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Abstract 

A cross-sectional design was employed to elucidate the interplay of dietary pattern 

index scores and seminal and serum biochemical parameters in men presenting to our 

infertility clinics. Ninety men with idiopathic infertility were enrolled. Semen was col-

lected and evaluated following the World Health Organization (WHO) 2010 guideline 

for semen analysis (SA). Participants’ dietary habits were evaluated using a 168-item 

semi-quantitative food frequency questionnaire (FFQ). Independent samples t-tests 

were performed to compare groups with normal and abnormal semen quality parame-

ters in terms of demographic characteristics, energy intake, and initial semen analysis 

results. The association between dietary scores—the Alternative Healthy Eating Index 

(AHEI), the dietary total antioxidant capacity (dTAC), and the dietary inflammatory 

index (DII)—and semen parameters, specifically total antioxidant capacity (TAC) and 

tumor necrosis factor-alpha (TNF-α) levels, was investigated using one-way analysis 

of variance (ANOVA) followed by Tukey’s post hoc tests for multiple comparisons. 

Higher intake of advanced glycation end products (AGE) was associated with abnor-

mal semen parameters (p = 0.04). No other significant differences in serum/semen 

biochemistry were detected (all p-values > 0.05). There were no associations between 

dTAC, AHEI, and DII scores, and TAC or TNF-α (all p-values > 0.05). However, AHEI 

quartiles showed significant differences in seminal AGE levels (p = 0.002). Semen 

malondialdehyde (MDA) levels were higher in the abnormal semen group (1.03 ± 0.28 

vs. 0.95 ± 0.22; p = 0.09). No associations were observed between dTAC or DII scores 

and oxidative stress markers (all p-values > 0.05). AHEI quartiles showed a similar 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0338878&domain=pdf&date_stamp=2026-05-06
https://doi.org/10.1371/journal.pone.0338878
https://doi.org/10.1371/journal.pone.0338878
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.17951041
https://doi.org/10.5281/zenodo.17951041
https://zenodo.org/records/17951041
https://orcid.org/0000-0002-8202-7914
mailto:maryam.shabani.n@gmail.com
mailto:vatannejad@ut.ac.ir


PLOS One | https://doi.org/10.1371/journal.pone.0338878  May 6, 2026 2 / 14

pattern in serum MDA and AGE levels. This study adds to the evidence regarding the 

dietary impact on male fertility.

Introduction

With a male factor being the single, definitive cause in 20−30% of cases and a 
contributing cause in a further 20%, infertility continues to pose a major global 
issue affecting approximately 8−12% of couples [1]. Male infertility is a multifactorial 
condition arising from a complex interplay of genetic, lifestyle, environmental, and 
health-related factors that can impair sperm production, maturation, and accessory 
gland function, ultimately leading to abnormal semen parameters [2]. The preva-
lence of inflammatory infertility might be underestimated, as immune cell infiltration 
is often detected only in testicular biopsies from azoospermic individuals [3]. Inflam-
mation impairs sperm function, steroidogenesis, and spermatogenesis [4]. Inflam-
matory cytokines and chemokines in the testes can disrupt normal function, leading 
to impaired sperm production, reduced sperm quality, and increased DNA damage 
[5–7]. Moreover, the male reproductive system experiences inflammatory damage 
resulting from prolonged oxidative stress (OS), leading to an excessive generation of 
reactive oxygen species (ROS) by cytokines [8]. Elevated levels of ROS, frequently 
detected in the ejaculate of infertile men, can potentially compromise sperm mem-
brane integrity through various mechanisms, including lipid peroxidation, alterations 
in membrane fluidity, oxidative DNA damage, and the formation of advanced glyca-
tion end products (AGE) [9]. The primary byproduct of lipid peroxidation, malond-
ialdehyde (MDA), provides a critical indicator of the degree of OS experienced by 
cell membranes [10]. MDA has been shown to have mutagenic properties, resulting 
in detrimental effects on sperm DNA integrity and inducing modifications in sperm 
cell proteins, ultimately leading to a decline in fertility rates [11,12]. Additionally, 
8-hydroxy-2’-deoxyguanosine (8-OHdG), a byproduct arising from the oxidation of 
guanosine residues within DNA, serves as a highly sensitive marker for evaluating 
DNA damage attributed to excessive ROS. These consequences ultimately reduce 
fertility and negatively affect semen parameters [13].

There has been a growing interest in exploring the influence of dietary patterns 
and nutrient intake on male reproduction [14]. Research has demonstrated that the 
Western diet negatively affects male fertility [15,16], whereas adherence to a bal-
anced, nutritious diet improves sperm quality and reduces the risk of abnormalities 
[17]. The dietary total antioxidant capacity (dTAC) serves as a proxy for the diet’s 
antioxidant potential, closely linked to a healthy dietary pattern [18]. The dTAC 
reflects the overall antioxidant potential of a diet, which is crucial for counteract-
ing OS linked to sperm dysfunction [19]. Several widely used and validated dietary 
quality indices, including the Healthy Eating Index (HEI) aligned with national dietary 
guidelines, the Alternative Healthy Eating Index (AHEI) emphasizing components 
linked to chronic disease prevention, the alternate Mediterranean Diet score (aMED), 
and the Dietary Approaches to Stop Hypertension (DASH) score, are employed to 
assess overall dietary adherence. These indices accurately reflect the degree to 
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which individuals adhere to dietary patterns linked to a range of positive health outcomes [20–23]. A growing body of 
literature has examined the associations between dietary patterns, as measured by HEI, aMED, AHEI, and DASH, and 
semen characteristics [24–26]. Among these, AHEI-2010 has shown the most significant positive effect on sperm quality 
[27]. The Dietary Inflammatory Index (DII), a metric incorporating six inflammatory markers linked to dietary elements such 
as vitamins, minerals, macronutrients, flavonoids, and specific foods [28–30], has been shown to correlate with various 
long-term health conditions, including metabolic syndrome, cardiovascular disease (CVD), and cancer [31–33]. Chronic 
inflammation has been linked to impaired spermatogenesis [4]. DII quantifies the potential inflammatory impact of dietary 
intake, where higher scores indicate a more pro-inflammatory diet [34]. Evidence suggests that the DII might impact men’s 
reproductive health, with diets high in inflammatory components potentially increasing the risk of low testosterone lev-
els [35]. However, conflicting findings exist regarding the association between DII and specific indicators of male fertility 
[36,37]. Our previous study on infertile men with normal and abnormal semen parameters [38] revealed no significant 
differences in semen parameters across quartiles of dTAC, AHEI, and DII scores. However, a trend was observed where 
men in the highest DII quartile had a higher likelihood of abnormal semen, whereas dTAC and AHEI showed no significant 
associations. The relationship between dietary patterns and the biochemical composition of semen remains an area of 
ongoing investigation.

Despite increasing evidence linking dietary quality indices to semen characteristics, the relationship between these 
indices and seminal biochemical markers of inflammation and oxidative stress remains poorly understood. Most previous 
studies have focused solely on semen parameters, neglecting underlying molecular mediators that may bridge diet and 
sperm function. To address this gap, we conducted a cross-sectional study to investigate the associations of dTAC, AHEI, 
and DII with TNF-α, AGE, total antioxidant capacity (TAC), and 8-OHdG levels in both serum and seminal plasma of infer-
tile men. This integrative approach provides a more comprehensive understanding of how dietary quality and inflammatory 
potential relate to oxidative and inflammatory markers involved in male reproductive function.

Methods

Patient recruitment and study design

We examined associations between dietary quality scores and serum and seminal biochemical parameters among 90 
infertile men. Participants were recruited from the Infertility Clinics of Dr. Shariati and Arash Women’s Hospitals, Tehran, 
Iran, from November 26, 2020, to October 10, 2022. All patient data were anonymized to ensure confidentiality. Unique 
codes were assigned to each patient, and no identifying information was accessible during data analysis. The anonymized 
data were subsequently accessed for research purposes. Participants were infertile men aged 20–40 years, classified 
according to the WHO (2010) criteria [39], who were unable to conceive, had normal or abnormal semen parameters, 
showed no reproductive or systemic medical disorders, had normal physical examination results, and did not follow any 
strict or long-term dietary restrictions. We classified infertility as idiopathic based on a complete workup that identified no 
specific cause. Male infertility cases with azoospermia and couples experiencing female-associated infertility were not 
included. All examinations were conducted by an experienced andrologist.

Demographic and dietary data collection

We collected data on the participants’ demographics, including their body mass index (BMI), age, waist-to-hip ratio 
(WHR), educational level, smoking status, and supplement intake. The dietary assessment methodology was previously 
described [38]. In brief, the Tehran Lipid and Glucose Study’s (TLGS) 168-item semi-quantitative food frequency ques-
tionnaire (FFQ) [40] was administered to assess participants’ dietary habits over the past year. The questionnaire, val-
idated by Esfahani et al., [41] was administered by trained interviewers and included options for individuals to indicate 
their usual intake frequency for each food item. If none of the listed frequency options applied, participants reported their 
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portion sizes, which were then standardized. The software Nutritionist IV (First Databank Division, Hearst Corporation, 
San Bruno, CA, USA) was used to assess food intake, including Iranian foods, and to calculate the usual daily intake (in 
grams) of each food item.

Assessment of diet scores (dTAC, DII, and AHEI)

In brief, dietary data collected through the 168-item semi-quantitative FFQ was utilized to compute AHEI, DII, and dTAC, 
scores for all participants. The DII score, designed to assess the inflammatory potential of an individual’s diet, effectively 
reflects its influence on various inflammatory biomarkers. This score evaluates the total inflammatory potential of the 
dietary pattern [42]. The dTAC was calculated by multiplying the daily consumption of each selected food item by its cor-
responding antioxidant value per serving and then summing these products. Antioxidant contributions from supplements 
were excluded from the calculation [43]. The Alternative Healthy Eating Index (AHEI) assigns scores to various dietary 
components based on their potential health advantages, where higher scores reflect a more healthful dietary pattern. The 
scoring system incorporates components such as fruits, vegetables, nuts, legumes, and whole grains, along with polyun-
saturated (PUFAs) and omega-3 fatty acids, while accounting for the intake of sugary drinks, fruit juice, red and processed 
meats, and sodium [44]. Previous research has established a correlation between diets that receive low scores on the 
AHEI [21,45,46] and the dTAC [47–49], as well as high scores on the DII [50,51], and the increased risk of numerous long-
term health conditions.

Semen collection, preparation, and analysis

Male patients who had failed to achieve pregnancy after one year of regular, unprotected intercourse were evaluated by 
an andrologist at our fertility clinics. Before enrollment, patients provided written consent, granting permission to utilize a 
portion of their semen for research purposes. Fresh semen samples were collected through masturbation into sterile poly-
propylene containers following 3–5 days of sexual abstinence. Samples were delivered to the laboratory within one hour 
of collection. Upon receipt, samples were incubated at 37°C for 30 minutes to facilitate liquefaction before semen analysis 
commenced. Semen parameters, including volume (reference value >1.5 mL), concentration (reference value >15 million 
sperm/mL), total sperm count (reference value >39 million), percentage of motile sperm (reference value >40%), and 
percentage of sperm with normal morphology (reference value >4%), were assessed according to the WHO Laboratory 
Manual for the Examination and Processing of Human Semen (5th Edition, 2010) [39]. Sperm morphology was evaluated 
using a Diff-Quick staining kit (RS Medical, Ravan Sazeh Co., Iran) following the manufacturer’s guidelines. To deter-
mine sperm concentration and motility, a 10 µL semen sample was placed in a Neubauer chamber. Sperm motility was 
assessed according to the WHO criteria using a phase-contrast microscope at 200x magnification. A semen sample was 
classified as abnormal if at least one of the semen parameters (volume, concentration, motility, or morphology) fell outside 
the WHO reference limits mentioned above. All analyses were performed by experienced technicians, and external quality 
control was maintained throughout the study by cross-checking results with other reference laboratories.

Biochemical assessments

Blood and semen samples were collected on the same day for all participants. Blood samples (approximately 10 mL) were 
collected in the morning by a trained phlebotomist, following an overnight fast. Blood was drawn from an antecubital vein 
using a sterile venipuncture technique and collected in vacutainer tubes containing EDTA anticoagulant. Samples were 
centrifuged at 4°C for 15 minutes at 2500 x g to separate plasma from red blood cells (RBCs). The separated plasma 
aliquots were stored at −80°C until further analysis. After liquefaction, the samples were centrifuged at 3000 × g for 15 
minutes at 4°C to separate the seminal plasma from the sperm pellet. The resulting cell-free seminal plasma, containing 
the target biomarkers, was carefully pipetted into separate cryovials and stored at −80°C until further analysis.
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TNF-α levels in seminal plasma and blood serum

TNF-α levels in both serum and seminal plasma were determined using a colorimetric competitive enzyme-linked immu-
nosorbent assay (ELISA) method with a human TNF-α ELISA kit (KIT10602, Sino Biological Inc., Beijing, China), with a 
sensitivity of 2.84 pg/mL, following the manufacturer’s protocol.

AGE levels in seminal plasma and blood serum

The levels of AGEs in seminal plasma and blood serum were measured using a human AGE ELISA Kit (E0003Hu, East-
biopharm, Shanghai Crystal day Biotech Co., Ltd.) with a sensitivity of 9.8 ng/mol in accordance with the manufacturer’s 
protocol.

8-OHdG levels in seminal fluid plasma

Seminal plasma levels of 8-OHdG were measured using a colorimetric competitive ELISA (E202001190601, Eastbio-
pharm, Shanghai Crystal Day Biotech Co., Ltd.) with a sensitivity of 0.94 ng/mL, in accordance with the manufacturer’s 
instructions.

TAC levels in seminal plasma and blood serum

The level of TAC in seminal fluid and blood serum was measured using a highly sensitive kit provided by the KiaZist com-
pany (KiaZist, Iran), with a sensitivity of 20 nmol/mL according to the manufacturer’s instructions.

MDA levels in seminal fluid plasma

Malondialdehyde (MDA), the final product of lipid peroxidation, reacts with thiobarbituric acid (TBA) to create a red-colored 
complex that absorbs light at 535 nanometers. MDA levels were quantified using a commercially available lipid peroxida-
tion (LPO) assay kit (Nalondi-Lipid Peroxidation Assay Kit-MDA, NS-15022, NS-15023; Navand Salamat Co., Iran) with a 
sensitivity of 10 μM, according to the manufacturer’s protocol.

Statistical analysis

Independent-samples t-tests were employed to compare demographic characteristics, including age, BMI, and WHR, as 
well as semen parameters and biochemical parameters, between men with normal and abnormal semen. Participants 
were categorized into groups based on quartiles of their dTAC, AHEI, and DII scores. Quartile cutoffs were determined 
based on the natural distribution of the data in the study population. The normality of the continuous variables was 
assessed using the Shapiro–Wilk test. Normal variables were presented as mean ± standard deviation (SD) and compared 
using Student’s t-test or one-way ANOVA. Levene’s test for equality of variances was used to assess the homogeneity of 
variances. The independent samples t-test was used to compare groups with normal and abnormal semen parameters for 
demographic characteristics, energy intake, and initial SA results. One-way ANOVA with Tukey’s post hoc test for multiple 
comparisons was used to analyze the relationship between dietary scores and markers like semen TAC and TNF-α levels. 
Effect sizes were calculated using the General Linear Model (GLM) to allow precise quantification of the observed effects. 
Statistical analyses were performed using SPSS software, version 22.0 (IBM Corp., Chicago, IL, USA). A P-value less 
than 0.05 was considered statistically significant.

Ethical approval

The study protocol received ethical approval from the Deputy of the Research and Ethics Committee of Tehran Univer-
sity of Medical Sciences (TUMS) on September 26, 2020 (approval code: IR.TUMS.MEDICINE.REC.1399.548). The 
study was conducted in accordance with the Declaration of Helsinki, the International Council for Harmonisation (ICH) 
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guidelines for Good Clinical Practice, and all applicable regulatory requirements. Confidentiality and privacy of all patient 
data were strictly maintained throughout the study.

Results

Baseline characteristics and semen parameters

Table 1 summarizes the demographic characteristics (age, BMI, WHR, and total energy intake [the amount of energy from 
food and drinks consumed in a 24-hour period, measured in kilocalories (kcal)]) and semen parameters of the study popu-
lation (n = 90 infertile men) stratified by normal (n = 44) and abnormal (n = 46) SA. No significant differences were observed 
in age, BMI, WHR, or total energy intake between groups.

Sperm concentration in the normal semen group (24.2 ± 9.59 × 106/ml) and abnormal semen group (19.6 ± 18.02 × 106/
ml) did not differ significantly (p = 0.06). However, statistically significant differences were found in total motility (p < 0.001) 
and normal morphology (p < 0.001) between groups. Men with normal semen exhibited significantly higher values for both 
parameters (total motility: 53.18 ± 17.92%; normal morphology: 4.51 ± 0.79%) than those with abnormal semen parame-
ters (total motility: 32.61 ± 20.33%; normal morphology: 2.04 ± 1.26%). Semen volume did not differ significantly between 
groups (p = 0.89).

Biochemical parameters

Fig 1 shows the biochemical parameters measured in serum and semen. Serum AGE was significantly higher in the 
abnormal semen group (4.7 ± 1.55) compared to the normal semen group (4.09 ± 1.26) (p = 0.04). No significant differ-
ences were found in serum or seminal levels of TNF-α, TAC, or MDA. While semen MDA levels were slightly higher in the 
abnormal semen group (1.03 ± 0.28) compared to the normal semen group (0.95 ± 0.22), the difference was not statistically 
significant (p = 0.09). Similarly, seminal 8-OHdG levels did not differ significantly between groups (p = 0.41).

Dietary scores and OS markers

Table 2 shows the serum and seminal TAC and TNF-α levels within quartiles of the dietary scores (dTAC, AHEI, and DII). 
Quartile analysis revealed that higher quartiles of AHEI and dTAC indicated healthier dietary patterns and greater dietary 
antioxidant levels, while lower quartiles of DII corresponded to reduced dietary inflammation. No statistically significant 

Table 1.  Demographic characteristics, energy intake, and semen parameters of the study participants.

Total population of  
infertile men (n = 90)

Total population P-value

Normal Semen (n = 44) Abnormal Semen (n = 46)

Characteristics

Age (years) 35.28 ± 4.93 34.76 ± 5.27 35.54 ± 4.76 0.40

BMI (kg/m2) 27.19 ± 3.66 27.52 ± 3.31 27.03 ± 3.85 0.50

WHR 0.89 ± 0.02 0.89 ± 0.02 0.89 ± 0.02 0.90

Total energy
intake (kcal/d)

2997.79 ± 985.96 3006.46 ± 996.46 2993.45 ± 986.52 0.90

Semen parameters

Concentration (×106/ml) 21.13 ± 15.83 24.23 ± 9.59 19.61 ± 18.02 0.06

Total motility (%) 39.47 ± 21.78 53.18 ± 17.92 32.61 ± 20.33 <0.001***

Normal morphology (%) 2.86 ± 1.62 4.51 ± 0.79 2.04 ± 1.26 <0.001***

Volume (ml) 2.67 ± 1.01 2.66 ± 0.77 2.68 ± 1.12 0.89

Values were tested with independent Student’s t-test and presented as mean ± SD. BMI, Body Mass Index; WHR, waist-to-hip ratio. ***P < 0.001.

https://doi.org/10.1371/journal.pone.0338878.t001
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Fig 1.  Comparison of biochemical parameters between infertile men with normal and abnormal semen. A Comparison of biochemical markers 
of oxidative stress and)B(inflammation in infertile men with normal semen parameters (n = 44) and those with abnormal semen parameters (n = 46). 
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differences were found in TAC or TNF-α levels across any dietary score categories. One-way ANOVA revealed no signif-
icant differences in serum or seminal OS markers (MDA, 8-OHdG, and AGE) across quartiles of dTAC and DII scores. 
The AHEI quartiles revealed a significant difference in seminal AGE values between the first quartile and the third and 
fourth quartiles (p = 0.02 and p = 0.004, respectively; Bonferroni-adjusted p = 0.0033 and p = 0.0006), with a large effect 
size (partial eta-squared = 0.489). Notably, the trend across AGE quartiles and semen parameters appeared to follow a 
J-shaped pattern, with the second and third quartiles showing lower values compared to both the first and fourth.However, 
no significant differences were observed in serum MDA, 8-OHdG, or AGE.

Table 2.  Serum and Seminal Total Antioxidant Capacity (TAC) and Tumor Necrosis Factor Alpha (TNF-α) Levels across Quartiles of dTAC, 
AHEI, and DII Scores.

Serum
TAC

Semen TAC Serum TNF-α Semen TNF-α Semen MDA Semen
8-OHdG

Serum AGE Semen AGE

dTAC

Q1
(5.29-18.69)

2.72 ± 0.83 2.77 ± 1.12 17.58 ± 8.14 17.03 ± 5.39 0.99 ± 0.25 3.34 ± 1.35 4.56 ± 1.58 4.93 ± 1.78

Q2
(19.31-42.89)

2.63 ± 0.90 2.67 ± 0.98 20.41 ± 8.27 17.96 ± 5.69 1.02 ± 0.28 3.36 ± 1.05 4.26 ± 1.45 4.16 ± 1.20

Q3
(42.93-155.89)

2.55 ± 1.01 2.28 ± 0.61 19.80 ± 7.76 18.47 ± 7.83 1.03 ± 0.29 3.50 ± 1.17 4.23 ± 1.40 4.44 ± 1.43

Q4
(164.31-1012.36)

2.83 ± 1.05 2.38 ± 0.77 22.77 ± 9.83 17.21 ± 7.11 0.97 ± 0.21 3.20 ± 1.45 4.6 ± 1.40 4.34 ± 1.40

P-value 0.70 0.20 0.20 0.80 0.80 0.80 0.70 0.30

AHEI

Q1
(29-42)

2.62 ± 0.96 2.59 ± 0.95 20.27 ± 8.56 16.57 ± 5.97 0.98 ± 0.27 3.13 ± 1.22 4.50 ± 1.57 5.02 ± 1.67 a,b

Q2
(43-49)

2.60 ± 0.83 2.69 ± 0.96 18.28 ± 7.97 17.20 ± 6.41 1.03 ± 0.22 3.41 ± 1.35 4.45 ± 1.29 4.08 ± 1.02

Q3
(50-56)

2.6 ± 0.78 2.67 ± 0.98 19.03 ± 9.23 18.48 ± 6.88 1.03 ± 0.30 3.51 ± 1.17 4.269 ± 1.37 3.74 ± 1.32 a

Q4
(57-73)

2.85 ± 1.14 2.21 ± 0.70 21.87 ± 8.34 18.13 ± 6.84 0.98 ± 0.24 3.35 ± 1.31 4.46 ± 1.61 5.14 ± 1.46 b

P-value 0.70 0.20 0.50 0.70 0.80 0.80 0.95 0.002**

DII

Q1
(−5.16- −3.75)

2.87 ± 1.24 2.28 ± 0.78 18.40 ± 7.60 15.18 ± 7.32 0.98 ± 0.27 2.95 ± 1.25 3.90 ± 1.20 4.88 ± 1.31

Q2
(−3.72- −3.06)

2.56 ± 0.85 2.48 ± 0.76 19.97 ± 9.65 18.93 ± 6.52 1.00 ± 0.30 3.53 ± 1.21 4.61 ± 1.67 4.16 ± 1.83

Q3
(-3.05- −2.38)

2.69 ± 0.96 2.56 ± 1.10 21.13 ± 7.33 16.74 ± 6.94 1.03 ± 0.23 3.64 ± 1.22 4.62 ± 1.40 4.66 ± 1.25

Q4
(−2.37- −0.71)

2.66 ± 0.79 2.72 ± 0.92 19.81 ± 9.26 16.17 ± 5.23 1.00 ± 0.22 3.17 ± 1.29 4.34 ± 1.40 4.44 ± 1.43

P-value 0.78 0.50 0.81 0.32 0.91 0.28 0.40 0.40

Differences across quartiles were tested using one-way ANOVA followed by Tukey’s post hoc test. TAC; total antioxidant capacity, MDA; malondial-
dehyde, 8-OHdG; 8-hydroxy-2’-deoxyguanosine, AGE; advanced glycation end products, TNF-α; tumor necrosis factor alpha. Data are presented as 
mean ± SD. A p-value < 0.05 is considered significant. a Statistically significant difference. **P < 0.01. a: P = 0.02 and b: P = 0.004.

https://doi.org/10.1371/journal.pone.0338878.t002

TAC: Total antioxidant capacity; MDA: Malondialdehyde; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; AGE: Advanced glycation end products; TNF-α: 
Tumor necrosis factor alpha. Data are presented as mean ± SD. Differences between groups were analyzed using the independent Student’s t-test. A 
p-value < 0.05 was considered statistically significant (* indicates significance).

https://doi.org/10.1371/journal.pone.0338878.g001
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Discussion

In this cross-sectional study conducted at two major referral centers, involving 90 infertile men who presented to infertility 
clinics from 2020 to 2022, we observed that serum AGE levels were significantly higher in the abnormal semen group 
compared to the normal semen group. However, no significant differences appeared in other serum or semen biochemical 
parameters. There were also no statistically significant differences across categories of the dTAC, AHEI, and DII scores in 
TAC and TNF-α levels. However, a significant difference was observed in seminal AGE values within quartiles of the AHEI 
score.

OS is a well-established contributor to idiopathic male infertility, with studies indicating that spermatozoa exhibiting 
morphological abnormalities are more likely to generate excessive reactive oxygen species (ROS) and have diminished 
antioxidant capacity [52]. OS can induce DNA damage in both mitochondria and the nucleus, and it also affects the sperm 
epigenome. Consequently, this DNA damage can lead to infertility, recurrent spontaneous abortion, adverse pregnancy 
outcomes, and an elevated risk of diseases in the offspring [53]. Additionally, men with idiopathic infertility often show an 
imbalance between ROS levels and antioxidant capacity compared to fertile males [54]. Effective strategies to mitigate 
OS remain elusive [55]. We found that there were no significant differences in OS markers (TAC, MDA, 8-OHdG) in serum 
and seminal plasma between infertile men with normal and abnormal semen. This finding is expected, as all participants 
were infertile, and oxidative stress may be a common underlying factor regardless of semen quality. While OS is a key 
contributor to idiopathic infertility, other factors such as hormonal or genetic abnormalities may also play roles. Future 
studies with larger samples and broader OS marker panels (e.g., CAT, GPx, SOD) are warranted to clarify the complex 
link between OS and male infertility.

Several studies have reported associations between reduced TAC in seminal plasma and male infertility [56–59]. 
Several studies have reported a positive relationship between seminal total antioxidant capacity (TAC) and sperm qual-
ity parameters. Eroglu et al. [60] demonstrated a significant correlation between seminal TAC and sperm concentration, 
motility, and morphology in men with idiopathic infertility. Consistently, Subramanian et al. [61] reported a positive correla-
tion between seminal TAC levels and sperm concentration, motility, and morphology, while Giulini et al. [58] also reported 
reduced seminal TAC levels in varicocele patients with impaired semen quality, reinforcing the potential link between 
oxidative balance and sperm motility. In contrast, our study observed no significant differences in serum or seminal TAC 
levels between infertile men with normal and abnormal semen parameters. This may indicate that oxidative stress is a 
shared underlying factor among infertile men regardless of semen quality. Further studies assessing a broader range of 
oxidative stress biomarkers (e.g., TOS, OSI, TAS, PAB, GSH-Px, PON, AOPP) are required to provide a more compre-
hensive understanding of redox balance in male infertility.

The Western diet—characterized by elevated DII scores—is considered pro-inflammatory and is implicated in the 
upregulation of several genes (e.g., IL-6, IL-1, TNF-α) involved in pro-inflammatory pathways and is therefore regarded 
as a predisposing factor for male infertility. In contrast, the Mediterranean diet is associated with enhanced sperm qual-
ity and improved fertility potential [42]. Inflammation can lead to male reproductive disorders, irregular menstrual cycles, 
difficulties with implantation, and other reproductive issues [62]. The detrimental effects of inflammation on spermatogen-
esis are primarily attributed to OS induced by elevated ROS and pro-inflammatory cytokines, leading to germ cell damage 
and impaired steroidogenesis [4]. Furthermore, the hypothalamic-pituitary-gonadal (HPG) axis and spermatogenesis are 
adversely impacted by inflammatory cytokines [17]. Consequently, dietary strategies aimed at mitigating inflammation hold 
promise for improving fertility outcomes [62]. Nonetheless, in our study, we found no differences between groups in serum 
and seminal levels of TNF-α. Consistent with our findings, Eggert-Kruse et al. [63] also reported no significant association 
between seminal TNF-α and IL-1β levels with semen quality, sperm fertilizing capacity, or subsequent fertility in subfertile 
men. Nevertheless, Shukla et al. [64] reported a significantly higher prevalence of TNF-α gene mutation among infertile 
men with asthenozoospermia compared to fertile controls, suggesting a potential role for this cytokine in the pathophysiol-
ogy of male infertility. Variations in TNF-α levels and related genetic factors may influence inflammatory responses in the 
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male reproductive system. Further studies in larger and diverse populations are needed to clarify the specific contribution 
of TNF-α to semen quality.

There were no statistically significant differences between categories of the dTAC, AHEI, and DII scores in TAC and 
TNF-α levels. Similarly, Salas-Huetos et al. [65] reported no significant associations between men’s adherence to several 
healthy dietary patterns—including the AHEI and Mediterranean diet scores—and either semen quality or ART outcomes 
in a large prospective cohort of infertile couples. In contrast, the recent Led-Fertyl study by Davila-Cordova et al. (2025) 
[66], led by Salas-Huetos, demonstrated that greater adherence to healthy dietary patterns—particularly the Mediterra-
nean and healthful plant-based diets—was associated with higher sperm count and motility, whereas adherence to West-
ern and unhealthful diets was inversely related to semen quality. Moradi et al. [67] reported higher MDA and DII levels in 
patients with non-alcoholic fatty liver disease compared to healthy controls, while TAC was higher in the latter. In healthy 
individuals, TAC showed a negative and MDA a positive correlation with DII, suggesting that underlying health status 
may influence the relationship between dietary inflammation and oxidative stress markers. Taken together, these results 
reinforce the notion that overall diet quality may influence male reproductive potential, although the strength of such asso-
ciations can vary depending on clinical status and underlying oxidative or inflammatory conditions. Overall, these findings 
suggest that while healthy diets are beneficial, their measurable effects on reproductive biomarkers may be modest or 
masked by other clinical and lifestyle factors.

Building on our previous findings [38], this study examined seminal oxidative and inflammatory markers and found that 
dietary patterns may influence semen quality, particularly through modulation of AGE levels. Although no direct associa-
tions with conventional semen parameters were observed, the results suggest a potential role for diet in male reproductive 
health. There were no notable differences across categories of the dTAC and DII scores in serum and seminal plasma 
levels of OS markers. The AHEI quartiles showed a similar pattern in serum MDA, 8OHdG, and AGE. However, there was 
a significant difference in seminal AGE values across quartiles of the AHEI score. This finding suggests a potential link 
between a healthy dietary pattern (as measured by AHEI) and seminal AGE levels, highlighting the importance of diet in 
male reproductive health. AGEs are critical contributors to oxidative stress and inflammation, which can significantly affect 
male fertility. By binding to their receptor RAGE (Receptor for Advanced Glycation End-products), AGEs trigger signaling 
cascades that increase ROS production and inflammatory responses. Studies in diabetic men and rodent models have 
demonstrated that elevated AGEs correlate with increased MDA, reduced TAC, and impaired sperm and testicular func-
tion [68–70]. Moreover, elevated levels of RAGE and MDA were observed in the testes of the mice. In our study, serum 
AGE levels were significantly elevated in the abnormal semen group compared to the normal semen group. Nevertheless, 
there were no significant differences in seminal AGE levels between groups. Differences in the concentrations of biochem-
ical markers between seminal plasma and serum may result from the specialized secretions of the testes, epididymis, 
and accessory glands. The unique environment required to support sperm function and metabolism may also contribute 
to these differences. Sperm function may be impaired by oxidative damage to the sperm membrane, DNA fragmentation, 
and mitochondrial dysfunction caused by the binding of AGEs to their receptors. Furthermore, AGE-mediated inflammation 
can disrupt the testicular microenvironment, negatively impacting spermatogenesis and overall semen quality. Given these 
differences, it is plausible that dietary patterns influencing AGE accumulation may indirectly affect semen parameters 
through these biological pathways. Furthermore, understanding AGE-RAGE signaling in the testicular microenvironment 
may offer insights into improving male fertility [68,71].

A healthy diet may ameliorate OS [72]. Mirmiran et al. [73] found a significant positive link between a healthy diet and 
serum TAC levels, and a negative association between a healthy diet and serum MDA. We found no associations between 
dietary pattern scores and serum or seminal OS markers. We also found no significant differences in serum MDA levels 
across the different categories of the dTAC score. However, in a study on postmenopausal women, Abshirini et al. [74] 
reported a reciprocal relationship between dTAC and serum MDA level in postmenopausal women. Furthermore, serum 
TAC levels were significantly higher in participants within the second tertile of dTAC. However, no significant relationship 
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was detected between dTAC and serum SOD concentration. Overall, these findings support the potential of  
antioxidant-rich diets to improve seminal oxidative balance

This study used hospital-based data collected over two years to comprehensively assess the association between mul-
tiple dietary quality scores and semen biochemical parameters, allowing a comprehensive evaluation of diet and semen 
quality in infertile men with normal and abnormal semen undergoing assisted reproduction at TUMS-affiliated clinics. The 
study population was carefully selected for similarity in age, ethnicity, and clinical variables, enhancing the generalizability 
of our findings to Iranian infertile men. However, it is crucial to note that there are limitations to our study. We included 
only men with idiopathic infertility and normal physical and medical examinations, and dietary intake assessment relied 
on self-reported recall, which may introduce measurement error. The cross-sectional design limits causal inferences, and 
the modest sample size may restrict generalizability. The absence of a healthy fertile control group could also limit com-
parisons and may affect the external generalizability of the findings; however, stratification within idiopathic infertile men 
allowed us to explore lifestyle-related variations in semen quality in a clinically homogeneous population. Despite these 
limitations, this study provides valuable insights and lays the groundwork for larger, longitudinal, multi-center investiga-
tions to further clarify the impact of diet on male reproductive health.

Conclusions

Our study aimed to clarify the impact of diet on male fertility, particularly highlighting how the intake of AGEs is associ-
ated with abnormal seminal parameters. The results suggest that a healthy dietary pattern, as measured by the AHEI, 
could positively influence seminal AGE levels. Thus, promoting a healthy dietary pattern could be an effective strategy 
to improve reproductive health in infertile men. The study concluded that adopting diets that reduce inflammation and 
increase antioxidant intake might help enhance sperm quality.

Future directions and practical implications

While larger studies are needed to confirm these findings, promoting healthy dietary patterns low in AGEs and rich 
in antioxidants may be a useful strategy to improve male fertility. Future research should employ a multidimensional 
approach, considering hormonal, genetic, and environmental factors alongside dietary interventions. Randomized 
controlled trials can further evaluate the effectiveness of dietary modifications in optimizing male reproductive 
health.

Acknowledgments

The authors would like to acknowledge all individuals who contributed to this study and express appreciation for their 
participation and cooperation.

Author contributions

Conceptualization: Maryam Shabani Nashtaei, Akram Vatannejad.

Data curation: Maryam Shabani Nashtaei.

Formal analysis: Akram Vatannejad.

Investigation: Ali Taheri Madah, Nargesbano Jahangiri, Mahtab Dabagh, Akram Vatannejad, Asma Kheirollahi.

Methodology: Mahshad Khodarahmian, Masoome Jabarpour, Ali Tavoosian, Akram Vatannejad, Asma Kheirollahi.

Project administration: Mahtab Dabagh.

Supervision: Maryam Shabani Nashtaei, Akram Vatannejad.

Validation: Fardin Amidi, Maryam Shabani Nashtaei, Akram Vatannejad.



PLOS One | https://doi.org/10.1371/journal.pone.0338878  May 6, 2026 12 / 14

Visualization: Maryam Shabani Nashtaei.

Writing – original draft: Sahar Rostami, Masoome Jabarpour.

Writing – review & editing: Maryam Shabani Nashtaei, Akram Vatannejad.

References
	 1.	 Agarwal A, Baskaran S, Parekh N, Cho CL, Henkel R, Vij S. Male infertility. The Lancet. 2021;397(10271):319–33.

	 2.	 Jafari H, Mirzaiinajmabadi K, Roudsari RL, Rakhshkhorshid M. The factors affecting male infertility: A systematic review. Int J Reprod Biomed. 
2021;19(8):681–8. https://doi.org/10.18502/ijrm.v19i8.9615 PMID: 34568728

	 3.	 Schuppe H-C, Meinhardt A, Allam JP, Bergmann M, Weidner W, Haidl G. Chronic orchitis: a neglected cause of male infertility?. Andrologia. 
2008;40(2):84–91. https://doi.org/10.1111/j.1439-0272.2008.00837.x PMID: 18336456

	 4.	 Hasan H, Bhushan S, Fijak M, Meinhardt AJ. Mechanism of inflammatory associated impairment of sperm function, spermatogenesis and ste-
roidogenesis. Fertil Steril. 2022;13:897029.

	 5.	 Hedger MP, Meinhardt A. Cytokines and the immune-testicular axis. J Reprod Immunol. 2003;58(1):1–26. https://doi.org/10.1016/s0165-
0378(02)00060-8 PMID: 12609522

	 6.	 Guazzone VA, Jacobo P, Theas MS, Lustig L. Cytokines and chemokines in testicular inflammation: A brief review. Microsc Res Tech. 
2009;72(8):620–8. https://doi.org/10.1002/jemt.20704 PMID: 19263422

	 7.	 Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol. 2014;5:461. https://doi.org/10.3389/fimmu.2014.00461 PMID: 25309543

	 8.	 Dutta S, Sengupta P, Slama P, Roychoudhury S. Oxidative Stress, Testicular Inflammatory Pathways, and Male Reproduction. International Journal 
of Molecular Sciences. 2021;22(18).

	 9.	 Perrone A, Giovino A, Benny J, Martinelli FJ. Advanced glycation end products (AGEs): biochemistry, signaling, analytical methods, and epigenetic 
effects. Longev. 2020;2020.

	10.	 Hosseinzadeh Colagar A, Karimi F, Jorsaraei SGA. Correlation of sperm parameters with semen lipid peroxidation and total antioxidants levels in 
astheno- and oligoasheno- teratospermic men. Iran Red Crescent Med J. 2013;15(9):780–5. https://doi.org/10.5812/ircmj.6409 PMID: 24616785

	11.	 Zribi N, Chakroun NF, Elleuch H, Abdallah FB, Ben Hamida AS, Gargouri J. Sperm DNA fragmentation and oxidation are independent of malondi-
aldheyde. Journal Title Abbreviation. 2011;9(1):1–8.

	12.	 Atig F, Kerkeni A, Saad A, Ajina M. Effects of reduced seminal enzymatic antioxidants on sperm DNA fragmentation and semen quality of Tunisian 
infertile men. J Assist Reprod Genet. 2017;34(3):373–81. https://doi.org/10.1007/s10815-013-9936-x PMID: 23354588

	13.	 Hosen MB, Islam MR, Begum F, Kabir Y, Howlader MZH. Oxidative stress induced sperm DNA damage, a possible reason for male infertility. Iran J 
Reprod Med. 2015;13(9):525–32. PMID: 26568756

	14.	 Salas-Huetos A, Bulló M, Salas-Salvadó J. Dietary patterns, foods and nutrients in male fertility parameters and fecundability: a systematic review 
of observational studies. Hum Reprod Update. 2017;23(4):371–89. https://doi.org/10.1093/humupd/dmx006 PMID: 28333357

	15.	 Danielewicz A, Przybyłowicz KE, Przybyłowicz M. Dietary Patterns and Poor Semen Quality Risk in Men: A Cross-Sectional Study. Nutrients. 
2018;10(9):1162. https://doi.org/10.3390/nu10091162 PMID: 30149588

	16.	 Nassan FL, Chavarro JE, Tanrikut C. Diet and men’s fertility: does diet affect sperm quality?. Fertil Steril. 2018;110(4):570–7. https://doi.
org/10.1016/j.fertnstert.2018.05.025 PMID: 30196939

	17.	 Skoracka K, Eder P, Łykowska-Szuber L, Dobrowolska A, Krela-Kaźmierczak I. Diet and Nutritional Factors in Male (In)fertility-Underestimated 
Factors. J Clin Med. 2020;9(5):1400. https://doi.org/10.3390/jcm9051400 PMID: 32397485

	18.	 Puchau B, Zulet MA, de Echávarri AG, Hermsdorff HHM, Martínez JAJ. Dietary total antioxidant capacity: a novel indicator of diet quality in healthy 
young adults. J Nutr. 2009;28(6):648–56.

	19.	 Huang D, Zhang Y, Wang X, Guo R, Leng X, Du Q, et al. Dietary total antioxidant capacity and the risk of developing asthenozoospermia: a  
hospital-based case-control study in China. Hum Reprod. 2023;38(4):537–48. https://doi.org/10.1093/humrep/dead010 PMID: 36728412

	20.	 Krebs-Smith SM, Pannucci TE, Subar AF, Kirkpatrick SI, Lerman JL, Tooze JA. Update of the healthy eating index: HEI-2015. Am J Clin Nutr. 
2018;118(9):1591–602.

	21.	 Chiuve SE, Fung TT, Rimm EB, Hu FB, McCullough ML, Wang M, et al. Alternative dietary indices both strongly predict risk of chronic disease. J 
Nutr. 2012;142(6):1009–18. https://doi.org/10.3945/jn.111.157222 PMID: 22513989

	22.	 Fung TT, McCullough ML, Newby PK, Manson JE, Meigs JB, Rifai N, et al. Diet-quality scores and plasma concentrations of markers of inflamma-
tion and endothelial dysfunction. Am J Clin Nutr. 2005;82(1):163–73. https://doi.org/10.1093/ajcn.82.1.163 PMID: 16002815

	23.	 Fung TT, Chiuve SE, McCullough ML, Rexrode KM, Logroscino G, Hu FB. Adherence to a DASH-style diet and risk of coronary heart disease and 
stroke in women. Arch Intern Med. 2008;168(7):713–20. https://doi.org/10.1001/archinte.168.7.713 PMID: 18413553

	24.	 Gaskins AJ, Colaci DS, Mendiola J, Swan SH, Chavarro JE. Dietary patterns and semen quality in young men. Hum Reprod. 2012;27(10):2899–
907. https://doi.org/10.1093/humrep/des298 PMID: 22888168

	25.	 Salas-Huetos A, Babio N, Carrell DT, Bulló M, Salas-Salvadó J. Adherence to the Mediterranean diet is positively associated with sperm motility: A 
cross-sectional analysis. Sci Rep. 2019;9(1):3389. https://doi.org/10.1038/s41598-019-39826-7 PMID: 30833599

https://doi.org/10.18502/ijrm.v19i8.9615
http://www.ncbi.nlm.nih.gov/pubmed/34568728
https://doi.org/10.1111/j.1439-0272.2008.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/18336456
https://doi.org/10.1016/s0165-0378(02)00060-8
https://doi.org/10.1016/s0165-0378(02)00060-8
http://www.ncbi.nlm.nih.gov/pubmed/12609522
https://doi.org/10.1002/jemt.20704
http://www.ncbi.nlm.nih.gov/pubmed/19263422
https://doi.org/10.3389/fimmu.2014.00461
http://www.ncbi.nlm.nih.gov/pubmed/25309543
https://doi.org/10.5812/ircmj.6409
http://www.ncbi.nlm.nih.gov/pubmed/24616785
https://doi.org/10.1007/s10815-013-9936-x
http://www.ncbi.nlm.nih.gov/pubmed/23354588
http://www.ncbi.nlm.nih.gov/pubmed/26568756
https://doi.org/10.1093/humupd/dmx006
http://www.ncbi.nlm.nih.gov/pubmed/28333357
https://doi.org/10.3390/nu10091162
http://www.ncbi.nlm.nih.gov/pubmed/30149588
https://doi.org/10.1016/j.fertnstert.2018.05.025
https://doi.org/10.1016/j.fertnstert.2018.05.025
http://www.ncbi.nlm.nih.gov/pubmed/30196939
https://doi.org/10.3390/jcm9051400
http://www.ncbi.nlm.nih.gov/pubmed/32397485
https://doi.org/10.1093/humrep/dead010
http://www.ncbi.nlm.nih.gov/pubmed/36728412
https://doi.org/10.3945/jn.111.157222
http://www.ncbi.nlm.nih.gov/pubmed/22513989
https://doi.org/10.1093/ajcn.82.1.163
http://www.ncbi.nlm.nih.gov/pubmed/16002815
https://doi.org/10.1001/archinte.168.7.713
http://www.ncbi.nlm.nih.gov/pubmed/18413553
https://doi.org/10.1093/humrep/des298
http://www.ncbi.nlm.nih.gov/pubmed/22888168
https://doi.org/10.1038/s41598-019-39826-7
http://www.ncbi.nlm.nih.gov/pubmed/30833599


PLOS One | https://doi.org/10.1371/journal.pone.0338878  May 6, 2026 13 / 14

	26.	 Cao L-L, Chang J-J, Wang S-J, Li Y-H, Yuan M-Y, Wang G-F, et al. The effect of healthy dietary patterns on male semen quality: a systematic 
review and meta-analysis. Asian J Androl. 2022;24(5):549–57. https://doi.org/10.4103/aja202252 PMID: 35915543

	27.	 Efrat M, Stein A, Pinkas H, Unger R, Birk R. Dietary patterns are positively associated with semen quality. Fertil Steril. 2018;109(5):809–16. https://
doi.org/10.1016/j.fertnstert.2018.01.010 PMID: 29778381

	28.	 Cavicchia PP, Steck SE, Hurley TG, Hussey JR, Ma Y, Ockene IS, et al. A new dietary inflammatory index predicts interval changes in serum 
high-sensitivity C-reactive protein. J Nutr. 2009;139(12):2365–72. https://doi.org/10.3945/jn.109.114025 PMID: 19864399

	29.	 Shivappa N, Steck SE, Hurley TG, Hussey JR, Hébert JR. Designing and developing a literature-derived, population-based dietary inflammatory 
index. J Phn. 2014;17(8):1689–96.

	30.	 Shivappa N, Steck SE, Hurley TG, Hussey JR, Ma Y, Ockene IS, et al. A population-based dietary inflammatory index predicts levels of C- 
reactive protein in the Seasonal Variation of Blood Cholesterol Study (SEASONS). Public Health Nutr. 2014;17(8):1825–33. https://doi.org/10.1017/
S1368980013002565 PMID: 24107546

	31.	 Neufcourt L, Assmann KE, Fezeu LK, Touvier M, Graffouillère L, Shivappa N, et al. Prospective association between the dietary inflammatory index 
and metabolic syndrome: findings from the SU.VI.MAX study. Nutr Metab Cardiovasc Dis. 2015;25(11):988–96. https://doi.org/10.1016/j.num-
ecd.2015.09.002 PMID: 26482566

	32.	 Garcia-Arellano A, Ramallal R, Ruiz-Canela M, Salas-Salvadó J, Corella D, Shivappa N, et al. Dietary Inflammatory Index and Incidence of Cardio-
vascular Disease in the PREDIMED Study. Nutrients. 2015;7(6):4124–38. https://doi.org/10.3390/nu7064124 PMID: 26035241

	33.	 Shivappa N, Godos J, Hébert JR, Wirth MD, Piuri G, Speciani AF, et al. Dietary Inflammatory Index and Colorectal Cancer Risk-A Meta-Analysis. 
Nutrients. 2017;9(9):1043. https://doi.org/10.3390/nu9091043 PMID: 28930191

	34.	 Hébert JR, Shivappa N, Wirth MD, Hussey JR, Hurley TG. Perspective: the dietary inflammatory index (DII)—lessons learned, improvements 
made, and future directions. Adv Nutr. 2019;10(2):185–95.

	35.	 Zhang C, Bian H, Chen Z, Tian B, Wang H, Tu X, et al. The Association between Dietary Inflammatory Index and Sex Hormones among Men in the 
United States. J Urol. 2021;206(1):97–103. https://doi.org/10.1097/JU.0000000000001703 PMID: 33881929

	36.	 Adoamnei E, Cutillas-Tolín A, Mendiola J, López-Espín JJ, Shivappa N, Vioque J, et al. Associations between dietary inflammatory index and male 
reproductive parameters. Rev Int Androl. 2019;17(3):79–87. https://doi.org/10.1016/j.androl.2018.03.002 PMID: 31326042

	37.	 Liu FH, Wang XB, Wen ZY, Wang HY, Zhang M, Zhang S. Dietary inflammatory index and risk of asthenozoospermia: a hospital-based case- 
controlled study in China. 2021;:483.

	38.	 Dabagh M, Jahangiri N, Taheri Madah A, Rostami S, Amidi F, Khodarahmian M. Association of Dietary Total Antioxidant Capacity, Alterna-
tive Healthy Eating Index, and Dietary Inflammatory Index with Semen Quality in Men Seeking Infertility Treatment. 10:1284379. https://doi.
org/10.1284379

	39.	 Organization WH. WHO laboratory manual for the examination and processing of human semen. 2010.

	40.	 Mirmiran P, Esfahani FH, Mehrabi Y, Hedayati M, Azizi F. Reliability and relative validity of an FFQ for nutrients in the Tehran lipid and glucose 
study. J P H N. 2010;13(5):654–62.

	41.	 Esfahani FH, Asghari G, Mirmiran P, Azizi F. Reproducibility and relative validity of food group intake in a food frequency questionnaire developed 
for the Tehran Lipid and Glucose Study. J Epidemiol. 2010;20(2):150–8. https://doi.org/10.2188/jea.je20090083 PMID: 20154450

	42.	 Phillips CM, Chen LW, Heude B, Bernard JY, Harvey NC, Duijts L. Dietary inflammatory index and non-communicable disease risk: a narrative 
review. Nutrients. 2019;11(8):1873.

	43.	 Mozaffari H, Daneshzad E, Larijani B, Surkan PJ, Azadbakht L. Association of dietary total antioxidant capacity to anthropometry in healthy women: 
A cross-sectional study. Nutrition. 2020;69:110577. https://doi.org/10.1016/j.nut.2019.110577 PMID: 31610483

	44.	 Schwingshackl L, Hoffmann G. Diet quality as assessed by the Healthy Eating Index, the Alternate Healthy Eating Index, the Dietary Approaches to 
Stop Hypertension score, and health outcomes: a systematic review and meta-analysis of cohort studies. J Acad Nutr Diet. 2015;115(5):780- 
800.e5. https://doi.org/10.1016/j.jand.2014.12.009 PMID: 25680825

	45.	 Al-Ibrahim AA, Jackson RTJN. Healthy eating index versus alternate healthy index in relation to diabetes status and health markers in US adults: 
NHANES 2007–2010. Nutrients. 2019;18(1):1–18.

	46.	 Patel YR, Robbins JM, Gaziano JM, Djoussé L. Mediterranean, DASH, and Alternate Healthy Eating Index Dietary Patterns and Risk of Death in 
the Physicians’ Health Study. Nutrients. 2021;13(6):1893. https://doi.org/10.3390/nu13061893 PMID: 34072912

	47.	 Daneshzad E, Keshavarz S-A, Qorbani M, Larijani B, Azadbakht L. Dietary total antioxidant capacity and its association with sleep, stress, 
anxiety, and depression score: A cross-sectional study among diabetic women. Clin Nutr ESPEN. 2020;37:187–94. https://doi.org/10.1016/j.
clnesp.2020.03.002 PMID: 32359742

	48.	 Kusano C, Ferrari BJJCMB. Total antioxidant capacity: a biomarker in biomedical and nutritional studies. J Clin Biochem Nutr. 2008;7(1):1–15.

	49.	 Toorang F, Seyyedsalehi MS, Sasanfar B, Rashidian H, Hadji M, Mohebbi E, et al. Dietary total antioxidant capacity and head and neck cancer: a 
large case-control study in Iran. 2023;10.

	50.	 Farazi M, Jayedi A, Shab-Bidar S. Dietary inflammatory index and the risk of non-communicable chronic disease and mortality: an umbrella review 
of meta-analyses of observational studies. Crit Rev Food Sci Nutr. 2023;63(1):57–66. https://doi.org/10.1080/10408398.2021.1943646 PMID: 
34176394

https://doi.org/10.4103/aja202252
http://www.ncbi.nlm.nih.gov/pubmed/35915543
https://doi.org/10.1016/j.fertnstert.2018.01.010
https://doi.org/10.1016/j.fertnstert.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29778381
https://doi.org/10.3945/jn.109.114025
http://www.ncbi.nlm.nih.gov/pubmed/19864399
https://doi.org/10.1017/S1368980013002565
https://doi.org/10.1017/S1368980013002565
http://www.ncbi.nlm.nih.gov/pubmed/24107546
https://doi.org/10.1016/j.numecd.2015.09.002
https://doi.org/10.1016/j.numecd.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26482566
https://doi.org/10.3390/nu7064124
http://www.ncbi.nlm.nih.gov/pubmed/26035241
https://doi.org/10.3390/nu9091043
http://www.ncbi.nlm.nih.gov/pubmed/28930191
https://doi.org/10.1097/JU.0000000000001703
http://www.ncbi.nlm.nih.gov/pubmed/33881929
https://doi.org/10.1016/j.androl.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/31326042
https://doi.org/10.1284379
https://doi.org/10.1284379
https://doi.org/10.2188/jea.je20090083
http://www.ncbi.nlm.nih.gov/pubmed/20154450
https://doi.org/10.1016/j.nut.2019.110577
http://www.ncbi.nlm.nih.gov/pubmed/31610483
https://doi.org/10.1016/j.jand.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25680825
https://doi.org/10.3390/nu13061893
http://www.ncbi.nlm.nih.gov/pubmed/34072912
https://doi.org/10.1016/j.clnesp.2020.03.002
https://doi.org/10.1016/j.clnesp.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32359742
https://doi.org/10.1080/10408398.2021.1943646
http://www.ncbi.nlm.nih.gov/pubmed/34176394


PLOS One | https://doi.org/10.1371/journal.pone.0338878  May 6, 2026 14 / 14

	51.	 Shivappa NJN. Diet and chronic diseases: is there a mediating effect of inflammation?. MDPI. 2019;:1639.

	52.	 Hussain T, Kandeel M, Metwally E, Murtaza G, Kalhoro DH, Yin Y, et al. Unraveling the harmful effect of oxidative stress on male fertility: A mecha-
nistic insight. Front Endocrinol (Lausanne). 2023;14:1070692. https://doi.org/10.3389/fendo.2023.1070692 PMID: 36860366

	53.	 Bisht S, Faiq M, Tolahunase M, Dada R. Oxidative stress and male infertility. Nat Rev Urol. 2017;14(8):470–85. https://doi.org/10.1038/nru-
rol.2017.69 PMID: 28508879

	54.	 Agarwal A, Parekh N, Panner Selvam MK, Henkel R, Shah R, Homa ST, et al. Male Oxidative Stress Infertility (MOSI): Proposed Terminology 
and Clinical Practice Guidelines for Management of Idiopathic Male Infertility. World J Mens Health. 2019;37(3):296–312. https://doi.org/10.5534/
wjmh.190055 PMID: 31081299

	55.	 Ayad B, Omolaoye TS, Louw N, Ramsunder Y, Skosana BT, Oyeipo PI, et al. Oxidative Stress and Male Infertility: Evidence From a Research 
Perspective. Front Reprod Health. 2022;4:822257. https://doi.org/10.3389/frph.2022.822257 PMID: 36303652

	56.	 Mahfouz R, Sharma R, Sharma D, Sabanegh E, Agarwal A. Diagnostic value of the total antioxidant capacity (TAC) in human seminal plasma. 
Fertil Steril. 2009;91(3):805–11. https://doi.org/10.1016/j.fertnstert.2008.01.022 PMID: 18314108

	57.	 Lewis SE, Boyle PM, McKinney KA, Young IS, Thompson W. Total antioxidant capacity of seminal plasma is different in fertile and infertile men. 
Fertil Steril. 1995;64(4):868–70. https://doi.org/10.1016/s0015-0282(16)57870-4 PMID: 7672165

	58.	 Giulini S, Sblendorio V, Xella S, La Marca A, Palmieri B, Volpe A. Seminal plasma total antioxidant capacity and semen parameters in patients with 
varicocele. Reprod Biomed Online. 2009;18(5):617–21. https://doi.org/10.1016/s1472-6483(10)60004-1 PMID: 19549438

	59.	 Roychoudhury S, Sharma R, Sikka S, Agarwal A. Diagnostic application of total antioxidant capacity in seminal plasma to assess oxidative stress 
in male factor infertility. J Assist Reprod Genet. 2016;33(5):627–35. https://doi.org/10.1007/s10815-016-0677-5 PMID: 26941096

	60.	 Eroglu M, Sahin S, Durukan B, Ozakpinar OB, Erdinc N, Turkgeldi L, et al. Blood serum and seminal plasma selenium, total antioxidant capacity 
and coenzyme q10 levels in relation to semen parameters in men with idiopathic infertility. Biol Trace Elem Res. 2014;159(1–3):46–51. https://doi.
org/10.1007/s12011-014-9978-7 PMID: 24752972

	61.	 Subramanian V, Ravichandran A, Thiagarajan N, Govindarajan M, Dhandayuthapani S, Suresh S. Seminal reactive oxygen species and total 
antioxidant capacity: Correlations with sperm parameters and impact on male infertility. Clin Exp Reprod Med. 2018;45(2):88–93. https://doi.
org/10.5653/cerm.2018.45.2.88 PMID: 29984209

	62.	 Alesi S, Villani A, Mantzioris E, Takele WW, Cowan S, Moran LJ, et al. Anti-Inflammatory Diets in Fertility: An Evidence Review. Nutrients. 
2022;14(19):3914. https://doi.org/10.3390/nu14193914 PMID: 36235567

	63.	 Eggert-Kruse W, Kiefer I, Beck C, Demirakca T, Strowitzki T. Role for tumor necrosis factor alpha (TNF-alpha) and interleukin 1-beta (IL-1beta) 
determination in seminal plasma during infertility investigation. Fertil Steril. 2007;87(4):810–23. https://doi.org/10.1016/j.fertnstert.2006.08.103 
PMID: 17430733

	64.	 Shukla KK, Agnihotri S, Gupta A, Mahdi AA, Mohamed EA, Sankhwar SN, et al. Significant association of TNFα and IL-6 gene with male  
infertility--an explorative study in Indian populations of Uttar Pradesh. Immunol Lett. 2013;156(1–2):30–7. https://doi.org/10.1016/j.
imlet.2013.08.011 PMID: 24029665

	65.	 Salas-Huetos A, Mínguez-Alarcón L, Mitsunami M, Arvizu M, Ford JB, Souter I, et al. Paternal adherence to healthy dietary patterns in relation 
to sperm parameters and outcomes of assisted reproductive technologies. Fertil Steril. 2022;117(2):298–312. https://doi.org/10.1016/j.fertn-
stert.2021.10.021 PMID: 34920872

	66.	 Davila-Cordova E, Salas-Huetos A, Valle-Hita C, Fernández de la Puente M, Martínez MÁ, Palau-Galindo A, et al. Healthy and unhealthy dietary 
patterns and sperm quality from the Led-Fertyl study. Andrology. 2025;13(6):1408–19. https://doi.org/10.1111/andr.13789 PMID: 39449282

	67.	 Moradi F, Heidari Z, Teimori A, Ghazvini M, Imani ZF, Naeini AA. The association between the dietary inflammatory index (DII) and some serum 
oxidative stress markers in non-alcoholic fatty liver disease: case-control. Iranian Journal of Public Health. 2022;13.

	68.	 Maresch CC, Stute DC, Alves MG, Oliveira PF, de Kretser DM, Linn T. Diabetes-induced hyperglycemia impairs male reproductive function: a 
systematic review. Hum Reprod Update. 2018;24(1):86–105. https://doi.org/10.1093/humupd/dmx033 PMID: 29136166

	69.	 Karimi J, Goodarzi MT, Tavilani H, Khodadadi I, Amiri I. Relationship between advanced glycation end products and increased lipid peroxidation in 
semen of diabetic men. Diabetes Res Clin Pract. 2011;91(1):61–6. https://doi.org/10.1016/j.diabres.2010.09.024 PMID: 20970866

	70.	 Chen M-C, Lin J-A, Lin H-T, Chen S-Y, Yen G-C. Potential effect of advanced glycation end products (AGEs) on spermatogenesis and sperm qual-
ity in rodents. Food Funct. 2019;10(6):3324–33. https://doi.org/10.1039/c9fo00240e PMID: 31095144

	71.	 Mallidis C, Agbaje IM, Rogers DA, Glenn JV, Pringle R, Atkinson AB, et al. Advanced glycation end products accumulate in the reproductive tract of 
men with diabetes. Int J Androl. 2009;32(4):295–305. https://doi.org/10.1111/j.1365-2605.2007.00849.x PMID: 18217985

	72.	 Iddir M, Brito A, Dingeo G, Fernandez Del Campo SS, Samouda H, La Frano MR, et al. Strengthening the Immune System and Reducing 
Inflammation and Oxidative Stress through Diet and Nutrition: Considerations during the COVID-19 Crisis. Nutrients. 2020;12(6):1562. https://doi.
org/10.3390/nu12061562 PMID: 32471251

	73.	 Mirmiran P, Hadavi H, Mottaghi A, Azizi F. Effect of dietary patterns on oxidative stress in Patiants with metabolic syndrome: Tehran Lipid and Glu-
cose Study. Caspian J Intern Med. 2018;9(4):376–85. https://doi.org/10.22088/cjim.9.4.376 PMID: 30510653

	74.	 Abshirini M, Siassi F, Koohdani F, Qorbani M, Mozaffari H, Aslani Z. Dietary total antioxidant capacity is inversely associated with depression, anxi-
ety and some oxidative stress biomarkers in postmenopausal women: a cross-sectional study. Nutr Neurosci. 2019;18(1):1–9.

https://doi.org/10.3389/fendo.2023.1070692
http://www.ncbi.nlm.nih.gov/pubmed/36860366
https://doi.org/10.1038/nrurol.2017.69
https://doi.org/10.1038/nrurol.2017.69
http://www.ncbi.nlm.nih.gov/pubmed/28508879
https://doi.org/10.5534/wjmh.190055
https://doi.org/10.5534/wjmh.190055
http://www.ncbi.nlm.nih.gov/pubmed/31081299
https://doi.org/10.3389/frph.2022.822257
http://www.ncbi.nlm.nih.gov/pubmed/36303652
https://doi.org/10.1016/j.fertnstert.2008.01.022
http://www.ncbi.nlm.nih.gov/pubmed/18314108
https://doi.org/10.1016/s0015-0282(16)57870-4
http://www.ncbi.nlm.nih.gov/pubmed/7672165
https://doi.org/10.1016/s1472-6483(10)60004-1
http://www.ncbi.nlm.nih.gov/pubmed/19549438
https://doi.org/10.1007/s10815-016-0677-5
http://www.ncbi.nlm.nih.gov/pubmed/26941096
https://doi.org/10.1007/s12011-014-9978-7
https://doi.org/10.1007/s12011-014-9978-7
http://www.ncbi.nlm.nih.gov/pubmed/24752972
https://doi.org/10.5653/cerm.2018.45.2.88
https://doi.org/10.5653/cerm.2018.45.2.88
http://www.ncbi.nlm.nih.gov/pubmed/29984209
https://doi.org/10.3390/nu14193914
http://www.ncbi.nlm.nih.gov/pubmed/36235567
https://doi.org/10.1016/j.fertnstert.2006.08.103
http://www.ncbi.nlm.nih.gov/pubmed/17430733
https://doi.org/10.1016/j.imlet.2013.08.011
https://doi.org/10.1016/j.imlet.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/24029665
https://doi.org/10.1016/j.fertnstert.2021.10.021
https://doi.org/10.1016/j.fertnstert.2021.10.021
http://www.ncbi.nlm.nih.gov/pubmed/34920872
https://doi.org/10.1111/andr.13789
http://www.ncbi.nlm.nih.gov/pubmed/39449282
https://doi.org/10.1093/humupd/dmx033
http://www.ncbi.nlm.nih.gov/pubmed/29136166
https://doi.org/10.1016/j.diabres.2010.09.024
http://www.ncbi.nlm.nih.gov/pubmed/20970866
https://doi.org/10.1039/c9fo00240e
http://www.ncbi.nlm.nih.gov/pubmed/31095144
https://doi.org/10.1111/j.1365-2605.2007.00849.x
http://www.ncbi.nlm.nih.gov/pubmed/18217985
https://doi.org/10.3390/nu12061562
https://doi.org/10.3390/nu12061562
http://www.ncbi.nlm.nih.gov/pubmed/32471251
https://doi.org/10.22088/cjim.9.4.376
http://www.ncbi.nlm.nih.gov/pubmed/30510653

