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Review on recent advancement in semen additives 

for improving cryopreservation of bull semen 

 
Debbarma Kinkar, Karunakaran M, Sarkar Debajyoti, Debbarma Asish, 

Rahman Mokidur and Swain K Sangram 
 

Abstract 
Artificial insemination (AI) and semen cryopreservation are the most widely used assisted reproductive 

technologies (ART) in livestock farming. Bovine reproduction, particularly in developing countries, 

relies heavily on assisted reproduction using AI with cryopreserved semen. During cryopreservation, the 

sperm cells face plenty of cold-induced insults. Especially oxidative stress due to excessive Reactive 

Oxygen Species (ROS) production, the sperm plasma membranes suffer a lot of damage. It leads to the 

reduction in the quality of spermatozoa in terms of its motility and fertility. Additives are various 

supplements added in semen extender to improve the freeze thaw sperm recovery and fertility. Majority 

of the supplements have antioxidant property hence scavenging free radicals and preventing lipid 

peroxidation. Semen additives are classified based on their chemical composition and their mechanism of 

action. This review article will discuss about various semen additives used over the past decade for 

cryopreservation of bovine semen. 
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Introduction 
In developing countries, assisted reproductive technologies are still in an infantile stage; 

artificial insemination and frozen semen technology play a significant role in the field of 

bovine reproduction. But to exploit the existing superior male germplasm using frozen semen 

technology there are various hurdles to be dealt with. One such important issue that arises 

during the cryopreservation process of bull semen is the reduction in quality and fertility of 

semen due to the various physiological, mechanical stresses, and structural changes the sperm 

cells have to encounter. The quality of a substantial fraction of sperm cells is compromised 

during the freeze-thaw cycle even after following the controlled semen extension and freezing 

protocols. Sperm cells are envisaged to face plenty of insults during preservation such as 

fluctuations in pH, osmotic changes, energy depletion, cold shock, and cryodamages. 

Cryopreservation leads to excessive production of reactive oxygen species (ROS) due to the 

various stresses it has to endure such as atmospheric oxygen exposure, thermal shock, removal 

of seminal plasma [16].  

The plasma membrane of the sperm cell is the primary site of damage during cryopreservation. 

The ROS attacks the phospholipid and cholesterol of the plasma membrane causing lipid 

peroxidation and cholesterol efflux during cryopreservation leading to disturbances in the 

cholesterol and phospholipid ratio. Successive insults faced by sperm cells in the form of lipid 

peroxidation, ice crystallization, changes in pH, and osmotic pressure will lead to debilitated 

motility and membrane integrity, DNA damage, and cell death. All these factors will 

eventually lead to cell death and compromise the fertilization capacity of sperm [160]. 

So, the question arises as to what and how the semen additives will be useful in the scenario to 

overcome the damages to sperm cells during freezing and thawing? Semen additives are 

supplements added to semen extender to enhance the semen keeping quality. Additives 

generally possess antioxidative properties, thus scavenging and neutralizing free radicals and 

protecting the sperm cells from lipid peroxidative damages. Apart from free radical scavenging 

activity, some additives improve sperm motility, stability, and fertility. Several new additives 

have been researched and designed in recent years. These additives can protect male gametes 

from the harmful effects of cryopreservation [9].  
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Different classes of semen additives 

Several components possessing a protective effect on sperm 

cells during cryopreservation are added regularly to the long 

list of existing semen additives. Thus for ease, additives are 

classified according to their chemical composition or their 

mechanism of action.  

1. Antioxidant: Resveratrol, Vitamin-E, Vitamin C. 

2. Antioxidant Preservatives: Butylated hydroxy anisole 

(BHA), Butylated hydroxy toluene (BHT), Tert-butyl 

hydroquinone. 

3. Methylxanthine: Pentoxifylline (PTX), Theophylline, 

Caffeine. 

4. Trace Elements: Magnesium, Zinc, Copper, Selenium. 

5. Enzymes/ Co-factor: Glutathione peroxidase (GPx), 

Superoxide desmutase (SOD), Catalase. 

6. Amino acids/Proteins: Methionine, Cysteine, Taurine, 

Glutamine, Hypotaurine, Bovine serum albumin. 

7. Sugar/Polysaccharides: Raffinose, Hyaluronic acid, 

Trehalose. 

8. Cell membrane stabilizers: DHA (Docosahexaenoic 

acid), CLC (Cholesterol loaded cyclodextrins). 

9. Miscellaneous: Antifreeze proteins, Iodixanol, Oxyrase. 

 

Below listed are the semen additives used for 

cryopreservation of bull semen (Table 1).  

 

Table 1: List of semen additives used for cryopreservation of bull semen. 
 

Sr. 

no. 
Additive Extender Mechanism of Action 

Sr. 

no. 
Additive Extender Mechanism of Action 

1 
1.5 mmol/l LYC 

(Lycopene) [161] 
Triladyl® 

Natural carotenoid quench 

singlet oxygen 
30 

Elamipretide TFA 

(5-10 μM) [97] 
BIOXcell® 

Restores energy 

production, reduces 

ROS and increases 

ATP synthesis 

2 

AX (Astaxanthin) 

supplementation 

(@2 μM) [144] 

TEYCAF 
Neutralizes free radicals or 

other oxidants 
31 

Relaxin (25 ng/ml) 
[55] 

Bullxcell® 

Improves motility and 

viability through 

specific sperm-surface 

receptors 

3 
Resveratrol (1 

mM) [31] 

Tris-based 

extender 

Antioxidant activity: acts 

both in the initiation and 

propagation of the 

oxidative process 

32 

Trehalose 100mM 
[155] 

 

TFYG 

Protective role against 

osmotic effect-protects 

sperm plasma 

membrane 

4 
Cysteamine 7.5 

Mm [137] 

Tris-based 

extender 

Increases the synthesis of 

both glutathione and other 

potent antioxidant enzymes 

33 100 mM sucrose [58] 
TCYF 

extender 

Non-permeable sugar 

render hypertonic 

media decreasing 

intracellular freezable 

water 

5 

Cysteamine 2 mM 

and ALA (Alpha-

Lipoic Acid)1 mM 
[72] 

Tris-based 

extender 

High reactivity towards 

free radicals , increase 

tissue levels of reduced 

glutathione 

34 

Raffinose 25mM 

plus glutamine 

3mM [158] 

Optydil® 

extender 

Sugar decrease 

intracellular ice crystal 

formation, glutamine 

protect the structure of 

biological membranes 

of sperm 

6 

30 μM of CoQ10 

(Coenzyme Q10) 
[133] 

Tris -egg 

yolk 

extender 

Scavenges free radicals and 

inhibits oxidation of lipid 
35 

Hyaluronan 0.25 

mg ml-1 [137] 

Tris-based 

extender 

Increase in 

phosphorylation and 

ATP levels-improved 

flagellar function and 

motility 

7 
5 mM sodium 

pyruvate (Pyr) [94] 

Triladyl® 

extender 
Acts as a H2O2 scavenger 36 

Dithioerythritol at 

0.5 mm [32] 

Tris-based 

extender 

Prevents the oxidation 

of sulphydryl groups 

8 

1 mM of GSH 

(reduced 

glutathione) [116] 

TFYG 
Neutralizing ROS by 

reduction of peroxide 
37 

3 ng/mL of DHA 
[84] 

BioXcell® 

Component of lipid 

bilayer of the sperm 

plasma 

membrane 

9 

2.5 mM, l-ascorbic 

acid+ 2 mM 

reduced 

glutathione [53] 

Tris-based 

extender 
Potent antioxidant activity 38 

10 ng/ml 

DHA+0.02 mmol 

Vit E [117] 

BioXcell® 

Component of lipid 

bilayer of the sperm 

plasma 

membrane 

10 

100 IU/mL of SOD 

(Superoxide 

dismutase) [116] 

TFYG 
Catalyzes dismutation of 

superoxide radical 
39 5 ng/ml ALA [85] BioXcell® 

Improving plasma 

membrane fluidity and 

integrity 

11 
Catalase 20 IU/mL 

[11] 
Triladyl® 

Removes or minimizes 

both intracellular 

andextracellular H2O2 

40 

1.5% Soy Lecithin 

in 2% Virgin 

Coconut Oil [153] 

Tris-based 

extender 

Saturated and 

unsaturated fatty acids , 

antioxidants: maintain 

the structure of sperm 

plasma membrane 

12 
Melatonin 2mM 

[155] 
TFYG 

Potent scavenging effect on 

NO and Reactive Oxygen 

Species (ROS) 

41 
2 mg of CLC/120 

x106 sperm [114] 
TCA 

Cholesterol strengthens 

and protects 

membrane structures 

13 EDTA (0.1%) [122] TFYG 

Prevents conversion of 

superoxide anion into 

hydrogen peroxide by 

42 0.9 mM Mn+2 [52] 
Tris-based 

extender 

Cofactor of 

mitochondrial 

superoxide 
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inhibiting divalent-ion-

dependant SOD. 

dismutase, an 

antioxidant enzyme 

which scavenges 

oxygen 

free radicals 

14 1 mg/ml Vit E [25] 
Tris-based 

extender 

Scavenges oxygen radicals 

, intercepts lipid peroxyl 

radicals 

43 

Se-NPs 1.0 mg/ml 

(Selenium Nano 

particles) [89] 

Tris-yolk 

fructose 

(TYF) 

Antioxidant defense , 

enhances ATP-utilizing 

and ATP-regenerating 

pathways 

15 
2.50 mg⁄ ml 

vitamin B12 [77] 

Tris-based 

extender 

Decrease the amount of 

ROS from oxidative stress 
44 

1 μg/ml 

(AFPI)Antifreeze 

protein I [125] 

Eqcell-sire®; 

IMV, 

L’Aigle, 

France 

Inhibit ice 

recrystallization : 

protecting membranes 

against freezing injuries 

 

16 

2.5 mM, l-ascorbic 

acid + catalase 100 

IU/ml [53] 

Tris-based 

extender 
Potent antioxidant activity 45 

Iodixanol (2.5 %) 
[39] 

Tris -egg 

yolk 

Non-penetrating 

cryoprotectant (altering 

the ice crystal 

formation by removal 

of water from the 

solution at lower 

temperatures) 

17 
50 IU/mL SOD + 

0.5 mM GSH [116] 
TFYG Counteraction of ROS 46 

Oxyrase (0.125 

IU/ml) [119] 

Tris-egg 

yolk 

extender 

Reduce ROS 

production by reducing 

O2 levels 

18 
0.5mM butylated 

hydroxytoluene [10] 

Tris-citric 

acid 

extender 

Decrease in oxidative stress 

and ROS production 
47 (Honey)10% [40] 

Tris-citric 

acid- 

fructose egg 

yolk 

Antioxidant Property 

19 

Tert-butyl 

hydroquinone 

(tBHQ) 5 μM [79] 

Optydil® 

extender 

Reduces reactive oxygen 

species 
48 

4 μg/mL Spirulina 

maxima extract [113] 

BIOXcell® 

extender 
Antioxidant potential 

20 

Sodium 

nitroprusside 

(SNP) 100 

nmol/ml [91] 

Bioxcell® 

Prohibition of lipid per 

oxidation is associated with 

its ability in reaction with 

alkoxy lipid radicals (LX), 

lipid peroxyl (LOO) and 

chain-breaking oxidation 

49 
10% Pomegranate 

Juice extract [57] 

Tris-citric 

acid-egg 

yolk-

fructose 

Antioxidant property of 

polyphenols 

21 

PTX 

(Pentoxifylline) 

(3.6 mM) [25] 

Tris-based 

extender 

Neutralization of reactive 

oxygen species (ROS), 

Phosphodiesterase inhibitor 

(↑cAMP) 

50 

Catechin 50 μg/mL 

(CT), green tea 

extract [81] 

Tris-based 

extender 

Antioxidant property of 

polyphenols 

22 
Caffeine (0.5%) 

[122] 
TFYG 

Stimulatory effect on 

kinetic activity 

(↑cAMP) and respiration of 

spermatozoa 

51 

Diospyros kaki 

(Persimmon fruit) 

(1-6%) [172] 

Tris-Citrate-

Fructose egg 

yolk 

Antioxidant property of 

flavonoids 

23 
Glutamine 3 mM 

[158] 

Optydil® 

extender 

Main components of 

glutathione: prevent Lipid 

peroxidation 

52 

10 g L–1 

of rosemary extract 
[43] 

TEY 

extender 

Antioxidative 

components: Carnosol, 

carnosic, rosmanic 

acids 

24 
Fetuin10 mg ml-1 

[137] 

Tris-based 

extender 
Antioxidant property 53 

Curcumin (50 

μmol/l [159] 
Triladyl® 

ROS scavenger and a 

powerful LPO inhibitor 

25 

BSA-Bovine 

Serum Albumin (1 

g/100 mL) [12] 

Citrate-egg 

yolk 

extender 

Eliminate free radicals 

generated by oxidative 

stress 

54 

Silymarin 

(Silybum 

marianum) (0.18 & 

0.36 mg/ml) [56] 

Tris-Citrate-

Fructose egg 

yolk 

Antioxidant property 

26 
Cysteine (5 mM) 

[124] 
EYTG 

Precursors of Glutathione 

biosynthesis 
55 

Aloe vera extract 

(5l/μml) [142] 
TEYCAFG Acts as an antioxidant 

27 50 mM Taurine [36] 

Tris-based 

egg yolk 

extender 

Inhibits lipid peroxidation, 

protects the cells against 

the accumulation of 

reactive oxygen species 

56 

Avena sativa seeds 

aqueous extract 

(AEASS) (1-1.5%) 
[6] 

Tris-

extender 

Polyphenols present 

provides antioxidant 

property 

28 
Arginine 0.005 

M/ml [5] 

Tris-yolk-

fructose 

Production of nitric oxide 

(NO) mechanism -protects 

structural and functional 

integrity 

57 

Eurycoma 

longifolia aqueous 

extract (5 mg/ml) 
[15] 

Tris-egg 

yolk 

extender 

Bioactive components 

(quassinoids) acts 

against oxidative stress 

29 
Buserelin® 

(2μg/ml) [98] 
BIOXcell® 

It protects the sensitive 

DNA structures and cell 

membrane of sperm 
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Antioxidants 

Antioxidants are agents that can neutralize or reduce the 

formation of free radicals, breakdown the substrates of 

oxidation, and decrease the risk of injuries to spermatozoa 

during cryopreservation [132]. Antioxidants may be a 

preventive antioxidant viz. catalase, EDTA, and, transferrin, 

which prevents the formation of ROS, or scavenging 

antioxidants such as ascorbic acid and vitamin E, which 

removes the existing ROS [101]. Antioxidants can also be 

categorized into enzymatic antioxidants viz. GSH, catalase, 

SOD and non-enzymatic antioxidants viz. carotenoids, 

vitamins C and E, taurine, albumin, cysteines [21]. Some of the 

primary antioxidants naturally present in mammalian semen 

are glutathione, reduced glutathione, glutathione peroxidase, 

superoxide dismutase, catalase Vit E and C, melatonin, etc 
[123]. These antioxidants protect the sperm cells from harmful 

lipid peroxidation and maintain its integrity and viability. 

However, there is a significant reduction in the level of 

intracellular antioxidants following a freeze/thaw cycle [29]. 

Thus, antioxidant supplementation is beneficial to defend the 

sperm cells from oxidative stress during the cryopreservation 

process. 

Enzymatic antioxidants neutralize free radicals by converting 

dangerous free radicals into hydrogen peroxide (H2O2) and 

then to water. The enzymatic antioxidants that take part in the 

neutralization of free radicals are superoxide dismutase 

(SOD), glutathione peroxidase (GPX), and catalase. SOD 

catalyzes the dismutation process of superoxide (O2
-) into 

oxygen (O2) and hydrogen peroxide (H2O2). It prevents 

cholesterol efflux and the production of lipid peroxidation 

end-products such as malondialdehyde or MDA). Thus it 

suppresses the premature hyperactivation, capacitation, and 

the acrosomal reaction of sperm cells. Moreover, it can 

maintain the acrosomal, plasma, and membrane integrity, the 

cytoskeletal structure of flagella, and the motility of the 

sperm.  

Glutathione is a tripeptide that is naturally present in semen 

but its concentration decreases following cryopreservation 

due to removal and dilution of seminal plasma [29]. 

Glutathione is mainly present in reduced form (GSH) and 

oxidized form (GSSG), their ratio being an indicator of 

cellular oxidative stress. The glutathione antioxidant system 

consists of reduced glutathione (GSH), oxidized glutathione 

(GSSG), glutathione peroxidase (GPx), glutathione reductase 

(GRX), and glutathione-s-transferase. GPx catalyzes the 

conversion of toxic H2O2 into water and hydroperoxides by 

GSH [28]. GRX stimulates the reduction of GSSG back to 

GSH to complete the cycle. Thus, GSH and GPx are added in 

semen extenders as additives to prevent the lipid peroxidation 

induced by toxic H2O2. Catalase is an enzymatic antioxidant 

present both in the cytoplasm as well as in the seminal 

plasma. It is the first line of defense against ROS and free 

radicals. However, the concentrations are significantly lower 

in bovine semen; hence its supplementation in the extender 

can help sperm cells to defend against lipid peroxidation [64]. 

It catalyzes both intracellular and extracellular H2O2 present 

into water (H2O) and oxygen (O2) [18]. One catalase molecule 

can dissociate 2 million molecules of H2O2 per minute and 

suppresses the NADPH oxidase enzyme system to reduce 

production as well as neutralize superoxide radicals, 

inhibiting the chain reaction that leads to LPO [1]. 

Non- enzymatic antioxidants are diverse groups of 

compounds that functions as an antioxidant but doesn’t 

belong to enzyme group chemically. This includes vitamins, 

carotenoids, melatonin, thiol groups, etc. Vitamins such as 

vitamin E, B, and C are capable of scavenging ROS and can 

prevent lipid peroxidation of the sperm membrane. Vitamin C 

or ascorbic acid is a water-soluble antioxidant that can 

scavenge various radicals such as superoxide, hydroxyl, and 

hydrogen peroxide radicals [62]. About 65% of the seminal 

antioxidant capacity is in the form of vitamin C which 

prevents the formation of harmful hydroperoxide products 

(malondialdehyde, 4-hydroxy-2-hexanal, 4-hydroxy-2-

nonenal) by preventing the formation of peroxide radicals [82]. 

Vitamin B12 or Cyanocobalamin (stable form), a water-

soluble vitamin, is added into semen extenders as it can 

scavenge ROS and prevent membrane lipid peroxidation. It 

indirectly stimulates ROS scavenging by the preservation of 

glutathione, reduces oxidative stress induced by homocysteine 

and glycation end products [162]. Vitamin B12 functions as a 

coenzyme in various biochemical processes related to energy 

and amino acid metabolism [83]. Vitamin E or alpha-

tocopherol is one of the vital components of the spermatozoal 

antioxidant system and is a potent ROS scavenger, thus 

prevents lipid peroxidation of the cell membrane [20]. It plays a 

role in halting the propagation of lipid peroxidation chain 

reaction by intercepting lipid peroxyl radicals that are 

important for the propagation of lipid peroxidation. It also 

breaks the covalent links formed between ROS and fatty acid 

side chains in the sperm membrane lipids protecting the 

membrane from the harmful effects of lipid peroxidation [171]. 

Carotenoids are a group of natural pigments found in plants 

and animals having antioxidant properties. Astaxanthin (AX) 

is a carotenoid pigment present in aquatic creatures such as 

salmon, trout, shrimp, and lobster, etc. It can easily penetrate 

the sperm cellular membrane thus protects the sperm both 

internally and externally from lipid peroxidation [70]. It also 

neutralizes the free radicals by either accepting or donating an 

electron without being destructed or becoming a pro-oxidant 

during the process. Lycopene (ψ, ψ-carotene; LYC) is another 

natural carotenoid pigment found in red fruits and vegetables 

such as tomatoes, watermelons, carrots, papayas, etc. 

Lycopene possesses natural ROS –quenching ability, 

especially for singlet oxygen (1O2) and trapping of peroxyl 

radicals. It is a highly unsaturated hydrocarbon consisting of 

13 double bonds, out of which 11 are unconjugated and thus 

can donate numerous electrons for ROS neutralization [13]. 

During singlet oxygen (1O2) quenching, energy gets 

transferred from 1O2 to the lycopene, thus trapping ROS 

before they can initiate the lipid peroxidative chain reactions 
[37]. Lycopene is twice as efficient as β-carotene in quenching 

singlet oxygen and ten times faster in comparison to vitamin 

E (α-tocopherol) [129]. Another important non-carotenoid 

polyphenolic antioxidant present in plants is Resveratrol (3, 5, 

40-trihydroxystilbene, RES). It is a natural phytoalexin 

polyphenolic compound produced by various plants such as 

berries and grapes [67] in response to injury, fungal attack, or 

UV irradiation. Phytoalexins are antimicrobial and 

antioxidants that can inhibit the growth of pathogens at the 

site of infection. Resveratrol is more efficient as an 

antioxidant in comparison to vitamin C and E and also elicit 

minimum toxicity [141]. It can permeate the peroxidised rigid 

membranes and increase the membrane fluidity, thus resulting 

in better interaction with the free radicals present in the 

disordered membrane lipid bilayer [30]. Resveratrol can also 

intercept both the initiation and propagation process of lipid 

peroxidation [141] and improve the viability of spermatozoa via 

stimulating the mitochondrial functions of the cell [99]. 
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Another group of non-enzymatic antioxidants is thiols 

containing –SH functional groups. Cysteamine is a thiol 

antioxidant and can stimulate glutathione synthesis by 

reacting with cysteine [45], thus can protect the sperm cell 

against ROS-induced damages during cryopreservation [111]. 

Alpha-Lipoic acid (ALA; 1, 2-dithiolane-3-pentanoic acid) is 

an endogenous thiol group characterized by high antioxidative 

property against free radicals and increases the amount of 

reduced glutathione level in tissues, thus reduces lipid 

peroxidation level [26, 54]. ALA can permeate biological 

membranes easily due to small size and high lipophilicity, 

thus quenching free radical efficiently in both lipid and 

aqueous environments [150]. It is distributed and accumulated 

rapidly in the body and gets converted to its more potent 

antioxidant form, dihydrolipoic acid [120].  

Various sodium salts are used as semen additives. Sodium 

pyruvate is a salt that can neutralize peroxynitrite (ONOOA-) 

and hydrogen peroxide (H2O2). Pyruvate metabolism will 

increase the formation of NADPH, which reduces glutathione 

disulfide (GSSG) to glutathione (GSH), therefore improving 

the antioxidant activity [105]. Another compound, sodium 

nitroprusside (SNP), is a medication used for lowering blood 

pressure. It can increase the nitric oxide (NO ) levels in the 

blood, which prohibits lipid peroxidation by reacting with 

lipid peroxyl (LOO), alkoxy lipid radicals (LX), lipid peroxyl 

(LOO), breaking the chain reaction of oxidation [166].  

Melatonin or N-acetyl-5-methoxy tryptamine is a 

neurohormone derived from indole, synthesized and released 

by the pineal gland. Melatonin is an intracellular antioxidant 
[87] that can pass through membranes easily and gets 

distributed uniformly across all the cellular components due 

to its smaller size. Apart from ROS scavenging property, it 

can improve the mobility and velocity of sperm cells either 

via stimulation of cAMP [169] or Ca2+ ions inside the cell [78]. 

Melatonin supplementation can be beneficial because of the 

presence of melatonin receptors (MT1 and MT2) on the 

sperm itself, where melatonin can bind to and affect sperm 

function. Other important antioxidants used for bull semen 

cryopreservation are Dithioerythritol [32], 

Ethylenediaminetetraacetic acid or EDTA [122], Coenzyme 

Q10 or CoQ10 [133], etc.  

 

Antioxidant preservatives 

Antioxidant preservatives are compounds used to terminate 

auto-oxidation of unsaturated fatty acids present in oils and 

lipids. They are used to decelerate the process of rancidity in 

oils and fats, thus extending the shelf life. Oxygen 

preferentially reacts with antioxidant preservatives instead of 

oxidizing fats and oils, thus protecting them from rancidity 

and spoilage. Examples of antioxidant preservatives used in 

semen cryopreservation include butylated hydroxy anisole 

(BHA), butylated hydroxy toluene (BHT), and tert-butyl 

hydroquinone. Butylated hydroxytoluene (BHT) is an organic 

compound derived from phenol and can modify the functions 

of the sperm membrane’s lipid bilayers [73]. BHT serves as a 

ROS scavenger and reduces the damage to sperm membranes 

and motility apparatus during the freeze-thaw process [92]. 

Anderson et al. (1994) [8], using spin labels and electron spin 

resonance techniques, suggested that BHT increases 

membrane fluidity and presents them as less susceptible to 

cold shock. Also, BHT has antiviral properties and may 

improve the fertility of bull semen by reducing the risk of 

transmitting diseases caused by viruses to cows via AI. 

 

Methylxanthines 

Methylxanthines are a group of compounds produced 

naturally and is present in various common foodstuffs such as 

tea, coffee, and chocolate. They inhibit cyclic nucleotide 

phosphodiesterase (PDE) and prevent the inactivation of 

secondary messengers like cyclic adenosine monophosphate 

(cAMP). It also helps sperm cells to maintain their motility as 

cAMP dependant protein kinase A (PKA) signalling pathway 

is one of the significant signaling pathways of sperm motility. 

Two important examples are Pentoxifylline (PTX) and 

caffeine that stimulates the motility of sperm by inhibiting 

PDE and having an additional effect on ROS neutralization, 

cellular metabolism, etc. 

Caffeine is having a stimulatory effect on sperm respiration 

and kinetic activity. Caffeine inhibits cyclic nucleotide 

phosphodiesterase, an enzyme that hydrolyzes cAMP thereby 

increasing the cAMP level [66]. It stimulates spermatozoan 

glycolysis and also breaks down glycogen into glucose [143]. 

Caffeine may also affect the cellular metabolism of sperm 

cells and induce hyper-activation [74]. 

Pentoxifylline (PTX) is a methylxanthine that inhibits cyclic 

nucleotide phosphodiesterase (PDE), thereby increasing 

intracellular cAMP level [168]. It can neutralize reactive 

oxygen species (ROS) and reduce the effect of lipid 

peroxidation [24, 60]. It also inhibits tumor-necrosis factor-

alpha (TNF-alpha) that is accountable for DNA fragmentation 

and apoptosis or programmed cell death [109, 115]. 

 

Amino acids/Proteins 

Amino acids (AAs) are one of the constituents of seminal 

plasma and can prevent oxidative damage during 

cryopreservation. Amino acid is added in the semen extender 

as it preserves the structure of the sperm plasma membrane 

during the freeze-thaw process. It also maintains the lipids of 

the sperm membrane that are susceptible to peroxidative 

damage [42]. Amino acids function as non-enzymatic 

antioxidants or enhance enzymatic antioxidant synthesis 

inhibiting lipid peroxidation. They either inhibit lipid 

peroxidation or modulate osmotic mechanism. Examples of 

amino acids used as cryoprotective agents are glycine, 

cysteine, taurine, methionine, glutamine, and proline. Amino 

acids such as glutamine, cysteine, and glycine are necessary 

for the synthesis of glutathione (GSH) [157]. Glutamine, a 

tripeptide improves sperm motility and freezing ability after 

the free-thawing process [138, 90]. Cysteine can penetrate the 

cell membrane easily. It not only enhances the intracellular 

GSH biosynthesis but also individually acts as a 

nonenzymatic antioxidant due to the presence of thiol group (-

SH) which directly reacts with electrophiles including 

reactive radicals [71]. Taurine (2-aminoethanesulfonic acid) 

and its precursor, hypotaurine (2-aminoethanesulfunic acid) 

are the end products of cysteine metabolism [80]. They act as a 

non-enzymatic scavenger of ROS and thus provide protection 

against LPO, thereby improving sperm membrane integrity 

and motility. Taurine also enhances the level and functions of 

other enzymatic antioxidants like GPx, SOD, and CAT [107]. It 

prevents cholesterol efflux from the membrane, decreases the 

MDA production, and protects DNA from fragmentation 

during oxidative stress. Arginine, the precursor of nitric oxide 

(NO) maintains the motility and metabolism of sperm [106]. 

Nitric oxide (NO) acts as a ROS scavenger, thus protecting 

the lipid bilayer membrane from peroxidation [146]. NO, also 

improves the motility of sperm, as it increases the rate of 

glycolysis, which subsequently increases the level 
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of Adenosine-5'-triphosphate (ATP) [121].  

Apart from simple amino acids, polypeptides and proteins 

have been incorporated in semen dilutors as semen additives. 

Polypeptides being simple polymer of a defined side chain of 

amino acids, whereas proteins are a complex molecule of 

folded polypeptides. Buserelin acetate, a synthetic peptide 

GnRH analogue, is used as a treatment for female infertility, 

hormone-responsive cancers, uterine diseases, etc. This 

synthetic peptide reduces the percentage of DNA 

fragmentation and thereby improves the quality of frozen-

thawed bovine semen [98]. Elamipretide (Bendavia, MTP-131, 

SS-31), an aromatic-cationic tetrapeptide, can easily pass 

cellular membranes and get localized in the inner 

mitochondrial membrane transiently. In the mitochondrial 

inner membrane, it associates itself with cardiolipin, an 

essential component of mitochondrial energy metabolism. 

Through this, Elamipretide can reduce ROS production and 

increase ATP synthesis in affected cells by restoring energy 

production [151, 152]. 

Bovine Serum Albumin (BSA) and Fetuin are carrier proteins 

found in the blood that has antioxidant property. Their 

antioxidant properties are associated with the reductive 

capacity of chemical groups present in their amino acid 

constituents [63]. Relaxin, a regulatory peptide of the insulin 

family, is a vital component of seminal plasma, and bovine 

semen contains the highest concentration of it. Relaxin 

influences sperm motility and viability through specific 

sperm- surface receptors [93]. Relaxin supplementation to bull 

semen as an additive in cryopreservation media has improved 

the motility, viability, and fertility of sperm [55].  

 

Sugar/polysaccharides 

Sugars are generally classified into simple or complex sugars. 

Simple sugars, especially "disaccharides" can stabilize plasma 

membrane lipid bilayers [3]. These sugars can interact with 

phospholipids of the sperm plasma membrane to increase the 

sperm survivability post-freeze-thawing [4]. Disaccharides like 

sucrose, lactose, trehalose, raffinose, and dextrans are non-

permeable through the plasma membrane. It creates osmotic 

pressure and leads to cell dehydration, thus decreasing the 

amount of intracellular freezable water and subsequently 

lowering the incidence of intracellular ice crystal formation. 

Disaccharides like sucrose and trehalose can serve as a 

cryoprotectant [135], as it aids cell dehydration, preventing ice 

crystal injury of sperm cells during cryopreservation [4]. 

Trehalose can create a non-hygroscopic glass-like state and 

protect the components of the sperm plasma membrane during 

the cryopreservation process. It can interact and modify the 

membrane phospholipids resulting in improved flexibility of 

plasma membrane that can tolerate cryo-injuries [4]. 

Furthermore, it improves the antioxidant activity by 

increasing the glutathione level and reducing the lipid 

peroxide level [3].  

Raffinose is a trisaccharide that stimulates cellular osmotic 

dehydration by interacting with the plasma membrane. It 

forms a metastable glass-like state and reduces the risk of 

intracellular ice crystallization [147]. It also has an indirect 

positive effect on specific ROS scavenger production [163]. 

Hyaluronan is a disaccharide polymer and an essential 

element of the extracellular matrix [59]. It mediates various 

sperm functions such as motility [69] and capacitation [149]. 

Hyaluronan receptors are located in the head, mid-piece, and 

tail region of spermatozoa and can stabilize motility in frozen-

thawed semen [95]. Supplementation of hyaluronan may 

increase the rate of phosphorylation and ATP levels, 

improving the flagellar motility and function [138]. 

 

Cell membrane stabilizers 

Cell membrane stabilizers are the constituents of the cell 

plasma membrane and function as semen additives for 

providing stability and strength to the sperm membrane. The 

plasma membrane of mammalian spermatozoa is composed of 

the lipid bilayer of phospholipids. The phospholipid 

composition and cholesterol: phospholipid ratio of the sperm 

plasma membrane determines the sensitivity of the sperm to 

“cold shock” [75]. Phospholipids are composed of fatty acids, 

usually omega-3 fatty acids. Lipid peroxidation during 

cryopreservation can cause damage to the fatty acids, 

particularly polyunsaturated fatty acids (PUFAs) [96].  

Docosahexaenoic acid (DHA) is one of the main components 

of bovine spermatozoa and sum up to 55-60% of the total 

PUFAs content [88]. DHA can improve the viability and 

quality of cryopreserved bull semen. DHA gets successfully 

incorporated into the sperm plasma membrane before 

cryopreservation and protects the cell membrane by 

increasing the membrane resistance to ice crystal damage. 

Alpha-Linolenic acid (ALA) is an omega-3 fatty acid present 

in the sperm plasma membrane that decreases in 

concentration during the freeze-thaw cycle [110]. ALA 

provides energy and also regulates the cellular membrane 

proteins [140]. It can also act as a cell membrane stabilizer and 

can maintain and regulates the sperm cell’s membrane 

function sustaining its quality and fertility during the 

cryopreservation process. 

Virgin coconut oil (VCO) is rich in both saturated and 

unsaturated fatty acid content [108]. It also possesses natural 

antioxidant capacity due to the presence of antioxidants such 

as polyphenols, tocotrienol, and tocopherols [118]. VCO are 

hydrophobic in nature, thus needs to be emulsified with 

Soybean Lecithin (SL), an excellent emulsifier [49]. The 

composition of SL is similar as that of egg yolk and can 

prevent semen from the adverse effect of cold shock during 

the freeze-thaw cycle. VCO with SL can replenish the 

phospholipid content of the sperm membrane and preserve the 

structure and function of spermatozoa [156].  

An integral component of the sperm cell membrane is 

Cholesterol which protects and strengthens the structures of 

plasma membrane even below the phase transition 

temperature [127]. Cholesterol is removed from the sperm 

plasma membrane during cryopreservation causing premature 

capacitation [17]. Cyclodextrins are oligosaccharides in nature, 

consisting of a hydrophobic interior core and a hydrophilic 

exterior. Cholesterol is hydrophobic and thus can be 

incorporated into the sperm plasma membrane using 

cyclodextrins [38]. Cholesterol loaded cyclodextrins (CLC) 

thus can prevent cryocapacitation and apoptosis-like changes 

induced by cryopreservation. 

 

Trace elements 

Trace elements are minerals that are present in the living 

tissues at minute concentrations. Trace minerals are necessary 

for various functioning of enzymes and proteins associated 

with male reproduction and fertility. Trace elements take part 

in multiple pathways and may function as a cofactor, enzyme 

activator, or secondary molecular structure stabilizer. Trace 

elements such as Zinc, Copper, Manganese, Selenium, Iron, 

Cobalt, Iodine used as semen additive can improve the quality 

of sperm upon cryopreservative processes.  
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Manganese supplementation can reduce the leakage of lipids 

and other sperm contents during oxidative stress conditions 
[22]. Manganese can easily penetrate the sperm cell and help in 

maintenance of optimum ionic balance thus minimize the 

suffering of sperm cells during the freeze-thaw cycle [102]. 

Manganese is a cofactor of enzymatic antioxidant superoxide 

dismutase [2], and may increase the amount of glutathione 

cycle enzymes such as thiols, reduced and oxidized 

glutathione [22]. Manganese stabilizes the sperm plasma 

membrane [27] and may form complexes with unsaturated lipid 

components making them more resistant to free radical 

attacks [34]. Manganese stimulates sperm cell motility, as it 

potentiates adenylate cyclase activity and increases the 

concentrations of adenosine monophosphate (cAMP) [102]. 

Selenium is another essential trace element that is essential 

for numerous physiological processes, especially for 

antioxidant defense [76]. Selenium is a vital component of 

glutathione peroxidase, an enzyme that protects the cell's 

internal structures against free radicals and is an antioxidant 

for cellular membrane lipids [134]. Selenium supplementation 

improves enzymatic rates of ATP-utilizing and ATP-

regenerating pathways of the sperm, which are evaluated by 

motility and oxygen consumption of the sperm [126]. 

 

Antifreeze proteins 

In nature, there exist several unique species which can survive 

low temperature because of a specific group of proteins that 

can bind to ice. These proteins are called antifreeze proteins 

(AFPs) and can prevent ice crystal growth in cells. These 

proteins are present in a wide variety of organisms ranging 

from bacteria, fungi, insects to plants, fish, etc. These proteins 

play a specific role in the survival of the animals at natural 

freezing temperatures. They act by depressing the freezing 

point of water, preventing ice crystal growth and ice 

recrystallization. They interact with lipid components of the 

plasma membrane, blocks ion channels, and stabilize the 

transmembrane electrolyte gradients at low temperatures. It 

reduces the calcium influx and stabilizes the membrane [164]. 

In bovines, AFPs increase osmotic resistance and decreases 

mechanical damage to the sperm [125]. AFPs prevent the ice 

crystal growth between the melting point or colligative 

freezing point and hysteretic freezing point or the temperature 

of ice crystal growth [48]. The difference between these two 

temperatures is known as thermal hysteresis and is an 

outcome of the concentration and specific activity of AFPs. 

AFP’s binds to the surface of ice crystals and prevents water 

molecules from joining the ice lattice and grow in size [130]. It 

causes the ice to grow as convex surface fronts between two 

adjacent adsorbed AFPs, thus lowering the temperature of ice 

crystal growth. The range of thermal hysteresis produced by 

different AFPs varies, highest in freeze-tolerant insects (3-

6°c), marine fishes (0.7-1.5 ºC), and a small fraction in other 

cryotolerant organisms [51, 47].  

 

Iodixanol 

Iodixanol is an iodinated radio-contrast agent used as an 

active ingredient in various ‘cushion’ products during stallion 

semen centrifugation. It protects the plasma membrane and 

preserves the motility of the sperm during the process of 

freezing and thawing. Saragusty et al. (2009) [136] first 

demonstrated the effect of iodixanol in bull semen and 

observed that it raises the glass transition temperature and 

alters the ice crystal structure formation by removing water 

from the solution during cryopreservation. Iodixanol interacts 

with spermatozoa to protect against intracellular ice 

formation, reduce recrystallization, and forms a protective 

outer coating layer helping the spermatozoa to maintain its 

integrity during semen cryopreservation. It acts similarly to 

cryoprotectants such as ethylene glycol, sugar, and glycerol. 

 

Oxyrase 

There exist two strategies to reduce oxidative stress during 

cryopreservation; the first is through the reduction of 

generated ROS by using antioxidants, and the second is by 

reducing sources of ROS production [7]. Oxyrase, 

an Escherichia coli membrane derivative, reduces ROS 

production by reducing the O2 level in semen extender. A part 

of bacteria’s electron transport system, oxyrase can reduce O2 

concentrations in solutions to low levels in the presence of 

hydrogen donor substrate [50]. It has no cytotoxic effect on the 

spermatozoa and has been used successfully in semen 

extenders to improve post-thaw semen qualities [44].  

 

Natural extracts 

Natural or plant extracts have been used for ages as folk 

medicine in both human as well as ethnoveterinary practices. 

Natural or plant extracts are being incorporated in various 

pharmaceutical and consumable food products to fortify the 

nutritive and antioxidant value. There has been an increase in 

terms of utilizing natural/plant extracts as semen additives 

recently as they are laden with various helpful compounds 

like polyphenols, flavonoids, and carotenoids. These 

phytochemicals found in natural extracts like flavonoids and 

other phenolic compounds possess much higher antioxidant 

activity than vitamins E and C [33].The presence of these 

compounds helps in neutralizing free radicals in the semen 

during processing and preservation, thereby improving the 

quality of the semen. Listed below are some natural or herbal 

extract used as semen additives for cryopreservation of bull 

semen. Honey is a natural product produced by honey bees 

that is mainly a combination of sugars, proteins, enzymes, 

vitamins, minerals, flavonoids, and phenolic acids. It contains 

a rich amount of various sugars serving as an energy source 

for the spermatozoa’s survival and motility as well as can act 

as a non-penetrating cryoprotectant during cryopreservation 
[65]. Honey also contains a minute quantity of various 

compounds that may serve as antioxidants such as 

pinobanksin, chrysin, catalase, vitamin C, and pinocembrin 
[61]. 

Diospyros kaki or persimmon is an edible fruit possessing a 

high amount of biologically active substances [46] represented 

by antioxidants like carotenoids [170], polyphenols and 

flavonoids [167], dietary fiber, vitamins and organic acids [86], 

carbohydrates [19], triterpenoids and minerals [112]. Flavonoids 

are potent free radical scavengers, and their antioxidant 

capacity is a function of the number of hydroxyl groups 

present on the phenyl ring of its molecular structure [103]. 

Persimmon possesses a high amount of flavonoids that are 

potent antioxidants and can suppress the production of nitric 

oxide and malondialdehyde, a marker for oxidative stress [148]. 

Pomegranate (Punica granatum) is another fruit that is 

consumed worldwide and is abundant in antioxidants such as 

vitamin C and polyphenols (anthocyanins, punicalagin, ellagic 

and gallic acid) [154]. Due to the combined activity of various 

phytochemicals present in pomegranate Juice extract, it acts 

as potent antioxidant [100, 139]. Oats (Avena sativa L.) is a cereal 

crop consumed worldwide and popular due to its health 

benefits. It is rich in fiber content, minerals, vitamins, and a 
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plethora of polyphenols [41] such as ferulic acid, caffeic acid, 

vanillic acid, p- hydroxybenzoic acid, etc [35]. Polyphenols 

contribute to the antioxidative property of oats by scavenging 

oxygen and nitrogen radical species [35]. 

Turmeric, a rhizomatous plant used as a culinary spice and in 

folk medicine, is a rich source of a natural antioxidant called 

curcumin (CUR) [68]. Curcumin is known to be potent against 

various reactive oxygen species like hydroxyl radicals, 

superoxide anion radicals, nitrogen dioxide radicals [145]. 

Oxidative stress due to semen cryopreservation can cause 

protein oxidation, fragmentation, and proteolysis leading to 

the generation of an excessive quantity of protein carbonyls 
[128]. Curcumin was found effective in reducing the number of 

oxidized proteins in bull spermatozoa due to its reactive 

oxygen species trapping property and also the prevention of 

residual oxygen species to alter the molecular structure of 

proteins found in spermatozoa. Rosemary (Rosmarinus 

officinalis) is a perennial herb that contains potent 

antioxidative compounds like carnosol, carnosic, and 

rosmanic acids having a protective antioxidant role against 

free radicals and lipid peroxidation (LPO) [104]. Another potent 

extract known for its antioxidant properties is silymarin, a 

flavonolignan extracted from the milk thistle plant (Silybum 

marianum). As an antioxidant, it reacts rapidly with free 

radicals inhibiting lipid peroxidation and stimulates the 

activity of enzymatic antioxidants such as superoxide 

dismutase (SOD), glutathione peroxidase [165]. Various other 

natural extract that have been used for bull semen 

cryopreservation are green tea extract [81], Spirulina maxima 

extract [113], rosemary extract [43], Aloe vera extract [142], 

Eurycoma longifolia extract [15], etc.  

 

Conclusion 

Semen additives are useful not in terms of single but multiple 

parameters for improving the cryo preservability of sperm 

cells such as motility, viability, membrane integrity, 

antioxidant property, and subsequently exerting a positive 

effect on fertility. Incorporation of various semen additives in 

semen extenders can significantly improve post-thaw sperm 

quality parameters. Advancement of new sperm assessment 

technology such as Flow cytometry and CASA, also aids in 

understanding the mechanism and function of additives on 

spermatozoa. Thus, semen additives at correct doses are a 

reliable component of semen extenders and can be used at 

frozen semen production facilities for improving the cryo 

preservability of frozen bull semen. 
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