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Background: Erectile dysfunction (ED) mainly affects men over 40 years of age and is a common clinical condition. In addition to hypertension and diabetes, environment, and lifestyle are also significantly associated with erectile dysfunction. The relationship between dietary trace metal intake and ED has not been studied.

Materials and methods: Data on participants were obtained from the National Health and Nutrition Examination Survey for this study, and those with incomplete information on clinical variables were excluded. Dose-response curve analysis was used to investigate the relationship between dietary trace metal intake and ED prevalence. Multivariate logistic regression analysis was used to adjust for confounders to further investigate the relationship between dietary trace metal intake and ED prevalence. 1:1 propensity score matching (PSM) was performed to adjust for differences between clinical variables for data reanalysis to confirm the reliability of the results.

Results: A total of 3,745 individuals were included in the study, including 1096 ED patients and 2,649 participants without ED. Dietary intake of trace metals (Mg, Zn, Cu, and Se) was significantly higher in participants without ED than in ED patients (all P < 0.001). Dose-response curve analysis showed a significant negative association between these dietary metal intakes and ED prevalence (all P < 0.001). Multivariate logistic regression analysis adjusted for confounders (age, education, BMI, annual household income, hypertension, diabetes, marital status, race, and current health status) revealed that increased dietary metal intake reduced the odds ratio of ED. 1:1 PSM reanalysis further confirmed the validity of the results.

Conclusion: Increasing dietary intake of trace metals (magnesium, zinc, copper, and selenium) within the upper limit is beneficial in reducing the prevalence of ED.
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Introduction

Erectile dysfunction (ED) is a common clinical condition that commonly affects men over the age of 40. The National Institutes of Health (NIH) defines erectile dysfunction as the inability to maintain a sufficient penile erection over the course of a sexual relationship (1). Incidence of ED gradually increases with age. International Consultation Committee for Sexual Medicine on Definitions/Epidemiology/Risk Factors for Sexual Dysfunction states that the prevalence of ED in men less than 40 years of age is 1–10%. However, it increases to 20–40% in men aged 60–69 years, and ranges from 50 to 100% in those over 70 years (2–4). Another study showed that ED prevalence among men aged 60–69 years reached 46 per 1,000 person-years (5). As the world’s population ages, the prevalence of ED will be even higher, with 322 million cases expected by 2025 (6, 7).

Several studies have shown that ED is closely related to hypertension, diabetes, hyperlipidemia, and neurological disorders (8–10). Both vascular and neurological related lesions can lead to ED. Penile arteries are typically 1 to 2 mm in diameter, smaller than the 3 to 4 mm of coronary arteries and the 5 to 7 mm of carotid arteries. Therefore, atherosclerotic plaques of a smaller size should be more likely to obstruct and affect the hemodynamics of the penile arteries. In addition, vascular endothelial dysfunction may also be involved in ED (11). Some studies have also shown that certain environments and lifestyles are also important predictors of ED, such as smoking, caffeine intake, Vitamin D deficiency, lack of physical activity, etc., (12–15). Lifestyle and nutritional intake changes may improve ED (16–18).

Electrolyte balance in the human body is a prerequisite for normal physiological activity. Essential trace metals intake is beneficial to health. Trace metals are components of some important metalloenzymes, involved in antioxidant and cholesterol metabolism. Deficiency of trace metals can lead to stroke, atherosclerosis, thrombosis, hypertension, and other conditions (19). However, there is a lack of studies on the relationship of dietary metal intake and ED prevalence.



Materials and methods


Data sources and population

The study population was obtained from the National Health and Nutrition Examination Survey (NHANES), a program of studies designed to assess the health and nutritional status of non-institutionalized civilians in the United States.1 The survey combines interviews and physical examinations involving a variety of health and nutrition measures. A nationally representative sample of approximately 5,000 individuals is surveyed each year, and interviews include demographic, socioeconomic, dietary, and health-related questions. The examination component includes medical, dental and physiological measurements conducted by trained medical personnel.

We obtained data of NHANES participants (men ≥ 20 years of age) between 2001 and 2004. Lack of relevant data was excluded: incomplete data on erectile dysfunction, incomplete data on dietary metal intake; unknown body mass index (BMI), unknown marital status, unknown education level, unknown annual household income, unknown current health status and hypertension/diabetes.



Study variables

Dietary metal intake data of interest (magnesium, zinc, copper, and selenium) were obtained for this study. The types and amounts of food and beverages consumed in the 24 h prior to the interview (midnight to midnight) were obtained from NHANES participants through dietary interviews. Then, the energy, nutrient, and other food components consumed from these foods and beverages were estimated by the USDA’s Food and Nutrient Database for Dietary Studies, 2.0 (FNDDS 2.0).

We also obtained other variables known or potentially associated with ED, such as age (less or more than 40 years), education level (less or more than a high school diploma), race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, other race), BMI (less or more than 25 kg/m2) annual household income (less or more than $20,000), marital status (yes/no), hypertension (yes/no), diabetes (yes, no, borderline), current health status (excellent, very good, good; fair or poor).



Erectile dysfunction assessment

According to Massachusetts Male Aging Study (MMAS) (20), trained interviewers asked male participants 20 years and older a single question to assess their ability to maintain an erection: “Many men experience problems with sexual intercourse. How would you describe your ability to get and keep an erection adequate for satisfactory intercourse?” Participants had the following options to describe their erectile response: “always able or almost always able to get and keep an erection,” “usually able to get and keep an erection,” “sometimes able to get and keep an erection,” “never able to get and keep an erection.” We define “sometimes able or never able” as having erectile dysfunction and “always or almost always able and usually able” as not having erectile dysfunction, which is consistent with previous studies (12, 13, 21, 22).



Statistical analysis

All statistical analyses were performed using R software (version 4.2.0) and SPSS (version 26). For categorical variables, data were described by frequency (n) and percentage (%). P values were analyzed by chi-square tests. For non-normally distributed continuous variables, data were described by interquartile range (IQR). P values were analyzed by Wilcoxon rank sum test. Multivariate logistic regression models were used to assess the relationship between different dietary metal intakes and ED, resulting in adjusted odds ratios (OR) and 95% confidence intervals (CI). Dose-response relationship between dietary metal intake and ED were described by restricted cubic spline (RCS) function. Subgroup analysis was also performed according to age, marital status and BMI.

Differences between ED and non-ED were balanced by 1:1 propensity score matching (PSM). Baseline characteristics were adjusting for confounding variables including: age, race, marital status, education level, BMI, hypertension, diabetes, annual household income, and current health status. The obtained PSM data were also re-analyzed to further test the correctness of the results. P value < 0.05 was considered statistically significant.




Results

Excluding participants with incomplete information, a total of 3,745 participants were included in the study, including 1096 (29.27%) ED patients and 2649 (70.73%) participants without ED (Figure 1). The number of people younger than 40 years of age with ED was only 73 (1.9%), and the percentage of people older than 40 years of age with ED was 27.3% (1023). In addition, participants with higher levels of education were less likely to have ED. Similarly, high income, health status, absence of hypertension and diabetes, and low BMI was associated with decreased ED incidence (Table 1). Interestingly, dietary magnesium, zinc, copper, and selenium intakes were significantly lower in ED patients than participants without ED (all P < 0.001).
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FIGURE 1
Flow chart of the study population identification.



TABLE 1    Baseline characteristics of national health and nutrition examination survey (NHANES) participants between 2001 and 2004 before propensity score matching (PSM).
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Dose-response curve analysis of the RCS showed that dietary magnesium, zinc, copper, and selenium intake were negatively and non-linearly correlated with ED (all P < 0.001). The prevalence of ED decreased with increasing dietary trace metal intake (Figure 2). In addition, we performed subgroup analyses according to age, marital status, and BMI and obtained the same results, except in participants younger than 40 years. Interestingly, dietary magnesium, copper, and selenium (except zinc) intakes were not significantly associated with ED incidence in participants younger than 40 years of age but were significantly associated in participants older than 40 years of age (Table 2). Multivariate logistic regression models analysis adjusted for confounders (age, race, marital status, annual household income, education level, BMI, current health status, hypertension, diabetes) showed that the OR for ED decreased significantly with increased dietary intake of trace metals (Q1–Q4) (all P < 0.001) (Figure 3 and Table 3).
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FIGURE 2
The dose-response analysis of dietary metal intake and erectile dysfunction before propensity score matching. (A) Magnesium; (B) Zinc; (C) Copper; and (D) Selenium.



TABLE 2    Subgroup analysis of dietary metal intake and erectile dysfunction in national health and nutrition examination survey (NHANES) 2001–2004 before propensity score matching (PSM).
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FIGURE 3
The adjusted odds ratios (95% CI) of dietary metal intake and erectile dysfunction before propensity score matching. (A) Magnesium; (B) Zinc; (C) Copper; and (D) Selenium.



TABLE 3    Multivariate logistic regression analysis of the relationship between dietary metal intake and erectile dysfunction in national health and nutrition examination survey (NHANES) 2001–2004 before propensity score matching (PSM).
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Differences (age, race, marital status, education level, BMI, hypertension, diabetes, annual household income, and current health status) between ED and non-ED were balanced by 1:1 PSM (Figure 4). After PSM, there were 896 ED patients and 896 participants without ED. Dietary metal (magnesium, zinc, copper, selenium) intake remained significantly higher in participants without ED than in ED patients (Table 4). After PSM reanalysis, dose-response curve analysis of RCS again verified that dietary intake of magnesium, zinc, copper, and selenium was negatively and non-linearly related to ED (Figure 5). Subgroup analyses by age, marital status, and BMI also showed a significant negative association between dietary trace metal intake and ED prevalence (except in participants younger than 40 years) (Table 5). After PSM, multivariate logistic regression analysis also resulted in a decrease in ED prevalence with increasing dietary trace metal intake (Figure 6 and Table 6). Food sources of trace metals and recommended upper limit were summarized and displayed in Table 7.
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FIGURE 4
Propensity score matching analysis for treated and control population.



TABLE 4    Baseline characteristics of national health and nutrition examination survey (NHANES) participants between 2001 and 2004 after propensity score matching (PSM).
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FIGURE 5
The dose-response analysis of dietary metal intake and erectile dysfunction after propensity score matching. (A) Magnesium; (B) Zinc; (C) Copper; and (D) Selenium.



TABLE 5    Subgroup analysis of dietary metal intake and erectile dysfunction in national health and nutrition examination survey (NHANES) 2001–2004 after propensity score matching (PSM).
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FIGURE 6
The adjusted odds ratios (95% CI) of dietary metal intake and erectile dysfunction after propensity score matching. (A) Magnesium; (B) Zinc; (C) Copper; and (D) Selenium.



TABLE 6    Multivariate logistic regression analysis of the relationship between dietary metal intake and erectile dysfunction in national health and nutrition examination survey (NHANES) 2001–2004 after propensity score matching (PSM).
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TABLE 7    Food sources of trace metals and recommended upper limit.
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Discussion

Erectile dysfunction primarily affects men over the age of 40. Typical causes of ED are diabetes and hypertension. In addition, some common lifestyle factors such as obesity, lack of physical activity, and alcohol consumption are also reported to be associated with the development of ED. A strong association between ED and cardiovascular disease has been demonstrated, and it was indicated to be a promising predictor of coronary artery disease (8).

Currently, the number of studies on the relationship between dietary nutritional intake and ED prevalence are limited. The aim of this study was to investigate the relationship between dietary trace metal intake and erectile dysfunction. The results showed that dietary intake of magnesium, zinc, copper, and selenium was significantly lower in ED patients than participants without ED. Dose-response curve analysis of the RCS also found a negative correlation between dietary trace metal intake (magnesium, zinc, copper, and selenium) and ED prevalence. Interestingly, in the subgroup analysis, dietary metal intake was not significantly associated with ED prevalence in participants younger than 40 years. This suggests that dietary trace metal intake primarily affects ED prevalence in men over 40 years of age. Multivariate logistic regression model analysis adjusted for confounders also showed that increasing dietary metal intake significantly reduced the OR of ED. The 1:1 PSM reanalysis further confirmed the correctness of the above results.

Foods such as grains, green leafy vegetables, almonds, coffee and dark chocolate contain dietary magnesium, which is associated with many aspects of cardiovascular health (23, 24). Magnesium may play a protective role in vascular calcification. Higher magnesium intake reduces the risk of stroke, non-fatal myocardial infarction, sudden cardiac death and fatal coronary artery disease (25–27). Magnesium is an antagonist of calcium, reversing plaque formation and calcification by inhibiting hydroxyapatite and crystal precipitation (28, 29). Previous studies have reported a negative correlation between serum magnesium levels and calcification in the vascular bed, such as carotid intima-media thickness and pulse wave velocity (30, 31). Results from a cross-sectional study showed a 22% reduction in the risk of coronary calcification for every 50 mg increase in dietary magnesium intake (P < 0.001). Those with the highest intake were 58% less likely to have any coronary calcification compared to those with the lowest intake of magnesium (32). Therefore, increased dietary magnesium intake under recommended upper limit (420 mg/day) (33) may reduce the risk of penile artery calcification and thus reduce the prevalence of ED.

People can supplement their diets with dried fruits, meats, milk, cereals, and eggs for zinc need (34). Zinc is a component of many metalloenzymes and involved in the synthesis of angiotensin converting enzyme, copper/zinc superoxide dismutase (35, 36). Therefore, zinc deficiency may lead to oxidative stress and inflammation, which can result in cardiovascular events. In addition, some studies have reported that zinc may help prevent atherosclerosis and endothelial damage (35). Zinc deficiency releases proatherogenic factors that lead to increased carotid intima-media thickness (37). Zinc deficiency may contribute to erectile dysfunction through distal small arterial hypertension (penile arteries), oxidative stress, and damage to the vascular endothelium. Dietary zinc intake is recommended to be no more than 40 mg/day (38), and the results of this study suggest that increasing dietary zinc intake within this recommended range may be beneficial in reducing the risk of ED.

Nuts, legumes, and dark chocolate are copper-rich foods (34). Copper is essential for enzyme function, with its dual role as a pro-oxidant and an antioxidant (39). Copper is a catalytic cofactor for enzymes involved in the formation of enzymes such as copper/zinc superoxide dismutase (SOD), copper cyanobactin (CPO) and lysyl oxidase. Both copper deficiency and overload play a key role in the formation of atherosclerosis (40). Copper deficiency decreases SOD activity, which promotes the formation of hydroxyl radicals and leads to atherosclerosis (40). In addition, copper deficiency affects cholesterol metabolism. Its deficiency decreases dehydroepiandrosterone synthesis, leading to arterial oxidative damage and thrombosis (41). Copper overload allows it to exert pro-oxidant properties that increase atherosclerosis formation (42). Therefore, copper concentrations should be maintained in a reasonable range. Increasing dietary copper intake within reasonable limits may reduce the risk of oxidative damage and thrombosis in penile arteries. To avoid causing organ damage, dietary copper should be less than 10 mg/day (38).

Fish and seafood are rich in selenium and are a good choice for dietary selenium supplementation (34). Selenium is also an important trace mineral, a component of selenoprotein, which has significant antioxidant properties (43). Selenium can reduce atherosclerosis, stroke and other cardiovascular events by inhibiting the toxicity of heavy metals (mercury, silver, arsenic, and cadmium), lipid peroxidation, and increasing plasma glutathione and nitric oxide concentrations (44, 45). Increased dietary selenium intake may reduce ED prevalence within the recommended range of 400 mcg/day.

However, there are some limitations in this study. First: dietary information related to erectile dysfunction was included only in the 2001 to 2004 survey, which may differ from the current population. Second: The respondent population was US residents. Due to the difference in ethnic composition, the results may not be applicable to men from Asian countries. Third: Self-assessed erectile dysfunction is a weak point in this study due to the lack of medical validation.

In conclusion, trace metals are involved in preventing vascular damage, atherosclerosis and thus protecting relatively small diameter penile arteries through multiple pathways. Increasing dietary metal intake up to the recommended upper limit is beneficial in reducing the prevalence of erectile dysfunction.
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For categorical variables, P values were analyzed by chi-square tests. For continuous

variables, P values were analyzed by Wilcoxon rank sum test. BMI, body mass index;

PSM, propensity score matching. IQR, interquartile range.
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1.048 (1.019-1.077)
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2 mg/day
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