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Abstract
Recent data suggest that paternal age can havemajor impact on reproductive outcomes, and with increased age, there is increased
likelihood of chromosomal abnormalities in the sperm. Here, we studied DNA damage and repair as a function of male aging and
assessed whether sphingosine-1-phosphate (S1P), a ceramide-induced death inhibitor, can prevent sperm aging by enhancing
DNA double-strand breaks (DSB) repair. We observed a significant increase in DNA damage with age and this increase was
associated with a decline in the expression of key DNA DSB repair genes in mouse sperm. The haploinsufficiency of BRCA1
male mice sperm showed significantly increased DNA damage and apoptosis, along with decreased chromatin integrity when
compared to similar age wild type (WT) mice. Furthermore, haploinsufficiency of BRCA1male mice had lower sperm count and
smaller litter size when crossed with WT females. The resulting embryos had a higher probability of growth arrest and reduced
implantation. S1P treatment decreased genotoxic-stress-induced DNA damage in sperm and enhanced the expressions of key
DNA repair genes such as BRCA1. Co-treatment with an ATM inhibitor reversed the effects of S1P, implying that the impact of
S1P on DNA repair is via the ATM-mediated pathway. Our findings indicate a key role for DNA damage repair mechanism in the
maintenance of sperm integrity and suggest that S1P can improve DNA repair in sperm. Further translational studies are
warranted to determine the clinical significance of these findings and whether S1P can delay male reproductive aging.

Summary
There is mounting evidence that sperm quality declines with age, similar to that of the oocyte. However, the reasons behind this
decline are poorly understood and there is no medical intervention to improve sperm quality. Our study suggests a strong role for
DNA damage repair in maintenance of sperm quality, and for the first time, a potential pharmaceutical approach to prevent sperm
aging
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Introduction

Age plays a key role in the reproductive potential of both
sexes. It has been well established in females that fertility
and oocyte quality decline with age, essentially precluding
live births after ages 45–46 and resulting in significant in-
crease in chromosomal abnormalities in the preceding decade
[1]. We have recently shown that BRCA-related DNA repair
pathways may play a key role in oocyte aging [2]. We found
that ATM-mediated DNA repair function declines with age in
human oocytes, which renders them more susceptible to
genotoxic stress and results in the increasing accumulation
of DNA damage [2].

Although less apparent than in females, recent research
indicates that men also show significant signs of reproductive
aging. Sperm counts display age-related decline [3],
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chromosomal abnormalities and DNA fragmentation increase
in sperm with age [4–6]. Sperm from older men, especially
when female partner is also older than 40 years of age, con-
tribute to infertility [7, 8]. Moreover, the incidence of schizo-
phrenia, autism, and autosomal dominant diseases are in-
creased among children born from older men [9]. It is unclear
if this chromosomal damage is initiated in spermatogonial
stem cells or it accumulates in germ cells during spermatogen-
esis; however, aging seems to coincide with the number of
DSBs in human sperm [10, 11].

With a significant trend in delaying childbearing both in
men [12, 13] and women [14], male reproductive aging could
adversely affect an increasing proportion of children being
born. Despite this prominent public health impact, little is
known on the mechanism of male reproductive aging and
methods to slow down this process.

In this study, we hypothesized that declining DNA repair
may have a significant role in sperm aging akin to its role in
oocytes. Furthermore, we sought to reverse this process with a
ceramide-induced cell death suppressor sphingosine-1-
phosphate (S1P).

S1P has been shown to prevent radiotherapy- and
chemotherapy-induced oocyte death but the mechanism of
its action is not fully understood [15, 16]. Because we have
previously shown a common mechanism between
chemotherapy- and age-induced oocyte death via the induc-
tion of DNA damage, we hypothesized that S1P may reduce
gamete aging by contributing to more effective DNA repair.
To study our hypothesis, we utilized aging male mice as well
as those haploinsufficient for BRCA1.

Materials and Methods

The animal studies were carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the U.S. National Institutes of Health
(NIH) and the Institutional Animal Care and Use Committee
at New York Medical College. All Friend’s leukemia virus B
(FVB) mice were purchased from Taconic. BRCA1 and mice
were obtained from NCI Fredrick Mouse Repository. BRCA1
breeding colony was maintained and their offspring were
genotyped.

Mating and Genotyping

In the BRCA1 breeding colony, wild type (WT) female mice
were co-housed with heterozygous male mice. The litter sizes
produced by the mating setup were recorded. BRCA1 trans-
genic mice were selected on the basis of their sensitivity to
genotoxic stress [17] and obtained from the NIH Fredrick
Mouse Repository. The mice were kept in a temperature-
and light-regulated room environment; 12-h light/12-h dark

cycle and bred in-house. BRCA1-mutant mice carried a dele-
tion of 330 base pairs (bp) in intron 10 plus 407 bp in exon 11
of the BRCA1 gene (BRCA1+/ Δ11). Owing to the deletion,
the BRCA1Δ11 gene product is retained in the cytoplasm,
which severely compromises its nuclear functions. BRCA1
Δ11/ Δ11 mice were not viable and died at embryonic days 7
to 8; BRCA1 Δ11/ Δ11 embryos exhibited both early post-
implantation growth retardation and chromosomal abnormal-
ities [17]. γ-Irradiation-induced Rad51 focus formation is im-
paired in cells in which only BRCA1Δ11 was expressed [18].

After weaning, tail and ear biopsies were obtained and
DNA was isolated for genotyping using the manufacturer’s
protocol. DNA was extracted by treating the biopsies with
lysis buffer (Teknova) supplemented with proteinase K
(Invitrogen) at 55 °C overnight. The following day, the
DNA was precipitated with equal volumes of isopropanol.
The pellet was washed in 70% ethanol and air-dried. After
reconstitution with adequate amount of nuclease-free water,
PCR was performed with gene-specific primers to identify the
genotype (Table S1).

The primers used for identifying BRCA1 wild type were
B004/B005, which amplifies a 450-bp fragment, and for
BRCA1 heterozygous were B004/B007, which amplifies a
550-bp fragment [17]. The PCR reaction mixture consisted
of a 10 μl total volume of 10 μl, containing 5 μl ImmoMix
(Bioline), 1 μl of primer (Integrated DNATechnologies), 3 μl
of nuclease free water, and 1 μl of DNA. Cycling conditions
were 94 °C for 5 min, 35 cycles of 94 °C for 0.5 min, 58 °C for
1 min, and 72 °C for 45 s, followed by 72 °C for 10 min.
Amplified products were run on 2% agarose gel electropho-
resis, with ethidium bromide staining, and visualization with
AlphaImager 2200 (Alpha Innotech) to determine the
genotype.

Collection and Processing of Mouse Spermatozoa
and Testis

Young (2–3-month-old) and reproductively senescing old
(10–14-month-old) WT male mice and young (2–3-month-
old) haploinsufficient BRCA1 mice were studied. Mice were
euthanized via anesthesia and cervical dislocation. Testes were
removed, fixed in 10% formaldehyde, embedded in paraffin,
and serially sectioned for expression of γH2AX assessment
by immunohistochemistry analysis. The cauda epididymis
and vas deferens were excised surgically and placed into a
35-mm dish (Becton Dickinson) with M199 media
(Corning). Mature spermatozoa were collected by parallel ac-
tion of applying gentle pressure with forceps at one end of the
vas deferens, and flushing with M199 media (Corning) with a
30-gauge needle. The needle was also used lengthwise along
the epididymis to expel the sperm. Sperm were washed and
manipulated using Multipurpose Handling Medium (Irvine
Scientific). Sperm counts were calculated for each sample
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collected using a hemocytometer. Sperm were either studied
live or fixed for immunocytochemistry and immunofluores-
cence studies.

S1P, H2O2, and ATM Inhibitor Treatments

Male germ cells were exposed to 200 μM S1P with and with-
out H2O2 (1 mM) in culture for 1 h [19]. In addition, an ATM
inhibitor was utilized (10 μM) (KU-55593, Abcam) [16] in
some experiments. We subsequently assessed DNA damage,
apoptosis, and chromatin integrity and studied the DNA DSB
repair gene expression by qRT-PCR in sperm lysates.

Immunohistochemistry and Immunofluorescence
for DNA Damage Assessment

We utilized a Ser139 phosphorylation–specific γH2AX anti-
body (IHC-00059; Bethyl Laboratories) with enzymatic di-
aminobenzidine staining (Vector) to assess DNA damage in
mouse testicular tissue (Fig. 1a). Histone H2AX, one of the
several variants of the nucleosome core histone H2A, be-
comes phosphorylated on Ser139 in response to DSBs
(γH2AX). Within seconds of DSB formation, γH2AX foci
are formed at the site of DNA damage, which can be detected
by confocal microscopy or immunohistochemistry to quantify
DNA damage. Foci of γH2AX represent DDR in a 1:1 man-
ner, enabling sensitive quantification of potential DSBs [20].

Sperm were assessed for DNA damage with antibody to
γH2AX (613402; BioLegend) and secondary antibody Alexa
Fluor 488 (A-11029; Invitrogen), followed by nuclear
counterstaining with diamidino-2-phenylindole (DAPI;
Fisher Scientific) (Fig. 1b). Green immunofluorescence for
sperm samples was measured by FACScan flow cytometer
(Becton-Dickinson) or by laser scanning cytometry, using
488 excitation laser [21].

DNA integrity of mouse sperm was assessed via flow
cytometry using acridine orange (AO) staining [22]. AO
fluoresces green when attached to native DNA, and fluo-
resces red when attached to fragmented DNA. Basically,
after induction of denaturation by heat or acid, the dena-
tured DNA (ssDNA) stains metachromatically red with
AO while dsDNA stains green. When the sample has ≥
50% green fluorescence, the sample is of good quality.
Similarly, AO was used to assess sperm chromatin struc-
ture by measuring its intensity of fluorescence, which is
the ratio of red/(red+green) yields the percentage of
DNA fragmentation (also known as DNA fragmentation
index, or DFI%). Semen samples with sperm chromatin
structure assay (SCSA) value of less than or equal to
15% DFI were regarded to have low-level DNA frag-
mentation, samples having between 15% and less than
or equal to 30% DFI value were regarded to have mod-
erate DNA fragmentation, and samples having above

30% DFI were regarded as exhibiting high levels of
DNA fragmentation [23].

Levels of activated caspases were detected in mouse
sperm samples using fluorescein-labeled inhibitors of
caspases (FLICA). FLICA passes through an intact plas-
ma membrane and covalently binds to the active caspase;
any unbound FLICA diffuses out of the cell and is washed
away. As FLICA only binds to the active caspase, there is
no interference from pro-caspases or inactive forms of the
enzyme. The inhibitors were used with the appropriate
controls according to the kit instructions provided by the
manufacturer (ImmunoChemistry Technologies). A 150-
fold stock solution of the poly-caspase FAM-FLICA was
prepared in dimethylsulfoxide (DMSO). It was further di-
luted in phosphate-buffered saline (PBS) to yield a 30-
fold working solution. Sperm samples (300 μl) were in-
cubated at 37 °C for 1 h with 10 μl of the working solu-
tion and subsequently washed twice with PBS. After la-
beling with FLICA, 1% propidium iodide (PI) in PBS was
used to assess dead cells. All samples were analyzed di-
rectly by flow cytometry using the FLICA assay to detect
caspase activity [24, 25].

qRT-PCR From Mouse Sperm Lysates

Sperm pellets previously snap-frozen in PBS were thawed.
RNAwas extracted using the trizol method [26]. The quality
and quantity of the RNAwere measured with NanoDrop 2000
from Thermo Scientific. RNA (2 μg) from each sample was
taken for reverse transcription with dTVN and N9 primers and
SuperScript III reverse transcriptase, all procured from
Invitrogen. The resulting cDNA was used to perform real-
time qPCR with SYBR Green on an Applied Biosystems
7900HT Real-Time PCR machine was used. To determine
the relative expression of various DNA repair genes in mouse
sperm, we used the ΔΔCt method, which makes use of the
expression of housekeeping genes. GAPDH was used as
housekeeping gene. Primers were procured from Integrated
DNA technologies (IDT) (Table S2).

Embryo Collection and Quality Assessment

BRCA1 WT female mice (2–3 month-old, n = 7) were
superovulated with intraperitoneal administration of 5 IU
PMSG (pregnant mare’s serum gonadotropin, Sigma-
Aldrich) followed 72 h later with 5 IU human chorionic go-
nadotropin (Calbiochem, San Diego, CA). Mice were
cohoused (2 female per male mouse) with either a
haploinsufficient BRCA1 or WT male. The morning after
mating, also known as embryonic day 0.5 (E0.5), female mice
were checked for the presence of a vaginal plug as an indicator
of mating. Those females with confirmed plugs were separat-
ed. On day 5, embryos were flushed from the uterus and

942 Reprod. Sci. (2020) 27:940–953



observed for morphology. Implantation rate was also assessed
using 1% Evans blue dye.

Neutral Comet Assay

Slides were prepared 48 h prior to experimentation by
coating normal glass microscope slides with 500 μl nor-
mal melting point agar (NMPA, 0.5% w/v in PBS) solu-
tion and left to dry at room temperature for no less than
48 h. Once samples were obtained, 10 μl of mouse sperm
suspension was mixed with 90 μl of 0.5% low melting
point agar (LMPA). Then this 100 μl solution was added
to the NMPA-coated slides. Coverslips were added and
slides were placed on a metallic tray on ice and in the
dark for 5 min. The cover slips were then removed and
another layer of LMPA was added. Cover slips were sub-
sequently replaced before the LMPA hardened. Slides
were then kept in the dark on ice again for another
5 min. After 10 min, the cover slips were removed and
slides were placed in staining jars containing ice-cold lys-
ing solution (2.5 M NaCl, 100 mM EDTA, sodium N-
laurylsacrosinate [SLS], [1% w/v] and 10 mM Trizma
base pH 10, and 1% Triton-X-100 and 10% DMSO (im-
mediately adding before use)) for 1 h at 4 °C in a dark
place.

After this lysis step, the slides were washed three times for
5 min with the cold electrophoresis buffer (0.089 M Tris base,
0.089 M boric acid, and 2 mM EDTA [pH 8.3]), and then
placed flatly in the electrophoresis tank face up for 30 min.
This incubation period was used to achieve the unwinding of
the DNA. Electrophoresis was then performed at 18 V for
60 min. After this, slides were washed twice in PBS for
5 min each. Before analysis could occur, the sperm within
the slides needed to be fixed by two 10-min washes in ethanol,
and then air drying at room temperature. Ethidium bromide
(50 μl at 10 μg/ml in water) was then added on the slide and
sealed with a cover slip. Slides were kept moist, wrapped in
aluminum foil to prevent light exposure, and stored at 4 °C
until analysis [27].

Alkaline Comet Assay

Slides were prepared 48 h prior to experimentation by coating
normal glass microscope slides with 500 μl normal melting
point agar (0.5% w/v in PBS) solution and left to dry at room
temperature for no less than 48 h. Then, 10 μl of mouse sperm
suspension was mixed with 90 μl of 0.5% LMPA. Then this
100 μl solution was added to the NMPA-coated slides.
Coverslips were added and slides were placed on a metallic
tray on ice and in the dark for 5 min. The cover slips were
removed and a 90-μl layer of LMPAwas added. Cover slips
were subsequently replaced before the LMPA hardened.
Slides were then kept in the dark on ice again for another

5 min. After 10 min, the cover slips were removed and slides
were placed in staining jars containing ice-cold lysing solution
(2.5 M NaCl, 200 mM NaOH, 100 mM EDTA, 10 mM
Trizma Base, 1% Triton X-100 and 10% DMSO [pH 10])
for 1.5 h at 4 °C in a dark place.

After this lysis step, the slides were washed three times for
5 min with TE buffer (pH 8.0), and then placed flatly in the
electrophoresis tank face up for 30min to achieve the unwind-
ing of the DNA. The alkaline electrophoresis buffer in this
tank included 300 mM NaOH and 1 mM EDTA [pH 13].
This incubation period was used to achieve the alkaline un-
winding of the DNA. Electrophoresis was then performed at
25 V, 300 mA for 30 min. After this, slides were washed twice
in neutralization buffer (0.4 M Tris, pH 7.5) for 5 min each.
Before analysis could occur, the sperm within the slides need-
ed to be fixed by draining the slides well on paper towels and
then subjecting them to two 10-min washes in ethanol, and
then air drying at room temperature for 5 min. Ethidium bro-
mide (50 μl at 10 μg/ml in water) was then added on the slide,
and sealed with a cover slip. Slides were kept moist, wrapped
in aluminum foil to prevent light exposure, and stored at 4 °C
until analysis [28].

Comet Assay Analysis

Slides from both alkaline and neutral comets were imaged by
fluorescence microscopy using a Nikon OPTIPHOT micro-
scope. ImageJ was used for comet assay analysis, which cal-
culated tail length, tail moment, and % of DNA in the tail.
Each image used had a dark background and light comets. The
comets were “on scale” for the calculations to be correct (the
brightest pixels of interest were below 255 on an 8-bit scale).
Camera noise subtraction, flat field correction, and a back-
ground subtraction on the images were conducted before run-
ning the comet assay plugin for ImageJ. To analyze the slides,
an oval around the sperm head was drawn and calculated and
then an oval around the sperm tail was drawn and calculated.
Each comet had two lines of results: the first line was the head
values and the values were as follows: X and Y were coordi-
nates of the Centroid, XM and YM were coordinates of the
Center of Mass, IntDen and RawIntDen were the same and
were the integrated density, TailLen was the tail length,
TailMoment was the tail moment, and %TailDNA was per-
centage of total DNA that was in the tail. The “Center of
Mass” is the brightness-weighted average of XY coordinates
of a selection. Center of Mass of the tail and Centroid of the
head were used in calculating the tail length. The tail length as
used here was the distance from the Centroid of the head to the
Center ofMass of the tail. It was calculated as the Pythagorean
distance between two points. The tail length variable is called
CometLen in the code. TailMoment was the length of the tail
times the integrated density of the tail. Percentage of DNA in
the tail was the integrated density of the tail divided by the
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integrated density of the tail plus the integrated density of the
head times 100. The %TailDNA was used to compare the
samples of each group [29].

Statistical Analysis

All analyses were performed in a blinded fashion.
Experiments were repeated at least three times. The re-
sults were reported as means with standard errors of the
mean. SPSS 17 for Windows package (SPSS Inc.) and
Microsoft Excel were used for statistical analysis. To
choose the appropriate statistical test, we performed
Levene’s test of homogeneity of variances (P < 0.01) and
Kolmogorov-Smirnov test of normality (P < 0.01).
Continuous data (presented as means ± SEM) were ana-
lyzed by Student’s t test. The difference was considered
statistically significant if the P value was less than 0.05. A
p value of < 0.1 was accepted as an indication for a trend
towards significance. All analyses were two-tailed.

Results

Age-Related DNA Damage in Testis andMature Sperm

First, we studied whether the extent of constitutive level of
DNA damage as represented by the presence of γH2AX, in-
creases with age in testes. The data showed that expression of
γH2AX in spermatogonium and spermatocytes was signifi-
cantly increased with age in the testis (Fig. 1a, c) (young vs.
old: 134.6 ± 8.9 vs.169.2 ± 3.0; P = 0.003, Student’s t test).
Likewise, expression of γH2AX was also increased with
age in in sperm of WT mice (young vs. old: 4.6 ± 0.6 vs.
15.4 ± 3.5, n = 12; P = 0.006, Student’s t test) (Fig. 1b,
Fig. 2a).

This increase in DNA damage with age was accompa-
nied by increased percentage of sperm cells showing in-
creased susceptibility of DNA to denaturation assessed by
the acridine orange assay [23, 30] (17.4 ± 5.3 vs. 32.6 ±
3.6, n = 10; P = 0.027, Student’s t test) (Fig. 2b) and in-
creased frequency of apoptotic cells defined by FLICA

Fig. 1 Age-related DNA damage
in testicular tissue and mature
sperm cells. a Representative
photomicrographs show γH2AX
immunostaining of sperm cells of
young and old mice at × 40
magnification. b
Photomicrographs represent
γH2AX foci (green) and
counterstaining of DAPI (blue) of
sperm cells from young and old
WT mice at × 40 magnification.
Arrowheads show increased
numbers of γH2AX foci in old
WT mice as compared to young
WT mice. c Bar graph shows a
higher expression of γH2AX as
represented by the intensity of the
γH2AX immunofluorescence in
the spermatogonium and
spermatocytes in testicular tissue
of old (169.2 ± 3.0 vs. 134.6 ±
8.9, n = 7; P = 0.003; Student’s t
test) compared to young. All bar
graphs show means ± SEM
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analysis [24] (13.9 ± 1.5 vs. 35.5 ± 3.7, n = 10; P = 7.9 ×
10−5, Student’s t test) (Fig. 2c) as well as lower sperm
cells count (2.1 × 106 ± 0.07 × 106 vs. 1.7 × 106 ± 0.12 ×
106, n = 8; P = 0.05, Student’s t test) (Fig. 2d) as com-
pared to the young. In addition, old male mice had small-
er litter size when mated with young WT females com-
pared to litter of young WT males mated with young WT
females (young vs. old: 5.2 ± 0.72 vs. 6.9 ± 0.42, n = 9;
P = 0.05, Student’s t test) (Fig. 2e). These data established
that aging may be associated with increased DNA damage
and reduced fertility in male mice.

Haploinsufficiency of BRCA1

To probe the role of DNA damage repair efficiency in male
reproductive aging, we studied young haploinsufficient
BRCA1mice [2].We found that DNADSBs were significant-
ly increased compared to WT mice in spermatogonium and
spermatocytes in the testis (155.2 ± 3.4 vs. 134.6 ± 8.9, n = 7;
P = 0.05, Student’s t test) (Fig. 3a) and in mature sperm from
haploinsufficient BRCA1 mice by γH2AX expression (15.9
± 4.3 vs. 4.6 ± 0.6, n = 12; P = 0.03, Student’s t test) (Fig. 3b).
This increase in DNA damage in the haploinsufficient
BRCA1 mice was accompanied by increased percentage of
DNA fragmentation (30.6 ± 3.4 vs. 17.4 ± 5.3, n = 10; P =
0.05, Student’s t test) (Fig. 3c), apoptosis (30.7 ± 5.4 vs.
13.9 ± 1.5, n = 10; P = 0.014, Student’s t test) (Fig. 3d), and
lower sperm concentration compared to the WT (1.8 × 106 ±
0.1 × 106 vs. 2.1 × 106 ± 0.07 × 106, n = 8; P = 0.045,
Student’s t test) (Fig. 3e). In addition, haploinsufficiency of
BRCA1 male mice resulted in smaller litter size when mated
with WT females compared to when WT males were mated
with WT females (3.2 ± 0.77 vs. 6.9 ± 0.42, n = 9; P = 0.0008,
Student’s t test) (Fig. 3f).

Since we observed smaller litter sizes originating from
haploinsufficient BRCA1 male mice, we explored the mech-
anism of this compromise. We evaluated embryogenesis by
crossing BRCA1 WT mice with WT females and
haploinsufficient BRCA1 male mice with WT females. We
then counted the implantation sites as well as observing em-
bryogenesis after in vivo fertilization. We found that implan-
tation sites were significantly decreased in WT females
crossed with B haploinsufficient BRCA1 male mice (0.43 ±
0.30 vs. 6.60 ± 2.34, n = 7; P = 0.05, Student’s t test) when
compared to crossing with WT males (Fig. 3g). We also ob-
served a higher percentage of embryos arresting in blastocyst
stage instead of hatching in WT females after mating with
haploinsufficient BRCA1male mice compared to mating with
WT males (32.14% ± 0.13% vs. 8.33% ± 0.07%, n = 7; P =
0.026, Student’s t test) (Fig. 3h). These data indicated that
intact DNA DSB repair is important in maintaining sperm
quality.

Decreased Expression of DSB Repair Genes in Aged
and Haploinsufficient BRCA1 Mice

Because we found that the DNA damage was increased both
with age and in haploinsufficient BRCA1 mice, we hypothe-
sized that observed changes were due to age-related decline in
efficiency of DSB repair in sperm. To study our hypothesis,
we measured the expression of key ATM-mediated DSB re-
pair genes by qRT-PCR in young and old mouse sperm. We
found that the expression of BRCA1 (0.05 ± 0.01 vs. 0.04 ±
0.001, P = 0.048, Student’s t test), ATM (0.011 ± 0.003 vs.
0.006 ± 0.002, P = 0.014, Student’s t test), MRE11 (0.6 ± 0.3
vs. 0.1 ± 0.05, P = 0.041, Student’s t test), DMC1 (0.008 ±
0.004 vs. 0.002 ± 0.004, P = 0.036, Student’s t test), RAD50
(2.2 × 10−4 ± 5 × 10−5 vs. 9.2 × 10−5 ± 8 × 10−5, P = 0.028,
Student’s t test), and RAD51 (0.3 ± 0.4 vs. 0.01 ± 0.4, P =
0.0009, Student’s t test), declined significantly in old as com-
pared to young WT mice (Fig. 4a–f).

Interestingly, in the haploinsufficient BRCA1 young
mouse, the expressions of key DNA repair genes were simi-
larly low as in oldWTmice. These included BRCA1 (0.028 ±
0.012 vs. 0.05 ± 0.01, P = 0.019, Student’s t test), ATM
(0.002 ± 0.0005 vs. 0.011 ± 0.003, P = 0.006, Student’s t test),
MRE11 (0.045 ± 0.018 vs. 0.6 ± 0.3, P = 0.02, Student’s t
test), DMC1 (0.002 ± 9 × 10−4 vs. 0.008 ± 0.004, P = 0.02,
Student’s t test), RAD50 (9.7 × 10−5 ± 8.9 × 10−6 vs. 2.2 ×
10−4 ± 5 × 10−5, P = 0.044, Student’s t test), RAD51 (0.002
± 8 × 10−4 vs. 0.03 ± 0.4, P = 0.015, Student’s t test) in
haploinsufficient BRCA1 male mice when compared to sim-
ilar age young WT mice (Fig. 5a–f). In fact, the expression
levels of the DNA repair genes in the young haploinsufficient
BRCA1mice were similar to, and for some genes, even lower,
than the expressions seen in the old WT mice. This data indi-
cates that sperm aging may be accelerated in haploinsufficient
BRCA1 mice.

Effect of S1P-Treatment on Mouse Sperm
Chromosomal Integrity and Expression of DNA DSB
Repair Genes

To determine if S1P can reduce DSBs by enhancing DNA
repair and potentially reduce sperm aging, we subjected
mouse sperm to H2O2 exposure in the presence or absence
of S1P. We observed a significant decrease in expression of
γH2AX with S1P and genotoxic stress as compared to H2O2

alone (8.29 ± 1.45 vs. 13.42 ± 1.51, n = 9; P = 0.025,
Student’s t test) (Fig. S1A). Treatment with S1P had no effect
on the percentage of apoptosis, by FLICA (Fig. S1C), as well
as susceptibility of DNA to denaturation by AO staining (Fig.
S1E).

S1P treatment induced the expression of BRCA1 com-
pared to baseline (0.471 ± 0.602 vs. 0.068 ± 0.031, n = 9;
P = 0.005, Student’s t test) and H2O2-treated sperm (0.755 ±
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0.377 vs. 0.090 ± 0.053, n = 9; P = 0.002 Student’s t test).
Furthermore, there was a trend for increase in the expression
of Rad51 (0.036 ± 0.015 vs. 0.012 ± 0.008, n = 9; P = 0.07,
Student’s t test) and DMC1 (0.016 ± 0.02 vs. 0.003 ± 0.002,
n = 9; P = 0.06, Student’s t test) in the S1P-treated samples
when compared to the controls. S1P treatment did not have
an effect on other tested genes when compared to the control
(Fig. 6a–f).

To confirm that S1P reduces DNA damage in sperm
via enhancing the actions of ATM-mediated DSB repair
pathway, we replicated the above experiments with an
ATM inhibitor co-treatment. The ATM inhibitor co-

treatment reversed the benefits of S1P on DNA repair as
shown by no change in DSBs via γH2AX expression
(Fig. S1B) and percentage of apoptosis by FLICA (Fig.
S1D), as well as susceptibility of DNA to denaturation by
AO staining (Fig. S1F).

ATM inhibition also blocked or reversed the S1P-induced
increase in the expression of DSB repair genes in the face of
genotoxic stress. While the expressions of BRCA1, ATM,
RAD50, and MRE11 did not increase with S1P treatment
when an ATM inhibitor was used, interestingly, S1P sup-
pressed the expressions of RAD51 (0.015 ± 0.056 vs. 0.052
± 0.012, n = 8; P = 0.05, Student’s t test) and DMC1 (0.0035

Fig. 2 Age-related decline in sperm quality. Aged mice showed an a
increase in DNA damage as reported by γH2AX expression through
utilizing laser scanning cytometry with at least 1000 cells counted per
sample (4.6 ± 0.6 vs. 15.4 ± 3.5, n = 12; P = 0.006, Student’s t test), b
increased susceptibility of DNA of sperm cells to denaturation by the
acridine orange assay (17.4 ± 5.3 vs. 32.6 ± 3.6, n = 10; P = 0.027,
Student’s t test), c increased percentage of apoptotic cells detected by

the FLICA analysis (13.9 ± 1.5 vs. 35.5 ± 3.7, n = 10; P = 7.9 × 10−5,
Student’s t test), and d lower sperm concentration (2.1 × 106 ± 0.07 ×
106 vs. 1.7 × 106 ± 0.12 × 106, n = 8; P = 0.05, Student’s t test) as
compared to young. e Old male mice resulted in smaller litter size when
mated with WT females compared to when WT males were mated with
WT females (young vs. old: 5.2 ± 0.72 vs. 6.9 ± 0.42, n = 9; P = 0.05,
Student’s t test). All bar graphs show the means ± SEM
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± 0.005 vs. 0.021 ± 0.015, n = 8; P = 0.013, Student’s t test) in
the presence of an ATM inhibitor (Fig. S2A–F).

Alkaline and Neutral Comet Assay in S1P-Treated
Mouse Sperm With and Without an ATM Inhibitor

To confirm the effects of S1P on sperm DNA DSB repair, we
utilized COMET assay as an independent method of DNA
damage assessment. Alkaline COMET assay is a generalized
assay for DNA breaks while the neutral assay is more specific
to DSBs [31]. By COMET assay too, S1P treatment reduced
DNA DSBs compared to baseline and genotoxic stress alone.
On neutral comet assay, S1P-reduced spontaneous (18.5 ±
0.59 vs. 27.8 ± 0.52, n = 9; P = 0.000018, Student’s t test)
and genotoxic stress–induced DNA damage (18.8 ± 0.73 vs.
29.6 ± 0.64, n = 9; P = 0.00004, Student’s t test) (Fig. S3A).
Likewise, on alkaline comet assay too, S1P treatment reduced
both spontaneous (16.79 ± 0.89 vs. 24.7 ± 0.76, n = 9; P =
0.000093, Student’s t test) and genotoxic stress induced
DNA damage (16.8 ± 0.87 vs. 27.3 ± 0.90, n = 9; P =
0.00004) (Fig. S3C). These beneficial effects of S1P on
DNADSB repair were again blocked by the co-treatment with
an ATM inhibitor (Fig. S3B&D), validating the specificity of
the actions of S1P on the ATM-mediated DNA DSB repair
pathway.

Discussion

In a previous study, we demonstrated that DSB repair and its
decline with age is critical in oocyte aging [2]. In the current
study, we set out to determine the role of DNA damage and
DSB repair in sperm. Our findings from testicular sections
showed that expression of γH2AX was significantly in-
creased in spermatogonium and spermatocytes with age.
Based on this age-related increase in spermatogonium and
spermatocyte damage, we hypothesized that the sperm DNA
repair function may decline from the earliest stages of sper-
matogenesis. We found that DNA repair declined with age in
sperm, resulting in the accumulation of DSBs in sperm mea-
sured by both γH2AX and COMET assays. This was accom-
panied by alteration of spermDNA integrity with age. Further,
in haploinsufficient BRCA1 mice, the findings from aged
mice were replicated and the embryo development was altered
in WT female mice impregnated by haploinsufficient BRCA1
male mice. These findings indicated that DSB repair is critical
in sperm quality and function. Moreover, by treating the
sperm with a naturally occurring sphingolipid S1P, we were
able to enhance DNA repair and reverse aging-associated
changes. These findings suggest that DNA repair could be a
target for pharmacologically reversing male reproductive ag-
ing and enhancing sperm quality.

Earlier studies on sperm DNA integrity mainly focused
on DNA fragmentation. Some of those studies showed an
association between sperm fragmentation and reduced fer-
tility [32, 33]. Other studies have suggested that DNA
fragmentation is another manifestation of intensive DSBs
in sperm [34, 35]. However, the reasons behind increased
DNA fragmentation in some individuals and its relation-
ship with aging were never explained. Perhaps the com-
placency towards providing an explanation was the earlier
doctrine that sperm were transcriptionally inactive. Prior
studies in the male reproductive system only focused on
DNA repair in sperm during their time of development in
the testes. Some have doubted the presence of DNA repair
mechanisms and questioned whether they can play an im-
portant role in sperm survival and fertility [36–38].

Other studies, on the other hand, showed that oocytes
and early embryos could repair sperm DNA damage, and
the impact of sperm DNA fragmentation on embryo de-
velopment depended on the combined effects of the extent
of sperm chromatin damage and the capacity of the oocyte
to repair it [39]. In addition, a recent study demonstrated
that the zygote responds to sperm DNA damage by
slowing paternal DNA replication, which could lead to
embryonic arrest [40]. Along with this, Amaral et al. pro-
vided a list of all sperm proteins described to date and
noted that the functional relevance of several sperm pro-
teins, such as those related to protein synthesis, remains
unclear [41].

�Fig. 3 Increased sperm DNA damage in in haploinsufficient BRCA1
male mouse. a Representative photomicrographs show γH2AX staining
of haploinsufficient BRCA1 mice testicular tissue at × 40 magnification.
Bar graph shows a higher expression of γH2AX as represented by the
intensity of the γH2AX immunofluorescence in the spermatogonium and
spermatocytes in testicular tissue of haploinsufficient BRCA1 mice testis
by laser scanning cytometry (155.2 ± 3.4 vs. 134.6 ± 8.9, n = 7; P = 0.05,
Student’s t test). b Photomicrographs represent γH2AX foci (green) and
counterstaining of DAPI (blue) of sperm cells from young and old WT
mice at × 40magnification. Bar graph shows an increase in DNA damage
as reported by γH2AX expression (15.9 ± 4.3 vs. 4.6 ± 0.6, n = 12; P =
0.03, Student’s t test), c increased susceptibility of DNA of sperm cells to
denaturation by the acridine orange assay (30.6 ± 3.4 vs. 17.4 ± 5.3, n =
10; P = 0.05, Student’s t test), d increased percentage of apoptosis via
FLICA analysis (30.7 ± 5.4 vs. 13.9 ± 1.5, n = 10; P < 0.014, Student’s t
test), and e lower sperm concentration compared to WT (1.8 × 106 ±
0.1 × 106 vs. 2.1 × 106 ± 0.07 × 106, n = 8; P = 0.045, Student’s t test). f
Haploinsufficiency of BRCA1 male mice resulted in smaller litter size
when mated with WT females compared to when WT males were mated
with WT females (3.2 ± 0.77 vs. 6.9 ± 0.42, n = 9; P = 0.0008, Student’s t
test). g Representative photomicrographs show implantation sites
produced by crossing BRCA1 WT mice with WT females and
haploinsufficient BRCA1 male mice with WT females. Bar graph
shows implantation sites were significantly decreased in WT females
crossed with haploinsufficient BRCA1 male mice (0.43 ± 0.30 vs. 6.60
± 2.34, n = 7; P = 0.05, Student’s t test) when compared to crossing with
WT males. h Representative photomicrographs show increased
percentage of arrested embryos produced by the crosses mentioned
from the implantation sites at × 20 magnification. Bar graph shows a
higher percentage of arrested embryos produced by crossing
haploinsufficient BRCA1 male mice with WT females (32.14% ±
0.13% vs. 8.33% ± 0.07%, n = 7; P = 0.026, Student’s t test) as
compared to WT mice. All results are mean ± SEM
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Studies also addressed the dispute as to whether there is
protein synthesis occurring in mature spermatozoa at all, or if
the proteins and RNAs found are simply remnants from earlier
spermatogenesis [41]. Human sperm contain various tran-
scription factors related to RNA metabolism, however, tran-
scription is limited in human sperm due to limited proteomic
machinery needed to perform transcription. Nonetheless, sper-
matozoa seem to contain proteins involved in RNA metabo-
lism, which includes mRNA degradation pathways as well as
packaging and processing of small nuclear ribonucleoproteins
[41]. Multiple publications also established that there was a

complex population of RNAs in ejaculated human sperm.
However, the functional significance of most nuclear-
encoded sperm transcripts is yet to be established.

Recent studies do suggest probable roles of a few sperm
transcripts, which are related to genome packaging, early em-
bryogenesis, transmission of paternal epigenetic information,
and protein translation [41]. Absent from these investigations
was the role of DNA repair in sperm, which was addressed in
the current study. Our study indicated that the BRCA-related
DSB repair genes can be actively transcribed in mature sperm
and may play critical functional roles in maintaining sperm

Fig. 4 Age-related decline in the expression of DNA repair genes in
mouse sperm. Significant decreases in the expression of DNA repair
genes in old WT mice as compared to young shown by real-time PCR.
All results are mean ± SEM (n = 8 per group). Bar graphs represent the
gene expressions, which are significantly lower for key DNA repair genes
with age, including a BRCA1 (0.05 ± 0.01 vs. 0.04 ± 0.001, P = 0.048,

Student’s t test), b ATM (0.011 ± 0.003 vs. 0.006 ± 0.002, P = 0.014,
Student’s t test), c MRE11 (0.6 ± 0.3 vs. 0.1 ± 0.05, P = 0.041, Student’s
t test), d DMC1 (0.008 ± 0.004 vs. 0.002 ± 0.004, P = 0.036, Student’s t
test), e RAD50 (2.2 × 10−4 ± 5 × 10−5 vs. 9.2 × 10−5 ± 8 × 10−5, P =
0.028, Student’s t test), and f RAD51 (0.3 ± 0.4 vs. 0.01 ± 0.4, P =
0.0009, Student’s t test)
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quality. The altered sperm and embryo quality from
haploinsufficient BRCA1 male mice highlights a potential
important role for DSB repair in male reproduction. In addi-
tion, male infertility has traditionally been diagnosed by mi-
croscopic assessment of the sperm in the ejaculate for concen-
tration, and motility, which provided a crude assessment of
quality [38]. Our study adds the possibility that the extent of
DNA damage and the presence DSBs as well as the BRCA1-
mediated DSB repair gene function can potentially be quanti-
fied to assess sperm quality.

Another potential clinical implication of our study is for
BRCA-mutation carrier men. Starting with our first clinical
observations [42] and continuing with our translational work
[2, 43], we have provided strong evidence that ovarian aging

is accelerated in women with BRCAmutations. This has been
confirmed by numerous other studies showing early meno-
pausal age [44, 45], lower serum anti-Mullerian hormone
levels [2, 46, 47], and lower primordial follicle density [43]
in women with BRCA mutations. Our current study raises the
possibility that men with BRCA mutations may also have
accelerated reproductive aging. Further clinical studies are
warranted to investigate semen quality and reproductive per-
formance in men with BRCA mutations.

Ceramide-induced death pathway has been shown to be
instrumental in radiotherapy and chemotherapy-induced oo-
cyte death [15, 16]. S1P, a byproduct of the ceramide-induced
pathway, has been shown to block ceramide-induced apopto-
sis in oocytes ex vivo, triggered by radiotherapy [15] and

Fig. 5 Compromised sperm DNA repair gene function in
haploinsufficient BRCA1 male mouse. All results are mean ± SEM
(n = 8 per group). Bar graphs represent the expressions of key DNA
repair genes by qRT-PCR, which are significantly lower for a BRCA1
(0.028 ± 0.012 vs. 0.05 ± 0.01, P = 0.019, Student’s t test), bATM (0.002
± 0.0005 vs. 0.011 ± 0.003, P = 0.006, Student’s t test), cMRE11 (0.045

± 0.018 vs. 0.6 ± 0.3, P = 0.02, Student’s t test), and d DMC1 (0.002 ±
9 × 10−4 vs. 0.008 ± 0.004, P = 0.02, Student’s t test), e RAD50 (9.7 ×
10−5 ± 8.9 × 10−6 vs. 2.2 × 10−4 ± 5 × 10−5, P = 0.044, Student’s t test),
and f RAD51 (0.002 ± 8 × 10−4 vs. 0.03 ± 0.4, P = 0.015, Student’s t
test) compared to WT.
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chemotherapy [16]. In an in vivo xenograft model, our labo-
ratory showed that S1P blocked doxorubicin and
cyclophosphamide-induced primordial follicle death in hu-
man ovarian tissue. Since we showed that chemotherapy in-
duced oocyte death by causing DSBs [48], we hypothesized
that S1P may prevent chemotherapy-induced germ cell DNA
damage and death by enhancing DNA repair. Based on that
hypothesis, we tested S1P’s ability to enhance DNA repair in
sperm. A different study observed that ghrelin administration
prevents cisplatin-induced germ cell damage through demon-
strating decreased sperm DNA damage by enhanced DNA

repair mechanisms [49]. This finding further indicates the im-
portance of DNA repair in sperm.

In our study, sperm from youngWTmice were treated with
S1P alone and with an ATM inhibitor, and analyzed for DNA
damage, apoptosis, and chromatin integrity. There was a sig-
nificant decrease in DNA damage when sperm was treated
with S1P under genotoxic stress. S1P treatment reversed
DNA damage induced by H2O2 exposure as shown both by
γH2AX and COMET assays. The ATM specificity of this
effect was shown via the abrogation of the DNA repair en-
hancing effects of S1P by ATM-inhibitor treatment. The

Fig. 6 S1P treatment enhances DNADSB repair in sperm. S1P treatment
induced the expression of BRCA1 compared to baseline (0.471 ± 0.602
vs. 0.068 ± 0.031, n = 9; P = 0.005, Student’s t test) and H2O2-treated
sperm (0.755 ± 0.377 vs. 0.090 ± 0.053, n = 9; P = 0.002 Student’s t
test). Furthermore, there was a trend for increase in the expression of

Rad51 (0.036 ± 0.015 vs. 0.012 ± 0.008, n = 9; P = 0.07, Student’s t
test) and DMC1 (0.016 ± 0.02 vs. 0.003 ± 0.002, n = 9; P = 0.06,
Student’s t test) in the S1P treated samples when compared to the
controls. Other genes tested showed no significant difference in the S1P
treated sperm when compared to the control. All results are mean ± SEM
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reduction in DSBs occurred by enhancing DNA repair with
S1P, however, other etiologies would need to be investigated
to further confirm these findings.

In congregate, these findings suggest a strong role for DNA
damage repair inmaintenance of sperm quality. Our study also
shows a possible pharmaceutical approach to prevent sperm
aging. Further in vivo animal and translational studies in aging
men as well as those in BRCAmutation carriers are warranted
to affirm the clinical significance of our findings.
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