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Iron, copper, zinc and magnesium on rheumatoid arthritis: 
a two-sample Mendelian randomization study
Mingyi Yang, Yani Su, Ke Xu, Xianjie Wan, Jiale Xie, Lin Liu, Zhi Yang and Peng Xu

Department of Joint Surgery, HongHui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, China

ABSTRACT
This study aimed to elucidate the causal genetic relationships between iron, 
copper, zinc, magnesium, and rheumatoid arthritis (RA). A two-sample 
Mendelian randomization (MR) analysis was conducted using the 
“TwoSampleMR” and “MendelianRandomization” packages in R. The ran
dom-effects inverse variance-weighted (IVW) method was used as the 
primary approach. We performed sensitivity analyses to test the reliability 
of the results. The random-effects IVW analysis revealed that there was no 
genetic causal relationship between iron (P = 0.429, odds ratio [OR] 95% 
confidence interval [CI] = 0.919 [0.746–1.133]), copper (P = 0.313, OR 95% CI  
= 0.973 [0.921–1.027]), zinc (P = 0.633, OR 95% CI = 0.978 [0.891–1.073]), or 
magnesium (P = 0.218, OR 95% CI = 0.792 [0.546–1.148]) and RA. Sensitivity 
analysis verified the reliability of the results. Therefore, there is no evidence 
to support a causal relationship between iron, copper, zinc, and magnesium 
intake at the genetic level and the development of RA.
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Introduction

Rheumatoid arthritis (RA) is a complex autoimmune and systemic inflammatory disease charac
terized by synovial inflammation, and is the most prevalent form of inflammatory arthritis. RA 
affects both synovial cells and chondrocytes in the joints, leading to synovial inflammation, cartilage 
injury, and bone erosion. RA is characterized by the formation of locally infiltrating synovial tissue 
that changes as the disease progresses. This condition is predominantly characterized by chronic, 
symmetrical, multisynovial arthritis and extra-articular lesions, often affecting small joints, such as 
those found in the hands, wrists, and feet, with recurring and symmetrical symptoms (Sparks 2019). 
Common clinical symptoms include skeletal muscle pain and joint swelling and stiffness, which 
significantly impairs patients’ function and reduces their quality of life (Kumar et al. 2016). The 
incidence of RA is approximately 0.5–1%, with a male-to-female ratio of 2.5/1. Although the disease 
can occur at any age, it usually affects individuals between the ages of 40–70 years, and its incidence 
increases with age. Approximately 40% of patients with RA become disabled after 10 years (Lee and 
Weinblatt 2001). The etiology of RA is not completely understood; however, genetic factors account 
for 60% of the risk. Other important risk factors include sex and smoking status. RA can progress to 
advanced stages, leading to joint destruction and eventual disability, with a significant societal 
impact. Currently, there is no definitive and effective radical treatment strategy for RA, and clinical 
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management primarily aims to alleviate the symptoms. Further extensive and in-depth research is 
required to promote the prevention, clinical diagnosis, and treatment of RA.

Micronutrients are crucial for maintaining homeostasis in the body and are intricately linked to 
numerous diseases, including RA. Iron, a vital component of hemoglobin and myoglobin, facilitates 
oxygen transport, storage, and cellular utilization. Additionally, iron plays a pivotal role in cyto
chrome release within the mitochondria, mediating electron transfer in the electron transport chain 
(McDermid and Lonnerdal 2012). Iron homeostasis is intricately regulated by several serum 
proteins, cellular receptors, hormones, and other factors (Hentze et al. 2010). It is also associated 
with various diseases, immune regulation, and inflammatory response (Hentze et al. 2004; Ganz 
and Nemeth 2012). Copper is a causative agent of several diseases, and copper-lowering therapies 
have promoted the advancement of medical research in the areas of anti-angiogenesis, anti-fibrotic, 
and anti-inflammatory therapies (Brewer 2003). Adequate copper intake is essential for the normal 
utilization of dietary iron, because copper-dependent processes, such as intestinal iron absorption, 
iron release from storage, and iron incorporation into hemoglobin are essential for proper iron 
metabolism (Collins and Klevay 2011). Zinc is a vital micronutrient for nucleic acid metabolism, 
cell replication, tissue repair, and growth, and its deficiency is associated with a wide range of 
pathological conditions (Murakami and Hirano 2008). Zinc plays a pivotal role in physiological 
processes, including bone homeostasis, as most of the body’s zinc is stored in the bones. Zinc is not 
only a component of bone but also an important cofactor for many proteins involved in micro
structural stability and bone remodeling (Huang et al. 2020). Magnesium plays a crucial role in the 
physiological functions of the human body by affecting oxygen uptake, energy production, and 
electrolyte balance (Geiger and Wanner 2012). An adequate dietary magnesium intake is closely 
associated with the maintenance of normal bone homeostasis (Rondanelli et al. 2021). These 
essential micronutrients are closely associated with RA and may affect diseases such as RA by 
causing programmed cell death, such as ferroptosis and cuproptosis (Zhao et al. 2022; T.; Zhao et al.  
2022). Further research is needed to understand the specific role of these micronutrients in RA 
pathogenesis and to advance the progress of RA research.

The mechanism of RA pathogenesis remains unknown; however, genetic susceptibility and 
environmental factors plays an important role in RA. Although the risk factors for RA have not 
been fully established, various studies have focused on the role of micronutrients in RA. Several 
micronutrients are associated with RA. The most common micronutrients are iron, copper, zinc, 
and magnesium, and numerous studies have investigated the roles of these four micronutrients in 
RA. A study involving 102 patients with RA and 66 healthy controls found that patients with RA 
had significantly elevated blood copper levels, whereas iron and zinc levels were reduced. In 
addition, circulating blood copper levels in patients were positively correlated with DAS28-CRP 
and inflammatory markers, while circulating blood iron levels are negatively correlated with 
DAS28-CRP and inflammatory markers (Wang et al. 2023). A study on a Pakistani population 
also showed that patients with RA had elevated serum copper concentrations and significantly 
lower serum iron and zinc levels than healthy controls. Micronutrient-related studies have shown 
negative correlations between copper and zinc levels in patients with RA, but not in the control 
groups (Ullah et al. 2016). RA aggravates iron redistribution, reduces iron levels in the blood, 
increases iron levels in the synovium, and exacerbates local inflammation. The decrease in serum 
zinc levels in patients with RA may be due to increased zinc input into the cells in response to pro- 
inflammatory cytokine exposure. Therefore, zinc deficiency increases the release of proinflamma
tory mediators and reactive oxygen species (ROS) through epigenetic mechanisms, further promot
ing inflammation (Shao et al. 2023). Another study involving 110 patients with RA and 100 healthy 
controls also identified high serum copper and low zinc levels in patients with RA. Serum copper 
concentration positively correlated with disease activity based on the disease activity score. Low 
serum zinc and high serum copper concentrations may be associated with the presence of RA or 
a consequence of RA (Sahebari et al. 2016). A systematic review and meta-analysis also consistently 
concluded that serum zinc levels in patients with RA were significantly lower than those in healthy 
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controls, while serum copper levels were significantly higher, suggesting that zinc and copper may 
play a role in the pathogenesis of RA (Ma et al. 2019). Magnesium reduces levels of tumor necrosis 
factor (TNF)-α, interleukin (IL)-1β, IL-6, and other inflammatory mediators, and prevents the 
activation of nuclear factor κB (NF-κB), suggesting that magnesium primarily inhibits innate 
immune responses. TNF-α, IL-1β, IL-6 and NF-κB play important roles in the pathogenesis and 
joint injury of RA. Patients with RA have reduced serum magnesium levels, which has short-term 
anti-inflammatory properties, and a short-term diet low in magnesium can reduce the severity of 
RA and reduce gene expression in the synovial tissue (Brenner et al. 2017). In addition, magnesium 
is relevant to bone health because it affects osteoblast and osteoclast functions and calcium home
ostasis by regulating the concentrations of parathyroid hormones and calcitriol (Nieves 2014). 
Although a variety of micronutrients have been associated with RA, current research has focused 
mainly on the role of four micronutrients – iron, copper, zinc, and magnesium – in RA pathogen
esis. This illustrates the importance of these micronutrients in the pathogenesis of RA. Previous 
studies have found that serum copper levels are positively correlated with inflammatory markers of 
RA, whereas serum iron levels are negatively correlated (Wang et al. 2023). Serum copper levels 
were positively correlated with RA disease activity, suggesting that an increase in serum copper 
levels may be a risk factor for RA (Sahebari et al. 2016). No positive or negative correlations were 
found between serum iron, zinc, or magnesium levels and disease activity in patients with RA. 
Therefore, it is important to investigate the causal relationship between these four micronutrients 
and RA at the genetic level.

Mendelian randomization (MR) is an analytical method that uses single nucleotide polymorph
isms (SNPs) as instrumental variables (IVs) to investigate the causal relationship between exposure 
and outcomes. MR analysis has been shown to have significant potential in the study of causality 
between diseases and traits (Zhuo et al. 2021). By mitigating confounding factors and reverse 
causality, MR studies can bolster causal inferences between exposure and outcome (Zhang 2022). 
Previous studies employed MR analysis to investigate the causal effects of iron and copper on lipid 
metabolic diseases and the relationship between zinc, copper, and ovarian cancer risk (Zhou et al.  
2020; Lin and Yang 2021). The objective of this study was to employ MR analysis to examine genetic 
causality between iron, copper, zinc, magnesium, and RA.

Materials and methods

Data source

This study utilized summary data from genome-wide association studies (GWAS) on exposure to 
iron, copper, zinc, and magnesium obtained from the IEU OpenGWAS database (https://gwas. 
mrcieu.ac.uk/). The iron GWAS summary data included 23,986 samples and 2,096,457 SNPs, which 
were subjected to genotypic implantation and quality control procedures. Genotyping was per
formed, and the association between the imported SNPs and each iron phenotype was evaluated 
using an additive model of allelic effects. Phenotypic standardized residuals were adjusted for sex 
after controlling for age, principal component scores, and other study-specific covariates 
(Benyamin et al. 2014). The copper and zinc GWAS summary data included 2,603 samples and 
2,543,646 and 2,543,610 SNPs, respectively. Imputation was performed using the MACH Markov 
Chain Haplotyping software with CEU individuals from Phase 2 of the HapMap project as 
a reference set. The most significant SNPs at each site were included as covariates to detect 
independent effects at significant sites, and the results were combined for meta-analysis (Evans 
et al. 2013). The magnesium GWAS summary data included 64,979 samples and 9,851,867 SNPs. In 
addition, outcome data on RA were obtained from the Finnish consortium (https://www.finngen.fi/ 
), which included 153,457 samples and 16,380,169 SNPs. All cases were defined using the M13 code 
of the International Classification of Diseases-Tenth Revision (ICD-10). Genotyping was per
formed using Illumina (Illumina Inc, San Diego) and Affymetrix chip arrays (Thermo Fisher 
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Scientific, Santa Clara, CA, USA), and detailed information on the participants, genotyping, 
imputation, and quality control can be found on the FinnGen website. All participants in both 
the exposure and outcome datasets were of European descent and included both males and females. 
As the data analyzed in this study have been published publicly, ethical approval and informed 
consent were not required. The data used in this study are presented in Table S1.

IVs selection

The quality of an MR analysis relies on the satisfaction of three fundamental assumptions: (1) 
a strong association between the IVs and exposure; (2) no association between the IVs and the 
outcome or confounding factors; and (3) the IVs only affect the outcome through exposure and not 
via other routes. To ensure the robustness of the MR analysis results, a series of stringent quality 
control measures were applied for the IV selection. First, the SNPs used as IVs were required to be 
strongly associated with exposure (P < 5 × 10−6 and F statistic > 10) (Ni et al. 2021), where the 
F statistic was calculated using the following formula: F = R2(N-K-1)/K(1-R2) (Dan et al. 2021). 
Second, to address the issue of strong linkage disequilibrium (LD) among selected SNPs, SNPs with 
LD were removed and only those without LD (defined by r2 <0.001 and clump distance > 10,000 kb) 
were retained as IVs (Chen et al. 2022). Thirdly, SNPs associated with the outcome (P < 5 × 10−6) 
were excluded. Fourth, confounding factors potentially influencing the MR analysis, such as 
smoking, obesity, and sex, were removed from the PhenoScanner database (http://www.phenoscan 
ner.medschl.cam.ac.uk/phenoscanner) (Meisinger et al. 2020; Petrovska et al. 2021). Palindromic 
SNPs with intermediate allele frequencies were excluded (Gill et al. 2021).

Statistical analysis

This study employed the “TwoSampleMR” and “MendelianRandomization” packages in R (version 
4.1.2) to conduct a two-sample MR analysis examining the potential causal association between the 
exposure and outcome of interest. Various MR analysis techniques were employed to assess this 
relationship, including the random-effects inverse variance weighted (IVW) method as the primary 
analysis method and the MR-Egger, weighted median, simple mode, and weighted mode as 
complementary methods. The IVW method is a classical MR statistical method that assumes that 
all the included SNPs are valid IVs. Wald ratios were calculated for each SNP to evaluate its impact 
on the results, and the inverse variance of SNPs was used as the weight of the meta-analysis to assess 
the causal relationship between exposure and outcomes (Cai et al. 2021). The MR-Egger method 
can provide relatively robust estimates even when IVs are weak instruments (Qu et al. 2021). The 
weighted median method can generate robust results when more than 50% of the weight is derived 
from invalid IVs (Bowden et al. 2016). This simple model is a model-based estimation method that 
provides robustness against pleiotropy (Li et al. 2022). When estimates from the most similar 
individuals are based on valid IVs, the weighted model can obtain reliable causal estimates (Cao 
et al. 2022). Nonetheless, compared with the IVW method, the power of the MR-Egger, weighted 
median, simple mode, and weighted mode was lower. Consequently, the findings of MR analysis 
between exposure and outcome primarily referred to the IVW method (Cao et al. 2022).

A battery of tests was conducted to assess the robustness of the MR analysis results. 
First, Cochran’s Q statistic was used for MR-IVW and Rucker’s Q statistic was used for 
MR-Egger to detect heterogeneity, where a P > 0.05 was considered indicative no hetero
geneity (Hemani et al. 2018). Second, the intercept test of the MR Egger and the MR 
pleiotropy residual sum and outlier (MR-PRESSO) were utilized to assess horizontal pleio
tropy, where a P > 0.05 was considered indicative of no horizontal pleiotropy (Yang et al.  
2023). Third, MR-PRESSO was used to identify outliers in the MR analysis (Meng et al.  
2022). Fourth, the “Leave-one-out” analysis was performed to investigate whether a single 
SNP influenced the genetic causality assessment between the exposure and outcome (Huang 
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et al. 2021). Fifth, the MR robust adjusted profile score (MR-RAPS) method was applied to 
evaluate whether the MR analysis of exposures and outcome conformed to the normal 
distribution, where a P > 0.05 indicated conformity to the normal distribution (Zhang 2022). 
Finally, maximum likelihood, penalized weighted median, and fixed effects (IVW) were 
used as validation methods to confirm the reliability of the genetic causal assessment 
between exposures and outcomes (Yang et al. 2023).

Results

IVs selection

We identified SNPs that exhibited a strong association with exposure to iron, copper, zinc, 
and magnesium, and subsequently removed any LD. Specifically, we identified 11 iron- 
associated SNPs, six copper-associated SNPs, eight zinc-associated SNPs, and 19 magnesium- 
associated SNPs, all of which demonstrated synergistic effects with the outcome. All SNPs 
were determined to be independent of both outcome and potential confounding factors. 
Subsequently, we used 11 iron-associated SNPs as IVs to perform a genetic causality assess
ment between iron intake and RA, one of these SNPs (rs7209063) was identified as 
a palindrome (Table S2). Similarly, we used six copper-associated SNPs as IVs to perform 
a genetic causality assessment between copper and RA without identifying any palindromic 
SNPs (Table S3). We also used eight zinc-associated SNPs as IVs to perform genetic causality 
assessments between zinc and RA and identified one palindromic SNP (rs10931753) (Table 
S4). We further used 19 magnesium-associated SNPs as IVs to perform genetic causality 
assessments between magnesium and RA without identifying any palindromic SNPs 
(Table D5).

MR analysis

The random-effects IVW analysis demonstrated that iron (P = 0.429, odds ratio [OR] 95% con
fidence interval [CI] = 0.919 [0.746–1.133]), copper (P = 0.313, OR 95% CI = 0.973 [0.921–1.027]), 
zinc (P = 0.633, OR 95% CI = 0.978 [0.891–1.073]), and magnesium (P = 0.218, OR 95% CI = 0.792 
[0.546–1.148]) do not possess any genetic causal relationship with RA. Furthermore, the results 
obtained from the MR-Egger, weighted median, simple mode, and weighted mode analyses support 
the conclusion that iron, copper, zinc, and magnesium are not genetically causative of RA (P > 0.05) 
(Figure 1, 2).

Genetic causality assessment between iron and RA, as determined using Cochran’s Q statistic of 
MR-IVW, demonstrated significant heterogeneity (P < 0.05). However, the Rucker’s Q statistic of 
the MR-Egger indicated no heterogeneity (P > 0.05). Conversely, for copper, zinc, and magnesium, 
the Cochran’s Q statistic for MR-IVW and Rucker’s Q statistic for MR-Egger indicated no 
heterogeneity (P > 0.05). Furthermore, both the intercept tests of the MR Egger and MR-PRESSO 
revealed no horizontal pleiotropy in the genetic causality assessment between iron, copper, zinc, 
magnesium, and RA (P > 0.05). MR-PRESSO also indicated no outliers in this relationship 
(Table 1). Additionally, the “Leave one out” analysis demonstrated that a single SNP did not 
significantly affect the genetic causality assessment between iron, copper, zinc, magnesium, and 
RA (Figure 3). MR-RAPS analysis demonstrated that the genetic causality between these variables 
was normally distributed (P > 0.05) (Table 1 , Figure 4). However, no P-value was given for the MR- 
RAPS analysis of copper and RA, as the number of IVs was only six, and MR-RAPS could only 
provide a P-value for seven or more IVs. Finally, the results of the maximum likelihood, penalized 
weighted median, and IVW (fixed effects) analyses also supported the conclusion that iron, copper, 
zinc, and magnesium had no causal genetic relationship with RA (P > 0.05; Figure 5).
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Discussion

This study used MR to investigate the causal relationships between iron, copper, zinc, magnesium, 
and RA. The MR analysis showed that there was no causal relationship between these nutrients and 
RA at the genetic level, suggesting that any correlation observed in previous studies may be due to 
factors other than genetics. MR is a relatively new approach based on Mendel’s laws of inheritance, 
which uses genetic susceptibility to investigate causal relationships between different traits. This 
method has the advantage of avoiding the bias that can occur in observational studies and is 
considered a reliable way to assess causality between risk factors and clinical disorders (Meng et al.  
2022). Additionally, MR can overcome the common limitations of traditional studies, such as 
confounding factors and reverse causality (Huang et al. 2021). Therefore, the results of this study 
are relatively reliable because they were obtained using MR, which is a robust approach for 
investigating causal relationships.

Iron deficiency can occur in patients with normal hemoglobin levels, in addition to anemia, due 
to factors such as insufficient dietary iron intake, gastrointestinal iron absorption disorders, and 
iron loss from bleeding. This can result in absolute iron deficiency, wherein the body lacks adequate 
iron reserves. Insufficient iron availability during cellular processes can lead to functional iron 
deficiency, which is often associated with inflammation (Tański et al. 2021). Anemia is a common 
complication in patients with RA and its occurrence in such patients may be linked to both 
inflammation and iron deficiency. Iron plays a direct role in the inflammatory response by 
promoting the production of proinflammatory cytokines by T cells. In patients with RA, serum 
iron levels have been found to be significantly lower and negatively correlated with disease activity, 
while iron deposits have been observed in the synovial fluid (Khalaf et al. 2019; Wang et al. 2023). 

Figure 1. MR analysis results of exposures (iron, copper, zinc, and magnesium) and outcome (rheumatoid arthritis). Five methods: 
random-effects IVW, MR Egger, weighted median, simple mode, and weighted mode.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 2781



Additionally, high levels of iron in the synovial membrane and synovial fluid of RA patients, along 
with chronic inflammatory responses, can catalyze the formation of hydroxyl radicals, leading to 
irreversible cartilage damage (Ahmadzadeh et al. 1989). Local deposition of iron caused by the 
overexpression of hepcidin, a major regulator of iron metabolism and homeostasis, can also 

Figure 2. Scatter plot. a: iron and rheumatoid arthritis; b: copper and rheumatoid arthritis; c: zinc and rheumatoid arthritis; d: 
magnesium and rheumatoid arthritis.

Table 1. Sensitivity analysis of the MR analysis results of exposure and outcome.

Exposure Outcome

Heterogeneity Test Pleiotropy Test MR-PRESSO MR-RAPS

Cochran’s Q Test 
(P value)

Rucker’s Q Test 
(P value)

Egger Intercept 
(P value)

Distortion 
Test

Global 
Test

Normal 
Distribution

IVW MR-Egger MR-Egger Outliers P value P value

Iron Rheumatoid 
arthritis

0.025 0.052 0.210 NA 0.061 0.996
Copper 0.947 0.883 0.927 NA 0.955 —
Zinc 0.630 0.590 0.465 NA 0.580 0.135
Magnesium 0.101 0.075 0.954 NA 0.142 0.355
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contribute to inflammatory anemia in patients with RA (Sato et al. 2020). Moreover, iron plays a key 
regulatory role in ferroptosis, a newly discovered form of cell-regulated death implicated in RA and 
other autoimmune and inflammatory diseases. Ferroptosis activators, such as RSL3, can exacerbate 
synovitis, whereas the ferroptosis inducer, erastin, has been found to reduce ferritin heavy chain 1 
(FHC1) expression in the synovium and fibroblast-like synoviocytes (FLS) in patients with RA, 
suggesting that iron metabolism is involved in the ferroptosis of RA-FLS (Luo and Zhang 2021; Ling 
et al. 2022; Long et al. 2022).

Copper, an essential trace element, is closely associated with the immune system through its 
presence in human binding proteins, including ceruloplasmin and superoxide dismutase. These 
proteins play vital roles in maintaining immune system homeostasis and antioxidant activity 
(Chakraborty et al. 2015). Copper produced by liver cells stimulates the pro-inflammatory factor 
IL; thus, inflammation can increase the copper concentration. RA patients have higher copper 
levels, and serum copper levels are significantly positively correlated with morning stiffness 
(Chakraborty et al. 2015). Therefore, serum copper levels are considered potential biomarkers of 

Figure 3. Leave one out analysis. a: iron and rheumatoid arthritis; b: copper and rheumatoid arthritis; c: zinc and rheumatoid 
arthritis; d: magnesium and rheumatoid arthritis.
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disease activity in patients with RA. The copper-chelating agent, penicillamine, has a therapeutic 
effect on RA by inhibiting the growth of various cell types by chelating copper ions (Harada et al.  
2002). Copper-mediated cuproptosis has also been implicated in the development of RA. The 
breakdown of mitochondrial respiration leads to cuproptosis, mainly due to the direct binding of 
excess copper to the fatty acylated component of the tricarboxylic acid (TCA) cycle, resulting in the 
aggregation of lipid-acylated-related proteins, loss of iron-sulfur cluster proteins, and ultimately cell 
death due to intracellular protein toxic stress (Tsvetkov et al. 2022). The molecular and immuno
logical characteristics of cuproptosis in RA have been studied extensively (Zhao et al. 2022; Zhou 
et al. 2023). Similarly, zinc is closely related to immunity and plays a vital role in the immune system 
by influencing innate and adaptive immune cells. Endogenous zinc levels can affect the number and 
function of immune cells, including macrophages, T cells, and B cells, which are essential for the 
immune response against RA (Wang et al. 2023). Activation of these immune cells leads to the 
release of pro-inflammatory cytokines, including IL-1, IL-6, and TNF, causing inflammation in RA 
and further joint injury (Gao et al. 2018). Low levels of zinc have been found in patients with RA, 
which may be related to high copper concentrations in these patients. Copper and zinc have an 

Figure 4. The normal distribution plot of MR analysis. a: iron and rheumatoid arthritis; b: copper and rheumatoid arthritis; c: zinc 
and rheumatoid arthritis; d: magnesium and rheumatoid arthritis.
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antagonistic relationship: excess zinc may decrease copper absorption, whereas high doses of 
copper may decrease zinc absorption (Onal et al. 2011; Sahebari et al. 2016). However, some studies 
have found no difference in serum or plasma copper content in patients with RA compared to 
control groups or even lower levels, whereas serum or plasma zinc levels remained normal or higher 
(Mierzecki et al. 2011; Li et al. 2014). Therefore, the effects of copper and zinc levels on RA remains 
unclear.

Magnesium is an essential micronutrient that serves as a major intracellular ion and cofactor in 
many enzymatic reactions involved in post-receptor signaling. It plays key roles in energy meta
bolism, fatty acid synthesis, and glucose utilization (Barbagallo et al. 2003). In chronic inflammatory 
diseases, including RA, oral magnesium has been shown to improve insulin sensitivity in non- 
diabetic patients with low magnesium levels. Magnesium also plays a crucial regulatory role in the 
activation of NF-κB, production of pro-inflammatory cytokines, and systemic inflammation, and is 
closely related to the pathogenesis of RA (Sugimoto et al. 2012; Brenner et al. 2017). Furthermore, 
magnesium levels are frequently reduced in patients with RA, and magnesium supplementation has 
been shown to reduce fasting blood sugar (FBS), insulin, and Homeostasis Model Assessment of 
Insulin Resistance (HOMA-IR) in these patients. This suggests that magnesium supplementation 
may be an alternative method for prevent type 2 diabetes in patients with RA (Norouzi et al. 2022). 
Studies have also demonstrated that decreased magnesium levels, dyslipidemia, and elevated uric 
acid levels may be risk factors for cardiovascular disease in patients with newly diagnosed RA 
(Chavan et al. 2015). A cross-sectional study in women in the United States showed a U-shaped 
relationship between dietary magnesium intake and RA, with moderate dietary magnesium intake 
having a potential protective effect in women with RA (Hu et al. 2020).

Previous studies have established a close correlation between essential nutrients and RA. 
However, this study negated the causal relationship between them at the genetic level, thereby 
presenting a novel perspective for investigating the correlation between essential nutrients and 
RA. However, some limitations of this study should be acknowledged. First, the sample was 
restricted to individuals of European ancestry. Given the close association between genetic 

Figure 5. MR analysis results of exposures (iron, copper, zinc, and magnesium) and outcome (rheumatoid arthritis). Three 
methods: maximum likelihood, penalised weighted median, and IVW (fixed effects).
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research and ethnicity, these findings must be approached with caution when extrapolating to 
other populations. Second, certain diseases can cause changes in micronutrient levels in the 
body, which may have affected the results of this study. However, MR analysis is a direct 
causal assessment between exposure and outcome, independent of other factors; therefore, 
certain diseases that theoretically cause changes in micronutrient levels in the body should 
not have a large impact on the results of MR analysis. Third, at genome-wide significance 
levels of 5 × 10−8, we did not obtain sufficient SNPs for MR analysis. Therefore, we expanded 
the genome-wide significance level to 5 × 10−6. Many previous studies have also set the 
genome-wide significance level at 5 × 10−6, or even 1 × 10−5 (Ni et al. 2021). Therefore, it is 
reasonable for us to set the significance level to 5 × 10−6. However, this is still a limitation of 
this study that may make our level of genome-wide significance not particularly high, but 
which would not have affected our results in nature due to MR’s powerful causal assessment 
ability.

Conclusion

Based on the findings of this study, it can be concluded that there is no discernible causal 
association between the genetic levels of iron, copper, zinc, and magnesium and RA. However, it 
is possible that these elements exhibit correlations at levels other than genetics. Consequently, 
further research and analyses are necessary to fully elucidate the nature of the relationship between 
these factors.
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