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ABSTRACT 
 
Oxidative stress is considered a major factor explaining sperm dysfunction of 
spermatozoa surviving freezing and thawing, and also is considered in the basis of a 
special form of apoptosis in cryopreserved spermatozoa visible after thawing. However, 
studies directly linking oxidative stress independently of other factors occurring during 
cryopreservation are scarce. In order to provide a direct link between oxidative stress and 
induction of apoptotic changes, stallion spermatozoa were induced to oxidative stress 
through redox cycling by exposure to 2 methyl-1,4-naftoquinone (menadione) , or 
induction of hydroxyl radical formation by FeSO4exposure. Either exposure  induced 
significant increases (p<0-05) in two markers of oxidative stress; 8-iso-PGF2α and 4-
hydroxynonenal (4-HNE).  While both treatments induced changes indicative of 
spermptosis (caspase 3 activation and decrease in mitochondrial membrane potential) 
(p<0.01), menadione induced a dramatic drop in motility and thiol content in stallion 
spermatozoa. We provide thus evidence that oxidative stress is behind spermptosis, and 
that thiol content is a key factor for stallion sperm function. 
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INTRODUCTION  
 
Oxidative stress is becoming an area of increasing interest in spermatology[1]. Equine  
spermatozoa behave noteworthy in this specific area owing to their especially intense 
oxidative phosphorylation in the mitochondria [2, 3]. While the effects of oxidative stress 
are well know and recognized as a major constrain reducing the efficiency of many sperm 
biotechnologies, the intrinsic mechanisms leading to cell damage are largely ignored. The 
concept of oxidative stress is under current revision, and reactive oxygen species (ROS) 
are no longer considered as unregulated molecules having only damaging effects on 
spermatozoa[4]. On the contrary, tight regulation of the production and scavenging of 
ROS regulates important sperm functions including capacitation and motility[5]. When 
discussing the damaging effects of ROS, one important aspect is the oxidant species 
considered[6]. While superoxide (O2

- ) and hydrogen peroxide (H202) are important 
signaling molecules, the hydroxyl radical (OH) is considered as highly harmful and with 
few regulatory functions, if any. In stallion spermatozoa, the main sources of ROS are the 
mitochondria, whose dysfunction represents a major cause of ROS imbalance leading to 
compromised sperm function[3]. Ccryopreservation induces dead of spermatozoa due to 
osmotic imbalance at thawing, causing mechanic rupture of the membrane. As well, 
cryopreservation causes premature senescence of the surviving spermatozoa due to 
oxidative stress caused by mitochondrial malfunction[7, 8]. This particular form of 
senescence in cryopreserved spermatozoa has been termed spermptosis [9, 10]. However, 
our knowledge in this particular area is still scarce, and   detailed mechanisms involved 
in the regulation the fragile redox homeostasis in spermatozoa are largely unknown. On 
the other hand, representing an apparent paradox, fertile stallion spermatozoa produce 
more ROS[11, 12], due to increased oxidative phosphorylation in the mitochondria, 
compared to less-fertile spermatozoa. Menadione (2-methyl 1, 4-naphtoquinone) is an 
oxidant able to induce apoptosis in somatic cells inducing opening of the mitochondrial 
pore and the release of cytochrome C[13-15]. On the other hand, the Hydroxyl radical 
(OH) is considered as a major inducer of oxidative damage due to its high ability to react 
with lipids, proteins and DNA bases [16, 17]. In order to increase our knowledge of 
mechanisms leading to oxidative stress, stallion spermatozoa were exposed to menadione 



and FeSO4 to induce oxidative stress through different mechanisms. The hypothesis 
tested was that these differ in their ability to damage stallion spermatozoa, hoping that a 
better knowledge of these mechanisms may help to develop better strategies of sperm 
conservation.  

MATERIAL AND METHODS 

Reagents and media  

Live dead aqua [(Ex: 405 nm, Em: 525 nm), (Ref: L34957)], Hoechst 33342 [(Excitation: 
350 nm, Emission: 461 nm) (Ref: H3570)], ThiolTracker Violet [(Ex: 404 nm, Em: 526 
nm), (Ref: T10095)], Mitotracker Deep Red [(Ex 644 nm Em 655nm) (Ref M22426)] 
Cell Event Caspase-3/7 Green Detection Reagent (Excitation, 502 nm; Emission: 530 
nm) (Ref: C10423); ethidium homodimer [(Excitation, 528 nm; Emission, 617 nm) (Ref: 
E1169)] and LIVE/DEAD Fixable Far Red Dead Cell Solution [(Ex: 633 nm, Em: 655 
nm), (Ref: L10120)] were purchased from Molecular Probes (Leiden, The Netherlands). 
Anti-4 hydroxynonenal (4-HNE) antibody [HNEJ-2] (Ref: ab48506), goat anti-mouse 
IgG H&L (Alexa Fluor® 647) [(Ex: 652 nm, Em: 668 nm), (Ref: ab150115)], Anti 8-Iso-
Prostglandin F2α antibody (Ref: ab2280), and Goat Anti-Rabbit IgG H&L antibody 
(Alexa Fluor® 405) (Ex 405, Em 488) were purchased from Abcam (Cambridge, UK). 
Menadione and all other chemicals were purchased from Sigma Aldrich (Madrid, Spain). 

Semen collection and processing 

Semen was obtained from seven Pure Spanish horses (PRE) (three ejaculates each) 
individually housed at the Veterinary Teaching Hospital of the University of 
Extremadura, Cáceres, Spain. Stallions were maintained according to institutional and 
European regulations for animal welfare. Ejaculates were collected on a regular basis 
(two collections/week) during the 2016 breeding season using a pre-warmed, lubricated 
Missouri model artificial vagina with an inline filter to eliminate the gel fraction. The 
semen samples were immediately transported to the laboratory for evaluation and 
processing. The ejaculate samples were extended 1:1 in INRA-96, centrifuged (600 g x 
10 min), and re-suspended in Biggers-Whitten-Whittingham (BWW) medium[2] 
supplemented with 1% PVA to obtain a concentration of 50x106 spermatozoa/mL. All 
experiments followed a split-sample design with every ejaculate divided between control 
and treatment groups. All experiments were repeated using three different ejaculates from 
each of the seven stallions (21 replicates in total).  

Induction of oxidative stress 

To induce an oxidative insult, semen samples were incubated in presence of FeSO4 
(800µM) or menadinone (200 µM).  

Sperm motility 

Sperm motility and kinematic parameters were assessed using a Computer Assisted 
Sperm Analysis (CASA) system (ISAS Proiser, Valencia, Spain). Semen was loaded in a 
Leja® chamber with 20 µm of depth (Leja, Amsterdam, The Netherlands) and placed on 
a warmed stage at 38ºC. The analysis was based on an evaluation of 60 consecutive 
digitalized images obtained using a 10x negative phase-contrast objective (Olympus CX 



41). At least three different fields were recorded to ensure that at least 200 spermatozoa 
were analyzed per sample. Spermatozoa with a VAP (average velocity) <15 µm/s were 
considered immotile, while spermatozoa with a VAP > 35 µm/s were considered motile. 
Spermatozoa deviating < 45% from a straight line were catalogued as linearly motile. 
 
Simultaneous determination of live and dead spermatozoa, high and low mitochondrial 
membrane potential and 8-iso prostaglandin F2α  
 
The live dead Fixable dead cell stain, aqua fluorescent reactive dye (Ex 367/Em 451) can 
be excited with the 404 nm laser emitting at 450 nm. This assay is based on the reaction 
of a fluorescent reactive dye with cellular amines. The reactive dye can permeate the 
compromised membranes of necrotic cells and react with free amines both in the interior 
of the cell and on the cell surface resulting in intense fluorescent staining. In contrast, 
only cell surface amines of live cells are available to react with the dye resulting in dim 
staining. Cells (1-5x106) were stained with 1µL of dye and 0,3 µL of Mitotracker deep 
red stock solution and incubated in the dark at room temperature. The spermatozoa (1 x 
106/mL) then were washed with saline-HEPES medium and fixed in 2% 
paraformaldehyde in phosphate-buffered saline (PBS) at room temperature (RT) for 15 
minutes. After fixation, the cells were washed twice with PBS and incubated in the same 
buffer with 2 µL/ml of a solution containing 0.1 mg/mL of Anti 8-iso-Prostaglandin F2α 
primary antibody and incubated in the dark RT, for 30 minutes. Then samples were 
washed in PBS and the secondary antibody (2 µL/ml) added (Antirrabit Alexa Fluor 402) 
and further incubated in the dark, RT for 30 min. Samples were then washed again in PBS 
and run in the flow cytometer. Positive controls consisted in F2+ and menadione treated 
sperm to induce oxidative stress, and fluorescence minus one (FMO) controls were used 
to determine antibody positivity. Unstained and single stained controls were used to set 
compensations. Representative cytograms of the assay are depicted in figure 1.  
 
Simultaneous determination of live and dead cells, caspase 3 and 7 activity and lipid 
peroxidation (4-HNE positive cells)  
 
CellEvent™ Caspase-3/7 Green Detection Reagent is a fluorogenic substrate for activated 
caspases 3 and 7. The reagent consists of a four-amino-acid peptide (DEVD) conjugated 
to a nucleic acid-binding dye. This cell-permeant substrate is intrinsically non-fluorescent 
because the DEVD peptide inhibits the ability of the dye to bind to DNA. After activation 
of caspase-3 and caspase-7 in apoptotic cells, the DEVD peptide is cleaved, enabling the 
dye to bind to DNA and to produce a bright, fluorogenic response with 
absorption/emission maxima of ~502/530 nm. One important advantage of this assay is 
that no washing steps are required, minimizing cell losses. Stock solutions of CellEvent 
(2 mM in DMSO), ethidium homodimer (1.167 mM in DMSO), and Hoechst 33342 (1.62 
mM in water) were prepared. Spermatozoa (5 x 106/mL) in 1 mL of PBS were stained 
with 2 µL/ml of a stock solution of 0.1 mg/ML of anti 4-HNE primary antibody and 
incubated at RT in the dark for 30min; the cells were washed with PBS and 2 µL/ml of 
secondary Anti mouse Alexa Fluor 647  and 1 µL of CellEvent, 0.3 µL of Hoechst 33342 
and further incubated in the dark, atRT for additional 30 min. Cells were then washed in 
PBS, followed by addition of 0.3 µL of ethidium homodimer. After incubation for five 
minutes, samples were immediately run on the flow cytometer. Representative cytograms 
of the assay are shown in Figure 2.  
 
Simultaneous identification of live and dead cells, and intracellularly free thiols  



 
Live/Dead fixable far red dead cell stain was used to monitor live and dead sperm while 
the Thiol tracker violet reagent was used to monitor free intracellular thiols. Thiol tracker 
stock solution was prepared in DMSO (20 mM) and sperm (1-5x106 sperm in 1 ml) were 
stained with 1 µL of Thiol tracker, 1 µl of of Live death far red stain and 1µL of CellEvent 
and incubated in the dark for 30 minutes, before flow cytometric reading.  
 
Flow cytometry  
 
Analyses were done using a MACSQuant Analyser 10 (Miltenyi Biotech) flow cytometer 
equipped with three lasers; emitting at 405 nm, 488 nm, and 635 nm and 10 
photomultiplier tubes (PMTs) (V1: excitation 405 nm, emission 450/50 nm, V2: 
excitation 405 nm, emission 525/50 nm, B1: excitation 488 nm, emission 525/50 nm, B2: 
excitation 488 nm, emission 585/40 nm, B3: excitation 488 nm, emission 655-730 nm 
(655LP + split 730), B4: excitation 499 nm, emission 750 LP, R1: excitation 635 nm, 
emission 655-730 nm (655LP+split 730) and R2: excitation 635 nm, emission filter 750 
LP). The system was controlled using MACSQuantify software. Sperm subpopulations 
were divided by quadrants to quantify their individual frequency. Forward- and sideways 
light scatters were recorded for a total of 50,000 events per sample. Non-sperm events 
were eliminated by gating the sperm population after Hoechst 33342 staining or 
Mitotracker deep red staining. The instrument was calibrated daily using specific 
calibration beads provided by the manufacturer. Proper compensation overlap was 
performed before each particular experiment.  
 
Statistical analysis 
 
All experiments were repeated at least three times with independent samples (three 
independent ejaculates from each of the seven stallions), and the results were analyzed 
by ANOVA using SPSS 19.0 software for Mac. P < 0.05 was regarded as significant.  
 
RESULTS 
 
Induction of oxidative stress in stallion spermatozoa 
 
Oxidative stress was provoked following two methods, inducing redox cycling with 
menadione [14], and through the induction of the Fenton reaction[18-22]. Responses were 
monitored using two well-established markers of oxidative stress, 4- hydroxinonenal [23-
27] and 8-iso-PGF2α [28-31]. Both systems induced oxidative stress in stallion 
spermatozoa, with significant increases in both markers. The 8-iso-PGF2α increased 
specially after the induction of the Fenton reaction, although after 6 hours of incubation 
menadione also induced significant increases in this adduct (fig 3 A-D).  The presence of 
4-HNE followed a similar trend (fig 4), being the increases in this marker more intense 
after the induction of the Fenton reaction, with the exception of the percentage of cells 
positive both for 4-HNE and caspase 3 that was more intense after 6 hours of incubation, 
when menadione was present (fig 4 d)  
 
Induction of the Fenton reaction impairs sperm motility while menadione suppresses 
motility  
 



Induction of the Fenton reaction resulted in significant of reductions of sperm motility 
(fig 5) (p<0.01). Both total and linear motile motilities were affected at all incubation 
times considered. On the other hand, menadione induced cessation of the sperm 
movement, already after 1 hour of incubation (p<0.01) and abolished progressive motility 
(p<0.001) (fig 5).   
 
Oxidative stress reduces sperm viability and activates caspase 3   
 
Both methods of induction of oxidative stress reduced stallion sperm viability, this effect 
was evident after 1 hour of incubation (Fig 6), which further reduced the percentage of 
live spermatozoa after 6 hours of incubation. At this time point, almost all spermatozoa 
exposed to oxidative stress were dead, while controls still had 20% of live spermatozoa 
(fig 6 D). To determine whether this mortality was related to spermptosis, caspase 3 was 
simultaneously measured. After 2 hour of incubation both methods increased caspase 3 
activity (fig 7). Ethidium homodimer uptake was used to determine the importance of 
necrosis in this model of sperm death, (fig 8).  After 6 and 9 hours of incubation, 
menadione induced necrotic sperm death (fig 8 C and D).  
 
Oxidative stress decreases mitochondrial membrane potential (Ψϕm)  
 
Menadione and SO4Fe caused significant and time-dependent decreases in mitochondrial 
membrane potential, reaching a maximum decrease after 9 hours of incubation at 37ºC 
(fig 9). After 6 hours of incubation, the drop in Ψϕm was significantly higher in SO4Fe-
treated samples (p<0.01) (fig 9 C).  
 
Depletion of intra-cellular thiols after induction of oxidative stress 
 
Induction of redox cycling with menadione caused a rapid and nearly complete depletion 
of total thiol content in stallion spermatozoa (fig 10) (p<0.001). Thiol concentrations were 
minimal after 1 hour of incubation thiols, and undetected past three hours. On the 
contrary, induction of the Fenton reaction reduced but not depleted thiol content of 
stallion spermatozoa after three hours of incubation (fig 10 b-d).  
 
DISCUSSION 
 
In an attempt to improve our knowledge of oxidative stress in the equine male gamete, 
we investigated how two methods of induction of oxidative stress could lead to 
differential effects on sperm functionality. Although oxidative stress is admitted as a 
major damaging factor in spermatozoa, the direct effect of different mechanisms of 
induction of oxidative stress has not been sufficiently studied with only one report in 
human spermatozoa [32]. Both methods induced significant changes in spermatozoa 
attributable to oxidative stress, including reduction or loss of sperm motility and reduced 
viability with activation of caspase 3 and reduction of mitochondrial membrane potential. 
However, differences between methods of induction of oxidative stress also occurred.  
 
Both methods induced oxidative stress as indicated by increases in 8-iso-PGF2α and or 4-
HNE. However, they yield differential responses. Menadione abolished sperm motility, 
while induction of the Fenton reaction only reduced sperm movement. In order to 
determine the potential mechanisms behind these differences, the total intracellular thiol 
content was determined, and the ability of both methods to increase 4-HNE monitored. 



Previous studies show that the total thiol content of an spermatozoon relates to cell 
functionality, especially phenotypic motility [33, 34]. On the other hand, increased levels 
of 4-HNE are linked to lipid peroxidation and oxidative stress in spermatozoa [35-37]. 
We also evaluated the utility of 8-iso-PGF2α as marker of oxidative stress in spermatozoa. 
Isoprostanes are prostaglandin isomers produced from the peroxidation of 
polyunsaturated fatty acids from the cellular membrane. They have been used as a specific 
index of cellular lipoperoxidation and as an indirect measure of oxidative stress[38]. This 
compound has recently been identified in stallion spermatozoa[33]. Treatment with 
SO4Fe to induce the Fenton reaction was more effective increasing this marker. Yet, 
despite of increases in this marker, detrimental effects of SO4Fe were not as intense as 
the ones induced by menanione. Also worth a commentary the fact that 8-iso-PGF2α 
appeared increased in live spermatozoa after exposition to SO4Fe, but only increased after 
6 hours of incubation in dead spermatozoa after exposition to menadione. Exposition of 
stallion spermatozoa to SO4Fe also was more efficacious inducing the formation of 4-
HNE, especially among those caspase 3 positive-spermatozoa, with exception of samples 
incubated up to 9 hours in where no differences were observed respect to controls, and 
where only menadione increased 4-HNE.  
 
These facts can be explained based in different mechanisms behind the effects of both 
compounds; SO4Fe induces the formation of the HO radical, menadione induces redox 
cycling[32, 39] increasing the production of H2O2; apparently redox cycling representing 
a major disrupting factor of the redox homeostasis as evidenced by the rapid and intense 
depletion of thiols after menadione treatment. However, both methods were able to induce 
caspase activation; thus supporting the concept that redox deregulation activates an 
apoptotic mechanism in equine spermatozoa[40-42]. This mechanism has been linked to 
lipid peroxidation and the formation of 4-HNE[34, 43]. Treatment with SO4Fe induced 
more formation of 4-HNE, especially in the population of caspase 3 positive spermatozoa, 
with menadione only inducing more formation after 9 hours of incubation. However, 
menadione was more efficacious inducing caspase 3 activation, most likely owing to the 
ability of menadione to open the mitochondrial transition pore [15, 44], as previously 
demonstrated to ocurr during cryopreservation[45]. A reduced mitochondrial membrane 
potential observed after menadione treatment supports this reasoning. Menadione also 
rapidly depleted thiol content in sperm.  Depletion of GSH is considered an early event 
of apoptosis [46] with important regulatory functions of the process of programed cell 
death, so increased caspase 3 activity after menadione treatment in stallion spermatozoa 
can well be explained by depletion of sperm GSH.  Previous findings from our laboratory, 
linking GSH depletion and increased caspase 3 after cryopreservation, also support this 
hypothesis[34].  Menadione also induced necrotic cell death after 1 hour of incubation, 
while SO4Fe exposition needed 9 hours of incubation to induce necrotic cell death.  The 
more dramatic changes were the effects of menadione on sperm motility and the intense 
depletion of thiols after exposure to menadione. These findings suggest, as previously 
indicated[34], that thiol sperm content is critical for sperm function,  motility in particular. 
Menadione, as other quinones, can undergo one-electron reduction by NAD(P)H-
dependent reductases resulting in the generation of semi-quinone radicals, which reduces 
molecular oxygen, producing ROS such as superoxide anion, and leading to redox-
cycling reactions. Quinones are detoxified by quinone-reductases in the two-electron 
reduction to redox-stable hydroquinones. Also as electrophiles, quinones can form S-
adducts with cellular thiols, which involves a 1,4-reductive Michael-type addition which 
is referred to also as thiol-(S)-alkylation [47, 48]. Menadione can thus act either through 
redox cycling and through alkylation of thiols of critical proteins for sperm function[49]. 



The latter provides a plausible explanation for the rapid effect on sperm motility. 
Menadione in hepatocytes is associated with depletion of GSH, and concomitant 
increases in oxidized glutathione disulfide (GSSG) [50, 51] suggesting that oxidation of 
GSH to GSSGaccounted for 75% of the total GSH loss; but about 15% of the cellular 
GSH reacted directly with menadione to produce a GSH-menadione conjugate[51]. A 
similar picture may be ocurring in stallion spermatozoa. 
 
In summary, we have provided evidence linking oxidative stress and changes resembling 
apoptosis in stallion spermatozoa, as are decreased mitochondrial membrane potential 
and caspase 3 activation, the latter linked to increased 4-HNE. Moreover, thiols seem to 
play a major role in sperm function and in defense against oxidative stress.  
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FIGURE LEGENDS 
 
Figure 1.-  Gating strategy and representative cytograms of the assay determining sperm 
viability, mitochondrial membrane potential and 8-iso-PGF2α. Stallion semen samples 
were stained as described in material and methods and analyzed using flow cytometry.  
A) Florescence minus one (FMO) controls for gating positivity for 8-iso-PGF2α. , only two 
populations of spermatozoa are present, live (L) and dead (D) spermatozoa. B) 8-iso-
PGF2α in live and dead spermatozoa in control samples C) 8-iso-PGF2α in SO4Fe treated 
samples. D) 8-iso-PGF2αin menadione treated samples. E) Overlay histograms showing 
the effect of SO4Fe treatment in 8-iso-PGF2α in stallion spermatozoa.  F) Cytogram 
showing mitochondrial membrane potential in spermatozoa, L (low MMM) and H (High 
MMP).  
 



Figure 2.- Gating strategy and representative cytograms of the assay determining sperm 
viability, caspase 3 activity and 4-HNE in stallion spermatozoa. Semen samples were 
processed and stained as described in material and methods and analyzed using flow 
cytometry. A) Determination of viability, the combination of H33342 end ethidium 
homodimer, revealed three populations live dead and a population classified as ?, this 
population was further evaluated in C and corresponded to spermatozoa expressing 
caspase 3. B) Identification of caspase 3 activity in stallion spermatozoa C) Hierarchical 
gating of the populations detected in A, for the study of caspase 3 activity in each. D) 
Identification of 4-HNE. E) Representative histogram overlay showing increased 
expression of 4-HNE in the population of spermatozoa expressing caspase 3.  
 
Figure 3.- Effect of menadione and SO4Fe in the generation of  8-iso-PGF2α in stallion 
spermatozoa. Stallion ejaculates were processed as indicated in material and methods and 
8-iso-PGF2α was determined after 1 hour (A), 3 (B), 6(C) and 9 hours of incubation at 
37ºC (D). Results represent means ± SEM. ** p<0.01, *** p<0.001  
 
Figure 4- Effect of menadione and SO4Fe in the generation of 4-HNE in stallion 
spermatozoa. Semen samples were obtained and processed as indicated in material and 
methods and formation of 4-HNE measured in three different sperm subpopulations after 
1 hour (A), 3 (B), 6 (C) and 9 (D) hours of incubation at 37ºC. Results are given as means 
± SEM. ** p<0.01, *** p<0.001  
 
Figure 5.- Effect of menadione and SO4Fe in sperm motility; changes in sperm motility 
were monitored after 1 hour (A), 3 (B) 6 (C) and 9 hours of incubation at 37ºC. E 
representative image of control samples, red lines depict trajectories of rapid motile, 
spermatozoa. F representative image of samples treated with menadione, all spermatozoa 
remained immotile. Results are given as means ± SEM. ** p<0.01, *** p<0.001  
 
Figure 6.- Effects of Menadione and SO4Fe in stallion sperm viability. Changes after 1 
hour (A), three hours (B), 6 hours (C) and 9 hours (D) of incubation at 37ºC. Viability is 
defined as the percentage of spermatozoa with intact membranes and negative for caspase 
3. Results are given as means ± SEM. ** p<0.01, *** p<0.001  
 
Figure 7.- Effects of Menadione and SO4Fe in the activation of caspase 3 in stallion 
spermatozoa incubated at 37ºC after 1 hour (A), three (B), six (C) and nine hours of 
incubation (D). Results are given as means ± SEM. ** p<0.01 
 
Figure 8.- Effects of Menadione and SO4Fe in necrotic sperm death in stallion 
spermatozoa. Stallion ejaculates were collected and processed as indicated in material 
and methods. Percentages of necrotic sperm were determined using flow cytometry after 
1 hour (A), three (B), six (C) and nine hours of incubation (D). Results are given as means 
± SEM. ** p<0.01 
 
Figure 9.- Effects of Menadione and SO4Fe in the percentages of stallion spermatozoa 
showing high mitochondrial membrane potential. Stallion ejaculates were collected and 
examined as described in material and methods and the mitochondrial membrane 
potential analyzed using flow cytometry after 1 hour (A), three (B), six (C) and nine hours 
of incubation (D). Results are given as means ± SEM. ** p<0.01 
 



Figure 10.- Effects of Menadione and SO4Fe in total thiol content in stallion spermatozoa 
incubated at 37ºC after 1 hour (A), three (B), six (C) and nine hours of incubation (D). 
Results are given as means ± SEM. *** p<0.001.  
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