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Abstract

Background: The link between gastroesophageal reflux disease (GERD) and essential hypertension (EH) and its causal nature remains
controversial. Our study examined the connection between GERD and the risk of hypertension and assessed further whether this
correlation has a causal relationship.
Methods: First, we utilized the National Readmission Database including 14 422 183 participants to conduct an observational study.
Dividing the population into GERD and non-GERD groups, we investigated the correlation between GERD and EH using multivariate
logistic regression. Next, bidirectional two-sample Mendelian randomization was adopted. The summary statistics for GERD were
obtained from a published genome-wide association study including 78 707 cases and 288 734 controls. We collected summary statistics
for hypertension containing 70 651 cases and 223 663 controls from the FinnGen consortium. We assessed causality primarily by the
inverse-variance weighted method with validation by four other Mendelian randomization approaches as well as an array of sensitivity
analyses.
Results: In the unadjusted model, GERD patients had a higher risk of EH than the non-GERD group, regardless of gender (odds ratio, 1.43;
95% confidence interval: 1.42–1.43; P < .001). Further adjusting for critical confounders did not change this association. For Mendelian
randomization, we found that genetically predicted GERD was causally linked to an enhanced risk of EH in inverse-variance weighted
technique (odds ratio, 1.52; 95% confidence interval: 1.39–1.67; P = 3.51 × 10−18); conversely, EH did not raise the risk of GERD causally.
Conclusions: GERD is a causal risk factor for EH. Further research is required to probe the mechanism underlying this causal connection.

What is already known on this topic

• GERD can increase the risk of hypertension and increase with worsening disease severity. The association between GERD and
EH and whether the link is genetically determined are still controversial.

What this study adds

• Our study revealed that GERD is an upstream causal risk factor for EH.

How this study might affect research, practice, or policy

• Preventing GERD may serve as a prevention policy for EH.
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Introduction
Gastroesophageal reflux disease (GERD) is one of the most
widespread chronic inflammatory gastrointestinal disorders
marked by acid reflux and heartburn, which can greatly impact
the quality of life and improve health care expenses due to its
long-term course [1]. According to a meta-analysis, it affects
∼13% of people worldwide [2]. In recent years, the potential
play of GERD in the progression of essential hypertension (EH)
has attracted the interest of researchers [3–6]. A growing set of
observational research has demonstrated that GERD can increase
the risk of EH and increase with worsening disease severity
[7, 8].

Nevertheless, to date, the findings derived from epidemiologi-
cal studies are not entirely coherent concerning the contribution
of GERD to the development of EH. For instance, one observational
study stated that gastroesophageal reflux symptoms may lower
the risk of the occurrence of EH [9]. In contrast, another large-
scale cohort study of 29 688 GERD patients and 29 597 controls
in Taiwan showed no significant discrepancy in the occurrence
of hypertension between the GERD patient group and the control
group [10]. Otherwise, there are still several reports that failed to
detect the link between GERD and EH [11–13]. The inconsistency
of these findings may be attributed to inherent limitations in
observational studies, including diverse diagnostic approaches to
GERD (e.g. gastroscopic presentation, reflux monitoring, or ques-
tionnaires), inadequate adjustments for confounders, population
heterogeneity, short follow-up periods, etc. Hence a duplication of
their results in wider study samples is desired. Besides, estimates
from observational studies can readily reverse causality. Conse-
quently, whether GERD is a cause of EH or a downstream effect
merits further exploration.

Mendelian randomization (MR), an emerging epidemiological
approach, considers genetic variants as instrumental variables
(IVs) for exposure to estimate the causal role of the exposure
on the outcome [14]. As genetic variables are assigned at ran-
dom during the meiosis and fertilization process and are estab-
lished far ahead of disease onset, the MR approach maximizes
overcoming unmeasured confounding as well as reverse causal-
ity [15]. Currently, the most widespread type of MR study is
the two-sample MR (TSMR), which relies on summary statistical
data obtained from two nonoverlapping genome-wide association
studies (GWAS) with optimal statistical power [16]. Meanwhile,
the bidirectional MR analysis is a novel extension of the basic
MR analysis to sort out the temporal order of occurrence of
two related variables. In this approach, MR analysis is initially
conducted in the forward direction (i.e. “exposure” to “outcome”)
and subsequently in the reverse direction (i.e. “outcome” to “expo-
sure”) [16]. The bidirectional model can be coupled with the
TSMR method to generate an eloquent way to explore causal
associations [17].

The present study aimed to incorporate a large-scale obser-
vational analysis (including a sex-stratified study) and a
bidirectional TSMR analysis to discover the correlation between
GERD and EH and to examine the causal properties of potential
links. First, we utilized the National Readmission Database
(NRD) to explore the association between GERD and the risk of
hypertension. Second, publicly available GWAS summary data
were employed to explore whether the connection between GERD
and hypertension was causal and the direction of the causal
relationship.

Materials and methods
Study design
At first, we implemented an observational study of baseline data
from the NRD 2018 involving 14 422 183 participants to examine
the independent linkage between GERD and EH. Then, a bidirec-
tional TSMR analysis was performed utilizing GWAS summary
statistics to examine the biennial causal relationship between
them. Forward MR analysis treated GERD as the exposure and EH
as the outcome, whereas reverse MR regarded EH as the exposure
and GERD as the outcome (Supplementary Fig. 1). This paper
was written taking into account the STROBE and STROBE-MR
guidelines of the observational and MR study.

Study population in National Readmission
Database
We used the 2018 NRD for our observational study (https://www.
hcup-us.ahrq.gov/nrdoverview.jsp). The database is the largest
publicly available readmission database in the USA from the
Agency for Healthcare Research and Quality Healthcare Cost and
Utilization Project (HCUP). The NRD 2018 includes patient and
hospital-level discharge data collected from 28 geographically
scattered US states, covering nearly 60% of the total US resident
population. In the NRD, there are up to 40 discharge diagnoses
and 25 procedures captured for each patient utilizing the Inter-
national Classification of Diseases, Tenth Revision, Clinical Modi-
fication/Procedure Coding System (ICD-10-CM/PCS). We followed
the checklist that has been recommended by HCUP for working
with the NRD.

The patients were determined for inclusion using the ICD-10
procedure codes. The ICD-10-CM code for patients with GERD is
K21, while the ICD-10-CM code for EH is I10. Covariate diagnosis
information regarding ICD-10-CM codes for alcohol consumption,
smoking, obesity, and hyperlipidemia are shown in Supplemen-
tary Table 1. We ultimately selected 14 422 183 participants for
the analysis of the correlation between GERD and EH following
the exclusion of 1 241 749 participants under age 18, and 2 022 579
pregnant participants from the 2018 NRD according to the rele-
vant studies. Inclusion and exclusion criteria details as well as the
ICD-10 diagnosis codes used are provided in Supplementary Fig. 2
and Supplementary Table 1, respectively.

Statistical analyses of the observational study
For the observational study, participants’ characteristics were
presented as median (interquartile range; for nonnormally dis-
tributed data) or percentage (for categorical variables), respec-
tively, in the entire study population. We performed multivariate
logistic regression to compute odds ratios (ORs) and the corre-
sponding 95% confidence intervals (CIs) to check the correlation
between GERD and the risk of EH. Adjustments to variables in
the logistic regression were conducted to manage confounders
and alleviate their influence in the assessment of the association
between GERD and EH. Four models were conducted: Model 1
was unadjusted; Model 2 was adjusted for age, the base variable;
Model 3 was further adjusted for smoking and alcohol consump-
tion status; and Model 4 was additionally adjusted for obesity,
diabetes, and hyperlipidemia. Based on the previously observed
gender gap in GERD prevalence, this study examined subgroup
analysis among participants according to their sex [2]. SPSS 26.0
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Table 1. Data sources used in MR analysis.

Trait Phenotype definition Sample size PubMed ID or web-link Studies involved Adjustments in the
GWAS

GERD Cases inferred by
self-reporting GERD
symptoms, use of GERD
medication, and ICD-10
codes

Total:
367 441
Cases:
78 707
Controls:
288 734

31 527 586 UK Biobank, QSKIN Recruitment age, genetic
sex, the first 10 principal
components, and cryptic
relatedness

EH Cases inferred through
ICD-10/9/8 codes

Total:
294 314
Cases:
70 651
Controls:
223 663

FinnGen consortium
(https://www.finngen.fi/fi)

FinnGen Age, sex, 10 genetic
principal components,
and genotyping batch

software was applied in our study to perform the statistical anal-
ysis. All hypothesis tests were two-sided at a level of significance
of P < .05.

Data sources for Mendelian randomization
analyses
The largest GWAS summary statistics for GERD were obtained
from the UK Biobank and Australian QSKIN cohorts containing
71 522 GERD cases and 261 079 controls derived from European
descendants [18]. These two cohorts were both based on European
populations and the participants were primarily middle-aged.
Additionally, all cases with GERD were defined by self-reported,
ICD9 and 10, office of population census and treatment/drug in
the UK Biobank study (68 535 cases and 250 910 controls), and
medical records of self-reported heartburn and reflux medica-
tions in the QSKIN and Health Study (2987 cases and 10 169
controls).

Summary GWAS data for EH were drawn from the FinnGen
Consortium, an undergoing queue study initiated in 2017 to col-
lect and analyze genomic and health data from half a million
Finnish participants. Further information on participants, gene
platforms, and statistical analysis agreements is available on
the FinnGen website: https://www.finngen.fi/fi. We utilized the
seventh version of this consortium’s genome-wide association
results (released 01 June 2022) for our current study, in which
data for EH included 70 651 cases (defined by ICD-8 codes 401-404,
ICD-9 codes 4039A or 4019X, and ICD-10 codes I10) and 223 663
controls (Table 1).

Selection of instrumental variables
IVs in MR studies have to satisfy the three core assumptions to
sustain the effectiveness of the study: (i) relevance assumption,
i.e. the genetic variants employed to assess causality ought to be
strongly correlated with the exposure, (ii) independence assump-
tion, i.e. the applied genetic variables were free from underlying
confounding factors, and (iii) exclusion-restriction assumption,
i.e. IVs affect the outcome only through the exposure but are not
directly connected to the outcome. The filtering process of our
IVs was conducted as follows: First, we chose a single nucleotide
polymorphisms (SNPs) strongly related to the exposure with P
values reaching genome-wide significance (P < 5 × 10−8). Second,
as linkage disequilibrium (LD) may lead to biased findings, we
set the parameter r2 threshold of 0.001 and kilobase pair (kb)
of 10 000 to exclude the interference of LD by reference to the

European 1000 Genome Project. Third, we did not use proxy SNPs
because a narrow set of missing IVs had a marginal impact on
the results. Fourth, we eliminated SNPs that were robustly linked
to both the exposure and the outcome (P < 5 × 10−8) to alleviate
potential pleiotropy [19]. Fifth, we removed SNPs containing A/T
or G/C alleles, which were labeled as palindromic SNPs and might
cause ambiguity [20]. Finally, effects were harmonized to ensure
that the identical SNPs corresponded to the same effect alleles
in both the exposure and outcome datasets. After these stringent
selections, 65 SNPs for GERD and 33 SNPs for hypertension were
chosen for subsequent analyses, details of which are shown in
Supplementary Tables 2 and 3.

To ascertain the efficacy of our MR results, we utilized the
online calculator to compute the statistical capacity in the IVW
analysis (https://sb452.shinyapps.io/power/) [21]. The strength of
instrumental variants was measured by the application of the F-
statistic which was calculated to avoid weak instrumental bias
[22, 23]. The following equation was applied to obtain the F-
statistic: F = [R2/(1-R2)] ∗[(N-K-1)/K]; R2 represents the variance
of the exposure explained by the IVs: R2 = (beta.exposure2)/(se.
exposure2∗N + beta.exposure2), N represents the sample size in
the selected GWAS, and K represents the number of SNPs even-
tually utilized. If the F-statistic is substantially greater than 10,
the probability of weak IV bias is slim.

Statistical analyses of the Mendelian
randomization study
In this study, we applied the inverse-variance weighted (IVW)
technique as the main causal effect estimation approach [24].
This method is a relatively ideal state estimation, a valid analysis
assuming the basic premise that all genetic variables are valid,
which provides a robust power to detect causality. The Wald ratio
used to evaluate the causal effect of each IV was computed as
the Beta ratio of the correspondent SNP in the outcome dataset
over the Beta of the identical SNP in the exposure dataset. IVW
analysis was conducted in a meta-analysis of each Wald rate to
give an estimation of the global causal effect of the exposure
on the outcome. Given that both the exposure and the outcome
in this present study were dualistic, the association evaluations
between them were stated as ORs with the corresponding 95%
CIs. Then, four alternative univariate MR methods were adopted
for sensitivity analyses to test the reliability and robustness of
the results, i.e. MR-Egger regression, weighted median (WME)
method, simple mode, and weighted mode. MR-Egger can provide
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estimates following correction for horizontal pleiotropy; however,
this approach may lower the statistical power [25]. When valid IVs
are >50%, the WME can be used to deliver robust causal estimates
[26].

Although this study had excluded known confounding SNPs to
the extent possible, there were still multiple unclear confounding
factors that can contribute to gene pleiotropy and create bias in
the estimation of effect values. Thus, we performed an array of
sensitivity analyses to address pleiotropy in causal estimations.
We first applied Cochran’s Q test to examine the heterogeneity
arising from distinct genetic variants. If significant heterogeneity
was observed (P < .05), a random-effect IVW model was applied,
else a fixed-effect IVW model was used [27–29]. Next, we per-
formed the MR-Egger interception trial to check whether any
latent horizontal pleiotropy existed [25]. An indicator of horizontal
pleiotropy was the intercept drawn from the MR-Egger regres-
sion, which proved the existence of directional pleiotropy if its
P < .05. In addition to it, we evaluated and rectified the horizontal
pleiotropy by using the MR-Pleiotropy Residual Sum and Out-
lier methods (MR-PRESSO). Finally, to visualize the MR analysis
results, four diagnostic plots were drawn: (i) Leave-one-out plots
employed to infer if the MR causal estimates were powered by a
solitary SNP; (ii) funnel plots showing horizontal pleiotropy; (iii)
forest plots to display the effect of a single SNP in MR analysis,
and lastly; (iv) scatter plots of the results obtained from various
MR analysis approaches [25, 30, 31].

The bidirectional TSMR analyses in this paper were per-
formed via the TwoSampleMR (version 0.5.6) R package in
R version 4.1.3 based on RStudio-2022.02.0–443. Results with
P < .05 and statistical power above 80% were statistically
significant.

Ethical approval
In our observational study, the NRD is publicly available and
de-identified with no personal information so that no ethical
research board review is required; Likewise, the GWAS data used
in this MR study are openly accessible and no additional ethical
approval or informed consent is critical.

Results
Observational results between gastroesophageal
reflux disease and hypertension in National
Readmission Database
Clinical characteristics are shown in Table 2. A greater incidence
of EH was observed in the GERD group than that in the non-GERD
group (P < .001). Accounting for potential confounding factors
related to the occurrence of EH, such as age and obesity, we further
examined the relationship between GERD and EH using four
multivariate logistic regression models in the current research
(Table 3). GERD was an independent risk factor of EH as revealed in
multivariate logistic regression analysis. In the unadjusted model
(Model 1), GERD patients had a higher risk of occurring EH as
opposed to controls, irrespective of gender (OR 1.43; 95% CI: 1.42–
1.43, P < .001). Further adjusting for potential confounders such
as age, smoking, alcohol use, obesity, diabetes, and hyperlipidemia
did not change this association. When further stratified by gender,
this link was statistically significant in both males and females. It
was shown in our observational analysis that GERD could be a risk
factor for EH.

Mendelian randomization analyses in evaluating
the causal effects of gastroesophageal reflux
disease on essential hypertension (forward
direction)
In the forward MR analysis conducted to examine the causal
effect of GERD on EH, the 65 SNPs enrolled as IVs accounted for
an approximate total of 4.6% of the variance, with F statistics
>10 for individual SNPs, indicating no potential weak instrumen-
tal bias in our conclusions. Our MR analysis results are shown
in Table 4 and Fig. 1. IVW results revealed that genetically pre-
dicted GERD was positively associated with the risk of developing
EH (OR = 1.52; 95% CI: 1.39–1.67, P = 3.51 × 10−18; Table 4). Like-
wise, similar causal estimates were found in MR Egger (OR = 1.83;
95% CI: 1.02–3.27, P = 4.66 × 10−2), WME (OR = 1.41; 95% CI: 1.28–
1.55, P = 6.02 × 10−12), Simple mode (OR = 1.32; 95% CI: 0.26–0.63,
P = 2.86 × 10−2), and Weighted mode (OR = 1.31; 95% CI: 0.26–0.63,
P = 2.32 × 10−2), supporting the harmful effect of GERD on the risk
of hypertension (Table 4). These results are also shown in Fig. 2 as
a scatter plot. Concurrently, the forest plot reflected the causal
effect of individual SNPs on EH (Supplementary Fig. 3).

In addition, the intercept from the MR-Egger regression
analysis failed to reach statistical significance (P = 0.536 > 0.05),
i.e. there was no horizontal pleiotropy (Supplementary Table 4).
The symmetry of the funnel plot indicated a similar finding (Sup-
plementary Fig. 4). Nonetheless, MR-PRESSO detected rs2613505
as an outlier, pointing to significant horizontal pleiotropy in
IVs (P < .001). After removing this outlier, we reapplied the MR
approach to assess the causal relationship between GERD and
hypertension with no substantial changes in the results (IVW,
OR′ = 1.52; 95% CI′: 1.38–1.67, P′ = 1.52 × 10−17). Besides, Cochran’s
Q test revealed significant heterogeneity (P < .05), so the random
effects IVW model was used as a sensitivity analysis, with the
result still being significantly associated (Supplementary Table 4).
Finally, the leave-one-out approach demonstrated that the
causal relationship between genetically determined GERD on
hypertension was not triggered by an individual SNP, indicating
the stability of our MR analysis (Supplementary Fig. 5). In
conclusion, our MR analysis results showed that genetically
predicted GERD can increase the risk of EH.

Mendelian randomization analyses in evaluating
the causal association of genetically determined
essential hypertension with GERD (reverse
direction)
In the reverse MR analysis investigating the causal effect of
hypertension on GERD, 33 SNPs were enrolled as IVs. The results
of all MR analysis methods demonstrated no causal connection
between genetically predicted hypertension on the risk of GERD
(Table 4). Such findings were also exhibited in the forest plot in
Fig. 2. In addition, individual and summarized effect estimates
were presented in the forest plot (Supplementary Fig. 6).

Furthermore, the leave-one-out method suggested that
this causal relationship was not determined by a lone SNP
(Supplementary Fig. 7). Additionally, the intercept of the MR-
Egger regression analysis did not reach statistical significance
(P = .293 > .05), i.e. there was no horizontal pleiotropy (Supple-
mentary Table 4). Simultaneous results were indicated by the
symmetry of the funnel plot (Supplementary Fig. 8). Meantime,
no notable outliers were detected by MR-PRESSO. Nevertheless,
Cochran’s Q test displayed significant heterogeneity (P < .05),
hence the random effects IVW model was applied as a sensitivity
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Table 2. Characteristics of participants by GERD categories in the NRD 2018.

GERD
(N = 3 148 459)

Non-GERD
(N = 11 273 724)

P

Age(years), Median (IQR) 68 (57–78) 64 (50–76) <.001
Sex
Male, n (%) 1 334 879 (42.4) 5 682 018 (50.4) <.001
Female, n (%) 1 813 580 (57.6) 5 591 706 (49.6) <.001
Alcohol consumption, n (%) 173 444 (5.5) 825 381 (7.3) <.001
Smoker, n (%) 506 572 (16.1) 2 234 356 (19.8) <.001
EH, n (%) 1 370 496 (43.5) 3 946 014 (35) <.001
Obesity, n (%) 738 261 (23.4) 2 022 417 (17.9) <.001
Diabetes, n (%) 1 053 729 (33.5) 3 394 966 (30.1) <.001
Hyperlipidemia, n (%) 1 451 235 (46.1) 3 513 344 (31.2) <.001

IQR, interquartile range; NRD, Nationwide Readmissions Database.

Table 3. Logistic regression analysis results for the relationship between GERD and the occurrence of EH in study participants
(n = 14 422 183).

Model 1 Model 2 Model 3 Model 4

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

All
Non-GERD 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
GERD 1.43 (1.43–1.44) <.001 1.33 (1.33–1.34) <.001 1.34 (1.34–1.34) <.001 1.26 (1.26–1.27) <.001
Male
Non-GERD 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
GERD 1.43 (1.42–1.43) <.001 1.35 (1.34–1.35) <.001 1.35 (1.35–1.36) <.001 1.27 (1.27–1.28) <.001
Female
Non-GERD 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
GERD 1.43 (1.42–1.43) <.001 1.32 (1.32–1.33) <.001 1.32 (1.32–1.33) <.001 1.25 (1.25–1.25) <.001

Model 1: no adjustment; Model 2: adjustment for age; Model 3: adjustment for age, smoker, drinking; Model 4: adjustment for age, smoker, drinking, obesity,
diabetes, hyperlipidemia.

Table 4. Bidirectional MR results for the relationship between genetically instrumented GERD and EH.

Exposure Outcome SNPs Methods OR (95% CI) P

GERD EH 65 Inverse variance weighted 1.52 (1.39–1.67) 3.51E-18
MR Egger 1.83 (1.02–3.27) 4.66E-02
WME 1.41 (1.28–1.55) 6.02E-12
Simple mode 1.32 (1.04–1.69) 2.86E-02
Weighted mode 1.31 (1.04–1.64) 2.32E-02

EH GERD 33 IVW 1.03 (0.97–1.09) .33
MR Egger 0.93 (0.76–1.13) .46
WME 0.98 (0.93–1.03) .44
Simple mode 0.98 (0.9–1.08) .74
Weighted mode 0.98 (0.92–1.05) .66

SNP, single-nucleotide polymorphism; P < .05 was considered significant.

analysis which remained not significantly associated with the
results (Supplementary Table 4). In summary, our data indicated
the absence of causality regarding hypertension on the risk of
GERD.

Discussion
In the present study, we united an observational study with a
bidirectional TSMR study to investigate the correlation between
GERD and EH. At first, we identified that GERD was positively
linked to the risk of hypertension following control for a host
of potential confounders in a cross-sectional study of 2018 NRD
baseline data. Simultaneously, gender-stratified analyses yielded
consistent results. And then, our bidirectional TSMR findings
revealed that genetically predicted GERD was causally linked to

an elevated risk of EH; in contrast, hypertension was not causally
correlated with a higher risk of GERD.

The results obtained from our cross-sectional study are gener-
ally consistent with previous statements on the risk of GERD and
hypertension [3–5, 32–34]. For instance, Li et al. found in research
involving 86 Chinese participants with EH that the rate of high
blood pressure episodes and average nocturnal blood pressure
were both significantly higher in the GERD group than that in
the control group. They also discovered a statistically significant
drop in blood pressure in GERD patients after 14 days of antacid
treatment compared to pretreatment [8]. The primary disadvan-
tages of their study were the comparatively modest sample size
and confined follow-up time, which enabled a limited capacity
to observe associations. In addition, a prior study found that
plasma nitric oxide-metabolite levels elevated markedly following
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Figure 1 Forest plot showing bidirectional TSMR analysis results to estimate the causal association between GERD and EH; results above gray shading
represent forward MR analysis (i.e. treating GERD as exposure and EH as outcome), while gray shading denotes reverse MR analysis (i.e. treating EH as
exposure and GERD as outcome); circles and horizontal bars represent the ORs and CIs, respectively.

inhibition of gastric acid production for 8 weeks, which could con-
tribute to the overall blood pressure management enhancement;
nevertheless, this needed more accurate evidence [35]. Similarly,
a cross-sectional study of 28 949 subjects found that the preva-
lence of hypertension in GERD participants was greater versus
non-GERD participants [36] . Nevertheless, another observational
study involving 52 GERD patients and 465 control patients con-
cluded the opposite: GERD was probably a protective factor for
hypertension [37]. These inconsistent findings were likely driven
by sample size constraints and the inherent confounders and
back-causality in conventional observational analyses. Conse-
quently, the role of GERD on the risk of occurrence of hypertension
needed to be validated by further MR analyses. Several MR anal-
yses were performed in this study and all generated consistent
findings that GERD can elevate the risk of EH.

The potential mechanisms underlying that GERD increases
the risk of hypertension are still obscure, so we can only make
reasonable speculations based on some of the currently available
evidence in the literature. First, GERD is a long-term inflammatory
disease in which acid reflux from the inferior esophagus trig-
gers the secretion of multiple proinflammatory cytokines, includ-
ing IL-8, IL-6, IL-1β, Nuclear Factor-Kappa B (NF-κB), and Tumor
Necrosis Factor-Alpha (TNF-α) [38–40]. EH, similar to GERD, is a
slow inflammatory process under which a number of the same
proinflammatory cytokines are raised in the circulating blood
of patients with hypertension [41–44]. Such intermediates can
facilitate oxidative impairment and endothelial disorders, which
in turn lead to vessel remodeling, tubular narrowness, fibrosis,
and stiffness, resulting in increased systemic vascular resistance
[41–43]. In addition, since our esophagus borders the heart, propa-
gation of the regional inflammation via the esophageal wall may
also result in local atrial myocarditis, which will consequently
cause hypertension [44].

Second, sympathetic hyperfunction is a key mechanism that
leads to hypertension [45]. GERD is a gastrointestinal dysfunc-
tional disease, behind which lies sympathetic nerve dysfunction
[46]. The refluxed gastric fluid and food will cause esophageal
spasm, which then stimulates the nerves in the esophagus, and
the nerves in the esophagus will reflect the irritation to the sym-
pathetic and coronary nerves, resulting in cardiovascular spasms
and generating hypertensive symptoms [40, 47]. In addition, GERD
may lead to chest pain, which subsequently provokes reflex sym-
pathetic nerve activity, and then increases peripheral vascular
resistance, the abnormal release of renin and catecholamines,

and eventually elevates blood pressure [48, 49]. At last, a novel
mechanism proposed by Dean et al. may alternatively explain
the causal association between GERD and the risk of developing
hypertension. It is hypothesized that cardiopulmonary and diges-
tive reflexes are simultaneously activated by identical stimuli
under the modulation of caudal solitary complex neurons, of
which most prominently are hypercapnic acidosis and orexin [50].

This study possesses the following strengths: First, the study
includes a large sample size with strong statistical efficacy, so
that our results are generalizable and representative. Second, we
integrated an observational study and MR analysis to intensively
probe the link between GERD and hypertension, which led to fairly
coherent conclusions. Compared with results only determined
by MR analysis or a cross-sectional study, our findings are more
comprehensive, reliable, and credible. Third, the GWAS data for
the exposure and the outcome included in our MR analysis were
from individuals of European ancestry, rendering the study results
unlikely to be affected by population stratification or ethnic bias.
Fourth, a variety of MR statistical methods and sensitivity anal-
yses were applied in this study, all of which generated relatively
unanimous conclusions, ensuring the rigorousness and high level
of causal inference of this study.

Nevertheless, there are still several limitations in our study.
First, MR analysis offers valuable perspectives on causal connec-
tions but does not delve into or elucidate the underlying bio-
logical mechanisms. Second, we selected GWAS summary statis-
tics for GERD and EH from European descendants to mitigate
issues related to heterogeneity. However, genetic associations may
exhibit disparities among the populations in both the exposure
and outcome GWASs, potentially influenced by population strat-
ification. Third, it is crucial to acknowledge that our MR study
focused on individuals of European descent, whereas the obser-
vational research was rooted in American populations, poten-
tially diminishing the generalizability of our findings. Fourth, our
capacity to perform further stratified analyses based on different
stages or subtypes of GERD was constrained due to limitations in
the available GWAS summary statistics for the MR study. Fifth, it
is important to note that genetic factors explain only a portion of
the variability in GERD and EH. Other sources of variation likely
stem from pathways unaffected by genetic factors. Sixth, despite
the ample size of our GERD dataset, we must acknowledge the
potential for missing weak associations, especially when dealing
with exposures constructed from a limited number of SNPs with
minimal phenotypic variance. Finally, the absence of data on
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Figure 2 Scatter plots of MR analyses using two models to investigate causal relationships between GERD and EH; (A) scatter plot of the forward
model showing the associations of the SNP effects on the GERD (log OR) against the SNP effects on the EH (log hazard ratio); (B) scatter plot of the
reverse model showing the associations of the SNP effects on the EH (log OR) against the SNP effects on the GERD (log hazard ratio); the slope of each
line indicates the causal relationship of each method; the dots denote the SNPs utilized in the present analysis, and the bars represent the 95% CIs.
SNP, single-nucleotide polymorphism;

potential confounding variables, such as the use of nonsteroidal
antiinflammatory drug or aspirin use, in the NRD may introduce
bias into our work.

Conclusion
Our large-scale observational study found that GERD may be
a risk factor for EH. MR analysis further showed that this

association is genetically determined. These findings recom-
mended that, in clinical practice, early screening, diagnosis,
and primary prevention of EH may be imperative in GERD
patients. Physicians ought to seek signs of hypertension in
GERD patients as well. In addition, further studies are inevitable
to illustrate the molecular pathways involved in the effects
of GERD on hypertension to develop new antihypertensive
strategies.
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