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Objective: The present study aimed to investigate the effect of p-nicotinamide mononucleotide
(NMN) supplementation on ram sperm quality during storage at 4°C in vitro.

Methods: Tris-citric acid-glucose solution containing different doses of NMN (0, 30, 60,
90, and 120 uM) was used to dilute semen collected from rams and it was stored at 4°C.
Sperm motility, plasma membrane integrity as well as acrosome integrity were evaluated at
0, 24, and 48 h time points after storage at 4°C. In addition, sperm mitochondrial activity,
lipid peroxidation (LPO), malondialdehyde (MDA) content, reactive oxygen species (ROS)
content, glutathione (GSH) content, superoxide dismutase (SOD) activity, and apoptosis
were measured at 48 h time point after storage at 4°C.

Results: Results demonstrate that the values obtained for sperm motility; acrosome integrity,
and plasma membrane integrity in the NMN treatments were significantly higher than
control (p<0.05). The addition of 60 uM NMN significantly improved ram sperm mito-
chondrial activity and reduced LPO, MDA content, and ROS content compared to control
(p<0.05). Interestingly, sperm GSH content and SOD activity for the 60 WM NMN treatment
were much higher than those observed for control. NMN treatment also decreased the
level of Cleaved-Caspase 3, Cleaved-Caspase 9, and Bax while increasing Bcl-2 level in
sperm at 48 h time point after storage at 4°C.

Conclusion: Ram sperm quality can be maintained during storage at 4°C with the addition
of NMN at 60 uM to the semen extender. NMN also reduces oxidative stress and apoptosis.
Overall, these findings suggest that NMN is efficient in improving the viability of ram sperm
during storage at 4°C in vitro.
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INTRODUCTION

Artificial insemination (AI) is an assisted reproductive technology that facilitates the genetic
improvement of livestock by increasing the use of superior males with highly productive
traits [1]. It is also important for genetic improvement in sheep production and breeding
activities [1]. However, the type of AI techniques to be used in sheep depends on the semen
deposition method to be adopted, and the options available are vaginal, cervical, and intra-
cervical deposition methods [2]. Likewise, ram semen used for Al can be fresh, chilled, or
frozen. Generally, the intravaginal method is used when working with chilled semen be-
cause it is simple and cost-effective for commercial flocks [3]. Previous studies have reported
lower pregnancy rates with chilled semen compared to natural mating [4]. In addition,
sperm motility and viability rates decreased during storage at the rate of 60%, 52%, 30%,
and 18% for 0, 24, 48, and 72 h, respectively [5]. Sperm quality is an important factor that
affects pregnancy rate, however, storing sperm in chilled conditions causes changes in sperm
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membrane function and structure, and shortens its lifespan
[6]. Also, compared to fresh semen, the progressive motility
of chilled semen in the female reproductive tract is slower [7].
Therefore, it is imperative to explore chilled semen quality
improvement techniques to increase the success of Al in sheep.

Reactive oxygen species (ROS) is generated by the nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase
system and the NADPH-dependent redox reaction in the
sperm membrane and sperm, respectively [8]. Most ROS
produced in sperm is a result of electron leakage from the
mitochondria which occurs during storage under unphysio-
logical conditions in vitro [9]. Consequently, an increase in
the number of dysfunctional sperm in the semen during
storage in vitro at 4°C is the major cause of elevated ROS levels.
Antioxidants present in sperm usually quench excessive
ROS to prevent damage to sperm cells. However, an imbal-
ance between sperm antioxidant capa city and the amount
of ROS generated leads to ROS accumulation. This occur-
rence adversely affects sperm motility and fertility through
lipid peroxidation (LPO), DNA fragmentation, and apoptosis
[10]. Previous studies have reported ROS accumulation during
ram sperm storage at 4°C [11]. In addition, the viability of
ram sperm decreases during storage at 0°C to 15°C after 24 h
as a result of ROS-induced disruption of the biological func-
tion of ram sperm. Moreover, researchers have explored the
use of compounds with inherent antioxidant properties, such
as resveratrol [12], alginate oligosaccharide [13] in chilled
ram sperm storage. To this end, we investigated the use of
B-nicotinamide mononucleotide (NMN) in enhancing the
quality of chilled ram sperm after storage, leveraging its anti-
oxidant capacity.

NMN is a bioactive nucleotide and a natural antioxidant
synthesized by NAMPT, an enzyme involved in nicotinamide
adenine dinucleotide (NAD") production in mammals [14].
NMN widely exists in vegetables, fruits, and meat [15]. Studies
have shown that NMN can reduce ROS, LPO, and sperm
DNA damage by increasing Sirtuin 1 (SIRT1) activity [16]. It
has also been shown to reverse NAD" deficiency-induced
anomaly in DNA repair, cell survival, mitochondrial ho-
meostasis, and ROS production [17]. However, available
information about the effect of NMN on ram sperm storage
is limited. This study aimed to investigate the effect of NMN
supplementation on ram sperm quality during storage at
4°C.

MATERIALS AND METHODS

Animal care

All animals and experimental procedures were approved by
the Qingdao Agriculture University Institutional Animal Care
and Use Committee (QAU1121010).
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Chemicals and extenders

Unless specifically indicated, the chemicals and reagents used
in this study were obtained from Sigma-Aldrich (Shanghai,
China). Tris-citric acid-glucose (TCG) solution, consisting of
69 mM glucose, 83 mM citric acid, 250 mM Tris, 100 pg/mL
polymyxin B, 1,000 IU/mL penicillin G sodium salt (Solarbio,
Beijing, China), and 1 mg/mL streptomycin sulfate was used
as an extender (Solarbio, China).

Animal semen collection

Semen was collected from five healthy and fertile rams
(Small-Tailed Han sheep; about 2 years of age) from each
ram twice a week for 4 successive weeks using an artificial
vagina in December 2021 at the Hongde livestock farm
(Shouguang, China). A total of 40 ejaculates were obtained,
and each ejaculate was incubated at 37°C. Ejaculated semen
motility was estimated using computer-assisted sperm anal-
ysis (CASA) and only samples with over 80% motility were
used. Also, sperm concentration was assessed using a hemo-
cytometer, and only semen with a density exceeding 2x10’
sperm/mL was used in this study. The ejaculated semen
from the rams were pooled and split into 5 parts for subse-
quent analysis.

Semen processing

Semen collected were diluted with TCG medium containing
different concentrations of NMN (0, 30, 60, 90, and 120 M)
at a final concentration of 400x10° sperm/mL. The samples
were cooled in a cold cabinet from 37°C to 4°C. After that,
they were stored at 4°C. Sperm motility parameters, plasma
membrane integrity, and acrosome integrity were evaluated
at 0, 24, and 48 h time points and stored at 4°C. Sperm mito-
chondrial activity, LPO, malondialdehyde (MDA) content,
glutathione (GSH) content, ROS content, superoxide dis-
mutase (SOD) activity, and apoptosis were evaluated after 48 h
of storage at 4°C.

Assessment of sperm motility

Computer-assisted sperm analysis (SCA 20-06-01; Goldcyto,
Barcelona, Spain) was performed. For detection, images
were acquired using a digital camera (acA780-75gc; Basler,
Allensburg, Germany) and a negative phase contrast mi-
croscope at 100x magnification, set to a standard parameter
of 25 frames/s. According to our previous study [18], after
preheating the analyzer, semen sample aliquots of 5 uL were
added to the Makler chamber. Sperm motility was assessed
in three randomly selected areas using CASA, and a total of
500 sperm were evaluated. The percentage of sperm moving
at a path speed of 12 um/s was defined as total sperm motility.
Forward movement denotes the percentage of sperm moving
in a straight line at a path velocity of 45 um/s for more than
80% of the time.
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Evaluation of sperm acrosome integrity and plasma
membrane integrity

According to Dziekonska et al [19], sperm acrosome integrity
and plasma membrane integrity were detected by fluorescein
isothiocyanate-peanut lectin (FITC-PNA, L-7381; Sigma-
Aldrich, China) and LIVE/DEAD sperm viability test kit
(L-7011; Thermo Fisher, Shanghai, China), respectively. To
evaluate sperm acrosome integrity, sperm samples were in-
cubated with fluorescein isothiocyanate-peanut lectin solution
(100 pg/mL) and a solution of 2.4 mM propidium iodide (PI)
at 37°C for 5 min in the dark. For plasma membrane integrity
detection, sperm samples were incubated with 100 nM SYBR-
14 working solution and 2.4 mM PI solution in the dark for
10 min. Moreover, the stained sperm were photographed after
monitoring using a fluorescence microscope at 400x magni-
fication to evaluate acrosome integrity and plasma membrane
integrity (emitting green fluorescence at 516 nm and red flu-
orescence at 617 nm) as previously described by Zhu et al
[20]. The result for acrosome integrity denotes the percentage
of sperm with intact acrosomal membrane integrity and
plasma membrane integrity (not stained by FITC-PNA/PI
min the sperm head; FITC-PNA"/PI" and SYBR-14"/PT,
respectively). A total of 300 sperm were evaluated. Moreover,
the analyses were performed in triplicate.

Evaluation of mitochondrial activity

According to Dziekoniska et al [19], JC-1 fluorescent probe
(JC-1) and PI staining were carried out to evaluate sperm mi-
tochondrial activity. Sperm samples were incubated for 15
min at 37°C in the dark with 1 uL JC-1 (1 mg JC-1/mL an-
hydrous dimethyl sulfoxide). Then, it was incubated in the
dark with 2 uM PI for a total of 5 min at 37°C. The stained
sample was evaluated with a fluorescence microscope at 400x
magnification. Sperm with an orange fluorescence in the
midpiece were considered viable with high mitochondrial
activity (JC-1"/PI'). Meanwhile, sperm consisting of green
fluorescence in the midpiece while lacking fluorescence in
the head were categorized as viable sperm with low mito-
chondrial membrane potential (MMP). Also, the results
were presented as the percentage of viable sperm with high
mitochondrial activity. In addition, a ratio of the number of
sperm with high mitochondrial activity compared to the total
sperm count was obtained. A total of 300 sperm were evalu-
ated. The analyses were performed in triplicate.

Measurement of sperm malondialdehyde content

MDA is one of the final products of polyunsaturated fatty
acids (PUFA) peroxidation in cells, which is regarded as a
marker of oxidative stress. According to Zhang et al [18], a
commercial MDA assay kit (S0131S; Beyotime Institute of
Biotechnology, Shanghai, China) was used to measure MDA
content. Sperm stored at 4°C were lysed by sonication (20
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kHz, 300 W, operating at 50%, 3 min for 10 s on and 5 s
off) on ice. Then the sample was mixed with the pre-pre-
pared reaction buffer reagent and boiled for 40 min. After
cooling, the sample was centrifuged, and the supernatant
was collected. Furthermore, absorbance was taken at 532
nm using a microplate reader (TECAN; Infinite M Nano,
Minnedorf, Switzerland). Meanwhile, BCA protein quan-
tification kit (E112-01; Vazyme, Nanjing, China) was used
to detect the sperm protein level. The analyses were per-
formed in triplicate.

Detection of lipid peroxidation

LPO occurs under conditions where ROS react with vulnerable
lipids on the cell membrane, leading to degrading sperm
quality. According to Li et al [21], a LPO assay kit (A160-1;
Nanjing Jiancheng Bioengineering Institute, Wuhan, China)
was used to measure LPO content. In brief, saline was added
to the sperm samples and homogenized in an ice water bath.
Thereafter, the sample was centrifuged and mixed with the
prepared buffer. Then, absorbance was taken at a wavelength
of 586 nm using a microplate reader (TECAN; Infinite M
Nano, Switzerland). The analyses were performed in triplicate.

Detection of glutathione content

GSH plays a key role in maintaining cellular redox homeo-
stasis. According to Zhu et al [20], a commercial GSH assay
kit (A061-1, Nanjing Jiancheng Bioengineering Institute,
China) was used to measure sperm GSH content. For the
determination of total glutathione (T-GSH), the sperm sam-
ples were homogenized and centrifugated at 3,500 rpm/min
and the supernatant was collected. Then, reagents were added
and mixed with the supernatant based on the manufacturer's
instructions. The absorbance (A1) was measured at 532 nm
using a microplate reader after waiting for 30 s, while absor-
bance (A2) was measured after standing at room temperature
for 10 min. To detect oxidized glutathione (GSSG), reagents
were added, mixed with the supernatant, and incubated at
37°C for 30 min according to the manufacturer's instruc-
tions. Thereafter, reagents were added and mixed again, and
absorbance (A1) and absorbance (A2) were read at 450 nm
based on manufacturer instructions. GSH content was de-
termined using the formula: GSH = T-GSH-2xGSSG. The
analyses were performed in triplicate.

Measurement of superoxide dismutase activity

SOD enzymes are considered the first line of defense against
ROS. According to Zhang et al [22], SOD activity was mea-
sured by a total SOD detection kit (A001-3-2; Nanjing Jiancheng
Bioengineering Institute, China). Sperm cells were crushed
by frozen ultrasound (300 W, every 5 s, 4 times at an interval
of 30 s), and the supernatant was used for SOD activity de-
tection. The enzyme working solution followed by the
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substrate solution was added to the supernatant and incu-
bated for 20 min at 37°C. Thereafter, absorbance was taken
with the aid of a microplate reader at 450 nm (TECAN; In-
finite M Nano, Switzerland). SOD activity (U/mg prot) =
SOD inhibition rate/(50%x12)/protein concentration. The
analyses were performed in triplicate.

Measurement of sperm reactive oxygen species
According to Zhu et al [23], a ROS detection kit (M36008;
Thermo Fisher Scientific, China) was used to determine the
content of ROS. Sperm samples were centrifuged and resus-
pended with 200 UL working solution. The cells were incubated
for 15 min in the dark at 37°C. Thereafter, the cells were cen-
trifuged and washed three times with 1x phosphate buffered
saline (1xPBS). Stained sperm were re-suspended in 1x PBS
and evaluated by flow cytometry (FACS Aria III; BD Bio-
sciences, Franklin Lakes, NJ, USA) using a filter with a
bandwidth of 574/26 nm, and measurements denote the
mean fluorescence intensity. The analyses were performed
in triplicate.

Western blotting

Total sperm protein was extracted using sodium dodecyl
sulfate (SDS) sample buffer. Moreover, total proteins (20 pg)
from each sample were separated on a 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(E303-01; Vazyme, China), and the separated proteins were
transferred to a polyvinylidene difluoride (PVDF) mem-
brane. Nonspecific binding of PVDF membrane was blocked
by tris buffered saline with tween-20 (TBST) containing 5%
bovine serum albumin (BSA). Then, 1% BSA (dissolved in
TBST) was used to dilute primary antibodies such as Cleaved-
Caspase 3 (A22869, Rabbit monoclonal; AB clone, Wuhan,
China), Cleaved-Caspase 9 (A22672, Rabbit monoclonal;
AB clone, China), Bax (A0207; AB clone, Rabbit monoclonal,
China), Bcl-2 (A0208; AB clone, Rabbit monoclonal, China),
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anti-a-tubulin (AC007; AB clone, Rabbit monoclonal, China)
at a ratio of 1:1,000, and incubated for a total of 12 h at 4°C.
Then, the PVDF membranes were placed in a TBST solution
for washing. Thereafter, it was incubated with a secondary
antibody (AS014, Goat anti-rabbit IgG, 1:1,000; AB Clone,
China) for 1 h. ECL plus (ED0016-B; Sparkjade, Jinan, China)
was added to the membrane for detection prior to developing
the image with a gel imaging analyzer (Alpha; Fluor Chem
Q, Shanghai, China).

Statistical analysis

Data from three replicates were compared using one-way
analysis of variance followed by Tukey’s post hoc test (Statview;
Abacus Concepts, Inc., Berkeley, CA, USA). All the values in
this study are presented as the meantstandard error of the
mean. Moreover, treatments were considered to be statisti-
cally different from one another at p<0.05.

RESULTS

Addition of B-nicotinamide mononucleotide improved
chilled sperm motility parameters

As shown in Table 1, when the motility patterns of sperm
were analyzed through the movement trajectories generated
by CASA, it was found that the addition of 60 or 90 uM NMN
to the extender significantly increased (p<0.05) the sperm
total motility, progressive motility, VSL (straight-line velocity),
VAP (average path velocity), LIN (linearity) VCL (curvilinear
velocity), and STR (straightness) at 24 h and 48 h points of
storage at 4°C. Specifically, the 60 uM NMN treatment had
the highest value for the parameters above. In addition, at
0 h of the NMN treatments, there are no differences (p>
0.05) in the sperm parameters among the treatments (Sup-
plementary Table S1). Regarding ALH (lateral head) and
BCF (beat-cross frequency) parameters, there were also no
differences (p>0.05) among the treatments after storage at

Table 1. Sperm motility parameters after the addition of B-nicotinamide mononucleotide to the extender as analyzed by computer-assisted sperm

analysis

Time 24 h 48 h
Items

NMN ouM 30 uM 60 pM 90 pM 120 uM ouM 30 uM 60 pM 90 pM 120 uM
Total motility (%) 4277+4.59° 4371+500% 70.51+3.61° 64.93+526° 49.92+4.67°  37.51+0.81° 40.82+4.48° 61.31+2.19° 53.43+4.69° 4356+3.71°
Progressive motility (%)~ 33.97+5.80°  34.2+567° 52.45+564° 47.4+1.71° 34024118  26.15+0.65° 27.72+529" 4555+6.75° 39.73+5.35° 30.61+1.71°
VCL (um/s) 42.62+4.57° 49.05+2.37° 69.34+381° 59.41+1.67° 50.88+2.06°  31.88+4.27° 40.65+1.81° 56.11+4.96° 49.53+3.27° 390.41+4.32°
VL (umm/s) 33.20+2.87° 38.81+1.55° 54.58+3.39° 49.63+1.02° 39.24+583°  27.58+0.98° 36.43+4.02° 44.75+3.68° 42.49+476° 31.31+3.61°
VAP (umy/s) 29.19+3.46° 36.31+1.33° 50.14+2.81° 48.69+3.94° 3568+4.88°  23.14+2.06° 32.87+4.34° 4054+2.68° 3852+6.41° 3342+3.27°
BCF (Hz) 7.01+057  6.16+051  4.13+0.79 8524061  531+091 526+0.34  452+044  401+013  546+047  4.69+1.32
ALH (um) 342+028  349+042 4684073  4.65+022  411+0.31 2654021 3234022 4324051 4074041  3.05+0.38
STR (%) 7524111 77764436 7518+337 77.59+1.34 73.96+4.69 73814315 70.97+1.91 72.99+149 7541+199 69.16+0.58
LIN (%) 48.34+2.04° 57.21+4.84° 59.28+3.49° 56.68+573° 49.78+3.55°  40.67+3.48° 46.89+4.49° 49.69+2.97° 47.71+0.62° 41.83+1.61°
WOB (%) 56.21+4.94° 68.07+2.99° 66.76+1.64° 57.58+0.04° 59.47+3.19° 52.79+4.08° 60.59+1.16° 63.63+599° 5474+2.46° 54.81+1.92°

Values are expressed as mean + standard error.

NMN, B-Nicotinamide mononucleotide; VCL, curvilinear velocity; VSL, straight-line velocity; VAP, average path velocity; BCF, beat-cross frequency; ALH,
lateral head; STR, straightness (VSL/VAP); LIN, linearity (VSL/VCL); WOB, wobble (VAP/VCL).
> Different letters within the same row at the same time indicate significant differences (p<0.05).

www.animbiosci.org

855



/1137

4°C at 24 h or 48 h points.

Addition of B-nicotinamide mononucleotide improved
the sperm acrosome integrity and plasma membrane
integrity

As shown in Figure 1A, four kinds of sperm were observed
under the fluorescence microscope after the sperm was
stained with FITC-PNA/PI: the white arrow indicates viable
sperm with intact acrosome; the green arrow indicates viable
sperm with damaged acrosome; the orange arrow indicates
dead sperm with damaged acrosome; and the black arrow
indicates dead sperm with intact acrosome. The addition of
NMN to the extender greatly improved the integrity of sperm
acrosomes after storage at 4°C at 24 and 48 h points (Figure
1C). The 60 uM NMN treatment group showed more intact
acrosomes than the control group (Figure 1C). In addition,
as shown in Figure 1B, the white arrow indicates sperm with
an intact plasma membrane, while the orange arrow indi-
cates sperm with a damaged plasma membrane. Moreover,
the addition of 60 or 90 uM NMN to the extender signifi-
cantly improved (p<0.05) sperm plasma membrane integrity
after storage at 4°C at 24 and 48 h points. Specifically, 60 pM
NMN treatment had the highest value among the treatments
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3 T Em 30 pM
< 804 1 60pM
2 — 90 uM
2 60- 120 M
g

2 404

2

2

2 204
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0Oh 24 h 48 h

Zhu et al (2024) Anim Biosci 37:852-861
(Figure 1D).

Addition of B-nicotinamide mononucleotide improved
sperm mitochondrial activity

As shown in Figure 2A, sperm with an orange fluorescence
in the midpiece were considered viable with high mitochon-
drial activity (JC-1"/PI'; white arrow). Meanwhile, sperm
with green fluorescence in the mid-piece and no fluorescence
in the head were classified as viable sperm with low MMP
(black arrow). The orange arrow indicates dead sperm. The
addition of NMN to the extender increased (p<0.05) sperm
mitochondrial activity after storage at 4°C for 48 h (Figure
2B). Moreover, both 60 and 90 uM NMN treatments had the
highest value among the treatments (Figure 2B).

B-Nicotinamide mononucleotide reduced the reactive
oxygen specieslevel in sperm during the storage at 4°C
As shown in Figure 3 and Supplementary Figure 1, the addi-
tion of 60 pM NMN to the extender significantly decreased
(p<0.05) sperm ROS content after storage at 4°C, while the
30, 90, and 120 pM NMN treatments showed similar values
of ROS content compared to the control (Figure 3).

B

) 3
100 pm

~ 100+ = 0uM

S B 30 .M
Z g0 = 7 60 M
B = 90uM
2 120 pM
= 60+

Q

g

£ 40+

=

g

< -

2 20

£

a. 0= T

0Oh 24h 48h

Figure 1. Photographs of ram sperm stained with fluorescein isothiocyanate-peanut aggluti-nin/PI (A) and LIVE/DEAD sperm viability kit (B), re-
spectively. In Figure A, white arrow in-dicates viable sperm with intact acrosome, green arrow indicates viable sperm with damaged acrosome, or-
ange arrow indicates dead sperm with damaged acrosome, and black arrow indi-cates dead sperm with intact acrosome. In Figure B, the white
arrow indicates the sperm with intact plasma membrane, while the orange arrow indicates sperm with damaged plasma mem-brane. Effect of
addition of different concentrations of B-nicotinamide mononucleotide to ex-tender on acrosome integrity (C) and plasma membrane integrity (D)
of ram sperm after storage at 4°C. Values are presented as mean+standard error of the mean. ** Columns with different lowercase letters at the

same time are significantly different (p<0.05), n = 5. Bars = 100 um.
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60— a ad

Mitochondrial activity (%)
-
S
1

OuM 30 uM 60 uM 90 uM 120 pM
Concentrations of NMN (uM)

Figure 2. Photographs of ram sperm stained with a mixture of JC-1 fluorescent probe (JC-1) and propidium iodide (PI) (A). Sperm with an orange
fluorescence in the midpiece were con-sidered viable with high mitochondrial activity (JC-1*/PI", white arrow), meanwhile, sperm with green fluo-
rescence in the mid-piece and no fluorescence in the head were classified as viable sperm with low mitochondrial membrane potential (MMP)
(black arrow). The orange arrow indicates dead sperm. Effect of different concentrations of B-nicotinamide mononucleotide (NMN) on mitochon-
drial activity after storage at 4°C (B). Values are presented as mean+standard error of the mean. ** Columns with different lowercase letters are

significantly different (p<0.05), n = 3. Bar = 20 pm.

Addition of B-nicotinamide mononucleotide to the
extender improved sperm anti-oxidative stress

To investigate the protective effect of NMN on ram sperm
stored at 4°C, the SOD activity, MDA, GSH, and LPO levels
were measured. As shown in Figure 4A, SOD activity was
significantly higher (p<0.05) in the NMN treatments than in
the control. The highest SOD activity was observed in the
60 UM NMN treatment. However, there was no difference
(p>0.05) in SOD activity between the 30 uM NMN treatment
and control. In addition, the addition of NMN at concentra-
tions between 60 to 120 pM significantly increased (p<0.05)
GSH content (Figure 4B). The MDA content in NMN treat-
ments was significantly decreased compared to the control,
and the lowest MDA content was observed in the 60 uM
NMN treatment (Figure 4C). Similarly, the addition of 30 to

1500

1000

500

Mitochondrial ROS Level (MFI AU)

OpM 30 uM 60 pM 90 uM 120 uM
Concentrations of NMN (uM)

Figure 3. Effect of different concentrations of -nicotinamide mono-
nucleotide (NMN) on sperm reactive oxygen species after storage at
4°C. Values are presented as meanzstandard error of the mean. *°
Columns with different lowercase letters were significantly different
(p<0.05),n=3.

120 WM NMN led to the reduction of sperm LPO (Figure 4D).

Addition of p-nicotinamide mononucleotide
attenuated the sperm apoptosis

The expression of BAX, Cleaved-Caspase 3, and Cleaved-
Caspase 9, and Bcl-2 in ram sperm after storage at 4°C was
detected by western blot. The addition of 60 and 90 pM NMN
significantly decreased the expression of BAX, Cleaved-
Caspase 3, and Cleaved-Caspase 9 and increased the expression
of Bcl-2 (Figure 5; Supplementary Figure S2), whereas sperm
treated with 30 or 120 uM NMN showed no significant dif-
ference to the control.

DISCUSSION

The addition of antioxidants to the diluted semen of cattle,
horses, pigs, and sheep can significantly improve semen
quality by reducing the accumulation of ROS during in vitro
storage. NMN is a known antioxidant involved in metabolism,
DNA repair, mitochondrial maintenance, and cell death [24].
In this study, the addition of NMN to the extender signifi-
cantly improved the quality of ram sperm via its antioxidant
capacity during liquid storage at 4°C.

Sperm motility parameters (total motility, progressive
motility, VSL, VCL, VAP, STR, and LIN patterns), plasma
membrane integrity, and acrosome integrity all play an es-
sential role in sperm penetration of the zona pellucida and
the completion of conception after Al [25]. In this study,
sperm motility, progressive motility, VCL, VSL, VAP, and
ALH parameters for 60 uM NMN treatment were signifi-
cantly higher than control during storage at 4°C. Our results
agree with the findings of Kiss et al [26], which shows that
NMN improves mitochondrial bioenergetics. We also ob-
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of 120 pM NMN did not improve sperm motility, progressive
motility, VCL, VSL, VAP, and ALH parameters during the
storage at 4°C. The inefficiency observed at this concentration
may be because at higher doses NMN induces cytotoxicity.
Unfortunately, we did not investigate this phenomenon in the
present study. Youngson et al [27] showed that administering
400 mg/kg NMN to male mice fed a high-fat diet reduced
sperm viability compared to the non-NMN treatment. The
differences in our findings may be attributed to the disparity
in NMN dosage and species. In addition, when sperm mito-
chondrial activity was analyzed in this study, an increase in
the mitochondrial activity of NMN treatments was observed.
This agrees with previous findings that NMN administra-
tion enhanced mitochondria function [28]. Generally, NAD"
is a cofactor that supports fundamental mitochondrial func-
tions such as oxidative phosphorylation and many enzymatic
reactions that occur in the tricarboxylic acid cycle (TCA cycle)
[29]. Also, the adenylation of NMN leads to the formation
of NAD" by the action of nicotinamide nucleotide adenylyl-
transferase (NMNAT) enzyme [30]. Previous research has
shown that the NMN treatment increased mitochondrial
NAD" levels [26]. In addition, the cellular NAD" levels that
determine the activity of sirtuin 3 are localized to the mito-
chondrial matrix [31] and they play a role in the regulation
of protein acetylation [32]. Mitochondrial protein acetyla-
tion controls the functioning of enzymes involved in the
TCA cycle, respiratory chain complexes, ROS degradation,
and mitochondrial dynamics [33]. This suggests that NMN
addition to the medium may improve sperm mitochondrial
activity by increasing the sperm NAD" involved in initiating
sirtuin 3 activity.

Free radicals generated have a damaging effect on the
PUFA of cell membranes. Because ram sperm contains a
high content of PUFA in its plasma membrane, it is susceptible
to oxidative stress [34]. Usually, the antioxidants (enzymatic
and non-enzymatic) in sperm can reduce free radicals to
maintain sperm redox homeostasis. However, during un-
physiological ram sperm storage at 4°C in vitro, high amounts
of ROS are produced. Therefore, reducing ROS levels and
ROS-induced sperm damage is essential to improving the
quality of sperm preserved in vitro. In the present study, it
was observed that ROS level, LPO, and MDA content in
NMN treatments were lower than those of control, sug-
gesting that NMN treatments reduced the level of oxidative
stress in ram sperm stored in vitro at 4°C. Our findings are
consistent with a previous report that the supplementation
of NMN reduces ROS production [28]. ROS accumulation
causes oxidative stress conditions which lead to sperm plas-
ma membrane and acrosome integrity damage [35]. In this
study, both the acrosome integrity and sperm plasma mem-
brane integrity increased with the addition of 60 uM NMN,
interestingly, similar trends were also observed in our ROS

/1137

and LPO results. Also, when ram sperm GSH content and
SOD activity were evaluated, the 60 uM NMN treatment
significantly increased the values of both parameters. We
also observed a reduction in ROS levels with increasing GSH
content and SOD activity. The increase in sperm antioxidant
capacity with NMN supplementation may be due to NAD"
action in stimulating the activity of related enzymes [36].
This result suggests that the addition of 60 uM NMN re-
duces ram sperm oxidative stress during storage at 4°C.

Proteins of the B-cell lymphoma-2 denoted as Bcl-2 family
are associated with the intrinsic apoptosis pathway. BAX
(pro-apoptotic Bcl-2 protein) causes programmed cell death
in a cell due to the initiation of the caspase cascade which
occurs when the the outer mitochondrial membrane is per-
meabilized [37]. Afkhami-Ardakani et al [38] demonstrated
that spirulina platensis was able to increase Bcl-2 expression,
thereby reducing the level of apoptosis in mouse sperm. Lv
et al [39] reported that the apoptosis of frozen-thawed cattle
sperm was reduced by the addition of crocin which increases
the Bcl-2/Bax ratio. Another key member of the caspase family
is caspase-9, which is involved in apoptosis and cytokine
processing. Among the downstream caspases, caspase-3 is
cleaved by caspase-9 to initiate the caspase cascade [40]. Yu et
al [41] indicated that LBP (Lycium barbarum polysaccharide)
may reduce caspase-3 levels, thus significantly reducing cell
apoptosis. Circu and Aw [42] pointed out that GSH/GSSG
reduction makes protein tyrosine phosphatases open, and
causes the release of apoptotic protease activator, cyto-
chrome C, and other apoptosis-inducing factors from the
mitochondria, which triggers the initiation of caspase 9
and caspase 3. In the present study, following the evaluation
of ram sperm apoptosis after storage at 4°C, a decrease in
Bax, Cleaved-Caspase 3, and Cleaved-Caspase 9 levels was
observed in the NMN treatments. Also, NMN treatment
increased the Bcl-2 level. Notably, excessive ROS generation
stimulates the apoptotic process, and reducing pathological
ROS levels in sperm can help prevent apoptosis.

CONCLUSION

In conclusion, the addition of NMN to the diluent improved
sperm motility;, plasma membrane integrity, acrosome integrity;
mitochondrial activity, and antioxidant capacity, as well it
reduced sperm oxidative stress and apoptosis. NMN’s action
in maintaining sperm quality during storage can be attributed
to its antioxidant properties. Overall, our findings suggest
that NMN can be used effectively to maintain ram sperm
quality during storage at 4°C. Furthermore, the addition of
60 uM NMN improves the quality of ram sperm during stor-
age at 4°C compared to other treatments.

www.animbiosci.org 859



/1137

CONEFLICT OF INTEREST

We certify that there is no conflict of interest with any financial
organization regarding the material discussed in the manu-
script.

FUNDING

This work was supported in part by the Young Innovation
Team Plan Program of Higher Education of Shandong Prov-
ince Project for Z Zhu (2022KJ170), Technology System of
Modern Agricultural Industry in Shandong Province (SDAIT-
10-08) for L Min, and the Start-up Fund for High-level Talents
of Qingdao Agricultural University for Z Zhu (1121010).

SUPPLEMENTARY MATERIAL

Supplementary file is available from: https://doi.org/10.5713/
ab.23.0379

Supplementary Figure S1. Effect of different concentrations of NMN
on sperm ROS after storage at 4 °C. Flow cytometer peak for ROS.
Black, green, blue, yellow, and orange represent 0, 30, 60, 90, 120 uM,
respectively.

Supplementary Figure S2. Different concentrations of nicotinamide
mononucleotide on the expression of proteins (Bax, Bcl-2, Cleaved-
Caspase3 and Cleaved-Caspase9) in ram sperm stored at 4°C.
Supplementary Table S1. Sperm motility parameters were analyzed
by CASA

REFERENCES

1. Robertson A. Artificial insemination and livestock improve-
ment. Adv Genet 1954;6:451-72. https://doi.org/10.1016/
$0065-2660(08)60134-0

2. Alvarez M, Anel-Lopez L, Boixo JC, et al. Current challenges
in sheep artificial insemination: a particular insight. Reprod
Domest Anim 2019;54 (Suppl 4):32-40. https://doi.org/10.
1111/rda.13523

3. Wishart GJ. Cryopreservation of avian spermatozoa. Methods
Mol Biol 1995;38:167-77. https://doi.org/10.1385/0-89603-
296-5:167

4. Al-Bulushi S, Manjunatha BM, Bathgate R, Rickard JP, de
Graaf SP. Artificial insemination with fresh, liquid stored
and frozen thawed semen in dromedary camels. PLoS One
2019;14:€0224992. https://doi.org/10.1371/journal.pone.
0224992

5. Gibbons AE, Fernandez J, Bruno-Galarraga MM, Spinelli
MYV, Cueto MI. Technical recommendations for artificial
insemination in sheep. Anim Reprod 2019;16:803-9. https://
doi.org/10.21451/1984-3143-AR2018-0129

6. Sieme H, Oldenhof H, Wolkers WE Sperm membrane behav-
iour during cooling and cryopreservation. Reprod Domest
Anim 2015;50(Suppl 3):20-6. https://doi.org/10.1111/rda.12594

860 www.animbiosci.org

Zhu et al (2024) Anim Biosci 37:852-861

7. Druart X, Cognié J, Baril G, Clément E Dacheux ], Gatti JL.
In vivo imaging of in situ motility of fresh and liquid stored
ram spermatozoa in the ewe genital tract. Reproduction 2009;
138:45-53. https://doi.org/10.1530/REP-09-0108

8.Sadeghi N, Boissonneault G, Tavalaee M, Nasr-Esfahani
MH. Oxidative versus reductive stress: a delicate balance for
sperm integrity. Syst Biol Reprod Med 2023;69:20-31. https://
doi.org/10.1080/19396368.2022.2119181

9. Foutouhi A, Meyers S. Comparative oxidative metabolism
in mammalian sperm. Anim Reprod Sci 2022;247:107095.
https://doi.org/10.1016/j.anireprosci.2022.107095

10.Javaheri Barfourooshi H, Asadzadeh N, Masoudi R. The
mitochondria-targeted antioxidant "MitoQ" preserves quality
and reproductive performance of ram spermatozoa cryo-
preserved in soybean lecithin-based extender. Theriogenology
2023;208:71-6. https://doi.org/10.1016/j.theriogenology.2023.
05.032

11.Wang Y, Zhang L, Sohail T, Kang Y, Sun X, Li Y. Chlorogenic
acid improves quality of chilled ram sperm by mitigating
oxidative stress. Animals 2022;12:163. https://doi.org/10.3390/
anil2020163

12.Silva ECB, Cajueiro JFP, Silva SV, Soares PC, Guerra MMP.
Effect of antioxidants resveratrol and quercetin on in vitro
evaluation of frozen ram sperm. Theriogenology 2012;77:
1722-6. https://doi.org/10.1016/j.theriogenology.2011.11.
023

13.Zhao Y, Zhang P, Ge W, et al. Alginate oligosaccharides improve
germ cell development and testicular microenvironment to
rescue busulfan disrupted spermatogenesis. Theranostics
2020;10:3308-24. https://doi.org/10.7150/thno.43189

14.Wang L, Zhao M, Qian R, et al. Nicotinamide mononucleotide
ameliorates silica-induced lung injury through the Nrf2-
regulated glutathione metabolism pathway in mice. Nutrients
2022;15:143. https://doi.org/10.3390/nu15010143

15.Nadeeshani H, Li ], Ying T, Zhang B, Lu J. Nicotinamide mono-
nucleotide (NMN) as an anti-aging health product - promises
and safety concerns. ] Adv Res 2022;37:267-78. https://doi.
org/10.1016/j.jare.2021.08.003

16.Alam E Syed H, Amjad S, et al. Interplay between oxidative
stress, SIRT1, reproductive and metabolic functions. Curr
Res Physiol 2021;4:119-24. https://doi.org/10.1016/j.crphys.
2021.03.002

17.Croteau DL, Fang EF, Nilsen H, Bohr VA. NAD(+) in DNA
repair and mitochondrial maintenance. Cell Cycle 2017;16:
491-2. https://doi.org/10.1080/15384101.2017.1285631

18.Zhang W, Li Y, Zhu Z. Carboxylated epsilon-poly-L-lysine
supplementation of the freezing extender improves the post-
thawing boar sperm quality. Animals 2022;12:1726. https://
doi.org/10.3390/anil2131726

19.Dziekonska A, Neuman NM, Burdal KK, Wiszniewska-
Laszczych A, Bogdaszewski M. The effect of different extenders
on the quality characteristics of European red deer epididymal


https://doi.org/10.5713/ab.23.0379
https://doi.org/10.5713/ab.23.0379
https://doi.org/10.1016/s0065-2660(08)60134-0
https://doi.org/10.1016/s0065-2660(08)60134-0
https://doi.org/10.1111/rda.13523
https://doi.org/10.1111/rda.13523
https://doi.org/10.1385/0-89603-296-5:167
https://doi.org/10.1385/0-89603-296-5:167
https://doi.org/10.1371/journal.pone.0224992
https://doi.org/10.1371/journal.pone.0224992
https://doi.org/10.21451/1984-3143-AR2018-0129
https://doi.org/10.21451/1984-3143-AR2018-0129
https://doi.org/10.1111/rda.12594
https://doi.org/10.1530/REP-09-0108
https://doi.org/10.1080/19396368.2022.2119181
https://doi.org/10.1080/19396368.2022.2119181
https://doi.org/10.1016/j.anireprosci.2022.107095
https://doi.org/10.1016/j.theriogenology.2023.05.032
https://doi.org/10.1016/j.theriogenology.2023.05.032
https://doi.org/10.3390/ani12020163
https://doi.org/10.3390/ani12020163
https://doi.org/10.1016/j.theriogenology.2011.11.023
https://doi.org/10.1016/j.theriogenology.2011.11.023
https://doi.org/10.7150/thno.43189
https://doi.org/10.3390/nu15010143
https://doi.org/10.1016/j.jare.2021.08.003
https://doi.org/10.1016/j.jare.2021.08.003
https://doi.org/10.1016/j.crphys.2021.03.002
https://doi.org/10.1016/j.crphys.2021.03.002
https://doi.org/10.1080/15384101.2017.1285631
https://doi.org/10.3390/ani12131726
https://doi.org/10.3390/ani12131726

Zhu et al (2024) Anim Biosci 37:852-861

sperm stored at 5 degrees C. Animals 2022;12:2669. https://
doi.org/10.3390/ani12192669

20.Zhu Z, Zeng Y, Zeng W. Cysteine improves boar sperm quality
via glutathione biosynthesis during the liquid storage. Anim
Biosci 2022;35:166-76. https://doi.org/10.5713/ab.21.0151

21.Li R, Wu X, Zhu Z, et al. Polyamines protect boar sperm
from oxidative stress in vitro. ] Anim Sci 2022;100:skac069.
https://doi.org/10.1093/jas/skac069

22.Zhang W, Cui H, Ding K, et al. Carboxylated epsilon-poly-
L-lysine improves post-thaw quality, mitochondrial functions
and antioxidant defense of goat cryopreserved sperm. Biology
(Basel) 2023;12:231. https://doi.org/10.3390/biology120
20231

23.Zhu Z, Kawai T, Umehara T, et al. Negative effects of ROS
generated during linear sperm motility on gene expression
and ATP generation in boar sperm mitochondria. Free Radic
Biol Med 2019;141:159-71. https://doi.org/10.1016/j.freer
adbiomed.2019.06.018

24.Yamaura K, Mifune Y, Inui A, et al. Antioxidant effect of nico-
tinamide mononucleotide in tendinopathy. BMC Musculoskelet
Disord 2022;23:249. https://doi.org/10.1186/s12891-022-
05205-z

25.Fernandes GHC, de Carvalho Pde T, Serra AJ, et al. The effect
of low-level laser irradiation on sperm motility, and integrity
of the plasma membrane and acrosome in cryopreserved
bovine sperm. PLoS One 2015;10:e0121487. https://doi.org/
10.1371/journal.pone.0121487

26.Kiss T, Nyul-Toth A, Balasubramanian P, et al. Nicotinamide
mononucleotide (NMN) supplementation promotes neuro-
vascular rejuvenation in aged mice: transcriptional footprint
of SIRT1 activation, mitochondrial protection, anti-inflam-
matory, and anti-apoptotic effects. Geroscience 2020;42:527-
46. https://doi.org/10.1007/s11357-020-00165-5

27.Youngson NA, Uddin GM, Das A, et al. Impacts of obesity,
maternal obesity and nicotinamide mononucleotide supple-
mentation on sperm quality in mice. Reproduction 2019;158:
169-79. https://doi.org/10.1530/REP-18-0574

28.Miao Y, Cui Z, Gao Q, Rui R, Xiong B. Nicotinamide mono-
nucleotide supplementation reverses the declining quality
of maternally aged oocytes. Cell Rep 2020;32:107987. https://
doi.org/10.1016/j.celrep.2020.107987

29.Chakrabarty RP, Chandel NS. Mitochondria as signaling
organelles control mammalian stem cell fate. Cell Stem Cell
2021;28:394-408. https://doi.org/10.1016/j.stem.2021.02.011

30.Jayaram HN, Kusumanchi P, Yalowitz JA. NMNAT expression
and its relation to NAD metabolism. Curr Med Chem 2011;
18:1962-72. https://doi.org/10.2174/092986711795590138

31.Di Emidio G, Falone S, Artini PG, Amicarelli E D’Alessandro
AM, Tatone C. Mitochondrial sirtuins in reproduction.
Antioxidants (Basel) 2021;10:1047. https://doi.org/10.3390/

/
/1D
antiox10071047

32.Lawson M, Uciechowska U, Schemies J, Rumpf T, Jung M,
Sippl W. Inhibitors to understand molecular mechanisms of
NAD(+)-dependent deacetylases (sirtuins). Biochim Biophys
Acta Gene Regul Mech 2010;1799:726-39. https://doi.org/
10.1016/j.bbagrm.2010.06.003

33.Bowker Z, Goldstein S, Breitbart H. Protein acetylation protects
sperm from spontaneous acrosome reaction. Theriogenology
2022;191:231-8. https://doi.org/10.1016/j.theriogenology.
2022.08.005

34.Carro M, Luquez JM, Pefalva DA, Buschiazzo J, Hozbor FA,
Furland NE. PUFA-rich phospholipid classes and subclasses
of ram spermatozoa are unevenly affected by cryopreservation
with a soybean lecithin-based extender. Theriogenology 2022;
186:122-34. https://doi.org/10.1016/j.theriogenology.2022.
03.035

35. Akbarinejad V, Fathi R, Shahverdi A, Esmaeili V, Rezagholizadeh
A, Ghaleno LR. The relationship of mitochondrial membrane
potential, reactive oxygen species, adenosine triphosphate
content, sperm plasma membrane integrity, and kinematic
properties in warmblood stallions. ] Equine Vet Sci 2020;94:
103267. https://doi.org/10.1016/j.jevs.2020.103267

36.0'Haherty C. Redox regulation of mammalian sperm capaci-
tation. Asian ] Androl 2015;17:583-90. https://doi.org/10.
4103/1008-682X.153303

37.Edlich E BCL-2 proteins and apoptosis: recent insights and
unknowns. Biochem Biophys Res Commun 2018;500:26-
34. https://doi.org/10.1016/j.bbrc.2017.06.190

38. Afkhami-Ardakani M, Hasanzadeh S, Shahrooz R, Delirezh
N, Malekinejad H. Spirulina platensis (Arthrospira platensis)
attenuates Cyclophosphamide-induced reproductive toxicity
in male Wistar rats: evidence for sperm apoptosis and p53/
Bcl-2 expression. ] Food Biochem 2021;45:¢13854. https://
doi.org/10.1111/jfbc.13854

39.Lv YQ, Ji S, Chen X, et al. Effects of crocin on frozen-thawed
sperm apoptosis, protamine expression and membrane lipid
oxidation in Yanbian yellow cattle. Reprod Domest Anim
2020;55:1011-20. https://doi.org/10.1111/rda.13744

40.Kuida K. Caspase-9. Int ] Biochem Cell Biol 2000;32:121-4.
https://doi.org/10.1016/51357-2725(99)00024-2

41.Yu 'Y, Wu X, Pu J, et al. Lycium barbarum polysaccharide
protects against oxygen glucose deprivation/reoxygenation-
induced apoptosis and autophagic cell death via the PI3K/Akt/
mTOR signaling pathway in primary cultured hippocampal
neurons. Biochem Biophys Res Commun 2018;495:1187-
94. https://doi.org/10.1016/j.bbrc.2017.11.165

42.Circu ML, Aw TY. Glutathione and modulation of cell apoptosis.
Biochim Biophys Acta Mol Cell Res 2012;1823:1767-77. https://
doi.org/10.1016/j.bbamcr.2012.06.019

www.animbiosci.org 861


https://doi.org/10.3390/ani12192669
https://doi.org/10.3390/ani12192669
https://doi.org/10.5713/ab.21.0151
https://doi.org/10.1093/jas/skac069
https://doi.org/10.3390/biology12020231
https://doi.org/10.3390/biology12020231
https://doi.org/10.1016/j.freeradbiomed.2019.06.018
https://doi.org/10.1016/j.freeradbiomed.2019.06.018
https://doi.org/10.1186/s12891-022-05205-z
https://doi.org/10.1186/s12891-022-05205-z
https://doi.org/10.1371/journal.pone.0121487
https://doi.org/10.1371/journal.pone.0121487
https://doi.org/10.1007/s11357-020-00165-5
https://doi.org/10.1530/REP-18-0574
https://doi.org/10.1016/j.celrep.2020.107987
https://doi.org/10.1016/j.celrep.2020.107987
https://doi.org/10.1016/j.stem.2021.02.011
https://doi.org/10.2174/092986711795590138
https://doi.org/10.3390/antiox10071047
https://doi.org/10.3390/antiox10071047
https://doi.org/10.1016/j.bbagrm.2010.06.003
https://doi.org/10.1016/j.bbagrm.2010.06.003
https://doi.org/10.1016/j.theriogenology.2022.08.005
https://doi.org/10.1016/j.theriogenology.2022.08.005
https://doi.org/10.1016/j.theriogenology.2022.03.035
https://doi.org/10.1016/j.theriogenology.2022.03.035
https://doi.org/10.1016/j.jevs.2020.103267
https://doi.org/10.4103/1008-682X.153303
https://doi.org/10.4103/1008-682X.153303
https://doi.org/10.1016/j.bbrc.2017.06.190
https://doi.org/10.1111/jfbc.13854
https://doi.org/10.1111/jfbc.13854
https://doi.org/10.1111/rda.13744
https://doi.org/10.1016/s1357-2725(99)00024-2
https://doi.org/10.1016/j.bbrc.2017.11.165
https://doi.org/10.1016/j.bbamcr.2012.06.019
https://doi.org/10.1016/j.bbamcr.2012.06.019

