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Abstract

Background The available evidence regarding the association of antioxidants, minerals, and vitamins with the risk
of metabolic syndrome (MetS) traits is currently limited and inconsistent. Therefore, the purpose of this Mendelian
randomization (MR) study was to investigate the potential causal relationship between genetically predicted antioxi-
dants, minerals, and vitamins, and MetS.

Methods In this study, we utilized genetic variation as instrumental variable (IV) to capture exposure data related

to commonly consumed dietary nutrients, including antioxidants (3-carotene, lycopene, and uric acid), minerals
(copper, calcium, iron, magnesium, phosphorus, zinc, and selenium), and vitamins (folate, vitamin A, B6, B12, C, D,

E, and K1). The outcomes of interest, namely MetS (n=291,107), waist circumference (n=462,166), hypertension
(n=463,010), fasting blood glucose (FBG) (n=281,416), triglycerides (n=441,016), and high-density lipoprotein
cholesterol (HDL-C) (n=403,943), were assessed using pooled data obtained from the most comprehensive genome-
wide association study (GWAS) available. Finally, we applied the inverse variance weighting method as the result

and conducted a sensitivity analysis for further validation.

Results Genetically predicted higher iron (OR=1.070, 95% Cl 1.037-1.105, P=2.91E-05) and magnesium levels
(OR=1.130, 95% Cl 1.058-1.208, P=2.80E—04) were positively associated with increased risk of MetS. For each compo-
nent of MetS, higher level of genetically predicted selenium (OR=0.971, 95% Cl 0.957-0.986, P=1.09E—04) was nega-
tively correlated with HDL-C levels, while vitamin K1 (OR=1.023, 95% CI 1.012-1.033, P=2.90E—05) was positively
correlated with HDL-C levels. Moreover, genetically predicted vitamin D (OR=0.985, 95% Cl 0.978-0.992, P=551E-5)
had a protective effect on FBG levels. Genetically predicted iron level (OR=1.043, 95% Cl 1.022-1.064, P=4.33E-05)
had a risk effect on TG level.

Conclusions Our study provides evidence that genetically predicted some specific, but not all, antioxidants, minerals,
and vitamins may be causally related to the development of MetS traits.
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Introduction

Metabolic syndrome (MetS) is a state characterized by
a cluster of metabolic abnormalities, including hyper-
tension, hyperglycemia, dyslipidemia, and abdominal
obesity, which collectively increase the risk of cardio-
vascular disease and type II diabetes [1]. With a preva-
lence ranging from 10 to 50% among adults worldwide
[2], MetS poses a significant threat to global health,
with alarming rates in specific populations, particularly
among elderly individuals in the United States [3]. The
escalating prevalence of MetS and its association with
increased mortality have made it a substantial burden
on public health care systems and national finances [4,
5].

One of the key hallmarks of MetS is insulin resistance,
resulting from various lifestyle factors such as aging,
obesity, sedentary behavior, smoking, and sleep apnea
[6]. Insulin resistance leads to elevated levels of reactive
nitrogen oxides (RONS) and pro-inflammatory cytokines,
triggering the activation of c-Jun N-terminal kinases
(JNK1), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xkB), and mitogen-activated pro-
tein kinase (MAPK) [7]. Consequently, oxidative stress
occurs when there is an imbalance between the excessive
production of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) and the body’s antioxidant
defense system [8]. This oxidative stress damages cellular
components, such as lipids, proteins, and DNA, contrib-
uting to the development of various metabolic distur-
bances [9].

The potential roles of antioxidants, minerals, and vita-
mins in maintaining cellular health, reducing oxidative
stress, and modulating metabolic pathways have been
subjects of extensive research. These essential micronu-
trients have garnered considerable attention due to their
proposed protective effects against specific cancers and
other chronic diseases. Clinical data analysis has revealed
low serum levels of retinyl esters, vitamin C, and carote-
noids in MetS patients [10]. Moreover, growing evidence
suggests that high intakes of nutrients, such as vitamin C
[11], vitamin D [12] and calcium [13], could inhibit oxi-
dative stress processes. Vitro experiments have shown
that certain antioxidant nutrients reverse the inflamma-
tory response caused by oxidative stress [14]. However,
results from clinical trials examining the effectiveness
of antioxidants as disease preventive agents have been
inconsistent, with some even showing potential harm
[15, 16]. These discrepancies may be attributed to limita-
tions in observational studies (such as residual confound-
ing and reverse causality) and challenges in randomized
control trials, including low treatment compliance, inad-
equate dosages, short trial durations, and insufficient sta-
tistical power.
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To overcome the bias of previous studies, we improved
the study design through Mendelian randomization (MR)
analysis, using genetic variation as an instrumental vari-
able (IV), to establish reliable causal inferences between
genetically predicted antioxidant, vitamin and mineral
exposure levels and risk for MetS traits. By leverag-
ing genetic variants as proxies for antioxidant, mineral,
and vitamin levels, we aimed to obtain more robust and
unbiased estimates of the potential causal effects of these
micronutrients on MetS traits, thus contributing to a bet-
ter understanding of preventive strategies for MetS and
related conditions.

Materials and methods

Study design

An overview of the study design and the assumptions of
the MR study are shown in Fig. 1. MR is a genetic instru-
mental variable analysis that uses SNPs as IVs for risk
factors of interest. SNPs are randomly assigned at meio-
sis and are therefore not subject to reverse causality bias.
Firstly, we obtained available genetic variants for antioxi-
dants, minerals and vitamins from a large-scale GWAS.
Secondly, we selected pooled data from the GWAS
meta-analysis for MetS and its components including
waist circumference (WC), hypertension, fasting blood
glucose (FBG), triglycerides (TG) and high-density lipo-
protein cholesterol (HDL-C). Finally, a two-sample MR
analysis and sensitivity analysis were performed to assess
the causal relationship between exposure to dietary
sources and the risk of MetS and its components. The
MR depended on three key assumptions: (1) IVs are sig-
nificantly associated with the exposure of interest; (2) IVs
are not associated with any confounders of the exposure-
outcome association; and (3) IVs affect outcome through
exposure only [17].

Details of the data sources used in this study are sum-
marized in Additional file 1: Table S1. To minimize racial
mismatch, our analyzes were restricted to participants of
European descent, all studies have been approved by the
relevant institutional review boards, and informed con-
sent have been obtained from the participants.

Data sources for antioxidants, minerals, and vitamins

and selection of instrumental variables

We searched PubMed and the GWAS catalogue for
newly published GWAS studies on circulating levels of
diet-related antioxidants, minerals and vitamins in pop-
ulations of European descent. Taking into account the
accessibility of the exposed GWAS studies and the need
to reduce sample duplication with outcome data, 18 cir-
culating nutrients were identified: antioxidants (lycopene
[18], wuric acid [19] and beta-carotene [20]), minerals
(calcium [21], copper [22], iron [23], magnesium [24],
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Fig. 1 A flowchart of study design. Assumption 1 suggests that the genetic variants proposed as instrumental variables should be closely
associated with the antioxidants, minerals and vitamins, SNPs should be associated with these circulating nutrients at the level of genome-wide
significance (P< 5% 1078); for those traits detected by < 2 SNPs, include genome-wide associations significant for suggestive significance (P< 1x 10"
%) or validated SNPs, if available; Assumption 2 suggests that the genetic variants used should not be associated with potential confounders,

and Assumption 3 suggests that the genetic variants selected should affect the risk of the outcome only through the risk factor and not through
other pathways. MetS indicates metabolic syndrome; WC: waist circumference; HDL-C: high-density lipoprotein cholesterol; FBG: fasting blood

glucose; TG: triglycerides; IVW: inverse-variance weighted

phosphorus [25], selenium [26] and zinc [22]) and vita-
mins (vitamin A [27], vitamin K1 [28], vitamin E [29],
vitamin D [30], vitamin C [31], vitamin B6 [32], vitamin
B12 [33] and folate [33]).

For each exposure factor, eligible IVs were selected
based on the three main assumptions of MR. Firstly,
we included SNPs that met a genome-wide significance
threshold (P<5x107%), and for those exposures detected
by<2 SNPs, suggestively significant genome-wide asso-
ciations significant (P<1x107°) or validated SNPs were
included if available. rs2108622 and rs11057830 were
excluded due to F < 10. We displayed the SNPs associated
with antioxidants, vitamins and minerals in Additional
file 1: Table S2, and selected a total of 161 SNPs as IVs for
the levels of three types of circulating nutrients.

Data sources for MetS and its components
We used the most comprehensive GWAS summary-level
data from UK Biobank [34], including 291,107 individuals

(59,677 cases and 231,430 controls) with missing data
for genotype, outcome and covariates. Individuals were
defined as having MetS by meeting three or more of the
following five criteria: blood pressure>130/85 mmHg
or taking antihypertensive medication, serum glu-
cose>6.1 mmol/L or taking glucose-lowering medica-
tion, serum triglycerides>1.7 mmol/L, WC>102 cm
in men and>88 c¢cm in women, HDL-C<1.0 mmol/L in
men and < 1.3 mmol/L in women. This GWAS data were
adjusted for age, sex, 10 principal components and geno-
typing batches.

For waist circumference, we extracted GWAS sum-
mary data from the Medical Research Council Integrated
Epidemiology Unit (MRC-IEU) [35], which included
462,166 subjects of European ancestry; for hypertension,
summary statistics were also available from the MRC-
IEU [35], which included 463,010 subjects; for FBG,
pooled level data were obtained from the meta-analysis
of glucose and insulin-related traits (MAGIC) [36], which
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included 281,416 individuals; for TG and HDL-C, sum-
mary-level statistics were extracted from the UK Biobank
of over 400,000 participants [37]. To our knowledge,
there was no sample overlap between exposure and out-
come GWAS.

Statistical analysis

The inverse variance weighting (IVW) method was used
as the primary outcome of the MR analysis. For expo-
sures with more than 3 SNPs, the estimates of variance
were then combined using a random multiplicative
effects inverse variance weighting method. For exposures
detected by only 2 SNPs, a fixed-effects inverse variance
weighting method was used. If the exposure had only 1
SNP, the Wald ratio method was performed, where the
SNP-outcome association estimate was divided by its
SNP-exposure association estimate to obtain a causal
relationship.

In this study, Cochrane’s Q test, the weighted median
[38], Egger regression intercept [39] and MR-PRESSO
global test [40] were used for sensitivity analysis to
further examine heterogeneity and horizontal poly-
morphism. Cochrane’s Q test was used to quantify het-
erogeneity across instrumental variables. A weighted
median model could provide consistent estimates if
at least 50 percent of the weights come from effective
instrumental variables. MR-Egger intercept test was
used to characterize the potential horizontal polymor-
phism. In addition, MR-PRESSO method could identify
horizontal pleiotropic outliers for SNPs and provide the
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same results as IVW in the absence of outliers. Based
on the above analysis, we used IVW as the main causal
effect estimate and considered the consistency of all MR
methods.

Statistical analyzes were performed using RStudio
(version 4.2.1) and the R package "TwoSampleMR" and
results were expressed as odds ratios (OR) and corre-
sponding 95% Cls. Because of multiple comparisons,
the significance level was corrected using the Bonferroni
method. P value<4.63x10™* was considered a strong
association, a P value between 4.63x107* and 0.05 was
considered a potential association, and the P-values were
two-sided.

Results

Study overview

The current study assessed the causal impact of 18 genet-
ically predicted antioxidants, minerals and vitamins in
MetS traits such as WC, hypertension, HDL-C, FBG and
TG. After a rigorous SNP filtering procedure, the number
of SNPs finally used for each exposure varied from 1 to 81
(Additional file 1: Table S1). The F-statistic ranged from
11 to 10,000, suggesting that bias due to the use of weak
instruments was unlikely (Additional file 1: Table S2). In
the main analysis, 6 strongly causal and 15 potentially
causal features were identified (Fig. 2).

The causal role of antioxidants in MetS and its components
As to antioxidants, potential evidence was obtained for
higher genetically predicted beta-carotene (OR per 1 SD

Beta-Carotene
Lycopene
Uric acid

-huy

Calcium
Copper
Iron

Zinc
Selenium
Magnesium

s[eRuIpy

Folate
Vitamin A
Vitamin B12
Vitamin C
Vitamin E
Vitamin D
Vitamin B6
Vitamin K1

surmey

Outcome MetS WC

Hypertension

HDL-C FBG 16

Higher odds
Low odds

P value >0.05

Association No clear Suggestive

4.630<10%t0 0.05 <4.630x10™
Higher/Lower

Fig. 2 Primary analysis of associations between antioxidants, minerals and vitamins and MetS traits. MetS indicates metabolic syndrome; WC: waist
circumference; HDL-C: high-density lipoprotein cholesterol; FBG: fasting blood glucose; TG: triglycerides
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increase in log-transformed ug/L, 0.900 [0.831-0.976])
with lower risk of MetS and higher genetically pre-
dicted uric acid levels with higher risks of MetS (OR per
1 mg/dL increase, 1.068 [1.002—1.138]) and hyperten-
sion (OR per 1 mg/dL increase, 1.015 [1.006—1.023]). A
higher genetically predicted beta-carotene (OR per 1 SD
increase in log-transformed ug/L, 0.973 [0.949-0.997])
was associated with lower odds of TG level (Fig. 3).

The causal role of minerals in MetS and its components
Among minerals levels, genetically predicted higher
selenium levels were associated with a decreased risk
of HDL-C, whereas genetically predicted iron and mag-
nesium levels were positively associated with the risk
of MetS (Fig. 4). The ORs per SD increase in genetically
predicted circulating levels of these minerals were 0.971
(95% CI10.957-0.986; P=1.09E—04) for selenium in HDL-
C, 1.070 (95% CI 1.037-1.105; P=2.91E-05) for iron
in MetS and 1.130 (95% CI 1.058-1.208; P=2.80E—04)
for magnesium in MetS. There was clear evidence that
genetically determined iron was causally associated with
TG (OR=1.043, 95% CI 1.022-1.064, P=4.33E-05).
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We found a suggestive causal effect of copper
(OR=1.014, 95% CI 1.002-1.026, P=0.020) and selenium
(OR=1.022, 95% CI 1.009-1.035, P=0.001) on the risk of
WC. Potential evidence showed that genetic liability to
selenium was positively related to MetS (OR=1.063, 95%
CI 1.006-1.124, P=0.031) and FBG (OR=1.011, 95%
CI 1.004-1.018, P=0.002), while phosphorus negatively
associated with FBG (OR=0.961, 95% CI 0.926-0.998,
P=0.036).

The causal role of vitamins in MetS and its components
Among vitamins levels, higher genetically predicted
vitamin K1 levels were associated with an elevated
risk of HDL-C levels (OR=1.023, 95% CI 1.012-1.033,
P=2.90E-05), whereas genetically predicted vitamin D
levels were negatively associated with risk of FBG levels
(OR=0.985, 95% CI 0.978-0.992, P=5.51E-05) (Fig. 5).
There was suggestive evidence that genetically deter-
mined vitamin K1 level was causally associated with
MetS (OR=0.937, 95% CI 0.906-0.969, P=0.003), FBG
(OR=1.005, 95% CI 1.002-1.009, P=0.004) and TG
(OR=0.979, 95% CI 0.964-0.994, P=0.005). Higher
genetically predicted folate levels were associated with

Exposure&Outcome OR (95%C)) P value
Beta-Carotene (ng/ L)
MetS 0.900 (0.831-0.976) ° . 0.010
wC 0.991 (0.970-1.013) el 0.429
Hypertension 1.002 (0.994-1.010) b 0.625
HDL-C 1.019 (0.996-1.043) 4o 0.103
FBG 0.991 (0.970-1.012) el 0.399
TG 0.973 (0.949-0.997) ° 0.027
Lycopene (pg/L)
MetS 1.009 (0.994-1.023) i P 0.231
wC 0.996 (0.990-1.002) 0.157
Hypertension 1.000 (0.995-1.004) 0.882
HDL-C 1.000 (0.988-1.008) 0.698
FBG 1.005 (0.989-1.021) 0.542
TG 0.998 (0.992-1.004) 0.530
Uric acid (mg/dL)
MetS 1.068 (1.002-1.138) PY ; 0.044
wC 1.027 (0.997-1.059) N P 0.078
Hypertension 1.015 (1.006-1.023) o 0.001
HDL-C 0.980 (0.956-1.004) —eo—h 0.103
FBG 1.014 (0.993-1.035) H—0— 0.204
TG 1.028 (0.997-1.059) —e— 0.077
0.9 1 1.1 1.2

Fig. 3 Associations of genetically predicted circulating antioxidants with risk of MetS and its components using the inverse-variance

weighted mendelian randomization method. Estimated ORs represent the effect per unit increase in In-transformed (3-carotene, 1 ug/dL
lycopene, and 1 mg/dL uric acid on MetS traits. The blue circles represent the OR and horizontal lines represent the 95% Cl of the OR. P values
below the Bonferroni-corrected threshold of 4.63 x 10~ are displayed in bold and suggestive P values between 0.05 and 4.63 x 10~ are displayed
in bold-italic. OR indicates odds ratio; CI: confidence interval; MetS: metabolic syndrome; WC: waist circumference; HDL-C: high-density lipoprotein

cholesterol; FBG: fasting blood glucose; TG: triglycerides
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Exposure&Outcome OR (95% CI) P value
Calcium (mg/L)
MetS 0.979 (0.841-1.140) ' * | 0.788
wcC 1.005 (0.951-1.061) T 0.872
Hypertension 0.994 (0.984-1.004) rofi 0.249
HDL-C 0.998 (0.939-1.062) i 0.957
FBG 1.014 (0.973-1.057) le 0.520
TG 1.003 (0.944-1.064) g 0.934
Copper (pmol/L)
MetS 0.999 (0.956- 1.044) e 0.965
wcC 1.014 (1.002-1.026) o1 0.020
Hypertension 0.998 (0.994-1.003) " 0.434
HDL-C 0.996 (0.984-1.007) B8 0.479
FBG 1.004 (0.991-1.016) - 0.572
TG 1.007 (0.994-1.021) Ho- 0.278
Iron (nmol/L)
MetS 1.070 (1.037-1.105) e 2.91E-05
wcC 0.999 (0.986-1.013) R 0.884
Hypertension 1.004 (0.987-1.021) . 0.669
HDL-C 0.992 (0.967-1.018) e 0.541
FBG 1.007 (0.997-1.018) o 0.170
TG 1.043 (1.022-1.064) ] 4.33E-05
Zinc (pmol/L)
MetS 1.023 (0.978-1.070) e 0.422
wcC 1.009 (0.996-1.021) o 0.168
Hypertension 1.001 (0.997-1.006) s 0.622
HDL-C 1.007 (0.970-1.045) oo 0.727
FBG 0.996 (0.990-1.003) . 0.315
TG 0.995 (0.961-1.030) —— 0.788
Selenium (umol/L)
MetS 1.063 (1.006-1.124) —_— 0.031
wcC 1.022 (1.009-1.035) [ 0.001
Hypertension 0.998 (0.994-1.002) " 0.362
HDL-C 0.971 (0.957-0.986) o— 1.09E-04
FBG 1.011 (1.004-1.018) ™ 0.002
TG 1.019 (0.992-1.047) e 0.176
Magnesium (mmol/L)
MetS 1.130 (1.058-1.208) e 2.80E-04
wcC 0.979 (0.933-1.026) o — 0.371
Hypertension 0.996 (0.966-1.026) R - 0.784
HDL-C 1.004 (0.965-1.045) — 0.828
FBG 0.991 (0.945-1.040) | 0.712
TG 1.002 (0.952-1.053) . S 0.953
Phosphorus (mg/dL)
MetS 1.032 (0.882-1.207) f ° ‘ 0.696
wcC 0.991 (0.918-1.069) ° 0.809
Hypertension 1.008 (0.986-1.031) o 0.481
HDL-C 1.031 (0.953-1.114) 1 e 0.451
FBG 0.961 (0.926-0.998) PN 0.036
TG 1.005 (0.944-1.071) M 0.865
0.8 0.9 1 1.1 1.2 1.3

Fig. 4 Associations of genetically predicted circulating minerals with risk of MetS and its components using the inverse-variance weighted
Mendelian randomization method. Estimated ORs represent the effect per unit increase in In-transformed copper, 1 sd iron, zing, selenium,
magnesium, phosphorus, and folate on MetS traits. The blue circles represent the OR and horizontal lines represent the 95% Cl of the OR. P values
below the Bonferroni-corrected threshold of 4.63 x 10~ are displayed in bold and suggestive P values between 0.05 and 4.63 x 10~ are displayed
in bold-italic. OR indicates odds ratio; CI: confidence interval; MetS: metabolic syndrome; WC: waist circumference; HDL-C: high-density lipoprotein
cholesterol; FBG: fasting blood glucose; TG: triglycerides
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Exposure&Outcome OR (95%CI) P value
Folate (nmol/L)

MetS 0.939 (0.828-1.065) ® 0.329
wC 1.026 (0.991-1.062) N 0.146
Hypertension 0.983 (0.970-0.996) e 0.008
HDL-C 1.037 (1.000-1.076) R 0.051
FBG 0.981 (0.948-1.014) 1 0.258
TG 0.974 (0.939-1.011) 1 0.166
Vitamin A (ng/L)
MetS 0.987 (0.888-1.096) ® 0.800
WwC 1.005 (0.976-1.034) L 0.742
Hypertension 0.997 (0.992-1.001) " 0.159
HDL-C 1.020 (0.916-1.136) * 0.715
FBG 1.030 (1.000-1.061) e 0.051
TG 1.038 (0.993-1.085) ) 0.102
Vitamin B12 (pmol /L)
MetS 0.994 (0.961-1.029) e 0.739
wcC 0.991 (0.981-1.002) g 0.107
Hypertension 1.004 (0.999-1.009) > 0.130
HDL-C 1.010 (0.993-1.028) e 0.256
FBG 1.022 (1.003-1.041) —e— 0.020
TG 0.990 (0.971-1.009) o 0.288
Vitamin C (pmol / L)
MetS 1.042 (0.958-1.133) * 0.335
wC 0.994 (0.970-1.018) e 0.606
Hypertension 1.005 (0.992-1.017) e 0.480
HDL-C 0.975 (0.943-1.007) ——— 0.128
FBG 1.010 (0.990-1.030) i 0.331
TG 1.021 (0.972-1.073) R 0.402
Vitamin E (mg/L)
wcC 0.999 (0.953-1.046) — 0.952
Hypertension 1.027 (1.009-1.045) —o— 0.003
Vitamin D (nmol/L)
MetS 1.016 (0.972- 1.061) O 0.489
wC 1.008 (0.992-1.025) e 0.338
Hypertension 0.999 (0.993-1.004) e 0.582
HDL-C 1.013 (0.994-1.031) H-— 0.176
FBG 0.985 (0.978-0.992) o4 5.51E-05
TG 0.995 (0.964-1.026) —— 0.737
Vitamin K1 (nmol/L)
MetS 0.937 (0.906-0.969) —e— 0.003
wC 0.989 (0.975-1.003) o 0.126
Hypertension 0.999 (0.993-1.005) e 0.767
HDL-C 1.023 (1.012-1.033) e 2.90E-05
FBG 1.005 (1.002-1.009) o 0.004
TG 0.979 (0.964-0.994) —o—i 0.005
Vitamin B6 (pmol/L)
MetS 1.001 (0.992-1.010) - 0.861
wC 1.000 (0.998-1.003) [ ] 0.934
Hypertension 0.999 (0.998-1.000) L 0.108
HDL-C 1.000 (0.997-1.002) [ 0.945
FBG 1.001 (0.998-1.003) > 0.582
TG 1.002 (0.999-1.005) J 0.138
0.8 0.9 1 1.1 1.2

Fig. 5 Associations of genetically predicted circulating vitamins with risk of MetS and its components using the inverse-variance weighted
Mendelian randomization method. Estimated ORs represent the effect per unit increase in In-transformed vitamin A and vitamin K1, 1 SD vitamin
B6, vitamin B12, vitamin C, vitamin E and vitamin D on MetS traits. The blue circles represent the OR and horizontal lines represent the 95%

Cl of the OR. P values below the Bonferroni-corrected threshold of 463 x 107 are displayed in bold and suggestive P values between 0.05

and 4.63 x 10~ are displayed in bold-italic. OR indicates odds ratio; Cl: confidence interval; MetS: metabolic syndrome; WC: waist circumference;
HDL-C: high-density lipoprotein cholesterol; FBG: fasting blood glucose; TG: triglycerides

a decreased risk of hypertension (OR=0.983, 95% CI
0.970-0.996, P=0.008), whereas genetically predicted
vitamin E levels were positively associated with the
disease (OR=1.027, 95% CI 1.009-1.045, P=0.003).

Genetically predicted vitamin B12 levels were positively
associated with the risk of FBG (OR=1.022, 95% CI
1.003-1.041, P=0.020).
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Robustness of the results

To identify potential violations of the assumptions under-
lying MR, we performed sensitivity analyses employing
three distinct methods: MR-Egger, weighted-median MR,
and MR-PRESSO. Cochrane’s Q test has not shown sig-
nificant heterogeneity among the 6 strong causal asso-
ciations. Weighted-median MR methods demonstrated
consistent directions and similar effect estimates to IVW,
except for the association between vitamin D and FBG
levels. Furthermore, MR-Egger regression detected no
evidence of directional pleiotropy for any outcome other
than uric acid and WC or hypertension, and MR-Egger
had pleiotropic P values>0.05 after excluding outliers.
As for potential associations, results from the sensitiv-
ity analyses of uric acid and vitamin K1 for MetS and its
components were generally consistent with the primary
analysis, though they did not always reach a significant
level. The direction of the association did not alter after
removing outliers in the MR-PRESSO analysis (Addi-
tional file 1: Tables S3-S7).

Discussion

In this MR analysis, we have presented compelling evi-
dence suggesting that genetically predicted higher levels
of circulating iron and magnesium were associated with
an increased risk of MetS. Regarding individual MetS
components, we found an inverse relationship between
genetically predicted selenium levels and HDL-C lev-
els. Additionally, genetically predicted vitamin D levels
were inversely associated with FBG levels. Conversely,
we observed positive associations between genetically
predicted vitamin K1 levels and HDL-C levels, as well as
between iron levels and TG levels. Suggestive evidence
supported associations between genetically predicted
beta-carotene, uric acid, selenium, circulating folate, vita-
min B12, vitamin E and vitamin K1 and MetS traits.

The potential link between beta-carotene and a reduced
risk of MetS has garnered support from previous obser-
vational studies [41]. A cross-sectional study involving
adolescents aged 12-19 years consistently found lower
beta-carotene concentrations in the group with MetS
compared to the group without the syndrome [42]. The
underlying mechanisms proposed to explain this associa-
tion include the direct impact of B-carotene on adipocyte
function through its intracellular metabolites, retinalde-
hyde, and all-trans retinoic acid, both acting as ligands
for nuclear receptors, which in turn repress adipogen-
esis [43]. Furthermore, compelling evidence suggested
a correlation between genetic susceptibility to uric acid
and an increased MetS risk, a finding consistent with
prior prospective studies [44]and meta-analyses [45].
Yuan et al’s meta-analysis, encompassing diverse popu-
lations, revealed a 30% rise in MetS risk for every 1 mg/
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dL increase in uric acid levels, demonstrating a notable
linear dose—response relationship [45]. Additionally, Liu
et al. unveiled a consistent and linear causal connection
between heightened uric acid and the incidence of MetS,
leading to the postulation of uric acid as a prospective
individualized predictor for identifying systemic/hepatic
metabolic abnormalities [46]. Therefore, lowering uric
acid levels may be a potential therapeutic approach to
prevent complex metabolic disorders.

Data on the associations of vitamins with MetS traits
are scarce. We observed that genetic predisposition to
higher vitamin K1 levels were associated with a decreased
risk of low HDL-C level. Evidence from a cross-sectional
and longitudinal analysis of a ten-year follow-up cohort
suggests that high menaquinone intake and high vitamin
K levels were associated with a lower incidence of MetS
[47]. These associations were primarily driven by triglyc-
erides and waist circumference. A cross-sectional study
examined the relationship between phylloquinone intake
and MetS and found that high phylloquinone intake
was associated with lower prevalence of MetS (odds
ratio=0.72; 95% CI 0.25-2.09), although the association
did not reach statistical significance [48]. Pan and Jackson
[48] also studied the components of MetS and found that
high phylloquinone intake was associated with a lower
risk of low HDL-C, hypertriglyceridemia, and hypergly-
cemia. Epidemiological data concerning the association
between vitamin D and FBG levels have produced incon-
sistent results, with both positive [49] and null findings
[50] reported. Our study provides evidence supporting a
causal role for vitamin D in MetS traits. In contrast, our
study provides compelling evidence supporting a causal
role for vitamin D in MetS traits. This role may be attrib-
uted to the mechanism of action of vitamin D on various
physiological parameters. These mechanisms include the
improvement of arterial stiffness, reduction of renin—
angiotensin—aldosterone system activity, modulation of
parathyroid hormone levels, regulation of inflammatory
cytokines, enhancement of lipoprotein lipase activity,
and promotion of improved phospholipid metabolism
and mitochondrial oxidation [51]. Researches on vitamin
K1 levels and FBG levels has not yet reached a unified
conclusion. A randomized, controlled, crossover study
inhibiting serum undercarboxylated osteocalcin (ucOC)
by consumption of green leafy vegetables had no negative
effects on glycemic status [47]. Therefore, further explor-
atory basic science or clinical inquiries are warranted to
comprehensively understand the mechanism by which
vitamin K1 contributes to the elevation of FBG levels.

The role of folate in hypertension risk has been pre-
viously noted. In line with our MR study results, a pro-
spective cohort study involving 93,803 younger women
aged 27 to 44 years from the Nurses’ Health Study II
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and 62,260 older women aged 43 to 70 years from the
Nurses’ Health Study I demonstrated that higher total
folate intake was associated with a reduced risk of inci-
dent hypertension, especially among younger women
[52]. Mechanistically, folate deficiency can lead to the
blockage of insulin synthesis and secretion in cultured
cells due to increased reactive oxygen species production
and pro-apoptotic changes [53]. Conversely, folic acid
has been shown to improve beta cell function by reduc-
ing oxidative stress, which is believed to contribute to
the reduced risk of cardiovascular disease and diabetes
by lowering insulinemia [54]. As for vitamin E, evidence
from prospective cohort based on 24-h dietary records
revealed a reverse J-shaped association between dietary
vitamin E intake and new-onset hypertension in general
Chinese adults [55]. As our MR study was not specifically
designed to detect nonlinear associations, we can only
infer that excessive vitamin E intake may be a causal risk
factor for hypertension. Furthermore, our study’s novel
finding of a statistically potentially positive association
between genetically predicted circulating vitamin B12
levels and FBG warrants confirmation through further
research.

The role of minerals on MetS traits has been explored
in previous observational studies [56, 57]. Findings from
a cross-sectional study with 5323 participants from four
Chinese megacities indicated that a positive association
between high dietary iron intake and metabolic abnor-
malities [56]. Additionally, animal experiments have
suggested that elevated dietary iron intake may lead to
insulin resistance and oxidative stress [57]. Laboratory
studies have provided insights into a possible mechanism,
indicating that free iron possesses strong pro-oxidative
properties, leading to oxidative damage and apoptosis
through Fenton chemistry, resulting in the generation of
RONSs [58]. Contrasting our results, dietary magnesium
intake has been reported to show an inverse association
with MetS risk in studies conducted on both US [59] and
Arab adults [60]. However, another Italian cross-sec-
tional study did not observe such a statistical association
[61]. In a 32-participant double-blind, placebo-controlled
randomized study, the supplementation of magnesium
did not substantially alter cardiometabolic biomarkers
[62]. We posit that the disparities in findings could be
attributed to magnesium’s interplay with other nutrients.
Interestingly, utilizing a validated genetic instrument, we
observed that a genetic predisposition to high circulat-
ing magnesium was associated with an increased risk of
MetS, suggesting that disturbances in magnesium metab-
olism may play a role in the pathological process of MetS
pathogenesis.

The epidemiological data on the association between
selenium and HDL-C levels show inconsistency, with

Page 9 of 11

both positive and null results reported. Our study pro-
vides evidence supporting a causal role for selenium in
MetS traits. Recently, a case—control study from China
discovered a positive association between selenium and
MetS [63]. A recent meta-analysis demonstrated a posi-
tive relationship between selenium exposure and dia-
betes in epidemiological and experimental studies [64].
The positive association between selenium and hypergly-
cemia aligns with previous evidence that high selenium
may have a diabetogenic effect. Our findings are con-
sistent with this, as we observed that higher genetically
predicted selenium levels were associated with increased
odds of hypertriglyceridemia and a lower risk of develop-
ing low HDL-C levels [65]. The underlying mechanism
explaining this association lies in the impact of selenium
levels on the expression and activity of selenoproteins
[66]. Excessive selenium levels may lead to an upsurge in
ROS production, attributed to the increase of inorganic
selenium in plasma [67]. The subsequent increase in ROS
can lead to oxidative stress and insulin resistance [68],
both of which are potential etiology of MetS.

The present study has several strengths, one of the
main ones being the MR design. The study design
reduced residual confounding and reversed causality, and
strengthened causal inferences in the observed exposure-
MetS traits associations. Another strength is that we have
implemented the most comprehensive exposure dataset
and the broadest summary-level data on MetS and its
components, with no or very limited overlap between
exposure and outcome data, so the ability to investigate
causality is high, the type I error rate is low, and the esti-
mated magnitude of effect is more accurate. The existing
literature on the efficacy of micronutrient supplementa-
tion as a treatment for metabolic disorders is currently
limited, comprising only a handful of small-scale studies
focusing on specific patient subgroups. This scarcity of
evidence poses challenges in formulating precise recom-
mendations regarding nutritional supplementation. The
results of this study will complement the evidence from
current observational studies supporting causal relation-
ships between circulating micronutrients and the devel-
opment of metabolic disorders, which will contribute
to the field of research in the nutritional prevention of
MetS.

However, our study also has limitations. Firstly, we
still cannot eliminate potential pleiotropic effects
that may be masked by a few instrumental variables,
although MR-egger intercepts showed little horizontal
pleiotropy. Secondly, heterogeneity for some exposures
was indicated by Cochran’s Q values in the MR analy-
sis. We therefore performed the MR-PRESSO analysis
and the results indicated the stability of the observed
associations. Thirdly, we restricted our analysis to
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individuals of European ancestry, which reduced poten-
tial bias introduced by demographics but limited the
generalizability of our findings to other populations.

In conclusion, the results provided by this MR study
support a causal relationship between multiple antioxi-
dants, vitamins, and minerals and the risk of MetS and
its components. Strategies targeting these modifiable
factors, avoiding excessive urid acid, iron, magnesium,
and selenium intake and increasing beta-carotene,
vitamin K1 intake, can prevent MetS and lipid abnor-
malities and reduce the corresponding disease burden,
and increasing vitamin D intake can reduce FBG level.
Vitamin K1 have the potential to be chemoprotection
against the pathogenesis of MetS traits. Our research
might contribute significantly to the development of
evidence-based recommendations for nutritional sup-
plementation strategies targeting metabolic disorders.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513098-023-01174-y.

Additional file 1: Table S1. Characteristics of used studies and consortia.
Table S2. Single nucleotide polymorphisms (SNPs) associated with
circulating antioxidants, minerals and vitamins. Table S3. Associations

of antioxidants, minerals and vitamins with MetS in sensitivity analyses.
Table S4. Associations of antioxidants, minerals and vitamins with WC in
sensitivity analyses. Table S5. Associations of antioxidants, minerals and
vitamins with hypertension in sensitivity analyses. Table S6. Associations
of antioxidants, minerals and vitamins with HDL-C in sensitivity analyses.
Table S7. Associations of antioxidants, minerals and vitamins with FBG in
sensitivity analyses. Table S8. Associations of antioxidants, minerals and
vitamins with TG in sensitivity analyses.

Author contributions

JL designed the study, did the statistical analysis and drafted the manuscript.
FS reviewed and revised the manuscript. All authors approved the final
version.

Funding

This study was supported by the Tianjin Key Medical Discipline (Specialty)
Construction Project [Grants TJYXZDXK-009A], National Key R&D Program of
China [Grants 2021YFC2500400] and National Natural Science Foundation of
China [Grants 81974439].

Data availability
Data were available on request.

Declarations

Ethics approval and consent to participate

This study was conducted in accordance with Declaration of Helsinki and
was approved by the Ethics Committee of Tianjin Medical University Cancer
Hospital.

Consent for publication
All authors have reviewed the final version of the manuscript and approved its
submission.

Competing interests
The authors declare that they have no competing interests.

Page 10 of 11

Author details

'Department of Blood Transfusion, Key Laboratory of Cancer Prevention

and Therapy in Tianjin, National Clinical Research Center for Cancer, Tianjin's
Clinical Research Center for Cancer, Tianjin Medical University Cancer Institute
& Hospital, Tianjin, China. Department of Epidemiology and Biostatistics,

Key Laboratory of Molecular Cancer Epidemiology in Tianjin, National Clinical
Research Center for Cancer, Tianjin's Clinical Research Center for Cancer, Tianjin
Medical University Cancer Institute & Hospital, Tianjin Medical University,
Tianjin, China.

Received: 17 April 2023 Accepted: 27 September 2023
Published online: 10 October 2023

References

1.

20.

Alberti KG, Eckel RH, Grundy SM, et al. Harmonizing the metabolic syn-
drome: a joint interim statement of the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart Federation;
International Atherosclerosis Society; and International Association for
the Study of Obesity. Circulation. 2009;120(16):1640-5.

De La Iglesia R, Loria-Kohen V, Zulet MA, et al. Dietary strategies impli-
cated in the prevention and treatment of metabolic syndrome. Int J Mol
Sci. 2016;17(11):1841.

Hirode G, Wong RJ. Trends in the prevalence of metabolic syndrome in
the United States, 2011-2016. JAMA. 2020;323(24):2526-8.

Hildrum B, Mykletun A, Dahl AA, et al. Metabolic syndrome and risk of
mortality in middle-aged versus elderly individuals: the Nord-Trondelag
Health Study (HUNT). Diabetologia. 2009;52(4):583-90.

Gonzalez-Chavez A, Chavez-Fernandez JA, Elizondo-Argueta S, et al.
Metabolic syndrome and cardiovascular disease: a health challenge. Arch
Med Res. 2018;49(8):516-21.

Ahn J. A healthy diet rich in calcium and vitamin C is inversely associ-
ated with metabolic syndrome risk in Korean Adults from the KNHANES
2013-2017. Nutrients. 2021;13:1312.

Shimobayashi M, Albert V, Woelnerhanssen B, et al. Insulin resistance
causes inflammation in adipose tissue. J Clin Invest. 2018;128(4):1538-50.
RaniV, Deep G, Singh RK, et al. Oxidative stress and metabolic disorders:
pathogenesis and therapeutic strategies. Life Sci. 2016;148:183-93.
Lakkur S, Judd S, Bostick RM, et al. Oxidative stress, inflammation, and
markers of cardiovascular health. Atherosclerosis. 2015;243(1):38-43.

. Ford ES, Mokdad AH, Giles WH, et al. The metabolic syndrome and

antioxidant concentrations: findings from the Third National Health and
Nutrition Examination Survey. Diabetes. 2003;52(9):2346-52.

. Kojo S. Vitamin C: Basic metabolism and its function as an index of oxida-

tive stress. Curr Med Chem. 2004;11(8):1041.

Fernandez-Robredo P, Gonzalez-Zamora J, Recalde S, et al. Vitamin D
protects against oxidative stress and inflammation in human retinal cells.
Antioxidants (Basel). 2020;9(9):838.

Das S, Choudhuri D. Dietary calcium regulates the risk renal injury in high
fat diet induced obese rats by regulating renal lipid metabolism, oxida-
tive stress and inflammation. Arch Physiol Biochem. 2022;128(4):1039-49.
Stahl W, Sies H. Antioxidant activity of carotenoids. Mol Aspects Med.
2003;24(6):345-51.

Goodman M, Bostick RM, Kucuk O, et al. Clinical trials of antioxidants as
cancer prevention agents: past, present, and future. Free Radical Biol
Med. 2011;51(5):1068-84.

Steinhubl SR. Why have antioxidants failed in clinical trials? Am J Cardiol.
2008;101(10a):14d-9d.

Smith GD, et al. What can mendelian randomisation tell us about modifi-
able behavioural and environmental exposures? Br Med J. 2005;330:1076.
D’adamo CR, D'urso A, Ryan KA, et al. A common variant in the SETD7
gene predicts serum lycopene concentrations. Nutrients. 2016;8(2):82.
Tin A, Marten J, Halperin Kuhns VL, et al. Target genes, variants, tissues
and transcriptional pathways influencing human serum urate levels. Nat
Genet. 2019;51(10):1459-74.

Hendrickson SJ, Hazra A, Chen C, et al. B-Carotene 15,15’-monooxyge-
nase 1 single nucleotide polymorphisms in relation to plasma carotenoid


https://doi.org/10.1186/s13098-023-01174-y
https://doi.org/10.1186/s13098-023-01174-y

Li and Song Diabetology & Metabolic Syndrome (2023) 15:194

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

and retinol concentrations in women of European descent. Am J Clin
Nutr. 2012;6:1379-89.

O'seaghdha CM, Wu H, Yang Q, et al. Meta-analysis of genome-wide asso-
ciation studies identifies six new Loci for serum calcium concentrations.
PLoS Genet. 2013;9(9): e1003796.

Evans DM, Zhu G, Dy V, et al. Genome-wide association study identi-

fies loci affecting blood copper, selenium and zinc. Hum Mol Genet.
2013;22(19):3998-4006.

Benyamin B, Esko T, Ried JS, Radhakrishnan A, Vermeulen SH, Traglia M,
Gogele M, Anderson D, Broer L, Podmore C, Luan J. Novel loci affecting
iron homeostasis and their effects in individuals at risk for hemochroma-
tosis. Nat Commun. 2014;6:6542.

Meyer TE, Verwoert GC, Hwang SJ, et al. Genome-wide association stud-
ies of serum magnesium, potassium, and sodium concentrations identify
six Loci influencing serum magnesium levels. PLoS Genet. 2010;,6(8):
e1001045.

Kestenbaum B, Glazer NL, Kottgen A, et al. Common genetic variants
associate with serum phosphorus concentration. J Am Soc Nephrol.
2010;21(7):1223-32.

Cornelis MC, Fornage M, Foy M, et al. Genome-wide association study of
selenium concentrations. Hum Mol Genet. 2015;24(5):1469-77.

Mondul AM, Yu K, Wheeler W, et al. Genome-wide association study of
circulating retinol levels. Hum Mol Genet. 2011;20(23):4724-31.

Dashti HS, Shea MK, Smith CE, et al. Meta-analysis of genome-wide asso-
ciation studies for circulating phylloguinone concentrations. Am J Clin
Nutr. 2014;100(6):1462-9.

Major JM, Yu K, Wheeler W, et al. Genome-wide association study identi-
fies common variants associated with circulating vitamin E levels. Hum
Mol Genet. 2011;20(19):3876-83.

Jiang X, O'reilly PF, Aschard H, et al. Genome-wide association study in
79,366 European-ancestry individuals informs the genetic architecture of
25-hydroxyvitamin D levels. Nat Commun. 2018;9(1):260.

Zheng JS, Luan J, Sofianopoulou E, et al. Plasma vitamin C and type 2
diabetes: Genome-Wide Association Study and Mendelian randomization
analysis in European Populations. Diabetes Care. 2021;44(1):98-106.
Tanaka T, Scheet P, Giusti B, et al. Genome-wide association study of
vitamin B6, vitamin B12, folate, and homocysteine blood concentrations.
Am J Hum Genet. 2009;84(4):477-82.

Grarup N, Sulem P, Sandholt CH, et al. Genetic architecture of vitamin B12
and folate levels uncovered applying deeply sequenced large datasets.
PLoS Genet. 2013;9(6): €1003530.

Lind L. Genome-wide association study of the metabolic syndrome in UK
Biobank. Metab Syndr Relat Disord. 2019;17(10):505-11.

Elsworth B M R, Raistrick C, Et Al. MRCIEU UK Biobank GWAS pipeline ver-
sion 1,2017.

Chen J, Spracklen CN, Marenne G, et al. The trans-ancestral genomic
architecture of glycemic traits. Nat Genet. 2021;53(6):840-60.

Richardson TG, Sanderson E, Palmer TM, et al. Evaluating the relationship
between circulating lipoprotein lipids and apolipoproteins with risk of
coronary heart disease: a multivariable Mendelian randomisation analysis.
PLoS Med. 2020;17(3): €1003062.

Bowden J, Smith GD, Haycock PC, et al. Consistent estimation in Men-
delian randomization with some invalid instruments using a weighted
median estimator. Genet Epidemiol. 2016;40(4):304.

Jack B, George DS, Stephen B. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regres-
sion. Int J Epidemiol. 2015;44(2):512.

Verbanck M, Chen CY, Neale B, et al. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization
between complex traits and diseases. Nat Genet. 2018;50:693.

Beydoun MA, Xiaoli C, Kanishk J, et al. Carotenoids, vitamin A, and their
association with the metabolic syndrome: a systematic review and meta-
analysis. Nutr Rev. 2018;1:1.

Beydoun MA, Canas JA, Beydoun HA, et al. Serum antioxidant concentra-
tions and metabolic syndrome are associated among U.S. adolescents in
recent national surveys. J Nutr. 2012;142(9):1693-704.

Ziouzenkova O, Orasanu G, Sharlach M, et al. Retinaldehyde represses
adipogenesis and diet-induced obesity[J]. Nat Med. 2007;13(6):695-702.
Billiet L, Doaty S.Hyperuricemia: a New Marker for Metabolic Syndrome.
Downloads.hindawi.com.

Page 11 of 11

45. Huiping Y, Chenglong Y, Xinghui L, et al. Serum uric acid levels and risk
of metabolic syndrome: a dose-response meta-analysis of prospective
studies. J Clin Endocrinol Metab. 2015;100(11):4198-207.

46. LiuZ, QueS, Zhou L, et al. Dose-response relationship of serum uric acid
with metabolic syndrome and non-alcoholic fatty liver disease incidence:
a meta-analysis of prospective studies. Sci Rep. 2015;5:14325.

47. DamYV, Dalmeijer GW, Vermeer C, et al. The association between vitamin
K and the metabolic syndrome: a 10-year follow-up study in adults. J Clin
Endocrinol Metab. 2015;100(6):2472-9.

48. Pan', Jackson RT. Dietary phylloquinone intakes and metabolic syn-
drome in US young adults. J Am Coll Nutr. 2009;28(4):369-79.

49. Wu C, QiuS, Zhu X, et al. Vitamin D supplementation and glycemic con-
trolin type 2 diabetes patients: a systematic review and meta-analysis.
Metab clin Exp. 2017;73:67-76.

50. Melguizo-Rodriguez L, Costela-Ruiz VJ, Garcia-Recio E, et al. Role of vita-
min D in the metabolic syndrome. J Health Sci. 2021;13:830.

51. Faraji S, Alizadeh M. Mechanistic effects of vitamin D supplementation on
metabolic syndrome components in patients with or without vitamin D
deficiency. J Obes Metab Syndr. 2020;29(4):270.

52. Forman JP. Folate intake and the risk of incident hypertension among US
women. JAMA. 2005;293(3):320-9.

53. Hsu HC, Chiou JF, Wang YH, et al. Folate deficiency triggers an oxidative-
nitrosative stress-mediated apoptotic cell death and impedes insulin bio-
synthesis in RINmM5F pancreatic Islet B—cells: relevant to the pathogenesis
of diabetes. PLoS ONE. 2013;8(11): 77931.

54. Vendelbo LM, Lotte L, Mette K, et al. Effect of folate supplementation on
insulin sensitivity and type 2 diabetes: a meta-analysis of randomized
controlled trials. Am J Clin Nutr. 2019;109(1):29.

55. ZhangV,Yang S,Wu Q, et al. Dietary vitamin E intake and new-onset
hypertension. Hypertens Res. 2023;46(5):1267-75.

56. Zhu Z,HeY,Wu F, et al. The associations of dietary iron, zinc and
magnesium with metabolic syndrome in China’s mega cities. Nutrients.
2020;12(3):659.

57. Choi JS, Koh IU, Lee HJ, et al. Effects of excess dietary iron and fat on
glucose and lipid metabolism. J Nutr Biochem. 2013;24(9):1634-44.

58. Hansen JB, Moen IW, Mandrup-Poulsen T. Iron: the hard player in diabetes
pathophysiology. Acta Physiol. 2014;210(4):717-32.

59. HeK, Liu K, Daviglus ML, et al. Magnesium intake and incidence of meta-
bolic syndrome among young adults. Circulation. 2006;113(13):1675-82.

60. Al-Daghri NM, Khan N, Alkharfy KM, et al. Selected dietary nutrients and
the prevalence of metabolic syndrome in adult males and females in
Saudi Arabia: a pilot study. Nutrients. 2013;5(11):4587-604.

61. Bo 'S, Durazzo M, Guidi S, et al. Dietary magnesium and fiber intakes and
inflammatory and metabolic indicators in middle-aged subjects from a
population-based cohort. Am J Clin Nutr. 2006,84(5):1062-9.

62. Kim HN, Kim SH, Eun YM, et al. Effects of zinc, magnesium, and chromium
supplementation on cardiometabolic risk in adults with metabolic syn-
drome: a double-blind, placebo-controlled randomised trial. J Trace Elem
Med Biol. 2018;48:166-71.

63. Yuan Z Xu X, Ye H, et al. High levels of plasma selenium are associ-
ated with metabolic syndrome and elevated fasting plasma glucose
in a Chinese population: a case-control study. J Trace Elem Med Biol.
2015;32:189-94.

64. Vinceti M, Filippini T, Rothman KJ. Selenium exposure and the risk of
type 2 diabetes: a systematic review and meta-analysis. Eur J Epidemiol.
2018;33(9):789-810.

65. JuW,Ji M, Li X, et al. Relationship between higher serum selenium level
and adverse blood lipid profile. Clin Nutr. 2017;37(5):1512-7.

66. Bellinger FP, Raman AV, Reeves MA, et al. Regulation and function of
selenoproteins in human disease. Biochem J. 2009;422(1):11-22.

67. Arbogast S, Ferreiro A. Selenoproteins and protection against oxidative
stress: selenoprotein N as a novel player at the crossroads of redox signal-
ing and calcium homeostasis. Antioxid Redox Signal. 2010;12(7):8393-904.

68. Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal
role in multiple forms of insulin resistance. Nature. 2006;440(7086):944-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	A causal relationship between antioxidants, minerals and vitamins and metabolic syndrome traits: a Mendelian randomization study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design
	Data sources for antioxidants, minerals, and vitamins and selection of instrumental variables
	Data sources for MetS and its components
	Statistical analysis

	Results
	Study overview
	The causal role of antioxidants in MetS and its components
	The causal role of minerals in MetS and its components
	The causal role of vitamins in MetS and its components
	Robustness of the results

	Discussion
	Anchor 20
	References


