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Association of the NRF2 rs6721961 Polymorphism with Serum Vitamin E Levels in Idiopathic Male Infertility: A Case-Control Study among Iraqi Men



ABSTRACT 
Background: Oxidative stress plays a critical role in the pathogenesis of idiopathic male infertility. The transcription factor NRF2 regulates antioxidant defence genes, and polymorphisms in its promoter region may affect antioxidant capacity. Vitamin E (α‑tocopherol) serves as a major lipid‑soluble chain‑breaking antioxidant protecting sperm membranes from peroxidative damage.
Objective: To evaluate the frequency of the rs6721961 (−617 C>A) polymorphism in the NRF2 gene and its association with serum vitamin E levels in Iraqi men with idiopathic infertility.
Methods: This case‑control study included 160 men (80 infertile patients and 80 fertile controls). Genotyping of rs6721961 was performed using tetra‑primer ARMS‑PCR. Serum vitamin E levels were measured using a validated colorimetric assay. Statistical analysis included Chi‑square tests for genotype distribution, Mann‑Whitney U tests, Kruskal‑Wallis H tests, and Spearman's rank correlation.
Results: The rs6721961 A allele was significantly more frequent in infertile patients (46.9%) compared to controls (16.9%; OR = 4.35; 95% CI: 2.59–7.29; p < 0.001). The AA genotype was present exclusively in the infertile group (21.3% vs. 0.0% in controls). Serum vitamin E levels were significantly lower in infertile patients compared to controls across all genotype categories (p < 0.001). Within the patient group, a significant inverse dose‑response correlation was observed between the number of A alleles and vitamin E levels (Spearman's ρ = -0.373, p < 0.001), supporting a gene‑dosage effect.
Conclusion: The rs6721961 AA genotype is strongly associated with idiopathic male infertility and reduced serum vitamin E levels in the Iraqi population. The significant dose‑response relationship suggests a genetically driven impairment of NRF2‑mediated antioxidant capacity, supporting genotype‑guided therapeutic strategies.
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1. INTRODUCTION 
Around one in six people experiences infertility, which involves both male and female factors, with male factors representing nearly half of all cases. Despite extensive clinical evaluation in many cases, these men remain classified as having idiopathic infertility, yet the underlying molecular mechanisms remain elusive  [1,2,3].
Oxidative stress  has been recognized as an important factor affecting male fertility as mitochondrial rich spermatozoa are particularly vulnerable to damage by reactive oxygen species (ROS) due to their lipid rich membranes and relatively weak antioxidant defence systems. High ROS levels damage sperm membranes, mitochondria, and DNA, thereby impairing fertility [4,5].
Nuclear factor erythroid 2-related factor 2 (NRF2) is a crucial regulator of cellular antioxidant defence and modulates transcription of several antioxidant enzymes required for redox homeostasis. The A allele (rs6721961, —617 C>A) contributes to the reduced transcriptional activity of NRF2, hence compromising antioxidant defence. Associations of the A allele with male infertility and sperm quality in various populations have been reported by previous studies and recently by a meta-analysis [6,7,8,9]
Vitamin E (α-tocopherol), the main lipid soluble antioxidant, protects sperm membranes from lipid peroxidation. Since the regeneration is dependent on pathways controlled by glutathione and NRF2, decreasing the activity of NRF2 may be responsible for decreased vitamin E status and increased oxidative damage [10].
Although there is increasing evidence, the role of the NRF2 rs6721961 polymorphism in serum vitamin E levels have never been studied in Iraqi men. Based on this, we carried out this case-control study to ascertain the association of rs6721961 with idiopathic male infertility and whether A allele associates with lower serum vitamin E concentrations. Based upon our presumption that the A allele would occur more frequently among subjects who suffer from male infertility, we predict a dose dependent inverse association with vitamin E concentrations, consistent with a mechanistic effect of reduced protection of oxidative damage (via impaired NRF2 associated antioxidant defence) amongst those men with lower vitamin E concentrations.

2. MATERIAL AND METHODS
2.1. Study Design and Population
This case-control study covered 4 months from November 2025 to February 2026 at the Fertility and Infertility Prevention Center, Al-Sadr Medical City, Najaf, Iraq. The study protocol was formally approved by the Institutional Ethics Committee of AL-Qasim Green University (Approval No. Qgec/21/2025) and conducted following the principles of the Declaration of Helsinki. All subjects provided written, informed consent before enrollment.
A total of 160 Iraqi males in a 1:1 ratio (80 patients with idiopathic male infertility and 80 fertile controls) were recruited. Idiopathic infertility was diagnosed in the patient cohort according to the definition of the 6th edition of the WHO laboratory manual [11], which was the failure to establish pregnancy after 12 months of regular unprotected intercourse and normal physical examination as well as normal endocrine profiles and standard semen analyses failing to reveal a definitive aetiological cause. The three same WHO criteria [11] were used for the definitions of oligozoospermia, asthenozoospermia, and teratozoospermia. 80 controls were healthy, fertile men with a documented achievement of fatherhood within the last 1–2 years.
The same exclusion criteria were applied to both groups. Patients were excluded for any of the following: azoospermia or obstructive infertility; clinical varicocele or genital tract infection; history of hormonal therapy, chemotherapy, or radiotherapy; known genetic or endocrine disorders; major systemic diseases (e.g, diabetes mellitus, cardiovascular disease, chronic renal failure); use of antioxidant supplements or specific medications within the previous 3–6 months; any smoking (cigarettes, e-cigarettes, or waterpipes), alcohol consumption, or occupational toxin exposure; or previous urogenital surgery or radiation exposure. Blood samples were taken from all subjects, who were all non-smokers and fasting at the time.

2.2. Sample Size Determination
Owing to the absence of prior population specific genetic data from Iraqi cohorts, an internal pilot design was adopted using the first 30 participants in each group. The primary genetic endpoint the minor allele frequency of rs6721961 was used for sample size calculation. Based on the observed allele frequencies (16.9% in controls and 46.9% in patients; odds ratio ≈ 4.7), a chi-square test for two independent proportions (α = 0.05, power = 0.80) yielded a required sample size of 34 participants per group using G*Power software [12]. To accommodate secondary biochemical endpoints and potential PCR failures, the final sample size was set at 80 participants per group (total n = 160).

2.3. Blood Collection and Serum Preparation
The semen analysis was performed on the same day when blood samples of about 5 mL were collected in plain serum gel tubes from the antecubital vein. The blood was allowed to clot for 30 minutes at room temperature and then centrifuged at 3000×g for 10 minutes. Serum was separated after centrifugation, aliquoted into sterile microcentrifuge tubes, and stored at −80°C until biochemical analysis. Analytical precision was ensured by doing all the assays in duplicate.
2.4. Measurement of Serum Vitamin E
A colorimetric assay kit was used for determining serum levels of vitamin E (α‑tocopherol) (Elabscience® Vitamin E Assay Kit, Cat. No. E‑BC‑K033‑S). The technique is based on the measurement of the reduction of ferric ions (Fe³⁺) to its ferrous ion (Fe²⁺) status by the presence of vitamin E, which is followed by chromogenic complexation with phenanthroline, and the absorbance of the pink‑coloured product was measured at 532 nm [13]. The detection range of the assay is 0.09–40 μg/mL, with intra‑assay and inter‑assay coefficients of variation <5.2% proving analytical reliability. Procedures were performed as recommended by the manufacturer, and the final concentration was calculated as outlined in the kit manual.

2.5. Genomic DNA Extraction and Rs6721961 Genotyping
Total genomic DNA was isolated from EDTA treated whole blood specimens as per the spin column protocol for mammalian whole blood provided by the manufacturer using the gSYNC™ DNA Extraction Kit (Geneaid Biotech, Taiwan).
The purity and concentration of the eluted DNA were assessed spectrophotometrically (NanoDrop™ 2000), accepting only samples with an A₂₆₀/A₂₈₀ absorbance ratio within the 1.8–2.0 range. Purified templates were stored at −20 °C until genotyping.
The single nucleotide polymorphism rs6721961 (−617 C>A) within the NRF2 promoter region was genotyped using the tetra‑primer amplification refractory mutation system‑polymerase chain reaction (ARMS‑PCR) technique [14]. Primer sequences were adopted from a previously validated study conducted on a proximate Middle Eastern population  and are summarised in Table 1 [15].
Table 1: Primer Sequences and Expected Amplicon Sizes for NRF2 rs6721961 Genotyping
	Primer Name
	Primer Sequence (5′→3′)
	Allele Specificity
	Product Size (bp)

	Outer Forward (OF)
	CTCCGTTTGCCTTTGACGAC
	Outer control
	282

	Outer Reverse (OR)
	GGGGAGATGTGGACAGCG
	Outer control
	282

	Inner Forward (IF)
	CCCTGATTTGGAGTTGCAGAACC
	C allele (wild‑type)
	113

	Inner Reverse (IR)
	GCGAACACGAGCTGCCGGA
	A allele (mutant)
	205


Each PCR reaction was formulated in a 25 µL total volume containing 12.5 µL of a 2.5× master mix (Syntol, Russia), 2 µL of genomic DNA template (50–100 ng), 1 µL (10 pmol) of each outer primer, 1.5 µL (15 pmol) of each inner primer, and 0.5 µL of supplemental 25 mM MgCl₂. Amplification was carried out in a Techne TC‑5000 thermal cycler programmed with the following conditions: initial denaturation at 94 °C for 5 minutes; 35 cycles of denaturation at 94 °C for 30 seconds, annealing at 60 °C for 30 seconds, and extension at 72 °C for 30 seconds; concluded by a final extension at 72 °C for 5 minutes. The amplified products were resolved by electrophoresis through a 2% agarose gel pre-stained with RedSafe™ nucleic acid dye, running at 100 V for 60 minutes in 1× TBE buffer. Banding patterns were visualized under UV transillumination and compared against a 100 bp DNA ladder to unequivocally assign the CC, CA, or AA genotypes [6].
2.6. Statistical Analysis
All statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA).The normality of continuous variables, specifically serum vitamin E levels, was assessed using the Shapiro Wilk test. As the data deviated significantly from a normal distribution, non‑parametric tests were employed for all between group and across group comparisons of vitamin E levels. For comparisons of vitamin E concentrations between two independent groups specifically between patients and controls overall, and between patients and controls within each genotype category (CC and CA) the Mann Whitney U test was applied. When comparing vitamin E levels across the three genotype categories (CC, CA, and AA) within the patient group, the Kruskal Wallis H test was utilised. Genotype and allele frequency distributions between infertile patients and fertile controls were compared using multiple genetic models with the Pearson Chi‑square (χ²) test, including codominant, dominant, recessive, and over dominant models. For each genetic model, the 2×2 contingency table was used to estimate an odds ratio (OR) with 95% confidence interval (95% CI) based on the genotype with respect to infertility status. When there was an individual genotype (AA) present at 0 in the control group, the odds ratio could not be calculated, but we still computed the χ² statistic and p‑value based on the 2 × 2 table (no continuity correction). pearman's rank correlation coefficient was calculated between the ordinal genotypic score (CC = 0, CA = 1, AA = 2) and serum vitamin E concentrations within the patient group to evaluate the dose response relationship between genotypic dosage and vitamin E levels.
3. RESULTS
3.1 Genotype and Allele Distribution of rs6721961 in the NRF2 Gene
A cohort of 80 infertile men and 80 fertile controls was genotyped for the rs6721961 SNP in the NRF2 gene (Figure 1) The genotype distribution was in accordance with Hardy–Weinberg equilibrium (χ² = 3.30, df=1, P=0.069) in the control group, confirming that the population studied is representative. Genotype and allele frequencies varied significantly between the two groups for each inheritance mode examined (Table 2).
[image: ]

Figure 1: Typical agarose gel electrophoresis of genotyping of the NRF2 rs6721961 (−617 C>A) polymorphism (using tetra‑primer ARMS‑PCR). Lane M: 100 bp DNA ladder. An outer control primer produced a 282 bp fragment and allele‑specific inner primers generated products of 113 bp (C allele) and 205 bp (A allele). the presence of AA is seen in lane 1, CA in lanes 2, 3, 5, and 6, whilst lane 4 shows CC (282 bp + 113 bp only). Amplification was successful in all cases, as indicated by the presence of the 282 bp control band in every lane. In the codominant model, CA genotype was observed in 51.3% of the patients, while in only 33.8% of the controls (OR = 3.66; 95% CI: 1.83–7.33; p < 0.001). More importantly, while 17 of the 80 patients (21.3%) had the AA genotype, none of the 80 controls had the AA genotype a finding that precluded standard OR computation and produced a chi-square of 28.34 (p < 0.001). In patients, the CC genotype was detected in only 27.5%, whereas it was present in 66.3% of controls, while significantly more fertile men carried this genotype (66.3% vs. 27.5% in patients) indicating a protective role for the wild type allele. In the combined analysis of CA and AA under the dominant model, the carrier rate was 72.5% for patients and 33.8% for controls (OR = 5.18; 95% CI: 2.64–10.17; χ² = 24.12, p < 0.001). The recessive model yielded χ² = 19.02 (p < 0.001), once more with an undefined OR since no control had AA genotype. Even the overdominant comparison CA versus CC+AA revealed statistically significant excess in patients.
At the allele level, the A allele frequency was 46.9% in patients compared with only 16.9% in controls (OR = 4.35; 95% CI: 2.59–7.29; χ² = 33.15, p < 0.001). The C allele dominated in the fertile group (83.1% vs. 53.1%). Across every model applied, the data consistently pointed toward a strong association between the A allele and male infertility.

Table 2: Genetic Model Analysis of rs6721961 Polymorphism in NRF2 Gene with Male Infertility
	Genetic Model
	Genotype Comparison
	Patient (n=80) 
n (%)
	Control (n=80) 
n (%)
	OR (95% CI)
	χ² (p-value)

	Codominant
	CA vs CC
	CA: 41 (51.3%) CC: 22 (27.5%)
	CA: 27 (33.8%) CC: 53 (66.3%)
	3.66 (1.83–7.33)
	13.87 (p < 0.001)

	
	AA vs CC
	AA: 17 (21.3%) CC: 22 (27.5%)
	AA: 0 (0.0%) CC: 53 (66.3%)
	*Not estimable
	28.34 (p < 0.001)

	Dominant
	(CA+AA) vs CC
	(CA+AA): 58 (72.5%) CC: 22 (27.5%)
	(CA+AA): 27 (33.8%) CC: 53 (66.3%)
	5.18(2.64–10.17)
	24.12 (p < 0.001)

	Recessive
	AA vs (CC+CA)
	AA: 17 (21.3%) (CC+CA): 63 (78.8%)
	AA: 0 (0.0%) (CC+CA): 80 (100.0%)
	*Not estimable
	19.02 (p < 0.001)

	Overdominant
	CA vs (CC+AA)
	CA: 41 (51.3%) (CC+AA): 39 (48.7%)
	CA: 27 (33.8%) (CC+AA): 53 (66.3%)
	2.06 (1.09–3.90)
	5.01 (p = 0.025)

	Allele
	A vs C
	A: 75 (46.9%) C: 85 (53.1%)
	A: 27 (16.9%) C: 133 (83.1%)
	4.35 (2.59–7.29)
	33.15 (p < 0.001)



* OR was not calculable due to zero AA count in controls. χ² derived from the 2×2 table without continuity correction.

3.2 Serum Vitamin E Levels by Genotype
Serum vitamin E was measured in all participants and compared within each genotype group (Table 3). In the control group, CC carriers averaged 12.65 ± 1.19 µg/mL and CA carriers averaged 12.17 ± 1.22 µg/mL. No control subject carried the AA genotype, so that subgroup comparison was not possible.
Among patients, a downward trend in vitamin E was seen across genotypes: CC = 11.71 ± 0.80 µg/mL, CA = 11.25 ± 1.08 µg/mL, and AA = 11.12 ± 0.72 µg/mL. This gradient did not reach statistical significance within the patient group alone (p = 0.080), probably because the AA subgroup was small (n = 17). However, when the Kruskal-Wallis test was applied to the entire study population (n = 160), a highly significant difference was observed across the three genotype categories (H = 22.231, df = 2, p < 0.001), confirming that the overall decline in vitamin E across genotypes is a robust feature of the association between rs6721961 and antioxidant status.
However, inter-genotype group data were more informative. Compared to CC controls, CC patients had much lower vitamin E and the same pattern was observed for CA carriers (11.71 vs. 12.65 µg/mL, for CC vs. CC: p = 0.002 and 11.25 vs. 12.17 µg/mL, for CA vs. CC; p = 0.006, respectively). Importantly, there was a very highly significant difference (p < 0.001) between the patient and control cohorts overall, confirming that men with infertility had much lower levels of circulating vitamin E in this study irrespective of which genotype they expressed. To support the dose dependent effect of the mutant allele on antioxidant status, Spearman's correlation analysis in the patient group showed a moderate inverse correlation between the number of A alleles and vitamin E levels (ρ = -0.373, p < 0.001).

Table 3:Serum Vitamin E Levels (Mean± SD) by NRF2 rs6721961 Genotype
	Parameter
	Group
	CC
	CA
	AA
	p-value

	Vitamin E (µg/mL)
	Control
	12.65 ± 1.19 (n=53)
	12.17 ± 1.22 (n=27)
	– (n=0)
	N/A

	
	Patient
	11.71 ± 0.80 (n=22)
	11.25 ± 1.08 (n=41)
	11.12 ± 0.72 (n=17)
	0.080

	
	p-value (Control vs Patient)
	0.002
	0.006
	N/A*
	< 0.001


* No control subject carried the AA genotype (n = 0); inter group comparison was therefore not applicable for this category.

4. DISCUSSION
4.1 The rs6721961 Polymorphism Association with Male Infertility
[bookmark: _Hlk233473879]Transcription factor NRF2, encoded by the NFE2L2 gene, regulates the cellular response to oxidative stress through ARE (antioxidant response element) binding of antioxidant and cytoprotective genes [16,17]. Because spermatozoa are already poor in antioxidant defences, a variant that undermines this regulatory function would reasonably render spermatozoa more vulnerable to oxidative injury. The rs6721961 SNP, located 617 bp upstream from the NRF2 transcription start site, in an ARE like sequence, is thus a biologically plausible candidate SNP associated with NRF2 output.
In the present study, the A allele was almost three times more common in the infertile men (46.9%) than in the fertile controls (16.9%); the OR was 4.35 (95% CI: 2.59–7.29). This is a large effect. In the dominant model, just one A allele increased the odds of infertility by 5-fold (OR = 5.18). Notably, the heterozygous CA group was more than twice as likely to be at risk under the overdominant model (OR = 2.06, p = 0.025) and having just one mutant allele was sufficient to have a marked transcriptional imbalance even if the variant was in heterozygous state.
On the basis of rs6721961 genotype distribution, the AA genotype was present in 21.3% of patients and zero controls. It is particularly striking in men who are fertile. It is an unlikely outcome if due only to random chance (χ² = 28.34 for codominant; χ² = 19.02 for recessive). One explanation of this finding is that the biallelic inactivation of NRF2 promoter activity decreases antioxidant levels to a reproductive system specific threshold of tolerance during testosterone dependent spermatogenesis and does not impair fertility. Whether this represents direct effects on spermatogenesis or secondary effects of chronic oxidative stress in the testis remains to be determined in future studies.
4.2 Vitamin E, Oxidative Stress, and the Infertile Male
Vitamin E is one of the main lipid soluble antioxidants present in sperm membranes. Spermatozoa are highly susceptible to oxidative damage, being one of the most oxidatively vulnerable cells in the body due to the high levels of polyunsaturated fatty acids, especially DHA and the sparse cytoplasm available for housing protective enzymes [18,19]. Lipid peroxidation of the plasma membrane occurs upon depletion of vitamin E, leading to loss of motility, and morphology and fertilisation capacity.
For CA carriers, the difference was 11.25 vs. 12.17 µg/mL (p = 0.006), and the final statistical difference between the two groups was 0.001. Although the numerical differences are small or minor, they indicate the presence of ongoing oxidative stress, and vitamin E may be depleted more rapidly than it can be replenished. This means that the appearance of low levels suggests the presence of ongoing oxidative stress and not just a dietary imbalance.
Interestingly, even though CA controls were fertile, they appeared to have lower vitamin E than CC controls (12.17 vs 12.65 µg/mL). This small difference is not seen in the control group but hints that even before it becomes clinically troublesome, A allele has an effect on antioxidant status. Under conditions such as infection, poor diet, or environmental exposures, this subclinical reduction could progress to a frank deficiency.
4.3 Discovering the Molecular Basis of the Polymorphism How the Polymorphism Can Reduce Vitamin E
NRF2 induces expression of the glutathione biosynthetic enzyme gamma GCS along with HO-1 and NQO1, which together control cellular redox status [20]. Importantly, the reactivation of oxidized vitamin E to its functional tocopherol (vitamin E) form is mediated by the glutathione system [21,10]. If rs6721961 A allele reduces NRF2 promoter activity, glutathione levels decrease , and the vitamin E recycling cycle decelerate and total tocopherol concentrations decline as observed in our patients. Specifically, the gradient in patient vitamin E (11.71 > 11.25> 11.12 µg/mL) fits this model perfectly, as it occurs along a CC > CA > AA selection axis. Although the Kruskal-Wallis test comparing the three genotype groups did not achieve statistical significance (p = 0.080) (which can also be ascribed to the smaller size of the AA subgroup (n=17), leading to a lower level of statistical power for categorical comparisons), observations made using Spearman's rank correlation analysis resulted in significant evidence supporting a dose dependent effect. When the genotypic dosage was treated as an ordinal variable (CC = 0, CA = 1, AA = 2), a significant moderate inverse correlation between number of A alleles and serum vitamin E levels was present in the patient group (ρ = -0.373, p < 0.001). Importantly, this discovery is made possible because Spearman's test an appropriate metric for identification of monotonic trends across ordered groups is more able to detect linear dose response relationships than the omnibus Kruskal-Wallis test that simply detects any difference in central tendencies (regardless of whether belonging to ordered genotypes). 
4.4 Comparison of these results with published data
This is consistent with the prior studies. Aydos et al. (2021) reported that the AA genotype was associated with both increased risk of oligoasthenozoospermia (5.75-fold, P = 0.037) and enhanced sperm DNA damage in an investigation conducted in Turkey [7] . Rehman et al. (2022) reported similar findings, and Gunes et al. (2015) also noted that NRF2 polymorphisms are consistent risk factors across populations [8,22]. Genome with the A allele itself also supported the impaired antioxidant defence since this variant reduced the levels of NRF2 [6,23]. With regard to vitamin E, lower serum values were reported in infertile subjects than in controls and positive effects on sperm motility after antioxidant supplementation [24,25]. The absence of the AA genotype in the control group of this study is larger than previously reported and may indicate population differences or it may merely reflect a comparatively small control sample size.
4.5 Clinical Implications
If the rs6721961 A allele is a reliable marker of impaired antioxidant status in infertile men, genotyping could serve as an indispensable supplement in the assessment of male infertility of indeterminate etiology. Individuals with CA or AA genotypes and low serum vitamin E would be reasonable candidates for supplementation with antioxidants. In controlled trials, co-supplementation of vitamin E with selenium has been shown to improve sperm motility, morphology and DNA integrity[26,27] and the genotype stratified deficits herein give this action a more mechanistic basis. Another interesting remark is that NRF2 can be pharmacologically activated. These are clinically investigated, such as sulforaphane and dimethyl fumarate, which up regulate NRF2 target genes but in different diseases. Whether this strategy could partially compensate for a reduced rs6721961 promoter activity in men with infertility remains to be tested, but it would seem worth further investigation.


5. Conclusions
This case-control study found a significant association between the NRF2 rs6721961 polymorphism and idiopathic male infertility among Iraqi men. The A allele was more frequent in infertile patients than in fertile controls, and the AA genotype was detected only in the patient group. Serum vitamin E levels were also lower in infertile patients than in controls, suggesting reduced antioxidant status among affected individuals. Within the infertile group, vitamin E levels decreased across CC, CA, and AA genotypes, and a significant inverse correlation was observed between A-allele dosage and serum vitamin E concentration. These findings support a possible relationship between NRF2 genetic variation, antioxidant status, and idiopathic male infertility. However, because the study used a case-control design, the results should be interpreted as associative rather than causal. Larger population-based studies including dietary assessment, semen oxidative stress markers, and functional validation are required to confirm the clinical relevance of these findings.
Limitations
This study was limited by its single-center case-control design and moderate sample size, particularly the small AA genotype subgroup. The absence of AA genotype among controls limited odds-ratio estimation for some genetic models. Serum vitamin E may be influenced by diet, lipid status, body mass index, lifestyle, and other nutritional factors, which were not fully assessed. Oxidative stress markers in semen or blood were not measured. Therefore, the findings should be considered preliminary and population-specific. Larger multi-center studies with functional assays and better control of confounding variables are needed before clinical application can be proposed.

Declaration of AI Use

This manuscript was prepared through the combined contributions of all author(s), including contributions to the study design, data, content development, results, interpretation, and related scholarly work. The author(s) acknowledge the use of Grammarly and ChatGPT to assist with grammar checking, language refinement, reference formatting. These AI-assisted tools were not used as authors and did not replace the intellectual contributions or scholarly judgment of the author(s). All AI-assisted outputs, including content, references, and interpretations, were carefully reviewed, revised, verified, and approved by the author(s). The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.




[bookmark: _Hlk232002411]7. Conflicts of Interest
The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.
.

Abbreviations
NRF2: Nuclear factor erythroid 2‑related factor 2
ROS: Reactive oxygen species
ARE: Antioxidant response element
ARMS‑PCR: Amplification refractory mutation system‑polymerase chain reaction
OR: Odds ratio
CI: Confidence interval
HWE: Hardy‑Weinberg equilibrium



REFERENCES
1. World Health Organization. Infertility prevalence estimates, 1990-2021. Geneva: World Health Organization; 2023. ISBN: 978‑92‑4‑006831‑5 

2. Minhas S, Bettocchi C, Boeri L, Capogrosso P, Carvalho J, Cilesiz NC, et al. European Association of Urology guidelines on male sexual and reproductive health: 2021 update on male infertility. Eur Urol. 2021;80(5):603‑20.  DOI: 10.1016/j.eururo.2021.08.014 

3. Sengupta P, Dutta S, Henkel R, Maldonado Rosas I, Roychoudhury S. Idiopathic male infertility revisited: can redox endophenotypes reframe the 'idiopathic' label? Front Endocrinol. 2026;17:1747453.  DOI: 10.3389/fendo.2026.1747453 

4. Dutta S, Sengupta P, Roychoudhury S, Chakravarthi S, Wang CW, Slama P. Antioxidant paradox in male infertility: 'a blind eye' on inflammation. Antioxidants. 2022;11(1):167.  DOI: 10.3390/antiox11010167 

5. Agarwal A, Rana M, Qiu E, AlBunni H, Bui AD, Henkel R. Role of oxidative stress, infection and inflammation in male infertility. Andrologia. 2018;50(11):e13126.  DOI: 10.1111/and.13126 

6. Marzec JM, Christie JD, Reddy SP, Jedlicka AE, Vuong H, Lanken PN, et al. Functional polymorphisms in the transcription factor NRF2 in humans increase the risk of acute lung injury. FASEB J. 2007;21(9):2237‑46.  DOI: 10.1096/fj.06-7759com 

7. Aydos OS, Yukselten Y, Aydos D, Sunguroglu A, Aydos K. Relationship between functional Nrf2 gene promoter polymorphism and sperm DNA damage in male infertility. Syst Biol Reprod Med. 2021;67(6):399‑412.  DOI: 10.1080/19396368.2021.1972359 

8. Rehman B, Rahim A, Afzal M, Tazarrat A, Kashif H, Qayyum S. Association of NRF2 gene polymorphism (RS6721961) with semen parameters of infertile males in Pakistani population. Pak Armed Forces Med J. 2022;72(2):398‑402.

9. Kaur M, Rahman TKS, Dolma S, Kaur R, Kapoor HS, Goyal LD, et al. Xenobiotic metabolizing gene variants and the risk of male infertility - A systematic review, meta-analysis and in silico analysis. Toxicol Rep. 2025;14:102019.  DOI: 10.1016/j.toxrep.2025.102019 

10. Dinkova-Kostova AT, Abramov AY. The emerging role of Nrf2 in mitochondrial function. Free Radic Biol Med. 2015;88:179‑88.  DOI: 10.1016/j.freeradbiomed.2015.04.036 

11. World Health Organization. WHO laboratory manual for the examination and processing of human semen. 6th ed. Geneva: World Health Organization; 2021.  DOI: 10.1016/j.fertnstert.2021.11.034 

12. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. 2007;39(2):175‑91.  DOI: 10.3758/BF03193146 

13. Elabscience. Vitamin E (VE) Colorimetric Assay Kit (Cat. No. E-BC-K033-S).  product manual . 2025.

14. Ye S. An efficient procedure for genotyping single nucleotide polymorphisms. Nucleic Acids Res. 2001;29(17):e88.  DOI: 10.1093/nar/29.17.e88 

15. Maqsood J, Rahim A, Afzal M, Bajwa MI, Karim B, Hashmi TS. Association of Nrf2 gene polymorphism with polycystic ovary syndrome – a case-control study. Pak J Physiol. 2022;18(3):15‑8.  DOI: 10.69656/pjp.v18i3.1467 

16. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res Commun. 1997;236(2):313‑22.  DOI: 10.1006/bbrc.1997.6943 

17. Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environmental stresses via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol Toxicol. 2007;47:89‑116.  DOI: 10.1146/annurev.pharmtox.46.120604.141046 

18. Aitken RJ, Clarkson JS. Cellular basis of defective sperm function and its association with the genesis of reactive oxygen species by human spermatozoa. J Reprod Fertil. 1987;81(2):459‑69.  DOI: 10.1530/jrf.0.0810459 

19. Agarwal A, Virk G, Ong C, du Plessis SS. Effect of oxidative stress on male reproduction. World J Mens Health. 2014;32(1):1‑17.  DOI: 10.5534/wjmh.2014.32.1.1 

20. Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT. Cancer chemoprevention mechanisms mediated through the Keap1–Nrf2 pathway. Antioxid Redox Signal. 2010;13(11):1713‑48.  DOI: 10.1089/ars.2010.3221 

21. Packer JE, Slater TF, Willson RL. Direct observation of a free radical interaction between vitamin E and vitamin C. Nature. 1979;278(5706):737‑8.  DOI: 10.1038/278737a0 

22. Gunes S, Kulac T, Arslan MA. Variations in antioxidant genes and male infertility. Biomed Res Int. 2015;2015:513013.  DOI: 10.1155/2015/513013 

23. Goven D, Boutten A, Leçon-Malas V, Marchal-Sommé J, Amara N, Crestani B, et al. Altered Nrf2/Keap1-Bach1 equilibrium in pulmonary emphysema. Thorax. 2008;63(11):916‑24.  DOI: 10.1136/thx.2007.091694 

24. Keskes-Ammar L, Feki-Chakroun N, Rebai T, Sahnoun Z, Ghozzi H, Hammami S, et al. Sperm oxidative stress and the effect of an oral vitamin E and selenium supplement on semen quality in infertile men. Arch Androl. 2003;49(2):83‑94.  DOI: 10.1080/01485010390129269 

25. Scott R, MacPherson A, Yates RW, Hussain B, Dixon J. The effect of oral selenium supplementation on human sperm motility. Br J Urol. 1998;82(1):76‑80.  DOI: 10.1046/j.1464-410x.1998.00683.x 

26. Moslemi MK, Tavanbakhsh S. Selenium–vitamin E supplementation in infertile men: effects on semen parameters and pregnancy rate. Int J Gen Med. 2011;4:99‑104.  DOI: 10.2147/IJGM.S16275 

27. Greco E, Iacobelli M, Rienzi L, Ubaldi F, Ferrero S, Tesarik J. Reduction of the incidence of sperm DNA fragmentation by oral antioxidant treatment. J Androl. 2005;26(3):349‑53.  DOI: 10.2164/jandrol.04146 

image1.png
700
oo
soo

aoco
300

200

100

156721961

282bp
205bp

—
b~
=
— 113bp
——
J—
—




