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Introduction

Infertility is a major clinical problem, affecting peo-

ple medically and psychosocially. Fifteen percent of

all couples in the US are infertile and the male factor

is responsible for 25% of these cases.1 Of the many

causes of male infertility, oxidative stress (OS) has

been attributed to affect the fertility status and thus,

it has been studied extensively in recent years. Sper-

matozoa, like any other aerobic cell is constantly fac-

ing the ‘oxygen-paradox’.2 Oxygen is essential to

sustain life as physiological levels of reactive oxygen

species (ROS) are necessary to maintain normal cell

function. Conversely, its breakdown products such

as ROS can prove to be detrimental to cell function

and survival.3 OS has also been implicated in the

pathogenesis of many other human diseases such as

atherosclerosis, cancer, diabetes, liver damage, rheu-

matoid arthritis, cataracts, AIDS, inflammatory

bowel disease, Parkinson disease, motor neuron dis-

ease, and conditions associated with premature

birth.4

Physiological role of ROS in male reproductive

system

Until recently, ROS was considered toxic exclusively

to human spermatozoa. Substantial evidence exists

to suggest that small amounts of ROS are necessary

for spermatozoa to acquire fertilizing capabilities.5–7

Low levels of ROS have been shown to be essential

for fertilization, acrosome reaction, hyperactivation,

motility, and capacitation.8,9 Co-incubation of sper-

matozoa with low concentrations of hydrogen per-

oxide has been shown to stimulate sperm

capacitation, hyperactivation, acrosome reaction, and

oocyte fusion.10–13 ROS such as nitric oxide (NO)

and the superoxide anion have also shown to
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Male factor has been considered a major contributory factor to infertility.

Along with the conventional causes for male infertility such as varico-

cele, cryptorchidism, infections, obstructive lesions, cystic fibrosis,

trauma, and tumors, a new, yet important cause has been identified:

oxidative stress. Oxidative stress (OS) is a result of the imbalance

between reactive oxygen species (ROS) and antioxidants in the body,

which can lead to sperm damage, deformity and eventually male infer-

tility. This involves peroxidative damage to sperm membrane and DNA

fragmentation at both nuclear and mitochondrial levels. OS has been

implicated as the major etiological factor leading to sperm DNA damage.

OS-induced DNA damage can lead to abnormalities in the offspring

including childhood cancer and achondroplasia. In this article, we dis-

cuss the need of ROS in normal sperm physiology, the mechanism of

production of ROS and its pathophysiology in relation to male reproduc-

tive system. The benefits of incorporating antioxidants in clinical and

experimental settings have been enumerated. We also highlight the

emerging concept of utilizing OS as a method of contraception and the

potential problems associated with it.
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promote capacitation and the acrosome reaction.14

Furthermore, ROS have also been implicated in

sperm oocyte interaction.15

Sources of ROS

Reactive oxygen species represent a broad category

of molecules including radical (hydroxyl ion, super-

oxide, NO, peroxyl etc.) and non-radical (ozone, sin-

glet oxygen, lipid peroxide, hydrogen peroxide) and

oxygen derivatives.4 Reactive nitrogen species

(nitrous oxide, peroxynitrite, nitroxyl ion etc) are

free nitrogen radicals and considered a subclass of

ROS.16,17 NO has been shown to have detrimental

effects on normal sperm function inhibiting both

motility and sperm competence for zona binding.18

Virtually every human ejaculate is considered to

be contaminated with potential sources of ROS.12

Human semen is known to contain different types of

cells such as mature and immature spermatozoa,

round cells from different stages of spermatogenesis,

leukocytes, and epithelial cells. Of these different cell

types, leukocytes and spermatozoa have been shown

to be the two main sources of ROS.19

Cytoplasmic droplets (excess residual cytoplasm),

explains the missing link between poor sperm qual-

ity and increased ROS generation. These structures,

which are a result of defective spermiogenesis are

a major source of ROS.20 Studies indicate that reten-

tion of residual cytoplasm by spermatozoa is posi-

tively correlated with ROS generation via

mechanisms that may be mediated by the cytosolic

enzyme glucose-6-phosphate dehydrogenase.6

The generation of ROS by spermatozoa has been

proposed to occur through two ways: (i) nicotin-

amide adenine dinucleotide phosphate (NADPH) oxi-

dase system at the level of the sperm plasma

membrane21 and (ii) NADPH-dependent oxidoreduc-

tase (diphorase) at the mitochondrial level.22

World Health Organization (WHO) defines leuko-

cytospermia (increased leukocyte infiltration in

semen) as the presence of peroxidase-positive leuko-

cytes in concentrations of >1 · 106 per milliliter of

semen. Controversy exists over the clinical signifi-

cance of leukocytospermia.23 Sperm parameters such

as poor quality, decreased hyperactivation, and

defective sperm function24 have been attributed to

leukocytospermia. On the other hand, no correlation

was reported between seminal leukocyte concentra-

tions and impaired sperm quality25 or defective

sperm function.26

Our laboratory has shown that ROS levels were

lower in fertile men than in subfertile patients in

non-leukocytospermic samples in unprocessed (neat)

and washed semen. Similarly, we demonstrated that

in samples with leukocytes, ROS levels were lower in

fertile men in neat and washed semen.27 Further-

more, we have shown that OS correlates with the ris-

ing leukocyte count.28 Thus, it can be concluded that

OS occurs even in patients with a very low seminal

leukocyte count (between 0 and 1 · 106 ⁄ mL) and

increases with an increase in leukocyte count.

Peroxidase-positive leukocytes include polymor-

phonuclear leukocytes (PMNL), which represent 50–

60% of all seminal leukocytes, and macrophages,

which represent another 20–30%.23 These PMNL are

mainly contributed to the human ejaculate by the

prostate gland and the seminal vesicles.24 Infection

and inflammation may activate the leukocytes,29

and these activated leukocytes can produce up to

100-fold higher amounts of ROS compared with

non-activated leukocytes.30,31

Effects of OS

All cellular components including lipids, proteins,

nucleic acids, and sugars are potential targets of OS.

The extent of OS-induced damage depends on the

nature and amount of ROS involved and also on the

duration of ROS exposure and extra-cellular factors

such as temperature, oxygen tension and the com-

position of the surrounding environment (e.g. ions,

proteins, and ROS scavengers).

Lipid peroxidation

Lipids are considered to be the most susceptible mac-

romolecules and are present in sperm plasma mem-

brane in the form of polyunsaturated fatty acids

(PUFA); fatty acids that contain more than two car-

bon–carbon double bonds. ROS attacks PUFA in the

cell membrane leading to a cascade of chemical reac-

tions called lipid peroxidation. One of the by-prod-

ucts of lipid peroxidation is malondialdehyde

(MDA), which has been used in various biochemical

assays to monitor the degree of peroxidative damage

sustained by spermatozoa.26,32 Results of such assays

exhibit an excellent correlation when examining the

relationship between impaired sperm function, dis-

cussed in terms of motility, and the capacity for

sperm-oocyte fusion.33 Recently peroxidative dam-

age to the sperm has been measured using a probe,
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BODIPY (581 ⁄ 591), which gets incorporated into the

cells and when attacked by ROS undergo a spectral

emission.34

Effect on motility

Increased ROS levels have been correlated with

decreased sperm motility.35–37 However, the exact

mechanism through which this occurs is not under-

stood. One hypothesis suggests that H2O2 diffuses

across the membranes into the cells and inhibits the

activity of some vital enzymes such as glucose-6-phos-

phate dehydrogenase (G6PD) via the hexose mono-

phosphate shunt controls the intracellular availability

of NADPH, which is then used as a source of electrons

by spermatozoa to fuel the generation of ROS by an

enzyme system known as NADPH oxidase.38 Another

hypothesis involves a series of interrelated events

resulting in a decrease in axonemal protein phosphor-

ylation and sperm immobilization, both of which are

associated with a reduction in membrane fluidity that

is necessary for sperm-oocyte fusion.39

Loss of motility observed when spermatozoa are

incubated overnight is highly correlated with lipid

peroxidation status of the spermatozoa.40

Furthermore, the ability of antioxidants (a-tocoph-

erol) to revive sperm motility both in vivo and in vitro

is evidence that lipid peroxidation is a major cause

for motility loss in spermatozoa.41

DNA damage by OS

DNA damage in the male germ line cells is associated

with poor fertilization rates following IVF, defective

pre-implantation embryonic development and high

rates of miscarriage and morbidity in the offspring.

Many possible causes of DNA damage include abor-

tive apoptosis, infection, defective spermatogenesis,

and OS.34 DNA damage is often induced by OS,

rather than being the result of other processes such

as defective apoptosis.42–44

ROS causes DNA damage in the form of modifica-

tion of all bases, production of base free sites, dele-

tions, frame shifts, DNA cross links and

chromosomal rearrangements.44 OS is also associated

with high frequencies of single and double strand

DNA breaks (Fig. 1).44,45 ROS can also cause gene

mutations such as point mutation and polymor-

Fig. 1 Mechanism of DNA damage caused by

ROS.
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phism, resulting in decreased semen quality.46,47

Other mechanisms such as denaturation and DNA

base-pair oxidation may also be involved.42 When

DNA damage is small, spermatozoa can undergo self-

repair.15 The oocyte is also capable of repairing dam-

aged DNA of spermatozoa.15 However, if the damage

is extensive, apoptosis and embryo fragmentation

can occur. DNA damage in the Y chromosome can

also cause gene deletion in the Y chromosome of the

offspring leading to infertility.45

Oxidative stress and apoptosis

Apoptosis is a non-inflammatory response to tissue

damage characterized by a series of morphological

and biochemical changes. It helps in elimination of

abnormal spermatozoa.48 High levels of ROS disrupt

the inner and outer mitochondrial membranes,

inducing the release of the cytochrome-c protein

and activating the caspases and apoptosis. Apoptosis

in sperm may also be initiated by ROS-independent

pathways involving the cell surface protein Fas.49

Samples with low sperm concentrations are more

likely to have a high proportion of Fas-positive sper-

matozoa.48 In patients with male factor infertility,

increased sperm damage by ROS was shown to cor-

relate with higher levels of cytochrome c and cas-

pase 9 and 3 indicative of apoptosis.50 Annexin-V

staining assay used as a marker of early apoptosis

was significantly increased in mature spermatozoa

from infertile patients compared with the mature

spermatozoa from a control group of normal sperm

donors.51

Varicocele and OS

Clinical or subclinical varicocele52 has been shown

to cause male infertility in about 15% of infertile

couples.53 These patients have increased ROS in

serum, testes, and semen samples.54 Increased NO

has also been demonstrated in the spermatic veins of

patients with varicocele,55,56 which could lead to

spermatozoal dysfunction.57 Varicocelectomy has

been shown to increase the concentrations of antiox-

idants such as superoxide dismutase, catalase, gluta-

thione peroxidase, and vitamin C in seminal plasma

and improve the sperm quality.58 ROS levels were

significantly higher in men with grade 2 and 3 vari-

cocele compared to grade 1 but showed no correla-

tion with testicular volumes.59 In a meta-analysis

reported recently, infertile patients with varicocele

showed significantly increased OS and reduced

antioxidant concentrations compared with controls.60

Smoking, oxidative stress, and infertility

Animal studies have indicated deleterious effects of

cigarette smoke on sperm maturation and ability of

sperm to establish a viable pregnancy.61 Significant

positive association has been reported between

active smoking and sperm DNA fragmentation62 as

well as axonemal damage63 and decreased sperm

count.64 Sperm from subjects who smoked are signif-

icantly more sensitive to acid-induced DNA denatur-

ation than non-smokers.65 In a study carried out on

655 smokers and 1131 non-smokers, it was shown

that cigarette smoking was associated with signifi-

cant decrease in sperm density, total sperm count,

and total number of motile sperm.66

Assessment of ROS by chemiluminescence

The most common method of measuring ROS is

a chemiluminescence assay. Luminol (5-amino-2, 3,

dihydro 1, 4, phthalazinedione) and lucigen probes

can be used for quantification of redox activities of

spermatozoa.67 Luminol can measure both intracel-

lular and extracellular ROS whereas lucigen can

only measure the superoxide radical released extra-

cellularly. ROS levels can be determined by a lumi-

nometer. The results are expressed as ·106 counted

photons per min (cpm) per 20 · 106 sperm. Normal

ROS levels in washed sperm suspensions range from

0.10 to 1.0 · 106 cpm ⁄ 20 · 106 sperm and

0.145 · 106 cpm per 20 · 106 sperm in unprocessed

ejaculated samples.27 Direct methods such as pulse

radiolysis and electron-spin resonance spectroscopy

are limited by problems of relatively low volume of

seminal plasma, short life span of ROS, and the need

to evaluate in fresh samples.15

Antioxidants

Studies have shown that antioxidants protect sper-

matozoa from ROS producing abnormal spermato-

zoa, scavenge ROS produced by leukocytes, prevent

DNA fragmentation, improve semen quality in

smokers, reduce cryodamage to spermatozoa, block

premature sperm maturation and stimulate sperma-

tozoa and improve ART outcome. Seminal plasma

contains superoxide dismutase, catalase, and gluta-

thione peroxidase ⁄ glutathione reductase in addition
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to non-enzymatic antioxidants such as ascorbate,

urate, vitamin E, pyruvate, glutathione, albumin,

vitamin A, ubiquitol, taurine, and hypotaurine.

Major antioxidants

Vitamin E

Vitamin E is a major chain-breaking antioxidant in

the sperm membranes and appears to have a dose-

dependent effect.68 It scavenges all the three types of

free radicals, namely superoxide, H2O2, and hydro-

xyl radicals.8 Administration of 100 mg of Vitamin E

three times a day for 6 months in a group of

asthenozoospermic patients with normal female

partners showed a significant decrease in lipid

peroxidation and increased motility and pregnancy

rates.41

Vitamin C

Vitamin C is important chain-breaking antioxidant.

It neutralizes hydroxyl, superoxide, and hydrogen

peroxide radicals and prevents sperm agglutination.8

It prevents lipid peroxidation, recycles vitamin E and

protects against DNA damage induced by H2O2 radi-

cal. Administration of 200 mg of vitamin C orally

along with vitamin E and glutathione for 2 months

significantly reduced hydroxyguanine(8-OH-dG) lev-

els in spermatozoa and also led to an increase in

sperm count (P < 0.05).42

Coenzyme Q-10

Coenzyme Q-10 is a non-enzymatic antioxidant that

is related to low density lipoproteins and protects

against peroxidative damage.69 It is an energy-pro-

moting agent and enhances sperm motility.70 It is

present in the sperm mid-piece and recycles vitamin

E and prevents its pro-oxidant activity.71 Oral sup-

plementation of 60 mg ⁄ day of coenzyme Q-10 was

shown to improve fertilization rate using intracyto-

plasmic sperm injection (ICSI) in normospermic

infertile males.70

Role of antioxidants in motility

Antioxidants such as vitamin E and C, glutathione,

N-acetyl cysteine, SOD, catalase, albumin, taurine

and hypotaurine prevent reduction in sperm motility

and N-acetyl cysteine and coenzyme Q-10 increase

sperm motility. Incubation of sperm sample from

asthenozoospermic infertile male for 24 hr in Ham’s

F-10 medium with 50 lm coenzyme Q-10 improved

sperm motility.70 Oral supplementation of 2–3 g ⁄ day

of carnitines for >2 months improved sperm concen-

tration and motility.72

Role of antioxidants in preventing cryodamage

Sperm freezing and thawing procedures cause a sig-

nificant and irreversible decrease in motility and

metabolic activity of sperm along with disruption of

plasma membrane.73 Vitamin E (10 mmol ⁄ L) and

Rebamipide (300 mmol ⁄ L) have been shown to

decrease the cryodamage during freeze-thaw proce-

dure and improves post thaw motility.74 In vitro sup-

plementation of 300 lmol ⁄ L of Rebamipide in semen

sample during incubation (37�C) and cryopreserva-

tion ()196�C, 3 days) showed significant decrease in

ROS level.75

Role of antioxidants in preventing DNA damage

Antioxidants have been demonstrated to decrease

DNA fragmentation induced by OS. Daily oral sup-

plementation of 1 g vitamins C & E for 2 months

reduced the number of TUNEL (Terminal deoxynu-

cleotidyl Transferase Biotin-dUTP Nick End Label-

ing) positive spermatozoa from 22.1% to 9.1%

while the amount of spermatozoa with DNA frag-

mentation remained the same in the placebo group

(22.4–22.9%).76 Moreover, a marked improvement

of clinical pregnancy (48.2% versus 6.9%) and

implantation (19.6% versus 2.2%) rates after antiox-

idant treatment as compared with the pre-treatment

outcomes of ICSI was also reported.77 Addition of

Vitamin E or C to the sperm preparation media

during density gradient separation protected sperm

from DNA damage.78 Albumin also helps neutralize

lipid peroxide-mediated damage to the sperm

plasma membrane and DNA.79

ROS in ART

Oxidative stress-induced DNA damage may have

important clinical implications in the context of

assisted reproductive techniques (ART). Studies

have indicated that significantly increased levels of

ROS production occur in response to repeated

cycles of centrifugation involved in conventional

sperm preparation techniques used for ART.36
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Spermatozoa selected for ART usually originate

from the environment experiencing OS, and a high

percentage of these sperm may have damaged

DNA.42 When intrauterine insemination or in vitro

fertilization (IVF) is used; such damage may not be

a cause of concern because the collateral peroxida-

tive damage to the sperm plasma membrane

ensures that fertilization cannot occur with a DNA-

damaged sperm.

When ICSI is used, this natural selection barrier

is bypassed and a spermatozoon with damaged

DNA is directly injected into the oocyte.6,80 In ART

procedures, ROS can be produced by oocyte and

embryo metabolism, cumulus cells, leukocyte con-

tamination during sperm preparation and culture

media. A meta-analysis study by our group in 2004

concluded that ROS has a statistically significant

effect on the fertilization rate after IVF, and that

the measurement of ROS levels in semen specimens

before IVF may be useful in predicting the IVF out-

come. We have also reported that high day 1 ROS

levels in culture media were associated with low

blastocyst rate, low fertilization rate, low cleavage

rate, and high embryonic fragmentation with ICSI

but not with conventional IVF; however high day 1

ROS levels in culture media were associated with

lower pregnancy rates in both IVF and ICSI

cycles.81

Assisted reproduction techniques may show signif-

icant improvement in in-vitro supplementation of an-

tioxidants.82 A dose-dependent decrease in %

blastocyst development rate (BDR) was shown with

increasing concentrations of H2O2 indicating that

H2O2 (>60 lm) is embryotoxic.83 In the clinical ART

setting, various antioxidants such as vitamin E,84

vitamin C,85 cysteine,86 and taurine and hypotau-

rine87 when added to the culture medium have been

shown to improve the developmental ability of the

embryos by reducing the effects of ROS.

Oxidative stress and contraception

Lipid peroxidation induced by H2O2 not only dis-

rupts sperm motility but also impairs all the sperm

functions, which are dependent on the integrity of

plasma membrane, including sperm-oocyte fusion

and ability to undergo acrosomal exocytosis.88 Such

findings have raised the possibility that hydrogen

peroxide or reagents producing them on contact

with spermatozoa might be an effective way of con-

traception.89

Conclusion

In the last decade, there has been a phenomenal

growth in our knowledge of male reproduction,

sperm function and development of diagnostic tools

and treatment modalities. In addition, our under-

standing of OS has given rise to several new treat-

ment modalities, which are now being investigated

for improving male infertility. Many new antioxi-

dants are now available that can decrease OS and

improve sperm quality but a major concern in their

usage is lack of scientific evidence of their effective-

ness, which has led to their non-approval by FDA.

Several sperm preparation techniques such as den-

sity gradient centrifugation, glass wool filtration and

migration-sedimentation significantly reduce the

level of ROS by removing leukocytes.71,90 Another

technique that has been recently used is magnetic

activated cell separation (MACS). MACS has been

shown to yield motile, viable, morphologically nor-

mal spermatozoa that displays significant cryopreser-

vation tolerance and higher fertilization potential.91–

97 It allows separation of apoptotic spermatozoa,

which may be one of the causes of ART failure even

in patients with otherwise normal sperm parameters.

However, OS being only one of the many causes

of male infertility, it is recommended that antioxi-

dant therapy should be tried only in cases of

increased OS or established DNA damage.

Future strategies

Evaluation of OS status and use of antioxidants is

not routine in clinical practice. The immediate need

is to simplify and validate the evaluation of ROS and

OS status so that it can be performed routinely with-

out the use of sophisticated equipment. Also, it is

important to establish reference values for ROS

above which antioxidants could be used for male

infertility treatment. The dose and duration of these

antioxidants should also be determined and stan-

dardized. With the increase in the use of ART proce-

dures there should be an effort to develop optimum

combinations of antioxidants to supplement sperm

preparation media. MACS could also be used to iso-

late spermatozoa with compromised genetic integrity

but its value in sperm preparation prior to ICSI

requires further investigation. The proposal to use

hydrogen peroxide-producing agents as a possible

means of contraception warrants further investiga-

tion.
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