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Background: Mineral deficiencies, such as iron (Fe), zinc (Zn), and selenium (Se), play crucial roles in inflammation and immune responses and are linked to chronic inflammatory skin diseases. This study used genome-wide association study (GWAS) data and Mendelian randomization (MR) to investigate the genetic causality among serum levels of five minerals (Fe, Cu, Zn, Se, Ca), three iron metabolism indicators (TSAT, TIBC, ferritin), and three chronic inflammatory skin diseases [psoriasis (PS), atopic dermatitis (AD), acne vulgaris (AV)].

Methods: Two-sample MR analyses using the “TwoSample MR” package in R were conducted with aggregate outcome data from the FinnGen database. The inverse-variance-weighted (IVW) method was applied to assess causal relationships between mineral levels and disease outcomes. Robustness was examined via heterogeneity and pleiotropy tests.

Results: IVW analysis showed significant association between blood transferrin saturation (TSAT) and PS (p = 0.004, OR = 1.18). Serum Zn and Se levels showed inverse correlation with AD (p = 0.039, OR = 0.92). However, due to limited SNPs, robustness was reduced.

Conclusion: TSAT is genetically linked to PS, highlighting iron homeostasis in disease development. Zn and Se intake may reduce AD risk.

Keywords
mineral, iron metabolism, Mendelian randomization, psoriasis, atopic dermatitis, acne vulgaris


1 Introduction

Chronic inflammatory skin disease, including psoriasis (PS), atopic dermatitis (AD), and acne vulgaris (AV), significantly compromise a patient's wellbeing, creating psychological and financial distress. This is attributable to their recurrent nature, the challenging treatment landscape, their intricate etiological mechanisms, and their propensity to produce complications, such as persistent pruritus, scarring, and hyperpigmentation (1–3). Importantly, stimulation of inflammation activates signaling pathways such as STAT3 and NF-κB thereby promoting the proliferation and metastasis of tumor cells (4). Chronic inflammation has been extensively validated and confirmed to increase the risk of malignant skin tumors and cancer (5). In a meta-analysis investigating the risk of malignancies in PS patients, it was found that the incidence of cancer is elevated among PS patients [standardized incidence ratio, 1.16 (95% CI, 1.07–1.25)] (6). Additionally, an increased risk of squamous cell carcinoma and basal cell carcinoma was observed in a cohort of AD patients (7). Consequently, chronic inflammatory skin diseases not only impair patients' quality of life but also pose a threat to their mortality. Identifying key therapeutic targets for chronic inflammatory skin diseases can serve not only in disease prevention but also in the prevention of cutaneous malignancies.

Recent clinical investigations and meta-analytical reviews have revealed a compelling correlation between serum mineral concentrations and the pathogenesis of chronic inflammatory dermatological conditions. For example, with 5% zinc (Zn) present in the epidermis, it facilitates wound healing and exhibits anti-inflammatory effects (8). Selenium (Se) proteins, such as glutathione peroxidase (GPx) and thioredoxin reductase (TrxR) protein family, are involved in antioxidant defense and redox state regulation (9). However, the effect of dietary mineral intake on chronic inflammatory skin diseases remains under debate. For example, Leveque et al. (10) revealed that the average iron (Fe) levels in individuals with PS were markedly elevated compared to those in the control cohort not suffering from PS. Conversely, Chen et al. (11), through meta-analytical scrutiny, deduced that Fe concentrations did not significantly differ between patients with PS and the control group. Ingestion of minerals such as Zn and Se has been effectively associated with the prevention and amelioration of AD (12), and supplementation with trace elements, including Zn and copper (Cu), has been found to substantially diminish the prevalence of AV (13). Consequently, an enhanced understanding of the causal dynamics between mineral elements and chronic inflammatory dermatoses will facilitate disease prophylaxis and identify potential targets for effective lifestyle and pharmacological interventions.

Following the widespread dissemination of data from genome-wide association studies (GWAS) (14), complemented by significant contributions from FinnGen, the UK Biobank (UKB), and the European Association for Gray Literature Exploitation (EAGLE), the statistical methodology known as Mendelian randomization (MR) (15), which leverages genetic variations as instrumental variables (IV) to clarify causal links between exposure factors and outcomes, has gained widespread acceptance within the medical community. Because of its foundation in the principle of random allocation of single nucleotide polymorphisms (SNPs) (16), MR is impervious to confounding factors, including lifestyle, social status, and environmental stressors, which significantly reduces bias in causal deductions regarding the relationship between serum mineral content and chronic inflammatory skin diseases. Presently, the link between serum mineral levels and the prevalence of chronic inflammatory skin conditions including PS, AD, and AV remains controversial in clinical research, presumably owing to confounding variables (11). Furthermore, no large-scale, comprehensive assessments employing MR have been conducted. Consequently, the present investigation adopted a two-sample analysis strategy to highlight the critical importance of the correlation between serum mineral elements and chronic inflammatory skin disorders.



2 Materials and methods


2.1 Illustration of the three core assumptions in Mendelian randomization (MR) analysis

This study adhered to the three essential criteria for MR: the IVs demonstrated significant associations with the exposure factors (p < 5 × 10−8), were free from confounding influences, and maintained a direct causal relationship without inverse causation (p > 5 × 10−5; Figure 1). Thus, a dual-sample MR analysis was conducted to elucidate the causal relationships among five serum minerals (Fe, Cu, Zn, Ca, and Se), iron metabolism (TIBC, TSAT, ferritin), and three chronic inflammatory skin diseases (PS, AD, and AV), followed by rigorous validation of SNP-outcome associations. Our investigation revealed a significant positive correlation between transferrin saturation (TSAT) and PS onset. Furthermore, elevated serum concentrations of Zn and Se were found to effectively mitigate the risk of AD. Conversely, the concentrations of the five minerals showed no significant association with AV.


[image: Figure 1]
FIGURE 1
 Illustration of the three core assumptions of Mendelian randomization (MR). Pathway “a” is the assumption of association, indicating a direct and stable relationship between genetic variants and exposure factors; pathway “b” is the assumption of independence, implying that genetic variants exclude all potential confounding factors that may affect the outcome; pathway “c” is the assumption of exclusivity, suggesting that genetic variants can only influence the outcome through their impact on exposure factors. These assumptions form the basis of MR analysis, ensuring the accuracy and reliability of causal inference.




2.2 Exposure measures

Exposure data for essential minerals (Fe, Cu, Zn, Ca, and Se) were obtained from the NHGRI-EBI genome-wide association study (GWAS; https://www.ebi.ac.uk/gwas). To ensure precision in selecting genetic instrumental variables for iron metabolism, we examined the total iron-binding capacity (TIBC), TSAT, and ferritin genetic variants. Initially, SNPs were chosen based on prior association studies and GWAS data, utilizing a stringent p-value threshold (typically 5 × 10−8), and Linkage Disequilibrium (LD) clumping was performed to confirm the independence of the SNPs. These selections were based on their well-established associations with iron indices in previous GWAS, thereby ensuring the relevance and specificity of these variables as proxies for iron exposure (17). The datasets for TIBC (n = 135,430), TSAT (n = 131,471), ferritin (n = 246,139), and Fe (n = 163,511) were derived from individuals of European ancestry (18). Genetic variants associated with serum Cu, Zn, and Se levels were extracted from the Queensland Institute of Medical Research Twin and Family Study (n = 2,603) (19). Serum Ca-related genetic variants were identified from the GWAS results involving 17 diverse populations (n = 39,400) (20) (Tables 1, 2). In our Mendelian randomization study, we mandated that all genetic instruments exhibit an F-statistic exceeding 10, thereby ensuring their robustness and substantially reducing the potential for bias. Furthermore, to guarantee the independence of the selected genetic variants across the eight exposure factors, we configured the linkage disequilibrium (LD) analysis with a window size of 10,000 kb and an r2 threshold below 0.001.


TABLE 1 Mineral information.
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TABLE 2 Iron metabolism information.
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2.3 Result measurement

Three chronic inflammatory skin conditions, PS, AD, and AV were the focus of this study. PS data were procured from the Finnish database, encompassing a cohort of 6,408 afflicted individuals and 387,564 controls. Data pertaining to AD were similarly obtained from the Finnish dataset, featuring a robust sample size of 15,208 cases juxtaposed with 367,046 controls (21, 22). The dataset for AV was curated from the Finnish database, comprising 3,245 identified cases, and compared with a large cohort of 394,105 controls (23, 24) (Table 3).


TABLE 3 Data for the three chronic inflammatory skin diseases.
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2.4 Statistical analysis of MR

Two-sample MR analyses of mineral-related measurements and chronic inflammatory skin diseases were performed using the “TwoSampleMR” package in the software R (version 4.1.2). We employed the inverse variance weighted (IVW) method to rigorously evaluate the comprehensive causal impact of specific exposure factors on the outcome variable. Odds ratios (ORs) and their 95% confidence intervals (CIs) were used to precisely quantify the magnitude and direction of the causal association; OR values significantly departing from 1 (95% CI not including 1) usually signify a noteworthy causal connection. To ensure the robustness of our findings and the reliability of the IVW assumptions, we also used the maximum likelihood estimation (MLE) method. Moreover, the MR-Egger method was employed to scrutinize the consistency of the IVW results and identify potential horizontal pleiotropy bias, where a p-value for the intercept exceeding 0.05 commonly suggests the absence of significant horizontal pleiotropy.

To scrutinize the heterogeneity among the instrumental variables, a Q-test was conducted, wherein higher p-values suggested insignificant heterogeneity, thereby implying the uniformity of instrumental variable estimates. Sensitivity analyses were conducted using weighted median, simple median, and leave-one-out methods to scrutinize the robustness of the MR analysis outcomes. These sensitivity analyses serve to safeguard against undue influence from individual instrumental variable outliers or potential biases, thus enhancing confidence in the IVW analysis results.




3 Result


3.1 Causality between minerals and psoriasis

The IVW analysis revealed a significant association between TSAT, a critical marker for assessing blood iron levels, and PS [p = 0.004, odds ratio (OR) 95% confidence interval (CI) = 1.18 (1.05–1.32)]. A CI >1 suggests a positive causal relationship between increased TSAT levels and heightened PS risk; for each unit increase in TSAT, the average PS risk increased by 18%. Cochran's Q test and MR-Egger regression analysis were used to examine the single-nucleotide polymorphism (SNP) heterogeneity and horizontal pleiotropy, and Cochran's Q test (p = 0.16) indicated no notable heterogeneity in the effects on PS risk among the utilized genetic instruments, implying consistent impacts of all TSAT-related genetic variations on PS and bolstering the reliability of IVW outcomes. The MR-Egger analysis (intercept = 0.58, p = 0.26) revealed a lack of statistically significant deviation from 0 for the intercept term, indicating minimal horizontal pleiotropy in the analysis. Moreover, the findings from the weighted median (WM, p = 0.003), simple median (SM, p = 0.019), and maximum likelihood (MLM, p = 0.018) methods all yielded p-values below 0.05, reinforcing the reliability and robustness of our findings. Additionally, leveraging the “single SNP” and “leave-one-out” techniques, we identified rs1799945 as a significant mediator of the relationship between TSAT and PS (Figures 2, 3).


[image: Figure 2]
FIGURE 2
 MR study of TSAT and PS. (A) Scatterplot: the X-axis represents standard deviation units, signifying the magnitude of SNP effects on transferrin saturation (TSAT), and the Y-axis represents the logarithmic odds ratio, elucidating the extent of SNP effects on psoriasis (PS). The slope of the line corresponds to causal estimates obtained using various methodologies. (B) Forest plot: individual SNP IV results are depicted by black dots, with red dots denoting the IVW results encompassing all SNPs, while horizontal lines represent the 95% confidence interval. (C) Leave-one-out sensitivity analysis: SNPs positioned far from 0 in the scatterplot imply that when the individual SNP is employed as an instrumental variable, its causal estimate for the outcome variable diverges significantly from zero, thereby indicating a potentially substantial impact of the SNP on the outcome variable. (D) Funnel plot: The inverse of the standard error of the causal estimate is estimated utilizing each SNP as an instrument, and the results are presented.
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FIGURE 3
 MR analysis between six exposures (Fe, TSAT, Cu, Zn, Se, Ca) and outcomes (PS). Three methods: maximum likelihood, weighted median, simple median, and IVW, Cochran's Q test, and MR-Egger method.


MR analysis using the IVW results revealed no genetic causality between serum mineral elements such as Fe [p = 0.113, OR 95% CI = 1.18 (0.96–1.44)], Cu [p = 0.922, OR 95% CI = 1.01 (0.80–1.28)], Zn [p = 0.317, OR 95% CI = 1.06 (0.94–1.20)], Se [p = 0.670, OR 95% CI = 1.03 (0.91–1.16)], or Ca [p = 0.719, OR 95% CI = 11.19 (0.46–3.12)] and PS (Figure 3). Furthermore, in the MR analysis, there was no causal relationship between iron-metabolism-related variables, such as TIBC and ferritin, and the onset of PS (Supplementary Figure S1).



3.2 Causality between minerals and atopic dermatitis

The IVW analysis reveals a correlation between blood Zn and AD [p = 0.039, OR 95% CI = 0.92 (0.85–1.00)], with a p-value close to the conventional threshold of significance (0.05), suggesting statistical significance, despite being limited by the small number of SNPs. The OR of 0.92, with a 95% confidence interval ranging from 0.85 to 1.00, implies an average 8% reduction in AD risk per unit increase in Zn intake. Furthermore, the MLM analysis yields a p-value of 0.043, supporting the association between Zn intake and AD. Similarly, the IVW results for blood Se and AD reveal a negative correlation [p = 0.039, OR 95% CI = 0.92 (0.84–1.00)], with the MLM analysis producing a p-value of 0.041, thus corroborating the association between Se intake and AD. Conversely, Fe, Cu, Ca, and iron metabolism (TIBC, TSAT, ferritin) do not show a correlation with AD based on the IVW analysis. Overall, the analysis suggested a slight statistical correlation between Zn and Se intake and AD, possibly due to the limited number of SNPs (Figures 4, 5, Supplementary Figure S1).


[image: Figure 4]
FIGURE 4
 MR study of Zn, Se, and AD. (A) Scatterplot: The X-axis represents standard deviation units, signifying the magnitude of SNP effects on Zn, and the Y-axis represents the logarithmic odds ratio, elucidating the extent of SNP effects on AD. The slope of the line corresponds to causal estimates obtained using various methodologies. (B) Scatterplot: The X-axis represents standard deviation units, signifying the magnitude of SNP effects on Se, and the Y-axis portrays the logarithmic odds ratio, elucidating the extent of SNP effects on AD. The slope of the line corresponds to causal estimates obtained using various methodologies. (C, D) Forest plot: Individual SNP IV results are depicted by black dots, with red dots denoting the IVW results encompassing all SNPs, and horizontal lines represent the 95% confidence interval.
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FIGURE 5
 MR analysis for the six exposures (Fe, TSAT, Cu, Zn, Se, Ca) and outcomes (AD). Three methods: maximum likelihood, weighted median, simple median, and IVW; Cochran's Q test; MR-Egger.




3.3 Causality between minerals and acne vulgaris

MR analysis using the IVW results reveal no genetic causality between serum mineral elements such as Fe [p = 0.111, OR 95% confidence interval (CI) = 0.85 (0.69–1.04)], Cu [p = 0.059, OR 95% CI = 0.85 (0.72–1.01)], Zn [p = 0.640, OR 95% CI = 1.04 (0.88–1.24)], Se [p = 0.656, OR 95% CI = 1.04 (0.87–1.24)], and Ca [p = 0.077, OR 95% CI = 2.08 (0.92–4.68)] and AV (Figure 6). Furthermore, in the MR analysis, no causal relationship can be observed between iron-metabolism-related variables such as TIBC and ferritin, and the onset of AV (Supplementary Figure S1).
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FIGURE 6
 MR analysis for the six exposures (Fe, TSAT, Cu, Zn, Se, Ca) and outcomes (AV). Three methods: maximum likelihood, weighted median, simple median, and IVW; Cochran's Q test; MR-Egger.





4 Discussion

The intake of mineral elements plays a pivotal role in maintaining the internal milieu and physiological functionality of humans. Deficiencies in mineral intake or disruptions in metabolic processes, whether hereditary or acquired, are frequently associated with dermatological conditions (25). For example, inadequate Zn levels can precipitate perioral or acrodermatitis characterized by pustular eruptions (26). Similarly, Cu deficiency may result in depigmentation of the skin (25). In recent years, research focusing on the influence of mineral elements on chronic inflammatory skin diseases such as PS, AV, and AD has surged; however, this surge has also produced some contentious findings. For example, Wacewicz et al. (27) reported that a Se deficiency may trigger inflammatory skin conditions such as PS, while research conducted by Toossi et al. (28) indicated that there was no significant difference in Se levels between patients with PS and the control group. This disparity in outcomes may be ascribed to a multitude of confounding variables linked to mineral consumption, including dietary patterns and educational attainment. The homeostasis of serum iron levels plays a crucial role in regulating immune cell function, with iron deficiency in the serum promoting Th2 cell survival, immunoglobulin class switching, and triggering mast cell degranulation. The heightened immune response in patients with atopic diseases increases their susceptibility to autoimmune conditions, with iron homeostasis imbalances potentially rooted in genetic factors. Maintaining optimal iron levels during pregnancy is associated with a reduced risk of atopic dermatitis and asthma in offspring. Moreover, patients suffering from chronic inflammatory skin diseases often present with hypotension and peripheral edema, which are driven by enhanced vasodilation and increased vascular permeability. Research has shown that anemia affects 27% of psoriasis patients, primarily attributed to folate and iron deficiencies (29, 30). Ferritin, serum iron (Fe), total iron-binding capacity (TIBC), and transferrin saturation (TSAT) are critical biomarkers for evaluating iron metabolism and storage in the body. TIBC denotes the total capacity of transferrin in the bloodstream to bind iron, while TSAT reflects the ratio of serum iron to TIBC and is widely employed to evaluate transferrin's iron-binding capacity. TSAT indicates the percentage of iron bound to transferrin in circulation. Both abnormally high and low TSAT levels suggest a disruption in the body's iron homeostasis (31). The statistical technique of MR is employed to estimate the causal effects of particular exposures on outcomes, effectively surmounting the common confounding factors and issues of reverse causality prevalent in observational studies (16). To date, no large-scale MR-based causal analyses of mineral element intake and chronic inflammatory skin diseases have been conducted. Thus, the present investigation delved deeply into the causal relationships among five mineral elements (Fe, Cu, Zn, Se, and Ca), iron metabolism (TSAT, TIBC, and ferritin), and three prevalent chronic inflammatory skin conditions (PS, AD, and AV), offering a powerful approach for prioritizing intervention targets in clinical trials and fostering causal inferences in epidemiological and biomedical research.

PS is a chronic inflammatory skin disorder that affects ~2% of the global population (32). Chen et al. (11) demonstrated the pivotal role of trace elements in PS and conducted relevant meta-analyses; however, causal studies regarding the relationship between trace elements and PS, which controls the confounding factors, remain unreported. Iron plays a pivotal role in wound healing and the prevention of inflammation in the skin (33). It has been shown that in severe cases of PS, the ferritin-to-iron ratio is elevated, indicating an imbalance in iron homeostasis (34). Conversely, another clinical analysis of PS revealed a decrease in serum iron concentration in patients with PS (35). In a meta-analysis conducted by Chen et al. (11), no significant correlation was observed between serum Fe levels and PS. In the current MR analysis, no correlation can be found between serum Fe and PS, consistent with the findings of Chen et al. (11). However, we identified a positive correlation between TSAT and PS [p = 0.004, OR 95% CI = 1.18 (1.05–1.32)], with each unit increase in TSAT being associated with an average 18% increase in PS risk. TSAT represents the ratio of serum iron to total iron-binding capacity and serves as an indicator of iron-binding status. Several clinical studies have reported the co-occurrence of hereditary hemochromatosis and PS (36, 37). Thus, this study demonstrates a potential association between imbalanced iron homeostasis and the onset of PS, indirectly supporting a genetic correlation between the two. Furthermore, the meta-analysis by Chen et al. demonstrated that serum Cu and tissue Zn levels in patients with PS were significantly higher than those in the control group. However, evidence from MR studies based on the current European population indicates no significant genetic correlations between Cu, Zn, Se, Ca, and PS.

AD is a chronic inflammatory skin condition that affects ~3% of the global population. Its onset involves genetic, immune, and environmental factors, making its pathogenesis complex (38, 39). Vaughn et al. (40) systematically assessed the relationship between micronutrients, including vitamins C, E, and D, Zn, Cu, Fe, Se, Mg, and strontium (Sr), and AD, underscoring the potential exacerbation of AD due to deficiencies in Se and Zn. However, to date, no MR analyses have been conducted on mineral elements and AD. Based on our MR analysis conducted on the European ancestry level of the Finnish database, our findings revealed a correlation between Zn and Se levels and AD, with IVW p-values < 0.05. Our findings suggest a negative genetic correlation between Zn/Se and AD, indicating that an increase in serum Zn and Se levels may decrease the risk of AD. However, the OR 95% CIs for these two exposure factors were 0.92 (0.85–1.00) and 0.92 (0.84–1.00), respectively; these intervals contain 1.00, suggesting a relatively modest effect size for both exposure factors and a lack of robust causal relationships. We attribute this to the limited number of SNPs in the exposure factors, which affects the stability and reliability of the results. In this MR analysis, no causal relationship was found between serum Cu or Ca levels and AD. It is noteworthy that some researchers have found an increased risk of iron deficiency anemia in patients with atopic dermatitis (AD); however, there has been no causal investigation into whether iron deficiency anemia elevates the risk of developing AD (41). Additionally, the authors conducted MR analyses of the exposure factors related to iron metabolism (TSAT, ferritin, and TIBC) and AD, which yielded negative results. This contradicts the findings of Fortes et al. (42) whose study suggested an 80% reduction in the likelihood of offspring developing atopic dermatitis when maternal supplementation of serum iron and folic acid was administered. Therefore, we hypothesized that the reduction in the incidence of AD in the offspring could be primarily attributed to folic acid.

AV is a chronic inflammatory skin condition that affects ~15% of the global population. The onset of acne is often influenced by external factors such as improper skin care, air pollution, or diet (43). Because of the antioxidative and anti-inflammatory properties of Zn and Se (9, 44) research investigating their association with AV is expanding. Lv et al. (45) conducted a meta-analysis on the association between serum Se levels and AV, revealing a lower concentration of Se in AV patients, Ozuguz et al. (46) reported lower serum Zn concentrations in individuals with AV. In the study by Leyden (47), lower serum Fe levels were observed in patients with severe AV. However, to date, no specific studies have been conducted on the causal relationships between mineral elements and AV. In this MR analysis, focusing on European ancestry, no causal relationship was found between serum Fe and iron metabolism, or Cu, Zn, Se, and Ca levels and the onset of AV.

Current research indicates that mineral intake is influenced by various environmental and inherent factors; the occurrence and development of chronic inflammatory skin diseases are also influenced by immune, genetic, and psychological stressors. On the one hand, our study's strength lies in the dual-sample MR design, which minimizes confounding factors. Additionally, we utilized GWAS databases, with all populations restricted to European ancestry, reducing ethnic stratification bias. On the other hand, the limitation of this study is that only the Finnish database is utilized, potentially constraining the applicability and generalizability of our findings, as the studied population may have specific genetic backgrounds and levels of environmental exposure that differ from those of people of other ethnicities and geographic locations. The limited number of SNPs for Zn and Se (only two) may have affected the analytical statistical power and robustness of the causal inference regarding the association between these minerals and chronic inflammatory skin diseases. A smaller number of SNPs may lead to increased uncertainty in the estimates, thus affecting the interpretation of the results. Future research should consider using more diverse databases and increasing the number of SNPs in the MR analysis to strengthen the causal inferences of the relationship between mineral elements and chronic inflammatory skin diseases, thereby enhancing the generalizability of the study results.



5 Conclusion

Our investigation revealed an association between TSAT levels and genetic susceptibility to PS, underscoring the pivotal role of iron homeostasis disruption in the pathogenesis of PS. Additionally, our findings indicate that dietary consumption of Zn and Se may confer a protective effect against the development of AD; further empirical substantiation and validation of this point are needed. Furthermore, our analysis demonstrated the absence of a causal link between serum mineral levels and iron metabolism in relation to the etiology of AV.
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