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Abstract

Histone H2A family member X phosphorylated at serine 139 (γH2AX) is a marker of the 
cellular response to DNA double-strand breaks. To our knowledge, this study reports the 
detection of γH2AX by flow cytometry in equine spermatozoa and provides preliminary 
evidence through its association with DNA status n and apoptotic-like changes. A total of 
64 semen samples from 12 stallions were analyzed under routine field conditions. Sperm 
viability, mitochondrial membrane potential, Annexin V positivity, and γH2AX levels were 
assessed using multiparametric flow cytometry. γH2AX showed a wide distribution among 
samples and was correlated with Annexin V positivity and PI positivity. Linear mixed-
effects models, including stallion as a random effect, identified significant associations 
between γH2AX levels and both Annexin V positivity and PI positivity. In contrast, γH2AX 
was not significantly related to sperm viability or mitochondrial membrane potential. These 
findings indicate that γH2AX-associated fluorescence can be detected in equine spermatozoa 
and is associated with indicators of apoptotic-like changes and DNA instability, which 
may be related to nuclear DNA damage rather than general sperm functional status. The 
observed associations suggest that γH2AX may have potential as an additional parameter 
in multiparametric flow cytometry approaches for the assessment of sperm nuclear status 
in stallions. However, further validation against established DNA damage assays and 
appropriate specificity controls is required to determine whether γH2AX fluorescence 
provides a specific measure of sperm nuclear DNA damage.

Keywords: apoptosis; chromatin instability; DNA damage; equine spermatozoa; flow 
cytometry; γH2AX

1. Introduction
Flow cytometry has become an essential tool in reproductive biology, enabling rapid, 

objective, and multiparametric evaluation of sperm quality. Unlike conventional semen 
analysis, this technique allows the simultaneous assessment of thousands of spermatozoa 
at the single-cell level [1,2], providing detailed information on functional and structural 
heterogeneity within sperm populations [3]. In equine reproduction, where artificial 
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insemination with fresh or chilled semen is widely used, accurate assessment of sperm 
quality is critical for optimizing fertility outcomes. However, traditional parameters such as 
motility and morphology do not fully reflect the functional status or fertilizing potential of 
spermatozoa [4,5].

The application of flow cytometry in equine andrology has expanded considerably, 
allowing the evaluation of key cellular features including membrane integrity, mitochondrial 
activity, DNA structure, and apoptotic-like changes [3,6]. Fluorescent probes such as SYBR-
14, propidium iodide, PNA-FITC, and JC-1 enable the simultaneous analysis of viability, 
acrosomal integrity, and mitochondrial function [7]. Multiparametric approaches further 
allow the simultaneous evaluation of functional parameters such as mitochondrial activity, 
membrane integrity, apoptosis, and DNA damage [3,8]. These approaches provide a more 
comprehensive understanding of sperm physiology and reveal sublethal alterations that 
are not detectable by conventional methods. Nevertheless, the assessment of sperm DNA 
integrity in equine species remains limited, and conventional semen evaluation does not 
adequately reflect nuclear status. The incorporation of novel biomarkers could therefore 
improve the characterization of sperm functional competence [3–5].

DNA damage in spermatozoa has been widely associated with impaired fertility, 
defective embryo development, increased pregnancy loss, and long-term effects on offspring 
health [5,9–11]. Sperm DNA fragmentation, defined as the presence of single- or double-
strand breaks, represents a key parameter for evaluating male fertility potential and has been 
extensively assessed using assays such as the Sperm Chromatin Structure Assay (SCSA), 
Terminal deoxynucleotidil Transferase dUTP Nick End Labeling (TUNEL), and single-cell 
gel electrophoresis (COMET) [12]. In mammalian sperm, DNA damage is closely linked 
to oxidative stress, defective DNA remodeling, and apoptosis-like processes [13,14]. In 
addition, cytometric approaches have been widely used to characterize apoptotic pathways, 
including DNA fragmentation, mitochondrial dysfunction, and membrane alterations, 
highlighting their value for studying sperm cell fate at the single-cell level [1]. These 
findings underscore the importance of evaluating nuclear integrity alongside conventional 
functional parameters.

Phosphorylation of histone H2AX (γH2AX) is a well-established marker of DNA 
double-strand breaks and is widely used in cell biology to detect DNA damage at the single-
cell level. The formation of γH2AX foci occurs rapidly in response to DNA double-strand 
breaks, making it a sensitive indicator of genomic instability [15]. In human spermatozoa, 
γH2AX has been successfully detected by flow cytometry and has been proposed as a 
biomarker of DNA damage, showing significant associations with semen quality param-
eters and DNA fragmentation levels [16]. Moreover, Coban et al., who assessed γH2AX 
immunofluorescence in human spermatozoa, concluded that γH2AX levels were associated 
with live-birth outcomes following IVF but were not correlated with conventional semen 
parameters or male age [17]. These findings suggest that γH2AX may provide valuable 
information on sperm nuclear integrity beyond traditional assessments.

Recently, γH2AX immunolabelling has also been applied to assess DNA damage in 
paternal pronuclei derived from frozen–thawed equine spermatozoa following xenogeneic 
ICSI, demonstrating increased DNA damage particularly in pronuclei originating from 
immotile spermatozoa [18]. However, to our knowledge, γH2AX has not previously been 
evaluated in equine spermatozoa by flow cytometry. Therefore, the aim of the present study 
was to report the detection of γH2AX by flow cytometry in equine spermatozoa and to 
evaluate its biological relevance through its association with established sperm functional 
and DNA parameters [18].
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2. Materials and Methods
2.1. Semen Collection and Processing

Ejaculates were collected from twelve stallions aged between 5 and 19 years, including 
Pura Raza Española, Arabian, Anglo-Arabian, Hispano-Arabian, and Spanish Sport Horse 
(CDE) breeds, during the 2022 and 2024 breeding seasons. A total of 64 semen samples 
were obtained through repeated collections, reflecting typical field conditions. All stallions 
were maintained at the CENSYRA (Centro de Selección y Reproducción Animal, Badajoz, 
Spain). The interval between successive semen collections from the same stallion ranged 
from 48 to 72 h, according to the routine breeding activities at CENSYRA.

Semen was collected using a pre-warmed (45 °C) artificial vagina (INRA model; 
IMV, L’Aigle, France) equipped with a filter to remove the gel fraction. Ejaculates were 
maintained at 37 °C, and sperm concentration was determined using a hemocytometer 
(Makler®  chamber, Trumbull, CT, USA).

Ejaculate volume ranged approximately from 60 to 120 mL, depending on the stallion. 
Before dilution, sperm concentration was measured using a hemocytometer and ranged 
from 73 to 518 × 106  spermatozoa/mL. Motility data were available for a subset of samples 
from four stallions. At the initial assessment (0 h), mean total and progressive motility 
were 84.0 ± 7.7% and 53.7 ± 11.7%, respectively (mean ± SD).

Each ejaculate was divided into aliquots and extended to a final concentration of 
25 × 106  spermatozoa/mL using commercial extenders (INRA 96®  [IMV, L’Aigle, France], 
Equiplus®  [Minitube, Tiefenbach, Germany], Beyond®  [Minitube], or INRA 96®  after 
centrifugation at 600× g for 10 min). Two aliquots of each extended semen sample were 
transported to the Research Support Services (STAB) of the University of Extremadura on 
the day of collection in insulated expanded polystyrene boxes containing cold packs. One 
aliquot was processed upon arrival, with the initial evaluation performed within 3 h of 
semen collection; this assessment was designated as 0 h. The second aliquot was stored in a 
refrigerator at 5 °C at STAB and evaluated approximately 24 h after the initial assessment.

2.2. Flow Cytometry Analysis
Flow cytometry analyses were performed at STAB. The following probes were used: 

Hoechst 33258 (5 μM, 10 min, room temperature [Thermo Fisher Scientific/eBioscience, 
Waltham, MA, USA]) to identify non-viable spermatozoa, Tetra Methyl Rhodamine 
Methylesther (TMRM) (100 nM, 20 min, 37 °C [Thermo Fisher Scientific/eBioscience]) 
to assess mitochondrial membrane potential, Annexin V-FITC ([Beckman Coulter, Brea, 
CA, USA] 5 μL per sample, 15 min, room temperature) to detect phosphatidylserine ex-
ternalization, and propidium iodide (PI) ([Thermo Fisher Scientific/eBioscience] 5–6 μM, 
added immediately before acquisition) to assess membrane integrity. An aliquot of each 
sample was fixed and permeabilized (Fix & Perm kit, Beckman Coulter) according to the 
manufacturer’s instructions. Intracellular staining was performed using a monoclonal 
antibody directed against phospho-H2AX (Ser139; clone CR55T33; Cat. No. 14-9865-80; 
Thermo Fisher Scientific/eBioscience). Following incubation with the primary antibody, 
fluorescence was detected using a goat anti-mouse IgG (H+L) secondary antibody con-
jugated to DyLight 549 (Thermo Fisher Scientific; Cat. No. 35507). The specificity of 
the detected antibody-associated fluorescence signal was not independently validated in 
equine spermatozoa.

Data acquisition was performed using a MACSQuant VYB flow cytometer (Miltenyi 
Biotec, Bensberg, Germany), recording at least 10,000 events per sample, and data were 
analyzed using FlowLogic™ software Version 8.6 (Inivai Technologies, Mentone, Australia). 
Spermatozoa were identified based on forward and side scatter properties, and doublets 
were excluded using FSC-A/FSC-H parameters. Staining controls were used to establish pos-
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itivity thresholds and compensation, and a secondary-antibody-only control was included 
for the phospho-H2AX assay.

Instrument settings were applied throughout the study, following established method-
ological guidelines [19].

All parameters were expressed as percentage of the total sperm population.

2.3. Statistical Analysis
Statistical analyses were performed using Jamovi software (version 2.6.44). Data 

are presented as mean ± standard deviation and median, and normality was assessed 
using visual inspection and statistical tests. Pearson correlation coefficients were calculated 
to evaluate the relationships between γH2AX levels and sperm parameters, including 
viability (Live Total), mitochondrial membrane potential measured with TMRM, Annexin 
V positivity, and PI-based fluorescence associated with DNA decondensation.

To account for repeated measures, linear mixed-effects models were constructed with 
γH2AX as the dependent variable. Annexin V positivity and PI-positivity were included 
as fixed effects, and stallion was included as a random effect. Additional models were 
performed to evaluate the association between γH2AX and individual sperm functional 
parameters, including viability and mitochondrial membrane potential. Model assumptions 
were verified by visual inspection of residuals, and model fit was assessed using marginal 
and conditional R2  values. Statistical significance was set at p < 0.05.

Samples obtained under different extender conditions and at different time points were 
included to reflect field conditions and increase biological variability. These observations 
were treated as repeated measures, and non-independence was accounted for by including 
stallion as a random effect.

Ethical Statement
All procedures were carried out under standard management practices and in accor-

dance with national animal welfare regulations.

3. Results
3.1. Descriptive Analysis

A total of 64 samples were analyzed for sperm functional and nuclear parameters. 
Sperm viability (Live Total) showed a mean value of 52.9 ± 23.2%, while mitochondrial 
membrane potential (TMRM) averaged 40.0 ± 23.9%. Annexin V positivity presented a 
mean of 21.3 ± 24.7%, indicating a wide variability in apoptotic-like changes across samples.

γH2AX levels displayed a broad range (2.74–85.9%), with a mean of 22.7 ± 20.9% and 
a moderately skewed distribution (median: 15.8%), indicating variability among semen 
samples in the proportion of spermatozoa classified as positive for the anti-phospho-H2AX 
antibody. Similarly, the percentage of uncondensed nuclei showed considerable variability 
(20.5 ± 13.1%; median: 18.5%), supporting heterogeneity in DNA status within the analyzed 
samples (Table 1).

Table 1. Descriptive statistics of sperm functional and nuclear parameters. Data are presented as 
mean ± standard deviation (SD) and median. γH2AX and DNA decondensation were evaluated in 
all samples.

Parameter N Mean ± SD Median

Live Total (%) 64 52.9 ± 23.2 56.6
TMRM (%) 64 40.0 ± 23.9 40.6

Annexin V (%) 64 21.3 ± 24.7 11.5
γH2AX (%) 64 22.7 ± 20.9 15.8

PI (%) 64 20.5 ± 13.1 18.5
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3.2. Correlation Analysis
At the semen-sample level, the proportion of spermatozoa classified as positive for 

the anti-phospho-H2AX antibody was positively correlated with Annexin V positivity 
(r = 0.700, p < 0.001), as well as with PI-positivity (r = 0.762, p < 0.001), supporting 
a possible relationship between DNA integrity and apoptotic-like changes. In the lin-
ear mixed-effects model including stallion as a random effect, both Annexin V positivity 
(β = 0.315 ± 0.094, p = 0.002) and PI positivity (β = 0.806 ± 0.173, p < 0.001) were asso-
ciated with the antibody-derived signal. In contrast, weaker inverse relationships were 
observed between γH2AX and sperm viability (Live Total) and mitochondrial membrane 
potential (TMRM); however, these associations were not statistically significant. These 
associations concern measurements obtained from semen samples and do not establish 
marker co-occurrence within individual spermatozoa.

3.3. Linear Mixed Model Analysis
To account for the non-independence of observations, a linear mixed model was per-

formed including stallion as a random effect. The model demonstrated a high explanatory 
power (marginal R2  = 0.852; conditional R2  = 0.876; p < 0.001), indicating that the included 
variables explained a substantial proportion of the variability in γH2AX levels.

Both Annexin V positivity and PI positivity were significantly associated with γH2AX 
after adjusting for stallion variability. Annexin V showed a positive effect (β = 0.315 ± 0.094, 
p = 0.002), while PI showed a stronger association (β = 0.806 ± 0.173, p < 0.001). The 
variance attributable to stallion was moderate (ICC = 0.165), suggesting that most of 
the variation in γH2AX was explained by the measured cellular parameters rather than 
individual differences (Table 2).

Table 2. Results of the linear mixed-effects model evaluating the association between γH2AX levels and 
sperm parameters. Annexin V positivity and PI positivity were included as fixed effects, and stallion 
was included as a random effect. β: regression coefficient; SE: standard error; CI: confidence interval.

Variable 𝛃 (Estimate) SE 95% CI

Intercept 22.462 1.824 18.812–26.112
Annexin V (%) 0.315 0.094 0.127–0.502

PI (%) 0.806 0.173 0.461–1.151
Variable β (Estimate) SE 95% CI

3.4. Additional Mixed Model Analyses
Additional linear mixed models showed that γH2AX was not significantly associated 

with sperm viability (Live Total; p = 0.969) or mitochondrial membrane potential (TMRM; p 
= 0.211), providing no evidence of associations between the antibody-derived fluorescence 
signal and these two functional parameters in the models fitted.

3.5. Graphical Analysis
Scatter plot analysis confirmed the statistical associations observed. A positive rela-

tionship was identified between γH2AX levels and Annexin V positivity, as well as between 
γH2AX and PI positivity. In contrast, no clear relationship was observed between γH2AX 
and sperm viability or mitochondrial membrane potential. These graphical patterns illus-
trate the sample-level associations between antibody positivity, Annexin V positivity, and 
PI positivity and possibly the proportion of uncondensed nuclei (Figure 1). Representative 
flow cytometry plots illustrating the gating strategy and identification of γH2AX-positive 
spermatozoa are presented in Figure 2.
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Figure 1. Scatter plots showing the relationships between γH2AX and markers of sperm quality in 
equine spermatozoa. (A) Relationship between γH2AX and Annexin V positivity. (B) Relationship 
between γH2AX and PI positivity. The horizontal axis represents γH2AX-positive spermatozoa (%) 
in both panels. The vertical axis represents Annexin V-positive spermatozoa (%) in panel A and 
PI-positive spermatozoa (%) in panel B. Pearson correlation coefficients were r = 0.700 for panel A 
and r = 0.762 for panel B (both p < 0.001).

Figure 2. Representative flow cytometry analysis of equine spermatozoa. The dot plot illustrates 
Annexin V-FITC and TMRM staining for the identification of viable (non-stained H1-LL orange), early 
apoptotic (Annexin V positive/Hoechst 33258 negative H1-LR green), debris (Hoechst 33258 posi-
tive/Annexin V negative H1-UL blue) and late apoptotic/dead (Hoechst 33258 positive/Annexin V 
positive H1-UR blue) sperm populations. Histograms show TMRM fluorescence, reflecting mitochon-
drial membrane potential, and anti-phospho-H2AX antibody-associated fluorescence percentages 
indicate the proportion of positive cells within each gated population.

4. Discussion
To our knowledge, this study provides the first report of anti-phospho-H2AX antibody-

associated fluorescence detected by flow cytometry in equine spermatozoa, with sample-
level probable associations between antibody positivity, Annexin V positivity, PI positivity 
and therefore the proportion of uncondensed nuclei. The ability to detect γH2AX in equine 
sperm and its integration within a multiparametric flow cytometry approach may represent 
a novel methodological and biological contribution to equine andrology.

Flow cytometry has been widely used in equine reproduction to assess sperm func-
tional integrity, including membrane status, mitochondrial activity, DNA structure, and 
apoptotic-like changes [3,6]. However, the incorporation of markers directly related to DNA 
damage remains limited. In this context, anti-phospho-H2AX staining may provide an 
additional parameter for investigating sperm nuclear status, although its interpretation as 
a specific indicator of DNA double-strand breaks in equine spermatozoa requires further 
validation. This approach complements existing functional assessments and provides a 
more comprehensive characterization of sperm quality.
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Higher γH2AX levels were observed in association with Annexin V positivity, indi-
cating a possible relationship between DNA damage and apoptotic-like changes in equine 
spermatozoa. This finding agrees with previous reports in mammalian sperm linking DNA 
fragmentation to apoptosis-related processes and membrane alterations [13,14]. In particu-
lar, early apoptotic spermatozoa identified by Annexin V binding have been associated with 
increased DNA fragmentation and reduced functional competence [20]. The sample-level 
association with Annexin V positivity suggests a possible relationship with apoptotic-like 
changes, but does not establish co-occurrence within individual spermatozoa. This finding 
suggests that DNA double-strand breaks, as detected by γH2AX, may arise as a downstream 
consequence of oxidative stress and defective DNA remodeling in spermatozoa. Oxidative 
stress and altered DNA remodeling are possible explanations that require investigation; the 
present data do not establish the mechanisms underlying the observed associations.

Interestingly, Rychtarova et al. [18] recently demonstrated that frozen–thawed im-
motile equine spermatozoa frequently produced paternal pronuclei with extensive γH2AX 
labelling following xenogeneic ICSI, whereas pronuclei derived from motile spermatozoa 
showed little or no detectable DNA damage. This xenogeneic ICSI approach had previously 
been proposed as a method for assessing sperm DNA damage through γH2AX evaluation 
in sperm-derived paternal pronuclei [21]. Although their experimental approach differs 
substantially from the direct flow-cytometric assessment used here, these findings further 
demonstrate that γH2AX can reveal biologically relevant nuclear damage in equine sperm 
and highlight the importance of assessing nuclear integrity independently of conventional 
sperm quality parameters [18]. While previous studies in other species have reported 
associations between sperm DNA damage and reduced viability or mitochondrial func-
tion [9,13,22], the present findings indicate that γH2AX is more closely linked to nuclear 
instability in equine spermatozoa.

The linear mixed model analysis further supports the robustness of these associa-
tions, demonstrating that Annexin V, PI and possibly DNA decondensation can consist 
on significant explanations for the variability in γH2AX levels independently of stallion 
variability. The associations remained statistically significant after including stallion as a 
random effect; however, their consistency across ages, breeds, and management conditions 
requires further investigation.

Importantly, the study included samples obtained under different conditions, including 
multiple extenders and two time points (0 h and 24 h), which may have contributed 
to the variability observed in sperm quality parameters. However, the objective of the 
present study was not to compare extenders or storage conditions, but rather to determine 
whether γH2AX could be reliably detected across a heterogeneous population of equine 
sperm samples displaying a wide range of functional and DNA characteristics. From this 
perspective, the inclusion of samples processed under different field conditions increased 
biological variability and allowed the evaluation of γH2AX under scenarios commonly 
encountered in routine equine reproduction practice. Rather than representing a limitation, 
this heterogeneity may strengthen the findings, as it suggests that the associations between 
γH2AX and sperm parameters are maintained across a range of physiological and processing 
conditions. These findings highlight the value of incorporating DNA damage markers 
into multiparametric flow cytometry approaches for a more comprehensive evaluation of 
sperm quality.

The use of γH2AX as a biomarker of DNA damage has been well established in somatic 
cells; it has been explored in human spermatozoa, where it has been associated with 
DNA fragmentation and semen quality [16]; as well as live-birth outcomes following IVF 
procedures [17]. The present study extends these findings to equine sperm, supporting the 
applicability of this marker in veterinary reproductive research. However, further studies 
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are needed to determine its relationship with fertility outcomes and to compare it with 
established DNA fragmentation assays such as TUNEL or SCSA.

Some limitations of this study should be acknowledged. Although the number of 
stallions included (n = 12) is within the range commonly reported in equine reproductive 
studies, γH2AX detection was not directly validated against established sperm DNA dam-
age assays such as TUNEL or SCSA. Therefore, while associations were observed between PI 
positivity and Annexin V positivity, these findings should be interpreted cautiously, as the 
specificity of CR55T33 binding in equine spermatozoa was not independently established. 
Although the antibody is characterized by the manufacturer as recognizing phospho-H2AX 
(Ser139), this characterization alone cannot confirm the identity of the fluorescence signal 
detected in the present specimens. Moreover, DNA decondensation may increase epi-
tope accessibility and contribute to the measured signal. Thus, the association between 
antibody-derived fluorescence and PI fluorescence associated with sperm DNA status can-
not distinguish increased H2AX phosphorylation from increased antibody accessibility, or 
a contribution from both. Because the endpoints were assessed in separate aliquots, their 
sample-level associations do not demonstrate co-occurrence within individual spermatozoa 
or establish a shared cellular mechanism.

The extent to which γH2AX reflects the same biological dimension assessed by con-
ventional DNA fragmentation tests remains to be determined. In addition, no direct fertility 
outcomes were available for statistical analysis, and thus the predictive value of γH2AX 
for reproductive performance could not be assessed. Nevertheless, all stallions included 
in the study were routinely used in commercial artificial insemination programs at a spe-
cialized equine reproduction center, reflecting a population of reproductively active and 
clinically fertile animals. Samples were obtained under routine field conditions using dif-
ferent extenders and storage times, which may have contributed to variability in sperm 
quality parameters. However, this heterogeneity also enhances the practical relevance of 
the findings, as the observed associations were maintained across a range of conditions 
commonly encountered in equine reproduction practice. Future studies should validate the 
specificity of the anti-phospho-H2AX antibody signal in equine spermatozoa using appro-
priate controls and compare it with established DNA damage assays, such as TUNEL and 
the Comet assay. The influence of DNA decondensation on antibody accessibility should 
also be investigated. Combined single-cell analyses would help determine whether the 
fluorescence signal co-occurs with apoptotic-like changes within individual spermatozoa. 
Once analytical validity has been established, studies should assess its potential associations 
with fertilization, embryo development, and pregnancy outcomes. The biological relevance 
of γH2AX-detectable damage in equine sperm is further supported by recent xenogeneic 
ICSI experiments, in which increasing paternal γH2AX labelling was accompanied by a 
higher incidence of micronuclei and, in severely affected samples, impaired cleavage to the 
two-cell stage [18].

In conclusion, a flow cytometric fluorescence signal was obtained in equine spermato-
zoa using an antibody directed to γH2AX (Ser139). Across semen samples, the proportion 
of antibody-positive spermatozoa was associated with the proportions positive for Annexin 
V and PI, whereas no significant association was found with viability or mitochondrial 
membrane potential. These exploratory findings require validation of signal specificity 
in equine sperm and combined single-cell assessment before the biological basis of the 
associations or the potential value of this assay as a DNA-damage marker can be established. 
Further studies comparing γH2AX with established DNA fragmentation assays and fertility 
outcomes are warranted to determine its potential value as a complementary biomarker in 
stallion fertility assessment.
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