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ABSTRACT

Cadmium exposure is ubiquitous and has been linked to diseases including cancers and reproductive defects. Since
cadmium is nonmutagenic, it is thought to exert its gene dysregulatory effects through epigenetic reprogramming. Several
studies have implicated germline exposure to cadmium in developmental reprogramming. However, most of these studies
have focused on maternal exposure, while the impact on sperm fertility and disease susceptibility has received less
attention. In this study, we used reduced representation bisulfite sequencing to comprehensively investigate the impact of
chronic cadmium exposure on mouse spermatozoa DNA methylation. Adult male C57BL/J6 mice were provided water with
or without cadmium chloride for 9 weeks. Sperm, testes, liver, and kidney tissues were collected at the end of the treatment
period. Cadmium exposure was confirmed through gene expression analysis of metallothionein-1 and 2, 2 well-known
cadmium-induced genes. Analysis of sperm DNA methylation changes revealed 1788 differentially methylated sites present
at regulatory regions in sperm of mice exposed to cadmium compared with vehicle (control) mice. Furthermore, most of
these differential methylation changes positively correlated with changes in gene expression at both the transcription
initiation stage as well as the splicing levels. Interestingly, the genes targeted by cadmium exposure are involved in several
critical developmental processes. Our results present a comprehensive analysis of the sperm methylome in response to
chronic cadmium exposure. These data, therefore, highlight a foundational framework to study gene expression patterns
that may affect fertility in the exposed individual as well as their offspring, through paternal inheritance.
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Through occupational and nonoccupational means, millions of
people worldwide are chronically exposed to cadmium, a ubiq-
uitous heavy metal found in the earth’s crust (Dharmadasa
et al., 2017). In occupational exposure, individuals are exposed

to high levels of cadmium, which has been implicated in many
diseases including lung and prostate cancers, impaired renal
function, and bone disease (Kolonel and Winkelstein, 1977; Liu
et al., 2020; Stayner et al., 1992). However, numerous
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epidemiological studies provide evidence of significant risks
from low-level chronic cadmium exposure with the consequen-
ces of cancers, osteoporosis, and cardiovascular diseases
(Akesson et al., 2008; Eriksen et al., 2014; Julin et al., 2012a,b;
Satarug, 2012). Chronic, low-dose exposure occurs mainly
through tobacco smoke and ingestion of contaminated food and
water (Mannino et al., 2004; National Toxicology Program, 2016).
Cadmium has a low elimination rate (Dharmadasa et al., 2017).
Thus, upon absorption, high concentrations of cadmium can
persist in the body, mainly in the liver and kidney, setting up
potential health risks over time (Peng et al., 2018). A clear mech-
anistic understanding of how cadmium causes disease patho-
genesis and changes in gene expression remains elusive.

Cadmium is not a mutagen yet causes changes in gene ex-
pression. One proposed mechanism by which it mediates these
changes is through dysregulation of the epigenome. Epigenetic
regulation refers to changes in gene expression not caused by
alterations to DNA sequence, but rather by changes in accessi-
bility to the chromatin structure. Epigenetic regulatory factors
implicated in cadmium-induced diseases include changes to
DNA methylation, histone posttranslational modifications, his-
tone variants, noncoding RNAs, and circRNAs (reviewed in Arita
and Costa, 2009; Genchi et al., 2020). The dynamic nature of
these epigenetic regulators, therefore, provides phenotypic
responses to environmental cues. DNA methylation, the most
stable of these regulators, is important in cellular memory,
which maintains cell identity and is the most studied in relation
to cadmium exposure (Bird, 2002; Kim and Costello, 2017).

Cadmium-induced DNA methylation alterations have been
found in a variety of tissue types, including rat liver cells, cancer
cell models, maternal, and newborn blood samples, as well as
in mouse testes (Mohanty et al., 2015; Peng et al., 2018; Sanders
et al., 2014; Takiguchi et al., 2003). On the other hand, studies on
how cadmium dysregulates DNA methylation in the germ cells,
with consequences in fertility and transgenerational inheri-
tance, are limited. Furthermore, these studies have focused
mainly on the impact of cadmium-induced DNA methylation
changes with regards to maternal exposure, while the potential
impact of cadmium-mediated changes on the sperm methyl-
ome has received little attention (Cowley et al., 2018; Jimenez-
Chillaron et al., 2009; Mohanty et al., 2015; Zeng et al., 2019). One
possible explanation for this discrepancy is the long-held belief
that DNA methylation is erased before and during fertilization
(Davis et al., 2000). However, recent evidence now suggests that
at least some methylation marks in the sperm, especially at
imprinted genes, are retained and can be passed on to the next
generation (Carone et al., 2014; Hammoud et al., 2009; Samans
et al., 2014).

Recent studies provide evidence linking paternal lifestyle
with offspring epigenome. For instance, paternal obesity has
been associated with hypomethylation at key imprinted genes
in offspring. Interestingly, this hypomethylation was indepen-
dent of maternal obesity (Soubry et al., 2013, 2015). In addition,
epigenetic profiling of offspring livers showed that food avail-
ability and paternal diet increased the risk of cardiovascular dis-
eases in the offspring (Carone et al., 2010). Another study
observed that a paternal high fat diet reprogrammed the sper-
matozoan epigenome to drive metabolic dysregulation that per-
sists in the F2 generation (de Castro Barbosa et al., 2016). These
studies implicate a major role of paternal inheritance.

In vitro studies investigating cadmium exposure on sperma-
tozoa reported a dose dependent decrease in sperm motility
(Wang et al., 2017; Zhao et al., 2017). Similarly, in vivo studies of
cadmium exposure have shown reduction in sperm quality,

integrity, motility, progressive motility, and viability in both
rats and mice (Adamkovicova et al., 2016; Ige et al., 2012; Oliveira
et al., 2009; Wang et al., 2017). These effects were mostly seen at
higher doses of cadmium. Although high doses affect sperm
parameters, the effects of chronic low-dose cadmium exposure
on the sperm epigenome are currently unknown.

Several studies have shown dysregulation of the sperm
methylome in response to specific environmental factors.
These include exposure to perfluoroalkyl and polyfluoroalkyl
substances (Leter et al., 2014), radiation (Kumar et al., 2013), alco-
hol consumption (Ouko et al., 2009), nicotine/alcohol (Zhang
et al., 2019), cigarette smoke (Jenkins et al., 2017), and vinclozolin
(Skinner et al., 2019). These studies show dysregulated methyla-
tion at both imprinted and nonimprinted levels, correlating
with processes that might affect sperm quality and fertilization,
as well as progeny. How cadmium impacts the sperm methyl-
ome and what transgenerational impacts cadmium exposure
causes are unknown. In this study, we investigated the impact
of chronic cadmium exposure on DNA methylation patterns in
mice spermatozoa. We hypothesized that chronic exposure to
cadmium modifies DNA methylation levels in spermatozoa, tar-
geting specific genes leading to aberrant gene expression pat-
terns. To that end, we exposed mice to cadmium and assessed
testicular morphology, measured global and locus-specific DNA
methylation changes and gene expression patterns. We pro-
vide, for the first time, a comprehensive analysis of the sperm
methylome and its associated gene expression patterns in re-
sponse to cadmium exposure. Our data provide further evi-
dence of gene expression patterns that may affect offspring in a
paternal inheritance context.

MATERIALS AND METHODS

Mice Treatment and Spermatozoa Collection
The study was carried out at the University of Kentucky accord-
ing to an approved Institutional Animal Care and Use
Committee protocol and in accordance with the National
Institutes of Health standards for care and use of experimental
animals, as stated in the Guide for the Care and Use of
Laboratory Animals, 8th edition.

Thirty C57BL/6J male mice were purchased from The Jackson
Laboratory (Bar Harbor, Maine) at 7 weeks of age. They were
housed singly in an environmentally controlled vivarium be-
tween 68�F and 72�F under a controlled photoperiod (14/10 light
dark cycle) and acclimated for a week during which they were
fed 10% Kcal from fat diet (Product D12450J Research Diets; New
Brunswick, New Jersey). Mice were fed the same 10% Kcal diet
for the duration of the study to ensure purity of ingredients and
matched nutritional exposure (and to decrease the risk of any
cadmium being present in the food).

After acclimation, the mice were randomized by body weight
and divided into 2 groups. The vehicle (control) group was given
reverse osmosis water. The cadmium-exposed group was given
reverse osmosis water containing 0.9 PPM of cadmium with
doses ranging from 0.56 to 1.00 mg of cadmium/kg of body
weight and an average of 0.69 mg of cadmium/kg of body weight
for 9 weeks (prepared from cadmium chloride, Product No.
202908-10 G Sigma Aldrich; St. Louis, Missouri). This concentra-
tion of cadmium was chosen as it falls below the EPA regulatory
level where cadmium is considered hazardous waste (EPA,
2020). Mice were allowed ad libitum access to their respective
water formulations over the course of the study. Weekly body
weights, food, and water intake were measured throughout the
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study. Water intake was determined by measuring the differ-
ence between pre-weighed water bottles and the weight of
remaining bottles at the end of each week. Since the density of
water is nearly 1 g/ml, weight differences were converted di-
rectly from grams to milliliter for the water intake analysis.
Cadmium dose was calculated as (cadmium concentration �
water intake)/body weight. After 9 weeks of exposure, estimates
of total fat tissue, lean tissue (muscle), and water were assessed
in liver in conscious mice by nuclear magnetic resonance
(EchoMRI; EchoMedical Systems; Houston, Texas).

Glucose tolerance test. Mice were fasted for 3 h and given 2 g/kg of
dextrose orally (Bimeda Inc, Le Sueur, Minnesota). Blood glucose
concentrations were quantified just prior to glucose administra-
tion (time zero) and at 15, 30, 60, and 120 min with a handheld
glucometer (AlphaTRAK 2 Blood Glucose Monitoring from Zoetis
Inc. Kalamazoo, Michigan).

Tissue collection. Nine weeks after the exposure, mice were fasted
for 3 h and euthanized with CO2. Both cauda epididymides were
isolated and rinsed in a petri dish containing PBS (Product
10010023 ThermoFisher Scientific, Waltham, Massachusetts).
Mature sperm were collected from the cauda epididymis and
allowed to swim in PBS solution with 1% bovine serum albumin
(BSA) (Product SC 2323, Santa Cruz Biotechnology INC, Dallas,
Texas) in an Eppendorf tube. The supernatant was collected and
centrifuged at 4000 rpm for 10 min at 4�C to pellet sperm. The
sperm were resuspended in pure sperm wash (Product PSW-
100/Spectrum Technologies, Healdsburg, California) and the
motility and viability were determined. Testis was fixed in 10%
formalin (Product SF100-4, ThermoFisher Scientific) for histol-
ogy. Formalin fixed paraffin embedded tissue slices were then
stained with hematoxylin and eosin (H&E). Other tissues were
snap frozen in liquid nitrogen.

Testis histopathological evaluation. H&E-stained testis sections
from 6 mice per group were scanned at 200� magnification us-
ing a Zeiss Axio Scan Z1 digital scanner (Zeiss, Oberkochen,
Germany). The acquired whole slide images were evaluated
with Zen Software (Zeiss). Per recommendations issued by the
Society of Toxicologic Pathology (Lanning et al., 2002), a detailed
qualitative examination of transverse sections of the testes was
performed, taking into account the tubular stages of the sper-
matogenic cycle in order to identify treatment related effects
such as missing germ cell layers/types, spermatid retention,
sloughing of spermatogenic cells into the lumen and damaging
of Sertoli and Leydig cells. Although the fixation of testes in for-
malin instead of Davidson’s fluid might have negatively im-
pacted histomorphological clarity, no subtle morphological
alterations of spermatogenesis were observed in either the early
(I–VII) or late (VIII–XII) stages of spermatogenic cycle. Likewise,
other potentially at-risk cell populations, such as Leydig cells
and Sertoli cells, appeared to be unaffected.

RNA extraction. Total RNA was extracted from liver tissue using
Invitrogen Pure Link RNA Mini Kit following the manufacturer’s
protocol (Product 12183025, ThermoFisher Scientific). RNA con-
centration was measured using Nanodrop 2000 UV-Vis
Spectrophotometer (Product ND-2000, ThermoFisher Scientific).
Samples were diluted to 100 ng/ll and cDNA was synthetized
from 0.4 lg RNA with qScript cDNA Supermix (Product 101414-
098, Quanta Biosciences, Beverly, Massachusetts) at 25�C for
5 min, 42�C for 30 min, and 85�C for 5 min in a thermal cycler

(Product 185-1148, Bio-Rad Laboratories Inc., Hercules,
California).

RNA quantification with real-time polymerase chain reaction. Reverse
transcriptase followed by quantitative real-time polymerase
chain reaction was run in Step One Plus Applied Biosystems
(Product 4376600, ThermoFisher Scientific) on the RNA
extracted from liver tissues. The diluted cDNA was run along
with TaqMan Fast Advanced Master Mix (Product 4444964,
Applied Biosystems, Waltham, Massachusetts) and TaqMan
probes. The probes used are as follows: glucuronidase beta
(Gusb, product Mm00151108_cn) (housekeeping gene),
Metallothionein 1 (Mt1) (Mm00496660_g1), and Mt2
(Mm00809556_s1). Quantification was reported via 2�DDCt value
(calculated by methods described in Schmittgen and Livak,
2008).

Cadmium analysis. Cadmium in whole blood was measured by
inductively coupled plasma mass spectrometry (ICP-MS)
according to previously validated methods (Palmer et al., 2006).
Whole blood was collected in trace-metal free microtainer col-
lection tubes with K2EDTA anti-coagulant (BD, Franklin Lakes,
New Jersey). Homogenized whole blood was digested in trace-
metal free polypropylene centrifuge tubes (VWR) after combin-
ing with ultra-pure concentrated HNO3 (Aristar Ultra, VWR) us-
ing a microwave digestion system (CEM Mathews, North
Carolina). Reagent blanks and standard reference materials
(National Institute of Standards and Technology SRM 955c, toxic
elements in caprine blood, Gaithersburg, Maryland) were proc-
essed with the samples. Samples were diluted to 50X the origi-
nal blood volume and analyzed by ICP-MS (Agilent 7900, Santa
Clarita, California) using indium as an internal standard.

DNA extraction from spermatozoa. Genomic DNA was extracted
from 1 � 106 cells. Briefly, samples were pelleted at 5000 rpm at
4�C for 5 min and re-suspended in 500 ml of digestion buffer (83%
buffer RLT, 15% 1 M dithiothreitol (DTT), and 2% 20 mg/ml
Proteinase K). The mixture was pulse vortexed for 5 min then in-
cubated at 56�C for 2 h. Subsequently, DNA isolation was per-
formed using Qiagen DNeasy Tissue Kit (Cat No.: 69504)
following the manufacturer’s protocol. Sample was eluted in
0.25� TE and the concentrations and quality were determined
by Thermo Scientific NanoDrop One Microvolume UV-Vis
Spectrophotometer.

Quantification of the 5-mC level in DNA. Total 5-mC was deter-
mined using the 5-mC DNA ELISA Kit (Zymo Research, Cat Nos:
D5325 and D5326) per the manufacturer’s protocol. Briefly, DNA
was denatured and then incubated with a diluted antibody mix
containing an anti-5-mC monoclonal antibody that is both sen-
sitive and specific to 5-mC antibody, a secondary antibody and
5-mC ELISA buffer. Finally, horseradish peroxidase developer
was to detect 5-mC. Values are expressed as percent 5-mC in a
DNA sample calculated through a standard curve generated
with specially designed control that is included in the kit. Each
ELISA was performed with 6 biological replicates and students t
test (p< .05) determined statistical significance.

Reduced representation bisulfite sequencing. Reduced representa-
tion bisulfite sequencing was performed on samples represent-
ing 15 control and 15 cadmium-treated mice by Diagenode, Inc.
as previously described (Veillard et al., 2016). Sequencing was
carried out on an Illumina HiSeq 3000/4000 in single-end mode,
generating 50 base reads (SE50). Quality control of sequencing
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reads was performed using FastQC (Andrews, 2010) version
0.11.8. Adapter removal was performed using Trim Galore
(Krueger, 2012) version 0.4.1. Reads were then aligned to the
murine reference genome mm10/GRCm38 using bismark ver-
sion 0.20.0 (Krueger and Andrews, 2011), followed by in silico bi-
sulfite conversion and methylation calling using the
corresponding bismark functionality. Reported cytosines were
filtered to get only the cytosines followed by guanine residues
(CpGs) covered in each sample. The spike-in control sequences
were used at this step to check the bisulfite conversion rates
and to validate the efficiency of the bisulfite treatment.
Methylkit version 1.7.0 (Akalin et al., 2012), a R/Bioconductor
package, was used to perform the differential methylation anal-
ysis between control and cadmium-treated samples. The CpG
data set was filtered for low coverage (CpGs with coverage <10�
in all samples per comparative group were discarded) and for
extremely high coverage to discard reads with possible PCR bias
(CpGs with coverage higher than the 99.9th percentile were dis-
carded). Differentially methylated CpGs, as well as DMRs were
identified. DMRs were determined using 1 kb sliding window. A
window was considered a DMR if the global methylation level in
one condition was significantly different from the global meth-
ylation of the same window in the other condition, considering
a Benjamini-Hochberg adjusted p-value threshold of .01 and re-
gardless of the number of CpGs included in that window. The
DMRs therefore varied in the number of CpGs they contain from
0, when the CpGs was not detected in one sample (this can hap-
pen as CpGs present in at least 80% of the samples were consid-
ered), to around 15 CpGs. p-Values were normalized to q-value
using the sliding window model for multiple comparison tests.
Statistically significant DMCs and DMRs were identified with a
q-value cutoff < 0.01 and a methylation difference higher than
25% in at least 80% of the samples. We used permutation tests
to determine the enrichment of DMCs at various genic regions.
We carried out 1000 permutations to generate a distribution
count and determine a p-value.

Bisulfite conversion and pyrosequencing validation. Isolated genomic
DNA was digested with HindIII. Digested DNA (500 ng) was used
in bisulfite conversion per the manufacturer’s protocol using
the EZ DNA Methylation-Lightning Kit–Zymo Research.
Converted DNA was eluted in 12 ll of provided elution buffer,
and 1 ll was used in PCR reactions. Primers were designed using
Zymo Research Bisulfite Primer Seeker (http://www.zymore-
search.com/tools/bisulfite-primer-seeker; last accessed
December 1, 2019) around the CpG sites identified by reduced
representation bisulfite sequencing as being differentially
methylated. PCR conditions for Bisulfite using ZymoTaq PreMix
(Cat No.: 76211-542) were as follows: (1) 95�C 10 min; (2) 95�C
30 s; (3) 50�C–58�C (dependent on primer pair) 40 s; (4) 72�C 45 s;
(5) repeat steps 2–4 for 40 cycles; and (6) 72�C 7 min. After ampli-
fication, PCR products were separated on a 1% agarose gel, and
appropriate bands were cut and purified. Purified PCR product
was then blunt-end modified (End-It DNA End-Repair Kit–
Epicentre—Cat No.: ER81050), and subcloned into pUC19 vector
predigested with HincII. Eight to ten clones from each product
were sequenced (University of Chicago Comprehensive Cancer
Center DNA Sequencing and Genotyping Facility). Sequences
were aligned with the genomic sequence using BiQ Analyzer.
This program aligns the sequences, determines the converted
cytosine residues and calculates percent methylation at specific
CpG sites in the sequence.

PCR Primers Used
Spata13: NC_000080.6: 60732486-60733285

Forward: 50-ATTAATAGTTTTGGGAAAGTGTTTTGTAGGG-30

Reverse: 50-AACACACACAACAAATTAAAAATATAACCAAAA
AAACC-30

Lefty2: NC_000067.6: 180893511-180894310
Forward: 50-TGGGGTGATTATTTAGGATTATTTGGGATAG-30

Reverse: 50-ACAAAACCRTTACAATTCTATACCTTTTTAAAAT
C-30

nCounter expression analysis (NanoString Technologies). Sperm cell
lysates containing 60 � 103 cells (sperm) were prepared accord-
ing to NanoString recommendations and ran on a Gene
Expression Panel designed for the top differentially methylated
genes from reduced representation bisulfite sequencing.
nSolver Analysis Software (NanoString Technologies, Seattle,
Waltham) was used to normalize counts by lane using the posi-
tive control samples. Data were then normalized to the refer-
ence genes Gapdh, Eif3f, B2m, Actb, Rplpo, and Rpl19. Genes that
passed a nominal significance cutoff between control and
cadmium-treated samples were considered for further valida-
tion (p < .05, n¼ 10 per group).

GO analysis. GO for biological processes was performed using
the ConsensusPath Database (ConsensusPathDB; Herwig et al.,
2016; Kamburov et al., 2013). Data on transcripts involved in bio-
logical processes related to male fertility were retrieved by sys-
tematically searching for key GO terms as follows: acrosome
(GO term 0001669), acrosome reaction (0007340), sperm binding
to zona pellucida (0007339), copulation (0007620), embryo im-
plantation (0007566), embryonic development (0009790), female
pregnancy (0007565), fertilization (0009566), male gamete gener-
ation (0048416), genitalia development (0048806), germ cell de-
velopment (0007281), gonad development (0008406),
insemination (0007320), mating (0007618), placenta develop-
ment (0001890), reproduction (0000003), reproductive process
(0022414), sexual reproduction (0019953), acrosomal vesicle
(0001669) sperm motility (0030317), spermatid development
(0007286), spermatid nucleus differentiation (0007289), sperma-
togenesis exchange of chromosomal proteins (0035093), and
spermatogenesis (0007283).

Statistical analysis. Results are presented as absolute values
and expressed as mean 6 SEM. The effects of cadmium on
final body weight, fat accumulation, cadmium blood levels,
and 5-mC methylation were analyzed by a Mann-Whitney U
test (data were not normally distributed). Reduced represen-
tation bisulfite sequencing data were analyzed as described
in the Materials and Methods section. Statistical analyses
were performed using GraphPad Prism version 8 (La Jolla,
California).

RESULTS

Chronic Exposure to Cadmium Did Not Have Any Adverse Effects on
Body Weight, Fat Accumulation, or Structure of Mice Testes
Due to a renewed interest in paternal effects on inheritance of
epigenetic marks, we asked whether cadmium impacts methyl-
ation patterns in mice spermatozoa. We treated mice with wa-
ter lacking cadmium (vehicle) and water containing cadmium
for 9 weeks (see Materials and Methods section). During this ex-
posure, we measured body weight and fat accumulation in
cadmium-exposed and vehicle mice since these parameters
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have been implicated in spermatogenesis and infertility
(Oliveira et al., 2017). We observed no significant changes in
body weight or fat accumulation (Figs. 1A and 1B).

Cadmium is also known to specifically target Sertoli cells, af-
fecting the blood-testis barrier and leading to disruption in sper-
matogenesis (Wong et al., 2004). Indeed, several studies have
reported that acute cadmium exposure not only disrupts the
blood-testis barrier, but causes testicular edema, hemorrhage
and necrosis in various mammalian species including rodents
and rabbits (Lui et al., 2003; Siu et al., 2009; Terada et al., 2005;
Wong and Cheng, 2005; Wong et al., 2004). We therefore asked
whether morphological changes of the testes occurred in our
chronic cadmium exposure experiment by evaluating formalin-
fixed paraffin-embedded sections of the testes stained with
H&E. The histopathological examination of transverse sections
of seminiferous tubules with awareness of the stages of the
spermatogenic cycle (stages I–XII; Creasy, 1997; Lanning et al.,
2002) did not show any morphological difference between testes
from vehicle and cadmium-exposed animals, including germ
cell death and depletion, spermatid retention, Sertoli cell and
Leydig cell damage (Figure 1C).

These results show that this chronic exposure to cadmium
in drinking water did not cause any adverse effects on growth,
fat accumulation, or normal testicular features of exposed mice.
Additionally, perhaps because cadmium largely partitions to
the liver and kidneys, cadmium concentrations in the blood did
not differ between groups (Supplementary Figure 1). Yet, we
confirmed that these mice were exposed to cadmium through
gene expression analysis of metallothionein-1 and 2 (Mt1 and
Mt2), which are known to be inducible by cadmium (Kimura
et al., 2019; Nordberg, 2009; Nordberg et al., 2009). As expected,
liver Mt1 and Mt2 RNA levels were significantly higher in the
cadmium-treated group (Supplementary Figure 2), suggesting

that these mice received cadmium levels that caused differen-
tial gene expression.

Cadmium Induces Global DNA Methylation Alterations in Mice
Spermatozoa
After establishing no dramatic phenotypic adverse effects on
body weight, fat accumulation or testicular features of
cadmium-exposed mice, we next investigated possible
cadmium-induced changes to the sperm methylome globally.
Purified DNA from sperm of vehicle and cadmium-exposed
mice was used in a methylcytosine antibody-based analysis for
global DNA methylation (5-methylcytosine [5-mC] ELISA) assay
using the Zymo 5-mC DNA ELISA kit (Eckstein et al., 2017; Rea
et al., 2017). Quantification of the 5-mC levels, showed a 10%
global reduction of methylation level in the cadmium-exposed
group compared with vehicle. The difference however was not
statistically significant, most likely due to the low sample size
used and high variability (Figure 2).

The 5-mC ELISA is a low-resolution technique providing
global methylation levels but not base-pair resolution of meth-
ylation. To achieve nucleotide-level resolution of DNA methyla-
tion, we performed reduced representation bisulfite sequencing
with genomic DNA isolated from spermatozoa of each mice. We
used pairwise comparison of DNA methylation levels in sperm
DNA from vehicle and cadmium-exposed mice to quantify the
differential methylation changes due to cadmium-exposure.
DNA methylation changes were deemed significant if a CpG
was present in all of the samples, with at least 25% difference
between the groups, and at a 10� read coverage with a q� 0.01.
Using this stringent cutoff, only 320 000 CpGs were found, of
which only 69 differentially methylated (Table 1).

Due to high variability in animal samples, we then relaxed
the stringency to CpGs found in 80% of the samples, with at
least 25% difference between groups, and a 10X read coverage
with a q� 0.01. This stringency of 25% is still higher than the
10% used in other studies (Cuna et al., 2015; Hahn et al., 2018;
Murphy et al., 2018). This relaxed approach, covered 1 065 495
CpGs, including those identified in our first stringent analysis
(see Table 1). Significant methylation changes were observed in
1788 CpGs, of which 58.78% (1051) were hypermethylated and
41.22% (737) hypomethylated (Figs. 3A and 3B). These results
therefore suggest that chronic exposure to cadmium induces
global reprogramming of the sperm methylome.

Figure 1. Assessment of mice shows no impact of cadmium exposure to mice

body weight and fat accumulation. After 9-week exposure of mice to cadmium,

we measured and compared (A) final body weight and (B) fat accumulation be-

tween vehicle and cadmium-exposed mice. Data are shown as mean 6 SEM

(n¼15). A p< .05 determines significance as assessed by a Mann Whitney test.

Data show no statistical difference between the 2 groups. C, Histological exami-

nation of testes with an awareness of the stages of the spermatogenic cycle did

not show any morphological difference between vehicle and cadmium-exposed

mice. E, tubule in early stages of spermatogenesis; L, tubule in late stages of

spermatogenesis; red arrow, Leydig cells; black arrows, Sertoli cells; B, blood ves-

sel, normal (hematoxylin & eosin stain).

Figure 2. Global DNA methylation levels in vehicle compared with cadmium-ex-

posed mice. Methylation levels were measured using a 5-methylcytosine -spe-

cific antibody ELISA assay on purified DNA from sperm of vehicle and cadmium-

exposed mice (n¼6). Data are shown as mean 6 SEM (n¼3). A p< .05 determines

significance as assessed by a Mann Whitney test. We found exposure to cad-

mium in drinking water was (nonsignificantly) associated with a 10% reduction

of global DNA methylation (p¼ .09).
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DNA Methylation Patterns at Specific Genomic Loci Are Altered
during Chronic Cadmium Exposure
Chromosomal DNA methylation patterns. To assess the specific tar-
gets of cadmium in mice spermatozoa, we grouped differen-
tially methylated cytosines (DMCs) according to their associated
chromosomes. We then assessed whether cadmium exposure
caused a chromosome-specific methylation change. Our analy-
ses showed that the distribution of DMCs was similar across all
chromosomes except at chromosome 6, which exhibited signifi-
cant hypomethylation (Supplementary Figure 3). Although
these results were perplexing at first, a number of genes
mapped on chromosome 6 have been implicated in spermato-
genesis. For example, the activator of cAMP-responsive element
modulator in testis (ACT) gene is found on chromosome 6q16.1–
16.3 and is critical for the differentiation of spermatids into ma-
ture spermatozoa (Palermo et al., 2001).

Average DNA methylation changes at specific gene regulatory regions.
Looking at chromosomes does not show specific targeted regu-
latory regions. To determine the impact of cadmium exposure
in mice sperm, we next analyzed the distribution of cadmium-
induced DMCs across specific gene regulatory regions. DNA
methylation is thought to occur mainly at CpG islands (CGIs),
about 1000 base pairs in length and found at gene promoters
(Deaton and Bird, 2011; Eckstein et al., 2017; Saxonov et al., 2006).
However, DNA methylation also occurs at other regulatory sites
scattered throughout the genome. To gain an understanding of
the different regions where cadmium impacts the sperm meth-
ylome, we divided the genome into genomic locations: CGIs,
shores (regions up to 2 kb from CGIs), shelves (regions from 2 to
4 kb from CGIs), and open sea (the rest of the genome; Irizarry
et al., 2009; Sandoval et al., 2011). Comparative analysis of
cadmium-induced methylation changes revealed that 79.92% of
the DMCs were found in open sea, followed by 11.13% at shores,
5.03% at CGIs and 3.91% at shelves (Figure 3C). Although the ma-
jority of DMCs was mapped to open sea, we observed a signifi-
cant difference in the distribution of DMCs with respect to
hyper- and hypomethylated CpGs. Most of the DMCs (approxi-
mately 78%) in CGIs were hypermethylated in contrast to hypo-
methylated, followed by approximately 61.3% of the DMCs in
shores and approximately 58.8% in open sea (see Figure 3C). A
greater proportion (approximately 74.4%) of the DMCs in shelves
were hypomethylated (see Figure 3C).

Methylation patterns at different genic features. To further investi-
gate the impact of cadmium-mediated DNA methylation
changes at the gene level, we divided the genome into 4 genic
features (promoters, exon, intron, and intergenic) and then cat-
egorized CpG islands by these genic features. We found that
DMCs were highest in gene bodies (63.01%), of which 41.24%

were intronic and 21.77% were exonic (Permutation test;
p< 0.01). The intergenic regions contained 29.64% of the DMCs,
while promoters had 7.35% of the DMCs (Figure 3D). Despite the
majority of DMCs mapping to gene bodies, we also observed
that the highest proportion (65.8%) of hypermethylated DMCs
were found in promoters when considering the number of
DMCs in each genic feature (see Figure 3D). These methylation
distributions are in line with previous studies (Eckstein et al.,
2017; Rea et al., 2017) demonstrating that the process of DNA
methylation modifications is nonuniform and intricate. It also
raises the level of complexity in understanding how these dif-
ferent factors may alter gene expression.

It is possible that methylation at individual CpGs regulates
gene expression (Chen, 1983; Venza et al., 2012). However, meth-
ylation levels at neighboring CpGs are often correlated and pro-
vide regulatory mechanisms associated with genomic regions.
We therefore performed similar analysis on differentially meth-
ylated regions (DMRs) with a sliding window of 1 kb (see
Materials and Methods section). We found 284 DMRs, of which
148 (52.11%) were hypermethylated and 136 (47.89%) hypome-
thylated (Supplementary Figs. 4A and 4B). The number of CpGs
found in the DMRs of vehicle and cadmium-treated mice varied
slightly with an average of 3.26 CpGs in the hypermethylated
DMRs and 3.09 in the hypomethylated DMRs. Comparative anal-
ysis of cadmium-induced methylation changes revealed that
84.7% of the DMRs mapped to open sea, followed by 7.6% at
shores, 6% at shelves and 1.7% at promoters (Supplementary
Figure 4C). When these analyses were done at genic regions,
most of the DMRs (61.41%) were found in gene bodies with
18.48% exonic and 42.93% intronic. The intergenic regions con-
tained 29.62% of the DMRs followed by promoters with 8.97% of
the DMRs (Supplementary Figure 4D). Similar to our observation
when comparing the genomic locations/genic features of hypo-
and hypermethylated DMCs, we observed a significant differ-
ence in the distribution of DMRs. Notably, a greater proportion
(approximately 76.4%) of the DMRs in CpG islands were hyper-
methylated in contrast to hypomethylated, with the latter
found at a greater proportion (approximately 78.3%) of the
DMRs in shelves (see Supplementary Figure 4C). We also ob-
served that a greater proportion (approximately 72.2%) of the
DMRs in promoters were hypermethylated while the other genic
features exhibited similar hypo/hyper methylation (see
Supplementary Figure 4D).

Gene ontology associated with differentially methylated genes. To fur-
ther understand the biological significance of cadmium-
induced DNA methylation in mice spermatozoa, we performed
gene ontology (GO) analysis using ConsensusPathDB (Herwig
et al., 2016; Kamburov et al., 2013). For these analyses, we used
only genes with DMCs at both promoter and gene body regions

Table 1. Data Filtering of the CpG Coverage in Sperm of Vehicle Versus Cadmium-Exposed Mice

CpG Covered in �80% of Samples CpG Covered in All Samples

Covered >10� (1065 495 CpGs) Covered >10� (320 000 CpGs)

Methylation Difference Threshold Methylation Difference Threshold

q-value 25% 10% 25% 10%
0.01 1788 52 302 69 9429
0.05 1788 52 302 69 9429

We compared different sequence depth (10�) in 80% of the samples versus 100% of the samples. Due to the high variability in animals, CpGs covered in at least 80% of

the samples were used for further analysis.
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(introns and exons) so we could experimentally link the differ-
ential methylation changes to gene expression. We used 483
unique genes with hypomethylated DMCs and 284 unique genes
with hypermethylated DMCs (Supplementary Table 1). The as-
sociated general biological processes of the differentially meth-
ylated genes (hyper- and hypomethylated) were broadly
classified according to their GO annotations (see
Supplementary Table 1). We show that the top 10 GO terms for
the hypomethylated genes include anatomical structure devel-
opment, cell differentiation, cellular metabolic processes, and

anatomical structure morphogenesis (Figure 4A). Similarly,
among the top 10 GO terms of the hypermethylated genes were
anatomical structure development, multicellular organism de-
velopment, regulation of localization, and cell development
(Figure 4B). Both hypo- and hypermethylated genes are involved
in relatively similar pathways, which supports the idea that
these pathways could be targeted by cadmium. Since we are in-
terested in differential methylation in spermatozoa, it is logical
to ask whether cadmium alters genes associated either directly
or indirectly with pathways involving sperm function, differen-
tiation, and maturation. Deeper targeted analysis of these path-
ways revealed genes targeted by cadmium exposure, which
play roles in spermatogenesis, germ cell differentiation and
maturation. These genes are listed in Supplementary Tables 2
and 3.

Validation of the reduced representation bisulfite sequencing DNA
methylation changes. We next validated the reduced representa-
tion bisulfite sequencing methylation data using bisulfite con-
version followed by pyrosequencing. Due to the expense and
number of samples, we chose 2 genes to validate on 10 vehicle
and 10 cadmium-exposed mice. Spata13, was hypomethylated
at the CpG site—chr14: 60732886 in our reduced representation
bisulfite sequencing analyses and the protein has been impli-
cated in cell migration (Sagara et al., 2009). Upon bisulfite con-
version, cloning, and pyrosequencing, we observed
hypomethylation at both the specific locus and neighboring
CpG sites in the Spata13 promoter (Figs. 5A–C and
Supplementary Figure 5A). The second gene, Lefty2, was hyper-
methylated in our reduced representation bisulfite sequencing
analysis at the CpG site—chr1: 180893911 and postulated to be
important in determination of left-right asymmetry in organ
systems during development (Puri et al., 2014). In the case of
Lefty2, we show that CpG site 3 was hypermethylated (Figs. 5C–E
and Supplementary Figure 5B).

Coupling of differential methylation with gene expression.
Investigating methylation changes at specific genomic loci pro-
vides important insights into their biological functions, yet the
fate and impact of these differential methylation changes
across the genome are still not fully understood. However,
methylation changes at the promoters and gene body are asso-
ciated with gene expression. For instance, promoter hyperme-
thylation correlates with gene repression, whereas
hypomethylation correlates with gene activation (Jones, 1999;
Kuroda et al., 2009).

The consequences of DNA methylation within gene bodies
are not as clear as they are at promoters. Gene body methyla-
tion has been linked with increased gene expression, allowing
the fast movement of RNA polymerase II through the gene body
(Jjingo et al., 2012). Thus, the effect of DNA methylation on RNA
polymerase elongation rate will not only impact the level of
transcripts made but also the types of transcriptionally spliced
transcripts (Lev Maor et al., 2015; Maunakea et al., 2013; Shukla
et al., 2011). We therefore asked whether cadmium-induced
DNA methylation changes are linked to gene expression at the
transcript initiation and splicing levels. For this, we performed
gene expression analysis using direct digital detection through
NanoString nCounter Analysis System (NanoString
Technologies). This method provides analysis of the level of
mRNA in cell lysates without the need to purify the low levels of
mRNA present in sperm. Additionally, the optical molecular
barcode labeling provided by this technology allowed for

Figure 3. Cadmium exposure alters site-specific differential DNA methylation

patterns across genomic locations and gene regulatory regions in mice sperm

cells. A, Pie chart of the relative percentage of differential hyper-or hypo differ-

entially methylated cytosines (DMCs) in spermatozoa of vehicle versus cad-

mium-exposed mice. B, Volcano plot of comparisons of all DMCs assessed in

reduced representation bisulfite sequencing analysis of spermatozoa of vehicle

versus cadmium-exposed mice. The distribution of 1788 DMCs including 1051

hypermethylated and 737 hypomethylated DMCs across (C) genomic locations

in relation to CGIs, and (D) different genic features.
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simultaneous quantification of up to 800 unique mRNA tran-
scripts. We chose the top 117 genes that were differentially
methylated at either promoter or gene body regions (Figure 6A).
We normalized their expression to 5 housekeeping genes and
expression was considered significant if log fold change (logFc)
� 0.263 and p< .05.

Our analysis showed that Mt1 expression increased in re-
sponse to cadmium, which is consistent with our finding in the
liver (see Supplementary Figure 2) and previous studies by
others showing that Mt1 is inducible by cadmium (Nordberg,
2009; Nordberg et al., 2009). We next examined Spata13, which is
involved in cell migration (Sagara et al., 2009) and hypomethy-
lated at the promoter region according to our reduced represen-
tation bisulfite sequencing data. NanoString comparative
analysis at the transcript level revealed a trend toward increase
in gene expression, which correlates with the observed hypo-
methylation at the promoter region. It is important to note,
however, the fold increase was not significant (p> .05;
Figure 6B). This could partially be due to the fact that not all in-
dividual CpGs regulate gene expression and the level of methyl-
ated marks is critical.

Another gene we analyzed was Ptpn11, which is essential for
stem cell transition to progenitor spermatogonia (Puri et al.,
2014). Excision of exon 4 of Ptpn11 is linked to decreased expres-
sion and infertility in mice (Hu et al., 2015). In our reduced repre-
sentation bisulfite sequencing data, we observed
hypomethylation at a CpG site on intron 1. We hypothesized
that methylation causes a change in the spliced isoforms that

are critical in spermatogenesis. To test this, we designed 2
probes, one that maps intron 1 retention and one targeting and
mapping intron 1 excision. Our analyses showed that Ptpn11 ex-
pression was significantly increased when intron 1 was retained
and its expression level was reduced upon excision of intron 1
(see Figure 6B). These results are in line with the finding that in-
tron hypomethylation is associated with increased gene expres-
sion (Anastasiadi et al., 2018). These results could also suggest
that the methylation status of intron 1 regulates differential
splicing, leading to exon 4 retention, needed for normal Ptpn11
expression. This is consistent with the observed ablation of
Ptpn11 expression upon exon 4 excision (Hu et al., 2015).

We next examined the transcript levels of Lefty2, which is in-
volved in the determination of left-right asymmetry in organ
systems during development (Li et al., 2017) and is hypermethy-
lated at its promoter. Our data showed that hypermethylation
led to decreased expression. Similar to Spata13, the change was
not statistically significant (p> .05), although log fold change
(logFc) was > 0.263 (see Figure 6B). Finally, we analyzed
Catsperg1, a member of the Catsper complex important for
sperm hyperactivated motility and male fertility (Wang et al.,
2009). Though its promoter was hypermethylated, we were not
able to show any expected significant decrease in gene expres-
sion (see Figure 6B). The fact that some methylation changes
did not lead to significant gene expression does not refute an
epigenetic role, but rather supports the complexity of such pro-
cess and a potential role of other factors such as other epige-
netic marks in dynamically regulating this process.

Figure 4. Biological processes of genes with differentially methylated cytosines in mice sperm in response to cadmium exposure. (A) Gene ontology of promoters of

hypomethylated genes and (B) hypermethylated genes.
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DISCUSSION

Cadmium is a nonmutagen that has been associated with in-
creased risks of various diseases (Akesson et al., 2008; Eriksen
et al., 2014; Julin et al., 2012a,b; Kolonel and Winkelstein, 1977;
Liu et al., 2020; Satarug, 2012; Stayner et al., 1992). One mecha-
nism by which cadmium has been hypothesized to cause

diseases is via dysregulation of the epigenome, causing differ-
ential methylation at target genes. Although this mechanism
has been shown in different cell types, a thorough analysis of
cadmium-induced gene specific DNA methylation dysregula-
tion in the sperm is missing.

We carried out a comprehensive analysis to determine how
cadmium impacts DNA methylation in mice spermatozoa. We

Figure 5. Validation by pyrosequencing of specific gene promoter loci of the reduced representation bisulfite sequencing data. A, Cartoon representation of chromo-

somal and CpG positions for Spata13 (chr14: 60732886) and possible effect of methylation status on transcriptional activity. B, Lollipop representation of bisulfite con-

verted DNA (vehicle vs cadmium, n¼8–10 mice). C, Percent methylation at each of the CpG positions at the Spata13 promoter (top) and the Lefty2 promoter (bottom). D,

Cartoon representation of chromosomal and CpG positions for Lefty2 (chr1: 180893911) and possible effect of methylation status on transcriptional activity. E, Lollipop

representation of bisulfite converted DNA (vehicle vs cadmium, n¼ 8–10 mice). Each group (box) depicts a mouse. CpG locations are depicted from left to right and the

number of clones after bisulfite pyrosequencing from top to bottom. Erroneous sequences and those with low conversation rate were removed, thus the differences in

the sizes of each group (box).
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used Methyl-Seq which provided a population-based, unbiased,
global high-resolution view of cadmium-induced differential
DNA methylation in sperm. At a global scale, generally no chro-
mosome specific-methylation changes were observed.
However, the methylation pattern on chromosome 6 seems to
be impacted more than that of the other chromosomes (see
Supplementary Figure 3). This finding is interesting as balanced
translocation of chromosome 6 is associated with reproductive
failure (Mierla et al., 2014; Vozdova et al., 2013; Yang et al., 2018;
Zhang et al., 2015). Additionally, several genes critical for sperm
development and function are located on human chromosome
6. These include: (1) The ACT gene (mentioned earlier), (2) The
sperm acrosomal membrane-associated protein 32 gene
(SAMP32), which encodes a testis-specific protein involved in
binding sperm to the oocyte complex (Hao et al., 2002); and (3)
The human leukocyte antigen, Class II, DR alpha whose variants
have been identified as risk factors for nonobstructive azoosper-
mia (Zhao et al., 2012). These findings suggest that changes in
the methylation pattern of chromosome 6 could impact the ex-
pression of genes that are important for sperm function.
However, future studies will be needed to test this directly.

We further analyzed DNA methylation alterations to gene
regulatory regions (see Figure 3) to correlate these methylation
changes to measurable gene expression patterns (see Figure 6).
We observed DMRs and DMCs at genes such as aquaporin 2,
SRY-related HMG-box 5, bone morphogenic 7 (Bmp7), growth dif-
ferentiation factor 3 and 5 doublesex and mab-3-related tran-
scription factor 1-like family C1, and membrane progesterone
receptor alpha. These genes have been suggested to play multi-
ple roles in regulating spermatogenesis and sperm function.
Changes in methylation patterns were also seen at genes re-
lated to germ cell proliferation and maturation such as retinoic
acid receptors, and steroid hormone synthesis-related genes.
Steroid hormones coordinate the maturation of spermatogonial
stem cell renewal to sperm (Schulz et al., 2010). Cadmium in-
duced differential methylation changes were observed at gene
regulatory regions of the steroid metabolism-related gene, cyto-
chrome P450 26 (Cyp26). Cyp26 binds to its receptor, to regulate
genes that are critical in initiation of meiosis during germ cell
proliferation, maturation and spermatogenesis (Hogarth et al.,
2015; Wang et al., 2018). In addition, the insulin-like growth fac-
tor 1 receptor (Igf1r) and matrix metalloproteinase-15 were also

differentially methylated. These genes are involved in initiation
of spermatogenesis. Specifically, Igf1r levels are associated with
sperm count (Cannarella et al., 2019) and sperm capacitation
(Nakayama et al., 1999). Hypomethylation of the H19 promoter
(the negative regulator of Igf1r) drives increased H19 transcrip-
tion with consequences in decreased Igf2 and Igf1r transcription
(Giacone et al., 2019). Other genes of interest with cadmium-
induced differential methylation patterns were those of the
Kinesin family (Kif9, Kif13b, Kif2b, Kifc3, and Kif13a), which regu-
late acrosomal biogenesis (Khawar et al., 2019; Ma et al., 2017).
Kinesins participate in the dynamic cytoskeleton rearrange-
ments of male germ cells and essential organelle transportation
during male germ cell proliferation, sperm maturation, and fer-
tilization (Ma et al., 2017). Interestingly, we also observed differ-
ential methylation of the Bmp7 promoter which regulates
spermatogonia and Sertoli cell proliferation (Puglisi et al., 2004;
Xu et al., 2018). A comprehensive list of the genes with differen-
tial cadmium-induced DNA methylation patterns is found in
Supplementary Table 3. In changing the methylation status/ex-
pression of these genes, cadmium could be impacting the differ-
entiation, anatomical structure and localization of key
components critical for spermatozoa development and
function.

Due to the previous understanding that global DNA methyla-
tion occurs during fertilization and preimplantation, studies of
the environmental impact on the dynamic changes on the
sperm methylome are limiting. However, growing literature
now suggests that methylation marks at imprinted and nonim-
printed genes escape DNA methylation (Borgel et al., 2010;
Daxinger and Whitelaw, 2012). Thus, identifying chemicals and
the mechanism by which they cause male reproductive effects
is critical to developing approaches that mitigate the risks of
lifestyle choices. Furthermore, exposures occurring in adult life
may induce DNA methylation changes in sperm, which may
later be transmitted across several generations with phenotypic
consequences (Dias and Ressler, 2014; Zhu et al., 2020).
Transgenetional DNA methylation patterns in the sperm have
been observed in exposures to cadmium (Cribiu et al., 2020), vin-
clozolin (Guerrero-Bosagna et al., 2010), dioxin (2,3,7,8-
Tetrachlorodibenzodioxin or TCDD; Manikkam et al., 2012), N,
N-diethyl-meta-toluamide (Manikkam et al., 2013), benzopyrene
(Knecht et al., 2017), bisphenol A (Manikkam et al., 2013), ethanol

Figure 6. Cadmium-induced methylation patterns correlate to changes in gene expression patterns at both the transcript and alternative splicing levels in mice sperm.

NanoString Direct Digital Detection through NanoString nCounter Analysis System was used to determine gene expression changes. Volcano plots of differential gene

expression in sperm of vehicle versus cadmium-exposed mice are shown. A, Volcano plots showing top 177 genes. Genes with significant differential expression are

shown in red while genes with no significant differential expression are shown in black. B, Volcano plots of selected genes of interest. Red dots depict the genes with

significant differential expression; black dots depict genes hypothesized to play a role in spermatogenesis. Gray vertical lines depict the cutoffs for significance (logFc �
0.263), while horizontal gray line depicts the threshold for significance (p< .05).
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exposure (Stouder et al., 2011), alcohol (Liang et al., 2015; Luj�an
et al., 2019), and cigarette smoke (Jenkins et al., 2017).
Interestingly, each toxicant seems to target specific DNA meth-
ylation genes/regions, thus the hypothesis of exposure-specific
DMRs (Nilsson et al., 2018). Although the results presented here
do not directly measure a cadmium-specific DMR, they present
a platform for analysis of a cadmium-induced specific sperm
methylome that can be used in further studies.

Taken together, our results present the first comprehensive,
genome-wide DNA methylation profiling of mice spermatozoa
in response to chronic exposure to cadmium. These results pro-
vide a strong foundation for future studies on the transgenera-
tional effect of chronic cadmium exposure through parent-of-
origin analyses and in particular, the transgenerational effect of
cadmium-induced epigenetic effects. Such studies will help in
the discovery of biomarkers to cadmium exposure, and also in
development of potential therapeutic targets for developmental
and birth defects.
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