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Introduction: Semen cryopreservation is a crucial method for preserving genetic

resources and accelerating the breeding process in domestic animals. However,

the frozen-thawed process often leads to physical and chemical damage in

semen, resulting in oxidative stress that diminishes sperm vitality and fertilization

potential. This study aimed to explore the e�ects of docosahexaenoic acid (DHA)

on the quality of frozen-thawed yak semen.

Methods: Semen samples were collected from six healthy adult Maiwa

yaks and cryopreserved in liquid nitrogen using extenders with varying DHA

concentrations: 0, 0.1, 1, 10, and 100 ng/mL. After thawing, we assessed indices,

antioxidant capacity, mitochondrial activity, and apoptosis status to identify the

optimal DHA concentration.

Results and discussion: Our findings indicate that the addition of DHA

significantly improved the total motility (TM), progressive motility (PM), velocity

of straight line (VSL), curvilinear velocity (VCL), and average path velocity (VAP) of

cryopreserved spermatozoa, as well as the integrity of membrane and acrosome

(P < 0.05). Additionally, DHA supplementation markedly reduced the levels of

reactive oxygen species (ROS) andmalondialdehyde (MDA) in frozen-thawed yak

spermatozoa (P < 0.05) and enhanced the antioxidant enzyme activities (T-AOC,

SOD, CAT, GSH-Px, P < 0.05). It also improved the mitochondrial membrane

potential (MMP) and ATP levels (P < 0.05). Notably, the group treated with

10ng/mL DHA showed significantly better outcomes than the other treatment

groups (P < 0.05). Furthermore, the addition of 10ng/mL DHA to the semen

cryopreservation dilution e�ectively decreased the apoptotic ratio of frozen-

thawed yak spermatozoa (P< 0.05), and notably upregulated the expression level

of anti-apoptotic protein Bcl-2 (P < 0.05), while downregulating the expression

of the pro-apoptotic protein Bax and Caspase3 (P < 0.05).

Conclusion: In conclusion, the incorporation of 10ng/mL DHA into semen

extenders enhances the quality and viability of yak sperm after cryopreservation

by alleviating the oxidative stress, bolstering antioxidant defenses, and preserving

mitochondria function, as well as inhibiting the apoptotic pathway activation.
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1 Introduction

The yak (Bos grunniens), a quintessential livestock species,

predominantly inhabits the Qinghai-Tibet Plateau at 3,500m above

sea level. These animals exhibit remarkable adaptability to the

harsh alpine and hypoxic conditions, serving as a vital resource for

local inhabitants by providing meat, milk, fur, and transportation

(1). However, the yak’s growth and reproductive performance are

comparatively lower than those of the other cattle breeds due to the

extreme environmental conditions they endure (2). To enhance the

efficient utilization of yak, artificial insemination (AI) techniques

have been employed, crossbreeding them with cattle possessing

superior traits. Semen cryopreservation, a fundamental aspect of

AI, is crucial for the conservation of genetic resources and the

success of breeding programs.

The overarching principle of semen preservation involves

reducing the metabolic activity of sperm to extend their lifespan.

For instance, cryopreservation at −196◦C in liquid nitrogen halts

sperm activity, thereby preserving their viability (3). However,

both physical and chemical damage to sperm can occur during

cryopreservation due to crystallization, leading to oxidative damage

(4). Reactive oxygen species (ROS), such as superoxide anions

(O2−), are primarily generated by the interaction of electrons

with oxygen at complexes I and III of the mitochondrial

electron transport chain (ETC) (5). While ROS levels in normal

biological processes do not affect sperm, cryopreservation can

alter the sperm’s physiochemical properties, leading to excessive

ROS production. This, in turn, can damage the mitochondrial

membrane and trigger continuous ROS generation (6). Oxidative

stress can diminish sperm motility, ATP production, and

mitochondrial activity, and it can also impair the mitochondrial

transcription system (7). This impairment is largely due to

nuclear or mitochondrial DNA damage caused by oxidative

stress, which hinders the replication and transcription of genes

involved in energy metabolism, thereby reducing sperm motility

(8). Consequently, maintaining spermmitochondrial function after

freezing and thawing is essential for preserving the fertilization

potential of sperm during cryopreservation and for enhancing the

efficiency of AI. Previous studies have shown that the addition of

antioxidants to semen extenders alleviates oxidative stress during

cryopreservation (9–11).

Essential polyunsaturated fatty acids (PUFAs), which are

integral to animal nutrition, cannot be synthesized endogenously.

Among these, the ω-3 family, including eicosapentaenoic acid

(EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3),

have been shown to significantly influence the structure and

function of mammalian cells (12). Research has demonstrated

the antioxidant, anti-inflammatory, and cardiovascular properties

of DHA and other n-3 PUFAs (13–16). Studies on IMS32 cells

revealed that DHA and EPA active antioxidant enzymes through

Nrf2 transcription to combat oxidative stress (17). Furthermore,

research on injured brain tissue has shown that DHA can alleviate

mitochondrial dysfunction, reduce ROS and MDA levels, enhance

SOD content to improve cell viability, and regulate the apoptosis-

related genes to alleviate cell apoptosis caused by oxidative stress

(18). As an exogenous cryoprotectant in the semen extender, DHA

has been shown to maintain the quality and fertilization ability

of frozen trout sperm and to effectively improve the motility of

frozen-thawed bull spermatozoa (19, 20). However, the application

of DHA in yak semen cryopreservation has rarely been reported.

Currently, yak semen cryopreservation technology and

commercial cryoprotectants are relatively backward, resulting

in lower-quality frozen semen than that of other species.

Studies have indicated that sperm are susceptible to oxidative

stress during cryopreservation, leading to apoptosis, and the

addition of antioxidants to sperm extenders can effectively

alleviate this damage (18–20). As a common antioxidant, the

effects of DHA on yak semen cryopreservation have been

seldom explored. Thus, this study aims to evaluate the impact

of DHA on the kinematic performance, structural integrity,

antioxidant capacity, mitochondrial function, and apoptosis

status of yak spermatozoa. The goal is to determine the optimal

concentration of DHA in yak semen extenders and to explore the

underlying mechanisms, providing a theoretical foundation for

the development of improved yak semen cryopreservation systems

and cryoprotectants.

2 Materials and methods

2.1 Semen collection and quality assay

All experimental procedures were conducted in strict

accordance with the guidelines of the Southwest Minzu University

Academic Committee (Approval code, SMU-CAVS-240530008).

Semen samples were collected from six healthy, adult Maiwa

yaks, aged 4 years old (free grazing on grasslands), using

electroejaculation during the breeding season for three times,

which spans from July to August. The collection site was located

in Hongyuan County, China, at an altitude of ∼3,500m, with

102◦34′E longitudinal and 32◦47′N latitudinal. Immediately

following collection, the fresh semen was transported to the local

laboratory in a thermos flask containing water maintained at 37◦C.

There, the motility and concentration of the semen were visually

assessed using a computer-assisted sperm analysis system (CASA,

AndroVision, Minitube Co., Germany). Only samples exhibiting

total motility exceeding 90% were selected and pooled for further

analysis in this study.

2.2 Experimental design and semen
processing

Qualified fresh yak semen was gently mixed and extended with

a pre-heated (37◦C) commercial semen diluent (Optidyl, Fleurance,

France) at a ratio of 1:4 (v/v). This mixture was then divided into

five groups and supplemented with semen diluent containing 0,

0.1, 1, 10, and 100 ng/ml DHA respectively. Subsequently, all semen

groups were gradually cooled to 4◦C and held at this temperature

for 1 h to allow for equilibration. The cooled semen samples

were then carefully loaded into 0.25ml straws (IMV Technologies,

France). These straws were subsequently fumigated by exposure to

vapors ∼10–15 cm above the surface of liquid nitrogen for 15min.

After fumigation, the straws were rapidly immersed in a liquid

nitrogen tank for long-term storage.
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Following a 1-week storage period, straws from all treatment

groups were rapidly thawed in a 42◦C water bath for 30 s. The

semen was then carefully transferred into brown centrifuge tubes

for further analysis and trials. This meticulous process ensured

the preservation of semen quality and the integrity of subsequent

experimental procedures.

2.3 Spermatozoa motility and kinematics
analysis

Post-thawing, the sperm motility and kinematics parameters of

the five treatment groups were assessed. The procedure involved

placing 2 µl of each semen sample on a pre-heated glass slide,

covered with a cover slip to create a uniform layer for analysis. The

motion tracks of yak sperm were captured using the CASA system,

a state-of-the-art tool for sperm motility assessment. The CASA

system evaluated several key motility parameters, including total

motility (TM), progressive motility (PM), straight-line velocity

(VSL), curvilinear velocity (VCL), and average path velocity (VAP).

These parameters provide a comprehensive assessment of sperm

motility, which is crucial for determining sperm function and

potential fertility. For each sample, at least 10 different fields

of view were inspected under 200× magnification, ensuring the

analysis included more than 200 spermatozoa. This rigorous

sampling strategy allowed for a reliable and accurate assessment

of sperm motility and kinematics across the different treatment

groups. By examining a large number of sperm cells, the study

aimed to obtain statistically significant data that accurately reflects

the effects of varying DHA concentrations on sperm quality

post-cryopreservation.

2.4 Acrosome integrity analysis

Acrosome integrity, a critical factor for sperm function,

was evaluated using fluorescein isothiocyanate-peanut agglutinin

(FITC-PNA, Sigma-Aldrich, MO, USA) staining combined with

Hoechst 33342, with minor modification as previous described

(21, 22). Hoechst 33342 is a fluorescence dye that binds to the

nucleus, emitting blue fluorescence and allowing for the location of

sperm cells. In contrast, FITC-PNA specifically binds to the intact

acrosome of sperm, emitting a crescent-shaped green fluorescence

that overlays the blue fluorescence. The staining procedure began

with smearing 10 µl of semen sample onto a microscope slide,

allowing it to air-dry, and then fixing it with methanol for 10min.

The slide was then covered with a mixture of 60 µl FITC-PNA

and Hoechst 33342 (1:1, v/v) and incubated for 30min at 37◦C in

the dark to allow for optimal staining. After incubation, the slides

were gently washed with PBS, air-dried, and then observed under

a fluorescence microscope at 400× magnification. Sperm with

blue nuclei and green-crescent-shaped acrosomes were classified

as having intact acrosomes, while those lacking green caps were

considered to have damaged acrosomes. The ratio of intact sperm

acrosomes to the total number of identifiable spermatozoa (blue

dots with and without green caps) was determined by randomly

selecting 10 fields of view and using the CASA system to record and

calculate the percentage of acrosomes integrity across the different

treatment groups.

2.5 Membrane integrity assay

Membrane integrity was assessed using a dual-staining method

with Hoechst 33342/PI (Meilunbio, Liaoning, China). Intact sperm

cells are permeable to Hoechst 33342, which stains the nucleus

and emits a blue fluorescence. Conversely, PI penetrates cells with

compromised membranes, intercalating with DNA and producing

a red or pink fluorescence that overlays the blue fluorescence.

Following counterstain, 10 µl of the stained semen sample

was smeared onto a slide and examined under a fluorescence

microscope (Olympus, Tokyo, Japan) at 400× magnification.

Spermatozoa with intact membranes appeared as blue fluorescence

dots, while those with damagedmembranes appeared as pink or red

dots. To quantify membrane integrity, at least 10 random fields of

view were selected from each slide, and the percentages of blue and

pink/red dots were counted using the CASA system.

2.6 Evaluation of ROS level

The levels of ROS were determined using a commercial

ROS assay kit (R6033, UElandy, Jiangsu, China), following the

manufacturer’s protocol. This assay employs the non-fluorescent

2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA), which

exhibits green fluorescence. After incubating with the dye, semen

samples were washed to remove any unbound probes and then

prepared as smears for analysis. The slides were examined under

a fluorescence microscope (Olympus, Tokyo, Japan) at 630×

magnification to visually assess the overall ROS production within

the sperm cells. The density of the fluorescence intensity was

measured using a multi-mode microplate reader (SpectraMax iD3,

Molecular Devices, USA). To normalize the data, the relative

fluorescence density of each sample was adjusted based on the

average intensity of the control group at 0 h.

2.7 MDA content detection

MDA concertation was assessed using a commercial MDA

kit (A003-1-2, Jiancheng, Jiangsu, China) according to the

manufacturer’s instructions. Briefly, ∼106 spermatozoa were

collected and disrupted with an ultrasonic homogenizer

(SCIENTZ-IID, Scientz, Zhejiang, China) to fragment the

cell membrane. Following the disruption, the sample was diluted

with PBS and mixed with the reaction reagents. Then the mixture

was incubated in a boiling water bath for 40min to allow for the

development of the color reaction. Finally, the samples were rapidly

cooled in a stream of flowing water to terminate the reaction. The

absorbance of the samples was subsequently measured using a

spectrophotometer (MultiskanSky, Thermo Scientific, Shanghai,

China) at a wavelength of 532 nm. The MDA concentrations were

expressed as nmol/ml, offering a standardized representation of

lipid peroxidation levels within the sperm samples.
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2.8 Detection of antioxidant capacity

To evaluate the antioxidant capacity of frozen-thawed yak

spermatozoa, several commercial assay kits were employed

to measure different components of the antioxidant system.

Specifically, T-AOC assay kit (A015-3-1, Jiancheng, Jiangsu,

China), SOD assay kit (A001-3-2, Jiancheng, Jiangsu, China),

CAT assay kit (A007-1-1, Jiancheng, Jiangsu, China) and GSH-

Px assay kit (S0056, Beyotime, Shanghai, China) were utilized.

Briefly, spermatozoa were collected by centrifugation, followed by

resuspension in PBS. The sperm cells were then disrupted using

an ultrasonic homogenizer Ultrasonic Homogenizer (SCIENTZ-

IID, Scientz, Zhejiang, China) to ensure the release of intracellular

antioxidants. After that, the samples were centrifuged at 12,000 rpm

for 5min at 4◦C and the supernatant was collected. The following

operation and detection of each index were in accordance with

the manufacturer’s instructions. The absorbance of each sample

was measured using a spectrophotometer (MultiskanSky, Thermo

Scientific, Shanghai, China) at a specific wavelength tailored to

each antioxidant assay. The concentrations of antioxidants in each

sample were calculated based on the standard curves provided with

the assay kits.

2.9 ATP content assay

To determine the ATP concentrations in the semen samples, an

ATP assay kit (A095-1-1, Jiancheng, Jiangsu, China) was used. The

spermatozoa were collected by centrifugation, and then the sperm

cells were resuspended in 0.9% saline. To ensure complete cell lysis

and the release of ATP, the sperm suspension was disrupted using

an ultrasonic homogenizer Ultrasonic Homogenizer (SCIENTZ-

IID, Scientz, Zhejiang, China). The sperm suspensions were boiled

for 10min to further ensure cell disruption and ATP release.

After boiling, the samples were vortexed for 1min to create a

homogeneous mixture, then mixed with the reagent and processed

as per the manufacturer’s instructions. Finally, the absorbance of all

samples was measured using a spectrophotometer (MultiskanSky,

Thermo Scientific, Shanghai, China) at a wavelength of 636 nm and

the ATP contents were calculated based on the instructions.

2.10 Detection of mitochondrial membrane
potential

TheMMPwas assessed using a commercial JC-1 mitochondrial

membrane potential detection kit (J6004L, UElandy, Jiangsu,

China), following the manufacturer’s instructions. Briefly, under

conditions of high mitochondrial membrane potential, JC-

1 accumulates in the mitochondrial matrix and forms red

fluorescent polymers. While under low MMP conditions, JC-

1 remains green fluorescent monomers. The fluorescence of

the mitochondrial staining was visualized using a fluorescence

microscope (Olympus, Tokyo, Japan) at 400× magnification. The

intensity of the fluorescence intensity was measured using a multi-

mode microplate reader (SpectraMax iD3, Molecular Devices,

USA). The MMP was calculated as the ratio of red and green

fluorescence intensity, which provides a quantitativemeasure of the

MMP across the different treatment groups.

2.11 Annexin V-FITC/PI assay

To evaluate the apoptosis status of frozen-thawed yak

spermatozoa, the Annexin V-FITC/PI double staining apoptosis

detection kit (G003-1, Jiancheng, Jiangsu, China) was utilized

following the manufacturer’s instructions. Simply, after removing

the extender and resuspending by PBS, the spermatozoa were

mixed with a binding solution. Following that the sperm samples

were incubated with the Annexin V-FITC/PI working solution

for 10min at room temperature in the dark. After incubation,

5 µl of the sperm mixture was used to make smears on

slides. The apoptosis status of the spermatozoa was examined

using a fluorescence microscope (Olympus, Tokyo, Japan) at

400× magnification. Sperm cells exhibiting green fluorescence

were indicative of early apoptosis, those showing both green

and red fluorescence were indicative of late apoptosis, and

those stained only red were considered non-viable. Live sperm

cells, which maintain membrane integrity and do not expose

phosphatidylserine, showed no fluorescence. Ten random fields of

spermatozoa were acquired for each sample, and the number of

spermatozoa in each apoptotic category was recorded.

2.12 Western blot

The sperm protein expressions of apoptosis-related pathways

were detected after semen cryopreservation. The thawed yak

semen samples were centrifuged to remove the extender and

the sperm proteins were extracted using the Total Protein

Extraction Kit (BC3710, Solarbio, Beijing, China). After detecting

the protein concentrations using the BCA Protein Assay Kit

(PC0020, Solarbio, Beijing, China), all the samples were diluted

with 5× loading buffer (v:v = 4:1) and boiled for 10min. The total

proteins were separated by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS–PAGE, P0012AC, Beyotime, Shanghai,

China). Then the proteins were transferred onto the polyvinylidene

fluoride (PVDF) membrane (FFP22, Beyotime, Shanghai, China),

subsequently blocked with 5% non-fat powdered milk for 2 h at

room temperature. The PVDF membranes with protein blots were

incubated with specific primary antibodies against Bax (1:1,000,

AF0120, Affinity, Jiangsu, China), Bcl-2 (1:1,000, AF6139, Affinity,

Jiangsu, China), Cleaved-Caspase3 antibody (1:1,000, AF7022,

Affinity, Jiangsu, China), and β-actin (1:10,000, AF7018, Affinity,

Jiangsu, China) overnight at 4 ◦C. After washing three times with

Tris-buffered saline containing 0.1% Tween-20 (TBST), the PVDF

membranes were incubated with HRP conjugated goat anti-rabbit

IgG (H + L) secondary antibody (1:5,000, S0001, Affinity, Jiangsu,

China) for 2 h at room temperature. The PVDF membranes were

washed with TBST three times and then visualized using the

BeyoECL Star Kit (P0018AS, Beyotime, Shanghai, China). The

blotting images were captured using the iBright imaging system

(CL1000, Thermo Fisher, USA). The gray values of blotting were

analyzed by ImageJ software (National Institutes of Health, USA).
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2.13 Statistical analysis

The analysis of the raw data was conducted using SPSS 19.0

(SPSS Inc., Chicago, IL, USA) software with two-way analysis of

variance (ANOVA) using GraphPad Prism 8.0 to compare the

means between the different treatment groups. Each experiment

was performed three times and the average values obtained from

these replicates were calculated. The results were presented as

the mean ± standard error of the mean (SEM). Differences were

considered statistically significant at P < 0.05.

3 Results

3.1 E�ects of DHA on the motility and
kinematics

The motility and kinematic parameters of frozen-thawed yak

semen treated with varying concentrations of DHA are shown in

Figure 1. The sperm tracks were captured and analyzed using the

CASA system (Figure 1A). As shown in Figure 1B, the total motility

of frozen-thawed yak sperm across all treatment groups exceeded

40%. Notably, the addition of 1, 10, and 100 ng/ml DHA to the

semen extenders significantly enhanced the total motility of yak

sperm compared to the control group (P < 0.05), with the 10 ng/ml

group exhibiting the highest motility, followed by the 100 ng/ml

group (P < 0.05). However, there was no significant difference in

total motility between 0.1 ng/ml DHA treatment and the control

group (P > 0.05). The progressive motility was significantly

increased by the addition of DHA to the semen extender compared

to the control group (P < 0.05), with the 10 ng/ml DHA group

showing the highest progressive motility, followed by the 1 and

100 ng/ml groups (P < 0.05, Figure 1C).

The kinematic of frozen-thawed yak spermatozoa treated with

DHA is presented in Figures 1D–F. The addition of 1, 10, and

100 ng/ml DHA to the semen extender significantly improved

the VSL, VCL, and VAP of the frozen-thawed yak spermatozoa

compared to the control group (P < 0.05). The 0.1 ng/ml DHA

treatment did not significantly affect VSL and VAP (P > 0.05)

but predominantly improved the VCL than that of the control

group (P < 0.05).

3.2 E�ects of DHA on the acrosome
integrity

To evaluate the acrosome integrity of frozen-thawed yak sperm,

the FITC-PNA fluorescence staining was employed, as depicted

in Figure 2A. As shown in Figure 2B, the addition of 0.1, 1, 10,

and 100 ng/ml DHA to the semen extender significantly improved

the acrosome integrity of frozen-thawed yak sperm compared to

the control group (P < 0.05). Among these treatment groups,

the 10 ng/ml DHA group exhibited the highest percentage of

sperm with intact acrosome (P < 0.05). Nevertheless, there was

no significant difference in acrosome integrity between the 1 and

100 ng/ml DHA groups (P > 0.05), although both concentrations

still resulted in higher intact acrosome ratios compared to the

0.1 ng/ml group (P < 0.05). These findings indicate that DHA

can have a protective effect on acrosome integrity with an

optimal concentration.

3.3 E�ects of DHA on membrane integrity

The fluorescence staining of the membrane integrity is

displayed in Figure 3A. The addition of semen extender with 1, 10,

and 100 ng/ml DHA markedly enhanced the frozen-thawed sperm

membrane integrity (P < 0.05). Among these concentrations, the

group treated with 10 ng/ml DHA demonstrated the highest level

of plasma membrane integrity (P < 0.05, Figure 3B). However,

the addition of 0.1 ng/ml DHA to the semen extender did not

significantly affect the sperm membrane integrity compared to

the control group (P > 0.05). This indicates that there may be

a threshold concentration below which DHA did not exert a

significant protective effect on the sperm membrane.

3.4 E�ects of DHA on the oxidative status

The influence of DHA on the levels of ROS in frozen-thawed

yak sperm is depicted in Figure 4. The ROS levels as indicated

by the intensity of green fluorescence after treatment with ROS

detection reagents are displayed in Figure 4A. The fluorescence

intensity corresponded to the ROS levels in frozen-thawed yak

sperm, with higher intensity ROS levels. As shown in Figure 4B, the

addition of 0.1, 1, 10, and 100 ng/ml DHA to the semen extender

significantly reduced the ROS levels in frozen-thawed yak sperm

compared to the control group (P < 0.05). The 10 ng/ml DHA

group exhibited the lowest ROS levels among these treatment

groups, indicating that this concentration of DHA was particularly

effective at scavenging ROS andmitigating oxidative stress in sperm

after cryopreservation (P < 0.05). While, there was no significant

difference in ROS levels between the 1 and 100 ng/ml treatment

groups (P > 0.05), although both concentrations still resulted in

lower ROS levels compared to the 0.1 ng/ml group (P < 0.05).

The MDA content in frozen-thawed yak sperm was shown in

Figure 4C, which is a primary product of lipid peroxidation and

a marker of oxidative damage. The addition of 0.1, 1, 10, and

100 ng/ml DHA to the semen extender effectively reduced theMDA

content (P < 0.05), indicating that DHA can protect sperm from

lipid peroxidation during cryopreservation. The 10 and 100 ng/ml

treatment groups showed even lower MDA levels than the other

groups (P < 0.05). There was no significant difference in MDA

content between the 1 and 100 ng/ml groups (P > 0.05), but both

concentrations still led to lower MDA levels compared to the

0.1 ng/ml group (P < 0.05).

3.5 E�ects of DHA on the antioxidant
capacity

To evaluate the antioxidant capacity of frozen-thawed yak

sperm following treated with various concentrations of DHA, the

T-AOC, SOD, CAT, and GSH-Px contents in yak spermatozoa

were assessed (Figure 5). The results indicated that the inclusion
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FIGURE 1

E�ects of various concentrations of DHA on the motility and kinematic properties of frozen-thawed yak sperm. (A) The motility tracks of yak

spermatozoa, as recorded by the CASA system. The green line represents progressive motility, the yellow line represents local motility, and the red

dot represents non-motile or immotile sperm. (B) The total motility percentage of each treatment group (%). (C) The progressive motility of the

sperm samples. (D) Straight line velocity (VSL). (E) Curvilinear velocity (VCL). (F) Average path velocity (VAP). Di�erent lowercase letters above the bars

or data represent significant di�erences (P < 0.05) among the treatment groups, while the same letters represent no significance (P > 0.05).

FIGURE 2

E�ects of various concentrations of DHA on the acrosome integrity of frozen-thawed yak sperm. (A) The acrosome integrity of yak sperm detected

by FITC-PNA fluorescence staining. The yellow arrow represents sperm cells with an intact acrosome, while the white arrow represents sperm cells

with a damaged acrosome. (B) The ratio of sperm cells with intact acrosome. Di�erent lowercase letters above the bars or data represent significant

di�erences (P < 0.05) among the treatment groups, while the same letters represent no significance (P > 0.05).
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FIGURE 3

E�ects of various concentrations of DHA on the membrane integrity of frozen-thawed yak sperm. (A) The membrane integrity as detected by

PI/Hoechst 33342 fluorescence staining. The yellow arrow represents the intact membranes, while the white arrow represents the damaged

membranes. (B) The ratio of spermatozoa with intact membranes. Di�erent lowercase letters above the bars or data represent significant di�erences

(P < 0.05) among the treatment groups, while the same letters represent no significance (P > 0.05).

FIGURE 4

E�ects of DHA on the levels of ROS and MDA in yak sperm. (A) The ROS staining of yak sperm treatment with various concentrations of DHA. (B) The

relative ROS levels of all treatment groups. (C) The MDA levels in frozen-thawed yak sperm treated with various concentrations of DHA. Di�erent

lowercase letters above the bars or data represent significant di�erences (P < 0.05) among the treatment groups, while the same letters represent no

significance (P > 0.05).

of 0.1 ng/ml, 1 ng/ml, 10 ng/ml, and 100 ng/ml DHA in the semen

extenders significantly enhanced the T-AOC, CAT, and GSH-Px

content of the cryopreserved sperm (P < 0.05, Figures 5A, C, D).

Regarding the impact on SOD levels, the addition of 0.1 and 1 ng/ml

DHA did not significantly affect the relative levels of SOD (P >

0.05, Figure 5B). However, increasing the DHA concentration to 10

and 100 ng/ml resulted in significantly higher SOD levels compared

to the control group (P < 0.05). Most notably, the group treated

with 10 ng/ml DHA exhibited the highest levels of all assessed

antioxidants compared to other treatment groups (P < 0.05).
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FIGURE 5

The antioxidant capacity in yak sperm treated with various concentrations of DHA. (A) The T-AOC level in the yak sperm. (B) The SOD content of the

yak sperm. (C) The CAT content in the yak sperm. (D) The GSH-Px content in the yak sperm. Di�erent lowercase letters above the bars or data points

indicate significant di�erences (P < 0.05) among the treatment groups, while the same letters indicate no significance (P > 0.05).

3.6 E�ects of DHA on the mitochondrial
function

The MMP in yak semen was assessed using JC-1 fluorescence

staining, as depicted in Figure 6A. JC-1 is a sensitive indicator

of MMP, with red fluorescence signifying high MMP and green

fluorescence indicating low MMP. The addition of 1, 10, and

100 ng/ml DHA to the semen extender had significantly higher

MMP levels compared to the control group (P < 0.05), and the

10 ng/ml groups exhibited the highest MMP level (Figure 6B).

Although there was no significant difference between the 1 ng/ml

and 100 ng/ml groups (P > 0.05), both showed higher MMP than

the control group (P < 0.05). In contrast, 0.1 ng/ml DHA did not

significantly affect MMP compared to the control group (P > 0.05).

The ATP content in sperm from different treatment groups is

shown in Figure 6C. Comparedwith the control group, the addition

of DHA to the semen extender significantly improved the ATP

content in yak sperm after being frozen-thawed (P < 0.05). The

10 ng/ml DHA group had the highest ATP content, suggesting that

this concentration is most effective at preserving sperm energy

status post-thawed (P < 0.05). While there was no significant

difference between the 0.1 and 1 ng/ml groups (P > 0.05), both

concentrations still resulted in higher ATP content compared to the

control group (P < 0.05).

3.7 E�ects of DHA on the apoptosis status

The assessment of apoptosis in frozen-thawed yak semen

treated with varying concentrations of DHA was shown in

Figure 7A, utilizing Annexin V/PI staining to detect apoptotic

spermatozoa. The quantitative analysis of apoptotic spermatozoa,

including both early and late stages of apoptosis, in control and

10 ng/ml DHA treatment groups is highlighted in the results

(Figure 7B). The data indicates that the inclusion of 10 ng/ml DHA

in semen extender markedly reduced the proportion of apoptotic

sperm after cryopreservation (P < 0.05), suggesting that DHA

at this concentration can protect sperm from apoptosis, a form
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FIGURE 6

E�ects of DHA on the mitochondrial function of yak sperm. (A) The JC-1 staining of yak sperm for MMP detection. Red fluorescence represents a

high MMP, while green fluorescence represents a low MMP. In the merge field, the red arrow points to sperm with low MMP, and the yellow arrow

points to sperm with high MMP. (B) The MMP measurement for yak sperm treated with various concentrations of DHA. (C) The ATP content in yak

sperm from di�erent treatment groups. Di�erent letters above the bars indicate significant di�erences (P < 0.05) among these groups, while the

same letters indicate no significant di�erence (P > 0.05).

of programmed cell death that can be triggered by the stress

of cryopreservation.

3.8 E�ects of DHA on the protein
expression related to apoptosis

The effects of DHA on the protein expression levels related to

the apoptotic pathway in frozen-thawed yak sperm are shown in

Figure 8A. The results showed that the addition of 10 ng/ml DHA

to the sperm extender significantly increased the expression level

of the anti-apoptotic protein BCl-2 (Figure 8C) after the freezing-

thawing process (P < 0.05). This suggests that DHA can promote

the expression of proteins that inhibit apoptosis, thereby potentially

enhancing sperm survival. Conversely, the same concentration of

DHA also significantly decreased the expression levels of pro-

apoptotic proteins Bax and Caspase3 (P < 0.05, Figures 8B, D),

indicating that DHA may profit from suppressing the apoptotic

pathway in sperm cells during cryopreservation.

4 Discussion

As the cornerstone of artificial insemination, semen

cryopreservation plays a pivotal role in the conservation and

utilization of animal genetic resources. However, the quality and

fertilization potential of semen can be significantly compromised
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FIGURE 7

E�ects of DHA on the apoptosis status of cryopreserved yak sperm. (A) The Annexin V/PI staining was used to determine the apoptosis status of

sperm. In the merges field, late apoptotic sperm are indicated by the yellow frame and arrow, early apoptotic sperm by the white frame and arrow,

non-viable necrotic sperm by the red frame and arrow, and normal live sperm by the blue frame and arrow. (B) The quantitative analysis of apoptotic

sperm. The statistical significance is represented by an asterisk (*), indicating P < 0.05.

following cryopreservation (23). Semen motility and kinematics

are key indicators for assessing sperm quality. Previous studies have

shown that sperm motility is positively correlated with fertilization

rates (24), and only sperm with progressive motility possess

the ability to fertilized during natural or artificial insemination

(25). In this study, the motility and kinematics of cryopreserved

yak semen were significantly improved when treated with the

10 ng/ml DHA in the extender, a finding consistent with previous

research on bovines (26). This improvement may be attributed

to the increased proportion of PUFAs in sperm dilution due

to DHA supplementation, which alleviates the freezing damage

and maintains the stability and fluidity of the sperm plasma

membrane. This, in turn, protects sperm morphology and internal

metabolic homeostasis, thereby preserving sperm motility and

kinematics. Nevertheless, research on brown trout has reported an

optimal concentration of 7.5 ng/ml, suggesting species-specificity

differences in DHA tolerance (27). The sperm plasma membrane

contains various long-chain unsaturated fatty acids, including

docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and

arachidonic acid (AA), which are essential for maintaining sperm

quality and fertilization capacity (28). Studies on δ6-desaturase

(FADS2) knockout mice have indicated that the absence of initial

steps in PUFA synthesis can lead to spermatogenesis stasis and

infertility (29). However, fertility can be restored in these knockout

mice with DHA supplementation (30), confirming the essential

role of DHA in sperm structure formation and stability. PUFAs

are primarily concentrated in the sperm head and change with

capacitation to support fertility (31). The acrosome, a vesicular

structure at the sperm head’s apex, is integral to the acrosome

reaction and fertilization. Acrosin is released from the acrosome

to dissolve the oocyte’s corona radiate and zona pellucida upon

sperm-oocyte binding, ensuring fertilization (32). This study

found that the DHA supplementation in the yak sperm extender

effectively increased the integrity of the plasma membrane and

acrosome after freezing-thawing, with the highest performance

in the 10 ng/ml treatment group. This may be attributed to the

protective effect of DHA on membrane PUFAs, maintaining a

consistent PUFAs ratio and membrane skeleton stability. The

results were consistent with those from goat studies but different

from those in boar (5 nM) (33, 34), possibly due to the species

differences in PUFAs types and compositions on sperm plasma

membrane, influencing DHA adaptation and sperm freezing

tolerance. Notably, at a high DHA dosage (100 ng/ml), sperm

motility, kinematic parameters, and structure integrity were all

reduced, indicating a dose-dependent effect of DHA during the yak

sperm cryopreservation. High concentration of DHA may have a

negative effect, potentially due to alterations in sperm membrane

osmosis, fluidity, and permeability.

ROS are single-electron oxygen reduction products in the

mitochondrial ETC, resulting from substantial electron leakage at

specific oxygen reduction centers (35). During cryopreservation,

ROS accumulate, inducing oxidative stress and damaging the

sperm’s antioxidant system. The sperm plasma membrane, rich in

PUFAs, is susceptible to ROS attack, leading to lipid peroxidation

(LPO) and formation of the toxic lipid peroxidation products

(36, 37). Studies have shown that DHA can significantly reduce

ROS levels in rat astrocytes and mice liver (38). This study

demonstrated that DHA supplementation in the semen extender

effectively reduced the ROS and MDA content in frozen-thawed

yak sperm, particularly in the 10 ng/ml DHA group, where ROS

levels and MDA content were significantly lower than in other

treatment groups. These positive effects may be due to DHA’s

efficient scavenging of ROS, alleviating damage to antioxidant

enzyme structure caused by MDA. Other research has indicated

that the combination of DHA and mitochondrial membrane

can maintain membrane composition and structure, affecting the

opening of mitochondrial permeability transition pore (mPTP) and

reducing the proton leakage in the ETC, ultimately decreasing

ROS content (39). Notably, 100 ng/ml DHA increased ROS

and MDA compared to the 10 ng/ml treatment group, possibly
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FIGURE 8

The protein expression levels related to the apoptotic pathway in frozen-thawed yak sperm, were treated with varying concentrations of DHA. (A)

Western blotting analysis to detect these protein expressions; (B) The relative expression level of Bax protein; (C) The relative expression level of

Bcl-2 protein; (D) The relative expression level of Caspase 3 protein. The statistical significance of these di�erences was indicated by P < 0.05, with

an asterisk (*) denoting P < 0.05 and a double asterisk (**) representing P < 0.01.

because high DHA concentrations act as pro-oxidants, facilitating

ROS generation. Previous studies have also shown that DHA

can increase ROS and lipid peroxide concentration, triggering

cancer cell apoptosis (40). Therefore, a balance between DHA

concentration and sperm antioxidant status should be considered

when using DHA as an antioxidant. During spermatogenesis,

endogenous antioxidants, including SOD, CAT, and GSH-Px, are

present in both seminal plasma and spermatozoa (41, 42), forming

the total antioxidant system and reflecting sperm antioxidant

capacity (43, 44). SOD directly catalyzes the conversion of

superoxide anions to oxygen and water, playing a key role

in reducing oxidative stress damage; CAT catalyzes hydrogen

peroxide anions to water and oxygen, while GSH-Px reduces

peroxide to hydroxyl compounds, decreasing peroxide damage

to plasma membrane structure and function (45). Normally, the

endogenous antioxidant system protects sperm from oxidative

stress, but the rapid temperature drop during cryopreservation

leads to the inability of endogenous antioxidants to meet sperm

antioxidant requirements, necessitating exogenous antioxidants.

This study found that DHA supplementation in the sperm extender

significantly increased the SOD, CAT, and GSH-Px levels, with each

antioxidant reaching its maximum at a DHA dosage of 10 ng/ml.

These results were similar to those from bull studies, where

10 ng/ml DHA supplementation significantly increased frozen-

thawed bull sperm SOD levels (46). Another study showed that

DHA could reduce ROS andMDA levels in PC12 cells and improve

antioxidant activity (47), supporting the current findings. However,

at a dosage of 100 ng/ml, SOD, CAT, and GSH-Px activities were

significantly decreased, possibly due to high DHA concentration

altering yak sperm osmosis and internal homeostasis, affecting

antioxidant activity.

Mitochondria, as energy centers, maintain sperm metabolism

and motility by generating ATP (48, 49). ATP affects linear sperm

movement by influencing tail movement, which in turn affects

progressive sperm movement from the uterine to the oviduct,

essential for sperm motility and fertilization (50). MMP is a key

indicator of mitochondrial activity, with only mitochondria with

high MMP processing biological activity. However, ROS can be
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FIGURE 9

The mechanism of DHA on the quality of yak spermatozoa after cryopreservation.

generated by electron-oxygen reaction at complexes I and III of the

mitochondrial ETC and accumulate in mitochondria (51), altering

membrane permeability and decreasing MMP (5). The mPTP, a

transmembrane protein on the mitochondrial inner membrane,

opens in response to oxidative stress (52), initiating permeability

swelling, MMP decrease, and the release of Ca2+ and proapoptotic

factors from mitochondria, leading to apoptosis and necrosis (53).

Studies on rats have shown that DHA can increase SOD and

CAT activities, improving the mitochondrial stability and tolerance

to oxidative stress (54). Another study revealed that high ROS

levels can induce lower MMP in ejaculated sperm, leading to

infertility (55). This study found that DHA supplementation in

semen extender significantly increased ATP levels and MMP in

frozen-thawed yak sperm, with the best results at a 10 ng/ml DHA

treatment. This may be due to DHA regulating the mitochondrial

respiratory chain in yak sperm, improving mitochondrial function,

and decreasing ROS generation, thereby reducing ROS attacks on

the mitochondrial membrane.

Mitochondrial damage triggered by excessive ROS can activate

the apoptosis pathway. At high ROS levels, the MAPK signaling

pathway is activated, and Bax and Bak mediate the formation of

mPTP at the mitochondrial outer membrane and depolarization

of the inner membrane, causing the release of proapoptotic

factors such as CytC from mitochondria into the cytoplasm.

Then CytC combines with the Apaf1, activating the caspase

signaling pathway and initiating apoptosis (56). The mitochondrial

apoptotic pathway is regulated by the Bax/Bcl-2 ratio. As an

anti-apoptotic protein, Bcl-2 can inhibit CytC release into the

cytoplasm to prevent apoptosis occurrence; while Bax could

bind to Bcl-2 to prevent apoptosis, while Bax can bind to

Bcl-2 to neutralize its anti-apoptotic function. Therefore, the

Bax/Bcl-2 ratio is often used to measure apoptosis status

(57). In this study, 10 ng/ml DHA supplementation in semen

extender significantly reduced the proportion of apoptotic yak

sperm after freezing-thawing compared to the control group.

Further analysis of apoptosis-related protein expression revealed

that 10 ng/ml DHA significantly increased anti-apoptotic protein

Bcl-2 expression and inhibited proapoptotic protein Bax and

Caspase3 levels. This may be due to DHA reducing ROS

generation and modulating mitochondrial function to alleviate

mitochondrial membrane structure disruption caused by ROS.

Moreover, DHA effectively maintained mitochondrial membrane

structure stability, preventing the release of proapoptotic factors

from sperm mitochondria into the cytoplasm, ultimately blocking

mitochondria-mediated apoptosis. However, the specific signaling

pathways through which DHA regulates mitochondrial function

require further investigation.

5 Conclusion

Taken together, the incorporation of 10 ng/ml DHA into the

semen extender notably enhanced the quality of cryopreserved

yak spermatozoa via mitigating oxidative damage, bolstering the

activities of antioxidant enzymes, and augmenting mitochondrial

functions, thereby preventing the apoptotic pathway in yak
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spermatozoa (Figure 9). Future research will focus on evaluating

the fertilization potential of the cryopreserved yak semen treated

with DHA and exploring the observed valuable insights into

refining cryopreservation techniques for yak semen and optimizing

the use of DHA as a cryoprotectant across different species.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The animal studies were approved by the Southwest Minzu

University Academic Committee. The studies were conducted

in accordance with the local legislation and institutional

requirements. Written informed consent was obtained from

the owners for the participation of their animals in this study.

Author contributions

YZ: Investigation, Writing – original draft. JY:

Conceptualization, Writing – original draft. XL: Data curation,

Methodology, Writing – original draft. ZC: Formal analysis,

Validation, Writing – original draft. YL: Data curation, Software,

Writing – original draft. YX: Formal analysis, Writing – review

& editing. HH: Data curation, Visualization, Writing – review &

editing. SY: Data curation, Software, Writing – review & editing.

DL: Data curation, Formal analysis, Writing – review & editing. JL:

Funding acquisition, Project administration, Writing – review &

editing. LY: Project administration, Resources, Writing – review &

editing. XX: Project administration, Supervision, Writing – review

& editing.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by the National Key Research and Development

Program (2023YFD1300603), the Key Research and Development

Program of the Sichuan Provincial Science and Technology

Program (2023YFN0001), the Special Project of Sichuan Beef

Cattle Innovation Team of the National Agricultural Industrial

Technology System (SCCXTD-2024-13), and the Fundamental

Research Funds for the Central Universities of Southwest Minzu

University (ZYN2024192).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Yang L, Min X, Zhu Y, Hu Y, Yang M, Yu H, et al. Polymorphisms of SORBS1
gene and their correlation with milk fat traits of cattleyak. Animals. (2021) 11:3461.
doi: 10.3390/ani11123461

2. Zhu Y, Pan B, Fei X, Hu Y, Yang M, Yu H, et al. The biological characteristics and
differential expression patterns of Tssk1B gene in yak and its infertile hybrid offspring.
Animals. (2023) 13:320. doi: 10.3390/ani13020320

3. Ramirez-Vasquez R, Cesari A, Greco MB, Cano A, Hozbor F. Extenders modify
the seminal plasma ability to minimize freeze-thaw damage on ram sperm. Reprod
Domest Anim. (2019) 54:1621–9. doi: 10.1111/rda.13571

4. Aliakbari F, Taghizabet N, Azizi F, Rezaei-Tazangi F, Samadee GK, Kharazinejad
E, et al. review of methods for preserving male fertility. Zygote. (2022) 30:289–97.
doi: 10.1017/S0967199421000071

5. Brand MD. Mitochondrial generation of superoxide and hydrogen peroxide as
the source of mitochondrial redox signaling. Free Radic Biol Med. (2016) 100:14–31.
doi: 10.1016/j.freeradbiomed.2016.04.001

6. Treulen F, Arias ME, Aguila L, Uribe P, Felmer R. Cryopreservation induces
mitochondrial permeability transition in a bovine sperm model. Cryobiology. (2018)
83:65–74. doi: 10.1016/j.cryobiol.2018.06.001

7. Zhu Z, Kawai T, Umehara T, Hoque S, Zeng W, Shimada M. 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.
doi: 10.1016/j.freeradbiomed.2019.06.018

8. Figueroa E, Valdebenito I, Zepeda AB, Figueroa CA, Dumorné K, Castillo RL, et al.
Effects of cryopreservation on mitochondria of fish spermatozoa. Rev Aquacult. (2017)
9:76–87. doi: 10.1111/raq.12105

9. Moraes CR, Moraes LE, Blawut B, Benej M, Papandreou I, Denko NC, et al.
Effect of glucose concentration and cryopreservation on mitochondrial functions of
bull spermatozoa and relationship with sire conception rate. Anim Reprod Sci. (2021)
230:106779. doi: 10.1016/j.anireprosci.2021.106779

10. Su G, Wu S, Wu M, Wang L, Yang L, Du M, et al. Melatonin
improves the quality of frozen bull semen and influences gene expression
related to embryo genome activation. Theriogenology. (2021) 176:54–62.
doi: 10.1016/j.theriogenology.2021.09.014

11. Yang S, Fan B, Chen X, Meng Z. Supplementation of the freezing medium
with coenzyme Q10 attenuates oxidative stress and improves function of frozen-
thawed giant grouper (Epinephelus lanceolatus) spermatozoa. Theriogenology. (2021)
175:77–82. doi: 10.1016/j.theriogenology.2021.08.029

12. Calder PC. Very long-chain n-3 fatty acids and human health: fact, fiction
and the future. Proc Nutr Soc. (2018) 77:52–72. doi: 10.1017/S00296651170
03950

13. Asari MA, Sirajudeen K, Mohd YN, Mohd AM. DHA-rich fish oil and
Tualang honey reduce chronic stress-induced oxidative damage in the brain of
rat model. J Tradit Complement Med. (2022) 12:361–6. doi: 10.1016/j.jtcme.2021.
10.001

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2025.1532473
https://doi.org/10.3390/ani11123461
https://doi.org/10.3390/ani13020320
https://doi.org/10.1111/rda.13571
https://doi.org/10.1017/S0967199421000071
https://doi.org/10.1016/j.freeradbiomed.2016.04.001
https://doi.org/10.1016/j.cryobiol.2018.06.001
https://doi.org/10.1016/j.freeradbiomed.2019.06.018
https://doi.org/10.1111/raq.12105
https://doi.org/10.1016/j.anireprosci.2021.106779
https://doi.org/10.1016/j.theriogenology.2021.09.014
https://doi.org/10.1016/j.theriogenology.2021.08.029
https://doi.org/10.1017/S0029665117003950
https://doi.org/10.1016/j.jtcme.2021.10.001
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhu et al. 10.3389/fvets.2025.1532473

14. Castellanos-Perilla N, BordaMG, Aarsland D, Barreto GE. An analysis of omega-
3 clinical trials and a call for personalized supplementation for dementia prevention.
Expert Rev Neurother. (2024) 24:313–24. doi: 10.1080/14737175.2024.2313547

15. Wang X, Song Y, Cong P, Wang Z, Liu Y, Xu J, et al. Docosahexaenoic
acid-acylated astaxanthin monoester ameliorates amyloid-β pathology and neuronal
damage by restoring autophagy in Alzheimer’s disease models. Mol Nutr Food Res.
(2024) 68:e2300414. doi: 10.1002/mnfr.202300414

16. Chauhan PS, Benninghoff AD, Favor OK, Wagner JG, Lewandowski RP,
Rajasinghe LD, et al. Dietary docosahexaenoic acid supplementation inhibits acute
pulmonary transcriptional and autoantibody responses to a single crystalline
silica exposure in lupus-prone mice. Front Immunol. (2024) 15:1275265.
doi: 10.3389/fimmu.2024.1275265

17. Tatsumi Y, Kato A, Sango K, Himeno T, Kondo M, Kato Y, et al. Omega-
3 polyunsaturated fatty acids exert anti-oxidant effects through the nuclear factor
(erythroid-derived 2)-related factor 2 pathway in immortalized mouse Schwann cells. J
Diabetes Investig. (2019) 10:602–12. doi: 10.1111/jdi.12931

18. Zhang T, Wu P, Zhang JH, Li Y, Xu S, Wang C, et al. Docosahexaenoic acid
alleviates oxidative stress-based apoptosis via improving mitochondrial dynamics in
early brain injury after subarachnoid hemorrhage. Cell Mol Neurobiol. (2018) 38:1413–
23. doi: 10.1007/s10571-018-0608-3

19. Bozkurt Y, Yavas I. Effect of supplementations of docosahexaenoic acid (DHA)
into a Tris-glucose based extender on the post-thaw sperm quality, fertility and
hatching rates in brown trout (Salmo trutta macrostigma) following cryopreservation.
Int Aquat Res. (2021) 13:147–54. doi: 10.22034/IAR.2021.1926852.1151

20. Losano J, Angrimani D, Rui BR, Bicudo LC, Dalmazzo A, Silva B, et al. The
addition of docosahexaenoic acid (DHA) and antioxidants (glutathione peroxidase and
superoxide dismutase) in extenders to epididymal sperm cryopreservation in bulls.
Zygote. (2018) 26:199–206. doi: 10.1017/S0967199418000096

21. Gonzalez-Castro RA, Peña FJ, Herickhoff LA. Validation of a new
multiparametric protocol to assess viability, acrosome integrity and mitochondrial
activity in cooled and frozen thawed boar spermatozoa. Cytometry B Clin Cytom.
(2022) 102:400–8. doi: 10.1002/cyto.b.22058

22. Boe-Hansen GB, Satake N. An update on boar semen assessments
by flow cytometry and CASA. Theriogenology. (2019) 137:93–103.
doi: 10.1016/j.theriogenology.2019.05.043

23. Tiwari S, Mohanty TK, Bhakat M, Kumar N, Baithalu RK, Nath S, et al.
Comparative evidence support better antioxidant efficacy of mitochondrial-targeted
(Mitoquinone) than cytosolic (Resveratrol) antioxidant in improving in-vitro sperm
functions of cryopreserved buffalo (Bubalus bubalis) semen. Cryobiology. (2021)
101:125–34. doi: 10.1016/j.cryobiol.2021.04.007

24. Rosyada Z, Ulum MF, Tumbelaka L, Purwantara B. Sperm protein markers for
holstein bull fertility at national artificial insemination centers in Indonesia.VetWorld.
(2020) 13:947–55. doi: 10.14202/vetworld.2020.947-955

25. Ibanescu I, Siuda M, Bollwein H. Motile sperm subpopulations in bull
semen using different clustering approaches - associations with flow cytometric
sperm characteristics and fertility. Anim Reprod Sci. (2020) 215:106329.
doi: 10.1016/j.anireprosci.2020.106329

26. Towhidi A, Parks JE. Effect of n-3 fatty acids and α-tocopherol on post-thaw
parameters and fatty acid composition of bovine sperm. J Assist Reprod Genet. (2012)
29:1051–6. doi: 10.1007/s10815-012-9834-7

27. Bozkurt Y, Yavas I. Effect of supplementations of docosahexaenoic acid (DHA)
into a Tris-glucose based extender on the post-thaw sperm quality, fertility and
hatching rates in brown trout (Salmo trutta macrostigma) following cryopreservation.
Int Aquat Res. (2021) 13:147–54.

28. Craig LB, Brush RS, SullivanMT, ZavyMT, AgbagaMP, Anderson RE. Decreased
very long chain polyunsaturated fatty acids in sperm correlates with sperm quantity and
quality. J Assist Reprod Genet. (2019) 36:1379–85. doi: 10.1007/s10815-019-01464-3

29. StoffelW,Holz B, Jenke B, Binczek E, Gunter RH, Kiss C, et al. Delta 6-desaturase
(FADS2) deficiency unveils the role of omega 3- and omega 6-polyunsaturated fatty
acids. EMBO J. (2008) 27:2281–92. doi: 10.1038/emboj.2008.156

30. Roqueta-Rivera M, Stroud CK, Haschek WM, Akare SJ, Segre M, Brush
RS, et al. Docosahexaenoic acid supplementation fully restores fertility and
spermatogenesis in male delta-6 desaturase-null mice. J Lipid Res. (2010) 51:360–7.
doi: 10.1194/jlr.M001180

31. Sassa T, Kihara A. Metabolism of very long-chain fatty acids: genes and
pathophysiology. Biomol Ther. (2014) 22:83–92. doi: 10.4062/biomolther.2014.017

32. Ritagliati C, Baro GC, Stival C, Krapf D. Regulation mechanisms and
implications of sperm membrane hyperpolarization. Mech Dev. (2018) 154:33–43.
doi: 10.1016/j.mod.2018.04.004

33. Ansari M, Towhidi A, Shahrbabak MM, Bahreini M. Docosahexaenoic acid
and alpha-tocopherol improve sperm cryosurvival in goat. Slovak J Anim Sci. (2012)
45:7–13. Available at: http://www.cvzv.sk/slju/12_1/Ansari-SJAS-1-2012.pdf

34. Chanapiwat P, Kaeoket K, Tummaruk P. Effects of DHA-enriched hen egg yolk
and L-Cysteine supplementation on quality of cryopreserved boar semen. Asian J
Androl. (2009) 11:600–8. doi: 10.1038/aja.2009.40

35. Kumar A, Prasad JK, Srivastava N, Ghosh SK. Strategies to minimize
various stress-related freeze-thaw damages during conventional cryopreservation

of mammalian spermatozoa. Biopreserv Biobank. (2019) 17:603–12.
doi: 10.1089/bio.2019.0037

36. Menezes TA, Mellagi A, Da SOG, Bernardi ML, Wentz I, Ulguim R, et al.
Antibiotic-free extended boar semen preserved under low temperature maintains
acceptable in-vitro sperm quality and reduces bacterial load. Theriogenology. (2020)
149:131–8. doi: 10.1016/j.theriogenology.2020.03.003

37. Silvestre MA, Yaniz JL, Pena FJ, Santolaria P, Castello-Ruiz M. Role of
antioxidants in cooled liquid storage of mammal spermatozoa. Antioxidants. (2021)
10:1096. doi: 10.3390/antiox10071096

38. Yang J, Fernandez-Galilea M, Martinez-Fernandez L, Gonzalez-Muniesa P,
Perez-Chavez A, Martinez JA, et al. Oxidative stress and non-alcoholic fatty liver
disease: effects of omega-3 fatty acid supplementation. Nutrients. (2019) 11:872.
doi: 10.3390/nu11040872

39. Madingou N, Gilbert K, Tomaro L, Prud’Homme TC, Trudeau F, Fortin S, et al.
Comparison of the effects of EPA and DHA alone or in combination in a murine model
of myocardial infarction. Prostaglandins Leukot Essent Fatty Acids. (2016) 111:11–6.
doi: 10.1016/j.plefa.2016.06.001

40. Shin JI, Jeon YJ, Lee S, Lee YG, Kim JB, Lee K. G-protein-coupled
receptor 120 mediates DHA-induced apoptosis by regulating IP3R, ROS and,
ER stress levels in cisplatin-resistant cancer cells. Mol Cells. (2019) 42:252–61.
doi: 10.14348/molcells.2019.2440

41. Gupta S, Finelli R, Agarwal A, Henkel R. Total antioxidant capacity-
relevance, methods and clinical implications. Andrologia. (2021) 53:e13624.
doi: 10.1111/and.13624

42. Martin-Hidalgo D, BragadoMJ, Batista AR, Oliveira PF, Alves MG. Antioxidants
and male fertility: from molecular studies to clinical evidence. Antioxidants. (2019)
8:89. doi: 10.3390/antiox8040089

43. Barranco I, Tvarijonaviciute A, Perez-Patino C, Parrilla I, Ceron JJ, Martinez EA,
et al. High total antioxidant capacity of the porcine seminal plasma (SP-TAC) relates to
sperm survival and fertility. Sci Rep. (2015) 5:18538. doi: 10.1038/srep18538

44. Zhang X, Guo SM, Zhu DW, Li Y, Wen F, Xian M, et al. Metformin improves
sheep sperm cryopreservation via vitalizing the Ampk pathway. Theriogenology. (2023)
208:60–70. doi: 10.1016/j.theriogenology.2023.05.031

45. Ighodaro OM, Akinloye OA. First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their fundamental
role in the entire antioxidant defence grid. Alexandria J Med. (2019) 54:287–93.
doi: 10.1016/j.ajme.2017.09.001

46. Kaka A, Haron W, Yimer N, Channo A, Jahejo AR, Ebrahimi M,
et al. Enhancement of frozen-thawed quality of bull semen after enrichment of
docosahexaenoic acid extended in tris-extender. Anim Health Prod. (2023) 11:7–13.
doi: 10.17582/journal.jahp/2023/11.1.7.13

47. Clementi ME, Lazzarino G, Sampaolese B, Brancato A, Tringali G. Dha protects
PC12 cells against oxidative stress and apoptotic signals through the activation of the
NFE2L2/HO-1 axis. Int J Mol Med. (2019) 43:2523–31. doi: 10.3892/ijmm.2019.4170

48. Aitken RJ, Whiting S, De Iuliis GN, McClymont S, Mitchell LA, Baker MA.
Electrophilic aldehydes generated by spermmetabolism activatemitochondrial reactive
oxygen species generation and apoptosis by targeting succinate dehydrogenase. J Biol
Chem. (2012) 287:33048–60. doi: 10.1074/jbc.M112.366690

49. Wai T, Langer T. Mitochondrial dynamics and metabolic regulation. Trends
Endocrinol Metab. (2016) 27:105–17. doi: 10.1016/j.tem.2015.12.001

50. Zhu Z, Umehara T, Okazaki T, Goto M, Fujita Y, Hoque S, et al. Gene
expression and protein synthesis in mitochondria enhance the duration of high-speed
linear motility in boar sperm. Front Physiol. (2019) 10:252. doi: 10.3389/fphys.2019.
00252

51. Brand MD. The sites and topology of mitochondrial superoxide
production. Exp Gerontol. (2010) 45:466–72. doi: 10.1016/j.exger.2010.
01.003

52. Briston T, Roberts M, Lewis S, Powney B, Staddon JM, Szabadkai G,
et al. Mitochondrial permeability transition pore: sensitivity to opening and
mechanistic dependence on substrate availability. Sci Rep. (2017) 7:10492.
doi: 10.1038/s41598-017-10673-8

53. Seidlmayer LK, Juettner VV, Kettlewell S, Pavlov EV, Blatter LA, Dedkova
EN. Distinct mPTP activation mechanisms in ischaemia-reperfusion: contributions
of Ca2+ , ROS, pH, and inorganic polyphosphate. Cardiovasc Res. (2015) 106:237–48.
doi: 10.1093/cvr/cvv097

54. Garrel C, Alessandri JM, Guesnet P, Al-Gubory KH. Omega-3 fatty
acids enhance mitochondrial superoxide dismutase activity in rat organs
during post-natal development. Int J Biochem Cell Biol. (2012) 44:123–31.
doi: 10.1016/j.biocel.2011.10.007

55. Boguenet M, Bouet PE, Spiers A, Reynier P, May-Panloup P. Mitochondria: their
role in spermatozoa and in male infertility. Hum Reprod Update. (2021) 27:697–719.
doi: 10.1093/humupd/dmab001

56. Said TM, Gaglani A, Agarwal A. Implication of apoptosis in sperm cryoinjury.
Reprod Biomed Online. (2010) 21:456–62. doi: 10.1016/j.rbmo.2010.05.011

57. Kaplan P, Tatarkova Z, Sivonova MK, Racay P, Lehotsky J. Homocysteine and
mitochondria in cardiovascular and cerebrovascular systems. Int J Mol Sci. (2020)
21:7698. doi: 10.3390/ijms21207698

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2025.1532473
https://doi.org/10.1080/14737175.2024.2313547
https://doi.org/10.1002/mnfr.202300414
https://doi.org/10.3389/fimmu.2024.1275265
https://doi.org/10.1111/jdi.12931
https://doi.org/10.1007/s10571-018-0608-3
https://doi.org/10.22034/IAR.2021.1926852.1151
https://doi.org/10.1017/S0967199418000096
https://doi.org/10.1002/cyto.b.22058
https://doi.org/10.1016/j.theriogenology.2019.05.043
https://doi.org/10.1016/j.cryobiol.2021.04.007
https://doi.org/10.14202/vetworld.2020.947-955
https://doi.org/10.1016/j.anireprosci.2020.106329
https://doi.org/10.1007/s10815-012-9834-7
https://doi.org/10.1007/s10815-019-01464-3
https://doi.org/10.1038/emboj.2008.156
https://doi.org/10.1194/jlr.M001180
https://doi.org/10.4062/biomolther.2014.017
https://doi.org/10.1016/j.mod.2018.04.004
http://www.cvzv.sk/slju/12_1/Ansari-SJAS-1-2012.pdf
https://doi.org/10.1038/aja.2009.40
https://doi.org/10.1089/bio.2019.0037
https://doi.org/10.1016/j.theriogenology.2020.03.003
https://doi.org/10.3390/antiox10071096
https://doi.org/10.3390/nu11040872
https://doi.org/10.1016/j.plefa.2016.06.001
https://doi.org/10.14348/molcells.2019.2440
https://doi.org/10.1111/and.13624
https://doi.org/10.3390/antiox8040089
https://doi.org/10.1038/srep18538
https://doi.org/10.1016/j.theriogenology.2023.05.031
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.17582/journal.jahp/2023/11.1.7.13
https://doi.org/10.3892/ijmm.2019.4170
https://doi.org/10.1074/jbc.M112.366690
https://doi.org/10.1016/j.tem.2015.12.001
https://doi.org/10.3389/fphys.2019.00252
https://doi.org/10.1016/j.exger.2010.01.003
https://doi.org/10.1038/s41598-017-10673-8
https://doi.org/10.1093/cvr/cvv097
https://doi.org/10.1016/j.biocel.2011.10.007
https://doi.org/10.1093/humupd/dmab001
https://doi.org/10.1016/j.rbmo.2010.05.011
https://doi.org/10.3390/ijms21207698
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Supplementation of DHA enhances the cryopreservation of yak semen via alleviating oxidative stress and inhibiting apoptosis
	1 Introduction
	2 Materials and methods
	2.1 Semen collection and quality assay
	2.2 Experimental design and semen processing
	2.3 Spermatozoa motility and kinematics analysis 
	2.4 Acrosome integrity analysis
	2.5 Membrane integrity assay
	2.6 Evaluation of ROS level
	2.7 MDA content detection
	2.8 Detection of antioxidant capacity
	2.9 ATP content assay
	2.10 Detection of mitochondrial membrane potential 
	2.11 Annexin V-FITC/PI assay
	2.12 Western blot
	2.13 Statistical analysis

	3 Results
	3.1 Effects of DHA on the motility and kinematics
	3.2 Effects of DHA on the acrosome integrity
	3.3 Effects of DHA on membrane integrity
	3.4 Effects of DHA on the oxidative status
	3.5 Effects of DHA on the antioxidant capacity
	3.6 Effects of DHA on the mitochondrial function
	3.7 Effects of DHA on the apoptosis status
	3.8 Effects of DHA on the protein expression related to apoptosis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


