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Abstract

Oxidative stress has gained more attention as a significant factor in the development of idiopathic male infertility. Infertile men have higher 
than normal levels of reactive oxygen species in their seminal plasma, and lower levels of antioxidants, which work to neutralize them. Sperm 
DNA damage is often caused by oxidative stress and is considered a crucial characteristic of semen quality. Telomeres, which are the protective 
end-caps of chromosomes, are particularly susceptible to oxidative damage that can contribute to telomere attrition especially in infertile males. 
Shelterin component TRF1 (telomeric repeat-binding factor 1) is involved in the maintenance of the telomere homeostasis. Telomere functions 
in maintaining chromatin integrity. Therefore, present work aimed to study the effect of oxidative stress on TRF1expression and chromatin 
function. 10 males were enrolled for this study out of which 5 were normozoospermic (control) males having at least one live birth and 5 were 
infertile patients (cases) with any one altered semen parameter. Semen was treated with H2O2 to induce oxidative stress in both groups and 
TRF1 expression was evaluated at mRNA level. The results showed a decrease in the TRF1 expression at mRNA level in the treated group of 
controls indicating the induction of oxidative stress leading to sperm DNA damage and disruption in telomere homeostasis causing loss in TRF1 
expression. In cases, the treated group showed an increased expression of TRF1 which might indicate a compensatory mechanism in response 
to the DNA damage induced by oxidative stress. In chromatin function analysis, the percentage of decondensed heads decreased in each of the 
controls and cases after H2O2 treatment indicating the detrimental effect of oxidative stress on chromatin packaging and integrity. Therefore, 
present study suggests oxidative stress mediated alterations in TRF1 expression and chromatin integrity. But confirmation will be required by 
more studies conducted with larger cohorts.
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Introduction

Male factor infertility affects one in ten men, and although 
recent studies have substantially improved the frequency of 
specific diagnoses, over half of all cases (50–60%) are still classified 
as idiopathic [1]. In recent years, oxidative stress (OS) has drawn 
more attention as a significant factor contributing to idiopathic 
male infertility. OS, which is referred to as a physiological redox 
imbalance, is brought on by either an excess of reactive oxygen 
species (ROS) like hydroxyl radical (OH), hydrogen peroxide (H2O2)  

 
etc. or a lower level of antioxidants. Leukocytes and immature 
spermatozoa in the seminal plasma are the major producers of 
ROS. Despite of highly compacted nucleus in sperm, it is prone for 
oxidative damage [2]. ROS can cause damage to the sperm nucleic 
acids like DNA, proteins, and lipids if they are not successfully 
eradicated by the antioxidant enzymes. Thus, infertile men may 
have higher ROS concentrations and lower antioxidant levels in 
their seminal plasma as also reported in study in recent studies. 
[3,4]. 
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Telomeres are nucleoprotein (Protein-DNA) complexes having 
variable tandem repeat units of 5′ TTAGGG/CCCTAA 3′ sequences 
with length ranging between 5 to 15 kb localized at the ends 
of the linear eukaryotic chromosomes. Telomeres are mainly 
responsible for protecting the chromosomal ends and maintaining 
the overall genomic integrity and stability [5]. Telomeric DNA is 
composed of a 5′-3′ G-rich strand and a 3′-5′ C-rich strand with 
it’s duplex structure dominating most of its length except at the 
3′ end of G-rich strand forming an overhang composed of 35-600 
nucleotides [6]. Shelterin, a specialized complex of six proteins, 
namely TRF1 (telomeric repeat-binding factor 1), TRF2 (telomeric 
repeat-binding factor 2), POT1 (Protection of telomere 1), TIN2 
(TRF1-interacting nuclear factor 2), TPP1 (TIN2 and POT1-
interacting nuclear protein 1), and RAP1 (repressor and activator 
protein 1). Shelterin complex bind to the telomeric DNA and form 
a lariat-like structure, the Telomeric loop (T-loop), to protect the 
chromosomal ends from degradation and recognition as damaged 
DNA. 

TRF1 plays a crucial role in regulating telomere length, 
ensuring effective telomere end capping and facilitating telomere 
replication. TRF1 exists as a homodimer or high-order oligomer 
containing multiple DNA binding domains, enabling it to cover 
a large span of telomeric DNA sequence [7]. TRF1 is known to 
participate in the repair of double-strand breaks at non-telomeric 
regions and also in regulating the telomerase activity [8]. The 
TRF1 subunit of the shelterin complex is involved in inhibiting 
Non-homologous end joining (NHEJ) and Ataxia-telangiectasia 
mutated (ATM) signaling pathways, preventing end-to-end 
chromosomal fusions and maintaining genomic stability [9]. TRF1 
has been shown in vitro to loop, bend, and pair telomeric repeats, 
all of which might promote the telomere folding in vivo [10]. TRF1 
along with TRF2 recruits Rap1, TIN2, TPP1 and POT1 proteins to 
the complex, forming the shelterin assembly.

Telomeres are known to be highly vulnerable to oxidative 
damage mainly due to their Guanine (G) rich sequences and 
single-stranded overhangs which leads to telomere attrition. 
Sperm telomere length shortening is associated with males with 
idiopathic infertility compared to the fertile men [11]. Therefore, 
to ascertain the factors contributing to the development of the 
infertile phenotypes, it is crucial to comprehend the regulation 
of telomere structure and function. Sperm nuclear chromatin 
decondensation and male pronucleus formation are the most 
crucial events that occur during fertilization. Interruptions during 
the protamination process by which histones are gradually 
replaced by protamines can lead to abnormal sperm production. 
This results in male infertility due to increased rates of apoptosis 
and higher levels of genetic instability [12]. OS may lead to errors 
in sperm chromatin packaging, resulting in defective chromatin 
condensation [13]. Considering the independent association of 
OS, telomere shortening, and chromatin condensation defects 
with male infertility, the present work aimed to study the impact 
of OS on sperm shelterin TRF1 expression and chromatin function 
in infertile males. 

Materials and Methods

A total of 10 males were enrolled for this study out of which 
5 were normozoospermic (control) males having at least one live 
birth and 5 were infertile patients (cases) with any one altered 
semen parameter. The cases were selected from the outpatient 
Department of Obstetrics and Gynaecology, All India Institute 
of Medical Sciences, New Delhi. Cases with genital infection, 
endocrinological disorders, genital tract obstruction, varicocele, 
chromosomal aneuploidy and anti-sperm antibodies were 
excluded from the study. Protocol of the study was approved 
by the institute ethics committee (IECPG- 270/27.04.2022, OT-
06/22.12.2022) and written informed consent was taken from all 
enrolled cases and controls. Semen samples were obtained from 
patients referred for baseline semen analysis in the andrology 
laboratory. Fresh semen sample was collected after 2 to 7 days 
of abstinence period. A standard semen analysis was performed 
according to the specifications of the sixth edition of the WHO 
laboratory manual for the Examination and Processing of Human 
Semen (2021). One aliquot of the semen samples was used after 
preparation by density gradient centrifugation for studying the 
expression of TRF1 both at the basal level and after induction of 
OS by quantitative real-time PCR (qRT PCR). Another aliquot was 
simply washed without any preparation technique for assessing 
the chromatin function both at the basal level and after induction 
of OS by the nuclear chromatin decondensation assay.

Sperm Preparation by Density Gradient Centrifugation 
(DGC)

The semen sample was allowed to liquefy for a minimum of 
30 minutes at 37°C in the incubator. A double density gradient 
technique was employed, consisting of 80% ‘lower phase’ and 
40% ‘upper phase’. In a 15 ml conical centrifuge tube, 1 ml of the 
80% gradient was meticulously pipetted, followed by the gentle 
layering of 1 ml of the upper phase 40% gradient. Subsequently, 
1 ml of the liquefied semen was introduced onto the upper phase 
layer and the tube was subjected to centrifugation at 350xg for 
20 minutes at room temperature. Following centrifugation, the 
supernatant was carefully removed to avoid disrupting the pellet. 
The resulting pellet was then resuspended in G-Mops media and 
subjected to another centrifugation step at 350xg for 10 minutes. 
After the second centrifugation, the supernatant was discarded, 
and the pellet was resuspended in 1 ml of G-Mops media. This final 
suspension yielded a concentrated population of highly motile 
sperm cells, devoid of any cellular debris such as white blood cells 
or round cells.

Hydrogen Peroxide (H2O2) Concentration Preparation 
for Treatment

Oxidative stress on human sperm was induced using H2O2. 
A thirty percent stock of H2O2 (8.82 M) was diluted to a 10mM 
H2O2 stock which was used for preparation of 500μM H2O2 

concentration. 
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Total RNA isolation and Quantitative real-time poly-
merase chain reaction (qPCR)

Extraction of Total RNA from Human Spermatozoa

The resultant sperm suspension after density gradient 
centrifugation was divided into two equal-volume aliquots, each 
containing 500μl. One aliquot was subjected to H2O2 treatment of 
500μM concentration and both aliquots were incubated at 37°C 
for 1 hour. Total RNA isolation from spermatozoa was carried out 
using the RNeasy mini kit (Qiagen) according to the manufacturer’s 
instructions. Each aliquot containing an appropriate number 
of sperm cells (not more than 1x107 cells) was pelleted down 
by centrifuging for 5 min at 300xg in a centrifuge tube. The 
supernatant was carefully discarded and the tube was flicked 
thoroughly to loosen the cell pellet. Cells were disrupted and 
homogenized by adding 600μl of buffer RLT and vortexed for 10 
sec. Equal volume of 70% ethanol was added to the homogenized 
lysate and mixed well by pipetting. Up to 700μl of the sample was 
transferred to a RNeasy spin column placed in a 2 ml collection 
tube and centrifuged for 15 sec at ≥8000xg. The flow-through 
was discarded. Then, 700μl of Buffer RW1 was added to the spin 
column and centrifuged for 15 sec at ≥8000xg to wash the spin 
column membrane. The flow-through was discarded. 500μl of 
Buffer RPE was then added to the spin column and centrifuged 
for 15 sec at ≥8000xg. The flow-through was discarded. 500μl of 
Buffer RPE was again added to the spin column and centrifuged 
again for 2 min at ≥8000xg. The RNeasy spin column was placed 
in a new 2 ml collection tube and centrifuged at 14000 x g for 1 
min to eliminate any residual remains of the buffer and to dry the 
membrane. The RNeasy spin column was placed in a new 1.5 ml 
collection tube and 30μl of RNAse-free water was added directly to 
the spin column membrane and centrifuged for 1 min at ≥8000xg 
to elute the RNA. The RNA purity and quantity was measured by 
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific) 
and was stored at -80℃ for further use.

Reverse Transcription for cDNA (Complementary DNA) 
Synthesis

The Reverse Transcription reaction was performed by 
using iScript™ cDNA Synthesis Kit (Bio-Rad) according to the 
manufacturer’s protocol. A total of 666 ng RNA was reverse 
transcribed to obtain cDNA by the use of a blend of oligo(dT) and 
random hexamers. All the reagents were thawed and prepared 
on ice (Table 1). The tubes were centrifuged briefly to spin down 
the contents and eliminate any air bubbles and stored in ice until 
ready to load in the thermocycler using a specific program (Table 
2). The cDNA synthesized was stored at -20°C or was amplified by 
quantitative real-time PCR using gene specific primers.

Table 1: cDNA master mix composition.

Component Volume Per Reaction (μl)

5x iScript Reaction Mix 4

iScript Reverse Transcriptase 1

RNA template Calculated for 666 ng

Nuclease-Free water Make up to 20 μl

Total volume 20 μl

Table 2: PCR cycle of cDNA synthesis.

Steps Conditions

Priming 5 min at 25ºC

Reverse Transcription 20 min at 46ºC

RT inactivation 1 min at 95ºC

∞ Hold at 4ºC

Quantitative Real-Time PCR (qRT PCR)

qPCR for the expression of genes at the mRNA level was 
performed using KAPA SYBR® FAST qPCR Master Mix (2X) Kit 
(Kapa biosystems) (Table 3). 5 μM concentrations of forward and 
reverse primers (Table 4) with the specific ratios were prepared 
separately to be used in the reaction mixture (Table 5). Quant 
Studio TM 5 (Applied Biosystems TM) Real Time PCR system 
was used to perform qPCR and the samples were run in duplicate 
with the specific programmed cycle and melting curve (Figure 1). 
Ct (cycle threshold) values obtained during real time PCR were 
used to calculate the relative mRNA expression of the genes. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used 
as an endogenous control gene for normalizing the fold change. 
Fold change was calculated using the ΔΔCt method. Relative 
expression was calculated by the 2-ΔΔCt method.

Table 3: Composition of reaction master mix for qPCR.

Master Mix Volume

For TRF1 and GAPDH

cDNA (1:10 dilution) 4 μl

2X SYBR Green Master Mix 10 μl

5μM Primer mix (F+R) 2.4 μl

Nuclease-free water 3.6 μl

Total 20 μl
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 Figure 1: qPCR cycle.

Table 4: List of forward and reverse primer sequence used in qPCR.

Gene Name Primer Sequence 5’→ 3’ Amplicon Size

TRF1 Forward TCTCTCTTTGCCGAGCTTTCC  

  Reverse ACTGGCAAGCTGTTAGACTGGAT 108 bp

GAPDH Forward ACAACTTTGGTATCGTGGAAGG  

  Reverse GCCATCACGCCACAGTTTC 101 bp

Table 5: Ratio of forward and reverse primers used in qPCR.

Gene Name Forward Primer: Reverse Primer Ratio
TRF1 300nM: 300nM

GAPDH 300nM: 300nM

Table 6: Semen Analysis Parameters

Patient Id Total Motility (%) Vitality (%) Sperm Conc. (× 106 /ml) Morphology (%)

PA 43 52 82 1

PB 45 53 89 2

PC 35 39 192 2

PD 40 54 123 1

PE 49 57 34 2

Control Id Total Motility (%) Vitality (%) Sperm Conc. (× 106 /ml) Morphology (%)

CA 65 70 30 6

CB 55 63 16 5

CC 70 84 133 9

CD 62 68 23 6

CE 65 72 70 8

Nuclear Chromatin Decondensation Test

Semen samples were processed for NCDT before and after the 
H2O2 treatment. The NCDT was carried out using the NCDT kit (Hi-
Tech Solutions) according to the manufacturer’s protocol. Briefly, 
100 μl of liquefied semen was taken in each of the two centrifuge 
tubes, with the second tube treated with 500μM H2O2 and both 
samples incubated at 37℃ for 1 hour. 1 ml of wash buffer was 
added to the tubes, followed by centrifugation (5 min at 1500 
rpm) and the supernatant was then gently discarded. 200 μl of 
provided NCD solution was mixed with the pellet, and the tubes 

were incubated at 37°C for 30 mins. Following this, 50 μl of stop 
solution was added and incubated for 5 minutes at 37°C. A drop of 
the mixture was examined under a 40x magnification microscope, 
with a minimum count of 200 condensed and decondensed 
heads. Normal percentage was considered to be greater than 70% 
decondensed Spermatozoa.

Statistical Analysis

The data was analysed using MS Excel and GraphPad Prism 
9.5.1 with student t-test and p-value < 0.05 was considered 
statistically significant.
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Results

Semen Analysis 

A total of 5 infertile males (cases) and 5 fertile males (controls) 
were recruited and were instructed for semen sample collection. 
In cases all five of the ejaculates exhibited any one abnormal 
semen parameters (mean sperm concentration: 104 × 106 ± 58.55, 

mean sperm motility: 42 ± 0.053%, mean sperm vitality: 51 ± 
0.070%, mean sperm morphology: 2 ± 0.005%) while ejaculates 
from 5 controls exhibited normal semen parameters (mean 
sperm concentration: 54.4 × 106 ± 48.68, mean sperm motility: 
63 ± 0.055%, mean sperm vitality: 71 ± 0.078%, mean sperm 
morphology: 7 ± 0.016%) (Table 6).

Figure 2: Relative mRNA expression of TRF1 between Controls and Cases (ns: not significant; p=0.9).

Figure 3: Relative mRNA expression of TRF1 between Controls and Cases (**p=0.0019).

Quantitative Real Time PCR

The TRF1 gene expression at the mRNA level was measured 
by real-time PCR. The relative mRNA expression of TRF1 
between controls and cases with and without H2O2 treatment 
was calculated by using the 2∆Ct method after normalization 
with GAPDH housekeeping gene. The real time PCR data analysis 
indicated that the fold change in TRF1 mRNA expression between 

cases and controls was not significant (P-value = 0.9) in untreated 
samples (Figure 2), whereas treated samples showed significant 
difference (P-value = 0.0019) in fold change in TRF1 mRNA 
expression in cases vs controls (Figure 3). The difference in fold 
change in TRF1 mRNA expression was found significant in treated 
vs untreated groups in both controls and cases (P-value = 0.001, 
0.007 respectively (Figure 4).
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Chromatin Function Assessment - NCDT

The nuclear chromatin decondensation test (NCDT) was 
used to assess the ability of the sperm chromatin to decondense 
after fertilization. More than 70% of spermatozoa that showed 
decondensed nuclear chromatin were considered as normal. The 
total count of decondensed heads was composed of both grossly 
decondensed and moderately decondensed heads. The results of 

NCDT showed a decrease in the decondensation % in individual 
controls and cases after H2O2 treatment but the difference was not 
found to be statistically significant (p value = 0.2, 0.1 respectively) 
(Figure 5 & 6). The difference in fold change in % of decondensed 
heads between untreated groups and treated groups of both 
controls and cases was not found to be significant (P-value = 0.4, 
0.3 respectively) (Figure 7).

Figure 4: Relative mRNA expression levels of TRF1 between untreated and treated groups within the controls and cases (**p=0.001; * 
p=0.007).

Figure 5: Relative head decondensation % between controls (untreated and treated groups (ns= not significant p=0.2).
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Figure 6: Relative head decondensation % between untreated and treated groups within cases (ns= not significant p=0.1).

Figure 7: Relative head decondensation % between untreated groups and treated groups of both controls and cases (ns= not significant; 
untreated group p=0.4; treated group p=0.3).

Discussions

Oxidative stress is a significant factor that leads to sperm cell 
dysfunction and plays a substantial role in the aetiology of male 
infertility due to its detrimental impact on both the structural and 

functional integrity of spermatozoa [14]. Male infertility as well 
as diminished sperm function have been strongly linked to the 
degree of sperm DNA damage. ROS damages the DNA of the sperm 
nucleus by generating base alterations, DNA strand breakage, and 
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chromatin cross-linking [15]. Spermatozoa have limited ability 
to resist oxidative damage to their DNA, mainly because of the 
complex packaging of DNA and G rich telomere ends, which are the 
protective end-caps of chromosomes. Telomere structural changes 
may also make sperm more susceptible to oxidative stress, which 
causes fragmentation of DNA and loss of telomere sequences [16]. 
Thus, impaired telomeric stabilizers like shelterin proteins can be 
responsible for disrupting the structure of telomeres by affecting 
the DNA repair pathways as well as chromosomal dynamics [17].

Out of the 5 cases recruited, none of them were 
oligozoospermic, 60% of them had compromised vitality, 40% 
of them were asthenozoospermic and all of them showed sperm 
morphological defects. In controls, normal semen parameters 
were exhibited. There was no significant difference in sperm 
count between the cases and controls (p value = 0.2). However, 
significant differences were observed in sperm motility, vitality, 
and morphology between cases and controls (p value = 0.0002, 
0.0024, and 0.0001, respectively). On qPCR analysis, TRF1 
expression was seen to be increased significantly in the cases 
after H2O2 treatment. This observed increase in the expression of 
TRF1 may be a response to telomeric DNA damage, functioning 
as a compensatory mechanism [18]. It has been indicated that 
oxidative stress, through the introduction of 8-oxoG modifications, 
has the potential to alter the binding capability of TRF1 to 
telomeric sequences [19]. Another possible mechanism stated is 
that TRF1 is a downstream target of ATM following DNA damage. 
Thus, OS might cause double strand DNA breaks which activates 
the ATM signaling pathway leading to further phosphorylation of 
TRF1 and increased expression as observed [20].

In controls, a significant reduction in the expression of TRF1 
was observed in the treated group compared to the untreated 
group. Telomeres are canonical targets of OS thus oxidative 
damage may lead to telomere attrition and TRF1 protein loss [21]. 
This might cause DNA damage which could lead to the depletion 
of crucial proteins responsible for maintaining telomeres. 
Moreover, oxidative damage induced by H2O2 treatment leads to 
a high tendency of 8oxoG to be incorrectly paired with adenine 
during DNA replication, resulting in mutation of the telomeric 
DNA sequence, which could impede the binding of shelterin 
components. As a result, this could negatively impact the proper 
functioning of telomeres. On chromatin function analysis, no 
significant difference was observed between the decondensation 
% between the untreated and treated groups of cases and 
controls. Also, no significant difference was observed between the 
untreated groups of cases and controls and treated groups of cases 
and controls. This might be due to the small sample size studied. 
Reports suggesting that telomere instability reduces gamete 
viability, ultimately reducing fertility, have risen in prominence in 
recent years, pointing to telomere homeostasis as a new biomarker 
in human infertility [22]. There are still unanswered issues about 
the molecular mechanisms driving male idiopathic infertility and 

to the best of our knowledge gathered from literature search, 
no study has been done yet on correlating the oxidative stress 
associated with male infertility to the shelterin gene expression.

Conclusion

Present work showed the effect of oxidative stress on the TRF1 
gene expression and chromatin function in the spermatozoa of 
infertile males. The findings of the study highlighted that oxidative 
stress have the potential ability to alter the TRF1 expression by 
either disrupting the TRF1 binding capability and inhibitory effect 
of 8oxoG lesion, ultimately causing the loss of TRF1 or driving 
a compensatory mechanism in response to the DNA damage 
induced by OS. This damage can contribute to telomere length 
attrition specially in infertile males, thus studying the regulation 
of telomere structure and function is essential to identify factors 
that contribute to the development of male idiopathic infertility. 
On chromatin function analysis, the percentage of decondensed 
heads decreased in each of the controls and cases after H2O2 
treatment which could indicate the detrimental effect of OS on 
chromatin packaging. Due to the smaller sample size studied, the 
difference was not found to be statistically significant. Thus, OS 
mediated alterations in TRF1 expression and chromatin function 
is suggestive for present study results. But it is only suggestive 

until repeated in more studies with larger cohorts.
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