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Abstract: Emerging observational evidence suggests links between cognitive impairment and a
range of gastrointestinal tract (GIT) disorders; however, the mechanisms underlying their relation-
ships remain unclear. Leveraging large-scale genome-wide association studies’ summary statis-
tics, we comprehensively assessed genetic overlap and potential causality of cognitive traits and
Alzheimer’s disease (AD) with several GIT disorders. We demonstrate a strong and highly signif-
icant inverse global genetic correlation between cognitive traits and GIT disorders—peptic ulcer
disease (PUD), gastritis-duodenitis, diverticulosis, irritable bowel syndrome, and gastroesophageal
reflux disease (GERD), but not inflammatory bowel disease (IBD). Further analysis detects 35 sig-
nificant (p < 4.37 × 10−5) bivariate local genetic correlations between cognitive traits, AD, and GIT
disorders (including IBD). Mendelian randomisation analysis suggests a risk-decreasing causality
of educational attainment, intelligence, and other cognitive traits on PUD and GERD, but not IBD,
and a putative association of GERD with cognitive function decline. Gene-based analysis reveals a
significant gene-level genetic overlap of cognitive traits with AD and GIT disorders (IBD inclusive,
pbinomial-test = 1.18 × 10−3–2.20 × 10−16). Our study supports the protective roles of genetically-
influenced educational attainments and other cognitive traits on the risk of GIT disorders and
highlights a putative association of GERD with cognitive function decline. Findings from local ge-
netic correlation analysis provide novel insights, indicating that the relationship of IBD with cognitive
traits (and AD) will depend largely on their local effects across the genome.

Keywords: Alzheimer’s disease; causality; cognition; cognitive traits; educational attainment;
gastrointestinal tract disorders; genome-wide association studies (GWAS); local genetic correlation;
global genetic correlation; Mendelian randomization

1. Introduction

The bidirectional communication between the brain and the gut is well known, and
the potential contribution of this phenomenon to the risk of dementia, Alzheimer’s disease
(AD), in particular, is a subject of increasing importance that continues to attract major
attention in the recent literature [1–7]. Several studies have reported a positive association
between AD (or dementia, generally) and gut microbiota disruption, gastrointestinal
tract (GIT) disorders or medications for gastritis, oesophageal reflux disease (GERD),
and peptic ulcer disease (PUD) [7–15]. The likely roles of the immune (autoimmune)
system, dysbiosis, enteric amyloid-beta (Aβ) accumulation, inflammatory processes, vagal
nerve stimulation, and lipid metabolism have been suggested [4,5,7,16,17]. However, the
mechanisms underlying these relationships require further elucidation.

Clinically, AD is characterised by cognitive deterioration [18,19]. The disorder cur-
rently has no known disease-modifying or curative therapies [18,19], largely because the
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underlying mechanisms are poorly understood. Hence, disentangling the effects of GIT
disorders on cognition (and vice versa) could have substantial implications for people with
lived experience of AD. For example, such knowledge can enhance a better understanding
of the disorders’ poorly understood biological mechanisms, inform preventative or therapy
development efforts for AD (and GIT disorders), and provide a basis for further transla-
tional studies, especially in light of the gut–brain connection. Importantly, establishing
a causal link between genetic predisposition to GIT traits and impaired cognition will
not only improve knowledge of their shared underlying biology but can, for instance,
suggest treatments for the cure or remission of GIT disorders and/or relevant preventative
approaches as potential strategies for slowing cognitive decline.

Similar to the growing evidence linking AD with GIT traits [7–14], emerging findings
from conventional observational studies suggest that a range of GIT disorders are asso-
ciated with cognitive dysfunction [20–23]. For instance, a recent systematic review and
meta-analysis of cross-sectional studies reported a significant risk of cognitive impairment
(including deficits in attention, executive function, and working memory) in individuals
with inflammatory bowel disease (IBD), compared to controls [20]. Findings in a more
recent cross-sectional study also suggest an association of greater subjective and objective
cognitive difficulty with higher gastrointestinal symptoms [24]. Similarly, in a multi-site lon-
gitudinal study, increasing severity of GIT symptoms was found to be associated with poor
performance across all domains of cognition in individuals with Parkinson’s disease [21].
There is also evidence implicating Helicobacter (H.) pylori, a known risk for PUD [25] and
gut microbiota alterations, in cognitive impairment [1,9,26–28]. Interestingly, host genetic
susceptibility to H. pylori infection in PUD has been demonstrated [29]. Moreover, chronic
inflammation, a biological process shared by several GIT disorders, including PUD, GERD,
gastritis-duodenitis, and IBD, has been linked with impaired cognition (executive function,
especially) [30].

On the other hand, an observational study found no significant association between
cognitive function and IBD or irritable bowel syndrome (IBS) [31]. A 2019 systematic
review also reported an inconclusive relationship between IBS and several domains of
cognitive impairment [32]. Thus, the potential effects of GIT traits on cognition (and vice
versa), and their likely underlying mechanisms, remain poorly understood. So far, available
evidence on this subject comes from conventional observational studies, which may explain
their inconsistent results. In addition to their limitation in drawing causal inferences,
observational studies are often susceptible to biases of small sample sizes and confounding
influences from many sources, including lifestyle and environment.

Here, we leveraged large-scale genome-wide association studies (GWAS)’s summary
data and utilised a suite of cross-trait statistical genetic analysis methods to explore the
genetic relationship between cognitive traits, AD, and GIT disorders. Studies focusing on
genetic overlap and causality of one trait on another are critical to an evidence-based un-
derstanding of disease mechanisms, therapy characterisation, and potential preventative or
treatment development efforts [33]. Hence, unlike the traditional observational studies that
are often limited by a range of factors, including reverse causality and residual confounding,
the outcomes of the present genetic-based study will provide robust evidence and enhance
mechanistic insights into the interplay of GIT disorders with cognition and AD.

2. Results

Figure 1 presents a simplified workflow for this study. First, using the linkage dis-
equilibrium score regression (LDSC) analysis method [34], we assessed and quantified
SNP-level pairwise global (genome-wide) genetic correlations between 6 GIT disorders
(PUD, GERD, gastritis-duodenitis, IBS, diverticulosis, and IBD), 10 cognitive traits, and
AD (Supplementary Table S1). Cognitive traits assessed in this study include educational
attainment, cognitive performance, intelligence, age of completing full-time education, ed-
ucational qualifications, fluid intelligence, and four measures of fluid intelligence: chained
arithmetic, conditional arithmetic, family relationship calculation, and word interpolation.
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Second, we assessed local genetic correlations between the GIT disorders, cognitive traits,
and AD. Third, we conducted bidirectional two-sample Mendelian randomisation (2SMR)
analyses [35] to test for potential causal associations between GIT disorders and cognitive
traits. Last, we performed gene-based analysis and subsequently assessed gene-level ge-
netic overlap of three GIT disorders (PUD, GERD, and IBD) and AD with two representative
cognitive traits (educational attainment and cognitive performance).
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Figure 1. Study design and workflow: examining the relationship of cognitive traits and AD with GIT
disorders. AD: Alzheimer’s disease, IBS: irritable bowel syndrome, PUD: peptic ulcer disease, GERD:
gastroesophageal reflux disease, IBD: inflammatory bowel disease, GD: gastritis-duodenitis, Divertic:
diverticulosis, AgeFullEdu: age completed full-time education, FI-ChainedArithm: fluid intelligence-
chained arithmetic, FI-CondArithm: fluid intelligence-conditional arithmetic, FI-famRelatCal: fluid
intelligence-family relationship calculation, FI-WordInterp: fluid intelligence-word interpolation,
CognPerf: cognitive performance, Educ-qual: educational qualification, EduAttmt: educational
attainment. GWAS: genome-wide association studies, GIT: gastrointestinal tract, LDSC: linkage
disequilibrium score regression, LAVA: local analysis of [co]variant association, MAGMA: multi-
marker analysis of genomic annotation, 2SMR: two-sample Mendelian randomisation.

2.1. Global Genetic Correlation of Cognitive Traits with GIT Disorders

Table 1 presents the results of global SNP-based heritability (h2
SNP) estimates (pro-

portion of phenotypic variance that can be attributed to genome-wide common SNPs),
obtained using the univariate LDSC analysis method. These estimates ranged from 0.01
to 0.22 for cognitive traits, AD, and GIT disorders. We note, however, that our heritability
estimates were based on the observed scale and, thus, may be conservative.

For example, on the liability scale, the SNP-based global heritability for PUD was
0.06 (se = 0.007), IBS = 0.06 (se = 0.005), and IBD = 0.11 (se = 0.016) [29]. Bivariate LDSC
analyses revealed a negative (inverse) and highly significant global genetic correlation (rg)
between all the cognitive traits and each of the GIT disorders, except IBD (Figure 2 and
Supplementary Table S2).
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Table 1. Summary of the GWAS data analysed with heritability estimates.

Phenotype
Class Phenotype Name Sample

Size
Global h2

SNP
(observed scale)

Global
h2

SNP SE

Atlas or Source
ID (Study and

Year)
Ancestry

Cognitive
traits

Cognitive
performance 257,828 0.20 0.01 4067 (Lee et al.,

2018)

Euro-
pean

Intelligence 269,867 0.20 0.01 3785 (Savage
et al., 2018)

Fluid intelligence
(FI) score 125,935 0.22 0.01 3413 (Watanabe

et al., 2019)

FI test–FI3: word
interpolation 124,929 0.07 0.01 3402 (Watanabe

et al., 2019)

FI test–FI6:
conditional
arithmetic

96,994 0.05 0.01 3404 (Watanabe
et al., 2019)

FI test–FI8:
chained arithmetic 68,065 0.07 0.01 3406 (Watanabe

et al., 2019)

FI test–FI5: family
relationship
calculation

99,934 0.03 0.01 3403 (Watanabe
et al., 2019)

Educational
attainment 766,345 0.11 0.00 4066 (Lee et al.,

2018)

Education–
Qualifications 318,526 0.11 0.00 3409 (Watanabe

et al., 2019)

Age completed
full-time

education
253,580 0.05 0.00 3203 (Watanabe

et al., 2019)

Alzheimer’s
disease (AD) AD 455,258 0.01 0.00 (Jansen et al.,

2019)

Gastrointestinal
tract (GIT)
disorders

Peptic ulcer
disease (PUD) 456,327 0.01 0.00 (Wu et al., 2021)

Gastroesophageal
reflux disease

(GERD)
332,601 0.07 0.00 (An et al., 2019)

Gastritis-
duodenitis

(GD)
407,065 0.02 0.00 Phecode 535

(Lee lab)

Diverticulosis 362,094 0.04 0.00 Phecode 562
(Lee lab)

Irritable bowel
syndrome (IBS) 455,321 0.01 0.00 (Wu et al., 2021)

Inflammatory
bowel disease

(IBD)
456,327 0.01 0.00 (Wu et al., 2021)

FI: fluid intelligence, SNP: single nucleotide polymorphism, SE: standard error, h2: heritability.

First, LDSC found highly significant negative global genetic correlations between
PUD and intelligence (rg = −0.33, se = 0.05, p = 2.11 × 10−11), cognitive performance
(rg = −0.32, se = 0.04, p = 9.00 × 10−16), and educational attainment (rg = −0.46, se = 0.04,
p = 5.50 × 10−33) [Figure 2a and Supplementary Table S2]. Other cognitive traits, includ-
ing educational qualification, age of completing full-time education, fluid intelligence
score, and other measures of fluid intelligence, similarly demonstrated negative and
highly significant global genetic correlations with PUD (rg = −0.27–−0.47, se = 0.04–0.10,
p = 8.41 × 10−4–5.75 × 10−25) [Figure 2a and Supplementary Table S2]. Furthermore, we
found a positive global genetic correlation between PUD and AD (rg = 0.33, se = 0.12,
p = 7.55 × 10−3), which is consistent with a risk-increasing relationship between the two
traits [Figure 2a and Supplementary Table S2]. These results were based on the uncon-
strained genetic covariance intercept in the LDSC analysis suggesting, given the evidence
of no substantial sample overlap (Supplementary Table S2), that the significance of the
global correlation estimates was conservative (for example, comparing the results for PUD
and AD in Supplementary Table S3).
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Figure 2. Global genetic correlation of cognitive traits and AD with GIT disorders using LDSC.
AD: Alzheimer’s disease, IBS: irritable bowel syndrome, PUD: peptic ulcer disease, GERD: gastroe-
sophageal reflux disease, IBD: inflammatory bowel disease, Gastritis-D: gastritis-duodenitis, Age-
FullEdu: age completed full-time education, FI-ChainedArithm: fluid intelligence-chained arithmetic,
FI-CondArithm: fluid intelligence-conditional arithmetic, FI-famRelatCal: fluid intelligence-family
relationship calculation, FI-WordInterp: fluid intelligence-word interpolation, CognPerf: cogni-
tive performance, Educ-qual: educational qualification, EduAttmt: educational attainment. GIT:
gastrointestinal tract, LDSC: linkage disequilibrium score regression.

Second, we observed a similar pattern of strong and even more highly significant
negative global genetic correlation between GERD and all the cognitive traits assessed in
this study (Figure 2b and Supplementary Table S2). For example, GERD demonstrated
inverse global genetic correlation with cognitive performance (rg = −0.31, se = 0.02,
p = 8.35 × 10−53), intelligence (rg = −0.31, se = 0.03, p = 5.35 × 10−32), age of full-time
education completion (rg = −0.45, se = 0.03, p = 1.25 × 10−49), educational attainment
(rg = −0.45, se = 0.02, p = 1.11 × 10−151), and other cognitive traits (rg = −0.24–−0.44,
se = 0.02–0.06, p = 2.64 × 10−7– 8.91 × 10−92). Similar to PUD, GERD also demonstrated a
positive global genetic correlation with AD (rg = 0.24, se = 0.07, p = 2.62 × 10−4) [Figure 2b
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and Supplementary Table S2]. Notably, these results were also based on the unconstrained
genetic covariance intercept.

Third, LDSC revealed a negative global genetic correlation of other GIT disorders,
including gastritis-duodenitis, IBS, and diverticulosis with each of the cognitive traits, and
a positive correlation with AD (Figure 2c-e, and Supplementary Table S2). It is noteworthy
that educational attainment (rg = −0.53, se = 0.03, p = 2.84 × 10−66) and educational
qualifications (rg = −0.54, se = 0.04, p = 6.81 × 10−50) had the strongest and most significant
correlation with gastritis-duodenitis. This pattern of results remained consistent in the
correlation of educational attainment with IBS (rg = −0.24, se = 0.03, p = 8.54 × 10−16) and
diverticulosis (rg = −0.24, se = 0.02, p = 2.49 × 10−24).

However, IBD behaved differently from the rest of the GIT disorders. We found no
evidence of a significant genetic correlation of IBD with AD or any of the cognitive traits
except educational attainment (rg = −0.11, se = 0.04, p = 3.80 × 10−3) and marginally
with educational qualification [Figure 2f and Supplementary Table S2]. Last, using LDSC,
we explored the pair-wise global genetic correlation between each of the cognitive traits
and AD (without constraining the genetic covariance intercept). As expected, we found
a strong and highly significant positive global genetic correlation of cognitive traits with
each other and a moderately significant negative genetic correlation with AD. Figure 3 and
Supplementary Table S4 provide details of these results.
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Figure 3. Heatmap of pair-wise global genetic correlation of cognitive traits, AD, and PUD using
the LDSC approach. AD: Alzheimer’s disease, PUD: peptic ulcer disease, AgeFullEdu: age com-
pleted full-time education, FI-ChainedArithm: fluid intelligence-chained arithmetic, FI-CondArithm:
fluid intelligence-conditional arithmetic, FI-famRelatCal: fluid intelligence-family relationship cal-
culation, FI-WordInterp: fluid intelligence-word interpolation, CognPerf: cognitive performance,
Educ-qual: educational qualification, EduAttmt: educational attainment. LDSC: linkage disequilib-
rium score regression.

2.2. Local Genetic Correlation of Cognitive Traits and AD with GIT Disorders

We performed local genetic correlation analyses of cognitive traits and AD with GIT
disorders using LAVA [36]. Unlike the global (genome-wide) correlation analysis using
the LDSC method [34], the local approach enabled us to identify and estimate genetic
correlation, in specific genomic regions, between GIT disorders, AD, and cognitive traits,
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thereby providing better insights into their local effects and shared genetic basis. At the
threshold of p < 4.37× 10−5, adjusting for the total number of tests performed (1144), LAVA
detected 35 significant bivariate local genetic correlations, across 14 loci, between GIT
disorders (IBD inclusive), cognitive traits, and AD (Table 2). Five of the six GIT disorders,
namely, GERD, PUD, gastritis-duodenitis, diverticulosis, and IBD, demonstrate at least
one significant local genetic correlation with a cognitive trait or AD at the cut-off value of
p < 4.37 × 10−5.

Table 2. LAVA local genetic correlations between GIT disorders, AD, and cognitive traits.

Locus Chr Start Stop Phenotype 1 Phenotype 2 Parameter R2 p

1

3 47588462 50387742 GERD Educational attainment −0.87 0.76 3.14 × 10−9

3 47588462 50387742 GERD FI-Score −0.98 0.96 6.63 × 10−7

3 47588462 50387742 GERD Intelligence −0.83 0.69 8.72 × 10−7

3 47588462 50387742 GERD Educational qualification −0.76 0.58 3.68 × 10−6

3 47588462 50387742 GERD Cognitive performance −0.82 0.67 5.26 × 10−6

3 47588462 50387742 GERD Age of fulltime education −0.95 0.91 2.69 × 10−5

3 47588462 50387742 IBD Educational qualification 0.85 0.72 5.81 × 10−8

3 47588462 50387742 IBD Cognitive performance 0.89 0.80 2.83 × 10−7

3 47588462 50387742 IBD Educational attainment 0.70 0.49 4.57 × 10−7

3 47588462 50387742 IBD Intelligence 0.75 0.56 3.45 × 10−6

2 6 27261036 28666364 GERD Cognitive performance −0.78 0.61 4.50 × 10−6

3 6 31106494 31250556 Diverticulosis Age of fulltime education −1.00 1.00 2.29 × 10−5

4

6 32454578 32539567 IBD AD 1.00 1.00 4.80 × 10−7

6 32454578 32539567 IBD Educational attainment 0.77 0.59 1.14 × 10−5

6 32454578 32539567 Diverticulosis Educational qualification −1.00 1.00 4.81 × 10−10

6 32454578 32539567 Diverticulosis Educational attainment −1.00 1.00 5.02 × 10−9

6 32454578 32539567 Diverticulosis Age of fulltime education −1.00 1.00 1.51 × 10−7

6 32454578 32539567 Diverticulosis AD −0.92 0.85 8.93 × 10−6

5 6 32539568 32586784 IBD AD 0.99 0.98 1.10 × 10−8

6

6 98173004 99678876 GERD Educational attainment −0.60 0.36 1.65 × 10−6

6 98173004 99678876 PUD Cognitive performance −0.69 0.47 5.90 × 10−7

6 98173004 99678876 PUD Intelligence −0.57 0.32 1.51 × 10−5

6 98173004 99678876 PUD FI-Score −0.64 0.41 1.91 × 10−5

7 11 112755447 113889019 GERD Educational attainment −0.87 0.75 1.34 × 10−6

8
13 58245844 59751795 GERD Educational attainment −0.65 0.42 7.79 × 10−6

13 58245844 59751795 GERD Cognitive performance −0.83 0.69 1.12 × 10−5

9
14 22760701 23985936 GD Cognitive performance −0.81 0.66 1.05 × 10−5

14 22760701 23985936 GD Age of fulltime education −1.00 1.00 4.22 × 10−5

10 15 96864279 98025684 GD Educational qualification −0.60 0.36 3.49 × 10−5

11 16 27443062 29043177 IBD FI Chained arithmetic −0.77 0.59 1.30 × 10−7

12
16 53393883 54866095 GD Cognitive performance −0.72 0.51 1.23 × 10−5

16 53393883 54866095 GERD Intelligence −0.52 0.27 3.22 × 10−6

16 53393883 54866095 GERD Cognitive performance −0.57 0.33 7.08 × 10−6

13 17 45883902 47516224 GERD Cognitive performance −0.80 0.65 1.16 × 10−5

14 19 45040933 45893307 GERD AD −0.40 0.16 3.78 × 10−5

Chr: chromosome, PUD: peptic ulcer disease, GERD: gastroesophageal reflux disease, IBD: inflammatory bowel
disease, GD: gastritis-duodenitis, AD: Alzheimer’s disease, FI-Chained arithmetic: fluid intelligence-chained
arithmetic, p: p-value, LAVA: local analysis of [co]variant association.

GERD had the highest number of local genetic correlations with cognitive traits,
accounting for 15 of the 35 (at 7 of the 14 loci) significant bivariate signals detected (Table 2).
Local genetic correlations of four GIT disorders (PUD, GERD, gastritis-duodenitis, and
diverticulosis) with cognitive traits were in the same direction as their corresponding global
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genetic correlation. Thus, the findings support the risk-decreasing relationship indicated
by the respective LDSC-based global genetic correlations between GIT disorders and
cognitive traits. Conversely, IBD showed a positive local genetic correlation with several
cognitive traits including educational qualification, cognitive performance, educational
attainment, and intelligence, across chr3:47588462–50387742 and chr6:32454578–32539567
(genome build 37, Table 2). This finding is discordant with the (marginally significant)
negative global genetic correlation observed between IBD and educational attainment in
the LDSC analysis (Figure 2 and Supplementary Table S2). At a locus in chromosome 16
(chr16:27443062–29043177), IBD also showed evidence of a negative local genetic correlation
with one of the fluid-intelligence measures (FI: chained arithmetic) [Table 2]. Together, the
findings may suggest discordant effect directions, across the genome, in the local genetic
correlations of IBD with cognitive traits.

Moreover, while the global genetic correlation between GIT disorders and AD were
positive, we also found a negative local correlation between GERD and AD at chr19:45040933
–45893307 as well as between diverticulosis and AD (at chr6:32454578–32539567). Addition-
ally, we identified two significant positive local genetic correlations between AD and IBD
(Table 2). These findings indicate that the shared genetic relationship between some of the
GIT disorders (for example IBD, and to a lesser degree, GERD as well as diverticulosis) and
AD, across the genome, is not completely positive. Importantly, of the 35 significant bivari-
ate local genetic correlations surviving our threshold (4.37 × 10−5), 25 had ‘1′ included in
the 95% confidence interval of the variance explained (Table 3), indicating that the local
genetic signals of the traits (in those loci) are completely shared, thus further supporting
evidence of the shared genetic basis of AD and cognitive traits with GIT disorders.

Table 3. Overview of significant bivariate local correlations and proportions.

Phenotype 1 Phenotype 2 N. Sig. CI97.5 = 1 Percentage

GERD Cognitive performance 5 4 80%

GERD Educational attainment 4 2 50%

GERD Intelligence 2 1 50%

IBD Educational attainment 2 1 50%

Diverticulosis Age of fulltime education 2 2 100%

IBD AD 2 2 100%

GD Cognitive performance 2 2 100%

GERD FI-Score 1 1 100%

GERD Educational qualification 1 1 100%

GERD Age of fulltime education 1 1 100%

IBD Educational qualification 1 1 100%

IBD Cognitive performance 1 1 100%

IBD Intelligence 1 1 100%

Diverticulosis Educational qualification 1 1 100%

Diverticulosis Educational attainment 1 1 100%

Diverticulosis AD 1 1 100%

PUD Cognitive performance 1 0 0%

PUD Intelligence 1 0 0%

PUD FI-Score 1 0 0%

GD Age of fulltime education 1 1 100%

GD Educational qualification 1 0 0%

IBD FI-Chained arithmetic 1 1 100%

GERD AD 1 0 0%

PUD: peptic ulcer disease, GERD: gastroesophageal reflux disease, IBD: inflammatory bowel disease, GD: gastritis-
duodenitis, AD: Alzheimer’s disease, FI-Chained arithmetic: fluid intelligence-chained arithmetic, p: p-value. The
table summarises the number of significant bivariate local genetic correlations with the proportion of significant
loci for which the 95%CI included 1 (CI97.5 = 1).
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2.3. Results of Causal Relationship Assessment

We performed bidirectional 2SMR analyses to test for a potential causal association
between three GIT disorders and all cognition-related traits. Here, we restricted our analysis
to three GIT traits—PUD, GERD, and IBD. We included PUD and GERD as they represent
two of the common upper GIT disorders. Importantly, GERD was consistently identified
in both the global and local genetic correlation analysis as being strongly associated with
cognitive traits and, hence, deserves to be further investigated. Additionally, IBD generally
behaved differently from the rest of the other GIT disorders; hence, we consider it important
to understand its causal relationship with cognitive traits.

2.3.1. Causal Relationship of Peptic Ulcer Disease with Cognitive Traits

Our MR analysis indicates a significant causal effect (risk decreasing) of genetic lia-
bility to cognitive performance (Odds ratio [OR] = 0.75, 95% confidence interval [95%CI]:
0.67–0.85, p = 2.11 × 10−6), intelligence (OR = 0.77, 95%CI: 0.69–0.86, p = 3.92 × 10−7), and
educational attainment (OR = 0.56, 95%CI: 0.49–0.63, p = 6.68 × 10−21) on PUD (Figure 4a
and Supplementary Table S5). Fluid intelligence score (OR = 0.92, 95%CI: 0.86–0.99,
p = 1.68 × 10−2), educational qualification (OR = 0.74, 95%CI: 0.67–0.83, p = 8.49 × 10−8),
and age of completing full-time education (OR = 0.74, 95%CI: 0.58–0.93, p = 1.0 × 10−2)
were similarly causally associated with a decreased risk of PUD (Figure 4a and Supple-
mentary Table S5). These IVW-based results were consistent in at least one additional MR
model: weighted median and/or MR-Egger methods (Supplementary Table S5), providing
more support for the findings.

Using the MR-PRESSO method, we replicated similar IVW-based significant results,
implicating causally protective roles of cognitive performance, intelligence, educational
attainment, fluid intelligence score, educational qualification, and age of completing full-
time education on the risk of PUD (Table 4 and Supplementary Table S5). Outlier corrected
results (based on the removal of potentially pleiotropic SNPs) were produced for three
of these cognitive traits: intelligence, cognitive performance, and educational attainment
(Table 4). The results remained significant even after the corrected analysis. Importantly,
findings from the distortion p-value indicate that the presence of the outlier SNPs did not
bias the originally estimated causal effects of the cognitive traits on PUD—distortion p-
value = 0.84 (intelligence), 0.76 (cognitive performance), and 0.98 (educational attainment).

Moreover, we further assessed the validity of these causal estimates by conduct-
ing additional sensitivity analysis in which we manually checked and excluded poten-
tially pleiotropic SNPs—cognitive traits IVs (exposure) associated with PUD (the out-
come variable) at pSNP < 0.05. We restricted this sensitivity analysis to the six cogni-
tive traits that showed a significant protective causal influence on PUD: cognitive per-
formance, intelligence, educational attainment, educational qualification, age of com-
pleting full-time education, and fluid intelligence score. Notably, our results remained
consistent, indicating a risk-decreasing (protective) causal influence of cognitive per-
formance (OR = 0.84, p = 1.28 × 10−3), intelligence (OR = 0.78, p = 5.47 × 10−6), educa-
tional attainment (OR = 0.68, p = 2.73 × 10−10), and educational qualification (OR = 0.83,
p = 2.16 × 10−4) on PUD (Supplementary Table S6). The weighted median and MR-PRESSO
models support these IVW-based findings (Supplementary Table S6). Other results, includ-
ing the MR-Egger intercept and the MR-PRESSO global test, strongly support no evidence
of horizontal pleiotropy, increasing confidence in our findings. IVs for this sensitivity
analysis and their effects on both the outcome and exposure variables are summarised in
Supplementary Tables S7–12.
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Figure 4. Causal relationship between cognitive traits and PUD based on the IVW MR model. PUD:
peptic ulcer disease, Age of FTE: age completed full-time education, FI-CA[F18]: fluid intelligence-
chained arithmetic, FI-CondA[F16]: fluid intelligence-conditional arithmetic, FI-FRC[F15]: fluid
intelligence-family relationship calculation, FI-WI[F13]: fluid intelligence-word interpolation, Cogn-
Perf: cognitive performance, EducAttain: educational attainment, * instrumental variables selected at
psnp < 1 × 10−5, ivw: inverse variance weighted, MR: Mendelian randomisation.
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Table 4. Results of bidirectional MR-PRESSO analysis for PUD and cognitive traits.

Exposure (nSNPs) Outcome
MR-PRESSO RESULTS MR-Egger Intercept

Global test P Raw OR p Cor-OR p Intercept p

Cognitive traits (exposure) and PUD (outcome)

Age of fulltime
education (11) PUD 0.11 0.74 2.6 × 10−2 - - 0.035 0.13

Educational
qualification (103) PUD 0.001 0.73 5.26 × 10−7 - - −0.01 0.06

Intelligence (166) PUD 0.002 0.77 7.84 × 10−6 0.76 1.90 × 10−6 −0.0042 0.43

FI Chained
arithmetic (22) * PUD 0.0048 1.01 0.91 - - −0.0035 0.8

FI Cond arithmetic
(23) * PUD 0.26 0.9 4.2 × 10−2 - - −0.015 0.5

FI−famRelatCal
(28) PUD 0.09 0.98 0.78 - - −0.0028 0.76

Fluid intelligence
score (47) PUD 0.144 0.92 2.0 × 10−2 - - −0.0025 0.81

FI−Word
interpolation (5) PUD 0.071 0.91 0.51 - - 0.1008 0.6

Cognitive
performance (133) PUD 0.0052 0.74 5.40 × 10−6 0.77 9.55 × 10−6 0.00077 0.89

Educational
attainment (294) PUD <0.001 0.56 1.90 × 10−18 0.55 3.85 × 10−19 −0.0017 0.6

PUD (exposure) and cognitive traits (outcome)

PUD (7) Age of fulltime
education 0.063 1.01 0.83 - - −0.0043 0.86

PUD (7) Educational
qualification 2.0 × 10−4 0.94 0.3 0.97 0.18 0.013 0.61

PUD (7) Intelligence 0.0098 0.99 0.83 0.99 0.8 0.0098 0.49

PUD (7) FI Chained arithmetic 0.22 1.05 0.59 - - −0.0077 0.86

PUD (7) FI Cond arithmetic 0.82 0.92 0.066 - - −0.014 0.64

PUD (7) FI−famRelatCal 0.41 0.99 0.76 - - 0.0027 0.91

PUD (7) Fluid intelligence score 0.0164 1.04 0.63 1.04 0.48 0.035 0.37

PUD (7) FI−Word interpolation 0.548 1.01 0.88 - - 0.0069 0.83

PUD (7) Cognitive performance 0.0176 0.98 0.47 0.998 0.93 0.014 0.32

PUD (7) Educational attainment <2.0 × 10−4 0.98 0.73 0.97 0.32 0.015 0.33

nSNPs: number of SNPs utilised as instrumental variables, SNP: single nucleotide polymorphism, PUD: peptic
ulcer disease, FI Chained arithmetic: fluid intelligence-chained arithmetic, FI Cond arithmetic: fluid intelligence-
conditional arithmetic, FI−famRelatCal: fluid intelligence-family relationship calculation, FI−Word interpolation:
fluid intelligence-word interpolation, IVW: inverse variance weighted, p: p-value, MR-PRESSO: Mendelian
randomisation pleiotropy residual sum and outlier, OR: odds ratio, p: p-value, Cor-OR: corrected odds ratio,
*instrumental variables were selected at psnp < 1 × 10−5. Note spaces marked with a dash indicate that there were
no outlier SNPs, and hence, there were no outlier corrected results in the MR-PRESSO analysis.

On the other hand, we found no evidence of a significant causal effect of three other
fluid intelligence measures on PUD risk: chained arithmetic (OR = 1.01, 95%CI: 0.90–1.12,
p = 0.90), family relationship calculation (OR = 0.98, 95%CI: 0.88–1.10, p = 0.77), and word in-
terpolation (OR = 0.91, 95%CI: 0.70–1.18, p = 0.47) (Table 4, Supplementary Table S1 and S5).
In reverse analyses, in which PUD was assessed as an exposure variable against each of the
cognitive traits as an outcome variable, our findings indicate that genetic liability to PUD
had no significant causal effect on any of the cognitive traits (Figure 4b and Supplementary
Table S5). The results were consistent across other MR models, including the weighted
median, MR-Egger, and MR-PRESSO (Table 4 and Supplementary Table S5).

2.3.2. Causal Relationship of Gastroesophageal Reflux Disease with Cognitive Traits

Genetic predisposition to six cognitive traits showed evidence of a significant risk-
decreasing causal influence on GERD (Figure 5a, Table 5 and Supplementary Table S13).
These included educational qualification (OR = 0.73, 95%CI: 0.66–0.78, p = 3.13 × 10−17),
intelligence (OR = 0.76, 95%CI: 0.70–0.82, p = 1.35 × 10−12), and FI score (OR = 0.88,
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95%CI: 0.82–0.92, p = 1.35 × 10−6). Educational attainments (OR = 0.54, 95%CI: 0.50–0.58,
p = 1.35 × 10−43), cognitive performance (OR = 0.69, 95%CI: 0.63–0.73, p = 4.20 × 10−22),
and age of completing full-time education (OR = 0.76, 95%CI: 0.68–0.85, p = 9.60 × 10−7)
similarly showed evidence of a significant causally protective effect on GERD. These results
were based on the IVW model and were replicated using other MR models, including the
weighted median (all the six named cognitive traits) and MR-Egger (intelligence, FI-score,
and cognitive performance) [Supplementary Table S13], thereby increasing confidence in
these results.
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Figure 5. Causal relationship between cognitive traits and GERD based on the IVW MR model.
GERD: gastroesophageal reflux disease, Age of FTE: age completed full-time education, FI-CA[F18]:
fluid intelligence-chained arithmetic, FI-CondA[F16]: fluid intelligence-conditional arithmetic, FI-
FRC[F15]: fluid intelligence-family relationship calculation, FI-WI[F13]: fluid intelligence-word
interpolation, Cogn-Perf: cognitive performance, EducAttain: educational attainment, * instrumental
variables selected at psnp < 1 × 10−5, ivw: inverse variance weighted, MR: Mendelian randomisation.
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Table 5. Results of bidirectional MR-PRESSO analysis between GERD and cognitive traits.

Exposure (nSNPs) Outcome
MR-PRESSO RESULTS MR-Egger Intercept

Global Test P Raw OR p Cor-OR p Intercept p

Cognitive traits (exposure) and GERD (outcome)

Age of fulltime
education (11) GERD 0.26 0.76 6.24 × 10−4 - - −0.0045 0.70

Educational
qualification (103) GERD <2 × 10−4 0.72 2.94 × 10−14 0.72 2.23 × 10−13 −0.0061 0.18

Intelligence (166) GERD <2 × 10−4 0.75 8.67 × 10−12 0.76 3.75 × 10−11 0.0065 0.08

FI Chained
arithmetic (22) * GERD 0.23 0.96 0.1 - - −0.0052 0.35

FI Cond arithmetic
(23) * GERD 0.041 0.99 0.65 - - −0.012 0.017

FI−famRelatCal
(28) GERD 0.018 0.94 7.46 × 10−2 - - −0.0031 0.57

Fluid intelligence
score (47) GERD <2 × 10−4 0.88 1.53 × 10−5 0.87 3.43 × 10−7 0.016 0.04

FI−Word
interpolation (5) GERD 0.036 0.91 0.26 0.85 2.31 × 10−2 0.021 0.84

Cognitive
performance (133) GERD <2 × 10−4 0.69 4.86 × 10−17 0.67 9.48 × 10−20 0.0056 0.12

Educational
attainment (294) GERD <0.001 0.54 6.94 × 10−34 0.53 8.56 × 10−45 −0.0036 0.12

GERD (exposure) and cognitive traits (outcome)

GERD (19) Age of fulltime
education 2 × 10−4 0.83 9.89 × 10−3 0.80 2.77 × 10−3 −0.02 0.26

GERD (19) Educational
qualification <2 × 10−4 0.86 3.84 × 10−2 0.90 1.18 × 10−2 −0.012 0.37

GERD (19) Intelligence <2 × 10−4 0.89 2.51 × 10−3 0.91 2.29 × 10−3 −0.01 0.22

GERD (19) FI Chained arithmetic 0.56 0.91 0.25 - - −0.026 0.22

GERD (19) FI Cond arithmetic 0.49 0.86 0.046 - - −0.027 0.13

GERD (19) FI−famRelatCal 0.62 0.87 2.26 × 10−2 - - −0.0095 0.52

GERD (19) Fluid intelligence score <2 × 10−4 0.75 7.23 × 10−3 0.79 1.15 × 10−2 −0.032 0.15

GERD (19) FI−Word interpolation 0.19 0.73 1.70 × 10−3 - - −0.041 0.04

GERD (19) Cognitive performance <2 × 10−4 0.90 2.99 × 10−2 0.95 0.11 −0.016 0.13

GERD (19) Educational attainment <2 × 10−4 0.87 2.53 × 10−3 0.88 3.05 × 10−4 −0.0077 0.41

nSNP: number of SNPs utilised as instrumental variables, SNP: single nucleotide polymorphism, GERD: gastroe-
sophageal reflux disease, FI Chained arithmetic: fluid intelligence-chained arithmetic, FI Cond arithmetic: fluid
intelligence-conditional arithmetic, FI−famRelatCal: fluid intelligence-family relationship calculation, FI−Word
interpolation: fluid intelligence-word interpolation, IVW: inverse variance weighted, p: p-value, MR-PRESSO:
Mendelian randomisation pleiotropy residual sum and outlier, OR: odds ratio, Cor-OR: corrected odds ratio,
* instrumental variables were selected at psnp < 1 × 10−5. Note spaces marked with a dash indicate that there was
no outlier corrected results in the MR-PRESSO analysis.

Findings from the MR-PRESSO model also supported the protective causal influence
of all six cognitive traits on GERD based on the crude OR estimates (Table 5). By excluding
likely pleiotropic variants, the method also produced corrected estimates for five of the
cognitive traits, FI-score, cognitive performance, educational attainment, educational quali-
fications, and intelligence, all of which remained significant even after the corrected analysis.
Moreover, the distortion test p-values (Fi-score = 0.69, cognitive performance = 0.65, educa-
tional attainment = 0.54, educational qualifications =0.92, and intelligence = 0.99) indicate
that the causal estimates before the outlier removal were not biased by the presence of
outlier variants. Notably, the FI-score, educational attainment, and cognitive performance
assumed even greater significance in their causal relationship with GERD following the
MR-PRESSO corrected analysis (Table 5 and Supplementary Table S13).

By changing the direction of analysis, we tested the causal influence of genetic pre-
disposition to GERD on cognitive traits (Figure 5b, Table 5, and Supplementary Table
S13). The findings reveal a significant causal association of GERD with cognitive function
decline in educational attainment (OR = 0.86, 95%CI: 0.81–0.93, p = 4.56 × 10−4), cognitive
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performance (OR = 0.90, 95%CI: 0.83—0.97, p = 1.84 × 10−2), and educational qualifi-
cations (OR = 0.86, 95%CI: 0.77—0.94, p = 5.07 × 10−3). Similar results of a significant
decrease in cognitive function were found in the FI-score (OR = 0.75, 95%CI: 0.63—0.91,
p = 2.45 × 10−3), age of completing full-time education (OR = 0.83, 95%CI: 0.71—0.93,
p = 3.93 × 10−3), intelligence (OR = 0.89, 95%CI: 0.83—0.94, p = 4.52 × 10−4), and fluid
intelligence measure of word interpolation (OR = 0.73, 95%CI: 0.61—0.85, p = 2.31 × 10−4).
These IVW-based findings were largely consistent across the weighted median and MR-
PRESSO models (Table 5 and Supplementary Table S13). MR-PRESSO produced corrected
causal estimates for the relationship of five cognitive traits (educational attainment, fluid
intelligence score, intelligence, educational qualifications, and age of completing full-time
education) with GERD, all of which retained their significance.

To further test the robustness of these findings, we undertook additional sensitivity
analysis and manually excluded GERD SNPs (exposure variable) associated with the cor-
responding cognitive traits (outcome variables) at pSNP < 0.05. This manual exclusion of
potentially pleiotropic SNPs complements the MR-PRESSO analysis (which also excludes
potentially pleiotropic SNPs), and we found that the significance of our estimates waned
and was no longer evident following the analysis. We note, however, that GERD’s IVs
were substantially low, which may contribute to the nonsignificant results. We followed up
on this analysis by relaxing the IV selection cut-off point to the genome-wide suggestive
level (p < 1 × 10−5) for GERD. Using these new IVs, we first repeated all the MR analysis
procedures, and findings were consistent with our previous results, indicating a significant
inverse causal association of GERD with educational attainment, intelligence, educational
qualification, age of completing full-time education, fluid intelligence score, and cogni-
tive performance. These IVW-based results were consistent across the weighted median
and the MR-PRESSO models. Following a manual removal of IVs with pSNP < 0.05, we
found nominally significant estimates of GERD’s association with educational attainment,
intelligence, and educational qualification, both in the IVW and the MR-PRESSO models
(Supplementary Table S14). Findings were significant across the IVW, the weighted median,
and MR-PRESSO for the causal effect of GERD on the age of completing full-time educa-
tion. Together, these findings are more supportive of a putative causality of GERD with
decreased cognitive function than otherwise. GERD’s IVs (exposure variable, at genome-
wide suggestive level) utilised in this follow-up analysis and their effects on the outcome
variables (cognitive traits) are summarised in Supplementary Tables S15–19).

2.3.3. Causal Relationship of Inflammatory Bowel Disease with Cognitive Traits

We tested the causal association between IBD and cognitive traits, first with cog-
nitive traits as the exposure variables. We found no evidence of a significant causal
effect of cognitive traits on IBD (Figure 6a). The results for this analysis were consis-
tent across the IVW, weighted median, MR-Egger, and MR-PRSSO analyses (Table 6 and
Supplementary Table S20). We reversed the direction of the analysis and tested IBD as the
exposure and cognitive traits as outcome variables and similarly found no evidence of a
causal effect of IBD on cognitive traits. Figure 6a,b, Table 6, and Supplementary Table S20
provide details of these findings.

2.4. Results of Gene-Level Genetic Overlap Analysis

We performed gene-based analysis to further assess the genetic overlap, at the gene
level, of cognitive traits with GIT disorders. Given the strong SNP-based genetic correlation
between each of the cognitive traits included in this study (Figure 3 and
Supplementary Table S4), we restricted our gene-based analysis to only two of the cognitive
traits—educational attainment and cognitive performance. We tested the relationship of
these two cognitive traits with PUD, GERD, IBD, and, for comparison, AD.
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Figure 6. Causal relationship between cognitive traits and IBD based on the IVW MR model. IBD:
inflammatory bowel disease, Age of FTE: age completed full-time education, FI-CA[F18]: fluid
intelligence-chained arithmetic, FI-CondA[F16]: fluid intelligence-conditional arithmetic, FI-FRC[F15]:
fluid intelligence-family relationship calculation, FI-WI[F13]: fluid intelligence-word interpolation,
Cogn-Perf: cognitive performance, EducAttain: educational attainment, * instrumental variables
selected at psnp < 1 × 10−5, ivw: inverse variance weighted, MR: Mendelian randomisation.

In the first set of analyses, we used a total of 7,091,604 SNPs that were overlapping
between the educational attainment and PUD GWASs in performing equivalent gene-
based analysis for the respective traits. This analysis resulted in a total of 18,650 protein-
coding genes for each of educational attainment and PUD GWAS. At pgene < 0.05, a total of
1511 genes were associated with PUD and 6762 with educational attainment, while a total of
626 genes overlapped between the two traits (Table 7). To assess gene-level genetic overlap,
we compared the expected proportion of gene overlap, at pgene < 0.05, with the observed
proportion of gene overlap (see methods for details). The results of the exact binomial
test support a significant gene-level genetic overlap between educational attainment and
PUD at the pgene < 0.05 threshold (pbinomial-test = 3.85 × 10−4) (Table 7). For example, the
observed proportion of gene overlap between the educational attainment and the PUD
GWAS (9.2%) was significantly greater than the null (8.1%) [pbinomial-test = 3.85 × 10−4],
indicating a significant gene-level overlap between the two traits (Table 7).
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Table 6. Results of bidirectional MR-PRESSO analysis for IBD and cognitive traits.

Exposure (nSNPs) Outcome
MR-PRESSO RESULTS MR-Egger Intercept

Global Test P Raw OR p Cor-OR p Intercept p

Cognitive traits (exposure) and IBD (outcome)

Age of fulltime
education (11) IBD 2 × 10−4 1.33 0.30 1.06 0.73 −0.019 0.72

Educational
qualification (103) IBD <2 × 10−4 1.05 0.61 0.98 0.81 −0.024 0.023

Intelligence (166) IBD 4 × 10−4 0.94 0.46 0.96 0.61 −0.0094 0.26

FI Chained
arithmetic (22) * IBD 0.60 0.95 0.34 - - 0.00088 0.94

FI Cond arithmetic
(23) * IBD 0.66 1.03 0.60 - - 0.0065 0.60

FI−famRelatCal
(28) IBD 0.23 0.99 0.89 - - 0.0051 0.70

Fluid intelligence
score (47) IBD 0.006 1.06 0.36 1.02 0.70 0.0032 0.87

FI−Word
interpolation (5) IBD 0.36 1.08 0.59 - - 0.30 0.13

Cognitive
performance (133) IBD 4 × 10−4 0.88 0.20 0.87 0.11 0.0053 0.55

Educational
attainment (294) IBD 0.0018 0.90 0.25 0.85 0.067 −0.0051 0.32

IBD (exposure) and cognitive traits (outcome)

IBD (25) Age of fulltime
education 0.091 0.99 0.43 - - −0.00060 0.90

IBD (25) Educational
qualification 0.0046 1.00 0.60 0.99 0.23 0.0014 0.68

IBD (25) Intelligence 0.006 1.00 0.94 1.00 0.61 0.00086 0.73

IBD (25) FI Chained arithmetic 0.077 1.03 0.31 - - −0.0066 0.51

IBD (25) FI Cond arithmetic 0.178 1.00 0.97 - - 0.0073 0.34

IBD (25) FI−famRelatCal 0.027 1.01 0.48 - - 0.0071 0.35

IBD (25) Fluid intelligence score 0.0012 0.99 0.72 - - 0.0055 0.45

IBD (25) FI−Word interpolation 0.24 0.98 0.43 - - 0.0013 0.85

IBD (25) Cognitive performance 2 × 10−4 1.00 0.94 1.00 0.70 5.0 ×
10−5 0.99

IBD (25) Educational attainment 0.0228 0.99 0.15 0.99 1.29 × 10−2 0.00068 0.63

nSNP: number of SNPs utilised as instrumental variables, SNP: single nucleotide polymorphism, IBD: inflam-
matory bowel disease, FI Chained arithmetic: fluid intelligence-chained arithmetic, FI Cond arithmetic: fluid
intelligence-conditional arithmetic, FI−famRelatCal: fluid intelligence-family relationship calculation, FI−Word
interpolation: fluid intelligence-word interpolation, IVW: inverse variance weighted, p: p-value, MR-PRESSO:
Mendelian randomisation pleiotropy residual sum and outlier, OR: odds ratio, Cor-OR: corrected odds ratio,
* instrumental variables were selected at psnp < 1 × 10−5. Note spaces marked with a dash indicate that there
were no outlier SNPs, and hence, there were no outlier corrected results in the MR-PRESSO analysis.

In the second set of analyses, we utilised a total of 7091,610 SNPs overlapping cognitive
performance and PUD GWAS in conducting gene analysis, producing 18,650 protein-
coding genes for the traits. Of these, 5273 and 1511 genes were associated with cognitive
performance and PUD, respectively, at pgene < 0.05. Findings from the exact binomial
test similarly supported a significant gene-level genetic overlap between the two traits at
pgene < 0.05 (pbinomial-test = 1.18 × 10−3), indicating that the observed proportion of gene
overlap was more than expected by chance.
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Table 7. Gene-level genetic overlap of cognitive traits with PUD, GERD, IBD, and AD.

Discovery Set Target Set

No. of Genes
Overlapping the

Discovery and the
Target Sets at

pgene < 0.05

Proportion of Gene
Overlap

Binomial
Test

PUD,
GERD, IBD

or AD

Total no. of
Discovery
Set (PUD,

GERD, IBD
or AD)
Genes

No. of
Discovery

Set Genes at
pgene < 0.05

Cognitive
Traits

Total No. of
Target set
(Cognitive

Traits)
Genes

No. of
Target Set
Genes at

pgene < 0.05

Expected Observed p Value

PUD 18,650 1511
Educational
attainment 18,650 6761 625 0.081 0.092 3.85 × 10−4 *

Cognitive
performance 18,650 5273 489 0.081 0.093 1.18 × 10−3

GERD 18,729 3290
Educational
attainment 18,729 6832 1752 0.176 0.255 2.20 × 10−16

Cognitive
performance 18,729 5285 1336 0.176 0.253 2.20 × 10−16

IBD 18,650 1920
Educational
attainment 18,650 6761 811 0.103 0.20 3.95 × 10−6

Cognitive
performance 18,650 5273 636 0.103 0.121 2.13 × 10−5

AD 18,865 1813
Educational
attainment 18,865 6720 753 0.096 0.112 7.79 × 10−6

Cognitive
performance 18,865 5212 591 0.096 0.113 1.94 × 10−5

AD: Alzheimer’s disease, GERD: gastroesophageal reflux disease, PUD: peptic ulcer disease, IBD: inflammatory
bowel disease, No.: number. * Result explained: We compared the expected proportions of gene overlap (the
null) with the observed proportion of gene overlap. The expected proportion of gene overlap = number of
genes associated with the discovery set (PUD) at pgene < 0.05 (1511) / total number of genes (18,650). Observed
proportion of genes = number of overlapping genes (625)/total number of genes associated with the discovery
set (Educational attainment) at pgene < 0.05 (6761). To test whether the observed proportion of genes is more
than expected by chance, we applied a one-sided exact binomial test implemented in the R statistical platform
[binom.test(625,6761,0.0810, alternative = c(“greater”))].

Following a similar process of analysis, we found a significant gene-level genetic
overlap between GERD and each of educational attainment (pbinomial-test = 2.20× 10−16) and
cognitive performance (pbinomial-test = 2.20 × 10−16) [Table 7]. We also found a significant
gene-level genetic overlap of IBD with educational attainment (pbinomial-test = 3.95 × 10−6)
and cognitive performance (pbinomial-test = 2.13 × 10−5). These results are notably consistent
with the relationship between AD and cognitive traits (Table 7). For example, the observed
proportion of genes overlapping the educational attainment and the AD GWAS (11.2%)
was significantly higher than the expected proportion (9.6%) [pbinomial-test = 7.79 × 10−6,
Table 7].

3. Discussion

Support for the involvement of the gut–brain link in the risk of AD continues to gather
momentum [1–7]. However, emerging evidence on the connection between cognition and
GIT traits is inconsistent [20–23,31,32]. To advance our understanding on the relationship
of cognitive traits and AD with GIT disorders, the present study analysed several large-
scale GWAS’ summary data using well-regarded statistical genetic methods. Our findings
reveal a significant negative global genetic correlation between all cognitive traits and GIT
disorders, including PUD, GERD, gastritis-duodenitis, IBS, and diverticulosis, and, together
with the results of gene-level overlap, support evidence of their shared genetic signatures.

Furthermore, MR analysis reveals a protective causal effect of genetically predicted
cognitive traits on the risk of GIT disorders (PUD and GERD). Thus, consistent with the
protective effects previously reported for other disorders, including AD and coronary
heart disease [37,38], these findings indicate that cognitive traits such as intelligence and
higher educational attainments can contribute to a reduced risk of GIT disorders. In a
reverse MR analysis, GERD demonstrated a significant putative causal association with
decreased cognitive function. This finding suggests that genetic predisposition to GERD
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contributes to an increased risk of cognitive function decline, which may partly explain
the previous findings of a positive association and genetic correlation between GERD and
AD or dementia [7,11]. Although in more conservative sensitivity testing, the significance
of this finding waned and was no longer evident, together, the results of our follow-up
analysis are more supportive of a putative causal effect of GERD on cognitive traits than
otherwise. We note, however, that this finding (genetic overlap of GERD with a decline in
cognitive performance) may only partially contribute to causality, given that environmental
factors could also play an important role in this regard. For example, individuals with
a high level of cognition are likely to be more aware of healthy lifestyles, which may
lower their risk of GIT disorders. Conversely, lower quality of life in individuals with GIT
disorders may also contribute to impaired cognitive functions.

Given that local genetic effects can deviate substantially from the average represented
by findings in the LDSC-based global genetic correlation estimates [36], we performed
local genetic correlation analyses between cognitive traits, AD, and GIT disorders. Find-
ings from this analysis reveal significant local genetic correlations (at specific genomic
locations) between several cognitive traits and GIT disorders. Notably, the effect direc-
tion of the estimated correlations was concordant across four of the GIT disorders (PUD,
GERD, gastritis-duodenitis, and diverticulosis), supporting the negative (risk-decreasing)
relationship indicated in their respective global genetic correlation with cognitive traits.
Interestingly, IBD behaved differently from other GIT disorders. For example, we found no
significant global genetic correlation between IBD and cognitive traits (except marginally
with educational attainment and educational qualification). Similarly, and consistent with
a recent genetic analysis [7], IBD showed no evidence of a significant genetic correlation
with AD. A logical explanation for this finding would be the comparatively smaller cases
(and lower effective sample size) of the IBD GWAS [7].

However, our local genetic correlation estimates provide new insights into this rela-
tionship, revealing discordant effects in the local genomic associations of IBD with cognitive
traits, suggesting a likely counteraction of opposing genetic effects and, hence, a lack of
(or weakened) significant overall effects in the global genetic estimates. Supportive of
this position, our gene-level genetic overlap analysis robustly identified significant genetic
overlap between GIT disorders (IBD inclusive) and cognitive traits, indicating evidence of
shared genetics between IBD and cognitive traits. While the gene-based method cannot
discriminate the effect direction of the overlap estimates, it can indicate whether two or
more traits share a genetic basis and, thus, is informative, as in the present study. Together,
our findings support a significant genetic overlap between IBD and cognitive traits (as
confirmed by our gene-level genetic overlap analysis) but with some levels of discordant
effects at different loci (suggested in our local correlation findings), which may explain
the minimal signal detected in the LDSC-based global genetic correlation estimates. Thus,
whereas some observational studies suggest a positive association of IBD with AD or
cognitive impairment [12,20,39], our genetic-based study indicates that the nature of this
relationship depends on effects at specific genomic loci. This observation may explain the
lack of significant causality of IBD with cognitive traits and AD [7] and/or the inconsistency
reported in some observational studies [20,31,39–41]. Therefore, making a biological sense
of the relationship between IBD and cognitive traits (and by extension AD) will require a
focus on the effects at the specific genomic locus.

Our findings have considerable implications for practices and further studies. First,
educational attainment, a potentially modifiable factor, had the strongest and most sig-
nificant genetic correlation as well as a protective causal association with several of the
GIT disorders. Indeed, IBD, which generally was not correlated with cognitive traits,
showed at least a nominally significant negative global genetic correlation with educa-
tional attainment. These findings support education as a possible avenue for reducing
the risk of GIT disorders: for example, by encouraging higher educational attainment or
a possible increase in the length of schooling [37,38]. Previous evidence demonstrating
strong (bidirectional) relationships, and indeed, a causal association of intelligence with
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educational attainment [37] supports this premise. Hence, policy efforts aimed at increasing
educational attainment (or cognitive training) may contribute to a higher level of intelli-
gence with expected consequences for better health outcomes, including a reduced risk of
GIT disorders.

Second, GERD demonstrated evidence of a putative causal association with a decline
in cognitive function across many cognitive traits assessed in this study. While, to the
best of our knowledge, this is the first study to suggest this causal relationship, this
finding generally agrees with other studies, especially a recent longitudinal study that
reported an increased incidence of dementia with GERD [11]. Thus, the GIT disorder
may be a risk factor for cognitive impairment, supporting the importance of probing
or investigating signs or symptoms of cognitive dysfunction in patients presenting with
GERD. This suggestion may potentially benefit early detection of cognitive decline and,
hence, the provision of appropriate intervention(s) towards reducing the rate of cognitive
decline. Third, given current findings, more studies are needed to investigate whether
treatment for cure or remission of GERD can contribute to a reduced risk of cognitive
decline. The importance of this recommendation comes to the fore in light of conflicting
observational evidence concerning the association of dementia with medications for treating
GERD [11,15]. Hence, future studies are needed to clarify whether a cure or remission of
GERD has any relationship with cognition or dementia.

Last, one of the notable findings in our local genetic correlation analysis pertains to
the somewhat discordant local effects of IBD in its relationship with cognitive traits. This
finding may explain the lack of significant global genetic correlation observed between
these traits in the present study, as well as between IBD and AD in a recent GWAS-based
study [7]. Thus, while IBD shares a genetic relationship with cognitive traits (as confirmed
by our gene-level genetic overlap analysis), the global relationship was not evident, which
may be because of discordance in their effect direction across the genome. This finding
brings new insight into the relationship of IBD with cognitive traits (and AD), which
may shape the direction of future studies. For example, some risk genes for AD may be
protective against IBD, and vice versa.

The major strength of our study is the use of well-regarded statistical genetic ap-
proaches in assessing the relationship of cognitive traits and AD with GIT disorders. These
approaches are based on the use of genetic variants inherited before disease manifestation
or exposure to environmental or lifestyle confounders. Thus, our genetic-based study is less
susceptible to limitations of the traditional observational studies, including reverse causa-
tion and residual confounding—providing robust evidence on this subject. Importantly, we
used multiple and complementary methods which provide a comprehensive evaluation of
the relationship between cognitive traits and GIT disorders. To the best of our knowledge,
this is the first study to assess the relationship of cognitive traits and AD systematically
and comprehensively with GIT disorders using the statistical genetic approach.

Nevertheless, our study has some limitations that should be considered while inter-
preting its findings. First, the GWAS data utilised were of individuals of European ancestry;
hence, readers need to exercise caution in comparing or generalising findings to those
of other ancestries. Second, while our analyses generally indicate no substantial sample
overlap between GIT disorders and cognitive traits, granted GWAS data were majorly from
the UKB, unknown sample overlap can slightly inflate our results but is not expected to
alter our conclusions. Given this observation, we did not constrain the genetic covariance
intercept in our global genetic correlation analysis. Similarly, we provided estimates of
potential sample overlap for use in local genetic correlation analysis, meaning findings
from these analyses could not have been influenced by sample overlap bias. Third, MR
analysis is based on stringent assumptions that may be difficult to meet, especially in highly
polygenic traits such as those assessed in this study. To minimise chances of pleiotropic or
other potential biases, we followed several precautionary measures, excluded pleiotropic
variants (where applicable) and used additional MR models in our study. These measures,
especially the use of additional MR models, enhance confidence in our findings. Last,
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although we found no evidence for a significant causal effect of PUD on cognitive traits (un-
like with GERD), we cannot rule out this possibility. The GWAS for PUD has comparatively
limited IVs, which may contribute to present results; hence, future studies are needed to
further clarify this relationship as more powerful PUD GWAS becomes available.

4. Materials and Methods
4.1. Data Sources

Well-powered GWAS summary statistics sourced from international research consortia
or publicly available databases/repositories were analysed in this study. We utilised
GWAS summary data for 10 cognition-related traits, including intelligence (sample size
[n] = 269,867) [42], cognitive performance (n = 257,828) [43], educational qualification
(n = 318,526) [44], educational attainment (n = 766,345) [43], age of completing full-time
education (n = 253,580) [44], and fluid intelligence (FI) score (n = 125,935) [44]. Other
measures of fluid intelligence including FI word interpolation (n = 124,929) [44], FI chained
arithmetic (n = 68,065) [44], FI conditional arithmetic (n = 96,994) [44], and FI family
relationship calculation (n = 99,934) [44] were also included to provide insights into their
relationship with GIT disorders.

Furthermore, we analysed GWAS summary data of 6 GIT disorders, including PUD
(cases = 16,666, controls = 439,661), IBD (cases = 7045, controls = 449,282), and irritable bowel
syndrome (IBS, cases = 28,518, controls = 426,803), all of which were sourced from a recently
published GIT GWAS [29]. The GWAS for GERD (cases = 71,522, controls = 261,079),
comprising data from the QSKIN study and the United Kingdom biobank (UKB) [45], was
also analysed in our study. Additional GIT GWAS, from the Lee Lab (https://www.leelabsg.
org/resources; accessed on 14 June–26 September 2022), including gastritis-duodenitis (GD,
cases = 28,941, controls = 378,124) and diverticular disease (cases = 27,311, controls = 334,783)
were similarly included in the present study.

Lastly, we utilised one of the largest publicly available AD GWAS, comprising 71,880
cases and 383,378 controls, made up of both clinically diagnosed AD and AD-by-proxy [46].
A summary of all these GWAS data is provided in Table 1 and Figure 1. Additional specific
details about the data, including, where applicable, links for downloading them, are
provided in Supplementary Table S1. A more comprehensive description of the GWAS and
their quality control procedures are available in the relevant publications referenced in this
study. All the GWAS summary data analysed were from individuals of European descent.

4.2. Genome-Wide (Global) Genetic Correlation Analysis

We performed LDSC regression analyses, first, to estimate h2
SNP for each of the traits

included in our study and, second, to assess the global (genome-wide) genetic correlation
of GIT disorders with AD and cognitive traits. LDSC [34] is a well regarded method for
estimating SNP-based heritability and genetic correlation between two or more traits using
GWAS summary data (https://github.com/bulik/ldsc; accessed on 14 June–26 September
2022). In the present study, we used the standalone version of the software and followed
the scripts provided by the program developers (https://github.com/bulik/ldsc/wiki/
Heritability-and-Genetic-Correlation; accessed on 14 June–26 September 2022). SNP-based
heritability (univariate LDSC) was estimated on the observed scale, and in all analyses,
we used the precomputed European population LD scores from the 1000G for HapMap
3 SNPs.

We performed a cross-trait genetic correlation between GIT disorders (PUD, GERD,
gastritis-duodenitis, IBS, diverticulosis, and IBD) and each of the 10 cognitive traits and AD,
using the bivariate LDSC analysis approach. LDSC can adjust for sample overlap when
the genetic covariance intercepts are not constrained [34]. Although the estimated genetic
covariance intercept did not suggest a substantial sample overlap between any of the pair
of traits analysed here (Supplementary Table S2), we did not constrain the intercepts in our
analysis; thus, the significance of our correlation estimates can be considered conservative
(Supplementary Table S3). We considered a bivariate correlation result significant at

https://www.leelabsg.org/resources
https://www.leelabsg.org/resources
https://github.com/bulik/ldsc
https://github.com/bulik/ldsc/wiki/Heritability-and-Genetic-Correlation
https://github.com/bulik/ldsc/wiki/Heritability-and-Genetic-Correlation


Int. J. Mol. Sci. 2022, 23, 16199 21 of 26

p < 0.005 (0.05/10), a Bonferroni adjustment for testing 10 cognitive traits, and nominally
significant at p < 0.05.

4.3. Local Genetic Correlation Analysis

Global genetic estimates, obtained, for example, using the LDSC method, capture the
average genetic correlation of two traits across the entire genome. However, this approach
can mask the local genetic effects and may not detect a significant correlation if effect
directions are discordant. To address this limitation and gain insight into regions con-
tributing disproportionately to the genetic correlation of cognitive traits and GIT disorders,
we also performed local genetic correlation analyses. In the present study, we utilised a
newly developed method for assessing local genetic correlation—the LAVA (local analysis
of covariant association) [36]. This analytic tool has additional advantages, including its
ability to simultaneously model more than two traits and perform conditional or partial
genetic correlation assessment between a phenotype and predictor traits [36].

In brief, we implemented LAVA using the R statistical platform (in the Unix envi-
ronment) and estimated bivariate local genetic correlation between GIT disorders (PUD,
GERD, gastritis-duodenitis, IBS, diverticulosis, and IBD), AD, and 10 cognitive traits across
the genome. First, as part of the input files required in LAVA [36], we estimated potential
sample overlap between the traits being assessed using the LDSC approach [34]. In this
instance, we assessed the global genetic correlation between the traits without constraining
the genetic covariance intercept [34,36]. The original locus definition file provided by the
program developers was used in our study. Additionally, we utilised the Phase 3 EUR
1000G as reference data, having a matching ancestry (European) with the GWAS datasets
included in the present study.

To prevent false positive results, the direction of effect needs to be consistent across all
phenotypes. Hence, LAVA first extracts SNPs common to the GWAS summary data and
aligns their effect alleles to the reference data before commencing analysis [36]. SNPs that
could not be aligned were excluded from analyses. Second, we conducted a LAVA-based
univariate analysis to estimate local genetic heritability for each of the GIT disorders, AD,
and cognitive traits. The presence of a sufficient signal in the local univariate analysis
is required for the subsequent detection of meaningful bivariate genetic correlation in
LAVA [36]. Hence, using the results of the univariate analysis, traits were selected for
bivariate analysis at p < 5 × 10−5. Third, we performed pairwise bivariate local genetic
correlation analysis across the genome for all the traits included in our study but prioritised
the relationship of cognitive traits and AD with GIT disorders, the focus of the present
study. Applying a Bonferroni correction for the number of bivariate tests performed, we
selected significant bivariate loci at p < 4.37 × 10−5 (that is 0.05/1144).

4.4. Bidirectional Mendelian Randomisation Analysis

We performed bidirectional 2SMR analyses to assess the potential causal effects of
genetic predisposition to GIT disorders on cognitive traits and vice versa. Mendelian
randomisation (MR) is an instrumental variable-based analytic method that incorporates
genetics into epidemiological study designs, thereby, mimicking randomised control trials
(RCTs) and providing a reliable approach for estimating causality between one trait and
another—considered as ‘exposure’ and ‘outcome’ variables [47]. The method utilises
existing genetic data and, thus, is time and cost-effective.

In the present study, we conducted MR analyses using the standalone 2SMR package
(version 0.5.6, https://mrcieu.github.io/TwoSampleMR/; accessed on 14 June–26 Septem-
ber 2022), implemented in R (version 4.0.2). We first assessed GIT disorders as the exposure
against each of the cognitive traits as the outcome. In a reverse analysis, we also assessed
each of the cognitive traits as an exposure against GIT disorders as outcome variables. Link-
age disequilibrium (LD) independent (at r2 < 0.001) genome-wide significant (p < 5 × 10−8)
SNPs, robustly associated with the exposure data, were utilised as instrumental variables
(IVs). This stringent threshold corresponds to an F-statistics of about 30 [33], which ensures

https://mrcieu.github.io/TwoSampleMR/
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that the IVs are strong (F-statistic > 10), thereby minimising the likelihood of weak instru-
ment bias. Two cognitive traits (FI: chained arithmetic, FI: conditional arithmetic) had too
few (or no) genome-wide significant SNPs; therefore, we relaxed the IVs selection cut-off
point to the genome-wide suggestive level (p < 1 × 10−5) for these traits.

Next, we extracted the exposure IVs from the outcome data and carried out data
harmonisation to ensure that SNP effects corresponded to the same allele for both exposure
and outcome data. Variants that could not be harmonised or those that had intermediate
allele frequencies were excluded. We implemented the inverse variance weighted (IVW)
approach, it being the most powerful model for detecting causal association in MR analysis
when all instruments are valid [48]. In this instance, the effects of genetic variants on the
outcome variables were regressed on those of the exposure variables, weighted by the
inverse of their variance. The IVW model assumes no horizontal pleiotropy among the IVs.
We assessed a potential violation of this assumption using the MR-Egger intercept. It is
expected that the MR-Egger intercept will not deviate significantly from zero where the
assumption of no unbalanced pleiotropy holds.

To ensure that our findings were not driven primarily by individual influential vari-
ants, we assessed the possibility of this occurrence using the ‘leave-one-out’ approach
and performed individual MR analyses. Furthermore, we applied two additional MR
models, the weighted median and the MR-Egger regression methods, for sensitivity testing
and to complement the IVW model in causality assessment. The weighted median and
the MR-Egger models are more robust to genetic heterogeneity and can provide valid
estimates even when up to 50% (the weighted median) or all (the MR-Egger) of the IVs
are invalid [49,50]. We assessed SNP effects’ heterogeneity using Cochran’s Q statistics ap-
proach and prioritised the results of the weighted median model where there was evidence
for significant heterogeneity.

Finally, we estimated causality by excluding likely pleiotropic variants (where present),
using another MR model, the MR-PRESSO (Mendelian randomisation pleiotropy residual
sum and outlier) analysis [51]. The MR-PRESSO detects and excludes pleiotropic vari-
ants and recalculates causal estimates (corrected MR estimates) [51]. Where MR-PRESSO
produced corrected results, we assessed whether the presence of outlier IVs biased the
crude causal estimates using the distortion test p-values, and where this was the case, we
prioritised MR-PRESSO’s corrected estimates.

4.5. Gene-Level Genetic Overlap Assessment

We extended our study beyond the SNP level to gene-based analysis, thereby further-
ing the assessment of the genetic overlap of cognitive traits with GIT disorders. Genes
are more closely related to biology than SNPs and, thus, can provide more interpretable
results while enhancing insights into the relationship between cognitive traits and GIT
disorders. To estimate gene-level genetic overlap, we performed gene-based analyses and
assessed whether the observed proportion of genes overlapping GIT disorders and the
corresponding cognitive traits was more than expected by chance, similar to practices in
previous studies [52–57].

Firstly, we conducted gene-based analysis separately for cognitive traits and GIT disor-
ders using the multi-marker analysis of genomic annotation (MAGMA v1.08) software [58]
(in the FUMA [59] online platform v1.3.8, accessed June 14–Sept 26, 2022). To ensure
that equivalent gene-based tests were performed, we utilised only SNPs that overlapped
between the respective cognitive traits and GIT disorders GWAS (educational attainment
and PUD, for example) in the gene-based analysis. We used the EUR 1000G Phase 3 data
as a reference panel, and SNPs were assigned to genes in MAGMA at the window size of
‘±0 kb’.

Secondly, using the respective outputs of the gene-based analysis for GIT disorders
and cognitive traits, we extracted genes associated with each of the traits at pgene < 0.05 for
subsequent use in assessing gene-level genetic overlap. At this threshold, we identified
the total number of genes for GIT disorders and the respective cognitive traits GWAS.



Int. J. Mol. Sci. 2022, 23, 16199 23 of 26

Additionally, we identified the total number of genes overlapping between the pair of traits.
Finally, we compared the expected proportions of gene overlap (the null) with the observed
proportion of gene overlap using the exact binomial statistical test.

The expected proportion of gene overlap was defined as the number of genes associ-
ated with GIT disorders (for example, PUD) at pgene < 0.05 divided by the total number of
genes obtained in the gene-based analysis for the GIT disorder (PUD, for instance) [52–57].
The observed proportion of genes was defined as the ratio of the number of overlapping
genes (between PUD and educational attainment GWAS, for example) to the total num-
ber of genes associated with the cognitive trait (educational attainment, for instance) at
pgene < 0.05 [52–57]. To test the statistical difference between the expected and the observed
proportion of gene overlap, we applied a one-sided exact binomial test implemented in
the R statistical platform, thereby determining whether the observed proportion of gene
overlap was more than the null. For a significant gene-level genetic overlap, the observed
proportion of overlap must be statistically more than the null.

5. Conclusions

Our study identified highly significant risk-decreasing global and local genetic corre-
lations of cognitive traits with GIT disorders, including PUD, GERD, gastritis-duodenitis,
IBS, and diverticulosis (but largely not with IBD in the global genetic correlation analysis),
providing new insights into the relationships of these traits. Findings from MR analysis
highlight causally protective roles of cognitive traits on GIT disorders (PUD and GERD
but not IBD). Together, these findings support the protective roles of cognitive traits such
as intelligence and higher educational attainments in the risk of GIT disorders (PUD and
GERD), indicating they could contribute to a reduced risk of the disorders. On the other
hand, GERD was putatively associated with decreased cognitive functions and may, thus,
be a risk factor for cognitive impairment. Further analysis, based on local genetic correla-
tion, reveals discordant local effects of IBD with one or more cognitive traits, providing new
insights into its relationships and suggesting that the relationship of IBD with cognitive
traits (and AD) will depend largely on their local effects across the genome. Overall, current
findings support educational attainments as a potential avenue for reducing the risk of GIT
disorders. Hence, encouraging higher educational attainment and/or cognitive training
may be beneficial in reducing the risk of GIT disorders.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms232416199/s1, Table S1: GWAS data analysed in this
study; Table S2: Cross-trait global genetic correlation analysis; Table S3: Cross-traits global genetic
correlation analysis with genetic covariance intercept constrained; Table S4: Cross-traits global genetic
correlation analysis across cognitive traits; Table S5: Results of bidirectional Mendelian randomi-
sation analysis between cognitive traits and peptic ulcer disease; Table S6: Sensitivity analysis for
the effect of cognitive traits on PUD; Table S7: Effect sizes of AGE-FE SNPs utilised as instrumental
variables in the Mendelian randomisation analysis with PUD; Table S8: Effect sizes of Educational
Qualification SNPs utilised as instrumental variables in the Mendelian randomisation analysis with
PUD; Table S9: Effect sizes of Fluid Intelligence Score (Conditional Arithmetic) SNPs utilised as
instrumental variables in the Mendelian randomisation analysis with PUD; Table S10: Effect sizes
of Intelligence SNPs utilised as instrumental variables in the Mendelian randomisation analysis
with PUD; Table S11: Effect sizes of Cognitive Performance SNPs utilised as instrumental variables
in the Mendelian randomisation analysis with PUD; Table S12: Effect sizes of Educational Attain-
ments SNPs utilised as instrumental variables in the Mendelian randomisation analysis with PUD;
Table S13: Results of bidirectional Mendelian randomisation analysis between cognitive traits and
GERD; Table S14: Results of sensitivity analysis for the causal effect of GERD* on cognitive traits;
Table S15: Effect sizes of GERD SNPs utilised as instrumental variables on age of completing full-time
education in the sensitivity analysis; Table S16: Effect sizes of GERD SNPs utilised as instrumental
variables on intelligence in the sensitivity analysis; Table S17: Effect sizes of GERD SNPs utilised as
instrumental variables on educational qualifications in the sensitivity analysis; Table S18: Effect sizes
of GERD SNPs utilised as instrumental variables on cognitive performance in the sensitivity analysis;

https://www.mdpi.com/article/10.3390/ijms232416199/s1


Int. J. Mol. Sci. 2022, 23, 16199 24 of 26

Table S19: Effect sizes of GERD SNPs utilised as instrumental variables on educational attainment in
the sensitivity analysis; Table S20: Results of bidirectional Mendelian randomisation analysis between
cognitive traits and IBD.

Author Contributions: Conceptualization, E.O.A., T.P. and S.M.L.; Data curation, E.O.A.; Formal
analysis, E.O.A.; Funding acquisition, S.M.L.; Investigation, E.O.A. and E.K.O.; Methodology, E.O.A.,
E.K.O., T.P. and S.M.L.; Project administration, E.O.A. and S.M.L.; Resources, E.O.A. and S.M.L.;
Software, E.O.A. and S.M.L.; Supervision, S.M.L.; Writing—original draft, E.O.A.; Writing—review
and editing, E.O.A., E.K.O., T.P. and S.M.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Health and Medical Research Council (Australia),
grant number APP1161706 and APP1191535.

Institutional Review Board Statement: This study was based on a secondary analysis of existing
genetic data. Appropriate ethics approval was obtained as described in each of the associated studies.
No further ethics clearance is required in the conduct of the present study.

Informed Consent Statement: Not applicable.

Data Availability Statement: The GWAS data analysed in this study were sourced from public
repositories and research groups or consortia, as described in the section for data sources. More
specific details about these data and, where applicable, links to their sources are summarised in
Supplementary Table S1. Data generated in the present study are included in this published article
[and its supplementary information files].

Acknowledgments: We express our unreserved appreciation to all the international research groups
or consortia from whom the GWAS data analysed in this study were sourced.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Khodabakhsh, P.; Bazrgar, M.; Dargahi, L.; Mohagheghi, F.; Taei, A.A.; Parvardeh, S.; Ahmadiani, A. Does Alzheimer’s disease

stem in the gastrointestinal system? Life Sci. 2021, 287, 120088. [CrossRef] [PubMed]
2. Singh, A.; Dawson, T.M.; Kulkarni, S. Neurodegenerative disorders and gut-brain interactions. J. Clin. Investig. 2021, 131.

[CrossRef] [PubMed]
3. Mitrea, L.; Nemes, S.A.; Szabo, K.; Teleky, B.E.; Vodnar, D.C. Guts Imbalance Imbalances the Brain: A Review of Gut Microbiota

Association With Neurological and Psychiatric Disorders. Front. Med. 2022. [CrossRef] [PubMed]
4. Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat.

Neurosci. 2017, 20, 145–155. [CrossRef]
5. Liu, S.; Gao, J.; Zhu, M.; Liu, K.; Zhang, H.-L. Gut Microbiota and Dysbiosis in Alzheimer’s Disease: Implications for Pathogenesis

and Treatment. Mol. Neurobiol. 2020, 57, 5026–5043. [CrossRef]
6. Lee, J.-G.; Cho, H.-J.; Jeong, Y.-M.; Lee, J.-S. Genetic Approaches Using Zebrafish to Study the Microbiota–Gut–Brain Axis in

Neurological Disorders. Cells 2021, 10, 566. [CrossRef]
7. dewuyi, E.O.; O’Brien, E.K.; Nyholt, D.R.; Porter, T.; Laws, S.M. A large-scale genome-wide cross-trait analysis reveals shared

genetic architecture between Alzheimer’s disease and gastrointestinal tract disorders. Commun. Biol. 2022, 5, 1–14. [CrossRef]
8. Jiang, C.; Li, G.; Huang, P.; Liu, Z.; Bin Zhao, B. The Gut Microbiota and Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 58, 1–15.

[CrossRef]
9. Doulberis, M.; Kotronis, G.; Gialamprinou, D.; Polyzos, S.A.; Papaefthymiou, A.; Katsinelos, P.; Kountouras, J. Alzheimer’s

disease and gastrointestinal microbiota; impact of Helicobacter pylori infection involvement. Int. J. Neurosci. 2020, 131, 289–301.
[CrossRef]

10. Momtaz, Y.A.; Hamid, T.A.; Ibrahim, R. Gastritis May Boost Odds of Dementia. Am. J. Alzheimer’s Dis. Other Dementiasr 2014, 29,
452–456. [CrossRef]

11. Gau, S.-Y.; Lai, J.-N.; Yip, H.-T.; Wu, M.-C.; Wei, J.C.-C. Higher Dementia Risk in People With Gastroesophageal Reflux Disease: A
Real-World Evidence. Front. Aging Neurosci. 2022, 14. [CrossRef] [PubMed]

12. Zhang, B.; Wang, H.E.; Bai, Y.-M.; Tsai, S.-J.; Su, T.-P.; Chen, T.-J.; Wang, Y.-P.; Chen, M.-H. Inflammatory bowel disease is
associated with higher dementia risk: A nationwide longitudinal study. Gut 2020, 70, 85–91. [CrossRef] [PubMed]

13. Chen, C.-H.; Lin, C.-L.; Kao, C.-H. Irritable Bowel Syndrome Is Associated with an Increased Risk of Dementia: A Nationwide
Population-Based Study. PLoS ONE 2016, 11, e0144589. [CrossRef] [PubMed]

http://doi.org/10.1016/j.lfs.2021.120088
http://www.ncbi.nlm.nih.gov/pubmed/34715145
http://doi.org/10.1172/JCI143775
http://www.ncbi.nlm.nih.gov/pubmed/34196307
http://doi.org/10.3389/fmed.2022.813204
http://www.ncbi.nlm.nih.gov/pubmed/35433746
http://doi.org/10.1038/nn.4476
http://doi.org/10.1007/s12035-020-02073-3
http://doi.org/10.3390/cells10030566
http://doi.org/10.1038/s42003-022-03607-2
http://doi.org/10.3233/JAD-161141
http://doi.org/10.1080/00207454.2020.1738432
http://doi.org/10.1177/1533317513518654
http://doi.org/10.3389/fnagi.2022.830729
http://www.ncbi.nlm.nih.gov/pubmed/35444524
http://doi.org/10.1136/gutjnl-2020-320789
http://www.ncbi.nlm.nih.gov/pubmed/32576641
http://doi.org/10.1371/journal.pone.0144589
http://www.ncbi.nlm.nih.gov/pubmed/26731277


Int. J. Mol. Sci. 2022, 23, 16199 25 of 26

14. Hsu, C.-C.; Chang, K.-H.; Lee, C.-Y.; Chong, L.-W.; Hsu, Y.-C.; Kao, C.-H.; Lin, C.-L. Association of Dementia and Peptic Ulcer
Disease. Am. J. Alzheimer’s Dis. Other Dementiasr 2016, 31, 389–394. [CrossRef] [PubMed]

15. Zhang, P.; Li, Z.; Chen, P.; Zhang, A.; Zeng, Y.; Zhang, X.; Huang, Q.; Liu, D.; Qi, S.; Mao, C. Regular proton pump inhibitor use
and incident dementia: Population-based cohort study. BMC Med. 2022, 20, 1–11. [CrossRef] [PubMed]

16. Sun, Y.; Sommerville, N.R.; Liu, J.Y.H.; Ngan, M.P.; Poon, D.; Ponomarev, E.D.; Lu, Z.; Kung, J.S.C.; Rudd, J.A. Intra-gastrointestinal
amyloid-β1–42 oligomers perturb enteric function and induce Alzheimer's disease pathology. J. Physiol. 2020, 598, 4209–4223.
[CrossRef]

17. Vonderwalde, I.; Finlayson-Trick, E. Gut amyloid-β induces cognitive deficits and Alzheimer's disease-related histopathology in
a mouse model. J. Physiol. 2020, 599, 15–16. [CrossRef]

18. Prince, M.; Wimo, A.; Guerchet, M.; Ali, G.C.; Wu, Y.T.; Prina, M. World Alzheimer Report 2015: The Global Impact of Dementia: An
Analysis of Prevalence, Incidence, Cost and Trends; Alzheimer’s Disease International: London, UK, 2015.

19. Cummings, J.; Lee, G.; Ritter, A.; Sabbagh, M.; Zhong, K. Alzheimer’s disease drug development pipeline: 2019. Alzheimer’s
Dementia Transl. Res. Clin. Interv. 2019, 5, 272–293. [CrossRef]

20. Hopkins, C.W.; Powell, N.; Norton, C.; Dumbrill, J.L.; Hayee, B.; Moulton, C.D. Cognitive Impairment in Adult Inflammatory
Bowel Disease: A Systematic Review and Meta-Analysis. Psychosom. 2021, 62, 387–403. [CrossRef]

21. Jones, J.D.; Rahmani, E.; Garcia, E.; Jacobs, J.P. Gastrointestinal symptoms are predictive of trajectories of cognitive functioning in
de novo Parkinson's disease. Park. Relat. Disord. 2020, 72, 7–12. [CrossRef]

22. Hadjina, I.T.; Zivkovic, P.M.; Matetic, A.; Rusic, D.; Vilovic, M.; Bajo, D.; Puljiz, Z.; Tonkic, A.; Bozic, J. Impaired neurocognitive
and psychomotor performance in patients with inflammatory bowel disease. Sci. Rep. 2019, 9, 1–13. [CrossRef] [PubMed]

23. Sharma, N.; Dhiman, S.; Bodh, V.; Sharma, D.; Sharma, R.; Sharma, S.; Sharma, B. Cognitive dysfunction in ulcerative colitis
patients in remission and its comparison with patients with irritable bowel syndrome and healthy controls. Indian J. Gastroenterol.
2021, 40, 169–175. [CrossRef] [PubMed]

24. Patrick, K.S.; Sanborn, V.; Gunstad, J.; Spitznagel, M.B. Poorer Cognitive Performance Is Associated with Gastrointestinal
Symptoms in Otherwise Healthy Young Adults. Dig. Dis. 2022, 1–6. [CrossRef] [PubMed]

25. Lanas, A.; Chan, F.K.L. Peptic ulcer disease. Lancet 2017, 390, 613–624. [CrossRef] [PubMed]
26. Han, M.-L.; Chen, J.-H.; Tsai, M.-K.; Liou, J.-M.; Chiou, J.-M.; Chiu, M.-J.; Chen, Y.-C. Association between Helicobacter pylori

infection and cognitive impairment in the elderly. J. Formos. Med Assoc. 2018, 117, 994–1002. [CrossRef]
27. Franceschi, F.; Ojetti, V.; Candelli, M.; Covino, M.; Cardone, S.; Potenza, A.; Simeoni, B.; Gabrielli, M.; Sabia, L.; Gasbarrini, G.;

et al. Microbes and Alzheimer’ disease: Lessons from H. pylori and GUT microbiota. Eur. Rev. Med Pharmacol. Sci. 2019, 23,
426–430.

28. Li, B.; He, Y.; Ma, J.; Huang, P.; Du, J.; Cao, L.; Wang, Y.; Xiao, Q.; Tang, H.; Chen, S. Mild cognitive impairment has similar
alterations as Alzheimer's disease in gut microbiota. Alzheimer’s Dement. 2019, 15, 1357–1366. [CrossRef]

29. Wu, Y.; Murray, G.K.; Byrne, E.M.; Sidorenko, J.; Visscher, P.M.; Wray, N.R. GWAS of peptic ulcer disease implicates Helicobacter
pylori infection, other gastrointestinal disorders and depression. Nat. Commun. 2021, 12, 1–17. [CrossRef]

30. Tegeler, C.; O'Sullivan, J.L.; Bucholtz, N.; Goldeck, D.; Pawelec, G.; Steinhagen-Thiessen, E.; Demuth, I. The inflammatory markers
CRP, IL-6, and IL-10 are associated with cognitive function—Data from the Berlin Aging Study II. Neurobiol. Aging 2016, 38,
112–117. [CrossRef]

31. Berrill, J.W.; Gallacher, J.; Hood, K.; Green, J.T.; Matthews, S.B.; Campbell, A.; Smith, A. An observational study of cognitive
function in patients with irritable bowel syndrome and inflammatory bowel disease. Neurogastroenterol. Motil. 2013, 25, 918-e704.
[CrossRef]

32. Lam, N.C.-Y.; Yeung, H.-Y.; Li, W.-K.; Lo, H.-Y.; Yuen, C.-F.; Chang, R.C.-C.; Ho, Y.-S. Cognitive impairment in Irritable Bowel
Syndrome (IBS): A systematic review. Brain Res. 2019, 1719, 274–284. [CrossRef] [PubMed]

33. Davies, N.M.; Holmes, M.V.; Smith, G.D. Reading Mendelian randomisation studies: A guide, glossary, and checklist for clinicians.
BMJ 2018, 362, k601. [CrossRef] [PubMed]

34. Bulik-Sullivan, B.K.; Loh, P.R.; Finucane, H.K.; Ripke, S.; Yang, J.; Schizophrenia Working Group of the Psychiatric Genomics
Consortium; Patterson, N.; Daly, M.J.; Price, A.L.; Neale, B.M. LD Score regression distinguishes confounding from polygenicity
in genome-wide association studies. Nat. Genet. 2015, 47, 291–295. [CrossRef]

35. Hemani, G.; Zheng, J.; Elsworth, B.; Wade, K.H.; Haberland, V.; Baird, D.; Laurin, C.; Burgess, S.; Bowden, J.; Langdon, R.; et al.
The MR-Base platform supports systematic causal inference across the human phenome. Elife 2018, 7. [CrossRef] [PubMed]

36. Werme, J.; van der Sluis, S.; Posthuma, D.; de Leeuw, C.A. An integrated framework for local genetic correlation analysis. Nat.
Genet. 2022, 54, 274–282. [CrossRef]

37. Anderson, E.L.; Howe, L.D.; Wade, K.H.; Ben-Shlomo, Y.; Hill, W.D.; Deary, I.J.; Sanderson, E.C.; Zheng, J.; Korologou-Linden, R.;
Stergiakouli, E.; et al. Education, intelligence and Alzheimer’s disease: Evidence from a multivariable two-sample Mendelian
randomization study. Leuk. Res. 2020, 49, 1163–1172. [CrossRef] [PubMed]

38. Tillmann, T.; Vaucher, J.; Okbay, A.; Pikhart, H.; Peasey, A.; Kubinova, R.; Pajak, A.; Tamosiunas, A.; Malyutina, S.; Hartwig, F.P.;
et al. Education and coronary heart disease: Mendelian randomisation study. BMJ 2017, 358, j3542. [CrossRef] [PubMed]

39. Sand, J.R.; Troelsen, F.S.; Horváth-Puhó, E.; Henderson, V.W.; Sørensen, H.T.; Erichsen, R. Risk of dementia in patients with
inflammatory bowel disease: A Danish population-based study. Aliment. Pharmacol. Ther. 2022, 56, 831–843. [CrossRef]

http://doi.org/10.1177/1533317515617546
http://www.ncbi.nlm.nih.gov/pubmed/26802077
http://doi.org/10.1186/s12916-022-02478-y
http://www.ncbi.nlm.nih.gov/pubmed/36045363
http://doi.org/10.1113/JP279919
http://doi.org/10.1113/JP280624
http://doi.org/10.1016/j.trci.2019.05.008
http://doi.org/10.1016/j.psym.2020.10.002
http://doi.org/10.1016/j.parkreldis.2020.01.009
http://doi.org/10.1038/s41598-019-50192-2
http://www.ncbi.nlm.nih.gov/pubmed/31551482
http://doi.org/10.1007/s12664-020-01122-y
http://www.ncbi.nlm.nih.gov/pubmed/33417176
http://doi.org/10.1159/000523865
http://www.ncbi.nlm.nih.gov/pubmed/35240661
http://doi.org/10.1016/S0140-6736(16)32404-7
http://www.ncbi.nlm.nih.gov/pubmed/28242110
http://doi.org/10.1016/j.jfma.2017.11.005
http://doi.org/10.1016/j.jalz.2019.07.002
http://doi.org/10.1038/s41467-021-21280-7
http://doi.org/10.1016/j.neurobiolaging.2015.10.039
http://doi.org/10.1111/nmo.12219
http://doi.org/10.1016/j.brainres.2019.05.036
http://www.ncbi.nlm.nih.gov/pubmed/31150650
http://doi.org/10.1136/bmj.k601
http://www.ncbi.nlm.nih.gov/pubmed/30002074
http://doi.org/10.1038/ng.3211
http://doi.org/10.7554/eLife.34408
http://www.ncbi.nlm.nih.gov/pubmed/29846171
http://doi.org/10.1038/s41588-022-01017-y
http://doi.org/10.1093/ije/dyz280
http://www.ncbi.nlm.nih.gov/pubmed/32003800
http://doi.org/10.1136/bmj.j3542
http://www.ncbi.nlm.nih.gov/pubmed/28855160
http://doi.org/10.1111/apt.17119


Int. J. Mol. Sci. 2022, 23, 16199 26 of 26

40. Sun, Y.; Geng, J.; Chen, X.; Chen, H.; Wang, X.; Chen, J.; Li, X.; Hesketh, T. Association Between Inflammatory Bowel Disease and
Dementia: A Longitudinal Cohort Study. Inflamm. Bowel Dis. 2021. [CrossRef]

41. Bernstein, C.N.; Nugent, Z.; Shaffer, S.; Singh, H.; Marrie, R.A. Comorbidity before and after a diagnosis of inflammatory bowel
disease. Aliment. Pharmacol. Ther. 2021, 54, 637–651. [CrossRef]

42. Savage, J.E.; Jansen, P.R.; Stringer, S.; Watanabe, K.; Bryois, J.; de Leeuw, C.A.; Nagel, M.; Awasthi, S.; Barr, P.B.;
Coleman, J.R.I.; et al. Faculty Opinions recommendation of Genome-wide association meta-analysis in 269,867 individu-
als identifies new genetic and functional links to intelligence. Nat. Genet. 2018, 50, 912–919. [CrossRef]

43. Lee, J.J.; Wedow, R.; Okbay, A.; Kong, E.; Maghzian, O.; Zacher, M.; Nguyen-Viet, T.A.; Bowers, P.; Sidorenko, J.; Karlsson Linnér,
R.R.; et al. Gene discovery and polygenic prediction from a genome-wide association study of educational attainment in 1.1
million individuals. Nat. Genet. 2018, 50, 1112–1121. [CrossRef] [PubMed]

44. Watanabe, K.; Stringer, S.; Frei, O.; Mirkov, M.U.; de Leeuw, C.; Polderman, T.J.C.; van der Sluis, S.; Andreassen, O.A.; Neale,
B.M.; Posthuma, D. A global overview of pleiotropy and genetic architecture in complex traits. Nat. Genet. 2019, 51, 1339–1348.
[CrossRef] [PubMed]

45. An, J.; Gharahkhani, P.; Law, M.H.; Ong, J.-S.; Han, X.; Olsen, C.M.; Neale, R.E.; Lai, J.; Vaughan, T.L.; Gockel, I.; et al.
Gastroesophageal reflux GWAS identifies risk loci that also associate with subsequent severe esophageal diseases. Nat. Commun.
2019, 10, 1–10. [CrossRef]

46. Jansen, I.E.; Savage, J.E.; Watanabe, K.; Bryois, J.; Williams, D.; Steinberg, S.; Sealock, J.; Karlsson, I.; Hägg, S.; Athanasiu, L.; et al.
Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer’s disease risk. Nat. Genet. 2019,
51, 404–413. [CrossRef]

47. Sekula, P.; Fabiola Del Greco, M.; Pattaro, C.; Köttgen, A. Mendelian Randomization as an Approach to Assess Causality Using
Observational Data. J. Am. Soc. Nephrol. 2016, 27, 3253–3265. [CrossRef]

48. Wooldridge, J.M. Chapter 15: Instrumental Variables Estimation and Two-stage Least Squares. In Introductory econometrics;
South-Western Publishing: Nashville, TN, USA, 2009.

49. Bowden, J.; Davey Smith, G.; Haycock, P.C.; Burgess, S. Consistent estimation in Mendelian randomization with some invalid
instruments using a weighted median estimator. Genet. Epidemiol. 2016, 40, 304–314. [CrossRef]

50. 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, 512–525. [CrossRef]

51. Verbanck, M.; Chen, C.-Y.; 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, 693–698. [CrossRef]

52. Yang, Y.; The International Headache Genetics Consortium; Zhao, H.; I. Boomsma, D.; Ligthart, L.; Belin, A.C.; Smith, G.D.; Esko,
T.; Freilinger, T.M.; Hansen, T.F.; et al. Molecular genetic overlap between migraine and major depressive disorder. Eur. J. Hum.
Genet. 2018, 26, 1202–1216. [CrossRef]

53. Zhao, H.; Nyholt, D.R. Gene-based analyses reveal novel genetic overlap and allelic heterogeneity across five major psychiatric
disorders. Hum. Genet. 2016, 136, 263–274. [CrossRef] [PubMed]

54. Adewuyi, E.O.; Mehta, D.; International Endogene Consortium (IEC); Sapkota, Y.; Yoshihara, K.; Nyegaard, M.; Steinthorsdottir,
V.; Morris, A.P.; Fassbender, A.; Rahmioglu, N.; et al. Genetic overlap analysis of endometriosis and asthma identifies shared loci
implicating sex hormones and thyroid signalling pathways. Hum. Reprod. 2021, 37, 366–383. [CrossRef] [PubMed]

55. Adewuyi, E.O.; Mehta, D.; Sapkota, Y.; Auta, A.; Yoshihara, K.; Nyegaard, M.; Griffiths, L.R.; Montgomery, G.W.; Chasman, D.I.;
Nyholt, D.R.; et al. Genetic analysis of endometriosis and depression identifies shared loci and implicates causal links with gastric
mucosa abnormality. Hum. Genet. 2020, 140, 529–552. [CrossRef]

56. Adewuyi, E.O.; Sapkota, Y.; International Endogene Consortium (IEC) International Endogene Consortium (IEC); 23andMe
Research Team 23andMe Research Team; International Headache Genetics Consortium (IHGC) International Headache Genetics
Consortium (IHGC); Auta, A.; Yoshihara, K.; Nyegaard, M.; Griffiths, L.R.; Montgomery, G.W.; et al. Shared Molecular Genetic
Mechanisms Underlie Endometriosis and Migraine Comorbidity. Genes 2020, 11, 268. [CrossRef] [PubMed]

57. Tanha, H.M.; Nyholt, D.R. The International Headache Genetics Consortium Genetic analyses identify pleiotropy and causality
for blood proteins and highlight Wnt/β-catenin signalling in migraine. Nat. Commun. 2022, 13, 1–11. [CrossRef] [PubMed]

58. de Leeuw, C.A.; Mooij, J.M.; Heskes, T.; Posthuma, D. MAGMA: Generalized Gene-Set Analysis of GWAS Data. PLoS Comput.
Biol. 2015, 11, e1004219. [CrossRef]

59. Watanabe, K.; Taskesen, E.; van Bochoven, A.; Posthuma, D. Functional mapping and annotation of genetic associations with
FUMA. Nat. Commun. 2017, 8, 1–11. [CrossRef]

http://doi.org/10.1093/ibd/izab300
http://doi.org/10.1111/apt.16444
http://doi.org/10.3410/f.733502533.793549437
http://doi.org/10.1038/s41588-018-0147-3
http://www.ncbi.nlm.nih.gov/pubmed/30038396
http://doi.org/10.1038/s41588-019-0481-0
http://www.ncbi.nlm.nih.gov/pubmed/31427789
http://doi.org/10.1038/s41467-019-11968-2
http://doi.org/10.1038/s41588-018-0311-9
http://doi.org/10.1681/ASN.2016010098
http://doi.org/10.1002/gepi.21965
http://doi.org/10.1093/ije/dyv080
http://doi.org/10.1038/s41588-018-0099-7
http://doi.org/10.1038/s41431-018-0150-2
http://doi.org/10.1007/s00439-016-1755-6
http://www.ncbi.nlm.nih.gov/pubmed/28035465
http://doi.org/10.1093/humrep/deab254
http://www.ncbi.nlm.nih.gov/pubmed/35472084
http://doi.org/10.1007/s00439-020-02223-6
http://doi.org/10.3390/genes11030268
http://www.ncbi.nlm.nih.gov/pubmed/32121467
http://doi.org/10.1038/s41467-022-30184-z
http://www.ncbi.nlm.nih.gov/pubmed/35546551
http://doi.org/10.1371/journal.pcbi.1004219
http://doi.org/10.1038/s41467-017-01261-5

	Relationship of cognition and Alzheimer’s disease with gastrointestinal tract disorders: A large-scale genetic overlap and mendelian randomisation analysis
	Introduction 
	Results 
	Global Genetic Correlation of Cognitive Traits with GIT Disorders 
	Local Genetic Correlation of Cognitive Traits and AD with GIT Disorders 
	Results of Causal Relationship Assessment 
	Causal Relationship of Peptic Ulcer Disease with Cognitive Traits 
	Causal Relationship of Gastroesophageal Reflux Disease with Cognitive Traits 
	Causal Relationship of Inflammatory Bowel Disease with Cognitive Traits 

	Results of Gene-Level Genetic Overlap Analysis 

	Discussion 
	Materials and Methods 
	Data Sources 
	Genome-Wide (Global) Genetic Correlation Analysis 
	Local Genetic Correlation Analysis 
	Bidirectional Mendelian Randomisation Analysis 
	Gene-Level Genetic Overlap Assessment 

	Conclusions 
	References

