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Case Control Study
Mild oxidative stress is beneficial for sperm telomere length maintenance
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Abstract
AIM: To evaluate telomere length in sperm DNA and its correlation with oxidative stress (normal, mild, severe).

METHODS: The study included infertile men (n = 112) and age matched fertile controls (n = 102). The average telomere length from the sperm DNA was measured using a quantitative real time PCR based assay. Seminal reactive oxygen species (ROS) and 8-Isoprostane (8-IP) levels were measured by chemiluminescence assay and ELISA respectively.

RESULTS: Average sperm telomere length in infertile men and controls was 0.609 ± 0.15 and 0.789 ± 0.060, respectively (P < 0.0001). Seminal ROS levels in infertile was higher [66.61 ± 28.32 relative light units (RLU)/s/million sperm] than in controls (14.04 ± 10.67 RLU/s/million sperm) (P < 0.0001). The 8-IP level in infertile men was significantly higher (421.55 ± 131.29 pg/mL) than in controls (275.94 ± 48.13 pg/mL) (P < 0.001). When correlated to oxidative stress, in normal range of oxidative stress (ROS, 0-21.3 RLU/s/million sperm) the average telomere length in cases was 0.663 ± 0.14, in mild oxidative stress (ROS, 21.3-35 RLU/s/million sperm) it was elevated (0.684 ± 0.12) and in severe oxidative stress (ROS > 35 RLU/s/million sperm) average telomere length was decreased to 0.595 ± 0.15.

CONCLUSION: Mild oxidative stress results in len​gthening of telomere length, but severe oxidative stress results in shorter telomeres. Although telomere maintenance is a complex trait, the study shows that mild oxidative stress is beneficial in telomere length maintenance and thus a delicate balance needs to be established to maximize the beneficial effects of free radicals and prevent harmful effects of supra physio​logical levels. Detailed molecular evaluation of telomere structure, its correlation with oxidative stress would aid in elucidating the cause of accelerated telomere length attrition.

Key words: Telomere; Oxidative stress; Reactive oxygen species; Infertility; 8-Isoprostane

Mishra S, Kumar R, Malhotra N, Singh N, Dada R. Mild oxidative stress is beneficial for sperm telomere length maintenance. World J Methodol 2016; 6(2): 163-170  Available from: URL: http://www.wjgnet.com/2222-0682/full/v6/i2/163.htm  DOI: http://dx.doi.org/10.5662/wjm.v6.i2.163
Core tip: In the present study we found that infertile men experienced oxidative stress evident from increased seminal reactive oxygen species and 8-Isoprostane levels. Infertile men also had shorter telomeres as compared to the controls. Severe oxidative stress negatively affected sperm telomere length but surprisingly mild oxidative stress resulted in lengthening of telomere and thus may aid in maintaining genomic integrity. To the best of our knowledge we are the first to report positive effect of mild oxidative stress on sperm telomere length.

INTRODUCTION
Infertility is a complex life style disorder and affects about 1 in 5 couples. Oxidative damage to sperm DNA is one of the major causes of infertility especially in men with normal sperm parameters. Recent studies have shown that sperm DNA integrity, mitochondrial genome, gene expression, and sperm telomere length along with the interplay of more than 2000 genes and gene environment interaction are the key players in male in​fertility. Studies have shown that oxidative stress is a major player in male infertility. Oxidative stress affects all the bio molecules, membrane lipids, nuclear and mitochondrial genome. Various studies have explored the role of oxidative stress and DNA damage in male infertility but there are few studies to understand the role of sperm telomeres and its length in the aetiology of male infertility. Shorter telomeres may result in impaired spermatogenesis and fewer cell divisions which may ultimately manifest as oligozoospermia or azoospermia.

Telomeres are hexameric guanine rich repeats present at the ends of chromosomes in all eukaryotic cells[1]. Human telomeres are composed of long stretches of the repetitive sequence TTAGGG and a telomere-specific protein complex, Shelterin. TRF1, TRF2 and POT1 are the three proteins that impart Shelterin the specificity for telomeres[2]. TIN2 and TPP1 link POT1 to TRF1 and TRF2. The t-loop of the telomeric lariats are formed due to the invasion of the 3′ single-stranded overhang into the double-stranded telomeric DNA. Shelterin caps most of the double stranded telomeric region and POT1 covers the single-stranded telomeric DNA in the 3′ overhang or in the D loop. Various shelterin associated proteins and nucleosomes are also found associated to telomeric DNA[3]. 

 In mammalian sperm nuclei, all telomeres exist in the form of dimers. In humans, these dimers are localized at the nuclear periphery and, most probably, interact with the nuclear membrane. The human telomere sequence varies in length from 5 to 10 kb in somatic cells and 10 to 20 kb in germ cells. Telomere length is critical for chromosome stability, cell prolife​ration and survival. Telomere length in spermatozoa is substantially longer compared to normal somatic cells[4]. Initial telomere length setting happens in the sperm cells before fertilization. Sperm cells are the carriers of intact chromosomes to the progeny. Yet only limited reports are available regarding the role of telomere dynamics in germ cells. 

During cell division telomeres are not fully replicated because of end replication problem, an inability of the DNA polymerase to completely replicate the DNA ends resulting in telomere shortening with every cell division. Telomerase, an enzyme consisting of the telomerase RNA template and telomerase reverse transcriptase maintains telomere length by adding nucleotide repeats to the chromosome ends. 

Other causes of telomere shortening apart from normal cell division include oxidative stress, genotoxic insults, and genetic predisposition. Telomere shortening has been associated with oxidative stress[5]. Reactive oxygen species (ROS) resulting endogenously from normal cellular metabolism and due to exogenous genotoxic insults like environmental exposure, exposure to electromagnetic radiations, exhaustive exercise, poor life style habits also shorten telomeres by oxidizing guanine residues in the telomeric DNA and thereby initiating a DNA damage response. DNA damage response results in excision of telomere repeats[6]. The high content of guanine nucleotides - in telomeric DNA makes telomere a preferred target for oxidative damage[7]. Thus this study was planned with an aim to study impact of oxidative stress on telomere length. Though sperm maintain longer average telomere length, sperm telomere length does vary among individual men and individual spermatozoa. Variability in sperm telomere length is due to telomere shortening as a result of differential telomerase activity and oxidative stress[8]. Cellular environment also plays an important role in regulating telomere length and telomerase activity. Most notably, oxidative stress can shorten telomeres and antioxidants can decelerate shortening[9]. Studies by Kumar et al[10,11] have shown upregulation in telomerase activity and decline in free radical levels, oxidized mutagenic bases following practice of yoga and meditation. Telomere shortening in sperm cells results in segregation errors, generation of unbalanced gametes, reduced sperm count due to apoptosis which ultimately leads to loss of fertility potential and abortions. There are few studies on the role of telomere in reproduction and since oxidative stress has such a marked effect on telomere phenotype, it is important to evaluate the effect of oxidative stress (normal, mild, severe) on telomere length. It is important to establish cut off levels of free radicals which are beneficial to telomeres and cause telomere lengthening as compared to very high ROS levels which induce DNA damage response in telomeres and cause telomere shortening. In this study we found longer telomere length in cases with mild oxidative stress levels [21.3-35 relative light units (RLU)/s/million sperm] as compared to cases with normal ROS levels (0-21.3 RLU/s/million sperm). Thus it would be more valuable to establish cut off free radical levels which are beneficial/detrimental to telomere length maintenance. In this study we have investigated the role of oxidative stress in sperm telomere length maintenance in idiopathic male infertility.

MATERIALS AND METHODS
The study was initiated after institutional ethical clearance and written informed consent from patients and controls. The female partners of all the cases were normal after complete clinical, gynaecological, hormonal and radiological examination. Human ejaculates were obtained from 102 healthy volunteers of proven fertility from family planning OPD of Obstetrics and Gynaecology Department, and 112 male partners of couples experiencing primary infertility within age group of 18-45 years. A detailed family history was recorded in a pre-designed proforma. Cytogenetic analysis was done for all cases to exclude cases with abnormal chromosome complement. All cases with recent history of fever, drug intake, any inflammatory disorders, or infections were excluded. Semen analysis was assessed by World Health Organization (WHO) (1999) criteria. These patients after thorough clinical examination were referred from the Department of Gynaecology and Obstetrics and Department of Urology, AIIMS, New Delhi. 

Semen analysis

Semen analysis was done twice at 2 wk interval. Samples were collected after minimum of 48 h and not longer than 7 d of sexual abstinence. The name of the patient, period of abstinence and time of collection were recorded on the form accompanying each semen analysis. Samples were collected in a private room near the laboratory and were delivered to the laboratory within 1 h after collection. The samples were obtained by masturbation and ejaculated into a clean, wide-mouthed glass or plastic container. The procedure for sample collection was explained to the patients and controls. Semen analysis was done as per WHO guidelines (1999). 
ROS detection by chemiluminescence assay in neat semen

The ROS production in 400 L of liquefied neat semen was measured after addition of 10 L of 5 mmol solution of luminol in DMSO (dimethylsulphoxide, Sigma Chemical Co.). A tube containing 10 L of 5 mmol luminol (5-amino-2,3-dihydro-1,4-phthalazinedione, Sigma Chemical Co., St. Louis, MO, United States) solution in DMSO was used as a blank. Chemilumine​scence was measured in duplicate for 10 min using the Berthold detection luminometer (United States). Sample analysis was done along with blank, positive control (H2O2 + PBS + Luminol) and negative control (PBS + luminol). Results were expressed in RLU per second and per 1 × 106 spermatozoa.

8-Isoprostane estimation 

8-Isoprostane (8-IP) is a stable marker of oxidative stress which is indicative of lipid peroxidation. 8-IP levels are independent of dietary intake of lipids hence its level gives the absolute measurement of lipid peroxidation due to oxidative stress. 8-IP levels were estimated by ELISA. The quantification was done by Cayman’s 8-IP EIA Kit. Protocol was followed as described by the manufacturer for the quantification.

Telomere length estimation

Real time PCR: Sperm telomere length was deter​mined from the sperm DNA by a quantitative real-time PCR-based method. Briefly, the relative mean telomere length was determined by comparing the value from absolute quantification of telomere DNA with a single copy reference gene, 36B4 (T/S ratio). These two assays were carried out as separate reactions on separate plates maintaining the sample positions between the two plates. Amplification signals were quantified by the standard curve method using a DNA template series (100 ng, 10 ng, 1 ng, 0.1 ng, 0.01 ng/L) on every plate. All randomized DNA samples (20 ng) and standard dilution was processed as triplicates on 96-well plates using Bio-Rad CFX 96 (Hercules, CA, United States). The purpose of the standard curve was to assess and compensate for inter-plate variations in PCR efficiency. Amplification of the telomeric repeat region was expressed relative to amplification of 36B4, a single copy gene (SCG) encoding acidic ribosomal phosphoprotein located on chromosome 12. Real time kinetic quantitative PCR determines, for each sample well, the Ct, i.e., the fractional cycle number at which the well’s accumulating fluorescence crosses a set threshold that is several standard deviations above baseline fluorescence. A plot of Ct vs log (amount of input target DNA) is linear, allowing simple relative quantitation of unknowns in comparison to a standard curve derived from amplifi​cation, in the same plate, of serial dilutions of a known reference DNA sample. For this study, telomere (T) PCRs and SCG PCRs were always performed in separate 96-well plates.

RESULTS
The sperm parameters, sperm count (P = 0.0007) and forward motility (P < 0.0001) were significantly lower in infertile men compared to controls and no significant difference in the seminal volume and pH was observed between infertile men and controls. Out of 112 cases, 70 men had normal semen parameters as per WHO 1999 guidelines (Table 1).
ROS estimation

The seminal ROS levels in cases were significantly higher (66.61 ± 28.32 RLU/s/million sperm) than controls (14.04 ± 10.67 RLU/s/million sperm) (P < 0.0001) (Figure 1). Receiver operating curve analysis was done to establish a cut off value for seminal ROS levels. The cut off obtained was 21.3 RLU/s/million sperm (Figure 2).

8-IP estimation

Seminal 8-IP levels were significantly (P < 0.001) elevated in the cases (421.55 ± 131.29 pg/mL) as compared to controls (275.94 ± 48.13 pg/mL) (Figure 3).

Telomere length estimation
The mean telomere length (T/S) in the infertile men (0.609 ± 0.15) was significantly lower (P < 0.0001) when compared to controls (0.789 ± 0.060) (Figure 4). No significant difference in the average mean age of infertile men and control was observed. All analysis were adjusted for age. For the normalization of telomere length with age, cases and controls were divided into 2 groups according to age (group A: 18-30 years; group B: 31-45 years). There was no significant difference between the mean age of the cases compared to controls in the respective groups, but there was signifi​cant difference between telomere length in cases as compared to controls in both of these groups (group A cases: 0.51 ± 0.15 vs controls: 0.79 ± 0.064, P < 0.0001; group B cases: 0.50 ± 0.11 vs controls: 0.77 ± 0.05, P < 0.0001).

Oxidative stress and telomere length
All the cases (n = 112) were classified into three groups on the basis of seminal ROS levels. group Ⅰ (n = 17) had normal ROS levels (0-21.3 RLU/s/million sperm), group Ⅱ (n = 40) had mild ROS levels (21.3-35 RLU/s/million sperm) and group Ⅲ (n = 55) had severe ROS levels (> 35 RLU/s/million sperm). The mean telomere length was analysed in these three groups and we observed a significant (P < 0.001) shortening of telomere length in the group (0.595 ± 0.15) with ROS levels more than 35 RLU/s/million sperm as compared to other two groups (group Ⅰ: 0.663 ± 0.14 and group Ⅱ: 0.684 ± 0.12). Interestingly, it was observed that the mean telomere length was elevated in the patient group with mild oxidative stress (0.684 ± 0.12) as compared to the patient group with normal oxidative stress (0.663 ± 0.14) (P < 0.001) (Table 2). 

There were 23 (22.6%) controls that had ROS levels in the mild oxidative stress level range. When the mean telomere length in this group was compared with rest of the controls a similar pattern of increased telomere length was observed in the group of controls with mild oxidative stress (0.79 ± 0.06) as compared to the rest of the controls with normal oxidative stress levels (0.73 ± 0.04) (P = 0.01).

8-IP levels also showed an increasing trend towards increasing ROS levels (Table 2). There was a negative correlation of sperm telomere length with ROS (r = -0.63, P = 0.02) and 8-IP (r = -0.33, P = 0.03) (Spearman’s correlation). Also, telomere length was found to be negatively correlated with age (r = -0.4, P = 0.035).

DISCUSSION
Telomeres and telomere associated proteins play an important role in the maintenance of genomic integrity in the eukaryotic cells. They also participate in the cellular DNA damage response pathways. Additionally, telomeres aid in the movement, localization, and anchoring of the chromosomes to the nuclear membr​ane. During cell division, telomeres mediate the pairing of homologous chromosomes, synapsis formation, and homologous recombination[12]. Telomere length shortens with every cell division due to the inefficiency of the DNA polymerases to replicate the chromosome ends. Besides this mechanism of telomere shortening, oxidative stress is another important factor affecting the telomere dynamics in the nucleus. ROS induced telomere shortening may be due to direct oxidative injury to guanine bases in telomeric DNA. 

Oxidative stress induces accelerated telomere shortening by the accumulation of oxidized DNA base products (8-OHdG) in the guanine rich telomeres which further recruit DNA damage response machinery that ultimately cause telomere attrition during the course of DNA damage repair. Accumulation of these base adducts cause single-strand breaks in the telomeric regions and these breaks are less efficiently repaired at telomeres than in the rest of the genome[13]. In this study we have observed elevated ROS levels in the sperm of infertile men as compared to the fertile controls. Limited studies exist exploring the effect of oxidative stress on the sperm telomere and all the studies so far direct towards a negative correlation between oxidative stress and telomere length.

It is now well documented that basal levels of ROS are essential for cell survival and subsevere several physiological functions. It is evident from previous studies that severe oxidative stress leads to extensive damage to biomolecules and causes cell death[14] but moderate levels of ROS are beneficial to cellular homeostasis especially in cellular responses during pathological challenges in aging and aging-associated diseases[15]. ROS is generated as a part of normal aerobic cellular metabolism[16] and can be generated from various metabolic pathways[17], including electron transport during oxidative phosphorylation in the mitochondria[18], dihydrolipoamide dehydrogenase in the -keto acid dehydrogenase complexes[19], NADPH oxidase and, xanthine oxidase and, monoamine oxidase, and cytochrome P450 proteins[20].

Although basal levels of ROS are pivotal for redox signalling[21] and cell survival, high levels of ROS would be lethal to normal cellular processes. High levels of oxidative stress are believed to contribute a major part in cellular aging and several aging-related diseases. A moderate level of oxidative stress is needed for various cellular responses beneficial for cell survival[22].

As ROS are transient molecules with very short half lives they execute beneficial effects by activating downstream molecules. These downstream molecules include oxidative products such as lipid peroxidation by-products and protein oxidation adducts. These modifications include disulfide formation, S-glutathi​onylation, S-sulfenation, and S-nitrosylation[23]. These modifications induced by ROS regulate protein function and thus protect them from severe stress conditions. These effectors of moderate oxidative stress can actually execute the ultimate function of positive oxidative stress by redox signaling and activation of transcription factors[24]. Since oxidative stress plays a major role in chronic inflammatory diseases, telomere attrition may be involved in the pathophysiology of these diseases. Several studies have linked telomere shortening to various chronic metabolic and inflammatory diseases such as atherosclerosis, diabetes, inflammatory bowel disease, and chronic obstructive pulmonary disease conditions that are all characterized by the presence of systemic oxidative stress[13]. However, the exact underlying mechanisms of telomere shortening under conditions of chronic oxidative stress have not been elucidated. In the present study we found that the infertile group with mild oxidative stress (21.3-35) had longer telomeres as compared to the group with normal free radical levels and group with severe oxidative stress emphasizing that the slightly elevated free radical levels are beneficial for telomere length maintenance[25]. The mean telomere length decreased in the patients as compared to the controls but it was increased in the patient group that had mild oxidative stress. The result of our study can be explained by findings of Wang et al[26]. It was documented that, when few base lesions affect telomeric DNA repeats, they reduce binding of proteins in telomeres which liberate the negative regulation of telomere binding proteins on telomerase and consequently increase telomerase-dependent telomere repeat additions such that telomere lengthening occurs. However severe oxidative stress causes complete uncapping of telomeric DNA with oxidized bases and consequently activate DNA damage response and results in telomere shortening. As already documented, physiological levels of free radical maintain homeostasis and positive oxidative stress can be induced by non lethal free radicals[27]. There are also positive effects of physiological level of ROS in in vivo conditions and cellular environment also plays an important role in regulating telomere length and telomerase activity[28]. 

 Recently, it has been shown that telomeric regions are favoured targets of a persistent DNA damage response induced by genotoxic and oxidative stress, both in vitro and in vivo[29]. Oxidative stress induces single-strand breaks both directly and indirectly. These are less efficiently repaired in telomeric DNA as compared to genomic DNA[30]. Kawanishi et al[31] also stated that, formation of 8-OHdG at the GGG triplet in telomere sequence induced by oxidative stress could accelerate telomere shortening. Accumulation of oxidized bases beyond a certain level in telomeres may severely deplete telomere binding proteins in telomeres and result in telomere uncapping. Uncapped telomeres can become targets for ATM or ATR kinases and nucleolytic degradation that eventually cause telomere shortening and cell cycle arrest[26]. Therefore, very high oxidative stress levels are detrimental to telomere length maintenance as is evident from the study. Infertility may thus be accelerated with oxidative stress, DNA damage and shorter telomeres. However mild oxidative stress is beneficial for telomere length and results in longer telomeres and thus may aid in maintainenece of genomic integrity. Thus severe oxidative stress and resultant shorter telomeres may impair spermatogenesis and result in hypospermatogenesis and may manifest as oligozoospermia and later as azoospermia however mild oxidative stress aids in maintainece of telomeres and thus aid in mitotic division of germ cells. Thus one should not indiscriminately take antioxidants and levels of seminal free radical levels should be monitored regularly when one is on antioxidants. Recent studies from our laboratory have documented the beneficial effect of yoga and meditation in reducing oxidative stress and upregulating activity of telomerase enzyme. Thus we believe that infertility is actually accelerated testicular aging characterised by oxidative stress, DNA damage and shorter telomeres and it could be reversed by adopting yoga and meditation into daily lifestyle.

 With available evidence that physiological levels of free radical is important for various cellular, physiological and biochemical mechanisms including regulation of gene expression and cell signalling a delicate balance for free radical levels needs to be established to maximize the beneficial physiological effects of free radicals and minimize the detrimental effects of supra physiological levels.

COMMENTS
Background

Infertility is a complex life style disorder. Oxidative damage to sperm DNA is one of the major causes of infertility especially in men with normal sperm parameters. Recent studies have shown that loss of sperm DNA integrity, hypermutability of mitochondrial genome, altered gene expression, short telomere length and environmental/lifestyle factors like smoking, psychological stress are the key players in male infertility. DNA damage is chiefly oxidative and one of the leading causes of defective sperm function. Simple lifestyle modifications can significantly improve DNA integrity.

Research frontiers

Various studies have explored the role of oxidative stress and DNA damage in male infertility but there are few studies to understand the role of sperm telomeres and its length in the aetiology of male infertility. Numerous studies have addressed the detailed description of telomere in various diseases but the telomere length in the sperm and their correlation with seminal oxidative stress has not been intensely investigated. There are few studies on the role of telomere in reproduction and since oxidative stress has such a marked effect on telomere phenotype, it is important to evaluate the effect of oxidative stress (normal, mild, severe) on telomere length. It is important to establish cut off levels of free radicals which are beneficial to telomeres and cause telomere lengthening as compared to very high reactive oxygen species (ROS) levels which induce DNA damage response in telomeres and cause telomere shortening.

Innovations and breakthroughs

In this study the authors found longer telomere length in cases with mild oxidative stress levels [21.3-35 relative light units (RLU)/s/million sperm] as compared to cases with normal ROS levels (0-21.3 RLU/s/million sperm). Thus it would be more valuable to establish cut off free radical levels which are beneficial/detrimental to telomere length maintenance. The authors have investigated the role of oxidative stress in sperm telomere length maintenance in idiopathic male infertility.
Applications

Thus severe oxidative stress and resultant shorter telomeres may impair spermatogenesis and result in hypospermatogenesis and may manifest as oligozoospermia and later as azoospermia however mild oxidative stress aids in maintainece of telomeres and thus aid in mitotic division of germ cells. One should not indiscriminately take antioxidants and levels of seminal free radical levels should be monitored regularly when one is on antioxidants.

Peer-review

This is a quite well designed study which is worth to be published in scientific journal. Language is communicative, manuscript is concise, methods are well chosen, results transparent and discussion sufficient.
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Figure Legends
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Figure 1  Seminal reactive oxygen species levels (RLU/s/million sperm) in cases and controls.
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Figure 2  Receiver operating characteristic curve for reactive oxygen species. Cut off = 21.3 RLU/s/million sperm, area under curve = 0.748, specificity = 77.14%. RLU: Relative light units; ROC: Reciever operating curve.
[image: image4.png]Control




Figure 3  8-Isoprostane levels (pg/mL) in cases and controls.
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Figure 4  Mean telomere length in cases and controls.
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Table 2  Oxidative stress and telomere length


ROS (RLU/s/million sperm), (mean ± SD)


�
0-21.3 (normal)


�
21.3-35 (mild)


�
> 35 (severe)


�
�
�
RLU/s/million sperm


�
RLU/s/million sperm


�
RLU/s/million sperm


�
�
Mean telomere length (mean ± SD)


�
0.663 ± 0.14


�
0.684 ± 0.12


�
0.595 ± 0.15


�
�
8-IP (pg/mL) (mean ± SD)


�
282.41 ± 61.97


�
440.54 ± 23.78


�
560.66 ± 43.82


�
�
ROS: Reactive oxygen species; RLU: Relative light units; 8-IP: 8-Isoprostane.





Table 1  Comparison of semen parameters and age of infertile men and controls


Category


�
Age (mean ± SD, yr)


�
SC (mean ± SD)


�
FM (mean ± SD)


�
pH (mean ± SD)


�
Volume (mean ± SD, mL)


�
�
Infertile


�
  31.71 ± 4.45


�
  41.5 ± 36.6


�
44.25 ± 19.94


�
  7.5 ± 0.55


�
3.04 ± 1.23


�
�
n = 112


�
�
�
�
�
�
�
Controls


�
32.22 ± 4.0


�
70.66 ± 57.9


�
60.14 ± 18.33


�
7.61 ± 0.38


�
2.96 ± 1.07


�
�
n = 102


�
�
�
�
�
�
�
SC: Sperm count (P = 0.0007); FM: Forward motility (P < 0.0001) (A + B grade in %).
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