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1 Introduction 

 

Cryopreservation of sperm is a widely used procedure, which contributes to the 

expansion of reproductive techniques, such as artificial insemination (AI) and in vitro 

fertilization to improve reproduction and genetics of farm animals, most notably of cattle 

(BAILEY et al. 2000; ANDRABI 2007; CLULOW et al. 2008). However, it is also known 

that freezing and thawing processes induce many damages due to changes in 

temperature, induction of osmotic stress and ice crystal formation in sperm (SAMPER et 

al. 1991; CEROLINI et al. 2001). Such damages lead to a decrease in survival rates, 

motility as well as alterations of the plasma membrane, mitochondria, acrosomes, DNA 

integrity and oxidative stress (CHATTERJEE et al. 2001; HO et al. 2002; GILLAN et al. 

2004; DZIEKONSKA et al. 2009). 

Mitochondrial status plays an important role because of its relationship with the energy 

status of the cell and motility, and has been related to fertility (MAZUR et al. 2000). The 

sperm mitochondria, which are located in the midpiece of sperm, must produce energy 

in the form of ATP to power the flagellar motion that moves the sperm to the site of 

fertilization (BENCHAIB et al. 2003; AGARWAL et al. 2005). 

DNA damage in sperm has been linked to a variety of adverse clinical outcomes 

including impaired fertility (MAZUR et al. 2000). Disturbances in DNA integrity are not 

only caused by an impaired spermatogenesis, but also by biotechnologically processes 

like cryopreservation (AITKEN and BAKER 2004). Previous studies showed a negative 

correlation between mitochondrial membrane potential and DNA integrity after thawing 

of cryopreserved sperm (PARKS and LYNCH 1992) . 

The aim of this study was to investigate if DNA damage after cryopreservation is the 

result of an increased synthesis of reactive oxygen species (ROS) originating from 

damaged mitochondria. 
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2 Literature 

 

2.1 Cryopreservation of bull sperm  

 

The development of AI techniques has allowed the rapid dissemination of genetic 

material from a small number of superior sires to a large number of females. For all 

livestock species, sperm traditionally has been stored either in liquid form or in a 

cryopreserved state (ARMSTRONG et al. 1999; BROOKES et al. 2003; AGARWAL et 

al. 2008). In normal, freshly ejaculated bovine sperm, the concentration of spermatozoa 

is high. Therefore, dilution is necessary to provide a convenient inseminate volume that 

will contain enough cells to ensure maximum fertilization rates without wasting 

spermatozoa. At the beginning of the bovine AI industry, sperm was diluted in 

physiological media, split and used almost immediately for insemination (AGARWAL et 

al. 2004). This required that all the receptor females that had to be bred needed to be in 

close proximity to one another and to the donor bull, limiting the dissemination of 

superior germ plasma (AGARWAL et al. 2004). The development of liquid storage of 

sperm permitted the use of collected bull sperm for a short period of time and permitted 

the transportation of sperm over moderate distances, which allowed for a wider 

distribution of superior germ plasm. Spermatozoa progressively lose viability when 

stored in a supportive medium at ambient temperature (FORD 2001), so reducing 

storage temperature from body or ambient temperature to 4°C has been the primary 

means of slowing down chemical reactions and prolonging spermatozoal viability. 

However, after rewarming to 37°C, the percentage of progressively motile cells 

decreases during storage. Furthermore, metabolism continues at a reduced rate at 4°C 

and fertility begins to decrease before day four of storage (KOTHARI et al. 2010). 
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2.2 Effects of cryopreservation on sperm 

 

Cryopreservation of sperm is associated with both oxidative and physical stress 

(SANOCKA and KURPISZ 2004). Superoxide dismutase activity, a scavenger of the 

superoxide radical, is decreased in frozen/thawed spermatozoa (HALLIWELL B. 1999). 

Nishizono et al. (2004) reported that cryopreservation induces abnormalities in 

mitochondrial morphology of mouse sperm. The morphological abnormalities included 

mitochondria with an increased relative area of the matrix, thickening of the outer 

membrane and swelling with loss of cristae of the mitochondria (HALLIWELL B. 1999). 

Wooley and Richardson (1978) studied the effect of freezing and thawing on the 

ultrastructure of human spermatozoa and found distinctive differences in the morphology 

of mitochondria from frozen semen samples compared with that seen in the unfrozen 

samples. In frozen samples, mitochondria exhibited rounder profiles, their cristae were 

more plate-like, with little swelling of the intracristal spaces and the intercristal matrix 

had become heterogenous (KOTHARI et al. 2010). Rhodamine 123 uptake was 

significantly reduced in the mitochondria of frozen human spermatozoa. This fact 

pointed out not only that few sperm maintain functional mitochondria after freeze-

thawing, but also the morphology of sperm was similarly damaged (SALEH et al. 2002). 

Thomas et al. (1998) used the mitochondrial probe JC-1 to study the effect of 

cryopreservation on bull spermatozoa and found the proportion of JC-1 aggregates was 

less after freezing, indicating a low to moderate membrane potential in nearly all of the 

spermatozoa. Using the cationic lipophilic fluorochrome DiOC6 (3,3´-

Dihexyloxacarbocyanine) which accumulates in the inner mitochondrial membrane, 

Martin et al. (2004) showed that cryopreservation induced a statistically significant 

increase in the percentage of bovine spermatozoa with low mitochondrial membrane 

potential (11% before and 44% after cryopreservation). 
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2.3 Definition and existence of Reactive Oxygen Spe cies 

 

Reactive Oxygen Species (ROS) are formed as necessary by-products during the 

normal enzymatic reactions of intracellular and intercellular signaling. Mammalian sperm 

have the capacity to generate ROS, such as, hydrogen peroxide (H2O2), superoxide 

anions (.O2-), hydroxyl radicals (OH.), and hypochlorite radicals (OHCl.). If sperm are 

incubated under aerobic conditions ROS can react readily with other molecules, directly 

causing structural and functional changes and result in cellular damage (BENCHAIB et 

al. 2003; AGARWAL et al. 2005). 

Reactive Oxygen Species represent a broad spectrum of radicals, non-radicals and 

oxygen derivates (AGARWAL and PRABAKARAN 2005). Reactive nitrogen species 

(RNS) are free nitrogen radicals and considered as a subclass of ROS (ARMSTRONG 

et al. 1999; BROOKES et al. 2003). Nitric oxide (NO) has been shown to have 

detrimental effects on normal sperm functions inhibiting both motility and sperm 

competence for zona binding (AGARWAL et al. 2008). Some of ROS and RNS are 

summarized in Tab.1. 
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Table 1: Different types of Reactive Oxygen Species and Reactive Nitrogen Species 

(modified from (BROOKES et al. 2003)). 

 
Reactive Oxygen Species (ROS) 
 
Radicals      Non-Radicals 
Alkoxyl radical, RO.     Hydrogen peroxide, H2O2 

Hydroxyl radical, HO.    Hypochlorous acid, HOCl 
Hydroperoxyl radical, HOO.   Singlet oxygen, 1O2 

Peroxyl radical, ROO.    Ozone O3 

Superoxide anion radical, O2 

Lipid peroxides, LOOH 
 
Reactive Nitrogen Species (RNS) 
 
Radicals      Non-Radicals 
Nitric oxide radical, NO     Nitrous acid, HNO2 

Nitrogen dioxide, NO2    Dinitrogen trioxide, N2O3 

                                      Dinitrogen tetroxide, N2O4 

                                      Peroxynitrite, ONOO-                                                                    
                                       AlkylPeroxynirites, LOONO 
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2.4 Oxidative stress 

 

All cells need O2 to produce energy in mitochondria. The mitochondrial electron 

transport system consumes more than 85% of all oxygen synthesized by the cell. 

Conversely, oxygen consumption generates by-products called ROS. Approximately 

1 to 3% of electrons escape from the chain of the transport system and univalent 

reduction of molecular oxygen results in superoxide formation (HALLIWELL B. 1999). 

Aerobic cells are normally exposed to ROS but they can survive under toxic conditions 

of oxygen because they have protector molecules against this oxygen toxicity, the 

antioxidants (HALLIWELL B. 1999). Normally, continuous production of ROS and 

activated oxygen species in the body is controlled tightly by antioxidants. If this sensitive 

equilibrium between oxidants and antioxidants is disordered, oxidative stress occurs 

which, in turn, increases the rates of cellular damage (AITKEN et al. 1994; WATHES et 

al. 2007). 

 

2.5 Sources of Reactive Oxygen Species in semen 

 

The production of ROS in sperm was detected by MACLEOD in 1943. However, a 

relationship between oxidative stress and male infertility was not observed before the 

1980s. The major reasons for the occurrence of oxidative stress are a depletion of 

seminal antioxidants and an excessive generation of free radicals by the sperm 

themselves (WATHES et al. 2007). MACLEOD (1943) reported a toxic effect of O2 

towards sperm. He noticed that the increase of O2 concentration resulted in a rapid loss 

of sperm motility and suggested that H2O2, generated by the cells themselves from O2, 

was an actual toxic agent. Three years later, TOSIC and WALTON (1946) described 

deleterious effects of H2O2 on bovine sperm motility and viability (VERNET et al. 2004). 

Previous studies showed that processes used in assisted reproductive techniques such 

as the removal of seminal plasma and centrifugation, induce a sudden burst of ROS 
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synthesis in sperm (IWASAKI and GAGNON 1992). All cells actively respiring generate 

ROS as a consequence of electron leakage from intracellular redox systems, such as 

the mitochondrial electron transport system. 

In addition, it is known that cells generate ROS as a by-product of enzymatic activities of 

some oxidases (amino acid oxidase, xanthine oxidase), peroxidases (horseradish 

peroxidase, thyroid peroxidase) and oxygenases (indolamine dioxygenase, cytochrome 

P450 reductase) (AITKEN and BAKER 2004). In sperm two major systems are 

responsible for the ROS production. The main system that produces ROS in sperm is 

the NADH dependent oxidoreductase (diphorase) located in the mitochondria 

(GAVELLA and LIPOVAC 1992; KOPPERS et al. 2008). A further ROS producing 

system is the NADPH oxidase system that has been shown to be present in the sperm 

plasma membrane (AITKEN et al. 1992). 

There is evidence that immature spermatozoa are known to be able to produce ROS 

that are negatively correlated with sperm quality (OLLERO et al. 2001; SALEH et al. 

2002). Peroxidase-positive leukocytes (mainly polymorphonuclear leukocytes and 

macrophages) are other sources of ROS in semen (OCHSENDORF 1999). 
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2.6 Cryopreservation and oxidative stress 

 

During cryopreservation, semen is exposed to cold shock and atmospheric oxygen, 

which in turn increases the susceptibility to lipid peroxidation due to a higher production 

of ROS (BUCAK et al. 2008). 

The sperm plasma membrane is one of the key structures affected by cryopreservation 

(YOUSEF et al. 2003; AGARWAL et al. 2004). Both freezing and thawing cause 

tremendous alterations in cellular water volume. Sperm discard most of their cytoplasm 

during the terminal stages of differentiation and lack a significant cytoplasmic 

component containing antioxidants that counteract the damaging effect of ROS (BUCAK 

et al. 2007). 

Cryopreservation induces premature capacitation of spermatozoa (REDDY et al. 2010). 

These alterations may not affect motility but reduce the life span, the ability to interact 

with the female reproductive tract and the fertility of sperm. Freezing and thawing 

processes also lead to the generation of ROS (BUCAK et al. 2008). Excessive 

production of ROS during cryopreservation has been associated with a reduced post-

thaw motility, viability, membrane integrity, antioxidant status, and fertility (UYSAL and 

BUCAK 2007). 

 

2.7 Mitochondria 

 
Mitochondria are membrane-enclosed organelles distributed through the cytosol of 

eukaryotic cells. Their main function is the conversion of energy from food resources 

into ATP (TERADA 1990; SUE and SCHON 2000; DIEZ-SANCHEZ et al. 2003). These 

sub-cellular organelles are organized in four distinct sub-compartments. Starting from 

outside, they present an outer mitochondrial membrane, an intermembrane space, an 

inner mitochondrial membrane and a matrix. The most specialized sub-compartments 
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are the inner membrane and the matrix where many enzymes, generally organized as 

multi-subunit complexes, can be found. It has been reported that mitochondria contain 

about a thousand of distinct proteins involved in various metabolic pathways (WALLACE 

et al. 1992; KAO et al. 2004). Moreover, mitochondria contain their own DNA (mtDNA), 

which encodes only a few mitochondrial proteins. The majority of mitochondrial proteins 

are encoded by nuclear DNA. These proteins are synthesized on cytosolic ribosomes 

and post-translationally transported (or imported) into mitochondria where they are 

sorted to one of the four mitochondrial sub-compartments. The import of the synthesized 

mitochondrial proteins in the cytosol into the mitochondria requires specialized 

machinery referred to as mitochondrial import machinery (WALLACE et al. 1992; 

VISHWANATH and SHANNON 2000). A strict and regulated cooperation between 

nuclear DNA and mtDNA is required to ensure a coordinated biogenesis of the 

mitochondrial multi-subunit complexes.  

Mitochondria are generally known as the “power plant” of the cell because they play a 

fundamental role in the production of ATP through the sophisticated mechanism of the 

oxidative phosphorylation. Furthermore, mitochondria are actively implicated in other 

processes, such as cell differentiation, ROS generation, apoptosis, calcium signalling, 

and iron metabolism. The complicated and fascinating process of mitochondrial 

oxidative phosphorylation, requires the coordinated operation of two main components, 

the respiratory chain and the ATP-synthase. Both components are located in the 

mitochondrial membrane. The mitochondrial respiratory chain is involved in the transport 

of reducing equivalents from some electron donors to the molecule of O2 with the final 

formation of H2O. The respiratory chain uses the free energy released during this 

process for the generation of an electrochemical gradient of protons across the inner 

mitochondrial membrane. ATP-synthase uses this proton gradient for the synthesis of 

ATP. A strict coupling is therefore required between respiration and phosphorylation 

(JAIN et al. 1998). 
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2.8 Possible causes of sperm DNA damage during free zing and thawing  

 

Several mechanisms have been proposed to explain the cause of sperm DNA damage 

in frozen-thawed semen. It is plausible that intracellular ice crystal formation could re-

duce abnormal DNA/nuclear protein interactions, resulting in sperm DNA damage 

(ROYERE et al. 1991). However, the direct mechanism through which intracellular ice 

formation could affect sperm DNA integrity is still unclear. There is strong evidence 

indicating that the freezing–thawing process induces oxidative stress associated with 

free radical-mediated damage to sperm nuclear DNA (BAUMBER et al. 2003; LEWIS 

and AITKEN 2005). Due to the lack of functional DNA mechanisms (AHMADI and NG 

1999), it is possible that frozen-thawed sperm are more vulnerable to oxidative attack 

(RATH et al. 2009). It has been shown that the freezing process triggers apoptotic-like 

cascades in sperm cells, which activate caspases and subsequently specific 

endonucleases, resulting in sperm nuclear DNA fragmentation (WARD and CHEN 

2004). Recent findings by Thomson et al. (2009) have demonstrated that DNA 

fragmentation in frozen-thawed human sperm could occur independently of caspase and 

endonuclease activation suggesting that the apoptotic pathway plays a minor role in in-

ducing DNA fragmentation of frozen-thawed sperm. Whether oxidative stress or 

apoptosis related to a significant proportion of DNA fragmentation in boar sperm 

following freezing–thawing remains to be elucidated (FRASER et al. 2011).  
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2.9 DNA damage by oxidative stress 

 

Possible causes of DNA damage are abortive apoptosis, infection, defective sperma-

togenesis, and oxidative stress (OS) (AITKEN et al. 2007). DNA damage is more often 

induced by OS, than by other processes such as defective apoptosis (DE LAMIRANDE 

et al. 1997; BARROSO et al. 2006). ROS causes DNA damage in the form of 

modification of all bases, production of base free sites, deletions, DNA cross links and 

chromosomal rearrangements (BARROSO et al. 2006). OS is associated with high 

frequencies of single and double strand DNA breaks (DURU et al. 2000). OS can also 

cause gene mutations such as point mutation and polymorphism, resulting in decreased 

semen quality (SPIROPOULOS et al. 2002; SHARMA et al. 2004). Other mechanisms 

such as denaturation and DNA base-pair oxidation may also be involved (DE 

LAMIRANDE et al. 1997). Oocytes have the capability to repair damaged DNA of sperm 

(AGARWAL et al. 2008). However, if the damage is extensive, apoptosis and embryo 

fragmentation can occur. DNA damage in the Y chromosome, for example, can also 

induce gene deletion in the Y chromosome of the offspring leading to infertility (AITKEN 

and KRAUSZ 2001). 
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3 Material and Methods 

 

3.1 Chemicals 

 

Chemicals were obtained from Sigma-Aldrich Co (Steinheim, Germany), unless other-

wise indicated. 

 

3.2 Animals 

 

Ejaculates were collected from six fertile Simmenthal bulls, 4 to 11 year of age, that 

were held at the Besamungsvereins Neustadt Aisch in Germany. Sperm was collected 

two times per week. 

The bulls were kept under standard conditions of feeding and management. The 

animals showed no disturbances in general condition and had no sexual dysfunction or 

disease of the sexual organs during the period of investigations. 

 

3.3 Study design 

 

From each of the six bulls four ejaculates were examined. After sperm dilution, 

ejaculates were split into two aliquots. The first aliquot was cooled and cryopreserved 

after 24 hours. After cryopreservation sperm samples were examined immediately after 

thawing (0h) as well as after 3h, 6h, 12h, 24h incubation at 37°C. The second aliquot 

was diluted with Tyrode´s medium (ASHWORTH et al. 1995) and examined immediately 

after dilution (0h), and after 3h, 6h, 12h, and 24h incubation at 37°C. 

Sperm quality was evaluated by measuring the percentage of plasma membrane and 

acrosome intact sperm (PMAI), the percentage of plasma membrane intact sperm 
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showing a high mitochondrial membrane potential (HMMP-PMI), the amount of ROS 

synthesis of plasma membrane intact sperm (dichlorofluorescein-diacetate (DCFH-DA), 

dihydrorhodamine (DHR), diaminofluorescein diacetate (DAF-2 DA), mitochondrial 

superoxide indicator (MITOSOX)) and the percentage of sperm with a high degree of 

DNA fragmentation (%DFI) by using 7 different flow cytometric assays. The percentage 

of progressively motile sperm (PMS) was determined by using a computer assisted 

sperm analysis system. 

 

3.4 Semen collection  

 

Sperm collections were performed in a hygienic seminal collection arena. Semen was 

collected using an artificial vagina (Model Neustadt/Aisch, Müller, Nürnberg, Germany), 

and a dummy cow or a bull. The outer liner of the artificial vagina was filled, pressurized 

with water and pre-warmed to 42°C. Artificial vagina equipment was thoroughly cleaned, 

disinfected, and sterilized prior to each use. After the collection has been completed, the 

vial was removed, properly labeled and prepared for processing. 

 

3.5 Semen evaluation and dilution 

 
Only ejaculates without dirt, blood, and urine were used. The percentage of 

progressively motile sperm was determined subjectively using a phase contrast 

microscope with 100x magnification (Dialux 20, Leitz, Wetzlar, Germany). Ejaculates 

with <70% PMS were excluded from experiments.  

The sperm concentration of each ejaculate was determined using a Sperm Quality 

Analyzer (SQA-Vb, SION A.I. Company, Israel). A portion of each ejaculate was diluted 

to a final concentration of 60x106 sperms/mL using AndroMed® extender (Minitüb 

GmbH, Tiefenbach, Germany). AndroMed® was pre-warmed to 37°C. 
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3.6 Sperm freezing / thawing process 

 

One aliquot was cooled at 4°C for 24 hours. After 24 hours, sperm were packaged in 

0.25 mL French straws (IMV Technologies; L’Aigle, France) at 4°C using a fully 

automatic filling and sealing machine (MPP Quattro, Fa. Minitub, Tiefenbach, Germany). 

After filling and sealing, straws were transferred to the freezing chamber and frozen 

horizontally in racks. Straws were frozen in liquid nitrogen vapor at -95°C for 9 min 

(NIFA Technologies BV, Leeuwarden, Niederlande). Frozen samples were plunged into 

liquid nitrogen (-196 °C) and stored at least 24 hours before analysis. Cryopreserved 

samples were thawed by immersing the straws for 30 sec in a water bath at 37°C. 

Another aliquot of the diluted semen was diluted to a concentration of 5x106 sperm/mL 

with pre-warmed (37°C) Tyrode’s medium and kept at 37°C until analysis.  

 

3.7 Computer Assisted Sperm Analysis  

 

The CASA system SpermVision™ version 3.0 (Spermvision; Minitube, Tiefenbach, 

Germany) supplied with a phase-contrast microscope (Olympus BX41, Olympus Europe 

GmbH, Hamburg, Germany) with a motorized microscope stage, a camera (Basler 

camera A301b, Basler AG, Ahrensburg, Germany), and a video adapter Olympus 0.75x 

was used. The laboratory place was further equipped with a heated stage set to 37°C an 

incubator, and pipettes. Chambers of 20 µm (Leja; Nieuw Vennep, The Netherlands) 

were loaded with semen and maintained at 37°C. The percentage of progressively 

motile sperm was determined by observing a minimum of 300 sperm in at least ten 

different microscopic fields per sample, with a frequency of 60 frames per sec. Mean 

values of the results of all ten examinations were calculated for further analysis. 
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3.8 Flow cytometric analysis 

 
Flow cytometry was performed with an Epics XL-MLC flow cytometer (Beckman Coulter, 

Fullerton, California, USA). The Coulter Epics XL-MCL is a laser-based flow cytometer 

which utilizes color-differentiated fluorescence and light scatter measurements to 

analyze cells. Cells in liquid suspension are presented under pressure to a flow cell 

where they are surrounded by a laminar sheath of particle-free liquid. This coaxial 

stream passes through a flow chamber as a jet. Cells are presented to a laser beam 

generated by a 488 nm argon laser (Laser Components, Olching, Germany). The green 

fluorescence emissions were measured using a 530±30-nm filter (FL 1); orange 

fluorescence emissions using a 590nm filter (FL 2) and the red fluorescence using a 

650LP-nm filter (FL 3). Debris, which are non-sperm events were gated out based on 

the forward scatter and side scatter dot plot by drawing a region enclosing the cell 

population of interest. Data were collected from 10.000 events and saved as list mode 

files. 

DCFH-DA, DHR, DAF-2 DA, and MITOSOX were analyzed using EXPO32 ADC XL 4 

Color™ software (Beckman Coulter, Fullerton, California, USA). Results of FITC-PNA 

and JC-1 assays were analyzed using FCS Express (De Novo Software, Los Angeles, 

USA) and data of SCSA™ were evaluated with the Data Analysis Software (DAS 

Version 4.19, Germany). 
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3.9 FITC-PNA / PI Assay  

 
FITC-PNA (fluorescein isothiocyanate (FITC)-conjugated peanut agglutinin)/PI 

(propidiumiodid) dual-staining was used to distinguish the sperm according to integrities 

of the plasma membrane and acrosome as described by Fischer et al. (2010). Sperm 

samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s medium. Five 

microliters of FITC-PNA (100µg/mL) and 3 µl PI (2.99mM) were added to 492 µL of 

diluted sperm suspension. Sperm samples were incubated at 37ºC for 30 min and 

remixed just before measurement. The percentage of plasma membrane and acrosome 

intact (PMAI) sperm was evaluated after non-sperm events were gated out of analyses 

as determined by forward and sideward scatter properties (Fig. 1). 
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Figure 1: Dot plot of a flow cytometric examination of bovine sperm after FITC-PNA/PI 

staining. R1: Plasma membrane and acrosome intact sperm, R2: Plasma membrane 

damaged sperm without acrosome staining, R3: Plasma membrane damaged sperm 

with acrosome staining, R4: Plasma membrane intact with acrosome staining. 

 

3.10 Sperm Chromatin Structure Assay (SCSA) 

 

The percentage of sperm showing a high degree of DNA fragmentation index (DFI) 

values was determined by SCSA™ as described by Evenson and Jost (2001). Sperm 

samples were diluted to a concentration of 2x106 sperm/mL with TNE buffer (stock 

solution; 0.1M Tris–HCl, 0.15M NaCl and 1mM EDTA with pH: 7.4). TNE buffer was 

diluted to 10x with distilled water and stored at 4°C till measurement. The sperm 
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suspension (200 µl) was treated with 400 µl acid-detergent solution (pH: 1.2, 0.08N HCl, 

0.15M NaCl, 0.1% Triton X-100) for 30 sec, and then stained with 1.2 mL (6 mg/L) 

purified acridine orange (AO) in a phosphate–citrate buffer (0.2M Na2HPO4, 0.1M citric 

acid, 0.15M NaCl, 1mM EDTA, pH: 6.0). Samples were examined after 3 min incubation. 

Each sample was examined twice and mean values were used for further analysis (Fig. 

2 and 3). 

 

 

 

Figure 2: Scattergram of red versus green fluorescence intensity of sperm examined by 

Sperm Chromatin Structure Assay. A: Sperm showing a double-stranded DNA with a 

high green fluorescence and a low red fluorescence Fragmented DNA; B: Sperm 

showing single stranded DNA with a low green fluorescence and a high red 

fluorescence; Debris (bottom left corner) was excluded from the analyses. 
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Figure 3:  Histogram showing frequency distribution of sperm with different DNA 

fragmentation indices (DFI) in an ejaculate. The area on the left side represents the 

sperm population with low DFI values and the area on the right side represents the 

amount of the sperm with high DFI levels. 
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3.11 JC-1 / PI Assay 

 

The lipophilic cation 5,5′,6,6′-tetrachloro1,1′,3,3′-tetramethylbenzimidazolyl-carbocyanine 

iodide (JC-1) was used to assess the mitochondrial status of sperm. JC-1 is a 

metachromatic stain showing an orange fluorescence when the mitochondrial 

membrane potential is high and a green fluorescence when mitochondrial membrane 

potential is low. In addition PI was used to differentiate between plasma membrane 

intact and plasma membrane damaged sperm. 

Sperm samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s 

medium. Ten microliters of JC-1 (0.153mM) and 3µL PI (2.99mM) were added to 487µL 

of the diluted sperm suspension. Sperm samples were incubated at 37ºC for 30 min and 

remixed just before measurement. The percentage of viable sperm with a high 

mitochondrial membrane potential (HMMP) was analyzed after non-sperm events were 

gated out of analysis as determined on forward and sideward scatter properties (Fig. 4). 
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Figure 4:  Evaluation of the percentage of plasma membrane intact sperm with a high 

mitochondrial membrane potential after staining with JC-1 and PI. Left panel: Dot plot 

showing sperm with a low red fluorescence (PI-: plasma membrane intact) and a high 

red fluorescence (PI+: damaged plasma membrane). Right panel: Dot plot showing 

plasma membrane intact sperm (after gating using the dot plot of the left panel) with a 

low orange fluorescence (LMMP: low mitochondrial membrane potential) and a high 

orange fluorescence (HMMP: high mitochondrial membrane potential). 

PI+ 

 

 

 

 

 

PI- 
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3.12 DCFH / PI Assay 

 

Dichlorofluorescein (DCFH) is widely used to measure ROS in cells. The diacetate form 

of DCFH enters the cell and is hydrolyzed by intracellular esterases to liberate DCFH. 

DCFH-DA is a non-fluorescent agent and is converted by H2O2 into DCFH, which shows 

a green fluorescence.  

Sperm samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s 

medium. Five microliters of DCFH-DA (10mM) and 3 µL PI were added to 492µl of 

diluted sperm. Samples were incubated at 37°C for 30 min and mixed just before 

measurement. DCFH positive and PI negative sperm were gated and their amount of 

mean DCFH fluorescence intensity was quantified. 



Material and Methods 
 
 

 23 

 

3.13 DHR / PI Assay 

 

Dihydrorhodamine (DHR) is commonly used to detect Hydroxyl- (OH•), Peroxynitrit 

(ONOO−), Nitrogendioxidradicals (NO2
•) or peroxidase-derived species. DHR is oxidized 

to Rhodamine 123, which shows a green fluoresence. Rhodamine123 is lipophilic and 

positively charged, and tends to accumulate in mitochondria, because of the high 

membrane potential. 

Sperm samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s 

medium. Five microliters of DHR (40 mM) and 3 µL PI were added to 492 µl of diluted 

sperm. Samples were incubated at 37°C for 30 min and mixed just before measurement. 

DHR positive and PI negative sperm were gated and their amount of mean DHR fluores-

cence intensity was quantified. 

 

3.14 DAF- 2 DA / PI Assay 

 

Nitrogen oxide (NO) was detected and quantified using Diaminofluorescein-diacetate 

(DAF–2DA). DAF–2DA is a cell-permeable derivative of DAF–2. Upon entry into the cell, 

DAF-2DA is transformed into the less cell-permeable DAF-2 by cellular esterases thus 

preventing loss of signal due to diffusion of the molecule from the cell (KOJIMA et al. 

1998; NAKATSUBO et al. 1998). NO was detected by monitoring emission fluorescence 

of DAF-2 at 522 nm. 

Sperm samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s 

medium. Five microliters of DAF- 2 DA (10µM) and 3µL PI were added to 492µL of 

diluted sperm. Samples were incubated at 37°C for 30 min and remixed just before 

measurement. DAF-2 positive and PI negative sperm were gated and their amount of 

mean DAF-2 fluorescence intensity was quantified.  
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3.15 MitoSOX / SyTOX Green Assay 

 

Intracellular generation of oxide radicals (•O2
–) was estimated using MitoSOX Red, a 

lipid soluble cell permeable cation that is selectively targeted to the mitochondrial matrix 

(AITKEN et al. 2006). SYTOX Green only penetrates cells that have damaged plasma 

membranes and fluoresces green upon binding to DNA. 

Sperm samples were diluted to a concentration of 5x106 sperm/mL with Tyrode’s 

medium. Five microliters of MitoSOX Red (2 µM) and 3 µL SyTOX Green (0.05 µM) 

were added to 492 µL of diluted sperm suspension. Sperm samples were incubated at 

37°C for 30 min and mixed just before measurement. MitoSOX positive and SyTOX 

negative sperm were gated and their amount of mean MitoSOX fluorescence was 

quantified (Fig. 5, 6, 7). 
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Figure 5: ROS synthesis of sperm was analyzed after non sperm events (Debris) were 

gated out using the characteristics of forward and sideward scatter. 
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Figure 6: Dot plot for the differentiation between plasma membrane intact (PI-) and 

plasma membrane damaged (PI+) sperm. 
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Figure 7: Histogram for the quantification of mean fluorescence intensity of ROS 
parameters. 
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3.16 Statistical analysis 

 

The statistical analysis was performed using the Statistical Analysis Systems version 9.0 

(SAS Institute Inc., 1996, Cary, N.C., U.S.A.). Normality of the data was tested using the 

Shapiro-Wilk Test (PROC UNIVARIATE). Sperm parameters PMS, PMAI, HMMP-PMI, 

NO, DHR, DCFH, MITOSOX, DFI were analyzed with the use of a General Linear Mixed 

Model (PROC MIXED). The model included type of semen (fresh or cryopreserved) and 

incubation times (0, 3, 6, 12, 24 hours) and their interactions as fixed effects; and 

included bull and number of ejaculation nested within bull and time as random effects. 

Least-squares means were obtained from each class of the factors; and were compared 

by using least significant different test (LSD) with Tukey-Kramer adjustment for multiple 

comparisons. Pearson correlation coefficients (PROC CORR) were used to calculate the 

relationship between sperm parameters. For the evaluation of the relationship between 

relative changes of the sperm parameters across time, the percentual change of each 

parameter was calculated within bull, ejaculate and incubation time, taking as base 

measurement the value of incubation time 0 hours. A Pearson correlation between 

sperm parameters was then performed on the derived values of relative changes. Data 

were presented as means ± SEM. Statistically significant differences and correlations 

were defined as P<0.05. 
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4 Results 

 

4.1 Changes in sperm quality during 24 hours incuba tion before and after 

cryopreservation          

               

4.1.1 Progressive motility 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on PMS 

(Fig. 8).  

A decrease between all time points (P<0.05) in PMS could be observed in sperm before 

(SBC) and after cryopreservation (SAC) with the exception of the time interval between 

12 and 24 hours in SBC and in SAC (P=0.98 and P=0.11, respectively) and between 0h 

and 3h in SAC (P=0.04). After 12h of incubation SBC and SAC already showed very low 

PMS values (3.64%). Values for PMS were higher in SBC than in SAC (P<0.0001) with 

the exception of time 12h and for 24h (P>0.50). The difference between PMS values of 

SBC and SAC decreased from 35.05% (0h) to 4.60% (12h). At time point 24h PMS 

values were in SBC as well as in SAC lower than 1% and did not differ (P>0.05). 



Results 
 

 

 30 

 

 

 

Figure 8:  Changes of the percentage of progressive motile sperm (PMS) before and 

after cryopreservation during 24h of incubation at 37°C. First analyses (0h) were carried 

out immediately after dilution of semen before cryopreservation and immediately after 

thawing of cryopreserved sperm, respectively. Values are expressed as means ± SD of 

24 ejaculates (4 ejaculates in each of 6 bulls). Values with different letters differ (P<0.05) 

between different time points within type of sperm. Values within the same time point 

differ (P<0.05) between different types of sperm if marked with asterisk. 
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4.1.2 Plasma membrane and acrosome intact sperm  

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on PMAI 

(Fig. 9).  

Between 0h and 3h PMAI did not decrease significantly in either of the sperm types. A 

significant decrease in PMAI was noticed in SBC from 3h and onwards, whereas in SAC 

this decrease was more noticeable between 3 and 6 hours (P=0.0001) and values 

decreased milder from that time point onwards (Fig. 9). After 12h of incubation SAC 

showed already low PMAI values (11.75%). Values for PMAI were higher in SBC than in 

SAC (P<0.0001) at all time points with the exception of time 24h. The difference 

between PMAI values of SBC and SAC decreased from 46.31% (0h) to 11.75% (12h). 

At time point 24h PMAI values were in SBC as well as in SAC lower than 10% and did 

not differ (P>0.05). 
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Figure 9:  Changes of the percentage of plasma membrane and acrosome intact sperm 

(PMAI) before and after cryopreservation during 24h of incubation at 37°C. First 

analyses (0h) were carried out immediately after dilution of semen before cryopreser-

vation and immediately after thawing of cryopreserved sperm, respectively. Values are 

means ± SD of 24 ejaculates (4 ejaculates in each of 6 bulls). Values with different 

letters differ (P<0.05) between different time points within type of sperm. Values within 

the same time point differ (P<0.05) between different types of sperm if marked with 

asterisk. 
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4.1.3 Plasma membrane intact sperm with a high mito chondrial membrane 

potential 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on 

HMMP-PMI (Fig. 10).  

Between all time points a decrease (P<0.05) in HMMP-PMI could be observed in sperm 

before (SBC) and after cryopreservation (SAC) with the exception of the time interval 

between 12 and 24 hours. After 12h of incubation SAC showed already very low HMMP-

PMI values (2.51%). Values for HMMP-PMI were higher in SBC than in SAC (P<0.0001) 

at all time points with the exception of time 24h (P>0.05). The difference between 

HMMP-PMI values of SAC and SBC decreased from 42.03% (0h) to 2.51% (12h). At 

time 24h HMMP-PMI values were in SBC as well as in SAC lower than 1% and did not 

differ (P>0.05). 



Results 
 

 

 34 

 

    

Figure 10:  Changes of the percentage of plasma membrane intact sperm with a high 

mitochondrial membrane potential (HMMP-PMI) before and after cryopreservation 

during 24h of incubation at 37°C. First analyses (0h) were carried out immediately after 

dilution of semen before cryopreservation and immediately after thawing of 

cryopreserved sperm, respectively. Values are means ± SD of 24 ejaculates (4 

ejaculates in each of 6 bulls). Values with different letters differ (P<0.05) between 

different time points within type of sperm. Values within the same time point differ 

(P<0.05) between different types of sperm if marked with asterisk. 
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4.1.4 DAF-2DA in plasma membrane intact sperm 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on nitric 

oxide fluorescence (NO; Fig. 11).  

For SAC a significant increase was obvious between 0h and 3h, followed by stable 

values between 6h and 12h (P>0.05). NO values increased mildly in SBC, so that 

significant differences were apparent only between 0h, 3h and 24h (P<0.05). NO values 

were higher (P<0.0001) in SAC than in SBC with the exception of time 0h (P>0.05). 
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Figure 11:  Changes of Nitric Oxide (NO) fluorescence intensity in plasma membrane 

intact sperm before and after cryopreservation during 24h of incubation at 37°C. First 

analyses (0h) were carried out immediately after dilution of semen before 

cryopreservation and immediately after thawing of cryopreserved sperm, respectively. 

Values are expressed as means ± SD of 24 ejaculates (4 ejaculates in each of 6 bulls). 

Values with different letters differ (P<0.05) between different time points within type of 

sperm. Values within the same time point differ (P<0.05) between different types of 

sperm if marked with asterisk. 
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4.1.5 DCFH in plasma membrane intact sperm 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on 

DCFH (Fig. 12). 

DCFH values followed almost the same pattern as NO values. For SAC a significant 

increase was apparent between 0h and 3h (values nearly doubled), followed by stable 

values (P>0.05) between 6h and 12h and a sharp increase (P<0.05) from 12h to 24h. 

DCFH values increased mildly in SBC, so that a significant differences were evident only 

between 0h, 3h and 24h and between 0h with 12h (P<0.05). Values for DCFH were 

higher (P<0.0001) between 3h and 24h in SAC than in SBC.  
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Figure 12:  Changes of dichlorofluorescein (DCFH) fluorescence intensity in plasma 

membrane intact sperm before and after cryopreservation during 24h of incubation at 

37°C. First analyses (0h) were carried out immediately after dilution of semen before 

cryopreservation and immediately after thawing of cryopreserved sperm, respectively. 

Values are expressed as means ± SD of 24 ejaculates (4 ejaculates in each of 6 bulls). 

Values with different letters differ (P<0.05) between different time points within type of 

sperm. Values within the same time point differ (P<0.05) between different types of 

sperm if marked with asterisk. 
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4.1.6 DHR in plasma membrane intact sperm  

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm on DHR (Fig. 13). 

Values for DHR were higher (P<0.0001) in SBC than in SAC at all time points. There 

were no changes (P>0.05) between time points 0h and 3h, but a rise (P<0.05) was 

evident between 3h and 6h both in SBC and SAC. Values for DHR both in SBC and 

SAC were stable (P>0.05) between 6h to 12h and increased between time points 12h 

and 24h. DHR showed a more distinct rise (18.82) in SBC than in SAC. 
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Figure 13: Changes of dihydrorhodamine (DHR) fluorescence intensity in plasma 

membrane intact sperm before and after cryopreservation during 24h of incubation at 

37°C. First analyses (0h) were carried out immediately after dilution of semen before 

cryopreservation and immediately after thawing of cryopreserved sperm, respectively. 

Values are expressed as means ± SD of 24 ejaculates (4 ejaculates in each of 6 bulls). 

Values with different letters differ (P<0.05) between different time points within type of 

sperm. Values within the same time point differ (P<0.05) between different types of 

sperm if marked with asterisk. 
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4.1.7 MITOSOX in plasma membrane intact sperm 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm on MITOSOX 

(Fig. 14).  

Between all time points an increase (P<0.05) in MITOSOX could be observed both in 

SBC and SAC with the exception of time point between 3h and 6h in SAC. MITOSOX 

values were higher (P<0.05) in SAC than in SBC until time point of 12h. Values for 

MITOSOX did not differ (P>0.05) at 12h between SAC and SBC but at 24h values SBC 

showed higher MITOSOX values (42.63) than SAC.  
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Figure 14: Changes of MITOSOX fluorescence intensity in plasma membrane intact 

sperm before and after cryopreservation during 24h of incubation at 37°C. First analyses 

(0h) were carried out immediately after dilution of semen before cryopreservation and 

immediately after thawing of cryopreserved sperm, respectively. Values are expressed 

as means ± SD of 24 ejaculates (4 ejaculates in each of 6 bulls). Values with different 

letters differ (P<0.05) between different time points within type of sperm. Values within 

the same time point differ (P<0.05) between different types of sperm if marked with 

asterisk. 
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4.1.8 DFI % 

 

There were effects of time of incubation (P<0.0001) and type of sperm (P<0.0001) as 

well as an interaction between time of incubation and type of sperm (P<0.0001) on DFI 

(Fig. 15). Values for DFI% did not change (P>0.05) during the whole time of incubation 

in SBC , but increased significantly between all time points in SAC with the exception 

between 0h and 3h. No differences (P>0.05) were observed in DFI% between SBC and 

SAC immediately after thawing (0h). From time 3h onwards DFI% values were higher in 

SAC than in SBC. This difference grew from 3.46% (3h) to 15.54% (24h). 
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Figure 15: Changes of DNA fragmentation index (DFI) before and after cryopreser-

vation during 24h of incubation at 37°C. First analyses (0h) were carried out immediately 

after dilution of semen before cryopreservation and immediately after thawing of 

cryopreserved sperm, respectively. Values are expressed as means ± SD of 24 

ejaculates (4 ejaculates in each of 6 bulls). Values with different letters differ (P<0.05) 

between different time points within type of sperm. Values within the same time point 

differ (P<0.05) between different types of sperm if marked with asterisk. 
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4.2 Relationship between sperm parameters before an d after cryo-

preservation 

 

4.2.8 Before cryopreservation 

 

There were high positive correlations between PMS, PMAI, and HMMP-PMI at all time 

points (Tab. 2; Appendices: Tab. 8, 10, 12, 14, and 16). Moderate and good correlations 

occurred between DCFH and MITOSOX as well as between DHR and MITOSOX after 3 

and 6 hours incubation, respectively (P<0.05). While the correlations between the last 

mentioned parameters were positive after 3h, they were negative after 6h (P<0.05). 

Moderate and good positive relationships were noticed between DCFH and NO after 3h, 

6h, and 12h incubation, respectively (P<0.05). DHR showed a moderate positive 

association with MITOSOX after 3h and moderate negative relationship after 6h 

incubation (P<0.05). Moderate positive correlations occurred between NO and DFI 24h 

after dilution (P<0.05). No other significant relationships could be observed between 

sperm parameters at different time points before cryopreservation (P>0.05). 
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Table 2:  Relationships between sperm parameters at different time points (0h, 3h, 6h, 

12h, and 24h) before cryopreservation. Four ejaculates were examined in each of 6 

bulls. 

Sperm parameter Incubation time after dilution (h) 
1 2 0 3 6 12 24 

PMS +++ +++ +++ +++ +++ PMAI 
HMMP-

PMI 
+++ +++ +++ +++ +++ 

PMS HMMP-
PMI 

+++ +++ +++ +++ +++ 

MITOSOX  + - -   - DCFH 
NO  + ++ ++   

NO DFI        + 
MITOSOX DHR  + -     
 

Progressive motile sperm (PMS), plasma membrane and acrosome intact sperm 

(PMAI), plasma membrane intact sperm with a high mitochondrial membrane potential 

(HMMP-PMI), nitric oxide in plasma membrane intact sperm (NO), dihydrodamine in 

plasma membrane intact sperm (DHR), dichlorfluorescein in plasma membrane intact 

sperm (DCFH), mitosox in plasma membrane intact sperm (MITOSOX), DNA 

fragmentation index (DFI); +: r < 0.50; ++: 0.50 ≤ r < 0.75; +++: r ≥ 0.75; -: r > -0.50; --: -

0.50 ≥ r > -0.75;   - - -: r ≤ 0.75; P<0.05. 

 

 

4.2.8 After cryopreservation 

 

Immediately (0h) until 12h after thawing, high positive correlations could be observed 

between PMS, PMAI and HMMP-PMI (P<0.05; Tab. 3). While PMAI and HMMP were 

also highly positively related with each other 24h after thawing, only good positive 
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correlations could be observed between PMS and PMAI as well as between PMS and 

HMMP-PMI at this time point (P<0.05) (Tab. 3; Appendices: Tab. 9, 11, 13, 15, and 17). 



Results 
 

 

 48 

 
 

Table 3: Relationships between sperm parameters at different time points (0h, 3h, 6h, 

12h, and 24h) after cryopreservation. Four ejaculates were examined in each of 6 bulls.  

Sperm parameter Incubation time after thawing (h) 
1 2 0 3 6 12 24 

PMS +++ +++ +++ +++ ++ PMAI 
HMMP-

PMI 
+++ +++ +++ +++ ++ 

PMS 
HMMP-

PMI +++ +++ +++ +++ ++ 
PMS +       + 
PMAI +         

HMMP-
PMI 

+         

DHR       - -   

DCFH 

NO - - -   +   +++ 
PMS +       +  
PMAI + + +     

HMMP-
PMI 

+ + +     

MITOSOX   - -      

NO 

DHR         - 
PMS - - -       
PMAI - - -       

HMMP-
PMI 

- - -       

MITOSOX   ++       

DFI 

NO   - -     
 

Progressive motile sperm (PMS), Plasma membrane and acrosome intact (PMAI), High 

Mitochondrial Membrane Potential (HMMP-PMI), Nitric Oxide (NO), Dihydrodamine 

(DHR), Dichlorfluorescein (DCFH), Mitosox (MITOSOX), DNA fragmentation index (DFI); 

+: r < 0.50; ++: 0.50 ≤ r < 0.75; +++: r ≥ 0.75; -: r > -0.50; --: -0.50 ≥ r > -0.75;   - - -: r ≤ 

0.75; P<0.05. 
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Immediately after thawing, moderate positive correlations were noticed between DCFH 

and PMAI, HMMP-PMI and PMS (P<0.05). DCFH was also moderately positive related 

to PMS 24 hours after thawing. Good positive associations were observed between 

DCFH and DHR 12 hours after thawing (P<0.05).  

 
Furthermore, DCFH was highly negatively related with NO immediately after thawing, 

but moderate and high positive associations were noticed 6h and 24h after thawing, 

respectively (P<0.05). NO was also moderately positive related with PMS, PMAI and 

HMMP-PMI immediately after thawing and with PMAI and HMMP-PMI also 3h after 

thawing (P<0.05). A good negative correlation was observed between NO and 

MITOSOX 3h after thawing and a moderate negative correlation between NO and DHR 

24h after thawing (P<0.05). Good and moderate negative associations occurred 

between DFI and PMS, PMAI as well as HMMP-PMI, respectively, immediately and 3h 

after thawing (P<0.05). In addition, good positive relationships were noticed between 

DFI and MITOSOX 3h after thawing and moderate negative relationships between DFI 

and NO 3h and 6h after thawing. No other significant relationships could be observed 

between sperm parameters at different time points after cryopreservation. 
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4.3 Relationship between the relative changes of sp erm parameters before 

and after cryopreservation 

 

4.3.8 Before cryopreservation 

 

There were high positive correlations between the relative changes of PMS, PMAI, and 

HMMP-PMI (P<0.05) until 24h after dilution. Good positive correlations could be 

observed between the relative changes of PMAI and HMMP-PMI (P<0.05) from 

incubation time 0h to 3h (Tab. 4, 18, 19, 20, and 21). Moderate and positive correlations 

(P<0.05) occurred between the relative changes of PMS and MITOSOX until 3 and until 

24 hour of incubation. NO showed a good and negative correlation with HMMP-PMI 

after 3 h and a moderate negative correlation with PMAI after 12h incubation. Moderate 

negative correlations occurred between the relative changes of PMS and NO after 3 and 

after 24 hours of incubation. DCFH showed a moderate and positive correlation with 

PMS, HMMP-PMI, and DHR, as well as a good and positive correlation with PMAI after 

6h incubation. DFI showed a moderate and negative association (P < 0.05) with DHR 

after 6h, as well as with PMAI and HMMP-PMI after 24h. Moderate positive association 

were noticed between the relative changes of NO and DFI after 24h of incubation. No 

other significant relationships could be observed between the relative changes of sperm 

parameters from 0h to different time points before cryopreservation. 
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Table 4: Significant relationships between relative changes of sperm parameters at 

different time points (0h, 3h, 6h, 12h, and 24h) before cryopreservation. Four ejaculates 

were examined in each of 6 bulls. 

Sperm parameter Incubation time after dilution 
1 2 0h to 3h 0h to 6h 0h to 12h 0h to 24h 

PMS +++ +++ +++ +++ PMAI 
HMMP-

PMI 
++ +++ +++ +++ 

HMMP-
PMI 

+++ +++ +++ +++ PMS 

MITOSOX +   + 

PMAI   -  
PMS -   - 

HMMP-
PMI 

- - 
   

NO 

DFI    + 
PMAI  ++   
PMS  +   

HMMP-
PMI  +   

DCFH 

DHR  +   
PMAI    - 

HMMP-
PMI    - 

DFI 

DHR  -   
 

 

Progressive motile sperm (PMS), Plasma membrane and acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine 

(DHR), dichlorfluorescein (DCFH), mitosox (MITOSOX), DNA fragmentation index (DFI); 

+: r < 0.50; ++: 0.50 ≤ r < 0.75; +++: r ≥ 0.75; -: r > -0.50; --: -0.50 ≥ r > -0.75;   - - -: r ≤ 

0.75; P<0.05. 
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4.3.8 After cryopreservation  

 

High positive correlations could be observed between the relative changes of PMS, 

PMAI and HMMP-PMI from immediately after (0h) to 12h after thawing (P<0.05) (Tab. 5; 

Appendices: Tab. 22, 23, 24, and 25). While the relative changes of PMAI and HMMP-

PMI from 0h to 24h after thawing were also highly positive related with each other, only 

good positive correlations could be observed between PMS and PMAI as well as bet-

ween PMS and HMMP-PMI at this time period (P < 0.05). Relative changes of 

MITOSOX showed a moderate positive correlation with those of PMS and PMAI until 3h 

incubation. Relative changes of MITOSOX from 0h to 24h also had a moderately 

negative and moderately positive correlation with those of PMAI and PMS, respectively. 

HMMP-PMI was moderately negative related with NO and moderately positive with DHR 

at 3h incubation after thawing. Good and negative associations occurred between the 

relative changes of NO and DHR after 3 and 24 hours and between the relative changes 

of DCFH and DHR after 12 and 24 hours. The relative changes of DCFH from 0h to 3, 6, 

12 and 24h were correlated from good to high with the changes of NO. 
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Table 5: Relationships between relative changes of sperm parameters at different time 

points (0h, 3h, 6h, 12h, and 24h) after cryopreservation. Four ejaculates were examined 

in each of 6 bulls. 

Sperm parameter Incubation time after thawing 
1 2 0h to 3h 0h to 6h 0h to 12h 0h to 24h 

PMS +++ +++ +++ ++ 
HMMP-

PMI 
+++ +++ +++ +++ 

PMAI 

MITOSOX +     - 
HMMP-

PMI 
+++ +++ +++ ++ PMS 

MITOSOX +     + 
HMMP-

PMI -       
DCFH ++ +++ + +++ 

NO 

DHR - -     - - 
HMMP-

PMI +       
DHR 

DCFH     - - - - 
 

 

Progressive motile sperm (PMS), Plasma membrane and acrosome intact (PMAI), High 

Mitochondrial Membrane Potential (HMMP-PMI), Nitric Oxide (NO), Dihydrodamine 

(DHR), Dichlorfluorescein (DCFH), Mitosox (MITOSOX), DNA fragmentation index (DFI); 

+: r < 0.50; ++: 0.50 ≤ r < 0.75; +++: r ≥ 0.75; -: r > -0.50; --: -0.50 ≥ r > -0.75;   - - -: r ≤ 

0.75; P<0.05. 
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5 Discussion 
 

Oxidative stress is known to play a major role in the etiology of male infertility. The 

subcellular origin of ROS responsible for this stress has been the subject of 

considerable uncertainties and some controversies (AITKEN et al. 2003; FORD 2004). 

Significant advances in this context have been: (i) the discovery that a major source of 

free radicals in defective spermatozoa are the mitochondria (KOPPERS et al. 2008; 

KOPPERS et al. 2010) and (ii) that the mechanisms responsible for ROS generation are 

self-perpetuating in that exposure to oxidants simulates yet more ROS production by 

these cells (AITKEN and BAKER 2004). The aim of this study was to investigate if DNA 

damage after cryopreservation is the result of an increased synthesis of reactive oxygen 

species originating from sperm mitochondria.  

 

5.1 Progressive motile sperm 

 

Sperm motility has been described to be closely associated with the functional status of 

sperm mitochondria (LY et al. 2003), as well as sperm plasma membrane 

integrity/functionality (PONZIO et al. 2008). Cryopreservation is known to decrease 

motility, mitochondrial function, and viability of bovine sperm. In general, approximately 

40% of the sperm population is killed during cryopreservation (WATSON 1995). Our 

findings are in agreement with this observation. PMS values were decreased about 35% 

immediately after thawing of cryopreserved samples (0h). Furthermore, PMS values 

were higher in SBC than in SAC up to 24h at an incubation temperature of 37°C. After 

24h, PMS values were less than 1% both for SBC and SAC. This is in agreement with 

findings of others, who also observed a drastic decrease in bovine sperm quality due to 

freezing and thawing (BUDWORTH et al. 1987; PERUMAL et al. 2011). Spermatozoa 

undergo distinct changes in their intracellular and extracellular environment during 

cryopreservation. This coincides with generation of ROS. ROS accumulation has been 



Discussion 
 
 

 55 

described to be responsible for loss of sperm motility (BILODEAU et al. 2002). Motility is 

an ATP-dependent process (NASCIMENTO et al. 2008). The presence of ROS causes 

a rapid decrease in the intracellular ATP concentration, which may explain decreased 

motility rates (DE LAMIRANDE and GAGNON 1992). 

Several authors reported that mitochondria are initiators of cell death by apoptosis 

(DINSDALE 1998; GREEN and REED 1998; SUN et al. 1999). Our study suggests that 

the parameters are dependent from each other and plasma and mitochondrial 

membranes as well as motility equally decreased after freezing and thawing at 0h. 

However, it may also be that cryoinjury to mitochondria sets an apoptosis-like 

mechanism in motion. After thawing, this could lead to further damage to plasma 

membranes and loss of function, as observed in decreased motility. In this study, the 

values being reduced to half their pre-freeze values with a similar reduction in functional 

mitochondria activity. Earlier studies have shown a similar trend, with cryopreservation 

resulting in a comparable reduction in motility parameters (CRITSER et al. 1987; HOLT 

et al. 1988; LEFFLER and WALTERS 1996). 



Discussion 
 
 

 56 

 

5.2 Plasma membrane and acrosome intact sperm 

 

As expected, we found higher PMAI values in SBC than in SAC, up to 24h of incubation. 

At 24h PMAI values in SBC as well as in SAC were lower than 8%. The damage to 

sperm characteristics during freeze–thaw is mainly attributed to ice crystallization and 

ROS accumulation (MAZUR 1984). Also, damage due to passage through lethal 

temperature zone (−10 to −50 °C) and solution effects occur both during freezing and 

thawing (MAZUR 1970).  

The decrease in the percentage of plasma membrane damaged sperm due to 

cryopreservation was greater than the loss of motility. Furthermore, the percentage of 

sperm with intact plasma and mitochondrial membranes was similarly affected after 

cryopreservation at 0h. Such effects are explained by lipid and protein membrane phase 

changes during cryopreservation, produced by cold shock and thawing, processes that 

destabilise the membranes. It is unlikely that such sperm cells could penetrate the zona 

pellucida and fertilize an oocyte (ROBERTSON and WATSON 1986; HAMMERSTEDT 

et al. 1990). 
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5.3 Plasma membrane intact sperm with a high mitoch ondrial membrane 

potential 

 

Changes in the membrane potential status of mitochondria are a sensitive indicator for 

their functionality status. The lipophilic fluorescent probe, JC-1, has been used as an 

indicator of mitochondrial membrane potential and has been validated in the 

assessment of the bull sperm mitochondrial activity (THOMAS et al. 1998).  

Previous studies have shown that particularly the midpiece of bovine sperm is sensitive 

for mitochondria damage during cryopreservation (WATSON 1995; PARTYKA et al. 

2010). In the present study, we observed that the percentage of plasma membrane 

intact sperm with a mitochondrial membrane potential was significantly lower in frozen-

thawed sperm as compared to SBC up to 12h incubation. This is likely due to a loss of 

ATP. ATP supports multiple cellular activities and biochemical events, which are 

required for successful fertilization (LONG 2006). Interestingly, after cryopreservation, 

we found that the values of PMAI-0h and HMMP-PMI-0h were almost identical. The 

values of HMMP-PMI were fallen more than the PMAI values during the incubation time 

of 24h. Bollwein et al., (2008) also reported a more quick decrease of HMMP-PMI 

values than PMAI values in cryopreserved bovine sperm during incubation time up to 

3h. Furthermore, Krienke et al. (2003) reported for stallion sperm that percentages of 

plasma membrane intact sperm and sperm with high MMP were equally high up to 3h of 

post-thaw incubation. 
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5.4 Reactive oxygen species  

 

Dichlorofluorescein (DCFH) and Dihydrorhodamine (DHR) were used for measurement 

of intracellular H2O2 and O2
•, respectively. Cryopreservation significantly increases the 

production of ROS in sperm (BILODEAU et al. 2000; BALL et al. 2001; KIM et al. 2010). 

We found that DCFH values were not different at the onset of incubating samples at 

37°C (0h) between SBC and SAC. Interestingly, the values of DHR were greater in SBC 

than in SAC. Contrary to the hypothesis that the cryopreservation process increases 

ROS, Awda et al.(2009) reported that cryopreservation decreased intracellular O2
• and 

had no effect on H2O2 content in viable boar sperm. In addition, Guthrie and Welch 

(2006) explained that ROS formation is low and therefore differences between viable 

fresh and frozen-thawed sperm are not necessarily found. The reason of the changes in 

intracellular ROS was accompanied by a great increase in membrane lipid peroxidation 

in live sperm, with no accompanying change in phospholipase activity; indeed, 

increased phospholipase activity was associated with dead sperm. 

In the present study we found that DCFH values were significantly higher in SAC 

compared to SBC up to 3h incubation. For buffalo bulls (bubalus bubalis), it has been 

described that SAC showed a high proportion of viable sperm with increased ROS levels 

(KADIRVEL et al. 2009) when incubated in the absence of a ROS generator. 

Nitric oxide is an oxygen free radical, which is generated by sperm. In addition, nitric 

oxide plays an important role in sperm physiology (AITKEN et al. 1994). In the present 

study, the production of NO by bull sperm was quantified by using -Diaminofluorescein 

diacetate (DAF–2DA). Ferrusola et al. (2009) showed that nitric oxide is produced both 

in SBC and SAC of equine sperm. In accordance with last mentioned study, we found 

that NO was significantly higher in SAC compared to SBC at all time points with the 

exception of 0h. At this time point NO-values did not differ between SAC and SBC. 

Ferrusola et al. (2009) reported that nitric oxide production was lower after thawing of 

stallion sperm. 
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MITOSOX was used to detect superoxide by mitochondria of sperm cells. Excessive 

generation of superoxide is a key indicator of poor, defective sperm and has been 

reported to be the principal ROS generated by sperm cells (LENZI et al. 1996). We 

found that MITOSOX values were higher in SAC than in SBC up to 12h incubations, 

while at 24h SBC showed higher MITOSOX values than SAC. It has been reported that 

superoxide (•O2-) can react with a proton thereby forming a hydroperoxyl (HO2) radical 

(KOTHARI et al. 2010). Alternatively, it can generate hydrogen peroxide spontaneously 

or after breakdown by superoxide dismutase (ALVAREZ et al. 1987). In the presence of 

hydrogen peroxide and excess superoxide, hydroxyl radicals can be formed via the 

Haber Weiss reaction (AITKEN and CLARKSON 1988). Thus, it could be that the 

superoxide anion dominates on 12h, and its breakdown products then form the 

hydroperoxyl radical, hydrogen peroxide and the hydroxyl radical as detected after 24h 

incubation. The damage observed at 24h suggests that such peroxidative damage could 

occur only after the production of ROS in the mitochondrial matrix had overwhelmed the 

intra-mitochondrial antioxidant defence enzymes (KOPPERS et al. 2008).  

In brief, the DCFH, NO, and MITOSOX parameters were not significantly higher in viable 

sperm after cryopreservation at 0h compared to 0h in SBC. However, DHR values were 

higher in SBC than in SAC between all incubation time points. On the other hand, the 

ROS parameters gradually increased in viable sperm after cryopreservation up to 24h 

incubation at 37°C. 
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5.5 DNA fragmentation 

 

DNA damage as observed after cryopreservation has been described to be the result of 

cold shock, ice crystal formation, oxidative stress, osmotic changes, and lipid-protein 

reorganizations within the cell membranes (WATSON 1995; BAILEY et al. 2000). One of 

the main causes of sperm DNA damage is exposure to ROS (OCHSENDORF 1999).  

 

Kadirvel et al. (2009) noticed in buffalo sperm before freezing that DNA damage 

increased during incubation up to 24h using the SCSA method. In contrast to the above 

mentioned study we did not find changes in DNA damage of bovine sperm before 

cryopreservation during an incubation time of 24h. Several studies have demonstrated 

membrane lipid peroxidation as one of the causes of defective sperm function in liquid 

semen preserved at 4°C (VISHWANATH and SHANNON 2000) as well as 

cryopreserved sperm (CHATTERJEE et al. 2001). Earlier reports have shown that 

peroxidation levels are higher in frozen-thawed sperm, which may cause DNA damage, 

due to aromatic amino oxidase enzyme activity in sperm and the increased number of 

dead sperm may be one of the attributing factors for increased level of lipid peroxidation 

(UPRETI et al. 1998; NAIR et al. 2006; KUMARESAN et al. 2009). As compared to 

bovine sperm, buffalo sperm is particularly susceptible to oxidative damage due to its 

rich polyunsaturated fatty acids (NAIR et al. 2006). The concomitant higher freezing and 

thawing associated damage explains the lower post-thaw motility, increased DNA 

damage, and lower conception rates (DHAMI and KODAGALI 1990). Similar to our 

study, Dalzell et al. (2004) did not find evidence for DNA damage using comet assay 

method in human testicular sperm after 24h incubation before freezing. 

DNA damage in sperm has been positively correlated with poor fertilization, impaired 

implantation rates and increased incidences of abortion and other diseases in the 

offspring. It has been described that chromatin of human sperm exhibiting DFI values 

greater than 8% cannot be repaired in the oocyte leading to impaired embryo 
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development and early pregnancy loss (AHMADI and NG 1999). Anzar et al. (2002) 

found that cryopreservation induces an increase of the percentage of sperm cells with a 

DNA fragmentation. The %DFI values increased in the sperm of the same ejaculates 

after cryopreservation. This suggests that the cryopreservation process and 

mechanisms thereafter may be involved in generating sperm DNA damage during long-

term incubation at 37ºC post-thaw. Peroxidation of DNA can lead to chromatin cross-

linking, base changes and DNA strand breaks (AITKEN et al. 2009). 

 

 

5.6 Relationships between sperm parameters before c ryopreservation 

 

Our study showed that PMS, PMAI, and HMMP-PMI values all decreased in a similar 

fashion and parameters were highly correlated at all incubation times examined. These 

results confirmed those obtained after JC-1 staining of sperm from human (WANG et al. 

2003), boar (GUTHRIE and WELCH 2006), and bull (MARTIN et al. 2004) and 

suggested that sperm motility is associated with the functional status of mitochondria. 

Indeed, mitochondrial alterations can result in the reduction of sperm motility since this 

motility is an ATP-dependent process, thus dependent on the functional mitochondria 

producing energy powering the flagellar motion. The high correlations between HMMP-

PMI, PMS, and PMAI confirms the strong link between functional status of mitochondria 

and sperm quality. 

 

The effects of NO on sperm are dose-dependent. At physiological concentrations, NO 

has positive effects on sperm motility while at pathological concentrations, NO has 

negative effects on sperm functions and decreases sperm motility (REVELLI et al. 2001; 

ZHANG et al. 2006). On the other hand, it is established that high concentration of NO 

induces DNA damage (DIMMLER and ZEIHER 1997). NO reacts rapidly with superoxide 

to form highly toxic peroxy nitrite (ONOO-). Both NO and ONOO- have demonstrated 
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ability to directly damage DNA (ISHIKAWA et al. 2005). Therefore, high amounts of NO 

in sperm can cause sperm DNA damages and as reported previously, fragmentation of 

sperm DNA is a main factor in male infertility (SAKKAS et al. 2002; SALEH et al. 2002). 

We found a moderate positive correlation between DFI and NO after 24h incubation. In 

our study the values of NO were analyzed only with plasma membrane intact sperm, but 

DNA fragmentation index included all amount of sperm. Amiri et al.(2007) reported that 

negative effect of NO in high concentration on sperm DNA integrity but it is not the main 

factor of sperm DNA damage in human. In addition, sperm DNA integrity, factors other 

than the NO such as other free radicals, improper packaging and ligation of DNA during 

sperm maturation and germ cell apoptosis might result in sperm DNA damages 

(BENCHAIB et al. 2003). 

We found positive relationships between MITOSOX with DCFH and DHR at 3h as well 

as negative relationships observed at 6h. Koppers et al. (2008) reported that where 

mitochondrial ROS are involved, optimal activity of HMMP depends on two factors: a 

disruption of HMMP and the impeded flow of electrons through the ETC. Previous 

studies have already reported that there is an inverse relationship between sperm 

motility and mitochondria membrane potential (MARCHETTI et al. 2004; BARROSO et 

al. 2006; GALLON et al. 2006). The second condition that must be met for optimal 

mitochondria ROS generation is perturbation of electron flow through the ETC (FORD 

2006). The presence of unesterified polyunsaturated fatty acids (PUFA) such as 

arachidonic or docosahexaenoic acid stimulates ROS generation by human 

spermatozoa (AITKEN et al. 2006). Intriguingly, PUFAs have also been shown to 

collapse MMP and trigger mitochondrial ROS generation by interfering with electron flow 

at complexes I and III (COCCO et al. 1999). Furthermore, the unsaturated fatty acid 

content of human spermatozoa is positively correlated with ROS generation by sperm 

cells and negatively correlated with their motility (GIL-GUZMAN et al. 2001; OLLERO et 

al. 2001). 
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5.7 Relationships between sperm parameters after cr yopreservation 

 

It has been suggested (HENRY et al. 1993) that motility, membrane integrity and 

mitochondrial function are similarly affected by cryopreservation. We found that PMS, 

PMAI and HMMP-PMI all decreased after freezing and thawing, and decreased further 

upon post-thaw incubation at 37ºC. The latter was found to exhibit strong correlations 

among values for PMS, PMAI, and HMMP-PMI. Results of the current study are novel 

because J-aggregate fluorescence was measured in the viable portion of the sperm 

population. Viability or changes in viability may not be an issue in short-term studies of 

cultured or dispersed cells. However, the ability to distinguish between viable and 

nonviable sperm becomes particularly important for studies in which sperm are subject 

to long-term hypothermic storage or cryopreservation. In a study investigating 

mitochondrial function in frozen-thawed bovine sperm, the percentage of viable sperm 

estimated by SYBR-14 staining was positively correlated (r=0.99) with the percentage of 

JC-1 fluorescent sperm in the total population, (GARNER et al. 1997). Similarly in the 

current study, the incidence of J-aggregate fluorescence was almost identical with PMAI 

directly after thawing at 0h. As mentioned above the values of HMMP-PMI decreased 

more quickly compared to PMAI during an incubation time of up to 24h. The MMP 

reduction is a general feature of cell death. Decrease in the MMP defines an early stage 

of apoptosis preceding other manifestations of this process such as DNA fragmentation, 

ROS production and the late increase in membrane permeability (KROEMER et al. 

1997). 

 

Interestingly, we found significant positive correlations between NO production and 

sperm parameters post-thaw PMAI and HMMP-PMI incubations up to 6h as well as PMS 

at 0h and 24h. NO has a dual function, being both a cytotoxic and necessary molecule 

for normal sperm production. Under physiological conditions, NO plays an important role 

in normal sperm production and motility. Low NO concentrations have been shown to 
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enhance sperm motility (HERRERO et al. 2001), whereas high NO concentrations 

reduce it (ROSSELLI et al. 1995). Leal et al. (2009) reported that, NO is involved in 

control of progressive sperm motility, membrane integrity, and sperm mitochondrial 

activity of fresh bull sperm via NOS/NO. A decrease in cellular NO concentration affects 

the mitochondrial activity (BROOKES et al. 2003), because it causes an imbalance in 

the NO/O2 ratio, because NO and O2 compete for the center of reaction of the 

cytochrome oxidase enzyme (BOVERIS et al. 1999), suggesting less ATP production by 

the respiratory chain (BROOKES et al. 2003). This reaction may lead not only to 

alterations in sperm motility and vigor but also to biochemical reactions that result in less 

fertilization potential of bovine sperm. 

In the present study we observed moderate positive correlations between PMS, HMMP-

PMI and DCFH in frozen-thawed sperm. The observed membrane damage induced by 

cryopreservation and the loss of motility are not necessarily related to ROS production, 

but could be associated with impairment of mitochondrial function due to the physical 

and chemical stress that occurs during freezing and thawing. Alvarez and Storey (1993) 

hypothesized two models explaining the extent of cryodamage: one related to 

membrane damage through lipid peroxidation, and one on damage caused by phase 

transitions during cryopreservation. Loss of sperm motility during freezing and thawing 

likely is associated with impairment of mitochondrial function. This might be due to the 

direct effect of mechanical and membrane damage during freezing and thawing. Also, 

presence of H2O2 may inhibits sperm motility, ATP levels, and may affects the 

mitochondrial membrane potential. The extent of these effects, however, is dependent 

on the H2O2 level (ARMSTRONG et al. 1999). Physiological levels of ROS do not alter 

the integrity of the mitochondrial membrane. On the other hand, mitochondrial 

dysfunction results in increased production of ROS (SCHULZE-OSTHOFF et al. 1992; 

KRISTAL et al. 1997; ARMSTRONG et al. 1999). 

 

In the present study we found negative correlations between DNA damage versus 

PMAI, PMS and HMMP-PMI. Cryopreservation is known to cause damage to sperm 
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DNA (HAMMADEH et al. 1999; HAMMADEH et al. 2001). There is an increase of %DFI 

after 3h incubation at 37°C. Januskauskas (2001) and Kasimanickam (2006) found an 

inverse correlation between DFI and PMAI. In accordance with the above-mentioned 

studies, we also noticed a negative correlation between DFI and PMAI immediately after 

thawing as well as after 3h incubation at 37°C. It was shown that incubation on ice for 5–

25 min post-thaw had a significant effect on DFI in human sperm (BOE-HANSEN et al. 

2005) and that increasing storage time induces an increase of %DFI in boar sperm 

(BOE-HANSEN et al. 2005). Karabinus (1991) also showed a negative effect of 

incubation time on DNA integrity of sperm. Furthermore, reports exist in which a high 

mitochondrial membrane potential was found to be positively related to motility and 

negatively related to DNA damage in human sperm (KROEMER et al. 1997). Our 

findings are in agreement with this observation. Relationships between HMMP-PMI and 

DFI have been also reported in human sperm (MARCHETTI et al. 2002).  

Several mechanisms have been proposed to explain the causes of sperm DNA damage 

in frozen-thawed sperm. Intracellular ice crystal formation has been suggested to be 

involved in abnormal DNA/nuclear protein interactions, resulting in sperm DNA damage 

(ROYERE et al. 1991). Furthermore, the freezing–thawing process has been described 

to induce oxidative stress causing free radical-mediated damage to sperm nuclear DNA 

(BAUMBER et al. 2003; LEWIS and AITKEN 2005). Due to the lack of functional DNA-

repair mechanisms in sperm (AHMADI and NG 1999), frozen-thawed sperm are more 

vulnerable to oxidative attack (RATH et al. 2009). In the present study we found only 

moderate correlations between ROS, MMP, and DNA damage parameters after 

cryopreservation. Therefore, the increased DNA damage after cryopreservation doesn’t 

seem to be solely caused by ROS. Recently, Thomson (2009) have demonstrated that 

DNA fragmentation in frozen-thawed human spermatozoa could occur independently of 

caspase and endonuclease activation in apoptotic cells. This finding suggests that the 

apoptotic pathway could play a role in inducing DNA fragmentation in frozen-thawed 

spermatozoa.  
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H2O2 might be the primary source of oxidative damage in viable bovine sperm during 

freezing and thawing, which might cause reduced fertility rates when using such 

samples for artificial insemination. Although the incidence of sperm with a high 

intracellular H2O2 fluorescence intensity was very low, we did observe an increase in the 

average intracellular H2O2 level in viable sperm after freezing and thawing up to 3h 

incubation. We suggest that this may impair the sperm functionality by affecting motility, 

longevity and DNA integrity. High levels of ROS have been showed to be involved in 

causing extensive cell damage, including, DNA fragmentation (BAUMBER et al. 2003).  
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5.8 Relationships between the relative changes of s perm parameters before 

and after cryopreservation 

 

In this study we found that PMS, PMAI, and HMMP-PMI values all decreased in a similar 

fashion and parameters were highly correlated with each other at all incubation times 

both in SBC and SAC. Previous studies have also demonstrated a correlation between 

HMMP-PMI and fresh sperm motility (EVENSON et al. 1982; AUGER et al. 1993). 

Sperm apoptosis was observed in fresh ejaculates, and the number of apoptotic cells 

varied among different bulls (ANZAR et al., 2002). In apoptotic sperm, the plasma 

membranes are intact, whereas in necrotic cells, the plasma membranes lose their 

integrity and become leaky (VERMES et al., 1995). It is speculated that completely 

necrotic sperm in fresh sperm have weak or leaky plasma membranes and undergo 

fragmentation during the freezing and thawing processes, resulting in a decrease in their 

number. 

The extent of damage caused by freeze-thaw to plasma membrane was nearly identical 

to the reduction in the number of sperm with HMMP and progressive motility 

immediately after freeze-thaw (0h). This suggests that the reduction in motility may be 

explained by an impairment of mitochondrial activity. This is also showing that not only 

less sperm maintained functional mitochondria after freeze-thawing, but also activity 

within the mitochondria is similarly damaged. The decrease of HMMP-PMI was faster 

than PMAI both in SBC and SAC during the incubation time up to 24h. Bollwein et 

al.(2008), noticed that there are variations in PMAI and HMMP between bulls, these 

results also indicate that there is variation between bulls in the relative susceptibility of 

cryopreserved sperm to losses of PMAI and mitochondrial function. High variations have 

been found between fertile and infertile males in the expression of phospholipid 

hydroperoxide glutathione peroxidase (PHGPx) in the mitochondria of human sperm 

(IMAI et al. 2001). It can be speculated that a similar defect may cause different declines 

in PMAI and HMMP-PMI. 
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Several authors mentioned that ROS could play a role as signalling molecules and 

evidence is emerging that sperm may generate low and controlled concentrations of 

ROS, specifically hydrogen peroxide (H2O2), which is produced by spontaneous or 

enzymatic dismutation of O2
−. The hydrogen peroxide acts to mediate the processes of 

capacitation (human and hamster), hyperactivation, and acrosome reaction (bovine and 

human) crucial to the acquisition of fertilizing ability (CARRERA et al. 1996; LECLERC 

et al. 1997; SI and OKUNO 1999). 

We found negative relationship with NO, and positive with DCFH and MITOSOX versus 

PMAI, PMS, and HMMP-PMI of relative changes in SBC. NO has detrimental effects on 

sperm function; including inhibition of motility and competence to bind oocytes (WU et 

al. 2004). Moreover, for human sperm, it has been described that NO levels in seminal 

plasma are negatively correlated with sperm movement (BALERCIA et al. 2004). A role 

of NO in this phenomenon has been suggested, since a negative correlation was 

observed between NOS expression (O'BRYAN et al. 1998), NO and peroxynitrite 

formation can be stimulated in mammalian spermatozoa using D-arginine, which is not a 

substrate for NOS. Non-enzymatic generation of NO could take place through H2O2-

mediated attack on arginine (AITKEN and BAKER 2004). 

In the present study we found positive relationships between DCFH and NO as well as 

negative with DHR. It has been reported that NO may react with superoxide or hydrogen 

peroxide, resulting in the formation of peroxinitrite, hydroxyl radical, NO2, or singlet 

oxygen, which cause oxidation of sperm membrane lipids and thiol proteins (STAMLER 

et al. 1992). NO also may inhibit cellular respiration by nitrosylation of heme in 

mitochondrial enzymes, aconitase, and glyceraldehyde phosphate dehydrogenase, 

leading to a depletion of adenosine triphosphate and a consequent loss of motility by 

spermatozoa.  

In the current study we found negative moderate relationships between NO and positive 

with DCFH versus, HMMP-PMI, PMS, and PMAI in SBC. Furthermore, we found a 

moderate positive association between PMS and MITOSOX. ROS are produced by a 

variety of systems and reactions, such as electron transport systems (mitochondrial and 
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microsomial), xanthine oxidase, and peroxidases (HALLIWELL B. 1999). The NADPH 

oxidase of neutrophils is one of the most known and best studied oxidases and plays a 

major role in defense against pathogens (SHEPPARD et al. 2005). It is now recognized 

that most of the cells have NADPH oxidases in the plasma membrane that produce low 

and controlled levels of ROS at the time of activation of physiological processes (QUINN 

and GAUSS 2004; SUMIMOTO et al. 2005). As stated above, NOS synthesize NO; the 

three forms of this enzyme (endothelial, neuronal and inducible) are present in 

spermatozoa (HERRERO et al. 1996; LEWIS et al. 1996; HERRERO et al. 2003). 

Balercia et al. (2004) suggested that high concentrations of NO play a deleterious effect 

on human sperm kinetic characteristics. Retained cytoplasm in sperm has high levels of 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (GAGNON 2006), 

which acts as a substrate in the generation of superoxide (O2
·−), which causes lipid 

peroxidation and DNA damage (ROBERT and GAGNON 1999). Sperm to facilitate 

motility may lead to an accumulation of ROS, O2
·−, and hydrogen peroxide (H2O2), which 

could overwhelm the sperm antioxidant defence. Hydrogen peroxide is not intrinsically 

toxic to sperm but it inactivates an ROS scavenging system, making sperm susceptible 

to gradual oxidative DNA damage from ROS (DE LAMIRANDE 2007). In addition, the 

accumulation of ROS may be released into the culture medium, which contains no 

antioxidant protection, allowing further damage to sperm plasma membranes. 

 

In conclusion, in the current study we showed that some ROS were increased after 

cryopreservation. Changes in integrities of the plasma and the DNA of sperm were also 

observed, however, were not highly related to ROS accumulation. Further studies will be 

necessary to investigate if causal relationships exist between these parameters. The 

results of studies on functional changes occurring during freezing and thawing of sperm 

might give more insights in new strategies for cryopreservation of sperm reduces 

cryoinjuries.  
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6 Zusammenfassung 

 

Hakan Gürler (2013) 

 

Einfluss der Kryokonservierung auf die Mitochondrie nfunktion und DNA-Integrität 

boviner Spermien 

 

Das Ziel dieser Studie war es zu untersuchen, ob DNA-Schäden nach 

Kryokonservierung das Ergebnis einer erhöhten Synthese von reaktiven 

Sauerstoffspezies (ROS) sind, die insbesondere von geschädigten Mitochondrien 

gebildet werden.  

Zur Gewinnung des Spermas standen je 4 Ejakulate von sechs Bullen der Rasse 

Deutsches Fleckvieh des Besamungsvereins Neustadt a. d. Aisch e.V. (BVN) zur 

Verfügung. Die prozentualen Anteile an plasmamembran- und akrosomintakten 

Spermien (PMAI; FITC-PNA/PI Assay), intakter Spermien mit hohem 

Mitochondrienmembranpotential (HMMP-PMI; JC/PI Assay), das Ausmaß der ROS-

Synthese plasmamembranintakter Spermien (DCFH, DCFH-DA/PI Assay; DHR, DHR/PI 

Assay; NO, DAF-2-DA/PI Assay; MITOSOX, MITOSOX/Sytox Green Assay) sowie der 

prozentuale Anteil der Spermien mit einem hohen Grad an DNA-Fragmentation (%DFI) 

wurden durchflusszytometrisch bestimmt. Der prozentuale Anteil progressiv motiler 

Spermien (PMS) wurde mithilfe eines computergestützten Spermienanalysesystems 

erfasst. Die Spermaproben wurden unmittelbar nach der Verdünnung bzw. nach dem 

Auftauen (0h) sowie nach 3h, 6h, 12h und 24h Inkubation bei 37°C vor (SBC = sperm 

before cryopreservation) und nach der Kryokonservierung (SAC = sperm after 

cryopreservation) untersucht. 

Die PMS-, PMAI- und HMMP-PMI-Werte verringerten sich (P<0,05) während der 

Inkubationszeit sowohl bei SBC als auch bei SAC, wohingegen die NO-, DHR-, DCFH- 

und MITOSOX-Werte anstiegen. Die %DFI-Werte veränderten sich bei SBC im Laufe 
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der 24-stündigen Inkubation nicht (P>0,05), während sie bei SAC anstiegen (P<0,0001). 

Zu allen Inkubationszeiten vor und nach der Kryokonservierung bestanden 

Korrelationen zwischen den PMS-, PMAI- und HMMP-PMI- Werten (P<0,0001). Vor der 

Kryokonservierung bestanden zu keinem Zeitpunkt signifikante Zusammenhänge 

zwischen %DFI einerseits und PMS, PMAI bzw. HMMP-PMI andererseits. Unmittelbar 

nach dem Auftauen (0h) bestanden zwischen den genannten Parametern moderate 

negative (-0,55<r<-0,62; P<0,05) und nach 3h Inkubation nur geringe negative 

Korrelationen (-0,39<r<-0,47; P<0,05). Ansonsten waren keine Zusammenhänge 

zwischen den Vitalitätsparametern PMS-, PMAI und HMMP-PMI einerseits und den 

%DFI-Werten andererseits festzustellen. Beziehungen zwischen der DNA-

Fragmentation und den ROS-Parametern waren bei Spermien vor der 

Kryokonservierung nur nach 24h Inkubation zu beobachten. Zu diesem Zeitpunkt 

bestand eine geringgradig positive Korrelation zwischen NO und %DFI (r= 0,40; 

P<0,05). Nach der Kryokonservierung war nach 3h Inkubation eine mittelgradig positive 

Beziehung zwischen MITOSOX und %DFI (r=0,59; P<0,05) zu verzeichnen sowie nach 

3h und 6h Inkubation geringgradig negative Zusammenhänge zwischen NO und %DFI 

(r= -0,48; P<0,05).  

Die Ergebnisse dieser Studie zeigen, dass die Integrität der DNA boviner Spermien 

durch die Kryokonservierung negativ beeinflusst wird, so dass es im Gegensatz zu 

flüssigkonservierten Spermien bei kryokonservierten Spermien im Laufe einer 24-

stündigen Inkubation bei 37°C zu einem Anstieg der DNA-Fragmentation kommt. Diese 

DNA Schädigung scheint jedoch nur in geringem Maße auf eine vermehrte Bildung von 

ROS an kryokonservierten Spermien zurückzuführen sein. 
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7 Summary  

 

Hakan Gürler (2013) 

 

Effects of cryopreservation on mitochondrial functi on and DNA damage on bovine 

sperm 

 

The aim of this study was to investigate if DNA damage after cryopreservation is the 

result of an increased synthesis of reactive oxygen species (ROS) originating from 

damaged mitochondria.  

Four ejaculates were collected from six Simmenthal bulls that were held at the 

Besamungsverein Neustadt Aisch in Germany. Sperm quality was evaluated by 

measuring the percentage of plasma membrane and acrosome intact sperm (PMAI: 

FITC-PNA/PI Assay), the percentage of plasma membrane intact sperm showing a high 

mitochondrial membrane potential (HMMP-PMI: JC1/PI Assay), the amount of ROS 

synthesis of plasma membrane intact sperm (DCFH, DCFH-DA/PI Assay; DHR, DHR/PI 

Assay; NO, DAF-2-DA/PI Assay; MITOSOX, MITOSOX/Sytox Green Assay) and the 

percentage of sperm with a high degree of DNA fragmentation (%DFI) by using flow 

cytometry. The percentage of progressively motile sperm (PMS) was determined by 

using a computer assisted sperm analysis system. Sperm samples were examined 

immediately after dilution/thawing (0h) as well as 3h, 6h, 12h, 24h incubation at 37°C 

both in sperm before (SBC= sperm before cryopreservation) and after cryopreservation 

(SAC= sperm after cryopreservation).  

The values of PMS, PMAI, and HMMP-PMI decreased while the values of NO, DHR, 

DCFH, and MITOSOX increased during the incubation period both in SBC and SAC 

(P<0.05). The %DFI values did not change (P>0.05) during the 24-hour incubation time 

in SBC, whereas %DFI values increased in this time interval in SAC (P<0.0001). 

Significant correlations were found between PMS, PMAI and HMMP-PMI at all 

incubation times before and after cyropreservation (P<0.0001). Before cryopreservation 
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there were no significant correlations between %DFI on the one hand and PMS, PMAI, 

and HMMP-PMI on the other hand. Between the last mentioned parameters there were 

moderate negative correlations immediately after thawing (0h) (-0.55<r<-0.62; P<0.05) 

and weak negative correlations after 3h incubation (-0.39<r<-0.47; P<0.05). At all other 

time points no relationships (P>0.05) could be observed between %DFI and the vitality 

parameters PMS, PMAI, and HMMP-PMI. Before cryopreservation significant 

associations between DNA fragmentation and ROS parameters could be observed only 

after 24-hour incubation. At this time point there was a weak positive correlation (r= -

0.40; P<0.05) between NO and %DFI. After cryopreservation a moderate positive 

correlation (r=0.59; P<0.05,) was noticed between MITOSOX and %DFI after 3h 

incubation and a moderate negative correlation (P<0.05, r=-0.48) between NO and 

%DFI after 3h incubation.  

The results of this study show that DNA integrity of bovine sperm is impaired by 

cryopreservation. In contrast to extended sperm before cryopreservation a significant 

rise of DNA fragmentation could be observed in frozen-thawed sperm during an 

incubation period up to 24h at 37°C. However, this DNA damage seems to be caused 

only to a small extent by an increased ROS production of bovine frozen thawed sperm.  
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8 Appendices 
 

Table 6:  Before cryopreservation in each of 6 bulls 4 ejaculates were examined. Progressive motile sperm (PMS), Plasma 
membrane acrosome intact (PMAI), high mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), 
dihydrodamine (DHR), dichlorfluorescein (DCFH), mitosox (MITOSOX), DNA fragmentation index (DFI). 

 Hour Mean ± SD CV Minimum-value Maximum-value 

 0h 73.28a 7.59 10.36 52.55 88.36 
 3h 63.83b 8.97 14.06 49.69 82.36 
PMS (%) 6h 27.91c 16.10 57.69 2.69 56.32 
 12h 8.24d 6.82 82.71 0.96 22.69 
 24h 0.80e 0.73 90.58 0.05 3.56 

 0h 81.37a 7.94 9.76 61.07 92.59 

 3h 73.85b 9.44 12.78 58.29 91.73 

PMAI (%) 6h 43.42c 19.71 45.39 7.10 83.64 

 12h 21.74d 13.51 62.13 4.23 53.70 

 24h 7.07e 4.09 57.85 2.55 20.95 

 0h 76.52a 7.92 2.97 58.43 88.96 

 3h 60.91b 5.39 6.54 71.50 89.23 

HMMP-PMI (%) 6h 25.30c 4.54 7.86 50.24 67.85 

 12h 5.97d 4.95 17.78 18.18 36.43 

 24h 0.79e 2.92 28.01 2.08 16.69 

 0h 17.65a 5.66 32.05 7.20 28.90 

 3h  19.60ab 3.65 18.62 12.10 25.60 
NO-PMI(Fluorescence  
Intensity) 6h 

21.96b 4.40 20.03 10.00 30.70 

 12h 22.61b 2.66 11.77 18.30 27.30 

 24h 26.67c 9.34 35.03 14.80 46.80 

a,b,c,d,e : significantly differed between time points (P<0.01). ± SD: standart deviation, CV: Coefficient of variation. 0h: 
Directly after sperm dilution, 3h: Three hours incubation at 37ºC after sperm dilution, 6h: Six hours incubation at 37ºC after 
sperm dilution, 12h: Twelve hours incubation at 37ºC after sperm dilution, 24h: Twenty-four hours incubation at 37ºC after 
sperm dilution. 
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Table 6 : Continued. 
 Hour Mean ± SD CV Minimum-value Maximum-value 

 0h 64.38a 2.58 4.02 60.00 69.30 
 3h  65.48ab 3.42 5.22 56.30 72.30 
DHR-PMI (Fluorescence  
Intensity) 6h 69.14c 2.48 3.58 64.30 77.40 
 12h 71.52d 2.43 3.40 67.50 76.50 

 24h 90.94e 3.84 4.22 78.00 96.60 

 0h 15.03a 4.24 28.23 6.20 22.20 

 3h 17.47a 7.35 42.06 8.70 32.40 
DCFH-PMI (Fluorescence  
Intensity) 6h 18.30a 4.28 23.42 12.00 28.20 

 12h 25.40b 6.86 27.01 16.60 44.90 

 24h 27.09b 6.51 24.05 13.10 39.00 

 0h 3.71a .79 21.37 2.00 5.40 

 3h 10.33b 1.00 9.70 8.90 12.70 
MITOSOX-PMI (Fluorescence  
Intensity) 6h 28.71c 1.63 5.68 25.30 31.20 
 12h 42.67d 1.58 3.70 40.00 45.50 

 24h 90.58e 3.70 4.08 83.70 97.30 

 0h 0.99a 0.26 26.60 0.56 1.40 

 3h 0.85a 0.29 34.12 0.35 1.62 

DFI(%) 6h 0.89a 0.34 37.92 0.56 2.24 

 12h 0.94a 0.24 25.24 0.53 1.48 

 24h 1.13b 0.38 33.53 0.68 1.80 

a,b,c,d,e : significantly differed between time points (P<0.01). ± SD: standart deviation, CV: Coefficient of variation. 0h: 

Directly after sperm dilution, 3h: Three hours incubation at 37ºC after sperm dilution, 6h: Six hours incubation at 37ºC 

after sperm dilution, 12h: Twelve hours incubation at 37ºC after sperm dilution, 24h: Twenty-four hours incubation at 

37ºC after sperm dilution. 
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Table 7: After cryopreservation in each of 6 bulls 4 ejaculates were examined. Progressive motile sperm (PMS), Plasma 
membrane acrosome intact (PMAI), high mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), 
dihydrodamine (DHR), dichlorfluorescein (DCFH), mitosox (MITOSOX), DNA fragmentation index (DFI). 
 Hour Mean ± SD CV Minimum-value Maximum-value 

 0h 38.23a 11.48 30.03 7.45 56.24 

 3h 32.38b 10.46 32.32 7.45 51.68 

PMS (%) 6h 12.08c 8.75 72.47 0.88 29.96 

 12h 3.64d 4.16 114.26 0.12 16.45 

 24h 0.73e 0.38 52.27 0.20 1.69 

 0h 46.31a 11.78 25.44 15.15 63.78 

 3h 39.80b 10.65 26.76 14.45 58.20 

PMAI (%) 6h 19.01c 9.95 52.34 4.11 39.80 

 12h 11.75d 7.03 59.82 3.18 29.25 

 24h 7.27e 3.41 46.93 2.44 17.15 

 0h 44.84a 3.41 24.10 70.12 82.85 

 3h 29.38b 5.27 26.90 40.51 59.61 

HMMP-PMI (%) 6h 9.45c 10.12 51.40 14.18 54.54 

 12h 2.51d 2.44 58.40 18.45 27.22 

 24h 0.48e 1.18 47.10 4.01 8.76 

 0h 16.68a 4.13 32.05 9.10 25.00 

 3h 26.44b 6.82 25.81 15.10 39.80 

NO-PMI (Fluorescence Intensity) 6h 29.70c 7.68 25.85 14.00 54.70 

 12h 29.82d 5.35 17.94 20.70 39.20 

 24h 32.48e 11.67 35.92 13.70 57.00 

a,b,c,d,e : significantly differed between time points (P<0.01). ± S.D: standart deviation, CV: Coefficient of variation 

0h: Directly after sperm thawing, 3h: Three hours incubation at 37ºC after sperm thawing, 6h: Six hours incubation 

at 37ºC after sperm thawing, 12h: Twelve hours incubation at 37ºC after sperm thawing, 24h: Twenty-four hours 

incubation at 37ºC after sperm thawing.
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Table 7:  Continued. 

 Hour Mean ± SD CV Minimum-value Maximum-value 

 0h 57.44a 1.81 3.15 54.50 61.50 
 3h 57.23a 6.96 12.16 50.10 72.30 

DHR-PMI (Fluorescence  
Intensity) 6h 64.80b 3.40 5.24 57.50 68.10 

 12h 66.61b 2.85 4.28 60.30 70.10 
 24h 72.13c 3.10 4.30 66.90 79.80 
 0h 25.05a 5.50 21.96 19.10 44.70 
 3h 34.28ab 8.71 25.43 24.40 62.30 

DCFH-PMI (Fluorescence  
Intensity) 

6h 35.98ab 17.90 49.77 13.90 79.90 

 12h 38.43ab 28.44 74.02 12.80 102.40 
 24h 56.48c 19.20 34.00 32.80 96.70 
 0h 12.08a 0.88 7.30 10.50 14.00 
 3h 31.80b 7.31 23.00 18.40 40.10 

MITOSOX-PMI 
(Fluorescence Intensity) 6h 31.79b 1.26 3.97 30.00 34.50 

 12h 41.06c 1.34 3.27 37.10 43.10 
 24h 47.95d 1.74 3.63 43.90 50.20 
 0h 2.04a 0.81 39.70 0.88 3.77 
 3h 3.46b 0.99 28.53 1.85 5.59 

DFI (%) 6h 6.26c 2.30 36.74 3.16 14.22 

 12h 10.41d 2.38 22.88 6.22 16.25 
 24h 15.54e 4.17 26.80 9.83 26.35 

a,b,c,d,e: significantly differed between time points (P<0.01). ± S.D: standart deviation, CV: Coefficient of variation. 

0h: Directly after sperm thawing, 3h: Three hours incubation at 37ºC after sperm thawing, 6h: Six hours incubation 

at 37ºC after sperm thawing, 12h: Twelve hours incubation at 37ºC after sperm thawing, 24h: Twenty-four hours 

incubation at 37ºC after sperm thawing. 
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Table 8:  Relationships between the relative changes of sperm parameters before cryopreservation 0h to 3h incubation 

at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI %HMMP-
PMI 

NO-PMI 
(channel) 

DCFH-PMI 
(channel) 

DHR-PMI 
(channel) 

MITOSOX-
PMI 

(channel) 
%DFI 

 
%PMS 

 
0.81c 0.58a -0.45a 0.23 0.01 0.42a -0.01 

  
  %PMAI 
  

0.70c -0.37 0.26 0.02 0.19 0.18 

   %HMMP-PMI 
   

-0.53a 0.16 0.09 0.22 0.02 

    NO-PMI 
(channel)     

-0.32 0.20 -0.15 -0.10 

     DCFH-PMI 
(channel)      

0.10 0.36 -0.17 

      DHR-PMI 
(channel)       

0.00 -0.14 

       MITOSOX-PMI 
(channel)        

0.20 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 9: Relationships (Pearson’s correlation coefficient) between sperm parameters after cryopreservation immediately 

after thawing at 0h. In each of 6 bulls 4 ejaculates were examined. 

 

 

  

%PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.96c 0.93c 0.48a 0.48a -0.14 -0.16 -0.56a 

  
  %PMAI 

  

0.97c 0.49a 0.49a 0.01 -0.19 -0.62b 

   %HMMP-PMI 
   

0.49a 0.49a 0.09 -0.25 -0.55a 

    NO-PMI 
(channel)     

-0.99c -0.22 -0.23 -0.21 

     DCFH-PMI 
(channel)      

-0.22 -0.23 0.21 

      DHR-PMI 
(channel)       

-0.04 -0.09 

       MITOSOX-PMI 
(channel)        

-0.01 

        
%DFI 

        

a: P<0.05; b P<0.001; c P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 10: Relationships (Pearson’s correlation coefficient) between sperm parameters before cryopreservation after 3h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

 
%PMS %PMAI %HMMP-PMI 

NO-PMI 

(channel)  

DCFH-PMI 

(channel) 

      DHR-PMI 

(channel) 

 

MITOSOX-PMI 

(channel) %DFI 

 %PMS 
 

0.96c 0.86c 0.08 0.28 -0.04 -0.16 0.10 

  
  %PMAI 

  

0.90c 0.14 0.23 -0.01 -0.09 0.09 

   %HMMP-

PMI    
0.02 0.25 0.06 0.03 0.02 

    NO-PMI 
(channel)     

0.39a -0.01 0.01 0.02 

     DCFH-PMI 
(channel)      

0.14 0.39a -0.16 

      DHR-PMI 
(channel)       

0.46a -0.25 

       MITOSOX-
PMI 
(channel)        

-0.22 

        
%DFI 

        

a: P<0.05; b P<0.001; c P<0.0001; Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 11:  Relationships (Pearson’s correlation coefficient) between sperm parameters after cryopreservation after 3h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

 

 
%PMS %PMAI 

%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-PMI 

(channel) 
%DFI 

 %PMS 
 

0.98c 0.97c 0.35 -0.01 0.28 0.03 -0.39a 

  
  %PMAI 

  

0.98c 0.42a 0.08 0.25 -0.07 -0.47a 

   %HMMP-

PMI    
0.40a 0.04 0.26 -0.02 -0.41a 

    NO-PMI 
(channel)     

0.07 .0.05 -0.55a -0.48a 

     DCFH-PMI 
(channel)      

-0.09 -0.16 -0.22 

      DHR-PMI 
(channel)       

-0.21 -0.26 

       MITOSOX-
PMI 
(channel)        

 0.59a 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 12: Relationships (Pearson’s correlation coefficient) between sperm parameters before cryopreservation after 6h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-PMI 

(channel) 
%DFI 

 %PMS 
 

0.88c 0.87c 0.10 0.14 0.11 -0.08 .0.05 

  
  %PMAI 

  

0.98c 0.14 0.02 0.07 0.10 0.01 

   %HMMP-PMI 
   

0.12 0.01 0.11 0.07 -0.04 

    NO-PMI 
(channel)     

0.52a -0.01 -0.37 .0.05 

     DCFH-PMI 
(channel)      

0.18 -0.57a 0.13 

      DHR-PMI 
(channel)       

-0.47a 0.02 

       MITOSOX-
PMI 
(channel)        

-0.28 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), 

high mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein 

(DCFH), mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 13:  Relationships (Pearson’s correlation coefficient) between sperm parameters after cryopreservation 6h 

incubation at 37°C. In each of 6 bulls 4 ejaculates were examined. 

 

 %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-PMI 

(channel) 
%DFI 

%PMS 0.98c 0.95c -.0.05 -0.09 -0.20 0.12 -0.06 

%PMAI 0.97c -0.01 -0.08 -0.19 0.03 -0.08 
 %HMMP-PMI 
 

0.06 -0.02 -0.32 0.01 -0.09 

  NO-PMI 
(channel)   

0.47a -0.13 -0.14 -0.41a 

   DCFH-PMI 
(channel)    

-0.01 0.09 -0.14 

    DHR-PMI 
(channel)     

-0.31 0.01 

     MITOSOX-
PMI 

(channel)  
     

0.24 

      %DFI  

 

      

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), 

high mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein 

(DCFH), mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 14:  Relationships (Pearson’s correlation coefficient) between sperm parameters before cryopreservation after 12h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-PMI 

(channel) 
%DFI 

 %PMS 
 

0.89c 0.86c -0.11 -0.31 -0.17 -0.12 -.0.05 

  
  %PMAI 

  

0.94c -0.03 -0.19 -0.10 -0.01 0.10 

   %HMMP-

PMI    
-0.03 -0.24 -0.14 -0.07 0.15 

    NO-PMI 
(channel)     

0.74c -0.22 0.09 0.14 

     DCFH-PMI 
(channel)      

-0.01 0.22 0.18 

      DHR-PMI 
(channel)       

0.04 -0.03 

       MITOSOX-
PMI 
(channel)        

0.10 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI).



Appendices 
 
 

 85 

 

Table 15: Relationships (Pearson’s correlation coefficient) between sperm parameters after cryopreservation 12h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.78c 0.79c -0.37 -0.09 -0.12 0.21 -.0.05 

  
  %PMAI 

  

0.98c -0.04 -0.24 0.04 0.17 .0.05 

   %HMMP-

PMI    
-0.06 -0.17 -0.02 0.22 0.02 

    NO-PMI 
(channel)     

-0.02 -0.11 0.10 -0.01 

     DCFH-PMI 
(channel)      

-0.68b 0.27 -0.37 

      DHR-PMI 
(channel)       

-0.29 0.04 

       MITOSOX-
PMI 
(channel)        

-0.31 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI).
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Table 16:  Relationships (Pearson’s correlation coefficient) between sperm parameters before cryopreservation after 24h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.84c 0.78c 0.31 -0.23 0.17 0.01 -0.13 

  
  %PMAI 

  

0.94c 0.22 -0.04 0.28 -0.22 -0.24 

   %HMMP-

PMI    
-0.24 -0.15 0.32 -0.23 -0.31 

    NO-PMI 
(channel)     

0.19 -0.12 -0.26 0.40a 

     DCFH-PMI 
(channel)      

0.15 -0.42a -0.08 

      DHR-PMI 
(channel)       

-0.01 -0.09 

       MITOSOX-
PMI 
(channel)        

 0.23 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 17:  Relationships (Pearson’s correlation coefficient) between sperm parameters after cryopreservation 24h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel)  

%DFI 

 %PMS 
 

0.58a 0.51a 0.24 0.48 a -0.01 -0.16 0.13 

  
  %PMAI 

  

0.91c -0.01 0.24 -0.09 -0.13 0.06 

   %HMMP-

PMI    
0.07 0.36 -0.24 -0.01 0.08 

    NO-PMI 
(channel)     

0.76c -0.49a 0.27 -0.28 

     DCFH-PMI 
(channel)      

-0.35 0.15 -0.11 

      DHR-PMI 
(channel)       

-0.17 -.0.05 

       MITOSOX-
PMI 
(channel)        

0.09 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 18: Relationships between the relative changes of sperm parameters before cryopreservation 0h to 3h incubation 

at 37°C. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 
%PMS 

 
0.81c 0.58a -0.45a 0.23  0.01 0.42a -0.01 

  

  %PMAI 

  

0.70c -0.37 0.26 0.02 0.19 0.18 

   %HMMP-

PMI    
-0.53a 0.16 0.09 0.22 0.02 

    NO-PMI 
(channel)     

-0.32 0.20 -0.15 -0.10 

     DCFH-PMI 
(channel)      

0.10 0.36 -0.17 

      DHR-PMI 
(channel)       

0.00 -0.14 

       MITOSOX-
PMI 
(channel)        

0.20 

        
%DFI 

        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI).
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Table 19:  Relationships between the relative changes of sperm parameters before cryopreservation 0h to 6h incubation 

at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.87c 0.87c -0.28 0.51a  0.11 0.25 -0.03 

  
  %PMAI 

  

0.98c -0.22 0.45a -0.02 0.26 -.0.05 

   %HMMP-

PMI    
-0.23 0.42a 0.02 0.21 -0.12 

    NO-PMI 
(channel)     

-0.10 0.28 -0.06 -0.03 

     DCFH-PMI 
(channel)      

0.43a 0.03 -0.07 

      DHR-PMI 
(channel)       

-0.17 -0.41a 

       MITOSOX-
PMI 
(channel)        

-0.21 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 20:  Relationships between the relative changes of sperm parameters before cryopreservation 0h to 12h 

incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.86c 0.82c -0.28 0.00  -0.09 0.08 0.24 

  
  %PMAI 

  

0.93c -0.39a 0.37 -0.06 0.12 0.26 

   %HMMP-

PMI    
-0.34 0.25 0.06 0.10 0.15 

    NO-PMI 
(channel)     

-0.01 0.28 -0.21 0.11 

     DCFH-PMI 
(channel)      

0.14 0.07 0.19 

      DHR-PMI 
(channel)       

0.04 -0.26 

       MITOSOX-
PMI 
(channel)        

-0.18 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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 Table 21: Relationships between the relative changes of sperm parameters before cryopreservation 0h 

to 24h incubation at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 
%PMS 

 
0.74c 0.71c -0.41a -0.01  0.04 0.44a -0.15 

  

  %PMAI 

  

0.91c -0.33 0.11 0.23 0.30 -0.38a 

   %HMMP-

PMI    
-0.33 -0.01 0.37 0.14 -0.45a 

    NO-PMI 
(channel)     

-0.18 0.01 -0.25 0.43a 

     DCFH-PMI 
(channel)      

0.07 -0.01 .0.05 

      DHR-PMI 
(channel)       

0.01 -0.07 

       MITOSOX-
PMI 
(channel)        

0.10 

        
%DFI 

        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI).
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Table 22: Relationships between the relative changes of sperm parameters after cryopreservation 0h to 3h incubation at 

37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.94c 0.87c -0.25 -.0.05  0.21 0.46a .0.05 

  
  %PMAI 

  

0.94c -0.35 -0.00 0.37 0.44a 0.09 

   %HMMP-

PMI    
-0.42a -0.10 0.51a 0.37 0.22 

    NO-PMI 
(channel)     

0.60a -0.58a -0.36 0.01 

     DCFH-PMI 
(channel)      

-0.19 -0.13 0.21 

      DHR-PMI 
(channel)       

0.13 0.29 

       MITOSOX-
PMI 
(channel)        

0.01 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 23 : Relationships between the relative changes of sperm parameters after cryopreservation 0h to 6h incubation at 

37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.94c 0.95c -0.25 -0.18  -0.33 -0.01 0.25 

  
  %PMAI 

  

0.96c -0.35 -0.24 -0.17 -0.06 0.17 

   %HMMP-

PMI    
-0.30 -0.19 -0.29 -0.03 0.26 

    NO-PMI 
(channel)     

0.87c -0.21 -0.06 -0.03 

     DCFH-PMI 
(channel)      

-0.13 -0.27 0.03 

      DHR-PMI 
(channel)       

-0.27 .0.05 

       MITOSOX-
PMI 
(channel)        

-0.19 

        %DFI 
        

a P<0.05; b P<0.001; c P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 24:  Relationships between the relative changes of sperm parameters after cryopreservation 0h to 12h incubation 

at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.76c 0.75c -0.18 -0.10  -0.18 -0.03 -0.10 

  
  %PMAI 

  

0.98c 0.14 -0.29 0.12 -0.07 -0.15 

   %HMMP-

PMI    
0.17 -0.24 0.09 -0.04 -0.10 

    NO-PMI 
(channel)     

0.39a -0.19 -0.06 0.16 

     DCFH-PMI 
(channel)      

-0.72c 0.17 -0.17 

      DHR-PMI 
(channel)       

-0.15 0.18 

       MITOSOX-
PMI 
(channel)        

-0.23 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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Table 25:  Relationships between the relative changes of sperm parameters after cryopreservation 0h to 24h incubation 

at 37ºC. In each of 6 bulls 4 ejaculates were examined. 

  %PMS %PMAI 
%HMMP-

PMI 

NO-PMI 

(channel) 

DCFH-PMI 

(channel) 

DHR-PMI 

(channel) 

MITOSOX-

PMI 

(channel) 

%DFI 

 %PMS 
 

0.60a 0.58a 0.33 0.36  -0.19 -0.37 -0.24 

  
  %PMAI 

  

0.95c 0.21 0.33 -0.17 -0.40a -0.19 

   %HMMP-

PMI    
0.16 0.31 -0.22 -0.36 -0.20 

    NO-PMI 
(channel)     

0.90c -0.63a 0.04 -0.19 

     DCFH-PMI 
(channel)      

-0.60a -0.01 -0.13 

      DHR-PMI 
(channel)       

-0.15 0.18 

       MITOSOX-
PMI 
(channel)        

-0.03 

        %DFI 
        

a: P<0.05; b: P<0.001; c: P<0.0001. Progressive motile sperm (PMS), plasma membrane acrosome intact (PMAI), high 

mitochondrial membrane potential (HMMP-PMI), nitric oxide (NO), dihydrodamine (DHR), dichlorfluorescein (DCFH), 

mitosox (MITOSOX), DNA fragmentation index (DFI). 
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