRF-3a - 17 4.186784 0.024808 Up
tiRNA-1:34-Glu-TTC-3 tiRNA-5 - 34 4.124974 0.001015 Up
tRF-69:86-Leu-CAA-1-M5 tRF-3a 3018a 18 3.881438 0.01871 Up
tRF-1:15-Ala-AGC-1-M3 tRF-5a - 15 3.739387 0.033242 Up
tRF-1:22-Ser-AGA-1-M3 tRF-5b - 22 3.625968 0.002213 Up
tiRNA-1:34-Glu-CTC-2 tiRNA-5 - 34 3.58281 0.006484 Up
tRF-58:75-Pro-AGG-1-M4 tRF-3a 3003a 18 3.443005 0.045347 Up
tiRNA-1:34-Glu-CTC-1 tiRNA-5 - 34 3.400312 0.003704 Up
tRF-58:75-Gln-CTG-1-M7 tRF-3a 3007a 18 3.320385 0.044557 Up
tiRNA-1:34-Ala-CGC-5 tiRNA-5 - 34 3.300042 0.0144 Up
tRF-1:28-His-GTG-2 tRF-5c - 28 −2.24893 0.036493 Down
tiRNA-1:34-His-GTG-2 tiRNA-5 - 34 −2.25266 0.00901 Down
tRF-1:30-Gly-TCC-1 tRF-5c - 30 −2.41074 0.004686 Down
tRF-1:31-Gly-TCC-1 tRF-5c - 31 −2.42949 0.010598 Down
tRF-1:30-His-GTG-2 tRF-5c - 30 −2.73888 0.001015 Down
tRF-1:22-Gly-GCC-2-M3 tRF-5b 5004a 22 −2.78403 0.018232 Down
tRF-1:29-His-GTG-2 tRF-5c - 29 −2.912 0.001015 Down
tRF-1:24-Gly-GCC-2-M3 tRF-5b - 24 −2.96808 0.001015 Down
tRF-1:16-Gly-CCC-1 tRF-5a - 16 −3.02596 0.018232 Down
tRF-1:23-Glu-CTC-1-M3 tRF-5b 5022b 23 −3.10811 0.008184 Down

FIGURE 3 | Differential expression analysis of tsRNAs between the two groups. (A) The heat-map for the differentially expressed tsRNAs between the two groups.
The color in the panel represents the relative expression level (log2-transformed). The colored bar at the top panel shows the different groups. (B) The volcano plot is
constructed by plotting -log10 (p-value) on the y-axis, and tsRNAs expression log2 (fold change) between the two experimental groups on the x-axis, providing a
visualization method to perform a quick visual identification of the differentially expressed tsRNAs. (C) The validation of the 10 up-regulated tsRNAs and 8 down-
regulated tsRNAs using qRT-PCR, respectively (n � 6). All results are expressed as the mean ± SD. Labeled asterisk represents statistical significance compared with the
respective control group. *p < 0.05, **p < 0.01 and ***p < 0.001. ns, no significant difference.
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perform an miRNA-like mode of action and identify their mRNA
targets by antisense pairing, inhibiting the expression level of the
targets (Kumar et al., 2014; Kumar et al., 2016; Riffo-Campos
et al., 2016) (Figure 4A). Among 16 differentially expressed
tsRNAs verified above, we excluded 2 tsRNAs with the same
seed sequence as the other sequences. Finally, 14 tsRNAs were
selected for bioinformatics analysis (Table 2). And then, we used

two algorithms (TargetScan and miRanda) to predict the mRNA
targets of the 14 candidate tsRNAs. Combined with the two
algorithms together, we obtained a total of 2,527 mRNA targets.

For further acknowledgment of the 14 candidate tsRNAs,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional enrichment analyses were
conducted to unveil their potential regulation functions. GO
enrichment analysis covers three parts: biological process (BP),
cellular component (CC), and molecular function (MF). As for
BP and MF, the main pathways enriched were related to ion
transmembrane transport and lipid metabolism. In terms of CC,
these target genes were mainly response for cell membrane
system, especially all kinds of organelle membrane (Figure 4B).

According to the KEGG enrichment analysis, Calcium signaling
pathway (mmu04020), FoxO signaling pathway (mmu04068),
cAMP signaling pathway (mmu04024), Cytokine-cytokine
receptor interaction (mmu04060) were involved, and the top ten
significant pathways were displayed in Figure 4C.

Besides, target gene prediction and enrichment analysis were also
carried out for tRF-3a that specifically appeared after Cd exposure
using the above method. Surprisingly, As for CC and MF, the main
pathways enriched were related to ion transmembrane transport and
cell membrane system, especially all kinds of organelle membrane. In
terms of BP, no pathwaywas enriched (Supplementary Figure S1A).
As for KEGG enrichment analysis, Calcium signaling pathway
(mmu04020), Neuroactive ligand-receptor interaction
(mmu04080), and Wnt signaling pathway (mmu04310) were
involved, and the top ten significant pathways were displayed in
Supplementary Figure S1B.

Ion channels are pore-forming proteins expressed in cell
membranes that allow only specific ions to pass through and
help maintain optimal ion concentrations (Goyal et al., 2017).
Thus, ion channels help regulate cellular activity by maintaining
a balance of ion concentrations and are intimately involved in almost
all aspects of physiology such as excitation, signaling, gene
regulation, secretion, and absorption (Bagal et al., 2013; Rubaiy,
2017). Therefore, ion channels are prerequisite for maintaining the
normal functions of cell. In view of the bioinformatic anslysis of the
target genes and the relevant literature, it is plausible to hypothesize
that potential target genes of differentially expressed tsRNA in sperm
may influence the permeability of cell membrane system, especially
the various organelles membrane, by influencing various ion
channels. Mitochondrion is a membrane-bound organelle found
in the cytoplasm of eukaryotic cells, the primary function of which is
to generate large quantities of energy to maintain the basic functions
of cells. Lysosome is also a membrane-bound organelle, which
contains a wide varity of hydrolytic enzymes that have the
capability to break down many types of biomolecules. So, in the
next exploration, we will focus on these two typical membrane-
enclosed organelles.

Effects of Cadmium Exposure on Progeny
Embryo
After fertilization, Differentially expressed tsRNAs in sperm
could be transmitted to zygotes and affect early embryonic
development by regulating the expression of potential target

FIGURE 4 | Bioinformatic prediction and functional enrichment analysis
of differentially expressed tsRNAs between the two groups. (A) The 2D
structure of the interaction between tsRNA and predicted genes,
demonstrating the specific location of the binding site on the 3′UTR
(mRNA) or the full length of a particular sequence. (B) GO enrichment analysis
for the 14 differentially expressed tsRNAs. (C) KEGG pathway analysis for the
14 differentially expressed tsRNAs. GO, Gene ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes database.
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genes. In view of the enriched pathways of the target genes, it is
plausible to speculate that these 14 tsRNAs might affect cell
membrane system, especially all kinds of organelle membrane, by
regulating the ion channel complexus.

Hence, we used embryo immunofluorescence to determine the
amount of mitochondria in different stages of embryonic cells.

We found that the mitochondrial content decreased in the two-
cell stage (Figure 5A), but increased significantly in the morula
stage (Figure 5B). As for the enhanced fluorescence of
mitochondria in morula stage, it may be just a manifestation
of enhanced mitochondrial activity to meet the needs of
embryonic development. However, this question needs further

TABLE 2 | The candidate tsRNAs selected for bioinformatics

tsRNA_ID Type tRFdb_ID Length logFC padj Regulation

tiRNA-1:33-Pro-CGG-1 tiRNA-5 - 33 2.667854 0.009664 Up
tRF-1:22-Ser-GCT-1-M4 tRF-5b - 22 2.336799 0.05431 Up
tRF-58:75-Gln-CTG-1-M7 tRF-3a 3007a 18 3.320385 0.044557 Up
tRF-69:86-Leu-CAA-1-M5 tRF-3a 3018a 18 3.881438 0.01871 Up
tRF-1:16-Leu-TAG-3 tRF-5a - 16 1.627943 0.041306 Up
tRF-1:22-Ser-AGA-1-M3 tRF-5b - 22 3.491182 0.00942 Up
tRF-1:32-Gly-ACC-1 tRF-5c - 32 1.950371 0.044087 Up
tRF-1:22-Lys-TTT-1 tRF-5b - 22 1.949221 0.046665 Up
tRF-60:76-Tyr-GTA-1-M5 tRF-3a 3046a 17 3.22135 0.069064 Up
tRF-1:28-Gly-GCC-1 tRF-5c - 28 −1.47745 0.017336 Down
tRF-1:23-Glu-CTC-1-M3 tRF-5b 5022b 23 −3.07916 0.001160 Down
tRF-1:28-Glu-TTC-2 tRF-5c - 28 −1.81963 0.009118 Down
tRF-1:31-His-GTG-1 tRF-5c - 31 −1.67124 0.015401 Down
tRF-1:14-Gly-CCC-1 tRF-5a - 14 −2.34437 0.008618 Down

FIGURE 5 | Effects of Cd exposure on progeny embryo. (A) The immunofluorescence and quantification analysis of VDAC1/2 in 2-cell embryos (scale bar � 50 μm,
n � 5). (B) The immunofluorescence and quantification analysis of VDAC1/2 in morulas (scale bar � 50 μm, n � 5). All results are expressed as the mean ± SD. Labeled
asterisk represents statistical significance compared with the respective control group. *p < 0.05, **p < 0.01.
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FIGURE 6 | Effects of Cd exposure on progeny testis. (A) Transmission electron microscopy (TEM) results of the testes in mice. The black arrows manifest the
mitochondrial vacuole, accompanied by the decreased mitochondrial cristae. (B) The immunofluorescence and quantification analysis of LAMP2 and VDAC1/2 in the
testes of F1 mice at 6 days after birth (scale bar � 50 μm, n � 3). (C) The immunofluorescence and quantification analysis of LAMP2 and VDAC1/2 in the testes of F1mice
at 16 weeks (scale bar � 50 μm, n � 3). (D) The protein levels of LAMP2 and VDAC1/2 in mice testicular tissue at 6 days were measured by western blotting (n � 3).
(E) The protein levels of LAMP2 and VDAC1/2 in mice testicular tissue at 16 weeks were measured by western blotting (n � 3). All results are expressed as the mean ±
SD. Labeled asterisk represents statistical significance compared with the respective control group. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, ns, no
significant difference.
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experimental verification. However, whether the change of
mitochondrial content in early embryonic cells continues into
adulthood and has an effect on the progeny remains to be further
observed.

Effects of Cadmium Exposure on Progeny
Testis
The role of cell membrane system in the structure and function of
the male reproductive system has been an interesting and
important research area. To investigate whether parental Cd
exposure affects the structure and function of the cell
membrane system in progeny testis, we used transmission
electron microscopy, immunofluorescence and western blot to
study the contents of mitochondria and lysosomes in testes at
different periods.

First, the testes of 6 day-old mice were examined by
transmission electron microscopy. Interestingly, it was found
that the number of mitochondrion increased significantly in the
type A spermatogonia, Sertoli cells and interstitial cells of F1-Cd
group, accompanied by mitochondrial vacuolation (Figure 6A).
Then, we used immunofluorescence to detect mitochondrial
and lysosomal related molecular markers (VDAC1/2, LAMP2)
to investigate the content of mitochondria and lysosomes. The
results showed that the expression levels of VDAC1/2 and
LAMP2 were significantly increased in the testes of F1-Cd
mice, compared with that of the control group (Figure 6B).
To verify this phenomenon, western blotting was further used to
detect mitochondrial and lysosomal contents. In line with
immunofluorescence results, western blotting result of
VDAC1/2 showed increased mitochondrial contents in the
F1-Cd group (Figure 6D). Although an increasing trend was
observed in the western blotting result of LAMP2, there was no
significant difference between the two groups (Figure 6D).

Next, the testes of 16 week-old mice were examined by
immunofluorescence. Surprisingly, mitochondrial and
lysosomal related markers (VDAC1/2 and LAMP2) in the F1-
Cd group were significantly lower than those in the F1-Ctrl group
(Figure 6C). To verify this phenomenon, western blotting was
further used to detect mitochondrial and lysosomal contents. In
line with immunofluorescence results, western blotting results of
VDAC1/2 and LAMP2 also showed decreased mitochondrial and
lysosomal contents in the F1-Cd group (Figure 6E).

Above all, these immunofluorescence and western blotting
results in the testes of 16 week-old mice were inconsistent with
those of 6 day-old mice. The possible explanation is that energy
metabolism at different physiological stages is inconsistent, which
leads to dynamic changes of mitochondrial and lysosomal
contents. And it is strange that LAMP2 appeared to be
concentrated in the testicular interstitial tissue of adult mice in
both the F1-Cd and F1-Ctrl groups, while its signal appeared to be
more ubiquitous in 6 day-old mice. This might be due to the
increased demand for testosterone synthesis in adult male mice,
resulting in increased levels of autophagy and lysosomes in the
interstitial tissue. Lysosomes regulate testosterone synthesis
involving various processes of autophagy (Gao et al., 2018; Alu
et al., 2020; Zeng et al., 2021).

Collectively, these data indicated that paternal Cd exposure
may influence progeny testis metabolism through cell membrane
system.

Effects of Cadmium Exposure on Progeny
Liver
Liver is an essential metabolic organ, which maintains energy
metabolism homeostasis and are abundant in organelles (Rui,
2014). Therefore, we first used transmission electron microscopy
to observed the organelles in the liver cells of 16 week-old male
offspring of Cd-exposed group. Interestingly, we found that in the
F1-Cd group, the hepatic cells were edema and the number of
mitochondria increased accompanied by mitochondrial
membrane rupture (Figure 7A). Then we used western
blotting to detect the content of mitochondria and lysosomes.
The results showed that the expression levels of VDAC1/2 and
LAMP2 were significantly increased in the F1-Cd group
(Figure 7B). This was consistent with the immunofluorescence
results of VDAC1/2 and LAMP2 in the liver of F1-Cd group
(Figure 7C). These data indicated that paternal Cd exposure may
influence progeny liver metabolism through cell membrane
system.

DISCUSSION

This study systematically revealed the changes of sperm tsRNA
profiles after Cd exposure, which may provide new insights into
the pathophysiology of Cd pollution.We found that there were 14
markedly changed tsRNAs (9 up-regulated and 5 down-
regulated) in the mice sperm after Cd exposure, compared to
the control group. Bioinformatics of tsRNA-mRNA-pathway
interactions revealed the altered biological functions mainly
were related to ion transmembrane transport, lipid metabolism
and cell membrane system. Therefore, we focused on two stages
of early embryo development and selected two organs to study the
impact of these changes on offspring health. Surprisingly, we
found that the contents of mitochondrion and lysosome were
dynamically changed at different physiological stages and in
different organs.

Cadmium (Cd) is a toxic heavy metal and ubiquitous
environmental endocrine disruptor (EDC). Common EDCs,
such as bisphenol A (BPA) (Chen et al., 2015; Mao et al.,
2015; Dobrzyńska et al., 2018), Di-2-ethylhexyl phthalate
(DEHP) (Dobrzyńska et al., 2012), 2,3,7,8-
tetrachlorodibenzop-dioxin (TCDD) (Manikkam et al., 2012;
Baker et al., 2014; Bruner-Tran et al., 2014; Sanabria et al.,
2016), and atrazine (ATZ) (Hao et al., 2016), not only have
adverse effects on the reproductive system of male animals, but
also can cause reproductive harm to the offspring, especially the
decrease of sperm quality. However, the specific mechanism of
how epigenetic changes induced by these EDCs mediate
intergenerational or transgenerational inheritance needs
further exploration. It has been suggested that epigenetic
markers in germ cells (which include DNA methylation,
histone modifications, and small non-coding RNAs) may be
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the carrier of the intergenerational or transgenerational
inheritance. However, on one hand, global DNA methylation
is reprogrammed twice post-fertilization, and histone
modifications are largely removed after fertilization and only
re-established after implantation (Wang et al., 2018). It is
therefore still a major puzzle how these epigenetic markers
bypass epigenetic reprogramming, avoid RNA degradation,
and initiate a cascade of molecular events to eventually affect
offspring phenotypes during early embryonic development. On
the other hand, the research about sperm tsRNA is blooming
again, demonstrating that sperm tsRNAs as a type of paternal
epigenetic information carrier mediate intergenerational or
transgenerational inheritance of acquired traits (Chen et al.,
2016; Sharma et al., 2016; Yan and Zhai, 2016). In our study,
we focused on sperm tsRNA and explored the effects of Cd
exposure on sperm tsRNA expression profile. Through
sequencing and bioinformatics analysis, we explored the
possible mechanism of intergenerational inheritance from the
view of sperm tsRNA-induced changes in cell membrane system.
The mechanism of intergenerational or transgenerational
inheritance is so complex, and we could not rule out the
possibility that multiple epigenetic mechanisms have involved

or interacted in the process. Although the hypothesis that sperm
tsRNA-induced changes in the cell membrane system are
involved in intergenerational inheritance remains a tentative
possibility and requires further confirmation, it is also
attractive. Testing this hypothesis requires further
microinjection of the differential tsRNAs into the zygote to
observe its effect on cell membrane systems and progeny health.

Based on our sequencing and bioinformatics, after Cd
exposure, these altered sperm tsRNAs mainly target ion
channels. By maintaining a balance of ion concentrations
inside and outside the membranes (Goyal et al., 2017), ion
channels are intimately involved in almost all aspects of
physiology such as excitation, signaling, gene regulation,
secretion, and absorption (Bagal et al., 2013; Rubaiy, 2017). So
that, it is plausible to hypothesize that potential target genes of
differentially expressed tsRNA in sperm may influence the
permeability of cell membrane system and further affect the
physiological function of the organism. In addition, according
to our enrichment analysis in Figure 4B, we found that the
enriched pathways were related to various organelle membrane,
for example, mitochondria. So in our experiment, we just focused
on two typical organelles, mitochondria and lysosome. However,

FIGURE 7 | Effects of Cd exposure on progeny liver. (A) Transmission electron microscopy (TEM) results of the liver in mice. The red pentacle represents edema of
the liver cells; the black arrowsmanifest themitochondrial membrane rupture; Mmitochondria; G, Golgi apparatus. (B) The protein levels of LAMP2 and VDAC1/2 inmice
livers at 16 weeks were measured by western blotting (n � 3). (C) The immunofluorescence and quantification analysis of LAMP2 and VDAC1/2 in the livers of F1 mice at
16 weeks (scale bar � 25 μm, n � 3). All results are expressed as the mean ± SD. Labeled asterisk represents statistical significance compared with the respective
control group. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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the effects of cell membrane system damage on the organism are
very extensive, and could affect the physiological functions of all
systems in the body. And that different tissues and organs have
different tolerance to the membrane system damage. So in our
subsequent studies, further research for the plasma membrane or
other organelles should be conducted according to the progeny
phenotype.

Besides, in Figures 5A,B, we found that the mitochondrial
content decreased in the two-cell stage, but increased
significantly in the morula stage. However, previous study
(Thundathil et al., 2005) has suggested that once ovulation,
mtDNA replication is suspended and organelles are divided
into a single blastomere through several rounds of cell
divisions. Despite multiple cell divisions, the mtDNA copy
number of each embryo does not change until the blastocyst
stage (day 5–6 embryo) (Kim et al., 2019). As for the enhanced
fluorescence of mitochondria in morula stage, it may be just a
manifestation of enhanced mitochondrial activity to meet the
needs of embryonic development, rather than the proliferation
of mitochondria. Of course, it is also possible that the damaged
embryos are stressed to initiate mitochondrial replication
prematurely at the morula or early blastocyst stage in order
to meet the needs of embryonic development and prepare for
embryo implantation. However, this question needs further
experimental verification. At the same time, whether the
change of mitochondrial content in early embryonic cells
continues into adulthood and has effects on the progeny
remains to be further observed.

Furthermore, the contents of mitochondria and lysosome in
adult testis were inconsistent with those in 6 day-old testis and
adult liver. The possible explanation is that energy metabolism in
different organs and at different physiological stages is
inconsistent, which leads to dynamic changes of mitochondrial
and lysosomal contents. However, the specific mechanism
remains to be further explored.

Overall, our study revealed the altered expression profile of
sperm tsRNAs after Cd exposure, which might be involved in the
regulation of different biological functions during early embryo
development, and ultimately affecting offspring health. This
information will contribute to further research on the
intergenerational inheritance mechanism of Cd pollution.

Future studies should decipher the specific phenotypes of the
progeny after Cd exposure and the possible mechanism.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the GEO
repository, accession number GSE190236.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Tongji Medical College,
Huazhong University of Science and Technology.

AUTHORS CONTRIBUTIONS

Designed the study and edited the final text: LZ, PS. Performed
the experiments: LZ, JZ, YZ, XW. Wrote the article and prepared
the figures: LZ, MW. Contributed to article revision and critical
discussion: LZ, MW, PS.

FUNDING

This work is supported by the National Key R & D Program of
China (2018YFC1004502).

ACKNOWLEDGMENTS

The authors thank the editors and reviewers for their significant
contributions during the revision period.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.791784/
full#supplementary-material

REFERENCES

Alu, A., Han, X., Ma, X., Wu, M., Wei, Y., and Wei, X. (2020). The Role of
Lysosome in Regulated Necrosis. Acta Pharmaceutica Sinica B 10 (10),
1880–1903. doi:10.1016/j.apsb.2020.07.003

Anderson, P., and Ivanov, P. (2014). tRNA Fragments in Human Health and
Disease. FEBS Lett. 588 (23), 4297–4304. doi:10.1016/j.febslet.2014.09.001

Anway, M. D., Cupp, A. S., Uzumcu, M., and Skinner, M. K. (2005).
Epigenetic Transgenerational Actions of Endocrine Disruptors and
Male Fertility. Science 308 (5727), 1466–1469. doi:10.1126/
science.1108190

Bagal, S. K., Brown, A. D., Cox, P. J., Omoto, K., Owen, R. M., Pryde, D. C., et al.
(2013). Ion Channels as Therapeutic Targets: a Drug Discovery Perspective.
J. Med. Chem. 56 (3), 593–624. doi:10.1021/jm3011433

Baker, T. R., King-Heiden, T. C., Peterson, R. E., and Heideman, W. (2014). Dioxin
Induction of Transgenerational Inheritance of Disease in Zebrafish. Mol. Cel
Endocrinol 398 (1-2), 36–41. doi:10.1016/j.mce.2014.08.011

Benito, E., Kerimoglu, C., Ramachandran, B., Pena-Centeno, T., Jain, G., Stilling, R.
M., et al. (2018). RNA-dependent Intergenerational Inheritance of Enhanced
Synaptic Plasticity after Environmental Enrichment. Cel Rep. 23 (2), 546–554.
doi:10.1016/j.celrep.2018.03.059

Bruner-Tran, K. L., Ding, T., Yeoman, K. B., Archibong, A., Arosh, J. A., and
Osteen, K. G. (2014). Developmental Exposure of Mice to Dioxin Promotes
Transgenerational Testicular Inflammation and an Increased Risk of Preterm
Birth in Unexposed Mating Partners. PloS one 9 (8), e105084. doi:10.1371/
journal.pone.0105084

Chen, J., Xiao, Y., Gai, Z., Li, R., Zhu, Z., Bai, C., et al. (2015). Reproductive Toxicity of Low
Level BisphenolAExposures in aTwo-Generation ZebrafishAssay: Evidence ofMale-
specific Effects. Aquat. Toxicol. 169, 204–214. doi:10.1016/j.aquatox.2015.10.020

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 79178413

Zeng et al. Cadmium Affects Sperm tsRNAs

https://www.frontiersin.org/articles/10.3389/fcell.2021.791784/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.791784/full#supplementary-material
https://doi.org/10.1016/j.apsb.2020.07.003
https://doi.org/10.1016/j.febslet.2014.09.001
https://doi.org/10.1126/science.1108190
https://doi.org/10.1126/science.1108190
https://doi.org/10.1021/jm3011433
https://doi.org/10.1016/j.mce.2014.08.011
https://doi.org/10.1016/j.celrep.2018.03.059
https://doi.org/10.1371/journal.pone.0105084
https://doi.org/10.1371/journal.pone.0105084
https://doi.org/10.1016/j.aquatox.2015.10.020
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Chen, N., Su, P.,Wang,M., and Li, Y.-M. (2018). Ascorbic Acid Inhibits Cadmium-
Induced Disruption of the Blood-Testis Barrier by Regulating Oxidative Stress-
Mediated P38 MAPK Pathways. Environ. Sci. Pollut. Res. 25 (22), 21713–21720.
doi:10.1007/s11356-018-2138-4

Chen, Q., Yan, M., Cao, Z., Li, X., Zhang, Y., Shi, J., et al. (2016). Sperm
tsRNAs Contribute to Intergenerational Inheritance of an Acquired
Metabolic Disorder. Science 351 (6271), 397–400. doi:10.1126/
science.aad7977

Cole, C., Sobala, A., Lu, C., Thatcher, S. R., Bowman, A., Brown, J. W. S., et al.
(2009). Filtering of Deep Sequencing Data Reveals the Existence of Abundant
Dicer-dependent Small RNAs Derived from tRNAs. RNA 15 (12), 2147–2160.
doi:10.1261/rna.1738409

Cupertino, M. C., Novaes, R. D., Santos, E. C., Neves, A. C., Silva, E., Oliveira, J. A.,
et al. (2017). Differential Susceptibility of Germ and Leydig Cells to Cadmium-
Mediated Toxicity: Impact on Testis Structure, Adiponectin Levels, and
Steroidogenesis.

Cupertino, M. C., Novaes, R. D., Santos, E. C., Neves, A. C., Silva, E., Oliveira, J. A.,
et al. (2017). Differential Susceptibility of Germ and Leydig Cells to Cadmium-
Mediated Toxicity: Impact on Testis Structure, Adiponectin Levels, and
Steroidogenesis. Oxid Med. Cel Longev 2017, 3405089. doi:10.1155/2017/
3405089

de Castro Barbosa, T., Ingerslev, L. R., Alm, P. S., Versteyhe, S., Massart, J.,
Rasmussen, M., et al. (2016). High-fat Diet Reprograms the Epigenome of Rat
Spermatozoa and Transgenerationally Affects Metabolism of the Offspring.
Mol. Metab. 5 (3), 184–197. doi:10.1016/j.molmet.2015.12.002

Dobrzyńska, M. M., Gajowik, A., Jankowska-Steifer, E. A., Radzikowska, J., and
Tyrkiel, E. J. (2018). Reproductive and Developmental F1 Toxicity Following
Exposure of Pubescent F0 Male Mice to Bisphenol A Alone and in a
Combination with X-Rays Irradiation. Toxicology 410, 142–151. doi:10.1016/
j.tox.2018.10.007

Dobrzyńska, M. M., Tyrkiel, E. J., Derezińska, E., Pachocki, K. A., and Ludwicki,
J. K. (2012). Two generation reproductive and developmental toxicity following
subchronic exposure of pubescent male mice to di(2-ethylhexyl)phthalate. Ann.
Agric. Environ. Med. : AAEM 19 (1), 31–37.

Donkin, I., Versteyhe, S., Ingerslev, L. R., Qian, K., Mechta, M., Nordkap, L., et al.
(2016). Obesity and Bariatric Surgery Drive Epigenetic Variation of
Spermatozoa in Humans. Cel Metab. 23 (2), 369–378. doi:10.1016/
j.cmet.2015.11.004

Egbowon, B. F., Harris, W., Arnott, G., Mills, C. L., and Hargreaves, A. J. (2016).
Sub-lethal Concentrations of CdCl2 Disrupt Cell Migration and Cytoskeletal
Proteins in Cultured Mouse TM4 Sertoli Cells. Toxicol. Vitro 32, 154–165.
doi:10.1016/j.tiv.2015.12.017

Elkordy, A., Mishima, E., Niizuma, K., Akiyama, Y., Fujimura, M., Tominaga,
T., et al. (2018). Stress-induced tRNA Cleavage and tiRNA Generation in
Rat Neuronal PC12 Cells. J. Neurochem. 146 (5), 560–569. doi:10.1111/
jnc.14321

Enright, A. J., John, B., Gaul, U., Tuschl, T., Sander, C., and Marks, D. S. (2003).
MicroRNA Targets in Drosophila. Genome Biol. 5 (1), R1. doi:10.1186/gb-
2003-5-1-r1

Fang, Y., Xiang, Y., Lu, X., Dong, X., Zhang, J., and Zhong, S. (2020). Epigenetic
Dysregulation of Mdr1b in the Blood-Testis Barrier Contributes to
Dyszoospermia in Mice Exposed to Cadmium. Ecotoxicology Environ. Saf.
190, 110142. doi:10.1016/j.ecoenv.2019.110142

Faroon, O., Ashizawa, A., Wright, S., Tucker, P., Jenkins, K., Ingerman, L., et al.
(2012). “Agency for Toxic Substances and Disease Registry (ATSDR)
Toxicological Profiles,” in Toxicological Profile for Cadmium (Atlanta (GA):
Agency for Toxic Substances and Disease Registry US.

Friedländer, M. R., Mackowiak, S. D., Li, N., Chen, W., and Rajewsky, N. (2012).
miRDeep2 Accurately Identifies Known and Hundreds of Novel microRNA
Genes in Seven Animal Clades. Nucleic Acids Res. 40 (1), 37–52. doi:10.1093/
nar/gkr688

Friedman, R. C., Farh, K. K.-H., Burge, C. B., and Bartel, D. P. (2009). Most
Mammalian mRNAs Are Conserved Targets of microRNAs. Genome Res. 19
(1), 92–105. doi:10.1101/gr.082701.108

Gao, F., Li, G., Liu, C., Gao, H., Wang, H., Liu, W., et al. (2018). Autophagy
Regulates Testosterone Synthesis by Facilitating Cholesterol Uptake in Leydig
Cells. J. Cel Biol 217 (6), 2103–2119. doi:10.1083/jcb.201710078

Gapp, K., Jawaid, A., Sarkies, P., Bohacek, J., Pelczar, P., Prados, J., et al. (2014).
Implication of Sperm RNAs in Transgenerational Inheritance of the Effects of
Early Trauma in Mice. Nat. Neurosci. 17 (5), 667–669. doi:10.1038/nn.3695

Genchi, G., Sinicropi, M. S., Lauria, G., Carocci, A., and Catalano, A. (2020). The
Effects of Cadmium Toxicity. Int. J. Environ. Res. Public Health 17 (11).
doi:10.3390/ijerph17113782

Geslain, R., and Pan, T. (2010). Functional Analysis of Human tRNA Isodecoders.
J. Mol. Biol. 396 (3), 821–831. doi:10.1016/j.jmb.2009.12.018

Goyal, N., Thatai, P., and Sapra, B. (2017). Surging Footprints of Mathematical
Modeling for Prediction of Transdermal Permeability. Asian J. Pharm. Sci. 12
(4), 299–325. doi:10.1016/j.ajps.2017.01.005

Grimson, A., Farh, K. K.-H., Johnston, W. K., Garrett-Engele, P., Lim, L. P., and
Bartel, D. P. (2007). MicroRNA Targeting Specificity in Mammals:
Determinants beyond Seed Pairing. Mol. Cel. 27 (1), 91–105. doi:10.1016/
j.molcel.2007.06.017

Habib, R., Wahdan, S. A., Gad, A. M., and Azab, S. S. (2019). Infliximab Abrogates
Cadmium-Induced Testicular Damage and Spermiotoxicity via Enhancement
of Steroidogenesis and Suppression of Inflammation and Apoptosis Mediators.
Ecotoxicology Environ. Saf. 182, 109398. doi:10.1016/j.ecoenv.2019.109398

Hao, C., Gely-Pernot, A., Kervarrec, C., Boudjema, M., Becker, E., Khil, P., et al.
(2016). Exposure to the Widely Used Herbicide Atrazine Results in
Deregulation of Global Tissue-specific RNA Transcription in the Third
Generation and Is Associated with a Global Decrease of Histone
Trimethylation in Mice. Nucleic Acids Res. 44 (20), 9784–9802. doi:10.1093/
nar/gkw840

Jan, C. H., Friedman, R. C., Ruby, J. G., and Bartel, D. P. (2011). Formation,
Regulation and Evolution of Caenorhabditis elegans 3′UTRs. Nature 469
(7328), 97–101. doi:10.1038/nature09616

Järup, L., and Åkesson, A. (2009). Current Status of Cadmium as an Environmental
Health Problem. Toxicol. Appl. Pharmacol. 238 (3), 201–208. doi:10.1016/
j.taap.2009.04.020

Ji, Y.-L., Wang, H., Meng, C., Zhao, X.-F., Zhang, C., Zhang, Y., et al. (2012).
Melatonin Alleviates Cadmium-Induced Cellular Stress and Germ Cell
Apoptosis in Testes. Journal of Pineal Research, 52(1), 71–79. doi:10.1111/
j.1600-079x.2011.00921.x

Kim, H. K., Fuchs, G., Wang, S., Wei, W., Zhang, Y., Park, H., et al. (2017). A
Transfer-RNA-Derived Small RNA Regulates Ribosome Biogenesis.Nature 552
(7683), 57–62. doi:10.1038/nature25005

Kim, K., Kenigsberg, S., Kenigsberg, S., Jurisicova, A., and Bentov, Y. (2019). The
Role of Mitochondria in Oocyte and Early Embryo Health. Obm Genet. 3 (1), 1.
doi:10.21926/obm.genet.1901070

Kumar, P., Anaya, J., Mudunuri, S. B., and Dutta, A. (2014). Meta-analysis of tRNA
Derived RNA Fragments Reveals that They Are Evolutionarily Conserved and
Associate with AGO Proteins to Recognize Specific RNA Targets. BMC Biol. 12,
78. doi:10.1186/s12915-014-0078-0

Kumar, P., Kuscu, C., and Dutta, A. (2016). Biogenesis and Function of Transfer
RNA-Related Fragments (tRFs). Trends Biochem. Sci. 41 (8), 679–689.
doi:10.1016/j.tibs.2016.05.004

Lee, Y. S., Shibata, Y., Malhotra, A., and Dutta, A. (2009). A Novel Class of Small
RNAs: tRNA-Derived RNA Fragments (tRFs). Genes Dev. 23 (22), 2639–2649.
doi:10.1101/gad.1837609

Lewis, B. P., Burge, C. B., and Bartel, D. P. (2005). Conserved Seed Pairing, Often
Flanked by Adenosines, Indicates that Thousands of Human Genes Are
microRNA Targets. Cell 120 (1), 15–20. doi:10.1016/j.cell.2004.12.035

Li, P., Tang, T., Liu, T., Zhou, J., Cui, H., He, Z., et al. (2019). Systematic Analysis of
tRNA-Derived Small RNAs Reveals Novel Potential Therapeutic
Targets of Traditional Chinese Medicine (Buyang-Huanwu-Decoction) on
Intracerebral Hemorrhage. Int. J. Biol. Sci. 15 (4), 895–908. doi:10.7150/
ijbs.29744

Love, M. I., Huber, W., and Anders, S. (2014). Moderated Estimation of Fold
Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15 (12),
550. doi:10.1186/s13059-014-0550-8

Lyons, S. M., Fay, M. M., and Ivanov, P. (2018). The Role of RNAModifications in
the Regulation of tRNA Cleavage. FEBS Lett. 592 (17), 2828–2844. doi:10.1002/
1873-3468.13205

Manikkam, M., Tracey, R., Guerrero-Bosagna, C., and Skinner, M. K. (2012).
Dioxin (TCDD) Induces Epigenetic Transgenerational Inheritance of Adult

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 79178414

Zeng et al. Cadmium Affects Sperm tsRNAs

https://doi.org/10.1007/s11356-018-2138-4
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1261/rna.1738409
https://doi.org/10.1155/2017/3405089
https://doi.org/10.1155/2017/3405089
https://doi.org/10.1016/j.molmet.2015.12.002
https://doi.org/10.1016/j.tox.2018.10.007
https://doi.org/10.1016/j.tox.2018.10.007
https://doi.org/10.1016/j.cmet.2015.11.004
https://doi.org/10.1016/j.cmet.2015.11.004
https://doi.org/10.1016/j.tiv.2015.12.017
https://doi.org/10.1111/jnc.14321
https://doi.org/10.1111/jnc.14321
https://doi.org/10.1186/gb-2003-5-1-r1
https://doi.org/10.1186/gb-2003-5-1-r1
https://doi.org/10.1016/j.ecoenv.2019.110142
https://doi.org/10.1093/nar/gkr688
https://doi.org/10.1093/nar/gkr688
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1083/jcb.201710078
https://doi.org/10.1038/nn.3695
https://doi.org/10.3390/ijerph17113782
https://doi.org/10.1016/j.jmb.2009.12.018
https://doi.org/10.1016/j.ajps.2017.01.005
https://doi.org/10.1016/j.molcel.2007.06.017
https://doi.org/10.1016/j.molcel.2007.06.017
https://doi.org/10.1016/j.ecoenv.2019.109398
https://doi.org/10.1093/nar/gkw840
https://doi.org/10.1093/nar/gkw840
https://doi.org/10.1038/nature09616
https://doi.org/10.1016/j.taap.2009.04.020
https://doi.org/10.1016/j.taap.2009.04.020
https://doi.org/10.1111/j.1600-079x.2011.00921.x
https://doi.org/10.1111/j.1600-079x.2011.00921.x
https://doi.org/10.1038/nature25005
https://doi.org/10.21926/obm.genet.1901070
https://doi.org/10.1186/s12915-014-0078-0
https://doi.org/10.1016/j.tibs.2016.05.004
https://doi.org/10.1101/gad.1837609
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.7150/ijbs.29744
https://doi.org/10.7150/ijbs.29744
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/1873-3468.13205
https://doi.org/10.1002/1873-3468.13205
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Onset Disease and Sperm Epimutations. PloS one 7 (9), e46249. doi:10.1371/
journal.pone.0046249

Mao, Z., Xia, W., Chang, H., Huo, W., Li, Y., and Xu, S. (2015). Paternal BPA
Exposure in Early Life Alters Igf2 Epigenetic Status in Sperm and Induces
Pancreatic Impairment in Rat Offspring. Toxicol. Lett. 238 (3), 30–38.
doi:10.1016/j.toxlet.2015.08.009

Martinez, G., Choudury, S. G., and Slotkin, R. K. (2017). tRNA-derived Small
RNAs Target Transposable Element Transcripts. Nucleic Acids Res. 45 (9),
5142–5152. doi:10.1093/nar/gkx103

Mathur, P. P., and D’cruz, S. C. (2011). The Effect of Environmental Contaminants
on Testicular Function. Asian J. Androl. 13 (4), 585–591. doi:10.1038/
aja.2011.40

Ng, S.-F., Lin, R. C. Y., Laybutt, D. R., Barres, R., Owens, J. A., and Morris, M. J.
(2010). Chronic High-Fat Diet in Fathers Programs β-cell Dysfunction in
Female Rat Offspring. Nature 467 (7318), 963–966. doi:10.1038/nature09491

Peng, H., Shi, J., Zhang, Y., Zhang, H., Liao, S., Li, W., et al. (2012). A Novel Class of
tRNA-Derived Small RNAs Extremely Enriched in Mature Mouse Sperm. Cell
Res 22 (11), 1609–1612. doi:10.1038/cr.2012.141

Perez, M. F., and Lehner, B. (2019). Intergenerational and Transgenerational
Epigenetic Inheritance in Animals. Nat. Cel. Biol. 21 (2), 143–151.
doi:10.1038/s41556-018-0242-9

Riffo-Campos, Á. L., Riquelme, I., and Brebi-Mieville, P. (2016). Tools for
Sequence-Based miRNA Target Prediction: What to Choose? Int. J. Mol. Sci.
17 (12). doi:10.3390/ijms17121987

Ru, Y., Kechris, K. J., Tabakoff, B., Hoffman, P., Radcliffe, R. A., Bowler, R., et al.
(2014). The multiMiR R Package and Database: Integration of microRNA-
Target Interactions along with Their Disease and Drug Associations. Nucleic
Acids Res. 42 (17), e133. doi:10.1093/nar/gku631

Rubaiy, H. N. (2017). A Short Guide to Electrophysiology and Ion Channels. J.
Pharm. Pharm. Sci. 20, 48–67. doi:10.18433/j32p6r

Rui, L. (2014). Energy Metabolism in the Liver. Compr. Physiol. 4 (1), 177–197.
doi:10.1002/cphy.c130024

Saikia, M., Jobava, R., Parisien, M., Putnam, A., Krokowski, D., Gao, X.-H., et al.
(2014). Angiogenin-Cleaved tRNA Halves Interact with Cytochrome C ,
Protecting Cells from Apoptosis during Osmotic Stress. Mol. Cel Biol. 34
(13), 2450–2463. doi:10.1128/mcb.00136-14

Salian, S., Doshi, T., and Vanage, G. (2009). Impairment in Protein Expression Profile of
Testicular SteroidReceptorCoregulators inMaleRatOffspring Perinatally Exposed to
Bisphenol A. Life Sci. 85 (1-2), 11–18. doi:10.1016/j.lfs.2009.04.005

Sanabria, M., Cucielo, M. S., Guerra, M. T., Dos Santos Borges, C., Banzato, T. P.,
Perobelli, J. E., et al. (2016). Sperm Quality and Fertility in Rats after Prenatal
Exposure to Low Doses of TCDD: A Three-Generation Study. Reprod. Toxicol.
65, 29–38. doi:10.1016/j.reprotox.2016.06.019

Satarug, S. (2018). Dietary Cadmium Intake and its Effects on Kidneys. Toxics 6 (1).
doi:10.3390/toxics6010015

Sharma, U., Conine, C. C., Shea, J. M., Boskovic, A., Derr, A. G., Bing, X. Y., et al.
(2016). Biogenesis and Function of tRNA Fragments during Sperm Maturation
and Fertilization in Mammals. Science 351 (6271), 391–396. doi:10.1126/
science.aad6780

Shi, X., and Fu, L. (2019). Piceatannol Inhibits Oxidative Stress through
Modification of Nrf2-Signaling Pathway in Testes and Attenuates
Spermatogenesis and Steroidogenesis in Rats Exposed to Cadmium during
Adulthood. Dddt 13, 2811–2824. doi:10.2147/dddt.s198444

Shi, Z., Carey, M., Meharg, C., Williams, P. N., Signes-Pastor, A. J., Triwardhani, E.
A., et al. (2020). Rice Grain Cadmium Concentrations in the Global Supply-
Chain. Expo. Health 12 (4), 869–876. doi:10.1007/s12403-020-00349-6

Sirot, V., Samieri, C., Volatier, J.-l., and Leblanc, J.-c. (2008). Cadmium Dietary
Intake and Biomarker Data in French High Seafood Consumers. J. Expo. Sci.
Environ. Epidemiol. 18 (4), 400–409. doi:10.1038/sj.jes.7500615

Skinner, M. K. (2008). What Is an Epigenetic Transgenerational Phenotype?
Reprod. Toxicol. 25 (1), 2–6. doi:10.1016/j.reprotox.2007.09.001

Skvortsova, K., Iovino, N., and Bogdanović, O. (2018). Functions and Mechanisms
of Epigenetic Inheritance in Animals. Nat. Rev. Mol. Cel Biol. 19 (12), 774–790.
doi:10.1038/s41580-018-0074-2

Taha, M. M., Mahdy-Abdallah, H., Shahy, E. M., Ibrahim, K. S., and Elserougy, S.
(2018). Impact of Occupational Cadmium Exposure on Bone in Sewage
Workers. Int. J. Occup. Environ. Health 24 (3-4), 101–108. doi:10.1080/
10773525.2018.1518745

Thundathil, J., Filion, F., and Smith, L. C. (2005). Molecular Control of
Mitochondrial Function in Preimplantation Mouse Embryos. Mol. Reprod.
Dev. 71 (4), 405–413. doi:10.1002/mrd.20260

Venditti, M., Ben Rhouma, M., Romano, M. Z., Messaoudi, I., Reiter, R. J., and
Minucci, S. (2021). Evidence of Melatonin Ameliorative Effects on the Blood-
Testis Barrier and Sperm Quality Alterations Induced by Cadmium in the Rat
Testis. Ecotoxicology Environ. Saf. 226, 112878. doi:10.1016/
j.ecoenv.2021.112878

Wang, C., Liu, X., Gao, Y., Yang, L., Li, C., Liu, W., et al. (2018).
Reprogramming of H3K9me3-dependent Heterochromatin during
Mammalian Embryo Development. Nat. Cel Biol. 20 (5), 620–631.
doi:10.1038/s41556-018-0093-4

Wang, M., Wang, X.-f., Li, Y.-m., Chen, N., Fan, Y., Huang, W.-k., et al. (2020).
Cross-talk between Autophagy and Apoptosis Regulates Testicular Injury/
recovery Induced by Cadmium via PI3K with mTOR-independent Pathway.
Cell Death Dis. 11 (1), 46. doi:10.1038/s41419-020-2246-1

Wang, X., Wang, M., Zeng, L., and Su, P. (2020). Hypomethylation of LINE-1
Retrotransposons Is Associated with Cadmium-Induced Testicular Injury.
Environ. Sci. Pollut. Res. 27 (32), 40749–40756. doi:10.1007/s11356-020-
10115-5

Wang, Y.-J., Yan, J., Yin, F., Li, L., Qin, Y.-G., Meng, C.-Y., et al. (2017). Role of
Autophagy in Cadmium-Induced Testicular Injury.Hum. Exp. Toxicol. 36 (10),
1039–1048. doi:10.1177/0960327116678300

Wolstenholme, J. T., Edwards, M., Shetty, S. R. J., Gatewood, J. D., Taylor, J. A.,
Rissman, E. F., et al. (2012). Gestational Exposure to Bisphenol a Produces
Transgenerational Changes in Behaviors and Gene Expression. Endocrinology
153 (8), 3828–3838. doi:10.1210/en.2012-1195

Wu, X., Guo, X., Wang, H., Zhou, S., Li, L., Chen, X., et al. (2017). A Brief Exposure
to Cadmium Impairs Leydig Cell Regeneration in the Adult Rat Testis. Sci. Rep.
7 (1), 6337. doi:10.1038/s41598-017-06870-0

Yan, M., and Zhai, Q. (2016). Sperm tsRNAs and Acquired Metabolic Disorders.
J. Endocrinol. 230 (3), F13–F18. doi:10.1530/joe-16-0185

Yehuda, R., Engel, S. M., Brand, S. R., Seckl, J., Marcus, S. M., and Berkowitz, G. S.
(2005). Transgenerational Effects of Posttraumatic Stress Disorder in Babies of
Mothers Exposed to the World Trade Center Attacks during Pregnancy. J. Clin.
Endocrinol. Metab. 90 (7), 4115–4118. doi:10.1210/jc.2005-0550

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.
Biol. 16 (5), 284–287. doi:10.1089/omi.2011.0118

Zeng, L., Zhou, J., Wang, X., Zhang, Y., Wang, M., and Su, P. (2021). Cadmium
Attenuates Testosterone Synthesis by Promoting Ferroptosis and Blocking
Autophagosome-Lysosome Fusion. Free Radic. Biol. Med. 176, 176–188.
doi:10.1016/j.freeradbiomed.2021.09.028

Zhang, Y., Shi, J., Rassoulzadegan, M., Tuorto, F., and Chen, Q. (2019). Sperm RNA
Code Programmes the Metabolic Health of Offspring. Nat. Rev. Endocrinol. 15
(8), 489–498. doi:10.1038/s41574-019-0226-2

Zhang, Y., Zhang, X., Shi, J., Tuorto, F., Li, X., Liu, Y., et al. (2018). Dnmt2Mediates
Intergenerational Transmission of Paternally Acquired Metabolic Disorders
through Sperm Small Non-coding RNAs. Nat. Cel Biol. 20 (5), 535–540.
doi:10.1038/s41556-018-0087-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zeng, Zhou, Zhang, Wang, Wang and Su. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 79178415

Zeng et al. Cadmium Affects Sperm tsRNAs

https://doi.org/10.1371/journal.pone.0046249
https://doi.org/10.1371/journal.pone.0046249
https://doi.org/10.1016/j.toxlet.2015.08.009
https://doi.org/10.1093/nar/gkx103
https://doi.org/10.1038/aja.2011.40
https://doi.org/10.1038/aja.2011.40
https://doi.org/10.1038/nature09491
https://doi.org/10.1038/cr.2012.141
https://doi.org/10.1038/s41556-018-0242-9
https://doi.org/10.3390/ijms17121987
https://doi.org/10.1093/nar/gku631
https://doi.org/10.18433/j32p6r
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1128/mcb.00136-14
https://doi.org/10.1016/j.lfs.2009.04.005
https://doi.org/10.1016/j.reprotox.2016.06.019
https://doi.org/10.3390/toxics6010015
https://doi.org/10.1126/science.aad6780
https://doi.org/10.1126/science.aad6780
https://doi.org/10.2147/dddt.s198444
https://doi.org/10.1007/s12403-020-00349-6
https://doi.org/10.1038/sj.jes.7500615
https://doi.org/10.1016/j.reprotox.2007.09.001
https://doi.org/10.1038/s41580-018-0074-2
https://doi.org/10.1080/10773525.2018.1518745
https://doi.org/10.1080/10773525.2018.1518745
https://doi.org/10.1002/mrd.20260
https://doi.org/10.1016/j.ecoenv.2021.112878
https://doi.org/10.1016/j.ecoenv.2021.112878
https://doi.org/10.1038/s41556-018-0093-4
https://doi.org/10.1038/s41419-020-2246-1
https://doi.org/10.1007/s11356-020-10115-5
https://doi.org/10.1007/s11356-020-10115-5
https://doi.org/10.1177/0960327116678300
https://doi.org/10.1210/en.2012-1195
https://doi.org/10.1038/s41598-017-06870-0
https://doi.org/10.1530/joe-16-0185
https://doi.org/10.1210/jc.2005-0550
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.freeradbiomed.2021.09.028
https://doi.org/10.1038/s41574-019-0226-2
https://doi.org/10.1038/s41556-018-0087-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Differential Expression Profiles and Potential Intergenerational Functions of tRNA-Derived Small RNAs in Mice After Cadmium ...
	Introduction
	Materials and Methods
	Animals and Experimental Groups
	Cadmium Content in the Testis
	Histopathological Analyses of the Testis
	Sperm Parameter Analysis
	Mature Sperm Collection
	RNA Extraction
	Small RNA Library Preparation and Sequencing
	Sequencing Data Analysis
	Bioinformatic Prediction
	qRT-PCR Assay
	Collection of Embryos and Immunofluorescence
	Western Blot Analysis
	Immunofluorescence Microscopy
	Transmission Electron Microscopy
	Statistical Analyses

	Results
	Effects of Cd Exposure on Male Reproductive System in Mice
	Effects of Cd Exposure on Sperm tsRNAs Expression Profile
	Bioinformatics Analysis
	Effects of Cadmium Exposure on Progeny Embryo
	Effects of Cadmium Exposure on Progeny Testis
	Effects of Cadmium Exposure on Progeny Liver

	Discussion
	Data Availability Statement
	Ethics Statement
	Authors Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


