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Abstract

Background There is an ongoing debate about how micronutrients influence the risk of developing esophageal
cancer (EC), requiring more definitive proof to ascertain their causal relationship.

Objective The current study seeks to identify the causal relationship between 14 micronutrients and EC through

Mendelian randomization (MR) methods.

Methods We performed a two-sample MR analysis of micronutrients in relation to EC, using five different MR
methodologies, chief among them the Inverse Variance Weighted method. To ascertain the direction of causal links,
Steiger filtering was applied. The study culminated in a sensitivity analysis to test the robustness of the results.

Results In the European population, iron (OR=0.231, 95% Cl: 0.073-0.727, P=0.012) and magnesium (OR=0.357,
95% Cl: 0.143-0.894, P=0.028) were associated with a reduced risk of EC, both showing suggestive evidence of

a causal relationship. In Asian populations, however, no significant causal effects were found between the 14
micronutrients and EC. The direction of causality was validated across all results.

Conclusion Among European populations, iron and magnesium intake is associated with a reduced risk of EC,
a benefit not seen in Asian populations. Personalized strategies and region-specific advice are necessary for EC

prevention and control.
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Introduction

Esophageal cancer (EC), a frequently occurring cancer
in the digestive system, holds the seventh position in
global cancer mortality rates. Characterized by its two
main subtypes—esophageal adenocarcinoma and squa-
mous cell carcinoma—EC is known for its high incidence
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and grim prognosis [1, 2]. The International Agency for
Research on Cancer (IARC) reported 511,000 new EC
cases and 445,000 cancer deaths in their latest 2022 sta-
tistics [1]. Early-stage EC often presents with unobtru-
sive symptoms, delaying diagnosis until the disease has
progressed to later stages [3]. Detecting the risk factors
for EC is paramount for its prevention, treatment, and
prognostic evaluation. Research unveils an intimate link
between diet and EC risk, with a particular emphasis on
the role of micronutrients [4].

Micronutrients sustain the normal functioning and
well-being of the human body, and their importance is
not diminished by their small quantities [5, 6]. The debate
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over the relationship between micronutrients and EC
continues. Studies have pointed towards higher zinc,
iron, selenium, and calcium concentrations potentially
reducing EC risk [7, 8, 9, 10]. A negative association has
been noted between the intake of vitamins A, C, and E
and the risk of EC [11, 12, 13]. On the other hand, a meta-
analysis by Hong et al. [14] reported no significant rela-
tionship between higher selenium levels and the risk of
esophageal adenocarcinoma. Yin et al. [15] also declared
that there is no evident causal association between vita-
mins A, C, and E and EC. Therefore, the need for more
convincing and exhaustive evidence to establish the cau-
sality between micronutrients and EC is imperative.

Mendelian randomization (MR), with its use of single
nucleotide polymorphisms as instrumental variables
(IVs), provides a clear view of causality between expo-
sures and outcomes. This method, unaffected by envi-
ronmental factors or other confounders, mirrors the
randomization of a natural experiment, precluding
the possibility of reverse causality [16]. Our research
employed a two-sample MR approach to analyze the
causal links between 14 micronutrients and EC, with the
objective of identifying new targets for the prevention
and treatment of EC.

Assumption 2
Genetic variants are not associated with
gither known or unknown confounders
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Methods

Research design

This research deployed a two-sample MR approach to
investigate the causality between micronutrients and EC
among European and Asian populations. As depicted
in Figs. 1 and 14 trace elements serve as the exposure
variables, and EC as the outcome variable. We utilized
publicly available summary statistics from extensive
Genome-Wide Association Studies (GWAS). Our MR
analysis was grounded in three foundational assump-
tions: (1) the IVs are directly associated with the 14
micronutrients; (2) the IVs are unrelated to potential con-
founding factors; (3) the I'Vs influence EC solely through
the 14 micronutrients.

Sources of data on micronutrients and EC

Our research integrated a large-scale dataset from GWAS
on micronutrients required by individuals of European
ancestry, all publicly accessible through the designated
website (https://gwas.mrcieu.ac.uk/) (Table 1). We com-
piled GWAS data from 64,979 participants for micronu-
trients including iron, calcium, potassium, magnesium,
vitamin B6, B12, C, D, E, and folate; the vitamin A data-
set comprised 62,991 participants. Given the scarcity of
GWAS data for copper, zinc, and selenium, we incorpo-
rated data from the study led by David M. Evans, which
included 2,603 samples [17]. Furthermore, we included
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Fig. 1 Flow chart of our study design
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Table 1 Dataset of the micronutrient information

Trait Year ID Population Sample size
Copper (Cu) 2013 jeu-a-1073 European 2,603

Zinc (Zn) 2013 ieu-a-1079 European 2,603
Selenium (Se) 2013 jeu-a-1077 European 2,603

Iron (Fe) 2018 ukb-b-20,447 European 64,979
Calcium (Ca) 2018 ukb-b-8951 European 64,979
Potassium 2018 ukb-b-17,881 European 64,979
Magnesium (Mg) 2018 ukb-b-7372 European 64,979
Vitamin A (Vit A)/Retinol 2018 ukb-b-17,406 European 62,991
Vitamin B6 (Vit B6) 2018 ukb-b-7864 European 64,979
Vitamin B12 (Vit B12) 2018 ukb-b-19,524 European 64,979
Vitamin C (Vit C) 2018 ukb-b-19,390 European 64,979
Vitamin D (Vit D) 2018 ukb-b-18,593 European 64,979
Vitamin E (Vit E) 2018 ukb-b-6888 European 64,979
Folate 2018 ukb-b-11,349 European 64,979
Copper (Cu) 2022 GCST90100524 East Asian (China) 1,798

Zinc (Zn) 2022 GCST90100537 East Asian (China) 1,798
Selenium (Se) 2022 GCST90100532 East Asian (China) 1,799

Iron (Fe) 2020 ukb-e-100011_CSA South Asian 1,469
Calcium (Ca) 2020 ukb-e-30680_CSA South Asian 7,697
Potassium 2020 ukb-e-100016_CSA South Asian 1,469
Magnesium (Mg) 2020 ukb-e-100017_CSA South Asian 1,469
Vitamin A (Vit A) 2020 ukb-e-100018_CSA South Asian 1,447
Vitamin B6 (Vit B6) 2020 ukb-e-100012_CSA South Asian 1,469
Vitamin B12 (Vit B12) 2020 ukb-e-100013_CSA South Asian 1,469
Vitamin C (Vit O) 2020 ukb-e-100015_CSA South Asian 1,469
Vitamin D (Vit D) 2020 ukb-e-30890_CSA South Asian 7,380
Vitamin E (Vit E) 2020 ukb-e-100025_CSA South Asian 1,469
Folate 2020 ukb-e-100014_CSA South Asian 1,469
Table 2 Dataset of EC information

Disease Year ID Population Sample size Case Control PMID
Esophageal cancer 2024 / European 345,881 763 345,118 36,653,562
Esophageal cancer 2021 ebi-a-GCST90018621 East Asian (Japan) 160,589 1,388 159,201 34,594,039

GWAS data for micronutrients from Asian populations,
with 1,469 samples for iron, potassium, magnesium, vita-
min B6, B12, C, E, and folate; 7,697 for calcium; 1,447 for
vitamin A; and 7,380 for vitamin D (https://gwas.mrcieu
.ac.uk/). Lastly, we added GWAS data for 1,798 samples
of blood copper and zinc levels and 1,799 samples of sele-
nium levels (https://www.ebi.ac.uk/gwas/studies) [18].

We integrated the GWAS data for the outcome EC,
which was derived from the latest version (R11) of the
FinnGen database (https://www.finngen.fi/en), which
includes 763 cases and 345,118 controls [19]. Data on
Asian ancestry were derived from a large GWAS data-
set, comprising 1,388 cases and 159,201 controls [20], as
detailed in Table 2.

Selection of IVs

The selection of IVs was guided by these principles [21]:
(1) SNPs, serving as IVs, were selected with a genome-
wide significance threshold of P<5e-8, but a less stringent

threshold (P <5e-6) was considered due to the paucity of
SNPs with substantial effects on trace elements; (2) SNPs
underwent clumping to eliminate the impact of linkage
disequilibrium (r*=0.001, window size =10,000 kb); (3)
The F-statistic was employed to evaluate the strength
of the IVs, with an F-statistic exceeding 10 for all SNPs
included, signifying robust instruments; (4) SNPs for
both exposure and outcome were aligned for consistency,
with allele directions synchronized and the removal of
SNPs with unclear or discordant directions, as well as the
exclusion of outliers.

MR analysis

Our investigation applied a two-sample MR approach,
with the Inverse Variance Weighted (IVW) method as the
mainstay for evaluating the causal effects of 14 micronu-
trients on EC. Beyond our core analysis method, we also
considered MR-Egger regression, Weighted Median esti-
mation, Weighted Mode, and Simple Mode as supporting
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approaches. To reinforce the directionality of associa-
tions, Steiger filtering was conducted [22].

Sensitivity analysis

To ensure that IVs impact the outcome exclusively via
exposure and to bolster the robustness of our results,
we undertook sensitivity analyses with diverse method-
ologies [23]. First, we applied Cochran’s Q heterogene-
ity test to measure heterogeneity, with a P-value over
0.05 denoting no significant heterogeneity. Heteroge-
neity, if present, was addressed using the multiplicative
random-effects IVW method to offset bias from diverse
IV associations. The P-value of the MR-Egger regres-
sion intercept was used to gauge horizontal pleiotropy; a
P-value surpassing 0.05 indicates no pleiotropy bias. The
MR-PRESSO technique detected outlier IVs via a global
test and computed the causal effect post-removal of these
outliers. Finally, the leave-one-out approach assessed the
influence of individual SNPs on the results.

Statistical analysis

R software (version 4.3.1) in conjunction with the “Two
Sample MR” (v 0.6.6), “Mendelian Randomization”
(v 0.3.0), and “MR-PRESSO” (v 1.0) R packages were
used to perform the two-sample MR analysis. The ran-
dom-effects IVW method was our principal analytical
approach for determining causality between exposure
and outcome. Heterogeneity across SNPs was evaluated
with Cochran’s Q test, and both the MR-Egger regres-
sion intercept and the MR-PRESSO tool were used to
identify and adjust for horizontal pleiotropy. The influ-
ence of individual SNPs on the results was examined via
the leave-one-out method. In the MR analysis, we used
the Bonferroni-corrected P-value as the threshold for
statistical significance (P<0.05/14=0.004). Associations
with P<0.05 but exceeding the Bonferroni-corrected

Page 4 of 9

threshold (P=0.004) were considered suggestive evidence
of a causal relationship.

Results

Causality between trace elements and EC

Among European populations, to eliminate the possibil-
ity of weak IV bias, the IVs were selected based on an
E-statistics value above 10 for each. The IVs included in
this research are outlined in Table S1. As shown in Fig. 2,
the IVW results indicated that 2 out of the 14 micronutri-
ents were associated with EC risk. Specifically, iron was
associated with a reduced risk of EC (OR=0.231, 95%
CI: 0.073-0.727, P=0.012), while magnesium also dem-
onstrated a causal relationship with EC (OR=0.357, 95%
CIL: 0.143-0.894, P=0.028). Both associations showed
suggestive evidence of causality. The rest of the micronu-
trients did not display any significant causality with EC
(P>0.05, Table S2). As shown by the scatter plot in Fig. 3,
the concordant findings from the other MR methods
validated the reliability of the results (details in Table S2).
The scatter plot visually demonstrated the inverse causal
association between iron and magnesium elements and
the risk of EC, with the distribution of all SNP effect sizes
supporting a protective trend (Fig. 3). Thus, the intake of
iron and magnesium may act as protective factors for EC
among Europeans.

For the Asian cohort, the IVs examined are listed in
Table S3. The IVW method revealed no evidence of
causal associations between the 14 micronutrients and
EC (Fig. 4, Table S4).

Sensitivity analysis

To confirm the causality direction between micronutri-
ents and EC, Steiger’s filtering was applied, with statistical
significance defined by P<0.05, and all elements cleared
the causal directionality screening (Table 3). Cochrane’s
Q test showed that heterogeneity did not influence the

exposure nsnp method pval OR(95% CI)

Iron 13 MR Egger 0.554 HO———> 0.384 (0.018 to 8.325)

13 Weighted median 0.108 +Ho—— 0.288 (0.063 to 1.314)

13 Inverse variance weighted 0.012 W@ 0.231 (0.073 to 0.727)

13 Simple mode 0.368 +o——> 0.335 (0.034 to 3.308)

13 Weighted mode 0.301 + —.—| 0.290 (0.031 to 2.737)

Magnesium 19 MR Egger 0.247 :—i 0.383 (0.080 to 1.841)
19 Weighted median 0.065 —4 0.304 (0.086 to 1.077)

19 Inverse variance weighted 0.028 FQ—|: 0.357 (0.143 to 0.894)

19 Simple mode 0.425 l—.—'—> 0.426 (0.055 to 3.305)

19 Weighted mode 0.149 + —:—4 0.312 (0.068 to 1.421)

Fig. 2 In the European iron and magnesium Mendelian randomization results with esophageal cancer



Diao et al. Nutrition & Metabolism (2025) 22:49

MR Test
Inverse variance weighted / Weighted median
/ MR Egger Weighted mode
Simple mode
1.0
8 os-
E .
©
o
=3
@
<
S
o
?
w
g .
.
g 00, Lo .
(0] i - L3
£ P S — -
————_
: . . —
=z —r——
& .

~05-

040
SNP effect on Iron

Page 5 of 9

MR Test
Inverse variance weighted / Weighted median

/ MR Egger

Simple mode

Weighted mode

05-

00- ot

SNP effect on Esophageal cancer
.
.
/

~05-

00 015

SNP effect on Magnesium

Fig. 3 Scatter plot of iron and magnesium with EC in the European population. (A) Scatter plot of SNP effect sizes for iron; (B) Scatter plot of SNP effect

sizes for magnesium

exposure outcome nsnp method pval OR(95% CI)
Calcium Esophageal cancer 8 VW 0.633 l—:0—> 1.096 (0.751 to 1.600)
Copper 6 VW 0.552 ._._._. 0.836 (0.463 to 1.508)
Iron 8 VW 0.806 l—b—i 1.023 (0.852 to 1.229)
Folate 12 VW 0.135 o 0.908 (0.801 to 1.030)
Mg 4 VW 0.199 l—Q—-i 0.881 (0.726 to 1.069)
Potassium 3 VW 0.508 l—'-O—i 1.108 (0.818 to 1.500)
Selenium 4 VW 0.350 l—.—;—i 0.891 (0.700 to 1.135)
Vitamin A 4 VW 0.917 l—.—i 1.010 (0.838 to 1.218)
Vitamin B12 8 VW 0.528 '—,0—| 1.040 (0.920 to 1.176)
Vitamin B6 7 VW 0.537 l—G—i 0.954 (0.821 to 1.109)
Vitamin C 2 VW 0.969 l—’—i 1.008 (0.664 to 1.530)
Vitamin D 10 VW 0.950 l—b—i 1.010 (0.733 to 1.392)
Vitamin E 8 VW 0.104 l—H 0.886 (0.765 to 1.025)
Zinc VW 0.315 '—0-—4 0.896 (0.723 to 1.110)

04 1 16

Fig. 4 Nutrient elements in Asian Mendelian randomization results with esophageal cancer

IVW and MR-Egger regression methods in any analysis
(Pcochranes @>0-05). A heterogeneity signal was detected in
the copper element SNPs in Asian populations (P <0.001),
with no other SNPs showing heterogeneity. Post-removal
of the outlier SNPs (rs150273297 and rs4766566), hetero-
geneity was not identified in the adjusted copper intake
SNPs (P>0.05). Furthermore, the MR-Egger intercept
(P>0.05) suggested minimal horizontal pleiotropy across
all analyses. Lastly, the MR-PRESSO global test did not
find any outlier SNPs (P> 0.05).

The funnel plots demonstrated a symmetrical distri-
bution pattern of SNPs included in the analyses, show-
ing suggestive evidence of causal associations, indicating
minimal influence of potential bias on the causal esti-
mates. Results for the European population are presented
in Supplementary Fig. 1, while those for the Asian popu-
lation are shown in Supplementary Fig. 2.Furthermore,
the leave-one-out sensitivity analysis confirmed that the
removal of any single SNP did not significantly affect
the MR analysis, suggesting that the causal associations
between iron and magnesium with EC in the European
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Table 3 Sensitivity analysis of causal relationship
Exposure Outcome Heterogeneity Pleiotropy Steiger_

MR Egger VW Egger SE P-value MR-PRESSO pval

intercept Global

Statis- P-Value Statis- P-Value P-value

ticsQ ticsQ
Population: European
Calcium Esophageal cancer  20.858 0233 21461  0.257 -0.046 0.066 0493 0.278 1.59E-68
Copper Esophageal cancer ~ 2.132  0.711 2876 0719 0.031 0.036 0437 0.776 549E-49
Iron Esophageal cancer 6474  0.840 6.596  0.883 -0.019 0.054 0733 0.896 1.09E-46
Folate Esophageal cancer 6319  0.899 8.744  0.792 -0.064 0.041 0.145 0.767 6.83E-52
Magnesium Esophageal cancer 22865 0.154 22882 0.195 -0.004 0.039 0913 0.236 4.20E-65
Potassium Esophageal cancer 18219 0.149 18240 0.196 -0.008 0.065 0.903 0.218 7.83E-51
Selenium Esophageal cancer 1012 0.798 1.020  0.907 -0.005 0.055 0.935 0.931 4.16E-34
Vitamin A Esophageal cancer 4300  0.745 4305 0829 -0.004 0.065 0947 0.772 1.68E-35
Vitamin B12 Esophageal cancer 2763 0.906 6.198  0.625 -0.115 0062 0.106 0.642 6.52E-33
Vitamin B6 Esophageal cancer 18306 0247 18908 0273 -0.034 0.049 0493 0.260 4.00E-61
Vitamin C Esophageal cancer 6664 0672 7112 0715 -0.030 0.045 0520 0.676 6.93E-42
Vitamin D Esophageal cancer 4774 0942 4836 0963 0.020 0.080 0.808 0.959 1.53E-48
Vitamin £ Esophageal cancer 9788 0459 9893  0.540 -0.014 0.044 0752 0.588 9.32E-46
Zinc Esophageal cancer 3116  0.682 3.184 0785 -0.026 0099 0804 0.794 9.00E-57
Population: Asian
Calcium Esophageal cancer 8687  0.192 9266  0.234 0.061 0.096 0.551 0.241 1.36E-49
Copper Esophageal cancer 53917 548E-11 59914 1.27E-11 -0.147 0221 0541 <0.001 6.34E-31
Copper_adj Esophageal cancer 3449  0.178 3980 0.264 0.135 0244 0635 0.362 3.24E-22
Iron Esophageal cancer 2485 0870 5329 0620 -0.357 0212 0.143 0.571 2.66E-42
Folate Esophageal cancer 5332 0.868 7359 0769 0.084 0.059 0.185 0.766 5.86E-50
Mg Esophageal cancer ~ 1.189  0.552 1254 0.740 0.030 0.117 0823 0.785 3.58E-20
Potassium Esophageal cancer  3.891 0.049 3.891 0.143 -0.001 0316 0.999 NA 3.87E-16
Selenium Esophageal cancer 2569  0.277 3255 0354 -0.113 0.155 0541 0429 9.83E-22
Vitamin A Esophageal cancer 0062  0.969 0268  0.966 0.085 0.188 0.694 0.964 5.62E-22
Vitamin B12 Esophageal cancer 7362 0.289 7382 0390 -0.005 0.042 0.902 0493 2.12E-40
Vitamin B6 Esophageal cancer ~ 3.144 0678 5113 0529 -0.1M 0.079 0220 0420 1.22E-35
Vitamin D Esophageal cancer 5024  0.755 0303 0582 NA NA NA NA 1.32E-12
Vitamin E Esophageal cancer  3.761 0.709 10.132  0.340 0.091 0.040 0.054 0.347 5.14E-49
Zinc Esophageal cancer 0.753  0.861 3892 0792 0.068 0.188 0.730 0.781 8.15E-42
Calcium Esophageal cancer 8.687  0.192 3624 0459 -0.335 0.198 0.189 0.504 1.19E-26

adj means filtering outlier SNPs

population were robust (Figure S3 for European results
and Figure S4 for Asian results).

Discussion
Employing a two-sample MR analysis, this study sought
to delineate the causal relationships between 14 micro-
nutrients and EC. The findings indicate that iron and
magnesium are protective factors for EC in European
populations, while no causal associations were noted
between micronutrients and EC in Asian populations.
Iron is a vital element for all living organisms, inte-
gral to the synthesis of hemoglobin, myoglobin, cyto-
chromes, and other biologically active materials, and it
is also engaged in metabolic functions such as oxygen
transport, cellular oxidation, DNA replication, and cell
proliferation [24, 25]. The correlation between iron and

the risk of esophageal cancer has long been a disputed
topic. Findings from a prospective study indicate a sig-
nificant association between iron supplementation and
a reduced risk of adenocarcinoma of the esophagus [26].
A meta-analysis has also shown a notable negative cor-
relation between total iron intake and EC risk, with a 15%
risk reduction for every additional 5 mg/day of iron [8].
Research comparing serum micronutrient levels in EC
patients versus healthy controls has identified a mark-
edly lower mean iron level in the EC group [27]. Our
research corroborates these findings. However, some
scholars have obtained divergent results. An embedded
case-control study analyzing hair for trace elements in 96
patients with esophageal squamous cell carcinoma found
an increased risk with higher iron concentrations [28].
Moreover, a MR analysis of 22 cancers and trace elements
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did not establish a causal link between iron and EC [29],
possibly due to the limited number of three iron-related
IVs included in the study.

Moreover, the elevation of iron levels can lead to the
accumulation of reactive oxygen species and the end
products of lipid peroxidation, thereby initiating path-
ways that cause cell death. This type of cell death, iden-
tified as ferroptosis, has garnered attention in cancer
research [30]. A number of small molecule drugs have
been demonstrated to elicit ferroptosis and curb tumor
growth, including sorafenib and sulfasalazine. These
agents impede the uptake of cysteine and the formation
of glutathione peroxidase 4 (GPX4), and they induce lipid
peroxidation, hastening ferroptosis in cancer cells [31].
Furthermore, ferroptosis has been acknowledged to have
a significant role in cancer immunotherapy [32]. CD8*T
cells, through the secretion of interferon-y, can lower the
expression of SLC3A2 and SLC7A11, diminish the cyste-
ine uptake by cancer cells, and foster ferroptosis, thereby
enhancing the immune-mediated antitumor activity
[33]. In the realm of EC, ferroptosis-related research
has been chiefly concerned with its impact on the tumor
microenvironment and the ensuing immune response
[34]. The modulation of EC by ferroptosis is thought to
occur through the enhancement of immune cell infiltra-
tion, including an increase in CD8'T cells, macrophages,
myeloid dendritic cells, and CD4'T cells, thereby poten-
tially impacting patient prognosis [35, 36]. As such, the
targeted triggering of ferroptosis may offer a fresh avenue
for cancer therapeutics.

Magnesium, the second most plentiful divalent cation
in cells, is a cofactor for over 300 enzymatic reactions,
fundamentally involved in all cellular metabolic activi-
ties [37]. Despite that, the impact of magnesium on EC
has not been broadly investigated, with only a handful
of observational studies to date. Some of them suggest
that increased magnesium intake from diet and drinking
water may correlate with a reduced risk of EC [38, 39].
The beneficial effects of magnesium intake have also been
documented in other cancers of the digestive system.
Integrated omics studies have revealed that magnesium
ions promote the aggregation of F-actin by regulating
DBN1S142p, which in turn suppresses MMP2 expres-
sion and inhibits the migration of colon cancer cells [40].
Additionally, meta-analyses and case-control have indi-
cated a negative correlation between increased magne-
sium intake and the development of colorectal cancer
(CRC) [41]. Furthermore, dietary magnesium has a favor-
able impact on the reduction of risks for gastric and pan-
creatic cancers [42, 43]. Magnesium also has a salient role
in cancer therapy by mitigating peripheral neuropathy
and acute kidney injury caused by chemotherapy, which
is advantageous for patient care [44]. Disruptions in mag-
nesium balance can impair the immune system, reduce
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the chemosensitivity of cancer cells, and lead to resis-
tance to chemotherapy [45, 46, 47]. Magnesium generally
offers protection against digestive system cancers, so its
intake will contribute to EC prevention and treatment,
but the specific mechanisms need further experimental
exploration.

The causality between iron and magnesium and EC
is found to be heterogeneous among different ethnic
groups, which may be attributed to genetic polymor-
phisms associated with the disease. Specifically, the
polymorphisms MDM2 T309G and PLCE1 rs2274223
are correlated with EC in Asian populations but not in
Caucasians [48, 49]. Furthermore, research indicates that
esophageal squamous cell carcinoma is more frequently
found in Asian populations, in contrast to esophageal
adenocarcinoma, which is the main type of EC in West-
ern countries [50]. The onset of esophageal adenocarci-
noma is generally linked to obesity, and the consumption
of iron and magnesium has been proven to reduce body
mass index and waist size, which aids in weight loss for
those who are obese [51, 52]. Consequently, the distinct
EC types among various ethnic groups could be a factor
leading to heterogeneity in causality. Hence, the strate-
gies for EC prevention and treatment should be region-
specific. More research needs to be conducted in the
future to fully elucidate the racial variations in the impact
of iron and magnesium on EC risk.

In addition, this study has the following limitations.
First, trace elements may have differential effects on EC
patients of different ages or genders. However, the lack
of individual-level information in the summary statistics
prevented us from stratifying EC cases by age and gender.
Second, the current GWAS data on EC does not include
information on EC staging, making it difficult to deter-
mine whether trace elements have a causal relationship
with EC progression. Third, we were unable to evaluate
all trace nutrients, such as iodine and vitamin K, due
to the absence of suitable GWAS data for MR analysis.
Fourth, the sample size of the Asian population in this
study was significantly smaller than that of the European
population, which may have resulted in insufficient sta-
tistical power to detect true associations. Future GWAS
data with larger East Asian cohorts are needed to vali-
date our findings. Fifth, although our suggestive asso-
ciations (0.004<P<0.05) may reflect an increased type
I error rate, their consistency with previous literature
[8, 26, 38, 39] and the robustness of the MR analysis (no
heterogeneity or pleiotropy) support further investiga-
tion. Larger cohort studies are required in the future to
confirm these findings. Finally, although this study miti-
gated the risk of collider bias by using GWAS data with-
out adjusted covariates, MR analysis may still be affected
by unmeasured confounding or complex genetic struc-
tures. For instance, if IVs are correlated with population
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stratification or other environmental factors, they may
indirectly distort causal effects. Therefore, the interpre-
tation of the results should be corroborated by future
experimental studies or more refined genetic instrument
designs.

Conclusion

This study presents genetic validation for the causal
connection between micronutrient levels and EC risk.
Importantly, in the European demographic, an augmen-
tation of iron and magnesium may mitigate EC risk,
assisting clinicians in the nuanced administration of
micronutrient intake during EC management.
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