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There is increasing recognition of the role of oxidative balance in testosterone deficiency (TD). This
study investigates the association between the oxidative balance score (OBS) and TD prevalence
among adult males in the United States. Data were obtained from a cross-sectional study of 3276 adult
men in the 2011-2016 National Health and Nutrition Examination Survey. OBS was assessed based

on 16 nutrient and 4 lifestyle components. Multivariate logistic regression and subgroup analyses
were conducted to calculate the odds ratios (OR) and 95% confidence intervals (Cl) for the association
between OBS and TD prevalence. After adjusting for potential confounders, a negative linear
association was observed between OBS and TD prevalence (OR=0.98, 95% Cl 0.97-1.00). Participants
in the highest OBS tertile had lower odds of TD compared to those in the lowest tertile (OR=0.92, 95%
Cl1 0.69-1.21). Lifestyle components of OBS were significantly associated with lower TD prevalence
(OR=0.85, 95% CI 0.81-0.90). Furthermore, least absolute shrinkage and selection operator regression
identified key OBS components most strongly associated with TD, with physical activity exerting the
greatest influence. A predictive nomogram model incorporating these components demonstrated a
discriminatory power with an area under the curve of 0.744 (95% Cl 72.4-76.4%). In conclusion, this
study demonstrates an inverse association between OBS and TD prevalence, suggesting a potential
role of oxidative balance in testosterone regulation among US males.

Keywords Testosterone deficiency, National Health and Nutrition Examination Survey, Oxidative balance
score, Physical activity

Testosterone, a key male sex hormone primarily produced by the testes and adrenal glands, plays an essential
role in regulating various physiological functions, including reproductive health, spermatogenesis, muscle
mass maintenance, and cellular protein and lipid metabolism?2. Testosterone deficiency (TD), also known as
male hypogonadism, is an endocrine disorder characterized by inadequate serum testosterone levels, which
can result in symptoms such as low energy, depression, reduced libido, and erectile dysfunction!?. TD affects
approximately 20% of men, with its prevalence increasing significantly with age—up to 50% of men over 80
are classified as having TD*. Moreover, data from the National Health and Nutrition Examination Survey
(NHANES) have highlighted a concerning decline in testosterone levels among adult men in recent decades®.
This decline parallels a global decrease in fertility rates®, with male factors, including TD, contributing to over
40-50% of infertility cases”®. Given these trends, elucidating factors driving TD is critical for addressing this
growing public health concern.

Recent evidence underscores a strong association between oxidative stress and TD®. Epidemiological
studies have consistently identified oxidative stress in males with TD!®!!. Oxidative stress occurs when reactive
oxygen species (ROS) exceed antioxidant defenses, damaging Leydig cells—the testosterone-producing cells in
the testes—and disrupting the hypothalamic-pituitary-gonadal (HPG) axis, ultimately reducing testosterone
production®!%!3 Numerous studies have implicated factors such as reduced intake of dietary antioxidants
(e.g., folic acid, calcium, vitamin C, and vitamin E) and pro-oxidant lifestyle behaviors (e.g., smoking and
alcohol consumption) in the onset of oxidative stress and TD'*!5. Mitigating oxidative stress through lifestyle
modifications or antioxidant supplementation has been proposed as a potential strategy for managing or

1Department of Urology, The First Affiliated Hospital of Dalian Medical University, Dalian 116021, People’s Republic
of China. 2Department of Reproduction Medicine Center, The Affiliated Zhongshan Hospital, Dalian University,
Dalian 116021, People’s Republic of China. 3Jiayi Liu and Chuanyu Ma contributed equally to this work. *‘email:
qginjie@firsthosp-dmu.com; zhangzp03@163.com

Scientific Reports | (2025) 15:8040 | https://doi.org/10.1038/s41598-025-92934-5 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-92934-5&domain=pdf&date_stamp=2025-3-7

www.nature.com/scientificreports/

preventing TD'>16. Collectively, these findings highlight the central role of oxidative stress in TD and emphasize
the importance of dietary and lifestyle choices in disease prevention.

The oxidative balance score (OBS) is a composite metric that integrates 20 dietary and lifestyle factors,
reflecting the overall balance between pro-oxidants and antioxidants across various exposures'’. The total
OBS is calculated by summing the weighted tertile scores of antioxidant and pro-oxidant components, with
higher scores indicating a predominance of antioxidants over pro-oxidants. Although OBS has been validated in
numerous studies across a range of diseases!”!8, limited research has explored its specific association with TD.

To address this gap, we aimed to investigate the relationship between OBS—encompassing both dietary and
lifestyle factors—and the prevalence of TD using a large, nationally representative sample from the NHANES
database spanning 2011 to 2016. By identifying key antioxidant and pro-oxidant exposures associated with TD
prevalence, this study provides insights into the potential role of oxidative balance in male endocrine health and
its relevance for dietary and lifestyle interventions aimed at TD management.

Methods

Study population

This study utilized data from the NHANES database (https://www.cdc.gov/nchs/nhanes/index.htm), developed
by the National Center for Health Statistics in the United States. NHANES is a nationally representative,
cross-sectional survey that provides key health statistics through stratified, multi-stage probability sampling,
encompassing data from interviews, physical examinations, and laboratory tests. For this analysis, we included
data from three consecutive NHANES cycles (2011-2012,2013-2014, and 2015-2016). Of the 29,902 participants
initially recruited, we excluded individuals younger than 20 years, female participants, those with missing OBS
component data, and individuals without testosterone measurements. Furthermore, to align with standard clinical
guidelines for assessing testosterone levels, we excluded participants whose serum samples were not collected
in the morning after an overnight fast'®. After applying these criteria, the final analytic sample consisted of 3276
eligible participants, as illustrated in Fig. 1. All NHANES studies adhered to the ethical guidelines established
by the National Center for Health Statistics’ Ethical Review Committee. Before participation, all individuals
received detailed information about the study’s objectives, procedures, potential risks, and benefits. Written
informed consent was obtained from each participant, ensuring voluntary participation and the confidentiality
of their personal and health data.

OBS evaluation
The OBS data were collected by NHANES through 24-h dietary recall interviews conducted at the Mobile
Examination Center (MEC). The OBS integrates 16 dietary and 4 lifestyle factors to assess the overall balance
between pro-oxidants and antioxidants. Antioxidant factors included dietary fiber, carotenoids, riboflavin,
niacin, total folate, vitamins B6, B12, C, and E, calcium, magnesium, zinc, copper, and selenium, and metabolic
equivalent (MET) levels, based on previous research findings?®. MET was used to represent the relative energy
expenditure associated with various physical activities, including vigorous and moderate work-related activities,
walking or bicycling for transportation, and vigorous or moderate leisure-time physical activities. Pro-oxidant
factors included total fat and iron intake, cotinine levels (used as a marker for smoking exposure due to its long
half-life and sensitivity to both active and passive smoking), body mass index (BMI), and alcohol consumption'?.
The OBS was calculated by summing the weighted tertile scores of antioxidant and pro-oxidant components.
Pro-oxidant components were scored as 2, 1, and 0 for the lowest to highest tertile groups, respectively, while
antioxidant components were scored inversely as 0, 1, and 2. Thus, a higher OBS indicates a greater predominance
of antioxidant exposure. Further details on the OBS scoring methodology are provided in Supplementary
Table S1.

Testosterone deficiency and assessment of serum testosterone

Based on the guidelines of the American Urological Association (AUA), a condition characterized by TD was
defined as a serum testosterone level below 300 ng/dL". To minimize biological variability, serum specimens
were collected in the morning after overnight fasting. After that, the specimens were shipped frozen on dry
ice for immediate use or stored at—70 °C in the long term. To measure total serum testosterone levels, the
Centers for Disease Control and Prevention (CDC) developed isotope dilution-liquid chromatography-tandem
mass spectrometry (ID-LC-MS/MS) for routine analysis, with the lowest linearity limit of 0.75 ng/dL. The
methodology details for testosterone determination in the NHANES laboratory can be accessed at: https://www
n.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/TST_H.htm.

Covariates

Based on previous literature, we included factors potentially associated with testosterone levels. Data on
covariates were collected through questionnaires, physical examinations, and laboratory tests. Age was
categorized into three groups: 20-39 years, 40-64 years, and > 65 years. The poverty-to-income ratio (PIR), a
proxy for household income, was classified into three categories:<1.3, 1.31-3.5, and > 3.52L.22, Race/ethnicity
was grouped as White, Black, Mexican and other races. Education level was categorized as below high school,
high school, and above high school. Marital status was divided into married or living with a partner and others.
Since individuals receiving antihypertensive or hypoglycemic treatment may have blood pressure or glucose
levels within the normal range at the time of measurement, information on hypertension and diabetes was
obtained from participants’ self-reported responses in health questionnaires. Given the potential association
between dietary habits and TD, we included total energy intake (kcal) as a covariate to partially account for
overall dietary intake characteristics®>. Furthermore, we also included a covariate for the seasonal timing of
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Fig. 1. Flowchart for the study design and participants.

serum sample collection (November 1-April 30, May 1-October 31) to account for potential seasonal variations
in testosterone levels, as testosterone can fluctuate in response to changes in light exposure and temperature.

Statistical analysis

Mean +standard deviation (SD) and frequency (proportions) were fully used to describe the baseline
characteristics of all participants. Linear regression was used to correlate continuous variables, while the chi-
square test was used to compare categorical variables. For other continuous variables, Lilliefors tests were first
used to test their normality, according to which two-sample t tests or Wilcoxon rank-sum tests were performed to
detect group differences. In order to thoroughly investigate the relationship between OBS and TD, three models
were developed using multivariate logistic regression analysis. Model 1 included no covariate adjustments.
Model 2 was adjusted for age and race, while Model 3 accounted for age, race, PIR, education level, marital
status, diabetes, hypertension, total energy intake, and seasonal timing of serum sample collection. Adjusted
the odds ratios (OR) and 95% confidence intervals (CI) were calculated, smooth curve fitting was performed to
explore the association between the identified confounders and outcome variables. Additionally, due to potential
correlations among OBS components, the least absolute shrinkage and selection operator (LASSO) method
offers a more stable selection of key predictors compared to traditional stepwise approaches’. Therefore, we
developed a predictive nomogram model based on the key OBS factors identified through LASSO regression and
assessed its discriminatory power using receiver operating characteristic (ROC) curve. Sensitivity analyses were
performed in patients without diabetes, without hypertension, and without seasonal timing of serum sample
collection. Two-sided p<0.05 was considered statistically significant. Statistical research uses the statistical
computing and graphing software R (version 4.2.1, https://cran.r-project.org/doc/FAQ/R-FAQ.html#Citing-R)
and EmpowerStats (version 4.0).
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Results

Demographic and clinical characteristics of the study population

A total of 29,902 participants from NHANES (2011-2016) were initially considered for this study (Fig. 1).
Following the application of predefined inclusion and exclusion criteria, 15,151 female participants, 4,429
individuals with missing OBS component data, 650 participants without testosterone evaluations, 2,913
individuals under the age of 20, and 3483 participants whose serum samples were not collected during morning
hours were excluded (Fig. 1). Ultimately, 3276 participants met the eligibility criteria and were categorized into
the non-TD group (total testosterone >300 ng/dL, n=2574) and the TD group (total testosterone <300 ng/dL,
n=702) (Table 1). Compared to the non-TD group, participants in the TD group were older (52.68 £17.23 vs.
48.00+17.55 years) and had higher prevalence of hypertension (49.57% vs. 33.26%) and diabetes (29.06% vs.
13.17%) (P<0.001). Significant difference in marital status was also observed between the groups (P<0.05)
(Table 1). Other characteristics including PIR, race, education level, and seasonal timing of serum sample
collection, did not differ significantly between TD and non-TD groups (Table 1).

We further analyzed the OBS and its components between the TD and non-TD groups (Table 2). The TD
group demonstrated significantly lower total OBS (P <0.001), dietary OBS (P<0.05), and lifestyle OBS scores
(P<0.001) compared to the non-TD group. Among dietary OBS components, riboflavin (P<0.05), niacin
(P<0.001), vitamin B6 (P<0.001), and magnesium (P<0.01) were significantly lower in the TD group, while
other dietary components showed no significant differences. For lifestyle OBS components, physical activity
(MET) (P<0.05), BMI (P<0.001), and cotinine levels (P<0.01) differed significantly between the groups,
though alcohol consumption scores were not significantly different (Table 2).

Associations of OBS with prevalence of TD

In this study, weighted logistic regression analysis was used to evaluate the relationship between OBS and
the prevalence of TD. Table 3 summarizes the OR and 95% CI for this association across three models, all
demonstrating a consistent inverse relationship between OBS and TD prevalence after adjusting for confounders.

TD Non-TD
Characteristic Overall (n=3276) | (n=702) (n=2574) P [95% CI] *
Age (%) 49.3+£17.6 52.68+17.23 | 48.00+17.55 <0.001 (0.26, 0.43)
20-39 1110 (33.88%) 165 (23.50%) | 945 (36.71%)
40-64 1393 (42.52%) 303 (43.16%) | 1090 (42.35%)
>65 773 (23.60%) 234 (33.33%) | 539 (20.94%)
PIR (%) 0.860 (-0.06, 0.11)
<1.30 993 (30.13%) 216 (30.77%) | 777 (30.19%)
1.30-3.50 1299 (39.65%) 281 (40.03%) | 1018 (39.55%)
>3.50 984 (30.04%) 205 (29.20%) | 779 (30.26%)
Race (%) 0.091 (0.03, 0.19)
White 1366 (41.70%) 317 (45.16%) | 1049 (40.75%)
Black 632 (19.29%) 139 (19.80%) | 673 (26.15%)
Mexican 441 (13.46%) 82 (11.68%) | 359 (13.95%)
Other 837 (25.55%) 164 (23.36%) | 673 (26.15%)
Education level (%) 0.534 (- 0.04, 0.13)
Below high school 773 (23.60%) 169 (24.07%) | 604 (23.47%)
High school 765 (23.35%) 173 (24.64%) | 592 (23.00%)
Above high school 1738 (53.05%) 360 (51.28%) | 1378 (53.54%)
Marital (%) 0.009 (0.03, 0.20)
Married/living with partner 2141 (65.35%) 488 (69.52%) | 1653 (64.22%)
Other 1135 (34.65%) 214 (30.48%) | 921 (35.78%)
Hypertension (%) <0.001 (0.25, 0.42)
Yes 1204 (36.75%) 348 (49.57%) | 856 (33.26%)
No 2072 (63.25%) 354 (50.43%) | 1718 (66.74%)
Diabetes (%) <0.001 (0.31, 0.48)
Yes 543 (16.58%) 204 (29.06%) | 339 (13.17%)
No 2733 (83.42%) 498 (70.94%) | 2235 (86.83%)
Seasonal timing of serum sample collection (%) 0.860 (—0.08, 0.09)
November 1-April 30 1629 (49.73%) 347 (49.43%) | 1282 (49.81%)
May 1-October 31 1647 (50.27%) 355 (50.57%) | 1292 (50.19%)

Table 1. Demographic and clinical characteristics of TD and non-TD subgroups in NHANES participants
(2011-2016). Significant values are in [bold]. TD, testosterone deficiency; PIR, poverty income ratio. *TD
versus non-TD, two-sample t test or Wilcoxon rank-sum test.

Scientific Reports |

(2025) 15:8040 | https://doi.org/10.1038/s41598-025-92934-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

OBS components Overall (n=3276) | TD (n=702) Non-TD (n=2574) | P [95% CI] *

Total OBS 20.58+7.18 19.76 £7.09 20.80+7.18 <0.001 (0.06, 0.23)
Dietary OBS 16.47 £6.80 16.00+6.80 16.59+6.79 0.042 (0.00, 0.17)
Dietary fiber (g/d) 18.74+11.95 18.09+11.25 18.91+12.13 0.103 (-0.01, 0.15)
Carotene (RE/d) 2193.09+5429.03 2009.87 +4306.82 2243.06 £ 5696.56 0.313 (- 0.04, 0.13)
Riboflavin (mg/d) 2.33+1.49 2.23+1.30 2.35+1.54 0.049 (0.00, 0.17)
Niacin (mg/d) 30.43+19.13 28.03+£15.84 31.08+19.88 <0.001 (0.09, 0.25)
Vitamin B6 (mg/d) 2.48+2.21 2.22+1.41 2.55+£2.38 <0.001 (0.08, 0.25)
Total folate (mcg/d) 446.21+278.70 429.40£259.56 450.80+£283.57 0.071 (-0.00, 0.16)
Vitamin B12 (mcg/d) 5.71%5.70 5.37+4.85 5.81+5.91 0.073 (-0.00, 0.16)
Vitamin C (mg/d) 84.39+102.08 81.86+91.06 85.09+£104.89 0.458 (-0.05, 0.12)
Vitamin E (ATE) (mg/d) 9.29+6.89 8.87+6.44 9.41+7.01 0.066 (-0.00, 0.16)
Calcium (mg/d) 1019.34+661.43 990.76 £626.75 1027.13+670.48 0.197 (- 0.03, 0.14)
Magnesium (mg/d) 329.55+£165.98 314.31+156.90 333.71+£168.16 0.006 (0.04, 0.20)
Zinc (mg/d) 12.66+7.99 12.61+7.46 12.67+8.13 0.846 (-0.07, 0.09)
Copper (mg/d) 1.34+0.80 1.30+£0.80 1.35+£0.80 0.130 (-0.02, 0.15)
Selenium (mcg/d) 134.40+73.36 130.34+£71.73 135.51+73.77 0.098 (- 0.01, 0.15)
Total fat (g/d) 90.76 +49.48 88.83+49.18 91.29+49.56 0.244 (-0.03, 0.13)
Iron (mg/d) 16.25+£9.36 16.37£10.15 16.22+9.14 0.698 (- 0.07, 0.10)
Lifestyle OBS 4.11+1.74 3.76+1.74 421+1.73 <0.001 (0.18, 0.34)
Physical activity (MET-minute/week) | 5367.31+20,124.98 | 3760.50£10,661.92 | 5805.54+21,992.03 | 0.017 (0.03, 0.20)
Alcohol (g/d) 48.88 £454.66 72.20+798.62 42.52+298.59 0.125 (- 0.03, 0.13)
Body mass index (kg/m?) 28.61+6.15 32.55+7.36 27.54+5.29 <0.001 (0.70, 0.87)
Cotinine (ng/mL) 71.61+143.90 56.45+126.89 75.75+147.96 0.002 (0.06, 0.22)

Table 2. Comparison of OBS and its component scores between TD patients and non-TD patients. Significant
values are in [bold]. RE, retinol equivalent; ATE, alpha-tocopherol equivalent; MET, metabolic equivalent. *TD
versus non-TD, two-sample t test or Wilcoxon rank-sum test.

Model 1* Model 2** Model 3*%*

Exposures OR [95%CI] P-value | OR [95%CI] P-value | OR [95%CI] P-value
OBS 0.98 (0.97, 0.99) 0.0007 | 0.98 (0.97, 1.00) 0.0101 | 0.98 (0.97, 1.00) 0.0384
T1 Ref - Ref - Ref -

T2 0.91 (0.74, 1.11) 0.3473 | 0.94 (0.77, 1.16) 0.5811 | 1.00 (0.80, 1.26) 0.9710
T3 0.79 (0.65, 0.98) 0.0278 | 0.86 (0.70, 1.06) 0.1650 | 0.92 (0.69, 1.21) 0.5448
Dietary OBS | 0.99 (0.98, 1.00) 0.0421 | 0.99 (0.98, 1.01) 0.3179 | 1.00 (0.98, 1.02) 0.9295
T1 Ref - Ref - Ref -

T2 0.93 (0.75, 1.14) 0.4861 | 0.97 (0.79, 1.20) 0.8127 | 1.05 (0.84, 1.33) 0.6504
T3 0.84 (0.69, 1.02) 0.0812 | 0.93(0.75, 1.14) 0.4709 | 1.02(0.77, 1.35) 0.8700
Lifestyle OBS | 0.86 (0.82,0.90) | <0.0001 | 0.84 (0.80,0.89) | <0.0001 | 0.85 (0.81,0.90) | <0.0001
T1 Ref - Ref - Ref -

T2 0.78 (0.62,0.96) | 0.0216 | 0.76 (0.61,0.94) | 0.0132 | 0.78 (0.62,0.97) | 0.0260
T3 0.57 (0.45,0.71) | <0.0001 | 0.52 (0.41,0.65) | <0.0001 | 0.55 (0.43,0.69) | <0.0001

Table 3. Association between the lifestyle OBS and the prevalence of TD based on logistic regression analysis.
Significant values are in [bold]. *Model 1 adjusts for none. **Model 2 adjusts for age and race. ***Model 3
adjusts for age, race, PIR, education level, marital status, diabetes, hypertension, total energy intake, and
seasonal timing of serum sample collection (%).

In the unadjusted model (Model 1), the OR for continuous OBS and TD prevalence was 0.98 (95% CI
0.97-0.99) (Table 3). Participants in higher OBS tertiles had significantly lower TD prevalence compared to
those in the lowest tertile (OR=0.79, 95% CI 0.65-0.98). After adjusting for age and race in Model 2, the OR
for continuous OBS was 0.98 (95% CI 0.97-1.00) (Table 3). OBS tertiles T2 and T3 had ORs of 0.94 (95% CI
0.77-1.16) and 0.86 (95% CI 0.70-1.06) (Table 3), respectively, showing a trend toward reduced TD risk with
higher OBS.

In the fully adjusted model (Model 3), which adjusted for additional factors including age, race, PIR, education
level, marital status, diabetes, hypertension, total energy intake, and seasonal timing of serum sample collection,
the OR remained at 0.98 (95% CI 0.97-1.00) (Table 3). For OBS tertiles T2 and T3, the ORs in Model 3 were
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1.00 (95% CI 0.80-1.26) and 0.92 (95% CI 0.69-1.21) (Table 3), respectively, indicating individuals in higher
OBS tertiles had a significantly lower prevalence of TD compared to those in the lowest tertile. Furthermore, a
linear inverse association between OBS and TD was further confirmed using spline smoothing fitting with an
adjustment for age, race, PIR, education level, marital status, diabetes, hypertension, total energy intake, and
seasonal timing of serum sample collection (Fig. 2).

In addition, stratified analyses indicated that the inverse association between OBS and TD prevalence
remained consistent across subgroups stratified by age, race, PIR, education level, and marital status (Fig. 3).
Specifically, when the subgroup analyses stratified by age (20-39, 40-64, and>65 years old), race (White,
Black, Mexican, and other), PIR (<1.3, 1.3-3.5, and > 3.5), education level (below high school, high school, and
above high school), marital status (married or living with partner versus single), there was no difference in the
association between total OBS and the prevalence of TD (P-interaction > 0.05, Fig. 3). Similarly, stratified analyses
of lifestyle OBS showed no significant differences in its association with TD prevalence (P-interaction>0.05,
Fig. 4). Furthermore, sensitivity analyses showed that removal of diabetes, hypertension, and seasonal timing of
serum sample collection did not significantly affect the TD prevalence (Supplementary Table S2).

Key OBS components associated with TD

To identify specific OBS components associated with TD, dietary OBS and lifestyle OBS were separately analyzed
using logistic regression models (Table 3). Dietary OBS was inversely associated with TD in Model 1 (OR: 0.99,
95% CI 0.98-1.00, P<0.05); however, this association was not significant in Model 2 (OR: 0.99, 95% CI 0.98-
1.01, P=0.32) or Model 3 (OR: 1.00, 95% CI 0.98-1.02, P=0.93) (Table 3). Conversely, lifestyle OBS maintained
a robust inverse association with TD across all models, with an OR of 0.85 (95% CI 0.81-0.90) in Model 3 (Table
3). Participants in higher lifestyle OBS tertiles exhibited significantly lower TD prevalence compared to those
in the lowest tertile (OR=0.55, 95% CI 0.43-0.69), highlighting the strong link between lifestyle OBS and TD
prevalence.

Using LASSO regression, key OBS factors associated with TD prevalence were identified from 22 variables,
including dietary components (e.g., carbohydrates, fiber, vitamins) and demographic characteristics (e.g., age,
sex, race). The optimal penalty parameter (A=0.005258) was determined through tenfold cross-validation
(Fig. 5A,B). The predictive nomogram model highlighted vitamin E, vitamin B6, niacin, iron, MEI, BMI, alcohol,
and age as the primary predictors of TD identified by the LASSO regression (Fig. 5C). Among these factors,
physical activity exerted the highest influence on the association with TD prevalence (Fig. 5C). The models
discriminatory power was assessed using ROC curve analysis, yielding an AUC of 0.744 (95% CI 72.4-76.4%,
Fig. 5D). At the optimal threshold of 0.363, the model achieved a sensitivity of 73.8% and a specificity of 62.6%
(Fig. 5D). This result underscores the model’s adequate performance in distinguishing individuals with TD from
those without TD based on OBS components.

The risk of TD
020 025

0.1l 5

L g1 L 1
5 0 15 20 25 30 35 5 10 15 20 26 30 35

OBS OBS

Fig. 2. Smoothed curve fitting analysis of OBS and the prevalence of TD. (A) Dose-response association
between OBS and total testosterone level. (B) The association of the prevalence of TD with OBS score in
logistic regression adjusting for age, race, PIR, education level, marital status, diabetes, hypertension, total
energy intake, and seasonal timing of serum sample collection. The red solid and blue dotted lines represent
the central risk estimates and 95% Cls.
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Discussion

This cross-sectional study utilized NHANES data to investigate the association between oxidative stress and
TD in adult males. Our findings suggest that higher OBS, indicative of better oxidative balance, is inversely
associated with TD prevalence, independent of demographic, socioeconomic, and clinical factors. Moreover,
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Fig. 5. LASSO regression analysis to identify key OBS components associated with TD. (A) Plot for LASSO
regression coefficients. (B) Cross-validation plot for LASSO regression. (C) Nomogram model established for
predicting the prevalence of TD based on the key OBS factors screened by LASSO regression. (D) ROC curve
for evaluating the diagnostic power for TD of the nomogram model.

LASSO regression identified specific OBS components associated with TD prevalence, particularly physical
activity, highlighting a potential link between oxidative balance and testosterone regulation among males.
Ithasbeen shown that oxidative stress contributes to male infertility (30-80% of cases) bylowering testosterone,
disrupting the HPG axis, and impairing testicular function'>?. Our analysis of a nationally representative
sample of U.S. adult males demonstrated a strong inverse association between OBS and TD prevalence. Across
all regression models, higher OBS tertiles consistently correlated with reduced odds of TD. Consistent with
our findings, a cross-sectional study demonstrates that low testosterone levels in male patients with type 2
diabetes are associated with increased oxidative stress, correlating with higher ROS production®. However, the
causal relationship between oxidative stress and TD remains an area of ongoing investigation. Evidence from
clinical and animal studies suggests a bidirectional interplay between oxidative stress and TD>!3. On one hand,
oxidative stress can disrupt redox homeostasis, impairing steroidogenesis and reducing testosterone synthesis in
Leydig cells!>?”. On the other hand, diminished testosterone levels may exacerbate mitochondrial dysfunction
and promote excessive ROS production in Leydig cells?. For instance, research using testicular feminized and
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castrated male mice has shown that TD induces oxidative stress in cardiomyocytes?®. Furthermore, studies
have indicated that testosterone supplementation mitigates oxidative damage by enhancing antioxidant enzyme
activity and improving oxidative stress parameters across various tissues. These findings highlight the intricate
relationship between oxidative balance and testosterone regulation, emphasizing the need for further research
into therapeutic strategies aimed at mitigating oxidative stress to support testosterone homeostasis.

Several risk factors may influence oxidative stress and testosterone levels?. Epidemiological studies have
documented that community-dwelling men over the age of 30 experience an annual decline of 0.5-15% in
circulating testosterone levels and a 2-3% decrease in free testosterone concentrations, highlighting the aging
as a significant factor in the progressive decline of testosterone level®. In this study, participants with TD in this
study were significantly older than their non-TD counterparts. To account for the potential confounding effect
of age on the association between OBS and TD, stratified analyses were conducted and showed that the inverse
association between OBS and TD persisted across age subgroups, as well as other stratified factors, including
race, PIR, education level, and marital status. These findings underscore the broad applicability of the protective
effect of higher OBS against TD across diverse demographic and socioeconomic groups. While some models for
total OBS and dietary OBS exhibited marginal statistical significance in fully adjusted models, this attenuation
may result from the inclusion of critical confounders such as socioeconomic factors and comorbid conditions
(e.g., diabetes, hypertension). Further large-scale prospective studies are warranted to validate these associations
and elucidate the underlying mechanisms.

We further investigated the role of dietary factors and lifestyle behaviors associated with oxidative stress in
relation to low testosterone levels. In our analysis, although both dietary and lifestyle OBS were initially evaluated,
only lifestyle OBS maintained a significant inverse association with TD after adjusting for confounders. Our
finding underscores the critical influence of lifestyle factors, such as physical activity and BMI, in reducing TD
prevalence. Notably, LASSO regression identified specific OBS components most strongly associated with TD
risk, with physical activity exerting the highest influence. While the relative contributions of these components
and their independent and interactive effects on oxidative stress and TD require further investigation,
our findings are consistent with previous research. For example, a cross-sectional analysis of a nationally
representative sample of U.S. adult males found that moderate-intensity physical activity was associated with
lower odds of TD?!. Similarly, a clinical trial involving 88 overweight or obese men demonstrated that a 12-
week aerobic exercise program significantly increased serum total, free, and bioavailable testosterone levels®.
Consistent with this, Giudice et al. reported that lower daily step counts, as measured by a waist-worn uniaxial
accelerometer, were associated with an increased risk of TD!?. One possible explanation for the physical activity,
have a strong association with TD, is that physical activity has a direct and immediate influence on oxidative
stress regulation and endocrine function, which may require long-term adherence to manifest measurable
effects. Several mechanisms may underlie the relationship between physical activity and testosterone levels. Some
studies suggest that increased caloric expenditure associated with physical activity helps restore the HPG axis,
which is often disrupted in metabolic conditions such as obesity***%. Furthermore, physical activity has been
shown to alter the cortisol-to-fat ratio, thereby modulating LH secretion and enhancing testosterone production
by mitigating negative feedback on the hypothalamic-pituitary-adrenal (HPA) axis*. These findings highlight
the multifaceted role of physical activity in maintaining testosterone levels and mitigating TD prevalence.

In addition to lifestyle factors, this study identified dietary antioxidants-such as vitamin E, vitamin B6, and
niacin-as significant contributors to reducing the risk of TD. Consistent with these findings, existing research
emphasizes the critical role of vitamins in regulating male reproductive health, particularly through their ability
to mitigate oxidative stress®®. Notably, vitamins E and C are recognized as key antioxidants that neutralize
free radicals and enhance semen quality”’. Vitamin E, a lipid-soluble compound comprising tocopherols and
tocotrienols, cannot be synthesized by mammals and must be obtained through dietary sources®. Its antioxidant
properties are crucial for protecting androgens from damage caused by ROS and lipid peroxidation.
Experimental studies in rats have demonstrated that vitamin E supplementation enhances testicular antioxidant
capacity by regulating Hsp70-2 chaperone expression, thereby improving endocrine function and increasing
testosterone levels*. However, in the present study, the lack of a consistent association between dietary OBS
and TD in fully adjusted models highlights the complexity of interactions between dietary components and
other confounding factors. One possible explanation is that OBS score distribution varies across age groups and
racial/ethnic backgrounds. These findings suggest that while dietary antioxidants may play a role in oxidative
balance, their impact on TD could be modulated by a range of interconnected variables, necessitating further
investigation to elucidate these relationships.

This study has several limitations. First, the cross-sectional design precludes the ability to draw causal
conclusions between OBS and TD. Although significant associations were identified, the directionality of
this relationship remains uncertain, as reverse causation cannot be ruled out. To better understand the causal
role of OBS in TD, prospective cohort studies and randomized controlled trials are essential. Second, despite
thorough adjustments for potential confounders, residual confounding may still exist, particularly with respect
to factors such as dietary adherence, stress levels, medication use (e.g., testosterone replacement therapy),
and other hormonal disorders (e.g., thyroid dysfunction). These variables may have influenced the observed
associations and warrant further exploration in future studies. Third, there is the potential for measurement bias
in the self-reported dietary and lifestyle data, which may be subject to recall bias, social desirability bias, and
reporting inaccuracies. To address this limitation, future studies should incorporate more objective measures
and validate these findings in diverse populations. Fourth, the composite nature of the OBS scoring system,
which encompasses a broad range of factors, may dilute associations, particularly in complex outcomes like TD.
Finally, while morning serum testosterone measurements are considered the clinical standard, they may not fully
capture diurnal variations in testosterone levels. Future studies incorporating multiple time-point measurements
would help mitigate this variability and provide a more accurate assessment of testosterone levels over time.
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In conclusion, this study demonstrates a significant inverse association between OBS and TD prevalence.
Key lifestyle factors, including physical activity and BMI, alongside specific micronutrients, emerge as pivotal
determinants of oxidative balance and TD prevalence. The nomogram model incorporating these predictors
demonstrated moderate discriminatory ability in identifying individuals with TD. These findings indicate that
optimizing oxidative balance through lifestyle and dietary modifications may play a role in TD management.
Potential approaches include increasing physical activity, incorporating antioxidant-rich foods, and exploring
targeted antioxidant supplementation. However, further research is required to validate these associations and
assess the effectiveness of such interventions in clinical settings.

Data availability
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