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SUMMARY

Magnesium is integral to many physiological processes, whereas variations in its
levels, even within the normal range, can have critical implications for health. To
explore the broad clinical effects of varying serum magnesium levels, we per-
formed a two-sample Mendelian randomization and phenome-wide association
study (MR-PheWAS) in the UK Biobank cohort. In total, MR-PheWAS analysis
implicated a causal role of serum magnesium levels in five disease groups and
six disease outcomes. In addition, our study indicated the gender-specific effects
of nine disease groups/outcomes in MR estimated effects. The protein-protein
interaction network demonstrated an interaction between the serum magne-
sium-associated gene DCDC1 and the cataract- associated gene PAX6. The pre-
sent study verified several previously reported disease outcomes and identified
novel potential disease outcomes for serum magnesium levels. The DCDC1 gene
and the PAX6 gene may be the new targets for promoting the treatments of cat-
aracts using magnesium intervention.

INTRODUCTION

As an essential mineral in humans, magnesium is the fourth most abundant mineral and the second most
abundantintracellular divalent cation (Volpe, 2013). Magnesium is consumed primarily through food, espe-
cially those rich in dietary fiber, unrefined (whole) grains, nonstarchy vegetables (spinach), fruits, nuts, le-
gumes, potatoes (tubers), and dairy products (Wark et al., 2012). The recommended dietary allowance
of magnesium is 80 mg/d for children aged 1-3y, 130 mg/d for children aged 4-8 y, 240 mg/d for juniors
aged 9-13y, and 420 mg/d (males) or 320 mg/d (females) for adults aged 31y and older (Institute of Med-
icine Standing Committee on the Scientific Evaluation of Dietary Reference |, 1997). Generally, magnesium
is mostly stored in the bone, tissues, organs, and blood, while mainly being excreted through the urine
(Volpe, 2013). Moreover, magnesium is mainly involved in the processes of protein synthesis, cellular en-
ergy production and storage, reproduction, DNA and RNA synthesis, and stabilizing mitochondrial mem-
branes (Bohl and Volpe, 2002; Burgess et al., 2015; Chubanov et al., 2005; Newhouse and Finstad, 2000). In
addition, magnesium plays a critical role in maintaining normal nerve and muscle function, cardiac excit-
ability (normal heart rhythm), neuromuscular conduction, muscular contraction, vasomotor tone, blood
pressure, bone integrity, and glucose and insulin metabolism (Barbagallo et al., 2003; Bohl and Volpe,
2002; Burgess et al., 2015; Chubanov et al., 2005; Guerrero-Romero and Rodriguez-Moran, 2000, 2002,
He et al., 2006; Lopez-Ridaura et al., 2004; McCarty, 2005; Murakami et al., 2005; Newhouse and Finstad,
2000; Paolisso and Barbagallo, 1997; Soltani et al., 2005).

In this regard, magnesium deficiencies and excesses have been associated with some chronic diseases. A
comprehensive search strategy study and a randomized, placebo-controlled clinical trial have both
demonstrated that magnesium supplementation has significant effects on relieving migraine headaches
(Pringsheim et al., 2012; Tarighat Esfanjani et al., 2012). A Mendelian randomization (MR) study in European
ancestry individuals supported the longstanding hypothesis that magnesium supplementation can in-
crease the risk of developing both rheumatoid arthritis and Alzheimer’s disease, using databases of the In-
ternational Cohorts for Heart and Aging Research in Genomic Epidemiology Alliance and the International
Genomics of Alzheimer’s Project, respectively (Cheng et al., 2019). Based on the Kuopio Ischaemic Heart
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Table 1. Demographic characteristics of the UK Biobank participants
Characteristics® Total (N = 376,346) Females (n = 202,177) Males (n = 174,169) pb

Age (years) 57.96 + 7.95 57.75 + 7.86 58.20 + 8.04 <0.001
BMI 27.41 + 475 27.04 + 513 27.84 + 4.23 <0.001
Drinking status <0.001
Never 11,595 (3.08) 8,686 (4.30) 2,909 (1.67)
Previous 12,834 (3.41) 7,229 (3.58) 5,605 (3.22)
Current 351,917 (93.51) 186,262 (92.13) 165,655 (95.11)
Smoking status <0.001
Never 205,541 (54.62) 120,125 (59.42) 85,416 (49.04)
Previous 132,721 (35.27) 64,539 (31.92) 68,182 (39.15)
Current 38,084 (10.12) 17,513 (8.66) 20,571 (11.81)

BMI, body mass index; SD, standard deviation.

®The data were summarized as median % SD for continuous variables or as numbers (percentage) for categorical variables.
bp value were derived from t test for continuous variables, and chi-square test for the categorical variables, when compared
the difference between females and males.

serum magnesium levels are independently associated with increasing both the total risk of fracture and
the femoral fracture risk in middle-aged Caucasian men (Kunutsor et al., 2017). Using the method of
meta-analysis and systematic reviews to evaluate the effects of magnesium supplementation on hyperten-
sion, a few studies have found that higher doses of magnesium lead to greater reductions in blood pressure
(Lawton et al., 2017; Volpe, 2013).

Traditional epidemiological studies (such as cross-sectional, case-control, and cohort studies) into the ef-
fects of serum magnesium levels can be hindered by unmeasured and unknown factors, as well as potential
confounding factors and reverse causation bias from outcomes that affect the serum magnesium levels.
Moreover, a traditional epidemiological study design can test only one (or a limited number of) associa-
tion(s) between the exposure and one (or a few) predefined outcome(s). In recent years, an integrating
method known as Mendelian randomization and phenome-wide association study (MR-PheWAS) analysis
has been proposed to build a hypothesis-searching approach that is aimed at exploring potential causal
relationships between an exposure (using exposure-associated genetic loci as the instrumental variable)
and a large range of phenome-wide disease outcomes in a high-throughput manner (Li et al., 2018b).
This method allows for the rapid and effective evaluation or replication of potential health implications
attributable to varying an exposure of interest found in epidemiological studies, as well as the ability to
discover new relationships and generate new hypotheses for further targeted study (Denny et al., 2013).

However, there has been no systematic study assessing the causal effects of serum magnesium levels on
multiple disease outcomes. Here, we performed an MR-PheWAS using the UK Biobank database to
discover a wide range of disease outcomes related to genetic variations of serum magnesium levels and
to investigate if any association is causal.

RESULTS

Demographic characteristics

The demographic data is shown in Table 1. The participants consisted of 202,177 females (53.72%) and
174,169 males (46.28%). Age, body mass index (BMI), drinking status, and smoking status were all different
between females and males (p < 0.001).

PheWAS

Within the phenotypic data of the UK Biobank participants, we identified 307,580 hospital episode records,
comprising 1,888 unique International Classification of Diseases coding systems (ICD-10) codes. After map-
ping diagnostic ICD-10 codes to phecodes and filtering out disease outcomes with less than 200 cases, the
phenotypic data, consisting of 865 distinct phenotypes classified into 17 disease categories, were summa-
rized. Finally, 601 phecodes (median number of cases = 1,357, ranging from 201 to 83,955) were included in
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Table 2. The number of phenotypes and cases in each disease category

Cases
Disease categories Phenotypes Minimum Median Mean Maximum
Circulatory system 53 222 1,792 6,365 83,955
Congenital anomalies 10 231 342 378 633
Dermatologic 34 272 1,148 1,961 8,506
Digestive 62 281 2,693 6,468 38,518
Endocrine/metabolic 34 207 786 4,250 42,989
Genitourinary 62 219 1,871 3,841 22,046
Hematopoietic 15 214 820 2,531 12,914
Infectious diseases 9 316 1,077 2,720 8,182
Injuries & poisonings 37 231 2,696 4,177 21,178
Mental disorders 25 21 790 2,825 33,250
Musculoskeletal 39 238 1,979 5,538 24,437
Neoplasms 64 207 947 3,067 33,250
Neurological 34 232 832 2,159 13,557
Pregnancy complications 27 201 920 1,276 6,388
Respiratory 40 201 1,483 4,599 36,623
Sense organs 45 201 834 2,149 17,917
Symptoms 11 418 6,593 10,707 48,335

After mapping diagnostic ICD-10 codes to phecodes (the mappings of phecodes are available at http://phewascatalog.org),
865 different phecodes were summarized and 601 phecodes were included in the PheWAS analyses after eliminating disease
outcomes with low prevalence (cases <200).

PheWAS analysis (Table 2). A total of 19 pairs of genotype-phenotype associations then passed the signif-
icance threshold of 10% false discovery rate (FDR) correction in the total population PheWAS analysis with
adjustment for covariates, as seenin Table 3 and Figure S1, including 10 disease groups (myeloproliferative
disease, benign neoplasm of other parts of digestive system, gout and other crystal arthropathies, cataract,
hypertension, other disorders of stomach and duodenum, miscarriage and stillbirth, arthropathy associ-
ated with infections, other arthropathies, and fracture of upper limb) and five disease outcomes (gout,
essential hypertension, unspecified monoarthritis, arthropathy NOS, and fracture of radius and ulna). All
the results of the PheWAS for each instrument single nucleotide polymorphisms (SNPs) are provided in
Tables S1, S2, S3, 54, S5, and Sé6.

Further, we used the weighted genetic risk score (GRS) of serum magnesium levels to conduct the same
PheWAS analysis. A total of 12 pairs of genotype-phenotype associations passed the significance
threshold of 10% FDR correction in the total population PheWAS analysis with adjustment for covariates,
as seen in Table 4 and Figure S2, including six diseases groups (fracture of upper limb, cataract, myelopro-
liferative disease, gout and other crystal arthropathies, degenerative skin conditions and other dermato-
ses, and other disorders of stomach and duodenum) and six disease outcomes (fracture of radius and
ulna, inguinal hernia, polycythemia vera, gout, malignant neoplasm of female breast, and seborrheic
keratosis).

The gender-stratified PheWAS analysis identified 6 pairs of genotype—phenotype association in males and
12 pairs of genotype—phenotype association in females (Table 3). When compared with the total popula-
tion PheWAS analysis, four new pairs of association (migraine and renal colic in males, chronic renal failure
and hematuria in females) were identified from the gender-stratified PheWAS analysis.

MR

We then conducted MR analysis using three methods (inverse-variance weighted [IVW], weighted median,
and MR egger) to test whether magnesium levels were causally associated with the 20 disease groups/out-
comes identified from PheWAS analysis using SNPs and GRS. At least one of three methods suggested a
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Table 3. Genotype-phenotype associations identified by the PheWAS analyses
SNPs Phenotypes Descriptions Groups Total (n) Cases(n) OR(95%Cl) p FDR-g*
Total population
rs4072037_C 537 Other disorders of stomach Digestive 349,464 8,801 0.92 (0.89, 0.95) 2.89 x 10 1.65 x 10>
and duodenum
274 Gout and other crystal Endocrine/metabolic 376,346 4,016 1.10 (1.06, 1.15) 1.18 x 10™> 0.002
arthropathies
2741 Gout Endocrine/metabolic 376,346 4,016 1.10 (1.06, 1.15) 1.18 x 10~> 0.002
366 Cataract Sense organs 376,346 24,571 0.96 (0.95, 0.98) 8.60 x 10~> 0.011
634 Miscarriage; stillbirth Pregnancy 373,647 2,299 1.12(1.06,1.19) 1.13 x 10°* 0.013
complications
211 Benign neoplasm of other  Neoplasms 368,903 1,352 0.86 (0.80, 0.93) 1.56 x 10~* 0.015
parts of digestive system
803.2 Fracture of radius and ulna  Injuries & poisonings 373,683 6,549 0.94 (0.90, 0.97) 2.51 x 10~* 0.018
803 Fracture of upper limb Injuries & poisonings 373,687 6,553 0.94(0.91,0.97) 2.58 x 10™* 0.018
200 Myeloproliferative disease  Neoplasms 373,256 715 0.83(0.75,0.93) 6.61 x 10°* 0.042
711 Arthropathy associated Musculoskeletal 351,723 424 1.24 (1.09, 1.42) 0.002 0.087
with infections
rs448378_G 401.1 Essential hypertension Circulatory system 376,153 83,955 1.03(1.02, 1.05) 8.86 x 1077 2.70 x 10°°
401 Hypertension Circulatory system 376,346 84,148 1.03(1.02, 1.05) 9.41 x 10°7 2.70 x 10°°
rs13146355_G 401 Hypertension Circulatory system 376,346 84,148 1.03(1.01, 1.04) 8.89 x 10°¢ 0.003
401.1 Essential hypertension Circulatory system 376,153 83,955 1.03(1.01, 1.04) 9.35 x 10~¢ 0.003
rs3925584_ T  401.1 Essential hypertension Circulatory system 376,153 83,955 1.03(1.02, 1.04) 7.74 x 10°¢ 0.003
401 Hypertension Circulatory system 376,346 84,148 1.03(1.01, 1.04) 8.82 x 10°¢ 0.003
rs7965584_A 716 Other arthropathies Musculoskeletal 373,592 22,293 1.09 (1.04, 1.13) 3.90 x 10~> 0.009
716.9 Arthropathy NOS Musculoskeletal 373,592 22,293 1.09 (1.04, 1.13) 3.90 x 10> 0.009
716.2 Unspecified monoarthritis ~ Musculoskeletal 373,466 22,167 1.08 (1.04, 1.13) 4.48 x 10~> 0.009
Males
rs4072037_C 274 Gout and other crystal Endocrine/metabolic 174,169 3,478 1.11 (1.06, 1.16) 1.95 x 10~> 0.004
arthropathies
2741 Gout Endocrine/metabolic 174,169 3,478 1.11(1.06, 1.16) 1.95 x 107> 0.004
rs11144134 340 Migraineb Neurological 171,050 759 0.72 (0.61,0.84) 4.26 x 10™° 0.019
594.8 Renal colic® Genitourinary 170,775 1,277 0.78 (0.69, 0.89) 1.63 x 107* 0.036
rs3925584_T  401.1 Essential hypertension Circulatory system 174,066 45,525 1.04 (1.02, 1.06) 2.30 x 10°¢ 0.001
401 Hypertension Circulatory system 174,169 45,628 1.04 (1.02,1.06) 2.68 x 107® 0.001
Females
rs4072037_C 537 Other disorders of stomach Digestive 187,969 5,049 0.90 (0.87,0.94) 7.36 x 107 3.41 x 10~
and duodenum
211 Benign neoplasm of other  Neoplasms 199,087 827 0.81(0.74,0.90) 4.04 x 10~ 0.009
parts of digestive system
634 Miscarriage; stillbirth Pregnancy 199,479 2,298 1.12(1.06, 1.19) 1.28 x 10~* 0.020
complications
803 Fracture of upper limb Injuries & poisonings 200,676 4,879 0.93 (0.90, 0.97) 0.001 0.067
803.2 Fracture of radius and ulna  Injuries & poisonings 200,673 4,876 0.93 (0.90, 0.97) 0.001 0.067
366 Cataract Sense organs 202,177 13,738 0.96 (0.93,0.98) 0.001 0.084
rs448378_G 401.1 Essential hypertension Circulatory system 202,087 38,430 1.05 (1.03, 1.06) 2.51 x 1077 6.39 x 107>
401 Hypertension Circulatory system 202,177 38,520 1.05 (1.03, 1.06) 2.76 x 1077 6.39 x 107>
rs13146355_G 401 Hypertension Circulatory system 202,177 38,520 1.03(1.02, 1.05) 1.47 x 107* 0.043
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Table 3. Continued

SNPs Phenotypes Descriptions Groups Total (n) Cases(n) OR(95%Cl) p FDR-g*
401.1 Essential hypertension Circulatory system 202,087 38,430 1.03(1.02, 1.05) 1.88 x 10~* 0.043
585.3 Chronic renal Genitourinary 199,105 2,989 0.91 (0.87, 0.96) 0.001 0.078
failure [CKD]®
593 Hematuria” Genitourinary 199,950 6,479 1.06 (1.03, 1.10) 0.001 0.078

Abbreviations: Cl, confidence interval; NOS, not otherwise specified; OR, odds ratio; PheWAS, phenome-wide association study.

Notes: The PheWAS analysis was adjusted by age, sex, BMI, assessment center, and the first 15 genetic principal components.

Significance threshold of a lower than 10% false discovery rate after correcting the multiple testing.

PWhen compared with the total population PheWAS analyses, significant pairs of associations were newly identified from the gender-stratified PheWAS analyses.

potential causal association of serum magnesium levels for 11 out of 20 disease outcomes (Table 5),
including five disease groups: myeloproliferative disease (ORww = 3.49 x 10°, 95% Cl: 24.92, 4.88 x 10%;
ORueighted median = 3.89 X 10° 95% Cl: 194.28, 7.81 x 10'9), gout and other crystal arthropathies
(OReighted median = 0.00, 95% CI: 0.00, 0.06), cataract (ORyw = 9.24, 95% Cl: 1.53, 55.61; OR\ycighted median =
24.93, 95% Cl: 4.55, 136.63), degenerative skin conditions and other dermatoses (OR = 185.81, 95% Cl:
1.81, 19,081.09; ORyeighted median = 179.93, 95% Cl: 2.93, 11,038.98), and fracture of upper limb (ORyw =
106.57,95% Cl: 10.67, 1,064.37; ORyeighted median = 69.45, 95% CI: 9.00, 1,209.85); and six disease outcomes:
malignant neoplasm of female breast (ORyw = 16.39, 95% Cl: 2.52, 106.34; ORyeighted median = 19.96, 95%
Cl: 2.01, 198.35), polycythemia vera (ORww = 1.64 x 107, 95% Cl: 1,388.27, 1.94 x 10""; ORcighted median =
1.76 x 107, 95% Cl: 81.73, 3.78 x 10'%), gout (ORyeighted median = 0.00, 95% Cl: 0.00, 0.06), inguinal hernia
(ORpw =0.09, 95% Cl:0.01, 1.00; ORyyeighted median = 0.10, 95% CI: 0.01, 0.83), seborrheic keratosis (ORyw =
187.69, 95% Cl: 1.81, 19,450.49; OR\yeighted median = 180.37, 95% Cl: 3.32, 9,788.32), and fracture of radius
and ulna (ORyw = 109.18, 95% ClI: 10.92, 1,091.13; ORyyeighted median = 70.86, 95% Cl: 3.68, 1,365.13).

The gender-stratified analysis indicated differences in MR estimated effects between males and females
with the exceptions of hypertension and essential hypertension (Table 5). For males, magnesium levels
were associated with one disease group: gout and other crystal arthropathies (Peighted median < 0.001);
and three disease outcomes: gout (Pyeighted median = 0.001), essential hypertension (Pyeighted median =
0.038), and renal colic (Pyeighted median = 0.032, Pegger = 0.012). Meanwhile, in females, there were significant
associations with four disease groups: cataract (Peighted median = 0.002), other disorders of stomach and
duodenum (Pyeighted median = 0.031, Pegger = 0.046), miscarriage and stillbirth (Pyw = 0.049, Pyeighted median =
0.005), and fracture of upper limb (P <0.001, Pyeighted median = 0.001); and one disease outcome: fracture

of radius and ulna (Pyw < 0.001, Pueighted median < 0.001).

Pleiotropy and sensitivity analyses

We undertook the MR weighted median analysis and MR Egger analysis to correct for possible pleiotropic
effects of multiple instruments (Table 5). After balancing pleiotropic effects in the MR weighted median
analysis, all the results were consistent with the IVW analysis of total population. However, using the MR
Egger analysis, none of the results were considered to be causally associated with higher serum magne-
sium levels without pleiotropic effects (all Pyjgiotropy > 0.05).

The protein-protein interaction (PPI) network

We selected 15 serum magnesium-associated genes (including the instrumental variable [IV] SNPs located
genes and the top ten associated genes) to construct the PPl network. However, for 11 disease outcomes
identified by MR analysis, only the top ten cataract-associated genes were found in the GeneCards website
(Table 6). The PPl network demonstrated an interaction between the serum magnesium-associated gene
DCDCT1 and the cataract-associated gene PAX6 (Figure 1).

DISCUSSION

This is the first MR-PheWAS investigating the totality of health effects associated with serum magnesium
levels. We found evidence of a detrimental effect of higher magnesium status on risk of malignant
neoplasm of female breast, myeloproliferative disease, polycythemia vera, cataract, degenerative skin con-
ditions and other dermatoses, seborrheic keratosis, and fracture of upper limb (fracture of radius and ulna).
Contrarily, our MR-PheWAS provided with evidences of a protective effect of higher magnesium status on
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Table 4. The results of the PheWAS analyses for magnesium-GRS in the total population

Phenotypes  Descriptions Groups Total (n) Cases(n) Or (95% CI) P FDR-g*
803.2 Fracture of radius and ulna Injuries & poisonings 373,683 6,549 127.87 (12.85, 1,272.43) 35x 1074 0.011
803 Fracture of upper limb Injuries & poisonings 373,687 6,553 124.84 (12.55, 1,241.51) 3.81 x 107> 0.011
550.1 Inguinal hernia Digestive 342,594 16,575 0.06 (0.01, 0.28) 252 x107%  0.033
366 Cataract Sense organs 376,346 24,571 9.61(2.76, 33.44) 373 x 107 0.033
200 Myeloproliferative disease Neoplasms 373,256 715 2.64 x 10° (271.59, 3.76 x 10°*  0.033
2.51 x 10
200.1 Polycythemia vera Neoplasms 369,575 395 1.47 x 107 (1.43 x 105,  4.65x 107  0.033
1.52 x 10")
274 Gout and other crystal Endocrine/metabolic 376,346 4,016 0.01 (0.00, 0.10) 4.65 % 107*  0.033
arthropathies
2741 Gout Endocrine/metabolic 376,346 4,016 0.01 (0.00, 0.10) 4.65%x 107 0.033
174.11 Malignant neoplasm of Neoplasms 368,619 10,429 21.57 (3.45, 134.83) 1.02 x 107°  0.065
female breast
702.2 Seborrheic keratosis Dermatologic 376,346 3,356 187.86 (7.69, 4,588.89) 1.32x 10~  0.070
702 Degenerative skin Dermatologic 371,673 3,356 187.23 (7.66, 4,577.17) 1.34 x 10~ 0.070
conditions and other
dermatoses
537 Other disorders of Digestive 349,464 8,801 23.19 (3.15, 170.66) 202 x 107 0.097

stomach and

duodenum

Abbreviations: Cl, confidence interval; FDR, false discovery rate; GRS, genetic risk score; NOS, not otherwise specified; OR, odds ratio; PheWAS, phenome-wide
association studly.

Notes: The PheWAS analysis was adjusted by age, sex, BMI, assessment center, and the first 15 genetic principal components.

Significance threshold of a lower than 10% false discovery rate after correcting the multiple testing.

risk of gout and other crystal arthropathies (gout) as well as inguinal hernia. In addition, our study indicates
gender-specific effects of nine disease groups/outcomes in MR estimated effects.

Consistent with our findings for malignant neoplasm of female breast, an MR study using the data from the
Breast Cancer Association Consortium suggested that magnesium is positively associated with breast can-
cer risk (Papadimitriou et al., 2021). In contrast, a cohort study reported no significant difference between
magnesium consumption and breast cancer risk (Li et al., 2011). Previous studies have shown that increased
concentrations of magnesium in breast cancer cells is capable of promoting tumor progression by regu-
lating enzymes associated with energy generation, which was required for cell adhesion and cancer metas-
tasis (Mendes et al., 2018). Animal studies have suggested that magnesium is protective in the early stages
of chemical carcinogenesis, while also promoting tumor growth (Castiglioni and Maier, 2011). Our findings
should be further evaluated in observational and interventional designs.

There is a lot of evidence suggesting that magnesium is good for bone health; however, the vast majority of
research has investigated dietary magnesium as an exposure rather than investigating serum magnesium
(Kunutsor et al., 2017). Even though high dietary magnesium intake is associated with higher bone mineral
density (Ryder et al., 2005), the conclusion for a benefit in fracture risk remains controversial. A meta-anal-
ysis suggested that high dietary magnesium intake does not reduce the fracture risk (Farsinejad-Marj et al.,
2016). Consistent with our results, the Women's Health Initiative Observational Study showed that magne-
sium intake exceeding the recommended dietary allowance is linked with an increased risk of forearm and
wrist fractures (Orchard et al., 2014). Moreover, because magnesium has anti-calcification properties,
excess magnesium accumulation in the bone might be harmful (Cunningham et al., 2012). Whether the as-
sociation of serum magnesium levels and risk of fracture reflects a real correlation needs to be further
confirmed. Most observational epidemiological studies of magnesium dietary intake have been limited
by misclassification bias because of the fact that foods containing magnesium are often rich in calcium
and potassium, which interact with other trace elements to keep bone health and, hence, make it difficult
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Table 5. The results of two-sample MR analyses

VW Weighted median MR Egger
Phenotypes Descriptions OR (95% Cl) p Pheterogencity OR(95% Cl)  p OR (95% Cl) p Poleiotropy
Total population
174.11 Malignant neoplasm 16.39 (2.52, 0.003 0.409 19.96 (2.01, 0.011 104.92 (0.35, 0.185 0.534
of female breast 106.34) 198.35) 31,628.18)
200 Myeloproliferative ~ 3.49 x 10° 0.009 0.098 3.89 x 10° 0.003 768.00 (0.00, 0.687 0.693
disease (24.92, 4.88 x (194.28, 7.81 x 8.94 x 10"
10%) 10'9
200.1 Polycythemia vera  1.64 x 10’ <0.001 0.503 1.76 x 107 0.008 98.54 (0.00, 0.755 0.403
(1.39 x 103, (81.73,3.78 x 4.76 x 10"3)
1.94 x 10") 10"
274 Gout and other 0.01(0.00,7.69) 0.162  <0.001 0.00 (0.00, 0.002 0.00 (0.00, 0.561 0.844
crystal arthropathies 0.06) 5.37 x 10%)
274.1 Gout 0.01(0.00,7.69) 0.162  <0.001 0.00 (0.00, 0.002 0.00 (0.00, 0.561 0.844
0.06) 5.37 x 109
366 Cataract 9.24 (1.53,55.61) 0.015 0.065 24.93 (4.55, <0.001 291.00 (3.12, 0.070 0.187
136.63) 27,124.93)
550.1 Inguinal hernia 0.09 (0.01, 1.00) 0.049  0.023 0.10 (0.01, 0.033 1.11 (0.00, 0.979 0.512
0.83) 1890.45)
702 Degenerative skin ~ 185.81 (1.81, 0.027 0.062 179.93(2.93,  0.013 1.86 (0.00, 0.935 0.533
conditions and 19,081.09) 11,038.98) 2.54 x 109
other dermatoses
702.2 Seborrheic keratosis  187.69 (1.81, 0.027 0.061 180.37 (3.32,  0.011 1.85 (0.00, 0.936 0.533
19,450.49) 9,788.32) 2.59 x 109
803 Fracture of upper ~ 106.57 (10.67, <0.001 0.738 69.45 (3.99, 0.004 6,846.11 (9.00, 0.059 0.260
limb 1,064.37) 1,209.85) 5.21 x 109
803.2 Fracture of radius ~ 109.18 (10.92, <0.001 0.731 70.86 (3.68, 0.005 7,279.51 (9.56, 0.058 0.256
and ulna 1,091.13) 1,365.13) 5.54 x 10°)
Males
274 Gout and other 0.01 (153 x 0.202 5.49 x10°° 0.00(2.25 x 0.001 5.37 x 1074 (2.61 x 0.601 0.866
crystal arthropathies 107¢, 17.02) 10, 0.03) 1075, 1.11 x 109
274.1 Gout 0.01(1.53 x 0.202 5.49x107° 0.00(1.92 x 0.001 5.37 x 1074 (2.61 x 0.601 0.866
107¢,17.02) 106, 0.04) 1075, 1.11 x 108)
340 Migraine 299.76 (5.42 x  0.398  0.001 22.04 (0.00, 0.502 1.89 x 107 (1.77 x  0.346 0.451
1074, 1.66 x 1.82 x 10% 1078, 2.02 x 10%)
108
401 Hypertension 3.26 (0.16, 0.443 240 x 1077 4.07 (0.89, 0.070 2.96 x 102 (0.06, 0.261 0.331
66.61) 18.60) 1.49 x 109
401.1 Essential 3.27 (0.16, 0.445 1.93x 1077  4.49(1.09, 0.038 3.06 x 102(0.06,  0.261 0.331
hypertension 68.13) 18.51) 1.63 x 10%)
594.8 Renal colic® 1,379.50 (0.14,  0.123  0.006 2,388.81 (1.97, 0.032 1.64 x 10" (7.08 x 0.012 0.022
1.34 x 107) 2.90 x 109 107, 3.81 x 10%9)
Females
21 Benign neoplasm  93.39 (1.70 x 0.501  0.001 1.24 (6.80 x 0.972 2.81 x 10'2(0.00, 0.181 0.221
of other parts of 1074, 5.14 x 107¢,2.27 x 3.39 x 10%)
digestive system 107) 10°)
366 Cataract 11.03 (0.89, 0.061 0.047 31.99 (3.44, 0.002 7.59 x 10% (0.84, 0.129 0.264
1.36 x 109 2.97 x 10%) 6.89 x 105

(Continued on next page)
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Table 5. Continued

VW Weighted median MR Egger
Phenotypes Descriptions OR (95% Cl) p Pheterogeneity OR(95% CI)  p OR (95% Cl) P Poleiotropy
401 Hypertension 0.46 (0.02, 0.652 8.25x 1077  2.64(0.65, 0.174 1.97 x 10° (2.61, 0.088 0.058
13.67) 10.73) 1.49 x 109
401.1 Essential 0.46 (0.02, 0.651 854 x 1077 2.63(0.65, 0.174 1.93 x 10° (2.47, 0.090 0.059
hypertension 13.67) 10.60) 1.51 x 109
537 Other disorders of ~ 96.95 (0.67, 0.071 0.003 127.65(1.56,  0.031 7.71 x 10°(1.44 x  0.046 0.096
stomach and 1.40 x 10% 1.04 x 10% 10%°, 4.13 x 10"")
duodenum
585.3 Chronic renal 16.55 (0.03, 0.393  0.003 0.14 (0.00, 0.422 6.29 x 1074 (1.09 x 0.464 0.300
failure (CKD) 1.04 x 10% 16.54) 107", 3.62 x 109
593 Hematuria 0.57 (0.01, 0.762  0.029 2.60 (0.15, 0.513 3.02 x 102 (0.02, 0.321 0.256
22.45) 45.37) 6.00 x 10°)
634 Miscarriage; 3.00 x 1073 0.049 0.067 2,62 x 107% 0.005 6.53 x 1077 (6.32 x 0.159 0.333
stillbirth (1.06 x 107, (8.25 x 1077, 1074, 6.75)
0.96) 0.08)
803 Fracture of upper ~ 205.22 (14.14, <0.001 0.552 367.00 (11.56, 0.001 3.16 x 10*(14.19,  0.058 0.244
limb 2.98 x 10% 1.17 x 10% 7.03 x 107)
803.2 Fracture of radius ~ 205.22 (14.14, <0.001 0.535 421.34 (15.69, 3.19 x 107 3.29 x 10*(14.77,  0.057 0.241
and ulna 2.98 x 10%) 1.17 x 10% 7.34 x 107)

Abbreviations: Cl, confidence interval; IVW, inverse-variance weighted; MR, Mendelian randomization; OR, odds ratio; PheWAS, phenome-wide association study.
*When compared with the total population MR analyses, significant pairs of associations were newly identified from the gender-stratified MR analyses.

to assess the individual effect of each nutrient. In addition, many factors have been shown to play significant
roles in bone health, such as gender, aging, exercise, hormones, and heritability (Martini, 1999).

Magnesium, presented mainly in cornea, lens, retina, vitreous body, and anterior chamber in the eyes, is
essential for the lens to maintain integrity of its structure and normal function (Agarwal et al., 2012,
Li et al., 2018a). A high level of Mg?* exists in photoreceptors in the lens, even in the axial regions (Kirkpa-
trick, 1920). The consequences of imbalance in magnesium homeostasis may influence the cellular and mo-
lecular functions and may form the basis of some pathological conditions. Magnesium has been reported
to enhance oxidative stress in the lens by increasing the production of free radicals and depleting antiox-
idant defenses (Agarwal et al., 2013). Moreover, since ATPase function appears to be essential to the lens,
the role of magnesium in Na*-K*-ATPase and Ca®*-ATPase activities may be important for ion transport in
the lens (Agarwal et al., 2013). Notably, animal studies have shown that administration of deep-sea water,
containing 200 mg/L of magnesium, can delay the development of cataracts in cataract-prone rats,
although this cataract development did not improve with further increases in the magnesium levels (Shu-
miya, 1995). It is speculated that high levels of magnesium might have detrimental effects on the lens.
Although the mechanisms involved in magnesium homeostasis and the role of magnesium deficiency in
the pathogenesis of cataracts needs to be further explored, our findings via the PPl network may support
this possibility. The PPl network demonstrated an interaction between the serum magnesium-associated
gene DCDC1 and the cataract-associated gene PAX6, which are both involved in the regulation of cell di-
vision. Mutations in PAX6 gene, known genetic alterations causing varieties of autosomal-dominant ocular
malformations, can lead to aniridia as the major clinical signs (Lima Cunha et al., 2019; Nieves-Moreno
et al., 2021). Researchers have found that the 566 kb hemizygous deletion of chromosome 11p13 down-
stream of PAX6 gene should be the cause of the familial aniridia (Cheng et al., 2011). In addition, the prior
studies have also shown that 11p13 interstitial deletion (including DCDCT gene) can affect the downstream
transcription of PAX6, whereas this effect would result in the occurrences of aniridia and eye deformities
(Balay et al., 2016).

Some studies have found positive links between magnesium and a reduced risk of knee osteoarthritis

(Qin et al., 2012; Veronese et al., 2017). Magnesium supplementation in elderly patients may reduce the
risk of knee osteoarthritis. Magnesium supplementation may also improve the symptoms and progression
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Table 6. The serum magnesium-associated and cataract-associated genes included in the PPl network diagram

Serum Disease-

magnesium- Relevance associated Relevance
Traits associated genes scores Disease genes® scores
Serum magnesium CNNM2 30.49 Cataract ~ CRYAA/ 111.9
(GeneCards)® HSPB4

TRPMé6 27.16 GJAS8 90.66

CLDN16 19.35 GJA3 81.45

PTH 9.39 EPHAZ2 75.87

PCBD1 9.39 CRYGD 75.42

TRPM7 9.39 OPA3 74.75

CLDN19 9.39 CRYBB2 73.39

PEX1 8.13 FTL 72.61

SBDS 8.13 CRYBB1 72.55

PEX26 8.13 PAX6 69.94
Serum magnesium (IV)° TRPMé 27.16

MUC1 2.89

MECOM 212

SHROOM3 212

ATP2B1 2.12

DCDC5/DCDC1 212

Abbreviations: IV, instrumental variable; PPI, protein-protein interaction.

“The top ten serum magnesium-associated genes were searched for using the GeneCards website (https://www.genecards.
org/).

®The serum magnesium-associated SNPs (using as IV in the MR-PheWAS analyses) located genes.

“The top ten cataract-associated genes were searched for using the GeneCards website (https://www.genecards.org/).

of knee osteoarthritis (Wu et al., 2019). Although there has been no traditional epidemiological study of the
relationship between magnesium and gout, a MR study suggested a positive link with the risk of gout
(Cheng et al., 2019). The mechanism underlying these relationships needs to be further studied.

Although no epidemiological studies concerning the associations between magnesium and myeloprolifer-
ative disease, inguinal hernia, or seborrheic keratosis have been reported, our study provides some sug-
gestive evidence. Further research on these diseases will be well worth exploring; independent cohort
studies and functional studies are warranted to verify these relatively novel associations. No previous
observational studies have reported gender difference in the association between magnesium levels
and the development of the above diseases, nor have any studies addressed these sex differences using
an MR approach to negate the influence of environmental confounders. Our study identified a few dis-
eases, including cataract, fracture of upper limb, and other disorders of stomach and duodenum, that
are potentially causally associated with genetic variations of magnesium levels only in females, whereas
renal colic and gout and other crystal arthropathies were seen to be associated with magnesium only in
males. The biological mechanism(s) by which magnesium levels are linked to certain diseases do not
seem to be consistent between males and females and remain to be further studied.

A prior study utilized the MR method to examine the association of genetically magnesium with the risk of 9
chronic diseases, consisting of type 2 diabetes, osteoporosis, rheumatoid arthritis, gout, Parkinson's dis-
ease, Alzheimer’s disease, major depressive disorder, bipolar disorder, and schizophrenia (Cheng et al.,
2019). However, the present study conducted a hypothesis-free investigation of the causal effects of mag-
nesium levels more broadly across the human phenome, thus contributing to the discovery of new rela-
tions. Using SNPs that are strongly associated with blood magnesium levels as instrument variants that
are randomly assorted at conception; we tested the cumulative lifetime effects of genetically determined
variation across more than 700 disease outcomes. One of the main challenges to the MR method is deci-
phering which effects are attributable to bias owing to pleiotropic SNPs; we utilized the weighted median
and Egger methods to solve this problem (Bowden et al., 2016).
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Figure 1. Diagram of the interactions between the serum magnesium-associated genes and the cataract-
associated genes

Mg?: the top ten associated genes of serum magnesium were searched for using the GeneCards website (https://www.
genecards.org/). MgP: the instrumental variable SNPs located genes of serum magnesium. Mg®: the gene is the top ten
genes as well as the instrumental variable SNPs located genes of serum magnesium. All confidence scores range from 0.4
to 1, while one is the highest. The darker the green line with the arrow, the higher the confidence score, indicating a
stronger interaction between the two genes.

Recognizing and understanding the basic pathophysiological mechanisms of disease occurrence and
development is of great significance for formulating future pharmacological strategies. In addition, mag-
nesium supplementation may have therapeutic value in preventing the occurrence and progression of dis-
eases associated with magnesium deficiency, whereas reducing magnesium status may have therapeutic
value in preventing diseases associated with excessive magnesium. Notably, our findings of interaction
between the serum magnesium-associated gene DCDC1 and the cataract-associated gene PAX6 may pro-
vide new targets for promoting the treatments of cataracts using magnesium intervention.

Limitations of the study

This study also has limitations. First, we used Hospital Exchange-information System data, which provided
arich source of clinical outcomes that were related to genetic data of UK Biobank participants, but may also
introduce misclassification bias (Padmanabhan et al., 2019). Second, insufficient statistical power may also
lead to false negative results in our study. The previously reported effects of serum magnesium on risk of
bipolar disorder and coronary artery disease risk by MR were not statistically significant in our analyses after
adjusting for multiple testing (Cheng et al., 2019; Larsson et al., 2018). Using the interim release data of UK
Biobank and focusing on a very homogeneous population (Caucasian based on genetic information)
limited the power of our study. Moreover, to avoid information bias, we did not analyze the self-reported
data from UK Biobank, although this may influence the comprehensiveness of PheWAS and decrease the
precision of MR estimates. Last, because the MR estimates correlate with slight change in serum magne-
sium in the normal range rather than at extremes of magnesium deficiency or excess, caution must be taken
when extrapolating the findings of MR.

Overall, our MR-PheWAS study supports a causal effect of serum magnesium on several clinically relevant
disease outcomes, including: neoplasms; endocrine/metabolic, sensory organ, circulatory system, diges-
tive and musculoskeletal diseases; pregnancy complications; injuries; and poisonings. Considering that
serum magnesium is modifiable, exploring whether regulation of serum levels can be used to optimize
health outcomes seems beneficial.

10 iScience 24, 103191, October 22, 2021

iScience


https://www.genecards.org/
https://www.genecards.org/

iScience

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability

o EXPERIMENTAL MODEL AND SUBJECT DETAILS

e METHOD DETAILS

O Genetic instruments for magnesium

O PheWAS
O MR

O Pleiotropy and sensitivity analyses

O The PPI network

o QUANTIFICATION AND STATISTICAL ANALYSIS

o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.103191.

ACKNOWLEDGMENTS

¢? CellPress

OPEN ACCESS

The authors acknowledge the UK Biobank and their participants for contributing the data used in this work
(Approval No. 56902). This study was supported by the National Natural Science Foundation of China
(Grant No. 82073504), the Guangxi Natural Science Fund for Innovation Research Team (Grant No.
2017GXNSFGA198003), the Key projects of strategic international scientific and technological innovation
cooperation of the Chinese Ministry of Science and Technology (Grant No. 2020YFE0201600), the Guangxi
key Laboratory for Genomic and Personalized Medicine (Grant No. 19-185-33, 20-065-33), and the Guangxi
Postdoctoral Special Foundation (Grant No. 02306221008C).

AUTHOR CONTRIBUTIONS

Conceptualization, Data Curation and Funding Acquisition, X.B.Y. and Z.N.M.; Writing — Original Draft and
Formal Analysis, LM.L. and W.J.Y.; Methodology, L.L.H. and X.M.F.; Software, H.C. and X.T.G.; Visualiza-
tion, G.H.Z. and Y.L.T.; Writing — Review & Editing, L.M.L. and W.J.Y.; Validation, L.LX., C.Q.L. and X.C.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: March 30, 2021
Revised: August 11, 2021
Accepted: September 27, 2021
Published: October 22, 2021

REFERENCES

Agarwal, R., lezhitsa, ., Agarwal, P., and Spasov,
A. (2012). Magnesium deficiency: does it have a
role to play in cataractogenesis? Exp. Eye Res.
101, 82-89. https://doi.org/10.1016/j.exer.2012.
05.008.

Agarwal, R., lezhitsa, I.N., Agarwal, P., and
Spasov, A.A. (2013). Mechanisms of
cataractogenesis in the presence of magnesium
deficiency. Magnes. Res. 26, 2-8. https://doi.org/
10.1684/mrh.2013.0336.

Balay, L., Totten, E., Okada, L., Zell, S., Ticho, B.,
Israel, J., and Kogan, J. (2016). A familial
pericentric inversion of chromosome 11

associated with a microdeletion of 163 kb and
microduplication of 288 kb at 11p13 and 11922.3
without aniridia or eye anomalies. Am. J. Med.
Genet. A. 170A, 202-209. https://doi.org/10.
1002/ajmg.a.37388.

Barbagallo, M., Dominguez, L.J., Galioto, A.,
Ferlisi, A., Cani, C., Malfa, L., Pineo, A., Busardo,
A., and Paolisso, G. (2003). Role of magnesium in
insulin action, diabetes and cardio-metabolic
syndrome X. Mol. Aspects Med. 24, 39-52.
https://doi.org/10.1016/s0098-2997(02)00090-0.

Bohl, C.H., and Volpe, S.L. (2002). Magnesium
and exercise. Crit. Rev. Food Sci. Nutr. 42,

533-563. https://doi.org/10.1080/
20024091054247.

Bowden, J., Davey Smith, G., and Burgess, S.
(2015). Mendelian randomization with invalid
instruments: effect estimation and bias detection
through Egger regression. Int. J. Epidemiol. 44,
512-525. https://doi.org/10.1093/ije/dyv080.

Bowden, J., Davey Smith, G., Haycock, P.C., and
Burgess, S. (2016). Consistent estimation in
Mendelian randomization with some invalid
instruments using a weighted median estimator.
Genet. Epidemiol. 40, 304-314. https://doi.org/
10.1002/gepi.21965.

iScience 24, 103191, October 22, 2021 11


https://doi.org/10.1016/j.isci.2021.103191
https://doi.org/10.1016/j.exer.2012.05.008
https://doi.org/10.1016/j.exer.2012.05.008
https://doi.org/10.1684/mrh.2013.0336
https://doi.org/10.1684/mrh.2013.0336
https://doi.org/10.1002/ajmg.a.37388
https://doi.org/10.1002/ajmg.a.37388
https://doi.org/10.1016/s0098-2997(02)00090-0
https://doi.org/10.1080/20024091054247
https://doi.org/10.1080/20024091054247
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965

¢? CellPress

OPEN ACCESS

Burgess, S., Bowden, J., Fall, T., Ingelsson, E., and
Thompson, S.G. (2017). Sensitivity analyses for
robust causal inference from Mendelian
randomization analyses with multiple genetic
variants. Epidemiology 28, 30-42. https://doi.
org/10.1097/ede.0000000000000559.

Burgess, S., Scott, R.A., Timpson, N.J., Davey
Smith, G., and Thompson, S.G. (2015). Using
published data in Mendelian randomization: a
blueprint for efficient identification of causal risk
factors. Eur. J. Epidemiol. 30, 543-552. https://
doi.org/10.1007/s10654-015-0011-z.

Burgess, S., and Thompson, S.G. (2017).
Interpreting findings from Mendelian
randomization using the MR-Egger method. Eur.
J. Epidemiol. 32, 377-389. https://doi.org/10.
1007/510654-017-0255-x.

Bycroft, C., Freeman, C., Petkova, D., Band, G.,
Elliott, L.T., Sharp, K., Motyer, A., Vukeevic, D.,
Delaneau, O., O'Connell, J., et al. (2018). The UK
Biobank resource with deep phenotyping and
genomic data. Nature 562, 203-209. https://doi.
0rg/10.1038/541586-018-0579-z.

Castiglioni, S., and Maier, J.A. (2011). Magnesium
and cancer: a dangerous liason. Magnes. Res. 24,
§92-S100. https://doi.org/10.1684/mrh.2011.
0285.

Cheng, F., Song, W., Kang, Y., Yu, S., and Yuan, H.
(2011). A 556 kb deletion in the downstream
region of the PAX6 gene causes familial aniridia
and other eye anomalies in a Chinese family. Mol.
Vis. 17, 448-455.

Cheng, W.W., Zhu, Q., and Zhang, H.Y. (2019).
Mineral nutrition and the risk of chronic diseases:
a Mendelian randomization study. Nutrients 17,
378. https://doi.org/10.3390/nu11020378.

Chubanov, V., Gudermann, T., and Schlingmann,
K.P. (2005). Essential role for TRPM6 in epithelial
magnesium transport and body magnesium
homeostasis. Pflugers Archiv Eur. J. Physiol. 451,
228-234. https://doi.org/10.1007/s00424-005-
1470.

Cunningham, J., Rodriguez, M., and Messa, P.
(2012). Magnesium in chronic kidney disease
Stages 3 and 4 and in dialysis patients. Clin.
Kidney J. 5, i39-i51. https://doi.org/10.1093/
ndtplus/sfr166.

Denny, J.C., Bastarache, L., Ritchie, M.D., Carroll,
R.J., Zink, R., Mosley, J.D., Field, J.R., Pulley, J.M.,
Ramirez, A.H., Bowton, E., et al. (2013). Systematic
comparison of phenome-wide association study
of electronic medical record data and genome-

wide association study data. Nat. Biotechnol. 37,
1102-1110. https://doi.org/10.1038/nbt.2749.

Egger, M., Davey Smith, G., Schneider, M., and
Minder, C. (1997). Bias in meta-analysis detected
by a simple, graphical test. BMJ 315, 629-634.
https://doi.org/10.1136/bmj.315.7109.629.

Farsinejad-Marj, M., Saneei, P., and Esmaillzadeh,
A. (2016). Dietary magnesium intake, bone
mineral density and risk of fracture: a systematic
review and meta-analysis. Osteoporos. Int. 27,
1389-1399. https://doi.org/10.1007/s00198-015-
3400-y.

Guerrero-Romero, F., and Rodriguez-Moran, M.

(2000). Hypomagnesemia is linked to low serum
HDL-cholesterol irrespective of serum glucose

12 iScience 24, 103191, October 22, 2021

values. J. Diabetes Compl. 14, 272-276. https://
doi.org/10.1016/s1056-8727(00)00127-6.

Guerrero-Romero, F., and Rodriguez-Moran, M.
(2002). Low serum magnesium levels and
metabolic syndrome. Acta Diabetol. 39, 209-213.
https://doi.org/10.1007/s005920200036.

Guo, Y., Lu, Y., and Jin, H. (2020). Appraising the
role of circulating concentrations of micro-
nutrients in epithelial ovarian cancer risk: a
Mendelian randomization analysis. Sci. Rep. 10,
7356. https://doi.org/10.1038/541598-020-63909-
5.

He, K., Liu, K., Daviglus, M.L., Morris, S.J., Loria,
C.M., Van Hom, L., Jacobs, D.R., and Savage, P.J.
(2006). Magnesium intake and incidence of
metabolic syndrome among young adults.
Circulation 113, 1675-1682. https://doi.org/10.
1161/circulationaha.105.588327.

Howe, K.L., Achuthan, P., Allen, J., Allen, J.,
Alvarez-Jarreta, J., Amode, M.R., Armean, |.M.,
Azov, A.G., Bennett, R., Bhai, J., et al. (2021).
Ensembl 2021. Nucleic Acids Res 49, D884-D891.
https://doi.org/10.1093/nar/gkaa?42.

Huang, L, Li, L., Luo, X., Huang, S., Hou, Q., Ge,
X., Lv, Y., Mo, Z., and Yang, X. (2019). The
association between serum iron status and risk of
asthma: a 2-sample Mendelian randomization
study in descendants of Europeans. Am. J. Clin.
Nutr. 110, 959-968. https://doi.org/10.1093/ajcn/
ngz162.

Institute of Medicine Standing Committee on the
Scientific Evaluation of Dietary Reference | (1997).
The National Academies Collection: Reports
Funded by National Institutes of Health. Dietary
Reference Intakes for Calcium, Phosphorus,
Magnesium, Vitamin D, and Fluoride. National
Academies Press (US) Copyright © 1997 (National
Academy of Sciences.).

Kirkpatrick, H. (1920). The use of magnesium
sulphate as a local application in inflammation of
the conjunctiva and cornea. Br. J. Ophthalmol. 4,
281. https://doi.org/10.1136/bjo.4.6.281.

Kunutsor, S.K., Whitehouse, M.R., Blom, A\W.,
and Laukkanen, J.A. (2017). Low serum
magnesium levels are associated with increased
risk of fractures: a long-term prospective cohort
study. Eur. J. Epidemiol. 32, 593-603. https://doi.
org/10.1007/510654-017-0242-2.

Larsson, S.C., Burgess, S., and Michaélsson, K.
(2018). Serum magnesium levels and risk of
coronary artery disease: Mendelian
randomisation study. BMC Med. 16, 68. https://
doi.org/10.1186/512916-018-1065-z.

Lawton, S., Purdy, S.C., and Kalathottukaren, R.T.
(2017). Children diagnosed with auditory
processing disorder and their parents: a
qualitative study about perceptions of living with
APD. J. Am. Acad. Audiol. 28, 610-624. https://
doi.org/10.3766/jaaa.15130.

Li, K., Kaaks, R., Linseisen, J., and Rohrmann, S.
(2011). Dietary calcium and magnesium intake in
relation to cancer incidence and mortality in a
German prospective cohort (EPIC-Heidelberg).
Cancer Causes Control 22, 1375-1382. https://
doi.org/10.1007/s10552-011-9810-z.

Li, X.-J., Xie, L., Pan, F.-S., Wang, Y., Liu, H., Tang,
Y.-R., and Hutnik, C.M. (2018a). A feasibility study

iScience

of using biodegradable magnesium alloy in
glaucoma drainage device. Int. J. Ophthalmol.
11, 135-142. https://doi.org/10.18240/ijo.2018.
01.21.

Li, X., Meng, X., Spiliopoulou, A., Timofeeva, M.,
Wei, W.Q., Gifford, A., Shen, X., He, Y., Varley, T.,
McKeigue, P., et al. (2018b). MR-PheWAS:
exploring the causal effect of SUA level on
multiple disease outcomes by using genetic
instruments in UK Biobank. Ann. Rheum. Dis. 77,
1039-1047. https://doi.org/10.1136/
annrheumdis-2017-212534.

Lima Cunha, D., Arno, G., Corton, M., and
Moosajee, M. (2019). The spectrum of PAX6é
mutations and genotype-phenotype correlations
in the eye. Genes 10. https://doi.org/10.3390/
genes10121050.

Lopez-Ridaura, R., Willett, W.C., Rimm, E.B., Liu,
S.M., Stampfer, M., Manson, J.E., and Flu, F.B.
(2004). Magnesium intake and risk of type 2
diabetes in men and women. Diabetes Care 27,
134-140. https://doi.org/10.2337/diacare.27.1.
134.

Martini, L.A. (1999). Magnesium supplementation
and bone turnover. Nutr. Rev. 57, 227-229.
https://doi.org/10.1111/].1753-4887.1999.
tb06948.x.

McCarty, M.F. (2005). Magnesium may mediate
the favorable impact of whole grains on insulin
sensitivity by acting as a mild calcium antagonist.
Med. Hypotheses 64, 619-627. https://doi.org/
10.1016/j.mehy.2003.10.034.

Mendes, P.M.V., Bezerra, D.L.C., Dos Santos, L.R.,
de Oliveira Santos, R., de Sousa Melo, S.R.,
Morais, J.B.S., Severo, J.S., Vieira, S.C., and do
Nascimento Marreiro, D. (2018). Magnesium in
breast cancer: what is its influence on the
progression of this disease? Biol. Trace Elem. Res.
184, 334-339. https://doi.org/10.1007/s12011-
017-1207-8.

Meyer, T.E., Verwoert, G.C., Hwang, S.J., Glazer,
N.L., Smith, A.V., van Rooij, F.J., Ehret, G.B.,
Boerwinkle, E., Felix, J.F., Leak, T.S., et al. (2010).
Genome-wide association studies of serum
magnesium, potassium, and sodium
concentrations identify six Loci influencing serum
magnesium levels. PLoS Genet. 6. https://doi.
org/10.1371/journal.pgen.1001045.

Murakami, K., Okubo, H., and Sasaki, S. (2005).

Effect of dietary factors on incidence of type 2

diabetes: a systematic review of cohort studies.
J. Nutr. Sci. Vitaminology 51, 292-310.

Newhouse, |.J., and Finstad, E.W. (2000). The
effects of magnesium supplementation on
exercise performance. Clin. J. Sport Med. 10,
195-200. https://doi.org/10.1097/00042752-
200007000-00008.

Nieves-Moreno, M., Noval, S., Peralta, J.,
Palomares-Bralo, M., Del Pozo, A., Garcia-
Minaur, S., Santos-Simarro, F., and Vallespin, E.
(2021). Expanding the phenotypic spectrum of
PAX6 mutations: from congenital cataracts to
nystagmus. Genes 12. https://doi.org/10.3390/
genes12050707.

Orchard, T.S., Larson, J.C., Alghothani, N., Bout-
Tabaku, S., Cauley, J.A., Chen, Z., LaCroix, A.Z.,
Wactawski-Wende, J., and Jackson, R.D. (2014).
Magnesium intake, bone mineral density, and


https://doi.org/10.1097/ede.0000000000000559
https://doi.org/10.1097/ede.0000000000000559
https://doi.org/10.1007/s10654-015-0011-z
https://doi.org/10.1007/s10654-015-0011-z
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1684/mrh.2011.0285
https://doi.org/10.1684/mrh.2011.0285
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref13
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref13
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref13
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref13
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref13
https://doi.org/10.3390/nu11020378
https://doi.org/10.1007/s00424-005-1470-y
https://doi.org/10.1007/s00424-005-1470-y
https://doi.org/10.1093/ndtplus/sfr166
https://doi.org/10.1093/ndtplus/sfr166
https://doi.org/10.1038/nbt.2749
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1007/s00198-015-3400-y
https://doi.org/10.1007/s00198-015-3400-y
https://doi.org/10.1016/s1056-8727(00)00127-6
https://doi.org/10.1016/s1056-8727(00)00127-6
https://doi.org/10.1007/s005920200036
https://doi.org/10.1038/s41598-020-63909-5
https://doi.org/10.1038/s41598-020-63909-5
https://doi.org/10.1161/circulationaha.105.588327
https://doi.org/10.1161/circulationaha.105.588327
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1093/ajcn/nqz162
https://doi.org/10.1093/ajcn/nqz162
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref25
https://doi.org/10.1136/bjo.4.6.281
https://doi.org/10.1007/s10654-017-0242-2
https://doi.org/10.1007/s10654-017-0242-2
https://doi.org/10.1186/s12916-018-1065-z
https://doi.org/10.1186/s12916-018-1065-z
https://doi.org/10.3766/jaaa.15130
https://doi.org/10.3766/jaaa.15130
https://doi.org/10.1007/s10552-011-9810-z
https://doi.org/10.1007/s10552-011-9810-z
https://doi.org/10.18240/ijo.2018.01.21
https://doi.org/10.18240/ijo.2018.01.21
https://doi.org/10.1136/annrheumdis-2017-212534
https://doi.org/10.1136/annrheumdis-2017-212534
https://doi.org/10.3390/genes10121050
https://doi.org/10.3390/genes10121050
https://doi.org/10.2337/diacare.27.1.134
https://doi.org/10.2337/diacare.27.1.134
https://doi.org/10.1111/j.1753-4887.1999.tb06948.x
https://doi.org/10.1111/j.1753-4887.1999.tb06948.x
https://doi.org/10.1016/j.mehy.2003.10.034
https://doi.org/10.1016/j.mehy.2003.10.034
https://doi.org/10.1007/s12011-017-1207-8
https://doi.org/10.1007/s12011-017-1207-8
https://doi.org/10.1371/journal.pgen.1001045
https://doi.org/10.1371/journal.pgen.1001045
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref39
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref39
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref39
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref39
https://doi.org/10.1097/00042752-200007000-00008
https://doi.org/10.1097/00042752-200007000-00008
https://doi.org/10.3390/genes12050707
https://doi.org/10.3390/genes12050707

iScience

fractures: results from the Women's Health
Initiative Observational Study. Am. J. Clin. Nutr.
99, 926-933. https://doi.org/10.3945/ajcn.113.
067488.

Otasek, D., Morris, J.H., Bougas, J., Pico, A.R., and
Demchak, B. (2019). Cytoscape Automation:
empowering workflow-based network analysis.
Genome Biol 20, 185. https://doi.org/10.1186/
s13059-019-1758-4.

Padmanabhan, S., Carty, L., Cameron, E., Ghosh,
R.E., Williams, R., and Strongman, H. (2019).
Approach to record linkage of primary care data
from Clinical Practice Research Datalink to other
health-related patient data: overview and
implications. Eur. J. Epidemiol. 34, 91-99. https://
doi.org/10.1007/s10654-018-0442-4.

Palmer, T.M., Lawlor, D.A., Harbord, R.M.,
Sheehan, N.A., Tobias, J.H., Timpson, N.J., Davey
Smith, G., and Sterne, J.A. (2012). Using multiple
genetic variants as instrumental variables for
modifiable risk factors. Stat. Methods Med. Res.
21, 223-242. https://doi.org/10.1177/
0962280210394459.

Paolisso, G., and Barbagallo, M. (1997).
Hypertension, diabetes mellitus, and insulin
resistance - the role of intracellular magnesium.
Am. J. Hypertens. 10, 346-355. https://doi.org/
10.1016/s0895-7061(96)00342-1.

Papadimitriou, N., Dimou, N., Gill, D., Tzoulaki, I.,
Murphy, N., Riboli, E., Lewis, S.J., Martin, R.M.,
Gunter, M.J., and Tsilidis, K.K. (2021). Genetically
predicted circulating concentrations of
micronutrients and risk of breast cancer: a
Mendelian randomization study. Int. J. Cancer
148, 646-653. https://doi.org/10.1002/ijc.33246.

Pringsheim, T., Davenport, W., Mackie, G.,
Worthington, I., Aubé, M., Christie, S.N.,
Gladstone, J., and Becker, W.J. (2012). Canadian
Headache Society guideline for migraine
prophylaxis. Can J. Neurol. Sci. 39, S1-S59.

Qin, B., Shi, X., Samai, P.S., Renner, J.B., Jordan,
J.M., and He, K. (2012). Association of dietary
magnesium intake with radiographic knee
osteoarthritis: results from a population-based

study. Arthritis Care Res. (Hoboken) 64, 1306—
1311. https://doi.org/10.1002/acr.21708.

Ryder, K.M., Shorr, R.I., Bush, A.J., Kritchevsky,
S.B., Harris, T., Stone, K., Cauley, J., and Tylavsky,
F.A. (2005). Magnesium intake from food and
supplements is associated with bone mineral
density in healthy older white subjects. J. Am.
Geriatr. Soc. 53, 1875-1880. https://doi.org/10.
1111/j.1532-5415.2005.53561 .x.

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S.,
Wang, J.T., Ramage, D., Amin, N., Schwikowski,
B., and Ideker, T. (2003). Cytoscape: a software
environment for integrated models of
biomolecular interaction networks. Genome Res
13, 2498-2504. https://doi.org/10.1101/gr.
1239303.

Shumiya, S. (1995). Establishment of the
hereditary cataract rat strain (SCR) and genetic
analysis. Lab Anim. Sci. 45, 671-673.

Soltani, N., Keshavarz, M., Minaii, B., Mirershadi,
F., Asl, S.Z., and Dehpour, A.R. (2005). Effects of
administration of oral magnesium on plasma
glucose and pathological changes in the aorta
and pancreas of diabetic rats. Clin. Exp.
Pharmacol. Physiol. 32, 604-610. https://doi.org/
10.1111/j.0305-1870.2005.04238 x.

Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman,
S., Twik, M., Fishilevich, S., Stein, T.I., Nudel, R.,
Lieder, I., Mazor, Y., et al. (2016). The GeneCards
Suite: From Gene Data Mining to Disease
Genome Sequence Analyses. Curr Protoc
Bioinformatics 54, 1.30.1-1.30.33. https://doi.
org/10.1002/cpbi.5.

Sudlow, C., Gallacher, J., Allen, N., Beral, V.,
Burton, P., Danesh, J., Downey, P., Elliott, P.,
Green, J., Landray, M., et al. (2015). UK biobank:
an open access resource for identifying the
causes of a wide range of complex diseases of
middle and old age. PLoS Med. 12, e1001779.
https://doi.org/10.1371/journal.pomed.1001779.

Szklarczyk, D., Gable, A.L., Nastou, K.C., Lyon, D.,
Kirsch, R., Pyysalo, S., Doncheva, N.T., Legeay,
M., Fang, T., Bork, P., et al. (2021). The STRING
database in 2021: customizable protein-protein

¢? CellPress

OPEN ACCESS

networks, and functional characterization of user-
uploaded gene/measurement sets. Nucleic acids
research 49, D605-D612. https://doi.org/10.
1093/nar/gkaa1074.

Tarighat Esfanjani, A., Mahdavi, R., Ebrahimi
Mameghani, M., Talebi, M., Nikniaz, Z., and
Safaiyan, A. (2012). The effects of magnesium, L-
carnitine, and concurrent magnesium-L-carnitine
supplementation in migraine prophylaxis. Biol.
Trace Elem. Res. 150, 42-48. https://doi.org/10.
1007/512011-012-9487-5.

Verma, A., Bradford, Y., Dudek, S., Lucas, AM.,
Verma, S.S., Pendergrass, S.A., and Ritchie, M.D.
(2018). A simulation study investigating power
estimates in phenome-wide association studies.
BMC Bioinform. 19, 120. https://doi.org/10.1186/
512859-018-2135-0.

Veronese, N., Stubbs, B., Maggi, S., Notarnicola,
M., Barbagallo, M., Firth, J., Dominguez, L.J., and
Caruso, M.G. (2017). Dietary magnesium and
incident frailty in older people at risk for knee
osteoarthritis: an eight-year longitudinal study.
Nutrients 9. https://doi.org/10.3390/nu9111253.

Volpe, S.L. (2013). Magnesium in disease
prevention and overall health. Adv. Nutr. 4, 378s—
383s. https://doi.org/10.3945/an.112.003483.

Wark, P.A., Lau, R., Norat, T., and Kampman, E.
(2012). Magnesium intake and colorectal tumor
risk: a case-control study and meta-analysis. Am.
J. Clin. Nutr. 96, 622-631. https://doi.org/10.
3945/ajen.111.030924.

Wu, Z., Yang, J., Liu, J., and Lian, K. (2019). The
relationship between magnesium and
osteoarthritis of knee: a MOOSE guided
systematic review and meta-analysis. Medicine
(Baltimore) 98, e17774. https://doi.org/10.1097/
md.0000000000017774.

Zhu, Y., Pandya, B.J., and Choi, H.K. (2011).
Prevalence of gout and hyperuricemia in the US
general population: the National health and
nutrition Examination survey 2007-2008. Arthritis
Rheum. 63, 3136-3141. https://doi.org/10.1002/
art.30520.

iScience 24, 103191, October 22, 2021 13



https://doi.org/10.3945/ajcn.113.067488
https://doi.org/10.3945/ajcn.113.067488
https://doi.org/10.1186/s13059-019-1758-4
https://doi.org/10.1186/s13059-019-1758-4
https://doi.org/10.1007/s10654-018-0442-4
https://doi.org/10.1007/s10654-018-0442-4
https://doi.org/10.1177/0962280210394459
https://doi.org/10.1177/0962280210394459
https://doi.org/10.1016/s0895-7061(96)00342-1
https://doi.org/10.1016/s0895-7061(96)00342-1
https://doi.org/10.1002/ijc.33246
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref47
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref47
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref47
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref47
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref47
https://doi.org/10.1002/acr.21708
https://doi.org/10.1111/j.1532-5415.2005.53561.x
https://doi.org/10.1111/j.1532-5415.2005.53561.x
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref50
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref50
http://refhub.elsevier.com/S2589-0042(21)01159-7/sref50
https://doi.org/10.1111/j.0305-1870.2005.04238.x
https://doi.org/10.1111/j.0305-1870.2005.04238.x
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1007/s12011-012-9487-5
https://doi.org/10.1007/s12011-012-9487-5
https://doi.org/10.1186/s12859-018-2135-0
https://doi.org/10.1186/s12859-018-2135-0
https://doi.org/10.3390/nu9111253
https://doi.org/10.3945/an.112.003483
https://doi.org/10.3945/ajcn.111.030924
https://doi.org/10.3945/ajcn.111.030924
https://doi.org/10.1097/md.0000000000017774
https://doi.org/10.1097/md.0000000000017774
https://doi.org/10.1002/art.30520
https://doi.org/10.1002/art.30520

¢? CellPress iScience
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R software The R Core Team https://www.r-project.org/

PheWAS package Denny et al., 2013; https://github.com/PheWAS/PheWAS

TwoSampleMR package Burgess et al., 2015; Burgess et al., 2017; https://mrcieu.github.io/TwoSampleMR/
Palmer et al., 2012 articles/exposure.html

Cytoscape Shannon et al., 2003; Otasek et al., 2019 https://cytoscape.org/

Other

Ensembl database Howe et al., 2021 http://grch37.ensembl.org/Homo_sapiens/

Info/Index

STRING Szklarczyk et al., 2021 https://string-db.org/

GeneCards Stelzer et al., 2016 https://www.genecards.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Xiaobo Yang (yangx@gxmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw data reported in this study cannot be deposited in a public repository because of the UK Biobank
Committee stipulations. To request access, please login the UK Biobank official website to apply (https://
www.ukbiobank.ac.uk/). This paper does not report original code. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study was restricted to participants of Caucasian descent from UK Biobank (Sudlow et al., 2015), a pro-
spective cohort with a total of 502,505 participants aged 40-69 years and recruited from 22 assessment cen-
ters throughout the UK between 2006 and 2010 at baseline, while relatives with a kinship coefficient of >
0.0884 were randomly excluded. Finally, a total of 376,346 participants consisted of 202,177 females
(53.72%) and 174,169 males (46.28%) were enrolled in the analyses. UK Biobank has approval from the North
West Multi-centre Research Ethics Committee (IRAS project ID: 299116), which covers the UK. The informed
consent was obtained from all subjects. Additionally, this study has approval from the UK Biobank Ethics
and Governance Council (Approval No. 56902).

METHOD DETAILS

Genetic instruments for magnesium

We selected six magnesium-associated SNPs as genetic instruments, which was based on a genome-wide
association study (GWAS) performed by the International Cohorts for Heart and Aging Research in
Genomic Epidemiology Alliance on 23,829 European subjects (combined Discovery [N = 15,366] and Repli-
cation [N = 8,463] cohorts) (Guo et al., 2020; Meyer et al., 2010). The six identified SNPs comprised:
rs4072037 in Mucin1 (MUCT) gene, rs7965584 near ATPase plasma membrane Ca®* transporting 1
(ATP2B1) gene, rs3925584 near the doublecortin domain containing 5 (DCDCD5) gene, rs11144134 in tran-
sient receptor potential cation channel subfamily M member 6 (TRPMé) gene, rs13146355 in shroom family
member 3 (SHROOM3) gene, and rs448378 in MDS1 and EVI1 complex locus (MECOM) gene. All SNPs
were at a genome-wide significance level (p < 5 x 1078). All six of these SNPs have previously been shown
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to be strong instruments for MR analysis as measured by F-statistics > 10 (Guo et al., 2020) and collectively
explain approximately 1.62% of the variation in serum magnesium levels (Table S7). We used six serum
magnesium-associated SNPs to construct a weighted GRS as a proxy for serum magnesium levels.

PheWAS

We used the WHO's ICD-10 to define the case and control groups. Both incident and prevalent cases were
included, but not self-reported diagnoses. We focused on phenotypic data sets of inpatient hospital
episode records in the UK Biobank. In PheWAS analysis, we individually used six magnesium-associated
SNPs to scan across a wide range of disease outcomes defined by the phecode system (Denny et al.,
2013). Additionally, we performed the same PheWAS using serum magnesium-associated GRS. The case
groups were identified as individuals having at least one documented event, while the control groups
were those without any record of this outcome or its related phecodes (Li et al., 2018b). Next, a series of
case-control tests were performed for each phecode, and logistic regression analysis was generated for
each instrument SNP separately across all phecodes, adjusting for age, sex, BMI, assessment center,
and the first 15 genetic principal components. To ensure statistical power, the PheWAS analysis was
only performed for phecode with 200 or more cases, which was suggested based on a simulation of power
estimates for PheWAS analysis (Verma et al., 2018). We used the threshold of lower than 10% FDR to ac-
count for multiple testing, when the p-value less than 0.05 was considered statistically significant
(Zhu et al., 2011).

MR

To explore if there were any causal effects on disease outcomes identified in the PheWAS analysis, IVW
meta-analysis of MR estimates for all six instrument SNPs was performed to derive the overall MR estimate
for the effect of magnesium on the risk of each considered outcome (Burgess et al., 2015; Palmer et al.,
2012).

Pleiotropy and sensitivity analyses

We used the Ensembl database (http://grch37.ensembl.org/Homo_sapiens/Info/Index) to search for sec-
ondary phenotypes associated with each magnesium-associated SNP (Howe et al., 2021), and to exclude
possible pleiotropic effects by manually removing these SNPs from the MR analyses (Table S7). Addition-
ally, the MR- Egger method, which allows the intercept to be freely estimated as an indicator of average
pleiotropic bias, was performed to correct for any potential pleiotropic effects in the causal estimates (Bow-
denetal., 2015; Burgess and Thompson, 2017). We also conducted the weighted median to further ensure
the robust exclusion of pleiotropic instruments (Bowden et al., 2016).

The Cochran’s Q statistic was then applied to evaluate heterogeneity in VW estimates (Burgess et al., 2017;
Egger et al,, 1997; Huang et al., 2019). Moreover, to account for any difference between male and female
gender, we performed PheWAS and MR analyses by gender stratification.

The PPI network

To explore the interactions between serum magnesium-associated genes and disease-associated genes,
we used STRING (https://string-db.org/) and Cytoscape (https://cytoscape.org/) to construct a PPl network
(Otasek et al., 2019; Shannon et al., 2003; Szklarczyk et al., 2021), using the IV SNPs located genes and the
top ten associated genes of serum magnesium and disease outcomes. The top ten associated genes of
serum magnesium and disease outcomes were searched for using the GeneCards website (https://www.
genecards.org/) (Stelzer et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

When compared the difference between females and males, t-test was used for continuous variables, and
chi-square test for the categorical variables in Table 1. Regarding the MR-Phe WAS analyses to estimate the
causal effects of serum magnesium levels on multiple disease outcomes, we used R software by PheWAS
package (https://github.com/PheWAS/PheWAS) and TwoSampleMR package (https://mrcieu.github.io/
TwoSampleMR/articles/exposure.html) in Tables 3, 4, and 5, Figures S1 and S2, and Tables S1, S2, S3,
S4, S5, and Sé.

¢? CellPress

OPEN ACCESS

iScience 24, 103191, October 22, 2021 15



http://grch37.ensembl.org/Homo_sapiens/Info/Index
https://string-db.org/
https://cytoscape.org/
https://www.genecards.org/
https://www.genecards.org/
https://github.com/PheWAS/PheWAS
https://mrcieu.github.io/TwoSampleMR/articles/exposure.html
https://mrcieu.github.io/TwoSampleMR/articles/exposure.html

¢? CellPress

OPEN ACCESS

ADDITIONAL RESOURCES

This study was based on data obtained from a prospective cohort study: UK Biobank, an open access data-
base to any bona fide researcher who wishes to use it to conduct health-related research for the benefit of
the public, after being approved from the UK Biobank Ethics and Governance Council (https://www.
ukbiobank.ac.uk/). At baseline, a total of 502,505 participants aged 40-69 years were recruited from 22
assessment centers throughout the UK between 2006 and 2010 (Sudlow et al., 2015). The cohort provided
a wide range of self-reported baseline information, including data of health, lifestyle, diseases outcome
and genome-wide genotyping (Bycroft et al., 2018).
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