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The causal relationship between
trace element status and upper
gastrointestinal ulcers: a
Mendelian randomization study
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Background: This study aimed to investigate the bidirectional causal relationships
between trace elements (such as zinc, magnesium, phosphate, and folate) and
upper gastrointestinal ulcers (including gastric and duodenal ulcers). We utilized
a two-sample Mendelian randomization (MR) analysis to achieve this.

Methods: We conducted a two-sample MR analysis using summary-level data
from genome-wide association studies (GWAS) obtained from public genomics
repositories. We utilized a range of MR methods, including inverse-variance
weighted (IVW), MR-Egger, and weighted median methods, and conducted
a meta-analysis to synthesize results across different datasets. To ensure the
robustness of our findings, we performed extensive sensitivity analyses, including
pleiotropy assessment, heterogeneity tests, and leave-one-out analysis.

Results: Our findings are significant, indicating a positive causal relationship
between increased zinc levels and the risk of gastric ulcers. Moreover, magnesium
and folate appear to offer potential protective effects against gastroduodenal
ulcers (p<0.05). The meta-analysis further supports the causal relationship
between zinc and gastric ulcers (p<0.05), confirming zinc's significant causal
impact on this condition.

Conclusion: The study confirms a positive causal relationship between zinc and
gastric ulcers and highlights the complexity of how trace elements regulate the
progression of upper gastrointestinal ulcers. These results provide a scientific
basis for dietary recommendations regarding trace element intake in clinical and
public health practices. They also offer new insights into effective prevention
and treatment strategies for gastric and duodenal ulcers.

KEYWORDS

causal relationship, trace element status, upper gastrointestinal ulcers, Mendelian
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1 Introduction

Upper gastrointestinal ulcerative diseases, specifically gastric and duodenal ulcers, have a
substantial impact on the quality of life for a large global population (1, 2). These conditions
not only result in significant physical discomfort but also give rise to severe complications such
as bleeding, perforation, and stricture (3). The development of ulcerative diseases is closely
associated with a variety of biological and environmental factors, with the most prevalent
factors being persistent infection with Helicobacter pylori (4), and chronic use of non-steroidal
anti-inflammatory drugs (NSAIDs) (5). These factors play a role in the development of ulcers
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by compromising the integrity of the gastric mucosal barrier,
enhancing gastric acid secretion, or causing direct harm to gastric
mucosal cells. In recent years, there has been a growing focus on the
impact of trace elements on gastrointestinal well-being (6-9). These
essential minerals, needed in small quantities, are vital for sustaining
various biological and physiological processes. Both inadequate and
excessive levels of trace elements can have profound implications for
human health (10-12). Inadequacies may manifest in various diseases
and dysfunctions, including compromised immune function,
impaired growth and development, and cognitive disorders (13, 14).
Conversely, overconsumption of trace elements can result in toxic
reactions that impair organ function and potentially lead to organ
damage (15, 16). Thus, the maintenance of a balanced intake of trace
elements and a comprehensive understanding of their interactions and
overall impact on human health represent crucial focal points for
research in the field of nutritional science. For example, zinc is a
cofactor for numerous enzymes and is involved in immune function,
protein synthesis, and cell division. Its anti-inflammatory and
antioxidant properties are crucial for preserving the integrity of the
gastrointestinal mucosa and facilitating self-repair mechanisms.
Studies have indicated that disruptions in zinc metabolism are linked
to a higher prevalence of gastrointestinal disorders (17, 18). Selenium
is an antioxidant that plays a critical role in cell defense. Its deficiency
has been linked to gastric cancer and other gastrointestinal illnesses
(19, 20). The dysregulation of iron and copper metabolism has been
noted in connection with gastrointestinal disorders. Iron, necessary
for oxygen transportation and cellular proliferation, can induce
oxidative damage to the gastric mucosa when present in excessive
amounts (21, 22). Copper—a constituent of numerous vital enzymes—
plays a role in supporting the immune system and antioxidant
mechanisms (23); disruptions in copper levels can similarly impact
gastrointestinal well-being (24, 25).

Epidemiological research has offered initial indications of an
association between deficiencies in trace element status and
gastrointestinal disorders. However, the findings of these studies are
frequently subject to confounding variables, complicating the
establishment of causal relationships. Discrepancies in lifestyle,
genetic predispositions, and other unaccounted-for environmental
factors may impede the accuracy of these observations. Additionally,
the majority of investigations have concentrated on individual or
limited trace elements, neglecting potential interactions and intricate
biological systems.

To better understand the potential causal relationship between
trace element statuses and upper gastrointestinal ulcerative diseases,
we used data on upper gastrointestinal ulcers (specifically gastric
ulcers, duodenal ulcers, and gastroduodenal ulcers) from the
Finngen database (R10 version) (https://r10.risteys.finngen.fi/), a
public genomics repository, as outcomes (26), and genome-wide
association study (GWAS) data pertaining to various trace element
statuses from the OpenGWAS database (a public genomics
repository)' as exposures (27, 28). The exposure-related datasets
included calcium.ionized (GCST90012623), iron (GCST90012683),
magnesium (GCST90012696), phosphate (GCST90012717), folate
(GCST90012742), vitamin D (VD, GCST90012771), cobalamin

1 https://gwas.mrcieu.ac.uk/
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(vitamin B,,, VBy,, GCST90012772), retinol (GCST90012773),
pyridoxine (GCST90012774), copper (ieu-a-1073), selenium (ieu-
a-1077), and zinc (ieu-a-1079). Utilizing Mendelian randomization
(MR) to investigate the causal associations between trace element
statuses and upper gastrointestinal ulcerative diseases, as well as
employing reverse MR analysis to examine the impact of upper
gastrointestinal ulcers on trace element statuses, this bidirectional
approach offers novel insights and methodological advancements
for comprehending their interplay (29, 30). Our findings not only
elucidate the complex biological roles of trace elements in upper
gastrointestinal ulcerative diseases but also lay the groundwork for
targeted prevention and treatment strategies. By integrating genetic,
epidemiological, and bioinformatic approaches, we have deepened
our understanding of the pathogenesis of these conditions, paving
the way for more accurate prediction, prevention, and treatment
methods. This multidisciplinary approach enables the development
of more effective, comprehensive disease management protocols,
offering refined guidance for the precise clinical management of
upper gastrointestinal ulcers. Ultimately, this research advances our
ability to address these diseases with increased precision
and efficacy.

2 Materials and methods
2.1 Data sources

In this study, exposure data were obtained from the openGWAS
database, including various trace element statuses, including
calcium.ionized (GCST90012623), iron (GCST90012683),
magnesium (GCST90012696), phosphate (GCST90012717), folate
(GCST90012742), VD (GCST90012771), cobalamin (VB,,,
GCST90012772),  retinol (GCST90012773),  pyridoxine
(GCST90012774), copper (ieu-a-1073), selenium (ieu-a-1077), and
zinc (ieu-a-1079). Outcome data for upper gastrointestinal ulcers
were selected from the Finngen database (R10 version, gastric
ulcers: 6,459 cases, 350,064 controls; duodenal ulcers: 3,795 cases,
350,064 controls; gastroduodenal ulcers: 10,021 cases, 350,064
controls) for initial analysis, and from the openGWAS database
(gastric ulcers: 6,293 cases, 467,985 controls; duodenal ulcers: 1,291
cases, 359,903 controls; and gastroduodenal ulcers: 3,467 cases,
357,727 controls) for validation analysis. Two-sample MR analysis
was conducted separately on the initial and validation datasets.
There was a requirement that datasets originate from European
populations, with the largest sample size or case count being
preferred when the same phenotype was found in multiple datasets.
Reporting follows the strengthening of the reporting of
observational studies in epidemiology using the Mendelian
randomization (STROBE-MR) statement (31).

2.2 Instrumental variables selection

2.2.1 Identification of exposure-related IVs

The “TwoSampleMR” R package was used to identify single
nucleotide polymorphisms (SNPs) closely associated with exposures
to serve as IVs (32). The parameters for selecting IVs were set as
follows: p=5e-06, *=0.001, kb=10,000 (33). The selection of IVs
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adhered to three assumptions of MR analysis: the relevance
assumption, asserting a strong association between the SNP and the
exposure; the independence assumption, indicating that the SNP is
independent of confounding factors; and the exclusion restriction
assumption, where the SNP affects the outcome solely through the
exposure (34). To ensure the validity of these IVs, preliminary
quality checks focused on verifying their sample sizes and effect
allele frequencies (EAFs). Missing sample size data were
supplemented from respective database information while missing
EAF data were calculated using data from the “1,000 Genomes
Project” (35).

2.2.2 Exclusion of confounding factors

To eliminate potential confounding IVs, the LDtrait Tool from the
“LDlink” database® was employed (36, 37). IVs associated with
phenotypes linked to gastric or duodenal diseases were identified as
potential confounders and excluded in the current study. Additionally,
SNPs are known to be closely associated with risk factors for
gastroduodenal diseases, such as NSAIDs drug use, high stress (38),
and “H. pylori” infection (4), were also defined as confounding SNPs
and excluded from the analysis. Following these steps, the retrieved
IVs underwent F-statistic calculations to ensure all IVs included in the
study had an F-value above 10 to verify their suitability and accuracy
(39-41).

2.2.3 |dentification of outcome-related IVs

Based on the types of IVs closely related to the exposure, the
“TwoSampleMR” R package was used to extract IVs associated with
the study outcomes, setting parameters as follows: rsq=0.8, maf_
threshold=0.3 (32). The exposure and outcome-related IVs were
then harmonized, ensuring their effect and reference alleles matched,
and the “MR-PRESSO” R package was utilized to identify and remove
outlier IVs (42). Following these data-cleaning steps, the final list of
IVs for MR analysis was obtained. Additionally, we performed the
same quality control and IV screening in the reverse analysis.

2.3 MR analysis

The MR analysis was primarily conducted using the
“TwoSampleMR” R package, where the initial analysis involved
different types of trace element statuses as exposures with upper
gastrointestinal ulcers as outcomes (32). Validation analysis was
performed using data from different databases to further evaluate the
causal effects of various trace element statuses on upper gastrointestinal
ulcers. Both initial and validation analyses employed the same MR
methods, including reverse MR analysis. Inverse variance weighted
(IVW) was the primary method, supplemented by the MR Egger (43),
weighted median (44), simple mode (45), and weighted mode (46-48)
methods. To identify significance, the IVW method must have a
p-value less than 0.05, and the p values from the five methods must
be in agreement (49). The “TwoSampleMR” package also provided
odds ratios (ORs) and their 95% confidence intervals (CI) to aid in
assessing the MR analysis’s causal effects.

2 https://ldlink.nih.gov/?tab=ldtrait
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2.4 Sensitivity analysis

Sensitivity analysis was conducted to determine whether the
included IVs were pleiotropic or heterogeneous (50). Heterogeneity
was tested using the Q-test when more than two SNPs were available
in an analysis direction, and heterogeneity was indicated if the value
of the Py s was less than 0.05 (51, 52). In such cases, the “random
effects model-IVW” method was employed to reassess the MR
analysis results. Pleiotropy was assessed using varying methodologies
dependent on the number of SNPs present. The MR Egger intercept
was utilized for detecting pleiotropy in cases where more than two
SNPs were included. In comparison, the MR-PRESSO global test was
employed when more than four SNPs were accessible (53). The
outcomes of the sensitivity analysis were graphically represented
through scatter plots and funnel plots. Furthermore, a leave-one-out
analysis was performed on the IVs included in the study to assess their
influence on the results of the MR analysis.

2.5 Meta-analysis

A meta-analysis was conducted to consolidate and
comprehensively evaluate the collective causal effects of diverse trace
element statuses on upper gastrointestinal ulcers, building upon initial
findings that yielded significant results. This method enabled the
synthesis of data and assessment of the cumulative influence of various

trace element statuses on the pathogenesis of these ulcers.

3 Results

3.1 Bidirectional causal estimation of
various trace element statuses on upper
gastrointestinal ulcers in the initial analysis

In accordance with MR guidelines, we have identified SNPs that
are closely linked to various trace element statuses. Following the
exclusion of confounding factors and selection based on F-statistics,
we have identified a total of 36 SNPs associated with cobalamin
(VB,,), magnesium, and pyridoxine; 24 SNPs with related to iron; 21
SNPs each associated with calcium ionized, retinol, VD, and zinc; 18
SNPs each associated with copper and folate; and 15 SNPs each
associated with phosphate and selenium (Supplementary Table S1).
An IVW method was used as a primary method, along with four MR
methods as supplementary. According to the FinnGen database,
magnesium had a reverse causal effect on gastroduodenal ulcers
(Figure 1), which was statistically significant (OR <1, Pryy=0.043),
suggesting that magnesium may reduce the risk of gastroduodenal
ulcers. A positive causal effect was found between zinc and gastric
ulcers, also in the FinnGen database, indicating that zinc may
increase the risk of gastric ulcers (Figure 1, OR> 1, Pryw=0.009),
which implies that zinc may increase the risk of gastric ulcers. The
association between other trace elements and upper gastrointestinal
ulcers was not statistically significant (p>0.05), indicating a weaker
association. A detailed summary of the MR analysis results is
included in Supplementary Table S2. The reverse MR analysis was
performed with three types of upper gastrointestinal ulcers as
exposures. Based on quality control of the IVs, we conducted MR
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Outcome Trait Method nSNP  P-Value OR (95% CI)
Gastroduodenal ulcer Magnesium MR Egger 12 0.050 —a— 0.732 (0.557 — 0.963)

1
Gastroduodenal ulcer Magnesium  Weighted median 12 0.081 —— 0.824 (0.663 — 1.024)
Gastroduodenal ulcer Magnesium  Simple mode 12 0.611 i . 0.905 (0.623 - 1.315)
Gastroduodenal ulcer Magnesium  Weighted mode 12 0.053 —a— 0.764 (0.599 - 0.974)
Gastric ulcer Zinc MR Egger 7 0.269 : L 1.232 (0.886 - 1.711)
1
Gastric ulcer Zinc Weighted median 7 0.083 -:—I— 1.103 (0.987 - 1.232)
. " . !
Gastric ulcer Zinc Simple mode 7 0.517 — 1.062 (0.896 — 1.258)
1
Gastric ulcer Zinc Weighted mode 7 0.501 — 1.058 (0.906 - 1.236)
I T T T 1
0.5 0.75 1 1.25 1.5
FIGURE 1
The forest plot shows the causal effect estimates from magnesium and zinc to upper gastrointestinal ulcerative diseases in the initial analysis. Cl,
confidence interval; IVW, inverse-variance weighted; nSNP, total number of the SNPs; OR, odds ratio.

analyses using 252 SNPs across 11 different types of trace element
statuses. The SNPs are detailed in Supplementary Table S3. There
were no notable causal relationships between upper gastrointestinal
ulcers and various trace element statuses according to the reverse MR
analysis (Supplementary Table S54), suggesting that upper
gastrointestinal ulcers are unlikely to affect the metabolic processes
of trace elements.

3.2 Bidirectional causal estimation of
various trace element statuses on upper
gastrointestinal ulcers in the validation
analysis

To confirm the causal effects of various trace element statuses on
upper gastrointestinal ulcers, we adapted the outcome data from the
OpenGWAS database to GWAS summary data from a European
cohort and conducted the MR analysis again. In this analysis,
we obtained 36 SNPs each for magnesium and pyridoxine, 34 for
cobalamin (VB,,), 23 for iron, 21 each for VD and zinc, 20 each for
ionized calcium and retinol, 18 for folate, and 17 for copper, with 15
each for phosphate and selenium (Supplementary Table S5). The
validation analysis results (Figure 2) showed significant causal effects
of folate on duodenal ulcers with a reverse causal effect (OR<1,
Pryw=0.025) and retinol on gastroduodenal ulcers with a positive
causal effect (OR > 1, Py =0.017). However, both phosphate (OR> 1,
Prw=0.005) and zinc (OR > 1, Py =0.003) exhibited a positive causal
effect on gastric ulcers. Details of all results from this analytical
direction are listed in Supplementary Table S6. For reverse MR
analysis, we used three types of upper gastrointestinal ulcers as
exposures, and after quality control of IVs, we obtained 393 SNPs for
MR analysis with 11 different types of trace element statuses as
outcomes, which are detailed in Supplementary Table S7. Reverse MR
analysis  showed no  significant causal  relationships
(Supplementary Table S8). The evidence from validation analysis
highlighted that higher zinc levels may increase the risk of gastric
ulcers. Moreover, these findings partially reveal how magnesium,
folate, retinol, and phosphate influence the development of upper

gastrointestinal ulcers, reflecting the complex mechanisms by which
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trace elements regulate gastrointestinal health. This provides a critical
perspective on how nutrients may regulate health through
physiological and pathological processes.

3.3 Sensitivity analysis

In the initial analysis, SNPs showed that rs146049131 in the
direction between magnesium and gastroduodenal ulcer exhibited a
statistically significant inverse causal relationship with the outcomes,
while other single SNPs did not show significant causal effects
(Figure 3A). However, the overall causal effect estimates using the
IVW method were significant and consistent with the MR analysis
results (Figure 3A). From the direction between zinc and gastric ulcer,
rs2120019 showed a significant positive causal relationship
(Figure 3B), while other SNPs did not exhibit significance, yet the
overall causal effect estimate remained significantly positive, aligning
with MR analysis results, including similar outcomes in the validation
analysis (Figure 3F). Additionally, in the validation analysis,
rs11741640 from the phosphate and gastric ulcer analysis direction
showed a significant positive causal effect (Figure 3C), while individual
SNPs in the folate and duodenal ulcer (Figure 3D), and retinol and
gastroduodenal wulcer directions (Figure 3E) did not exhibit
significant effects.

A leave-one-out analysis was conducted to assess the impact of
excluding individual SNPs on the causal effect trends of the
remaining SNPs. In the initial analysis (Figures 4A,B), when
excluding specific SNPs associated with magnesium, the remaining
SNPs did not show statistically significant effects on gastroduodenal
ulcers (Figure 4A), but excluding others revealed significant inverse
causal effects (Figure 4A). With zinc, only after excluding rs2120019
did the remaining SNPs show no statistically significant impact on
gastric ulcers (Figure 4B), yet in the validation analysis, excluding
rs2120019 still resulted in statistically significant effects (Figure 4F),
highlighting the critical role of rs2120019 in the development of
gastric ulcers. This SNP may regulate gene expression or participate
in critical metabolic pathways, thus affecting gastric mucosal
protection or acid environment regulation. In the validation analysis,
excluding specific SNPs from the phosphate and gastric ulcer
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Outcome Trait Method nSNP  P-Value OR (95% ClI)
Gastric ulcer Phosphate MR Egger 5 0.870 ! L 1.148 (0.253 - 5.198)
Gastric ulcer Phosphate =~ Weighted median 5 0.081 _——— = 1456 (0.955 - 2.218)

Gastric ulcer Phosphate  Simple mode 5 0.478 : L 1.285 (0.685 - 2.412)
Gastric ulcer Phosphate  Weighted mode 5 0.285 : > 1.449 (0.804 - 2.613)
Duodenal ulcer Folate MR Egger 6 0.434 u 0.998 (0.994 - 1.002)
Duodenal ulcer Folate Weighted median 6 0.174 [ | 0.999 (0.997 - 1.000)

Duodenal ulcer Folate Simple mode 6 0.463 ] 0.999 (0.997 - 1.001)
Duodenal ulcer Folate Weighted mode 6 0.457 [ ] 0.999 (0.997 - 1.001)
Gastroduodenal ulcer Retinol MR Egger 7 0.278 + 1.002 (0.999 - 1.004)
Gastroduodenal ulcer  Retinol Weighted median 7 0.014 [ ] 1.002 (1.000 - 1.003)

FIGURE 2

Gastroduodenal ulcer Retinol Simple mode 7 0.141 u 1.002 (1.000 - 1.004)
Gastroduodenal ulcer Retinol Weighted mode 7 0.165 [ | 1.002 (1.000 - 1.004)
1
Gastric ulcer Zinc MR Egger 7 0.953 —I'— 0.995 (0.835 — 1.184)
Gastric ulcer Zinc Weighted median 7 0.011 == 1.081 (1.018 - 1.147)
Gastric ulcer Zinc Simple mode 7 0.164 - 1.073 (0.984 - 1.169)
Gastric ulcer Zinc Weighted mode i 0.083 —.— 1.079 (1.004 - 1.158)
I 1 T T 1
0.5 0.75 1 1.25 15

The forest plot shows the causal effect estimates from phosphate, folate, retinol, and zinc to upper gastrointestinal ulcerative diseases in the validation
analysis. Cl, confidence interval; IVW, inverse-variance weighted; nSNP, total number of the SNPs;OR, odds ratio.

direction (Figure 4C), the folate and duodenal ulcer direction
(Figure 4D), and the retinol and gastroduodenal ulcer direction
(Figure 4E) resulted in statistically significant effects in their
respective directions. No evident pleiotropy or heterogeneity was
observed across the analysis directions (Supplementary Table S9).
Scatter plots (Figure 5) and funnel plots (Figure 6) also did not show
any significant SNP distribution abnormalities in significant
analysis directions.

3.4 Meta-analysis

Based on the results of the initial and validation analyses,
we confirmed that magnesium, zinc, phosphate, folate, and retinol
have statistically significant causal effects on upper gastrointestinal
ulcers across different databases. Meta-analyses of these results
revealed that only the causal relationship between zinc and gastric
ulcers was statistically significant across various data sources
(Figure 7), reaffirming zinc’s significant causal impact on gastric
ulcers. Detailed meta-analysis data are provided in
Supplementary Table S10. These results suggest that further
exploration of zinc’s specific role in gastric mucosal defense and repair
mechanisms is necessary, including its potential regulatory effects on
anti-inflammatory and antioxidant pathways, as well as determining
its optimal supplementation levels for the prevention and treatment
of gastric ulcers. This research study’s direction not only helps us
better understand zinc’s physiological and pathological roles but also
may guide the development of new treatment strategies to alleviate

clinical symptoms of gastric ulcers and improve patient quality of life.

Frontiers in Nutrition

4 Discussion

This study employed a two-sample MR approach to explore the
bidirectional causal relationships between various trace element
statuses and upper gastrointestinal ulcers. Our findings suggest that
elevated levels of zinc and phosphate may increase the risk of gastric
ulcers, whereas magnesium and folate offer potential protective
effects against gastroduodenal ulcers. The meta-analysis conducted
within this research further confirmed a positive causal relationship
between zinc levels and gastric ulcers, underscoring the importance
of maintaining balanced zinc levels to mitigate the risk of gastric
ulcers. The MR methodology leverages genetic variants as IVs to
estimate the causal effects of exposures (such as specific trace
element statuses) on outcomes (such as ulcerative diseases) (54, 55).
This analytical approach helps eliminate potential confounders,
including lifestyle factors and unmeasured biomarkers, thus
providing more reliable causal inferences (56, 57). Moreover, by
integrating and analyzing data from various studies, the meta-
analysis supports a causal relationship between trace element
statuses and upper gastrointestinal ulcerative diseases. This method
enhances the statistical power and breadth of the research, enabling
a more confident assertion of the role of trace elements in
gastrointestinal diseases. These findings not only enrich our
understanding of the role of trace elements in digestive system
diseases but also provide crucial scientific evidence for future
prevention strategies and therapeutic interventions. Particularly in
clinical settings, managing dietary trace element content could be an
effective prevention and treatment approach for patients with gastric
and duodenal ulcers. However, excessive zinc might exacerbate

frontiersin.org


https://doi.org/10.3389/fnut.2024.1443090
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Liu and Feng 10.3389/fnut.2024.1443090
A B
rs20669814 S r$2120019. |
rs148611436 —_— :
rs441673 i N rs1532423 4 —
rs7894336 —.— 17148590
rs13398276- —_——
rs72723498 @ — & rs10484100+
rs629681y  ———e——— rs4333127{ —————
rs4855434 — e i
rs3473874 H rs112325354 —:-0—
rs1460491314 —— rs11763353. :
rs139942296 -
rs11784948 — o 1 1
1 : All - MR Egger -
All - MR Egger - —— f
All - IVW — L= P
10 -05 00 05 -02 00 02 04
MR effect size for MR effect size for
‘Magnesium' on 'Gastroduodenal ulcer' 'Zinc' on 'Gastric ulcer'
C D
rs11741640 S rs79882704
141371744 i rs17769357
rs7551188 rs218896 —_——
H rs3751334 -
rs11063179 _—— T
i rs11193562{ — o 1
PREGHIT09% ! 73170787 — o+
All - MR Egger All - MR Egger
All - IVW i —— All - IVW —_—
21 0 1 -0.006  -0.002 0.000 0.002
MR effect size for MR effect size for
'Phosphate’ on 'Gastric ulcer' 'Folate' on 'Duodenal ulcer'
E F
rs137884374 _ rs11763353 :
rs4241758 _ rs1532423 —
rs4687301 _— rs2120019 ——
rs738409 S S — rs7148590 ———
rs1990351 SISl B S rs4333127 —_—
rs75172784 rs10484100{ —————
rs34129891 — o rs11232535] ——oi—
All - MR Egger . All = MR Egger { =m——i——
All = IVW § e— Al - IVW e
-0.0020.000 0.002 0.004 -0.2 0.0 0.2 0.4
MR effect size for MR effect size for
‘Retinol' on 'Gastroduodenal ulcer' 'Zinc' on 'Gastric ulcer'
FIGURE 3

diseases. (A,B) For initial analysis. (C—F) For validation analysis.

The forest plots for single nucleotide polymorphism (SNP) in the directions of different trace element states to upper gastrointestinal ulcerative

mucosal damage, thereby promoting ulcer formation. Therefore, zinc
supplementation should be carefully considered to avoid excessive
intake and effectively manage the risk of gastric ulcers. For patients
with existing gastric ulcers, adjusting diet and potential zinc
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supplementation to achieve optimal zinc levels could help alleviate
inflammation and promote the healing of the gastric mucosa. Thus,
it is essential to balance trace element intake carefully in
practical applications.
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FIGURE 4
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initial analysis. (C—F) For validation analysis.

The main benefit of the MR method is its ability to address
confounders and reverse causality issues in observational studies
(56, 58). Selecting appropriate IVs is essential for reliable MR
analysis. In this study, we chose genetic variants strongly linked to
trace element statuses from GWAS databases to meet MR analytical
requirements. F-statistic calculations were conducted to evaluate the
efficacy of the I'Vs in facilitating reliable causal inference through
genetic variants (39, 59). Initially, outcome populations that were
not associated with the exposure group were selected, and
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subsequently, validation analysis was performed utilizing the
extensive GWAS data from the same database. A meta-analysis was
conducted to combine results and assess overall causal effects from
various data sources. Sensitivity analysis was also performed to
verify the robustness of the results. MR-Egger regression and
Cochran’s Q statistic were used to assess bias and heterogeneity in
the results, and no significant findings have been observed. Overall,
the study rigorously followed established guidelines for MR
methodology, IV selection, quality control measures, and sensitivity
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investigations are needed to discover the specific biological
mechanisms involved. The trace elements studied play crucial
biological roles in the human body, including participation in cellular
metabolic processes, enzyme activity regulation, and protection of

Frontiers in Nutrition

cells from oxidative damage as antioxidants (60-64). The mechanisms
by which zinc and phosphate increase the risk of gastric ulcers may
involve multiple biological pathways, including direct damage to the
gastric mucosa and modulation of gastric acid secretion. For instance,
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zinc is known to regulate gastric acid secretion, potentially by
activating the H*/K* ATPase in gastric wall cells, leading to increased
gastric acid production (65, 66). Excessive gastric acid can damage the
gastric mucosa, increasing the risk of ulcer formation. Moreover,
phosphate, an essential molecule in cellular metabolism, may
accumulate in gastric mucosal cells, disrupting intracellular electrolyte
balance and pH levels (67). This disruption can lead to cellular
dysfunction and death, thereby promoting ulcer formation. This effect
might occur by impacting intracellular signaling pathways, such as
MAPK and NF-kB pathways, which play critical roles in regulating
inflammatory responses and cell apoptosis (68-70). Conversely, the
protective effects of magnesium and folate may operate through
different mechanisms. Magnesium, essential for the activity of many
enzymes, is crucial for DNA synthesis, protein production, and
cellular energy metabolism (71-74). Its anti-inflammatory properties
might reduce gastric mucosal inflammation by decreasing the
production of inflammatory mediators and regulating immune cell
function. Folate plays a significant role in cell repair and metabolism,
promoting the healing of damaged mucosa, potentially by enhancing
the proliferation of damaged cells and inhibiting the release of
inflammatory mediators (75-78). The actions of these trace elements
are not limited to single biological pathways; they may operate within
more complex networks involving oxidative stress responses, immune
regulation, and interactions with other nutrients. For example, zinc
and magnesium levels might influence each other’s absorption and
utilization (25, 79), and they may also interact with the metabolism of
VD and vitamin B, collectively regulating the defense mechanisms and
repair processes of the gastric mucosa.

Even though MR studies have provided a fascinating insight into
the potential causal relationships between trace element status and
upper gastrointestinal ulcerative diseases, genetic variant studies still
face many challenges. First, upper gastrointestinal ulcers are complex
diseases influenced by multiple genes and factors, involving numerous
genetic variants with relatively small effects, increasing the research
study’s complexity and sample size requirements (80). Although some
genetic variants are definitively associated with upper gastrointestinal
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ulcers, whether these variants directly influence the risk of upper
gastrointestinal ulcers requires further research and validation.
Moreover, while genetic variants implicated in MR studies are
commonly perceived as stable and impervious to external influences, it
is important to acknowledge that the interactions with environmental
factors, individual lifestyle choices, and other genetic determinants may
modulate their biological effects. Such interactions can alter the
significance of MR analysis findings by potentially modifying the effects
of genetic variants on disease susceptibility (81). Several directions must
be explored in future research to better understand the causal
relationships and promote effective prevention and treatment strategies.
First, experiments at both the animal model and cellular levels are
imperative to authenticate and elucidate the precise functions of trace
elements in the pathogenesis of gastric ulcers. These experiments allow
for the direct examination of the influence of trace element levels on the
viability, programmed cell death, and inflammatory reactions of gastric
mucosal cells, thereby establishing a basis for subsequent mechanistic
investigations. Second, comprehensive clinical trials involving a diverse
range of individuals, encompassing varying dietary patterns and health
conditions, are indispensable for evaluating the impact of
supplementing or restricting trace element statuses on the risk of gastric
ulcers. These studies contribute to a more precise determination of
recommended intake levels for trace elements, which serves as a
foundation for clinical and public health guidance. Furthermore,
investigating the interplay between trace element statuses and other
medical or nutritional interventions holds significant importance. For
example, considering that common NSAIDs are a significant factor in
causing gastric ulcers, studying how trace element statuses affect
NSAID-induced gastric mucosal damage could help develop safer and
more effective drug treatment strategies. Overall, this study provides
new perspectives and scientific evidence for understanding the complex
relationships between trace element statuses and upper gastrointestinal
ulcerative diseases. However, further exploration of specific biological
mechanisms underlying these relationships remains a crucial focus for
future research. Through these studies, we can not only enhance the
prevention and treatment of gastric ulcers but also potentially uncover
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the roles of trace element statuses in other digestive system diseases,
offering broader applications for promoting human health. Regarding
public health strategies, this research provides a scientific basis for
adjusting dietary guidelines and nutritional supplementation policies.
For instance, although zinc and phosphate are essential trace elements,
this study shows that their excess may be associated with an increased
risk of gastric ulcers, suggesting a need for more caution in
recommending daily intake. Conversely, the potential protective effects
of magnesium and folate support the promotion of these elements’
supplementation in specific populations, especially in patients with a
known history of ulcers. In clinical practice, these findings can guide
physicians to pay more attention to patients trace element statuses
when diagnosing and treating gastrointestinal diseases. For patients
who frequently experience indigestion symptoms, doctors could
recommend blood tests for trace element statuses and adjust diets or
recommend specific supplements based on the results. Additionally, for
patients using medications that might affect the absorption of trace
elements, such as proton pump inhibitors, doctors should also monitor
their trace element statuses to prevent potential mineral disorders. In
summary, this study not only enhances our understanding of the role
of trace elements in digestive health but also provides a scientific basis
for formulating targeted prevention measures and treatment strategies.
As the fields of nutritional science and genomics continue to develop,
the future holds promise for developing more personalized nutritional
management plans to optimize treatment outcomes and improve
patients” quality of life.

In conclusion, the two-sample MR combined with meta-analysis
revealed a positive causal relationship between zinc and gastric
ulcers, indicating that higher zinc levels may increase the risk of
gastric ulcers. Additionally, this method also demonstrated potential
causal relationships between other trace elements such as magnesium,
phosphate, and folate and upper gastrointestinal ulcerative diseases.
These findings support dietary recommendations for trace element
intake and emphasize the importance of considering trace element
balance in clinical and public health practices, particularly in
preventing and treating gastric and duodenal ulcers. Future research
should include diverse populations and environments to confirm
these findings and provide accurate data for global nutrition and
public health efforts.

Data availability statement

Publicly available datasets were analyzed in this study. This data can
be found at: Open GWAS project (https://gwas.mrcieu.ac.uk/), and the
Finngen database (R10 version) (https://r10.risteys.finngen.fi/).

References

1. Malfertheiner P, Chan FK, McColl KE. Peptic ulcer disease. Lancet. (2009)
374:1449-61. doi: 10.1016/s0140-6736(09)60938-7

2. Barkun A, Leontiadis G. Systematic review of the symptom burden, quality of life
impairment and costs associated with peptic ulcer disease. Am J Med. (2010)
123:358-66.¢2. doi: 10.1016/j.amjmed.2009.09.031

3. Gurusamy KS, Pallari E. Medical versus surgical treatment for refractory or
recurrent peptic ulcer. Cochrane Database Syst Rev. (2016) 3:Cd011523. doi:
10.1002/14651858.CD011523.pub2

4. Graham DY, Hernaez R, Rokkas T. Cross-roads for Meta-analysis and network
Meta-analysis of H. pylori. Ther Gut. (2022) 71:643-50. doi: 10.1136/gutjnl-2021-326170

Frontiers in Nutrition

11

10.3389/fnut.2024.1443090

Author contributions

JL: Writing - review & editing, Writing - original draft, Software,
Methodology, Investigation, Formal analysis, Conceptualization. GF:
Writing - review & editing, Visualization, Validation, Supervision,
Project administration, Methodology, Funding acquisition, Data
curation, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the Natural Science Foundation of Shandong Province
(ZR2023QH070).

Acknowledgments

We express our gratitude to the OpenGWAS and Finngen
database teams for providing public access to their summary data.
Additionally, we appreciate the principal investigators of the studies
for their transparency in sharing data for research purposes.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1443090/
full#supplementary-material

5. Franco JV, Turk T, Jung JH, Xiao YT, Iakhno S, Garrote V, et al. Non-
pharmacological interventions for treating chronic prostatitis/chronic pelvic pain
syndrome. Cochrane Database Syst Rev. (2018) 1:Cd012551. doi: 10.1002/14651858.
CD012551.pub2

6. Zheng Y, Xie T, Li S, Wang W, Wang Y, Cao Z, et al. Effects of Selenium as a dietary
source on performance, inflammation, cell damage, and reproduction of livestock
induced by heat stress: a review. Front Immunol. (2021) 12:820853. doi: 10.3389/
fimmu.2021.820853

7. Yu H, Wu B, Zhang XX, Liu S, Yu ], Cheng S, et al. Arsenic metabolism and toxicity
influenced by ferric Iron in simulated gastrointestinal tract and the roles of gut
microbiota. Environ Sci Technol. (2016) 50:7189-97. doi: 10.1021/acs.est.6b01533

frontiersin.org


https://doi.org/10.3389/fnut.2024.1443090
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://gwas.mrcieu.ac.uk/
https://r10.risteys.finngen.fi/
https://www.frontiersin.org/articles/10.3389/fnut.2024.1443090/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1443090/full#supplementary-material
https://doi.org/10.1016/s0140-6736(09)60938-7
https://doi.org/10.1016/j.amjmed.2009.09.031
https://doi.org/10.1002/14651858.CD011523.pub2
https://doi.org/10.1136/gutjnl-2021-326170
https://doi.org/10.1002/14651858.CD012551.pub2
https://doi.org/10.1002/14651858.CD012551.pub2
https://doi.org/10.3389/fimmu.2021.820853
https://doi.org/10.3389/fimmu.2021.820853
https://doi.org/10.1021/acs.est.6b01533

Liu and Feng

8. Provencher JE, Braune BM, Gilchrist HG, Forbes MR, Mallory ML. Trace element
concentrations and gastrointestinal parasites of Arctic terns breeding in the Canadian
high Arctic. Sci Total Environ. (2014) 476-477:308-16. doi: 10.1016/j.
scitotenv.2014.01.016

9. Chen K, Yan L, Sheng Y, Ma Y, Qu L, Zhao Y. An edible and nutritive zinc-ion
Micro-supercapacitor in the stomach with ultrahigh energy density. ACS Nano. (2022)
16:15261-72. doi: 10.1021/acsnano.2c06656

10. Mertz W. The essential trace elements. Science (New York, NY). (1981) 213:1332-8.
doi: 10.1126/science.7022654

11. Ganz T, Nemeth E. Iron homeostasis in host Defence and inflammation. Nat Rev
Immunol. (2015) 15:500-10. doi: 10.1038/nri3863

12. Collot J, Binet P, Malabad AM, Pauget B, Toussaint ML, Chalot M. Floristic survey,
trace element transfers between soil and vegetation and human health risk at an urban
industrial wasteland. ] Hazard Mater. (2023) 459:132169. doi: 10.1016/j.
jhazmat.2023.132169

13. Mu Q, Chen L, Gao X, Shen S, Sheng W, Min J, et al. The role of Iron homeostasis
in remodeling immune function and regulating inflammatory disease. Sci Bull (Beijing).
(2021) 66:1806-16. doi: 10.1016/j.s¢ib.2021.02.010

14. Ojeda ML, Carreras O, Nogales F. The role of Selenoprotein tissue homeostasis in
Mets programming: energy balance and Cardiometabolic implications. Antioxidants.
(2022) 11:394. doi: 10.3390/antiox11020394

15. Wieder-Huszla S, Chudecka-Gtaz A, Cymbaluk-Ploska A, Karakiewicz B, Bosiacki
M, Chlubek D, et al. Evaluation of the concentration of selected elements in patients
with Cancer of the reproductive organs with respect to treatment stage-preliminary
study. Nutrients. (2022) 14:2368. doi: 10.3390/nu14122368

16. Adnan M, Xiao B, Xiao P, Zhao P, Li R, Bibi S. Research Progress on heavy metals
pollution in the soil of smelting sites in China. Toxics. (2022) 10:231. doi: 10.3390/
toxics10050231

17. Tsang BL, Holsted E, McDonald CM, Brown KH, Black R, Mbuya MNN, et al.
Effects of foods fortified with zinc, alone or Cofortified with multiple micronutrients,
on health and functional outcomes: a systematic review and Meta-analysis. Adv Nutr.
(2021) 12:1821-37. doi: 10.1093/advances/nmab065

18. Qu X, Yang H, Yu Z, Jia B, Qiao H, Zheng Y, et al. Serum zinc levels and multiple
health outcomes: implications for zinc-based biomaterials. Bioact Mat. (2020) 5:410-22.
doi: 10.1016/j.bioactmat.2020.03.006

19. Nozadi F, Azadi N, Mansouri B, Tavakoli T, Mehrpour O. Association between
trace element concentrations in cancerous and non-cancerous tissues with the risk of
gastrointestinal cancers in eastern Iran. Environ Sci Pollut Res Int. (2021) 28:62530-40.
doi: 10.1007/s11356-021-15224-3

20. Ahn MB, Yoo IH. Risk factors of low bone mineral density in newly diagnosed
pediatric inflammatory bowel disease. Nutrients. (2023) 15:5048. doi: 10.3390/
nul5245048

21. Pasricha SR, Tye-Din ], Muckenthaler MU, Swinkels DW. Iron deficiency. Lancet.
(2021) 397:233-48. doi: 10.1016/s0140-6736(20)32594-0

22. Abou Baker NM, Davis AM. Gastrointestinal evaluation of Iron deficiency
Anemia. JAMA. (2021) 326:1624-5. doi: 10.1001/jama.2021.11604

23. Hotota M, Magiera J, Michlewska S, Kubczak M, Del Olmo NS, Garcia-Gallego S,
et al. In vitro anticancer properties of copper Metallodendrimers. Biomol Ther. (2019)
9:155 doi: 10.3390/biom9040155

24. Pierson H, Muchenditsi A, Kim BE, Ralle M, Zachos N, Huster D, et al. The
function of Atpase copper transporter Atp7b in intestine. Gastroenterology. (2018)
154:168-80.¢5. doi: 10.1053/j.gastro.2017.09.019

25. Al Fify M, Nichols B, Arailoudi Alexiadou L, Stefanowicz F, Armstrong J, Russell
RK, et al. Development of age-dependent micronutrient centile charts and their utility
in children with chronic gastrointestinal conditions at risk of deficiencies: a proof-of-
concept study. Clin Nutr. (2022) 41:931-6. doi: 10.1016/j.cInu.2022.02.021

26. Kurki MI, Karjalainen J, Palta P, Sipild TP, Kristiansson K, Donner KM, et al.
Finngen provides genetic insights from a well-Phenotyped isolated population. Nature.
(2023) 613:508-18. doi: 10.1038/s41586-022-05473-8

27. Dennis JK, Sealock JM, Straub P, Lee YH, Hucks D, Actkins K, et al. Clinical
laboratory test-wide association scan of polygenic scores identifies biomarkers of
complex disease. Genome Med. (2021) 13:6. doi: 10.1186/s13073-020-00820-8

28. Evans DM, Zhu G, Dy V, Heath AC, Madden PA, Kemp JP, et al. Genome-wide
association study identifies loci affecting blood copper, selenium and zinc. Hum Mol
Genet. (2013) 22:3998-4006. doi: 10.1093/hmg/ddt239

29. Thomas DC, Conti DV. Commentary: the concept of 'Mendelian Randomization'.
Int ] Epidemiol. (2004) 33:21-5. doi: 10.1093/ije/dyh048

30. Burgess S, Davey Smith G, Davies NM, Dudbridge F, Gill D, Glymour MM, et al.
Guidelines for performing Mendelian randomization investigations: update for
summer 2023. Wellcome Open Res. (2019) 4:186. doi: 10.12688/wellcomeopenres.
15555.1

31. Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky ], Davies NM, Swanson
SA, et al. Strengthening the reporting of observational studies in epidemiology using
Mendelian randomization: the Strobe-Mr statement. JAMA. (2021) 326:1614-21. doi:
10.1001/jama.2021.18236

Frontiers in Nutrition

12

10.3389/fnut.2024.1443090

32. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The Mr-
Base platform supports systematic causal inference across the human phenome. eLife.
(2018):7. doi: 10.7554/eLife.34408

33.Yan X, Yang P, Li Y, Liu T, Zha Y, Wang T, et al. New insights from bidirectional
Mendelian randomization: causal relationships between telomere length and
mitochondrial DNA copy number in aging biomarkers. Aging. (2024) 16:7387-404. doi:
10.18632/aging.205765

34.Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey SG. Mendelian
randomization: using genes as instruments for making causal inferences in
epidemiology. Stat Med. (2008) 27:1133-63. doi: 10.1002/sim.3034

35. Byrska-Bishop M, Evani US, Zhao X, Basile AO, Abel HJ, Regier AA, et al. High-
coverage whole-genome sequencing of the expanded 1000 genomes project cohort
including 602 trios. Cell. (2022) 185:3426-40.e19. doi: 10.1016/j.cell.2022.08.004

36. Machiela MJ, Chanock SJ. Ldlink: a web-based application for exploring
population-specific haplotype structure and linking correlated alleles of possible
functional variants. Bioinformatics. (2015) 31:3555-7. doi: 10.1093/bioinformatics/btv402

37.Lin S-H, Brown DW, Machiela MJ. Ldtrait: an online tool for identifying published
phenotype associations in linkage disequilibrium. Cancer Res. (2020) 80:3443-6. doi:
10.1158/0008-5472.CAN-20-0985

38. Spirt MJ. Stress-related mucosal disease: risk factors and prophylactic therapy. Clin
Ther. (2004) 26:197-213. doi: 10.1016/S0149-2918(04)90019-7

39. Burgess S, Thompson SG. Avoiding Bias from weak instruments in Mendelian
randomization studies. Int ] Epidemiol. (2011) 40:755-64. doi: 10.1093/ije/dyr036

40. Burgess S, Thompson SG. Bias in causal estimates from Mendelian randomization
studies with weak instruments. Stat Med. (2011) 30:1312-23. doi: 10.1002/sim.4197

41. Zhou X, Lian P, Liu H, Wang Y, Zhou M, Feng Z. Causal associations between gut
microbiota and different types of dyslipidemia: a two-sample Mendelian randomization
study. Nutrients. (2023) 15:4445. doi: 10.3390/nu15204445

42. Burgess S, Thompson SG. Interpreting findings from Mendelian randomization
using the Mr-Egger method. Eur ] Epidemiol. (2017) 32:377-89. doi: 10.1007/
510654-017-0255-x

43. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and Bias detection through egger regression. Int J
Epidemiol. (2015) 44:512-25. doi: 10.1093/ije/dyv080

44. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40:304-14. doi: 10.1002/gepi.21965

45. Morrison J, Knoblauch N, Marcus JH, Stephens M, He X. Mendelian randomization
accounting for correlated and uncorrelated pleiotropic effects using genome-wide
summary statistics. Nat Genet. (2020) 52:740-7. doi: 10.1038/s41588-020-0631-4

46. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis with
multiple genetic variants using summarized data. Genet Epidemiol. (2013) 37:658-65.
doi: 10.1002/gepi.21758

47.Porcu E, Riteger S, Lepik K, Santoni FA, Reymond A, Kutalik Z. Mendelian
randomization integrating Gwas and Eqtl data reveals genetic determinants of complex
and clinical traits. Nat Commun. (2019) 10:3300. doi: 10.1038/s41467-019-10936-0

48. Harrison SC, Holmes MV, Burgess S, Asselbergs FW, Jones GT, Baas AF, et al.
Genetic association of lipids and lipid drug targets with abdominal aortic aneurysm: a
meta-analysis. JAMA Cardiol. (2018) 3:26-33. doi: 10.1001/jamacardio.2017.4293

49. Liu S, Deng Y, Liu H, Fu Z, Wang Y, Zhou M, et al. Causal relationship between
meat intake and biological aging: evidence from Mendelian randomization analysis.
Nutrients. (2024) 16:2433. doi: 10.3390/nul16152433

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

51. Bowden J, Del Greco ME, Minelli C, Davey Smith G, Sheehan N, Thompson J. A
framework for the investigation of pleiotropy in two-sample summary data Mendelian
randomization. Stat Med. (2017) 36:1783-802. doi: 10.1002/sim.7221

52.Feng Z, Wang Y, Fu Z, Liao J, Liu H, Zhou M. Exploring the causal effects of
mineral metabolism disorders on telomere and mitochondrial DNA: a bidirectional
two-sample Mendelian randomization analysis. Nutrients. (2024) 16:1417. doi: 10.3390/
nul6101417

53. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50:693-8. doi: 10.1038/s41588-018-0099-7

54. Pingault JB, O'Reilly PE, Schoeler T, Ploubidis GB, Rijsdijk E Dudbridge F. Using
genetic data to strengthen causal inference in observational research. Nat Rev Genet.
(2018) 19:566-80. doi: 10.1038/541576-018-0020-3

55. Davies NM, Holmes MV, Davey SG. Reading Mendelian randomisation studies: a
guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601. doi: 10.1136/
bmj.k601

56. Smith GD, Ebrahim S. 'Mendelian Randomization: can genetic epidemiology
contribute to understanding environmental determinants of disease? Int ] Epidemiol.
(2003) 32:1-22. doi: 10.1093/ije/dyg070

frontiersin.org


https://doi.org/10.3389/fnut.2024.1443090
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2014.01.016
https://doi.org/10.1016/j.scitotenv.2014.01.016
https://doi.org/10.1021/acsnano.2c06656
https://doi.org/10.1126/science.7022654
https://doi.org/10.1038/nri3863
https://doi.org/10.1016/j.jhazmat.2023.132169
https://doi.org/10.1016/j.jhazmat.2023.132169
https://doi.org/10.1016/j.scib.2021.02.010
https://doi.org/10.3390/antiox11020394
https://doi.org/10.3390/nu14122368
https://doi.org/10.3390/toxics10050231
https://doi.org/10.3390/toxics10050231
https://doi.org/10.1093/advances/nmab065
https://doi.org/10.1016/j.bioactmat.2020.03.006
https://doi.org/10.1007/s11356-021-15224-3
https://doi.org/10.3390/nu15245048
https://doi.org/10.3390/nu15245048
https://doi.org/10.1016/s0140-6736(20)32594-0
https://doi.org/10.1001/jama.2021.11604
https://doi.org/10.3390/biom9040155
https://doi.org/10.1053/j.gastro.2017.09.019
https://doi.org/10.1016/j.clnu.2022.02.021
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1186/s13073-020-00820-8
https://doi.org/10.1093/hmg/ddt239
https://doi.org/10.1093/ije/dyh048
https://doi.org/10.12688/wellcomeopenres.15555.1
https://doi.org/10.12688/wellcomeopenres.15555.1
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.7554/eLife.34408
https://doi.org/10.18632/aging.205765
https://doi.org/10.1002/sim.3034
https://doi.org/10.1016/j.cell.2022.08.004
https://doi.org/10.1093/bioinformatics/btv402
https://doi.org/10.1158/0008-5472.CAN-20-0985
https://doi.org/10.1016/S0149-2918(04)90019-7
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1002/sim.4197
https://doi.org/10.3390/nu15204445
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1038/s41588-020-0631-4
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1038/s41467-019-10936-0
https://doi.org/10.1001/jamacardio.2017.4293
https://doi.org/10.3390/nu16152433
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1002/sim.7221
https://doi.org/10.3390/nu16101417
https://doi.org/10.3390/nu16101417
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41576-018-0020-3
https://doi.org/10.1136/bmj.k601
https://doi.org/10.1136/bmj.k601
https://doi.org/10.1093/ije/dyg070

Liu and Feng

57. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors for causal
inference in epidemiological studies. Hum Mol Genet. (2014) 23:R89-98. doi: 10.1093/
hmg/ddu328

58. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017)
318:1925-6. doi: 10.1001/jama.2017.17219

59. Pierce BL, Ahsan H, Vanderweele T]. Power and instrument strength requirements
for Mendelian randomization studies using multiple genetic variants. Int ] Epidemiol.
(2011) 40:740-52. doi: 10.1093/ije/dyq151

60.Li B, Li D, Jing W, Fan J, Dahms HU, Lee SC, et al. Biogenic Selenium and its
hepatoprotective activity. Sci Rep. (2017) 7:15627. doi: 10.1038/s41598-017-13636-1

61. Negro R. Selenium and thyroid autoimmunity. Biologics. (2008) 2:265-73. doi:
10.2147/btt.s2746

62. Schomburg L. Selenium, Selenoproteins and the thyroid gland: interactions in
health and disease. Nat Rev Endocrinol. (2011) 8:160-71. doi: 10.1038/nrendo0.2011.174

63.Gao X, Song Y, Wu J, Lu S, Min X, Liu L, et al. Iron-dependent epigenetic
modulation promotes pathogenic T cell differentiation in lupus. J Clin Invest. (2022)
132:€152345. doi: 10.1172/JCI152345

64. Jeejeebhoy K. Zinc: an essential trace element for parenteral nutrition.
Gastroenterology. (2009) 137:57-S12. doi: 10.1053/j.gastro.2009.08.014

65.Du W, Gu M, Hu M, Pinchi P, Chen W, Ryan M, et al. Lysosomal Zn(2+) release
triggers rapid, mitochondria-mediated, non-apoptotic cell death in metastatic
melanoma. Cell Rep. (2021) 37:109848. doi: 10.1016/j.celrep.2021.109848

66. Longhin E, Gronberg C, Hu Q, Duelli AS, Andersen KR, Laursen NS, et al.
Isolation and characterization of Nanobodies against a zinc-transporting P-type Atpase.
Antibodies. (2018) 7:39. doi: 10.3390/antib7040039

67.Berndt T, Kumar R. Novel mechanisms in the regulation of phosphorus
homeostasis. Physiology (Bethesda). (2009) 24:17-25. doi: 10.1152/physiol.00034.2008

68. Huang G, Shi LZ, Chi H. Regulation of Jnk and P38 Mapk in the immune system:
signal integration, propagation and termination. Cytokine. (2009) 48:161-9. doi:
10.1016/j.cyt0.2009.08.002

69. Wang SJ, Li R, Ng TSC, Luthria G, Oudin M]J, Prytyskach M, et al. Efficient
blockade of locally reciprocated tumor-macrophage signaling using a tam-avid
Nanotherapy. Sci Adv. (2020) 6:eaaz8521. doi: 10.1126/sciadv.aaz8521

70. Taniguchi K, Karin M. Nf-Kb, inflammation, immunity and cancer: coming of age.
Nat Rev Immunol. (2018) 18:320-24. doi: 10.1038/nri.2017.142

Frontiers in Nutrition

13

10.3389/fnut.2024.1443090

71.Liu M, Dudley SC Jr. Beyond ion homeostasis: hypomagnesemia, transient
receptor potential Melastatin Channel 7, mitochondrial function, and inflammation.
Nutrients. (2023) 15:3920. doi: 10.3390/nu15183920

72. Bray MS, Lenz TK, Haynes JW, Bowman JC, Petrov AS, Reddi AR, et al. Multiple
prebiotic metals mediate translation. Proc Natl Acad Sci USA. (2018) 115:12164-9. doi:
10.1073/pnas.1803636115

73. Bravo M, Simén J, Gonzélez-Recio I, Martinez-Cruz LA, Goikoetxea-Usandizaga
N, Martinez-Chantar ML. Magnesium and liver metabolism through the lifespan. Adv
Nutr. (2023) 14:739-51. doi: 10.1016/j.advnut.2023.05.009

74.Lin S, Yin S, Shi J, Yang G, Wen X, Zhang W, et al. Orchestration of energy
metabolism and osteogenesis by mg(2+) facilitates low-dose Bmp-2-driven regeneration.
Bioact Mater. (2022) 18:116-27. doi: 10.1016/j.bioactmat.2022.03.024

75. Angelini S, Ravegnini G, Nannini M, Bermejo JL, Musti M, Pantaleo MA, et al.
Folate-related polymorphisms in gastrointestinal stromal Tumours: susceptibility and
correlation with tumour characteristics and clinical outcome. Eur ] Hum Genet. (2015)
23:817-23. doi: 1041038/ejhg.2014.198

76. Engevik MA, Morra CN, Ré6th D, Engevik K, Spinler JK, Devaraj S, et al. Microbial
metabolic capacity for intestinal folate production and modulation of host folate
receptors. Front Microbiol. (2019) 10:2305. doi: 10.3389/fmicb.2019.02305

77. Mendonga N, Mathers JC, Adamson AJ, Martin-Ruiz C, Seal CJ, Jagger C, et al.
Intakes of folate and vitamin B,, and biomarkers of status in the very old: the Newcastle
85+ study. Nutrients. (2016) 8:604. doi: 10.3390/nu8100604

78. Wu X, Peng B, Qian K, Zhang W, Min J, Zhang M, et al. The combination of
Methylenehydrofolate reductase C677t polymorphism screening and gastrointestinal
tumor markers detection may be an early screening method for gastrointestinal cancer
related to Helicobacter pylori infection. Genes Dis. (2021) 8:931-8. doi: 10.1016/j.
gendis.2021.02.011

79.Langer G, Wan CS, Fink A, Schwingshackl L, Schoberer D. Nutritional
interventions for preventing and treating pressure ulcers. Cochrane Database Syst Rev.
(2024) 2:Cd003216. doi: 10.1002/14651858.CD003216.pub3

80. Laine L, Takeuchi K, Tarnawski A. Gastric mucosal defense and cytoprotection:
bench to bedside. Gastroenterology. (2008) 135:41-60. doi: 10.1053/j.gastro.2008.
05.030

81.de Leeuw C, Savage ], Bucur IG, Heskes T, Posthuma D. Understanding the
assumptions underlying Mendelian randomization. Eur ] Hum Genet. (2022) 30:653-60.
doi: 10.1038/s41431-022-01038-5

frontiersin.org


https://doi.org/10.3389/fnut.2024.1443090
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1038/s41598-017-13636-1
https://doi.org/10.2147/btt.s2746
https://doi.org/10.1038/nrendo.2011.174
https://doi.org/10.1172/JCI152345
https://doi.org/10.1053/j.gastro.2009.08.014
https://doi.org/10.1016/j.celrep.2021.109848
https://doi.org/10.3390/antib7040039
https://doi.org/10.1152/physiol.00034.2008
https://doi.org/10.1016/j.cyto.2009.08.002
https://doi.org/10.1126/sciadv.aaz8521
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.3390/nu15183920
https://doi.org/10.1073/pnas.1803636115
https://doi.org/10.1016/j.advnut.2023.05.009
https://doi.org/10.1016/j.bioactmat.2022.03.024
https://doi.org/10.1038/ejhg.2014.198
https://doi.org/10.3389/fmicb.2019.02305
https://doi.org/10.3390/nu8100604
https://doi.org/10.1016/j.gendis.2021.02.011
https://doi.org/10.1016/j.gendis.2021.02.011
https://doi.org/10.1002/14651858.CD003216.pub3
https://doi.org/10.1053/j.gastro.2008.05.030
https://doi.org/10.1053/j.gastro.2008.05.030
https://doi.org/10.1038/s41431-022-01038-5

	The causal relationship between trace element status and upper gastrointestinal ulcers: a Mendelian randomization study
	1 Introduction
	2 Materials and methods
	2.1 Data sources
	2.2 Instrumental variables selection
	2.2.1 Identification of exposure-related IVs
	2.2.2 Exclusion of confounding factors
	2.2.3 Identification of outcome-related IVs
	2.3 MR analysis
	2.4 Sensitivity analysis
	2.5 Meta-analysis

	3 Results
	3.1 Bidirectional causal estimation of various trace element statuses on upper gastrointestinal ulcers in the initial analysis
	3.2 Bidirectional causal estimation of various trace element statuses on upper gastrointestinal ulcers in the validation analysis
	3.3 Sensitivity analysis
	3.4 Meta-analysis

	4 Discussion

	References

