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The aim of this work was to study the participation of lactate dehydrogenase (LDH) enzyme in 
capacitation and acrosome reaction in porcine sperm by determining its enzymatic activity and 
the effect of its inhibition on these processes. Semen samples, from four crossbred boars (Pietrain 
x Yorkshire) of proven fertility, 1-1.5 year of age, were analysed. The enzymatic activity of LDH 
was determined spectrophotometrically in extracts from fresh and cryopreserved, with and 
without α-tocopherol, porcine sperm. Besides, sperm suspensions were incubated in the presence 
of bicarbonate (40 mM), a well-known capacitation inducer, follicular fluid (30%), as an acrosome 
reaction inducer, and different concentrations of sodium oxamate, a specific inhibitor of the enzyme. 
The activity of LDH in enzymatic extracts of fresh, cryopreserved without or cryopreserved with 
α-tocopherol porcine sperm were 3.85±0.27, 0.7±0.04 and 1.73±0.23 U/1010 sperm, respectively 
(p<0.05). The addition of sodium oxamate inhibited capacitation or acrosome reaction in fresh and 
cryopreserved with or without α-tocopherol porcine sperm, affecting (at different concentrations) 
motility and sperm viability (P<0.05). Obtained results demonstrate the participation of LDH 
in bicarbonate-induced capacitation and follicular fluid-induced acrosome reaction in fresh and 
cryopreserved porcine sperm.
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Capacitation is a preparation process of sperm to acquire the ability to fertilize 
mature oocytes that includes changes in plasma membrane fluidity, O2 uptake, 
intracellular ionic concentration and the activity of several enzymes. This process 
has been first described as a biochemical and reversible process [Chang 1951] which 
enables the sperm to undergo the acrosome reaction (AR) [Yanagimachi 1994].

Efficient ATP generation by sperm is crucial for fertilization [Hoet al. 2002]. In 
a metabolomic study, it has been observed that approximately 95 % of the energy 
yielded by glucose in boar sperm is originated through the glycolytic pathway, while 
the remaining 5% is produced by the mitochondrial respiration [Marin et al. 2003].

The main product of the glycolytic pathway is pyruvate. Lactate dehydrogenase 
(LDH) converts pyruvate into lactate with the concomitant oxidation of NADH to 
NAD to be used again in the pathway, that is why this enzyme is essential for the 
continued production of energy by glycolysis [Li et al. 1989]. Energy metabolism 
of sperm is closely related to the activity of LDH in many species [Casano et al. 
1991, Kohsaka et al. 1992, Jones 1997]. O’Flaherty et al. [2002] reported that LDH 
present in the cytosol and the plasma membrane of bovine sperm produces lactate, 
which is involved in capacitation of cryopreserved bovine sperm, while Duan and 
Goldberg [2003] confirmed LDH participation in mouse sperm capacitation. It has 
also been suggested that lactate produced by the sperm-specific mitochondrial LDH 
isoform could enter into the cytosol and generate NADH by means of the cytosolic 
isoenzyme, establishing the redox status required for sperm capacitation [O’Flaherty 
et al. 2005]. In boar sperm, it has been shown that the sperm-specific LDH isoform 
regulates lactate metabolism in these cells [Jones 1997].

Freezing-thawing processes alter membrane selective permeability [Phelps et al. 
1999], decrease energy production [Evenson et al. 1982] and reduce sperm motility 
[De Leeuw et al. 1991]. Additionally, boar sperm is particularly susceptible to the 
peroxidative damage produced by cryopreservation [Cerolini et al. 2000]. Our group 
has demonstrated that the addition of α-tocopherol in the freezing extender exerts a 
protective effect on these events in cryopreserved boar sperm [Breininger et al. 2005 b, 
Satorre et al. 2007].

Taking into account that porcine sperm obtains energy mainly through glycolytic 
pathway, that the LDH enzyme plays a pivotal role in the mechanisms that allows 
spermatozoa to obtain the energy required for capacitation and acrosome reaction for 
subsequent fertilization, and that antioxidants, like α-tocopherol, protect boar sperm 
against  cryopreservation damage, the aim of this work was to study the participation 
of LDH in capacitation and acrosome reaction in fresh and cryopreserved with or 
without α-tocopherol porcine sperm by determining its enzymatic activity and the 
effect of its inhibition on these processes.
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Material and methods

Reagents

Unless otherwise indicated, reagents were purchased from Sigma Chemical 
Company (St. Louis, MO, USA). Orvus ES Paste (Equex-Paste) was from Minitub 
(Tiefenbach b. Landshut, Germany). Eosin yellowish and nigrosine from Mallinckrodt 
(St. Louis, MO, USA). Dextrose, sodium citrate, sodium bicarbonate, sodium chloride, 
EDTA, potassium chloride, disodium hydrogen phosphate, and potassium dihydrogen 
phosphate were obtained from Merck (Darmstadt, Germany).

Semen collection

Semen samples, from four crossbred boars (Pietrain x Yorkshire) of proven 
fertility, 1-1.5 year of age, were provided by the Porcine Productive Unit of the 
School of Veterinary Sciences (University of Buenos Aires). This Productive Unit 
replicates a small porcine production system in uniform and controlled feeding and 
handling conditions. All animal experiments were performed in accordance with the 
guidelines of the Institutional Committee for Care and Use of Experimental Animals 
of the School of Veterinary Sciences, University of Buenos Aires. Only samples with 
a minimum of 70 % motile and 80 % viable sperm were included in the study.

Sperm freezing

Each ejaculate was split into three portions. One for fresh samples (F) and two for 
cryopreserved with (α-t samples) or without the addition of 200 ug/ml of α-tocopherol 
(C samples) to freezing extender according to Pursel and Johnson´s protocol as 
described by Perez Colman et al. [2019]. The samples were frozen into straws of 0.5 
mL and stored in liquid nitrogen at -196 ºC.

Evaluation of sperm motility and viability

Total sperm motility was evaluated, three times by the same observer, by light 
optical microscopy (400x magnification) and a thermal stage (37°C). The percentage 
of live sperm was determined by the supravital eosin/nigrosin technique [Pintado 
2000]. At least 200 sperm were counted in each sample.

Determination of lactate dehydrogenase activity

Enzymatic extracts were prepared according to Breininger et al. [2017]. The 
LDH enzymatic activity was measured in a Shimadzu spectrophotometer model 
UV-160 (Shimadzu Corporation, Tokyo, Japan) according to the protocol described 
by Trinchero et al. [1993] with minimum modifications. The activity was measured 
(340 nm, 37 °C) for 10 minutes in 120 mM phosphate buffer pH 7.4 (Na2HPO4 85%: 
NaH2PO4 15%) supplemented with (assay concentrations) 0.2 mM pyruvate and 
0.115 mM NADH. Sodium oxamate (SO) was used as specific enzymatic inhibitor of 
LDH. Enzymatic activity was expressed as units (U) per 1010 sperm. The U of LDH 
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was defined as the quantity of enzyme that catalysed the conversion reduction of 1 
µmol of NADH per minute. The inhibition percentage was calculated as 100 - activity 
rate, while the activity rate = (U-of-samples-with-inhibitor / U-of-samples-without-
inhibitor) x 100.

Sperm capacitation

Fresh and cryopreserved samples were capacitated according to Satorre et al. 
[2009] in the absence (negative control) or presence (positive control) of 40 mM 
sodium bicarbonate, and different SO concentrations. Sperm capacitation state was 
evaluated through the modifications in fluorescence of CTC patterns as described by 
Wang et al. [1995].

Acrosome reaction

Capacitated fresh or cryopreserved sperm were additionally incubated in the 
absence (negative control) or presence (positive control) of 30% follicular fluid 
[Breininger et al. 2005a] with the addition of different SO concentrations. True 
acrosomal reaction was evaluated by Trypan blue and Differential-Interferential 
Contrast (DIC) [O’Flaherty et al. 1997]. At least 200 spermatozoa were counted in 
each sample.

Statistical analysis

Percentages of motility, viability, sperm capacitation, true acrosome reaction 
and LDH activity (expressed as U per 1010 sperm) are given as mean and standard 
deviation. The quantitative data collected were analysed for assumption of normality 
by Shapiro-Wilk test and homogeneity of variances using the Levene test. When 
necessary, percentages of motility, viability, sperm capacitation and true acrosome 
reaction were normalized by arcsine transformation. Values were analysed by one-way 
ANOVA and post-hoc Bonferroni test. Differences were  considered as statistically 
significant at p<0.05. 

Results and discussion

A significantly lower activity of LDH was observed in both cryopreserved samples 
in comparison with the activity observed in fresh samples. Within α-t samples LDH 
activity reached 2.5 times higher activity level in comparison with the control (p<0.05). 
The activity of LDH in the enzymatic extracts of fresh samples was almost completely 
inhibited (93%) by the addition of 50 mM of SO. On the other hand, in frozen sperm, 
the SO addition much lower then 5 mM was sufficient to achieve a high inhibition of the 
enzyme activity (88% and 85% for α-t or C samples, respectively, Tab. 1).

In this paper, LDH enzyme activity was considerably lower in cryopreserved 
porcine spermatozoa compared with fresh sperm, but this effect was partially 
attenuated by the α-tocopherol supplementation. The loss of enzymatic activity of 
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several enzymes caused by sperm cryopreservation has already been reported [Jones 
and Mann 1977, Glogowski et al. 1996, Babiak et al. 2001, Chauhan et al. 2009]. Loss 
of SOD activity in bovine spermatozoa was recorded by Beconi et al. [1991], who 
also demonstrated a protective effect of α-tocopherol on the activity of this enzyme.

SO has already been used as a competitive inhibitor of LDH activity in mouse 
[Odet et al. 2011] and human [Hereng et al. 2011] spermatozoa. In the current study 
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we evaluated the effect of different concentrations of this inhibitor on LDH activity (in 
extracts of fresh, frozen or α-t porcine spermatozoa). The concentrations of SO required 
for significant inhibition of LDH activity in cryopreserved spermatozoa samples were 
lower than the concentrations required for fresh sperm samples, probably due to the 
decrease of LDH activity detected in the frozen samples which resulted from possible 
membrane alterations caused by the freezing/thawing procedure. Interestingly, we 
observed highest levels of LDH inhibition in porcine fresh sperm samples at lower 
concentrations than the concentrations previously applied by Odet et al. [2011] in 
mouse sperm, which resulted probably from different characteristics of the sperm 
membrane between species.

In fresh samples, none of the SO concentrations evaluated significantly lowered 
capacitation levels comparing to the positive control – meanwhile acrosome reaction 
was inhibited starting at 25 mM of SO (Fig. 1). Neither motility nor sperm viability 
were affected by the addition of the LDH inhibitor during in vitro capacitation, but 50 
mM of SO affected motility and sperm viability during acrosome reaction (45% and 
36% of inhibition in comparison with to the positive control, respectively).

P. Rodriguez et al. 

Fig. 1. Effect of sodium oxamate on bicarbonate-induced capacitation and follicular fluid-induced acrosome 
reaction in fresh porcine sperm. Negative control (no inducers); Positive control: 40 mM bicarbonate or 30% 
follicular fluid; 10; 25 and 50: positive control + sodium oxamate (10 mM; 25 mM or 50 mM). Percentages 
of capacitated (grey bars) or acrosome reacted (black bars) spermatozoa (mean±se) of five replicates; a, b - 
for both parameters, different letters indicate significant differences between treatments (p<0.05).

The addition of 25 mM of SO prevented the follicular fluid-induced acrosome 
reaction without affecting capacitation, motility or sperm viability in fresh samples, 
suggesting differential participation of this enzyme in glycolytic activity needed for 
energy generation required for these processes. These results are in agreement with the 
findings of O’Flaherty et al. [2002] and Duan and Goldberg [2003] in cryopreserved 
bovine and fresh mouse sperm, respectively.

In frozen samples, capacitation and acrosome reaction were inhibited by the 
addition of 1 mM and 0.5 mM SO, respectively (Fig. 2). During capacitation, 1 mM 
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Fig. 2. Effect of sodium oxamate on bicarbonate-induced capacitation and follicular fluid-induced 
acrosome reaction in cryopreserved porcine sperm. Percentages of capacitated (grey bars) or acrosome 
reacted (black bars) spermatozoa (mean+se) of five replicates. a, b, c - for both parameters, different letters 
indicate significant differences between treatments (p<0.05).

concentration diminished motility and sperm viability (75% and 24% of inhibition in 
comparison to the positive control, respectively). During acrosome reaction, motility 
and sperm viability were hightly diminished by a lower concentration of 0.5 mM 
(33% and 19% of inhibition in comparison to the positive control, respectively).

As observed in frozen samples, capacitation and acrosome reaction in α-t samples 
were inhibited by the addition of 1 mM and 0.5 mM SO, respectively (Fig. 3). During 
capacitation, 1 mM concentration decreased motility and sperm viability (44% and 
31% of inhibition in comparison to the positive control). In follicular fluid-induced 
acrosome reaction, motility and sperm viability were decreased by 0.5 mM (29% and 
10% of inhibition in comparison to the positive control, respectively).

Fig. 3. Effect of sodium oxamate on bicarbonate-induced capacitation and follicular fluid-induced 
acrosome reaction in cryopreserved with α-tocopherol porcine sperm. Negative control; Positive control: 
40 mM bicarbonate or 30% follicular fluid; 0.5; 1 and 5: positive control + sodium oxamate (0.5 mM; 
1 mM or 5 mM). Percentages of capacitated (grey bars) or acrosome reacted (black bars) spermatozoa 
(mean+SEM) of five replicates. a, b, c For both parameters, different letters indicate significant differences 
between treatments (p<0.05).
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With respect to cryopreserved sperm, the addition of 1 mM and 0.5 mM SO 
significantly diminished bicarbonate-induced capacitation and follicular fluid-induced 
acrosome reaction, respectively, affecting motility and sperm viability. These results 
confirm the participation of LDH in capacitation and acrosome reaction processes; but 
probably because of the sperm membrane damage due to freezing-thawing procedures, 
the concentration of SO needed to cause detectable inhibition the enzyme is considerably 
lower than that required for fresh sperm. The lowering of motility and sperm viability 
observed may be also related to this effect, but motility was less affected in cryopreserved 
sperm with α-tocopherol as we reported previously [Satorre et al. 2007].

It is noteworthy that many investigators indicate as an absolute fact that the energy 
obtained through the mitochondrial respiration is, under all conditions, absolutely 
necessary for the maintenance of sperm motility in all species, despite the fact that 
the same investigators maintain the absolute pre-eminence of glycolysis to obtain 
sperm energy [Nevo et al. 1970, Folgerø et al. 1993, Ruiz-Pesini et al. 1998], without 
realizing the contradiction in terms of energy which the simultaneous assumption of 
both principles implies [Rodríguez-Gil 2013]. We demonstrated that the inhibition 
of LDH prevented capacitation and acrosome reaction, suggesting the pivotal role of 
the glycolytic pathway in the generation of the energy required for those processes. 
However, the role of glycolysis, Krebs cycle and oxidative phosphorylation in the 
regulation of sperm motility remains a point of discussion. Additionally, we observed 
that motility was impaired in the presence of SO depending on the concentration 
of the inhibitor used, if fresh or cryopreserved sperm were analysed, and if sperm 
capacitation or acrosome reaction was evaluated. Anyway, future studies are necessary 
to deepen the knowledge of the mechanisms involved in the generation of the energy 
responsible not only for motility, but also for capacitation and acrosome reaction.

In conclusion, our results demonstrate the participation of lactate dehydrogenase 
enzyme in bicarbonate-induced capacitation and follicular fluid-induced acrosome 
reaction in fresh and cryopreserved porcine sperm, deepening the knowledge about 
the metabolic pathways that produce the energy necessary for these physiological 
processes in this species.
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