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Summary

In Chile, due to the intensive activity developed in confining areas of the An-

des Mountains ranging in altitude over 4000 asl, there has been an increasing

intermittent movement of human resources to high altitude conditions. This

unusual condition, defined as hypobaric hypoxia, affects notoriously in any liv-

ing organism and there shows a series of physiological responses. Studies per-

formed in rats under chronic hypobaric hypoxia and intermittent hypobaric

hypoxia have registered changes in testicular morphology together with loss of

spermatogenic cells in all stages of spermatogenic cycle. Furthermore, recent

tests reinforced the existence of an oxidative metabolism in epididymis of rats

subjected to hypobaric hypoxia due to the increase in the regulator enzyme

expression of reactive oxygen species (ROS), This increase in the production of

ROS induced a rise in apoptosis at germinal cell level, leading to a state of

hypo-spermatogenesis that may jeopardise masculine fertility. Therefore, the

eventual development of oxidative stress in spermatogenic cells and conse-

quently the spermatozoids of workers subjected to high altitude, either chronic

or intermittent, turns out to be critical when it poses as an imminent risk to

the viability and quality of the reproductive cells of workers subjected to inter-

mittent hypobaric hypoxia.

General concepts

Oxidative stress can be triggered by a series of

endogenous and exogenous factors and exposure to high

altitude is among them. Exposure to high altitudes has

been associated with an increase in the production of

reactive oxygen species (ROS) which are generated during

the re-oxygenation phase of intermittent continuous hyp-

obaric hypoxia and contribute to physiological responses

(Farias et al., 2005a; Nanduri et al., 2008).

In Chile, due to intensive mining activity developed in

confining areas of the Andes, mountains that range at

altitude over 4000 asl, there has been an increasing inter-

mittent movement of human resources to conditions of

high altitude, a phenomenon that is being facilitated due

to the narrow nature of the national territory (Richalet

et al., 2002). With the exception of the unique native

population of Himalayas and Andes, human exposure to

high altitude is not a common situation. This unusual

condition, defined as hypobaric hypoxia, affects notori-

ously any living organism, whereas in high altitude the

environmental oxygen available is reduced when the

barometric or atmospheric pressure is lowered (exponen-

tially descends in function of altitude), thereby the lower

partial pressure consequently brings a decrease in the

quantity of oxygen transported by the blood stream to all

cells of the organism (Brito & Herruzo, 2007).

According to this, hypobaric hypoxia gives rise to a

series of physiological responses which finally induce

hypoxia of cellular type that is produced when the

demand for molecular oxygen, necessary to generate

sufficient levels of ATP for normal the cells physiological

functions, exceeds the vascular supply (Cummins &

Taylor, 2005). One of these responses is associated with

the physiology and testicular functions studied in animal

model. In fact, studies performed in rats under chronic

and intermittent hypobaric hypoxia have registered

changes in testicular morphology together with loss of

spermatogenic cells in all stages of the cell cycle (Farias

et al., 2005a). Furthermore, recent tests reinforce the

existence of an oxidative metabolism in rat epididymis

subjected to hypobaric hypoxia due to the increase in the
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regulator enzyme expression of ROS (Farias et al., 2008).

This increase in the production of ROS, induce an

increase in apoptosis at germinal cell level, leading to a

state of hypo-spermatogenesis (Turner & Lysiak, 2008),

which may jeopardise the man fertility (Griveau & Le

Lannou, 1997). In this way, the existence of an oxidative

metabolism in hypobaric hypoxia conditions can lead to

a situation of oxidative stress, which occurs when exist

excessive production of ROS, overcoming the action of

the antioxidant mechanisms of the cell, giving rise to

generalised damage in proteins, lipids and DNA (Griveau

& Le Lannou, 1997). Oxidative stress is produced by

excessive formation of ROS which derive from the

molecular oxygen that has been incompletely reduced by

oxidases that participate in the electron-transporting

chain giving rise to the production of species such as the

superoxide O��
2

� �
, hydrogen peroxide (H2O2) and the

radical hydroxyl (OH˙) among others (Mathews et al.,

2004). However, the ROS are not the only mediators of

the oxidative phenomenon in the cell, as species known

since free radical also participate, which correspond to

molecules that possess at least one nonpaired electron

that confers a high instability and promote the electron

transfer to other molecules (Sorg, 2004). Therefore, in the

presence of the variety of molecules and reactive species

that are normally produced in aerobic biological systems,

induce endogenous mechanisms of protection against

oxidative aggression, within which enzymatic mechanisms

can be found such as dismutase superoxide, catalase and

glutathione system, as well as mechanisms nonenzymatic,

which consider molecules with antioxidant properties

such as ascorbic acid (vitamin C), carotenoids and

retinoids (vitamin A) among others (Mathews et al.,

2004).

The oxidation of the proteins leads to the loss of func-

tion or to the degradation in the peroxisomes, whereas

the lipid peroxidation affects the biological function of

the membrane. However, the most serious damage is

detected at DNA level, as this may lead to mutation of

genes, inducing translation of defective proteins, in

addition to alteration in gene expression and eruption of

apoptosis (Sorg, 2004). Therefore, the eventual develop-

ment of oxidative stress in spermatogenic cells and

consequently the spermatozoids of workers subjected to

high altitude, either chronic or intermittent, it turns out

critical when it has an imminent risk to the viability and

quality of the reproductive cells of workers subjected to

work at high altitude.

Hypobaric hypoxia

According to report issued in 2003 by the United Nation

Environment Programmes (UNEP) approximately 25%

of the Earth surface consists of mountains where about

12% of the world population live in those regions (Pro-

gramme UNE, 2003). Nevertheless, more than 50% of

the world populations depend directly or indirectly on

resources from mountain zones, and Chile is not the

exception. In fact, given the importance of the mining

activity in confining zones of the Andes mountain rang-

ing in altitude over 4000 asl, has caused an increasing

intermittent movement of human resources to conditions

of high altitude, a phenomenon that is being facilitated

by the narrow nature of the chilean territory (Richalet

et al., 2002). Thus, this unusual condition, defined as

hypobaric hypoxia, affects notoriously any living organ-

ism. As in high altitude, the environmental oxygen avail-

able is reduced when the barometric or atmospheric

pressure is lowered (exponentially descends in function

of altitude), the lower partial pressure consequently orig-

inates a decrease in the quantity of oxygen transported

by the blood stream to all cells of the organism (Brito &

Herruzo, 2007). Thus, the exposure to hypobaric hypoxia

either intermittent or chronic gives rise to a series of

physiological responses which finally falls back in

hypoxia of cellular type. This is produced when the

demand for molecular oxygen, necessary to generate suf-

ficient levels of ATP for normal the cells physiological

functions, exceeds the vascular supply (Cummins & Tay-

lor, 2005).

Also, there are effects of exposition to hypobaric

hypoxia over neurocrine system, where that condition

induces higher levels of follicle-stimulating hormone

during first days of exposition compared with normoxic

controls, also it produces decreased levels of luteinising

hormone (LH) and plasma testosterone (Farias et al.,

2008). The continuous decrease in LH has been related

with the effect of hypoxia on the activity of the hypothal-

amus hypophysis and the diminished levels of testoster-

one could be related to spermatogenesis (Farias et al.,

2008). This condition also affects the cardiovascular

system, where it induces a significant decrease in cardiac

a-adrenoceptors expression, and it increases the expres-

sion of muscarinic receptors; however, this condition also

acts increasing the haematological constants and produc-

ing an elevation of systolic blood pressure (Germack

et al., 2002).

Studies of hypobaric hypoxia on the masculine
reproductive system

Due to the complexity in performing studies on humans,

one of the strategies is to study hypobaric hypoxia with

animal models. Thus, a variety of male Wistar rats used

in these studies have demonstrated to respond to this

phenomenon with cardiovascular changes which resemble

2 © 2012 Blackwell Verlag GmbH

Andrologia 2012, xx, 1–8

Reproduction and oxidative stress A. B. Zepeda et al.



to the human response exposed to conditions of high

altitude. Therefore, it is feasible to study the physiological

adaptation in rats exposed to hypobaric hypoxia (Farias

et al., 2005b). The study on male rats has revealed, for

example, significant differences in the histology of the

testis in comparison with normoxia state of control

animals. When rats were compared with those exposed to

treatment of hypobaric hypoxia either chronic or

intermittent and chronic continuous hypobaric hypoxia,

there was a decrease in the testicular mass, increment in

the interstitial space, reduction of the seminal epithelium,

depletion of cellular in epithelium and vacuolisation of

the epithelial cells, changes that intensified further with

the continuous treatment (Farias et al., 2005a). Others,

(Bustos-Obregon et al., 2006), found similar results in rat

testicles subjected similar conditions, in addition to

characterise the changes in the amount and the form of

spermatozoids present in epididymis, which are affected

by the chronic exposure leading to teratozoospermia

(situation in which 85% of the spermatozoids present

abnormality in its morphology) and defective sperma-

tozoids. However, it has been demonstrated on humans,

that this series of changes induced by chronic hypoxia is

reversible provided that the subject exposed stays under

normoxia conditions for a minimum period of 6 months.

Thus, masculine fertility normalises, with normal seminal

count parameters, motility, form and maturity of sperma-

tozoids (Verratti et al., 2008) (Fig. 1).

Other researches carried out in rats testis have demon-

strated that as time progress during exposure to con-

tinuous chronic hypobaric hypoxia (HHCC), a

neovascularisation is gradually developing at interstitial

space level due to the induction of the expression of the

vascular endothelial growth factor (VEGF), leading to an

increase in the intratesticular temperature of 1.5 °C in

comparison with normoxia (Farias et al., 2005b). The

exposure to hypoxia produces an increased vascularisa-

tion, this phenomenon is associated with an increased

expression of VEGF (Marti & Risau, 1998), so all that

support when cells are exposed to HH would have an

increased expression of VEGF.

Research related to oxidative stress

At present, there are a list publications carried out in rat

model that confirm that hypobaric hypoxia induce oxida-

tive stress induced in fluids and tissues of the organism

(Askew, 2002). The testicular tissue, is not the exception,

as it has been evidenced the presence of a severe oxidative

stress in the round spermatids in rats subjected to HH,
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Fig. 1 Model to study the effect of hypobaric hypoxia exposure on epididymis and testicle. The dotted lines indicate the cellular changes; the solid

lines indicate the induction of the reactions; and the bar-ending lines indicate the inhibition of the reactions. BER: base excision repair; OGG1: 8-oxo-

guanine-DNA glycosylase 1; NTH1: endonuclease 1; MDA: malonaldehyde; SOD: superoxide dismutase.
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due to the low basal oxygen compared with the normoxia

condition (Farias et al., 2005a). However, until very

recent, it is known the mechanism that induces oxidative

stress in the spermatogenic and spermatozoids cells.

The highly reactive and oxidant property that characte-

rise ROS and the free radicals, brings as consequence a

generalised damage that affect the principal cellular

components, that is, carbohydrates, proteins, lipids and

even to a DNA molecule (Blokhina et al., 2003). The

oxidation of protein leads to the loss of function or to

its degradation in the peroxisomes, whereas the lipid

peroxidation affects the biological function of the mem-

brane. Likewise, the damage to DNA can lead to gene

mutation, bringing consequently, the translation of defec-

tive proteins, in addition to the alteration of the genes

and the eruption of apoptosis (Sorg, 2004). Given the

wide spectrum of damage that derive from the oxidative

attack, there have been realised multiple efforts in estab-

lishing specific methods which could determine the

oxidative status of the cells that exist inside a particular

tissue or fluid (Dotan et al., 2004). Daily, it is estimated

that a cell goes through 105 oxidative lesions in its DNA.

According to this, it is not surprising that the greatest

damage the DNA registered in its structure is caused by

oxidative stress (Powell et al., 2005). This type of damage

leads to a series of chemical and structural modifications,

such as modifications of the base and sugars, alteration in

the protein-DNA bond, rupture of simple and double

strings, also the favouring of base-free sites formation and

lesions in tandem (Dizdaroglu, 2005). Within all these

chemical modifications, the one most studied, frequent

and harmful to the DNA integrity, is the residue formed

by the hydroxyl denominated 8-oxoguanine (8-oxoG),

also known as 7,8-dihydro-8-oxoguanine or 8-hydroxy-

guanine, when present in its tautomeric alternative

(Perez, 2006). This lesion in the DNA molecule happens

to be mutagen, due to the generation of transversion

from G to T and from A to C at the moment of DNA

replication (Klungland & Bjelland, 2007). However, it has

been also considered of great interest, because the consec-

utive oxidation to the 8-oxoG lesion, as this appears to

be more vulnerable to oxidation than the guanine itself,

causing the production of other oxidative substances

equally harmful to the DNA integrity (Hazra et al., 2007;

Klungland & Bjelland, 2007). For this reason, a continu-

ous and persistent oxidative damage in the DNA can lead

to altered signal cascade, gene expressions, or arrest of

the transcription, causing errors in replication, giving

genomic instability whose mutations can lead to carcino-

genesis, neurodegenerative disorders and cardiovascular

diseases (Powell et al., 2005).

Given the fact that maintaining the genomic stability is

fundamental in any cellular system, there are multiple

routes for repairing and protecting DNA integrity (Powell

et al., 2005). However, of all the repairing routes, the

principal responsibility in repairing the oxidative damages

in the DNA is the base excision repair (BER), because it

only removes the base that has been modified (Knudsen

et al., 2009). This mechanism has been widely maintained

from bacteria to humans, having the common character-

istic of participation of multiple proteins to achieve

repairing one of the bases of the DNA (Dizdaroglu,

2005). The first participating enzymes in this route are

the so-called DNA glycosylase, which catalyse the hydro-

lysis of bridge N-glycoside, located between the damaged

base and the framework Sugar–Phosphate, giving as a

result a apurinic/apyrimidinic (AP) site, which it can

also be formed spontaneously (Powell et al., 2005).

Afterwards, the repairing route continues through two

sub-routes, denominated short and long repairing route

(which repair one or several bases respectively), those

which process the AP site by means of the action of

endonucleases, polymerases and ligases (Dizdaroglu, 2005).

DNA glycosylase correspond to small monomeric

enzymes (c. 15–50 kDa), which can be structurally classi-

fied according to the presence or absence of folds and

motifs maintained, the largest group being the one inte-

grated by the endonuclease III (Nth) superfamily, where

it includes the 8-oxoguanine-DNA glycosylase (OGG1)

and the endonuclease 1 (NTH1) enzymes (Zharkov &

Grollman, 2005).

The OGG1 enzyme is the principal enzyme responsible

for repairing the oxidative lesion from 8-oxoguanine at

nuclear level as well as mitochondrial level (Perez, 2006).

It refers to a double-function enzyme, with a well defined

and studied repairing route, capable of removing the 8-

oxoG-specific lesions, when they are found in C:8-oxoG

(Klungland & Bjelland, 2007). It is found widely distrib-

uted from yeasts to mammals (Boiteux et al., 2002), being

designated as hOGG1 for humans and Ogg1 for rodents

(Radicella et al., 1997; Rosenquist et al., 1997). Irrespec-

tive of its origin, it is known that this enzyme presents

eight isoforms (isomers), from which the most studied

ones are those designated as a and b and are obtained due

to the fact that they can form two different transcriptions

from the nuclear gene, by means of alternative processing

of the C-terminal region. In humans, the isoform

hOGG1-1a is a protein of 345 amino acids (c. 36 kDa)

and is located in the nucleus, while the isoform hOGG1-

2a is composed by 424 amino acids (c. 40 kDa), and it is

located exclusively in the mitochondria, whereas in rats,

the molecular weight of both isoforms is c. 35 and 37 kDa

(Olsen et al., 2003; Perez, 2006).

With respect to NTH1, this enzyme is capable of

removing a wide variety of oxidised pyrimidines, as thy-

mine glycol, 5-hydroxyuracil and guanine and adenine
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formamidopyrimidine (Rosenquist et al., 2003). The pro-

tein codified in humans has a molecular weight of

34.3 kDa, and it has an extensive similarity with the

sequence in prokaryotes (Dizdaroglu, 2005).

Oxidative stress and infertility

Under normal conditions, the small cytoplasm of sperma-

tozoid contains relatively small quantities of ROS

sequestrate, rendering these cells vulnerable and sensitive

to oxidative stress (de Lamirande & O’Flaherty, 2008). It

is for this reason that it is not surprising that from the

total routine tests performed on humans consulting infer-

tility problems, 25% register elevated levels of ROS

(Griveau & Le Lannou, 1997), implying consequences of

malfunctioning in the movement of abnormal flagella, in

the recognition of the pellucid zone favours the inhibition

of the spermatozoid fusion – oocytes (Sharma & Agarwal,

1996). Furthermore, it has been confirmed that there exist

an increment of cellular apoptosis at a germinal cellular

level, caused by the excess of ROS, which leads to hypo-

spermatogenesis (Turner & Lysiak, 2008).

A mature and fertile spermatozoid is characterised by its

chromatin highly compacted and stable, which protects

against damage in DNA (Sakkas et al., 1999). Nevertheless,

due to effects of oxidative stress, the sperm DNA remains

susceptible to ROS and oxidant radicals attack jeopardising

the integrity of the gamete genetic material. This preserva-

tion of the integrity in the chromatin implies the absence

of ruptures in the single and double strings, as well as

avoiding chemical modifications in the DNA structure, are

all indicators that are used to correct functioning of the

spermatozoid (Shamsi et al., 2008). Additionally, it has

been shown that a high level of damage in DNA of male

gamete show an externalisation of phosphatidylserine mol-

ecules, a reduction of the mitochondrial membrane poten-

tial and the activation of the caspases route, which leads to

developing apoptosis (Marchetti et al., 2002). For this rea-

son, spermatozoid protection in the tail of epididymis is

fundamental to preserve the DNA. Therefore, the presence

of antioxidant mechanisms (especially the expression of

the antioxidant enzymes SOD, GPX y catalase) becomes

important during the spermatozoid voyage to achieve fer-

tilisation (Oa et al., 2006). Nevertheless, it has been regis-

tered that the deficiency of ascorbic acid and excessive

smoking can cause an increase in oxidation in DNA in

humans and low levels of antioxidants in sperm and in tes-

ticular cells (Fraga et al., 1996).

Studies have been carried out evidencing the damages

in the DNA of testicular cells resulting from oxidative

stress, and then this situation affects the production of

defective spermatozoids. Using organic hydroperoxides,

pro-oxidants which induce oxidative conditions (Kumar

& Muralidhara, 2007) and quantifying the damage in the

strands of the DNA by measuring the single strand, in

addition to measuring lipid peroxidation, we can con-

clude that there is a reduction in the sperm count of the

epididymis and an increase in the percentage of defective

cells by the oxidative stress.

Intano et al. (2001) carried out Western blot tests to

detect genes implicated in the repairing in thymocytes,

Sertoli cells and in a mixture of rat testicular germinal

cells and concluded that the germinal cells mixture exhibit

a greater BER enzymatic defence in comparison with other

cellular types. In an in vitro study, where the oxidative

damage was induced in the spermatozoid DNA by H2O2

and Fe2+, a quantitative study was carried out using PCR

in real time to determine the expression of specific genes

of nuclear and mitochondrial DNA implicated in the

repairing of this molecule. The results showed that H2O2

has a cytotoxic power greater than the Fe2+ and that the

mitochondrial DNA is more sensitive to oxidative damage

than the nuclear DNA. Also, by the Comet test, it was

determined that the damage in DNA was proportional to

the concentration of H2O2 (Sawyer et al., 2003). Further-

more, it has been seen that there are differences between

cellular populations present in testicle. Such is the case of

the research carried out by Wellejus et al. (2004), where

haploid, diploid cells were separated from the rats S and

tetraploides phase that were exposed to oestrogen as oxi-

dant agent and revealed that haploids cells resulted to be

more susceptible to DNA oxidative damage, being an

approximation to understand what occurs at a spermato-

zoid level. However, it was not observed significant varia-

tions in messenger levels of Ogg1 in testicles.

Spermatozoids, exposure to high altitude and
oxidative stress

As it was mentioned previously, little is known about

how hypobaric hypoxia and oxidative stress affects the

spermatozoids after establishing that precisely there is an

oxidative metabolism in testicles (Farias et al., 2005a).

Nevertheless, in 2006, it was found in testicular tissues

and rat spermatozoid, under chronic treatment of simu-

lated hypoxia at 4000 m asl, which as exposure time pro-

gressed, the phenomenon of lipid peroxidation resulted

to be lower and more variable with respect to normoxia

control (Bustos-Obregon et al., 2006). Conversely, in the

treatment of intermittent hypobaric hypoxia in rats, it

was registered that in testicles and epididymis where

existed an increase in the MDA content with respect to

control, but it reverted by the administration of ascorbic

acid as nonenzymatic antioxidant. In addition, it was

observed that the expression of glutathione reductase

enzyme (GR) was lower in both organs with respect to
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control, but in epididymis, the expression of GR activity

was greater (Farias et al., 2010). The glutathione system

has an essential function because it prevents the oxidative

damage, and GSH acts as an electron donor in reduction

reaction, and GR maintains the reduced form of GSH.

The importance of GSH is the ability to remove ROS and

to protect the cell (Townsend et al., 2003). Besides, the

epididymis has the function to transport spermatozoa

and to support a microenvironment for sperm matura-

tion (Cornwall, 2009). Probably for those functions, the

epididymis requires increased levels of GR, and it allows

to maintain and to protect spermatozoa of oxidative

stress caused for exposure to hypoxia.

Antioxidants for spermatogenesis under
intermittent hypobaric hypoxia

The development of oxidative stress in spermatogenic

cells and consequently the spermatozoids of workers

subjected to high altitude condition, either chronic or

intermittent, it turns out to be critical when it has an

imminent risk to the viability and quality of the

reproductive cells of workers subjected to perform work

at high altitude. For this reason, it is fundamental to find

new antioxidant that can be incorporated into the diet of

people exposed to intermittent hypobaric hypoxia. Rats

subjected to intermittent hypobaric hypoxia showed that

testicles and epididymis suffered of an increase in MDA

content with respect to control, but it was reverted with

administration of ascorbic acid (10 mg kg�1 body

weight) as nonenzymatic antioxidant. In addition, it was

found that the expression of glutathione reductase

enzyme was lower in both organs with respect to control,

but in epididymis, the expression and GR activity was

greater (Farias et al., 2010). It have been also described

that melatonin (10 mg kg�1 body weight) counteracted

the testis and spermatogenesis damage in rats subjected

to intermittent hypobaric hypoxia (Hartley et al., 2009;

Bustos-Obregon et al., 2010). However, our results

showed that melatonin had no protective effect in testis

and epididymis damaged (Farias et al., 2012). Melatonin

has been shown to exert a protective effect against lipid

peroxidation under oxidative stress (Serel et al., 2004).

However, it has been reported that melatonin treatment

induced a marked reduction in sperm motility (Oosthui-

zen et al., 1986), and it did not prevent the reduction in

sperm concentration under an ischaemia/reperfusion con-

dition (Kurcer et al., 2010). Also, this hormone is 40 fold

less efficient that Trolox, an analogue of vitamin E in

achieving lipid peroxidation reduction in infertile men

(Gavella & Lipovac, 2000). Authors (Luboshitzky et al.,

2002) reported that melatonin administration (3 mg) was

associated with decreased quality of semen in healthy

men, probably through the inhibition of aromatase at

testicular level. The aromatase is the terminal enzyme

responsible for oestrogen formation from androgens and

play a physiological role in maintenance of male gonadal

functions (Carreau et al., 2001). These findings support

the assumption that melatonin may adversely affect sperm

quality. The protective oxidative damage of melatonin

under an intermittent hypobaric hypoxia is organ-depen-

dent and had no protective effect in testis and epididymis

damage (Farias et al., 2012).

Conclusions

It is not completely clear so far whether high altitude is

an inductor of oxidative stress at spermatozoid level;

therefore, it is necessary to determine the degree that

affects its structure and function. It is for that reason that

by the use of animal model, it is possible to know the

damage that can generate the oxidative metabolism in the

masculine gamete, affecting the function of the spermato-

zoid. On the other hand, antioxidants constitute an inter-

esting alternative in the diet of people subjected to

intermittent hypobaric hypoxia as protector of oxidative

damage on testis and spermatogenic cells.
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Universitat Autònoma de Barcelona, Bellaterra, Spain, p 268.

Powell CL, Swenberg JA, Rusyn I (2005) Expression of base

excision DNA repair genes as a biomarker of oxidative DNA

damage. Cancer Lett 229:1–11.

© 2012 Blackwell Verlag GmbH 7
Andrologia 2012, xx, 1–8

A. B. Zepeda et al. Reproduction and oxidative stress



Programme UNE (2003) Mountain biodiversity: status and

trends of mountain biodiversity and threats to it. (Diversidad
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