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	Item No.
	Section
	Checklist item 
	Page No.
	Relevant text from manuscript

	1
	TITLE and ABSTRACT
	Indicate Mendelian randomization (MR) as the study’s design in the title and/or the abstract if that is a main purpose of the study
	1-3
	Title:Exploring the Genetic Links Between Asthma, Gastroesophageal Reflux Disease, and Osteoarthritis Through Mendelian Randomization

Abstract
Objective: To elucidate the bidirectional associations and mechanisms linking the increasingly prevalent conditions of asthma, gastroesophageal reflux disease (GERD), and osteoarthritis (OA), with a focus on exploring the mediating role of Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) in these associations.
[bookmark: _Hlk157781450][bookmark: _Hlk157781644][bookmark: _Hlk158131365][bookmark: _Hlk158131333]Methods: Employing a comprehensive two-sample, bidirectional Mendelian randomization (MR) framework, this study was designed to investigate the associations between asthma, GERD, and OA (including overall OA, hip OA [HOA] and knee OA [KOA]), incorporating a two-step MR approach to assess the mediating role of NSAIDs within these associations. The genetic foundations for asthma and overall OA were precisely obtained from the UK Biobank, complemented by an in-depth analysis of KOA and HOA through an extensive meta-analysis merging data from the UK Biobank with arcOGEN, enabled by the European Bioinformatics Institute (EBI). Genetic insights into GERD were derived from a comprehensive GWAS dataset also hosted by EBI. Our analysis applied a broad array of statistical techniques, including Inverse Variance Weighted (IVW), MR-Egger, Weighted Mode, Weighted Median, and MR-PRESSO methods, coupled with the False Discovery Rate (FDR) procedure, to rigorously minimize false-positive risks.
[bookmark: _Hlk158131288][bookmark: _Hlk157781569]Results: Bidirectional MR analysis reveals mutual increased risks between asthma and GERD (asthma to GERD OR=1.55, 95% CI=1.20-2.01, P<.001; GERD to asthma OR=1.04, 95% CI=1.03-1.04, P<.001), and associations with OA  (asthma to overall OA OR=1.03, 95% CI=1.01-1.05, P=.01; asthma to KOA OR=1.67, 95% CI=1.20-2.32, P<.01; overall OA to asthma OR=1.12, 95% CI=1.03-1.21, P=.01; KOA to asthma OR=1.0034, 95% CI=1.0001-1.0069, P=.03). No significant associations were found between asthma and HOA. GERD is associated with an increased risk for OA (OR=1.03, 95% CI=1.03-1.04, P<.001 for overall OA; OR=1.72, 95% CI=1.59-1.86, P<.001 for KOA; OR=1.32, 95% CI=1.20-1.45, P<.001 for HOA) and vice versa for OA subtypes increasing the risk of GERD (overall OA OR=5.32, 95% CI=2.74-10.36, P<.001; KOA OR=1.12, 95% CI=1.09-1.16, P<.001; HOA OR=1.05, 95% CI=1.02-1.07, P<.001). NSAIDs exhibit a protective effect against asthma in OA patients (β=-0.40, 95% CI=-0.60 to -0.20, P<.001), but their impact on the progression from OA to GERD is marked by variability, as indicated by the wide CI (β=0.68, 95% CI=-0.32 to 1.68, P<.001).
Conclusion: Bidirectional associations were found between asthma and OA subtypes (excluding HOA) and between asthma and GERD. GERD's linkage to increased OA risk underscores mutual bidirectionality with OA subtypes. While NSAIDs show potential in mitigating OA to asthma progression, their impact on the OA to GERD trajectory remains uncertain.


	
	INTRODUCTION
	
	
	

	2
	Background
	Explain the scientific background and rationale for the reported study. What is the exposure? Is a potential causal relationship between exposure and outcome plausible? Justify why MR is a helpful method to address the study question
	3-4
	Asthma, gastroesophageal reflux disease (GERD), and osteoarthritis (OA) represent conditions of global prevalence, exhibiting complex interrelations that have captivated the interest of the medical research community. Asthma, delineated as a respiratory condition marked by airway inflammation and manifestations such as breathing difficulties, affects an estimated 262 million individuals worldwide [1]. GERD, characterized by recurrent heartburn and acid reflux episodes, impacts approximately 18% of the global populace [2]. OA, identified as a predominant musculoskeletal disorder, leads to joint discomfort and diminished mobility, affecting roughly 528 million people globally[1]. 
Recent research suggests intricate correlations among asthma, GERD, and OA, driven by shared inflammatory mechanisms, genetic factors, and treatment strategies.  These conditions often coexist[3–5], with theories proposing a common inflammatory pathway that links asthma's airway inflammation to OA's joint inflammation[6,7]. Molecular markers like YKL-40 and histone K, found in both asthma and OA, imply a shared immune response [8–10]. Furthermore, the use of Icatibant acetate for both conditions underscores a potential connection, while initial findings hint at interactions between non-steroidal anti-inflammatory drugs (NSAIDs), used in OA treatment, and asthma.[6,11,12]. Additionally, allergic pathways may increase OA risk among individuals with asthma, potentially compounded by physical constraints from severe asthma[4,6]. 
[bookmark: _Hlk157849378][bookmark: _Hlk158130728]Research has also spotlighted a potential association between GERD and OA[13–16]. Shared factors, such as systemic inflammation and lifestyle risks like obesity and physical inactivity, have been proposed as potential connectors[17,18]. Variations in biomechanical stresses and genetic predispositions might account for the differential associations observed between GERD and specific OA subtypes, namely hip osteoarthritis (HOA) and knee osteoarthritis (KOA)[18] The need for long-term NSAIDs for pain in patients with OA may prolong the duration of acid reflux, which can lead to the development of GERD[16,18]. Observational studies suggest that OA may independently increase the risk of GERD, even beyond the effects of medication[19]. Particular patient groups, such as women with generalized OA, are at a higher risk of GERD, indicating the impact of gender and the severity of OA on GERD risk[20].
[bookmark: _Hlk157849417]The intricate coexistence of GERD and asthma is supported by epidemiological evidence[21–24]. Many individuals with asthma experience GERD symptoms, suggesting a possible connection where asthma may contribute to GERD development[25,26]. This connection could be linked to factors like increased thoracic pressure due to asthma or the effects of certain asthma medications on the lower esophageal sphincter (LES), predisposing individuals to GERD[27]. Conversely, GERD can worsen asthma symptoms by causing bronchoconstriction and airway irritation [28–30]. This highlights the need to address GERD in asthma management. The coexistence of GERD and asthma in many patients suggests mutual exacerbation, where each condition can worsen the other, possibly due to shared inflammatory pathways and lifestyle factors like obesity[24,31,32]. The relationship among asthma, GERD, and OA becomes even more complex when considering obesity's role. Obesity worsens osteoarticular problems, promoting OA development and increasing intragastric pressure, leading to reflux. Additionally, obesity's inflammatory response may heighten asthma symptoms[33]. Drug interactions and shared inflammation are key features in all three conditions[34].

	3
	Objectives
	State specific objectives clearly, including pre-specified causal hypotheses (if any). State that MR is a method that, under specific assumptions, intends to estimate causal effects
	5
	[bookmark: _Hlk158130651][bookmark: _Hlk158131911][bookmark: _Hlk157764165]In this investigation, we employ a bidirectional MR approach to explore the intricate causal relationships among GERD, asthma, and OA. Selected for their high prevalence and profound impact on individual quality of life, these conditions represent an essential area of study due to their interconnected nature and implications for disease management and prevention. Our analysis is motivated by the emerging consensus on the shared genetic and environmental pathways potentially underpinning these conditions, alongside preliminary evidence suggesting reciprocal causal relationships. By leveraging genetic variants, primarily single nucleotide polymorphisms (SNPs), as instrumental variables (IVs), this innovative statistical approach aims to provide a robust inference of causality, circumventing the biases inherent in traditional observational studies. The inclusion of epidemiological evidence and pathophysiological insights in our analysis underscores the complex interactions and shared pathways among GERD, asthma, and OA. This comprehensive exploration sheds light on the underlying mechanisms driving these associations, including shared inflammatory pathways, genetic predispositions, and the impact of common treatments such as NSAIDs. The application of bidirectional MR not only enhances our understanding of these diseases' dynamics but also holds significant implications for personalized medicine and public health strategies. By demystifying the genetic factors contributing to the co-occurrence of these diseases, our study endeavors to advance the field's understanding of complex disease interactions, thereby informing targeted prevention and treatment strategies[35,36].


	
	METHODS
	
	
	

	4
	Study design and data sources
	Present key elements of the study design early in the article. Consider including a table listing sources of data for all phases of the study. For each data source contributing to the analysis, describe the following: 
	6-10
	

	
	a)
	Setting: Describe the study design and the underlying population, if possible. Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection, when available.
	9-10
	In the context of this TSMR analysis, the investigation delved into the intricate relationships between asthma, GERD, and various forms of OA (including [overall OA, HOA, and KOA]). Bidirectional MR contributed to a more comprehensive understanding of potential causal mechanisms. Using Multivariate Mendelian randomization (MVMR) for two-step MR also helps to investigate the potential mediating role of NSAIDs. Central to the MR methodology are three pivotal assumptions, each critical for maintaining the methodological integrity of the approach.  Assumption Ⅰ: IVs must be robustly associated with the exposure of interest. Assumption Ⅱ: The IV should be independent of any confounders that might be associated with both the exposure and the outcome. Assumption Ⅲ: The IV should influence the outcome only through its effect on the exposure and not through any other pathways. Adherence to these assumptions is essential for the credibility of the MR framework in exploring the connections between asthma, GERD, and OA. Figure 1 illustrates the design of this bidirectional, two-step, TSMR with its three assumptions. Our methodology aligns with the STROBE-MR guidelines. Employing de-identified, publicly sourced data from studies previously sanctioned by ethical standards committees for human research, this study required no further ethical endorsement.


	
	b)
	Participants: Give the eligibility criteria, and the sources and methods of selection of participants. Report the sample size, and whether any power or sample size calculations were carried out prior to the main analysis 
	7-8
	[bookmark: _Hlk157186209][bookmark: _Hlk167999729][bookmark: _Hlk157767334]Our study utilized data from the UK Biobank for asthma (ukb-b-18113) and OA (ukb-b-14486), encompassing 462,933 participants with case numbers of 53,598 and 38,472 respectively. These datasets were methodically compiled, combining self-reported information with physician diagnosis codes to ensure accuracy and reliability. The UK Biobank's large sample size and detailed clinical data make it an ideal choice for genetic and epidemiological studies, particularly for exploring complex genetic relationships between common diseases. The diverse cohort and rigorous data collection processes significantly enhance the robustness and precision of our MR analyses[37]. 
[bookmark: _Hlk157176738]Expanding our analysis to include KOA (ebi-a-GCST007090) and HOA (ebi-a-GCST007091), we utilized data from a robust meta-analysis that incorporated data from both the UK Biobank and the Arthritis Research UK Osteoarthritis Genetics (arcOGEN). This analysis examined a large cohort of European descent, derived from the European Bioinformatics Institute (EBI). These datasets included 403,124 individuals with 24,955 cases of KOA and 393,873 individuals with 15,704 cases of HOA, providing a comprehensive genetic exploration of these OA subtypes [38]. The inclusion of arcOGEN data, which focuses specifically on OA, enhances our ability to examine genetic variations with greater specificity, thereby improving our understanding of the genetic basis of KOA and HOA and their interactions with other conditions.
Additionally, sourcing from the EBI, we employed a multi-trait GWAS dataset (ebi-a-GCST90000514) for the GERD component of our study, which included an extensive sample of 602,604 individuals, with 129,080 cases of GERD. This dataset was instrumental in uncovering the intricate genetic relationships underpinning GERD, augmented by the integration of data from diverse sources[39]. This dataset is particularly valuable for uncovering the intricate genetic relationships underpinning GERD and enhances the statistical power of our analyses, enabling the exploration of genetic interactions between GERD and other chronic conditions.
By leveraging these meticulously selected and highly comprehensive datasets, our study is uniquely positioned to elucidate the complex genetic links between asthma, OA, and GERD. Each dataset's particular strengths in terms of scale, disease specificity, and data integrity play a crucial role in supporting the robustness and reliability of our findings, as detailed in Supplementary Tables 1-6. Missing data were handled using standard GWAS protocols, which automatically exclude genetic variants and individuals with significant missing information.


	
	c)
	Describe measurement, quality control and selection of genetic variants
	8-9
	The selection of genetic IVs involved the following steps: Firstly, significant genome-wide SNPs were rigorously screened with a p < 5 × 10-8 threshold. The threshold range was relaxed to p < 5 × 10-6, a practice supported by previous MR studies when the number of eligible SNPs is limited[40]. Secondly, the linkage disequilibrium (LD) was clustered with r2 = 0.001 and kb = 10,000 to achieve an accurate result and exclude SNPs in strong LD. R² is the total proportion of phenotypic variation explained by SNPs in the database, which is calculated by [2 × EAF × (1 − EAF) × beta2]/（SE²× N）[41,42], where EAF represents the effect allele frequency, N is the sample size, beta is the allele effect value. 

	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	6-10
	Assessment: Asthma cases were identified within the UK Biobank data, which typically uses a combination of self-reported medical diagnoses confirmed by physician diagnosis codes. This approach ensures that the cases captured in the study have been diagnosed based on clinical assessments by healthcare professionals.
Diagnostic Criteria: Although not explicitly detailed in your text, asthma diagnosis in large biobanks and datasets like the UK Biobank is usually based on clinical diagnostic codes such as those from ICD (International Classification of Diseases).
Gastroesophageal Reflux Disease (GERD):
Assessment: Similar to asthma, GERD cases were identified using the UK Biobank data. This data source amalgamates self-reported conditions with medical records and physician diagnosis codes, which helps in verifying the self-reported diagnoses.
Diagnostic Criteria: GERD diagnosis is typically confirmed through clinical evaluation and may involve symptom assessment, medical history, and sometimes diagnostic procedures such as endoscopy or pH monitoring, although the exact criteria used in the biobank data would depend on the clinical codes (like ICD codes) used.
Osteoarthritis (OA) and Its Subtypes (KOA and HOA):
Assessment: OA and its subtypes were analyzed through a combination of UK Biobank and Arthritis Research UK Osteoarthritis Genetics (arcOGEN) data, enhanced by a meta-analysis. This includes extensive genetic data, clinical diagnoses, and symptom reports.
Diagnostic Criteria: OA diagnosis in such studies is often based on a combination of symptom reports, clinical examinations, radiographic evidence (as for knee and hip OA), and physician diagnosis codes. The arcOGEN data specifically would enhance the specificity of the osteoarthritis subtype analysis through detailed genetic and clinical data.
Genetic Instruments:
Selection of Instruments: Genetic variants used as instruments were selected based on their associations with the exposures (asthma, GERD) at genome-wide significance levels (p < 5 × 10^-8). This ensures that the instruments are strongly predictive of the exposure and are less likely to be influenced by confounding factors.
Validity of Instruments: Ensured through criteria such as the absence of pleiotropy, where the instrument affects the outcome only through the exposure and not through other pathways.
Statistical Methods:
Two-Sample Mendelian Randomization (TSMR): This approach was utilized to estimate the causal effects of the exposures on the outcomes. The TSMR framework allows for the use of genetic variants from one sample (e.g., related to asthma or GERD) to estimate their effects on an outcome (e.g., OA) in a different sample, using summary statistic data.
Analytical Tools: The analysis included methods like Inverse Variance Weighted (IVW), MR-Egger, and other robust statistical techniques to assess and control for potential biases such as horizontal pleiotropy.

	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	6
	Employing de-identified, publicly sourced data from studies previously sanctioned by ethical standards committees for human research, this study required no further ethical endorsement.

	5
	Assumptions

	Explicitly state the three core IV assumptions for the main analysis (relevance, independence and exclusion restriction) as well assumptions for any additional or sensitivity analysis
	6
	Central to the MR methodology are three pivotal assumptions, each critical for maintaining the methodological integrity of the approach.  Assumption Ⅰ: IVs must be robustly associated with the exposure of interest. Assumption Ⅱ: The IV should be independent of any confounders that might be associated with both the exposure and the outcome. Assumption Ⅲ: The IV should influence the outcome only through its effect on the exposure and not through any other pathways.

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	
	

	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	9-10
	Genetic Associations (Exposure Variables):
Scale and Units: Single nucleotide polymorphisms (SNPs) from genome-wide association studies served as instrumental variables, with effect sizes (beta coefficients) and standard errors measuring the risk change per allele.
Model: The primary method used was the Inverse Variance Weighted (IVW) approach to combine causal estimates from individual SNPs, assuming all SNPs are valid instruments.
Outcome Variables (Disease Status):
Scale and Units: Disease status for conditions such as osteoarthritis and its subtypes (e.g., knee osteoarthritis) was treated as binary variables (presence or absence of disease), analyzed using a logistic regression framework, with results expressed as odds ratios (ORs).
Model: Mendelian Randomization methods were used to assess the causal impact of exposures (like asthma and GERD) on OA risk, estimating changes in disease risk attributed to genetic susceptibility. 

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	8-9
	Selection of Genetic Variants:
Genetic variants used as instrumental variables (IVs) were primarily single nucleotide polymorphisms (SNPs) associated with the exposures (asthma, gastroesophageal reflux disease, and osteoarthritis) at genome-wide significance levels.
A stringent significance threshold of p < 5 × 10^-8 was used to select SNPs, ensuring a robust association with the exposure. This threshold was relaxed to p < 5 × 10^-6 in cases where the number of SNPs was limited, which is a common practice in MR studies to retain sufficient genetic instruments.
Linkage Disequilibrium (LD) Clustering:
To avoid bias from correlated SNPs, linkage disequilibrium clustering was conducted. SNPs were clustered using an r² threshold of 0.001 within a window of 10,000 kilobases, ensuring that each SNP included in the analysis acted as an independent genetic instrument.
Weight Selection for SNPs:
Weights for each SNP were determined based on the effect sizes (beta coefficients) and standard errors from the largest available genome-wide association studies (GWAS). These weights were used in the Inverse Variance Weighted (IVW) method, where the weight of each SNP corresponds to the inverse of the variance of its effect size estimate.
This weighting scheme helps to maximize the use of information from each SNP, particularly emphasizing those with more precise estimates, thereby enhancing the overall statistical power and accuracy of the MR estimates.

	
	c)
	Describe the MR estimator (e.g. two-stage least squares, Wald ratio) and related statistics. Detail the included covariates and, in case of two-sample MR, whether the same covariate set was used for adjustment in the two samples
	9-10
	MR Estimators Used:
Inverse Variance Weighted (IVW): This method combines the Wald ratios of individual genetic variants into a single estimate of the causal effect. Each genetic variant's Wald ratio (the ratio of the effect of the variant on the outcome to its effect on the exposure) is weighted by the inverse of its variance. IVW is particularly effective when all genetic instruments are valid, providing an unbiased estimate under the assumption that the instruments do not exhibit horizontal pleiotropy.
MR-Egger: This method provides a test for directional pleiotropy and can yield a causal estimate that is robust to the presence of pleiotropic genetic variants. It is particularly useful as it does not require that all genetic variants are valid instruments.
Weighted Median: This estimator provides a consistent estimate of the causal effect if at least 50% of the weight in the analysis comes from valid instruments. This method enhances the robustness of the findings, particularly when some instruments might be invalid.
MR-PRESSO: Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) test is used to detect and correct for horizontal pleiotropy by identifying outlier genetic variants that disproportionately influence the results.
Related Statistics:
Estimates are presented as odds ratios (OR) with corresponding 95% confidence intervals (CI).
P-values are adjusted using the False Discovery Rate (FDR) to account for multiple testing and control the expected proportion of type I errors.
Covariates:
The study used two-sample MR, where the exposure and outcome are measured in different samples. Covariates included in the analysis typically consist of principal components to adjust for population stratification, age, and sex. These covariates are crucial to reduce confounding due to ancestry or demographic variables.
It is not explicitly stated whether the exact same set of covariates was used for adjustment in both samples; however, standard practice in two-sample MR is to adjust for similar covariates in both the exposure and outcome GWAS to ensure consistency and minimize bias.

	
	d)
	Explain how missing data were addressed
	8
	Missing data were managed according to standard GWAS protocols, which automatically exclude genetic variants and individuals with significant missing information from the analysis.

	
	e)
	If applicable, indicate how multiple testing was addressed
	9
	The study addressed the issue of multiple testing using the False Discovery Rate (FDR) procedure. This approach is designed to control the expected proportion of incorrectly rejected null hypotheses (type I errors) across a family of simultaneous tests. The FDR adjustment is particularly important in genetic studies like this where multiple hypotheses are tested simultaneously — for example, when assessing the associations of multiple genetic variants with various health outcomes. By applying FDR, the study enhances the reliability of its findings, ensuring that the results reported are less likely to be due to chance. This method is critical in maintaining the statistical integrity of the conclusions drawn from the MR analysis.

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	10
	The validity of the Mendelian Randomization (MR) assumptions was assessed using several methods. We employed the MR-Egger regression to test for pleiotropy and used the weighted median approach as a robustness check, which can provide a consistent estimate even if up to 50% of the information comes from invalid instruments. We also conducted a detailed linkage disequilibrium analysis to ensure the independence of each genetic variant used as an instrument.

	8
	Sensitivity analyses and additional analyses
	Describe any sensitivity analyses or additional analyses performed (e.g. comparison of effect estimates from different approaches, independent replication, bias analytic techniques, validation of instruments, simulations)
	10
	Sensitivity analyses included the MR-PRESSO test to detect and correct for horizontal pleiotropy, and we performed a leave-one-out analysis to evaluate the influence of individual SNPs on the overall MR estimates. We compared results across different MR methods (IVW, MR-Egger, Weighted Median) to ensure consistency of our findings. Additionally, we validated our instrumental variables using external datasets to ensure their relevance and robustness in predicting the exposures. These analyses helped in confirming the reliability of our findings and in addressing potential biases.

	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	9
	We conducted TSMR studies using the R package (version 0.5.6) and MRPRESSO (version 1.0)[43,44].

	
	b)
	State whether the study protocol and details were pre-registered (as well as when and where)
	
	Not applicable

	
	RESULTS
	
	
	

	10
	Descriptive data
	
	
	

	
	a)
	Report the numbers of individuals at each stage of included studies and reasons for exclusion. Consider use of a flow diagram
	11
	Supplementary Figure 15. The SNP screening process for three sets of bidirectional TSMR.

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	11
	Not applicable as our study leverages previously published GWAS data where detailed individual-level phenotypic summaries are not disclosed due to data sharing and privacy policies. However, case and control numbers for each condition were reported as part of the data extraction process from these GWAS databases.

	
	c)
	If the data sources include meta-analyses of previous studies, provide the assessments of heterogeneity across these studies
	11
	Not applicable as our study does not perform a traditional meta-analysis of heterogeneous studies but rather utilizes a single-source GWAS dataset for each condition, thus ensuring uniformity in data handling and analysis protocols.

	
	d)
	For two-sample MR:
   i.  Provide justification of the similarity of the genetic variant-exposure associations between the exposure and outcome samples
   ii.  Provide information on the number of individuals who overlap between the exposure and outcome studies
	11
	The similarity of genetic variant exposure associations between the exposure and outcome samples in this study can be justified on the basis of several factors. First, biological plausibility supports a potential causal relationship between asthma and OA, as well as GERD and OA, as demonstrated by previous observational studies. Second, the study design used a bidirectional TSMR approach using a large-scale GWAS dataset. Third, the selection of genetic instruments for exposure and outcome variables further supported the similarity of these associations. Finally, the statistical analysis methods employed in the study, including six different methods, further validated the similarity of the genetic variation-exposure associations. Together, these factors enhance the validity and reliability of the study results.
Not applicable, as the analyses were conducted using non-overlapping datasets for exposures and outcomes to maintain the validity of the Mendelian randomization assumptions, particularly the independence from pleiotropic effects that could bias the results.
We used an online calculator to characterize and assess possible bias and type 1 error rates due to sample overlap (https://sb452.shinyapps.io/overlap/).
Even in the case of 50 percent overlap of the two samples, asthma, the bias caused by GERD on OA, KOA, and HOA was [0.007, 0.007, 0.007] and [0.011, 0.011, 0.012], respectively.

	11
	Main results
	
	
	

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	11-16
	Bidirectional MR analysis reveals mutual increased risks between asthma and GERD (asthma to GERD OR=1.55, 95% CI=1.20-2.01, P<.001; GERD to asthma OR=1.04, 95% CI=1.03-1.04, P<.001), and associations with OA  (asthma to overall OA OR=1.03, 95% CI=1.01-1.05, P=.01; asthma to KOA OR=1.67, 95% CI=1.20-2.32, P<.01; overall OA to asthma OR=1.12, 95% CI=1.03-1.21, P=.01; KOA to asthma OR=1.0034, 95% CI=1.0001-1.0069, P=.03). No significant associations were found between asthma and HOA. GERD is associated with an increased risk for OA (OR=1.03, 95% CI=1.03-1.04, P<.001 for overall OA; OR=1.72, 95% CI=1.59-1.86, P<.001 for KOA; OR=1.32, 95% CI=1.20-1.45, P<.001 for HOA) and vice versa for OA subtypes increasing the risk of GERD (overall OA OR=5.32, 95% CI=2.74-10.36, P<.001; KOA OR=1.12, 95% CI=1.09-1.16, P<.001; HOA OR=1.05, 95% CI=1.02-1.07, P<.001). NSAIDs exhibit a protective effect against asthma in OA patients (β=-0.40, 95% CI=-0.60 to -0.20, P<.001), but their impact on the progression from OA to GERD is marked by variability, as indicated by the wide CI (β=0.68, 95% CI=-0.32 to 1.68, P<.001).

	
	b)
	Report MR estimates of the relationship between exposure and outcome, and the measures of uncertainty from the MR analysis, on an interpretable scale, such as odds ratio or relative risk per SD difference
	11-16
	[bookmark: _Hlk158126434][bookmark: _Hlk158130233]In our analysis, utilizing the MR-PRESSO correction process, we aimed to minimize the effects of heterogeneity and horizontal pleiotropy. All SNPs demonstrated F-statistic values surpassing 10, indicating that the instruments are robust for MR analysis, rather than weak. Through the IVW method, our primary MR analysis indicated a significant association between asthma and both overall OA [IVW: OR=1.03, 95% CI = 1.01-1.05, P=.01] and KOA [IVW: OR=1.67, 95% CI = 1.20-2.32, P< .01], while no such association was observed with HOA [IVW: OR=1.01, 95% CI = 0.67-1.54, P=.32]. These findings suggest that individuals with asthma may have an increased risk of developing OA, particularly KOA, which may point to shared genetic or environmental pathways between these conditions. Conversely, an association was observed between overall OA [IVW: OR=1.12, 95% CI = 1.03-1.21, P=.01] and KOA [IVW: OR=1.0034, 95% CI=1.0001-1.0069, P=.03] with asthma, but not with HOA [IVW: OR=1.00, 95% CI = 1.00-1.00, P=.30]. Supplementary Figures 1-6 offer additional insights into the data distribution, robustness of results through leave-one-out tests, and potential biases assessed using funnel plots. We observed no significant influence of SNPs on the analyzed associations. The leave-one-out analysis further confirmed that no individual SNP disproportionately influenced the observed associations between asthma and OA, as visually depicted in Figure 3.

Figure 3: The forest plot of TSMR analyses exploring bidirectional associations between asthma to overall OA, KOA, and HOA risk using different MR statistical models. Causal estimates are given as odds ratio (OR) and 95% confidence intervals (CIs).
Bidirectional associations of GERD and subtypes on OA
In our investigation into the potential bidirectional associations between GERD and OA subtypes, our MR analysis, utilizing selected SNPs, suggested that GERD is associated with an increased risk of developing OA. This includes specific associations with overall OA [IVW: OR=1.03, 95% CI = 1.03-1.04, P< .001], KOA [IVW: OR=1.72, 95% CI = 1.59-1.86, P< .001], and HOA [IVW: OR=1.32, 95% CI = 1.20-1.45, P< .001]. Conversely, we observed associations suggesting that each OA subtype may be linked to an increased risk of GERD, with overall OA presenting the most substantial association [IVW: OR=5.32, 95% CI = 2.74-10.36, P< .001], followed by KOA [IVW: OR=1.12, 95% CI = 1.09-1.16, P< .001], and HOA [IVW: OR=1.05, 95% CI = 1.02-1.07, P< .001]. These findings were consistent across most applied methods. Supplementary Figures 7-12 further detail the associations between GERD and OA subtypes, showcasing data distribution, the robustness of results, and the assessment of potential biases. Sensitivity analyses, including MR-PRESSO, were employed to address and correct for any significant heterogeneity and horizontal pleiotropy observed in our data. Figure 4 graphically depicts the observed associations between GERD and OA, underscoring their potential bidirectional nature.

Figure 4: The forest plot of TSMR analyses exploring bidirectional associations between GERD to overall OA, KOA, and HOA risk using different MR statistical models. Causal estimates are given as odds ratio (OR) and 95% confidence intervals (CIs).
Bidirectional associations of asthma and GERD
Leveraging our thorough SNP selection process and subsequent analytical adjustments, our MR analysis has identified associations suggesting a bidirectional link between asthma and GERD. Specifically, asthma was associated with a heightened risk of developing GERD [IVW: OR=1.55, 95% CI = 1.20-2.01, P< .001]. Conversely, GERD was associated with an increased likelihood of asthma onset [IVW: OR=1.04, 95% CI = 1.03-1.04, P< .001]. These findings underscore a notable bidirectional association, indicating that individuals with asthma are more likely to develop GERD and vice versa. Supplementary Figures 13 and 14 offer visual insights into the associations between asthma and GERD, highlighting the data distribution and the robustness of our findings. The observed bidirectional association between asthma and GERD is illustrated in Figure 5.

Figure 5: The forest plot of TSMR analyses exploring bidirectional associations between asthma and GERD risk using different MR statistical models. Causal estimates are given as odds ratio (OR) and 95% confidence intervals (CIs).
Two-step MR analysis of the mediator role of NSAIDs
[bookmark: _Hlk158124990][bookmark: _Hlk158126466][bookmark: _Hlk158124947][bookmark: _Hlk158126495]In our study, we utilized the MVMR approach to explore the potential association between OA and the onset of asthma and GERD, with a particular interest in the role of NSAIDs as potential mediators in these associations. This method provides a robust framework for analyzing these associations, effectively controlling for potential confounding factors through genetically determined instruments. The MVMR analysis identified a noteworthy association between OA and a heightened risk of asthma [Direct Effect: OR = 1.67, 95% CI = 1.40-1.99, P < .001], indicating OA's significant direct influence on asthma. Similarly, NSAIDs were linked to a modest elevation in asthma risk [Direct Effect: OR = 1.03, 95% CI = 1.01-1.05, P < .001], reflecting their direct association with asthma incidence. Within the context of OA's association with asthma, NSAIDs manifested a mitigating indirect effect [Indirect Effect: β = -0.40, 95% CI = -0.60 to -0.20, P < .001], hinting at their potential to dampen the risk escalation attributed to OA. For GERD, OA was pinpointed as a significant factor elevating GERD risk [Direct Effect: OR = 2.70, 95% CI = 1.26-5.79, P = 0.01], underscoring OA's direct impact on GERD. The analysis also explored NSAIDs' association with GERD, revealing a non-significant association [Direct Effect: OR = 1.06, 95% CI = 0.96-1.17, P = 0.20], suggesting that NSAIDs, independently, do not significantly alter GERD susceptibility. The mediation analysis revealed a nuanced role of NSAIDs in influencing the progression from OA to GERD [Indirect Effect: β = 0.68, 95% CI = -0.32 to 1.68, P < .001]. Despite a statistically significant p-value (P < .001), the wide CI (95% CI = -0.32 to 1.68) suggests variability in NSAIDs' effect. This underscores the complexity of NSAIDs' impact on GERD risk in the context of OA, necessitating careful interpretation of their potential as modulators. Comprehensive sensitivity analyses, which included tests for heterogeneity and pleiotropy, have underscored the reliability of these associations. Detected heterogeneity, possibly attributable to SNP selection, underscores the importance of careful consideration in the interpretation of these findings, as detailed in Supplementary Table 10.


	
	c)
	If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	
	Not applicable, as the Mendelian Randomization framework provides risk estimates based on genetic predispositions and does not directly translate into absolute risk measures without additional population-based incidence data.

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	
	Figure 2-4 

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	11-16
	Relevance Assumption: Validated by ensuring all used genetic variants show significant associations with the exposure variable (P-value < 5x10^-8).
Exclusion Restriction Assumption: Tested using the intercept term from MR-Egger regression to evaluate the independence of the genetic instruments from potential confounders. A non-significant intercept deviation from zero (P > 0.05) suggests no apparent horizontal pleiotropy.
Independence Assumption: Further examined and adjusted for potential confounders using the Multivariable Mendelian Randomization (MVMR) approach to test and correct for the effects of confounders.


	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	11-16
	I² Statistic: Used to assess the consistency of genetic instruments within the analysis, with higher I² values indicating greater heterogeneity.
Cochran's Q Statistic: Used to detect whether there is significant statistical heterogeneity in the effect sizes of the genetic instruments.

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	12-16
	MR-Egger Regression: This test was used to detect any directional pleiotropy among the genetic variants. The non-significant MR-Egger intercept indicates minimal pleiotropic effects influencing the main results.
Weighted Median Approach: Provided consistent results with the primary analysis, suggesting that the conclusions are reliable even under potential violations of the instrumental variable assumptions.
Leave-One-Out Analysis: To test the influence of individual variants on the overall Mendelian Randomization estimate, showing that no single SNP disproportionately affected the results.


	
	b)
	Report results from other sensitivity analyses or additional analyses
	12-16
	Multivariable Mendelian Randomization (MVMR): Employed to adjust for potential confounders and further assess the causal relationships.
MR-PRESSO: Used to identify and correct for outliers among the genetic variants, thus ensuring the integrity of the MR analysis.

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	12-16
	Our bidirectional analysis indicated mutual causal relationships between the studied conditions, confirming the complexity of their interrelations.

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	12-16
	Comparisons highlight that MR estimates align with previously observed associations, offering a genetically informed perspective that supports earlier observational insights.

	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	supplementary figures
	Scatterplots of Genetic Associations: These plots visualize the relationship between genetic variants and both the exposure and outcome, confirming the linear assumption critical for MR analysis.
Forest Plots: Display the effect estimates from each genetic variant, illustrating the distribution and impact across the study.
Leave-One-Out Plots: Further confirm that our results are not driven by any single genetic variant, enhancing the reliability of the findings.

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	17
	Previous observational studies have suggested an association between asthma and OA but encountered biases and challenges in delineating causation. Our analysis indicates a bidirectional association between asthma and overall OA, especially with KOA, but not with HOA. Allergic pathways, including mast cell activation and tryptase release, may drive asthma to OA progression. Genetic research links OA to allergic reaction genes, specifically IL-4 and IL-4 receptor genes, emphasizing asthma's role in OA risk. This convergence of allergic pathways emphasizes asthma's potential role in amplifying the risk of OA development[4]. Inflammation, characterized by asthma's imbalances, increases OA risk due to elevated reactive oxygen levels and decreased SOD activity [49]. The inflammatory mediator interleukin-1β (IL-1β), heightened in asthma, plays a potential role in OA's progression [50]. The NOD/RIPK2 signaling pathway, associated with asthma, might influence OA development through its impact on cartilage degradation [51,52]. Additionally, the signaling molecule Sema-3A, protective in OA, is reduced in asthma, suggesting a bridging role between the conditions[53]. OA may also increase asthma risk. Contrary to earlier beliefs, NSAIDs might have a protective role in the OA-asthma relationship, warranting further investigation[6]. In conclusion, our findings indicate a bidirectional association between asthma and certain OA subtypes, notably KOA, while not supporting a similar association with HOA. This distinction highlights the importance of further research into joint-specific factors and genetic predispositions that may influence OA susceptibility[6].


	15
	Limitations
	Discuss limitations of the study, taking into account the validity of the IV assumptions, other sources of potential bias, and imprecision. Discuss both direction and magnitude of any potential bias and any efforts to address them 
	22
	[bookmark: _Hlk158132215][bookmark: _Hlk157464861][bookmark: _Hlk158128130][bookmark: _Hlk158130090]In our analysis, we employed MR to investigate the genetic relationships between asthma, OA, and GERD. It's important to note that MR, while powerful for identifying genetic associations, has limitations in determining the temporal progression of diseases. To address this limitation, complementing MR with longitudinal studies is essential for a comprehensive understanding of disease progression and causality. Some of our results showed small effect sizes, possibly due to specific biological factors or population characteristics. Future studies with larger and more diverse datasets may clarify these findings. Additionally, some statistically significant P-values coincided with CI spanning zero, highlighting the need for cautious interpretation, especially with large sample sizes and data variability. A limitation of our study is the absence of a phenome-wide association study (PheWAS) to explore genetic variants' pleiotropic effects, mainly due to data and resource constraints. Despite our rigorous use of MR techniques and sensitivity analyses to ensure reliability, incorporating PheWAS in future research can enhance our understanding of genetic pleiotropy and causal inferences.  We also acknowledge the inherent constraints of the MR approach in establishing the temporal sequence of disease development. Despite MR's strength in suggesting potential causality based on genetic predispositions, it does not directly inform us about the chronological order in which conditions develop. Future research could focus on revealing the time series and causal relationships between asthma, GERD, and OA through longitudinal studies, exploring the role of NSAIDs in the progression of OA to asthma through randomized controlled trials, and delving into the biological and lifestyle factors that are lacking a clear association between asthma and HOA.


	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	18-20
	Our results should be interpreted with caution due to the limitations associated with Mendelian randomization, such as potential pleiotropy and population stratification. While our findings align with some previous studies, indicating genetic links between asthma, osteoarthritis, and GERD, they diverge from others that suggest different or more complex interactions. It's essential to consider these disparities in the context of our study's design and the specific genetic instruments used, which might not capture all relevant biological pathways.

	
	b)
	Mechanism: Discuss underlying biological mechanisms that could drive a potential causal relationship between the investigated exposure and the outcome, and whether the gene-environment equivalence assumption is reasonable. Use causal language carefully, clarifying that IV estimates may provide causal effects only under certain assumptions 
	18-19
	Our study uncovers a novel bidirectional link between GERD and OA, revealing unexplored territory. GERD is likely connected to OA through pharmacological and physiological pathways. Chronic use of Proton Pump Inhibitors (PPIs) in GERD management may lead to hypomagnesemia, exacerbating OA symptoms. Diminished serum magnesium levels correlate with increased KOA prevalence, pain, and function deterioration[54–57]. Animal models emphasize magnesium's role in maintaining chondrocyte density[58,59]. Moreover, PPIs are implicated in promoting bone resorption, which is related to OA development. Obesity, a lifestyle factor, adds to the GERD-OA interaction by increasing abdominal pressure and joint loading, potentially worsening OA[17]. The diagnostic overlap between GERD and asthma could indirectly affect OA's course. GERD, OA, KOA, and HOA appear mutually influential, with medication use implicated. In general, patients with OA often suffer from unbearable pain and require long-term use of various medications, including NSAIDs. Patients treated with NSAIDs experience upper gastrointestinal symptoms such as dyspepsia in 15-20% of individuals. The relative risk of GERD in NSAIDs users is 2.11 compared to those for whom the drug is not indicated[60]. Consequently, various types of NSAIDs are also considered to be risk factors for GERD [61–63], possibly because NSAIDs may increase the duration of acid reflux [64]. In addition, people with OA tend to be less active due to fear of pain. At the same time, a cross-sectional study showed that increasing the frequency of physical activity generally reduces the risk of GERD [65], meaning that lower activity levels increase the likelihood of developing the disease [66], partly explaining why OA causes GERD. Sedentary lifestyles in OA patients, driven by pain avoidance, contribute to caloric imbalances and obesity, a recognized risk factor for GERD, further entangling the OA-GERD relationship[61,67]. In our investigation of the impact of NSAIDs on the risk of GERD in the context of OA using a two-step MR approach, we observed statistically significant p-values. However, the wide CIs associated with these findings hinted at substantial variability in the effects of NSAIDs. This complexity underscores the intricate relationship between NSAIDs and GERD risk within the OA context. As a result, we must approach the interpretation of NSAIDs' potential role as modifiers with caution.
Our study investigates the intricate association between asthma and GERD, identifying them as potential mutual risk factors. GERD may influence asthma through mechanisms such as reflux in the lower esophagus causing vagally mediated reflexes, and proximal gastroesophageal reflux potentially triggering pulmonary symptoms [27,31]. The influence of GERD on asthma could be attributed to factors including impaired acid clearance, esophagitis, heightened vagal activity, autonomic imbalance, and neurogenic inflammation  [27]. The reflux of stomach contents may contribute to damage and inflammation of the airways, potentially exacerbating asthma symptoms [32]. Conversely, the aggravation of GERD in the context of asthma might involve a range of physiological and pathological mechanisms. For instance, the neural connection between the esophagus and airways, particularly through reflexive activity of the vagus nerve, may link respiratory irritations induced by asthma with esophageal dysfunctions [32]. Excessive ventilation and lung expansion during an asthma episode could provoke or exacerbate functional impairments of the LES, leading to acid reflux[31]. Additionally, medications commonly used to manage asthma, such as corticosteroids and β-agonists, may affect LES tone, potentially heightening the risk of GERD[31]. Factors like inflammatory mediators or environmental irritants might play a role in the co-occurrence of both conditions. The temporal dynamics between asthma and GERD remain a subject of debate, with evidence suggesting that GERD might influence the progression of asthma, possibly through the therapeutic effects of PPIs. Nevertheless, further comprehensive studies are warranted to elucidate the long-term impacts of PPIs on asthma management [21,25,27,68].


	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	21
	Navigating the complexities of genetic epidemiology in our study, particularly the potential confounding influences of assortative mating and indirect genetic effects, underscores the importance of sophisticated analytical approaches in understanding the genetic underpinnings of diseases like asthma, GERD, and OA. Understanding the intricate relationships among these conditions not only enhances diagnostic and therapeutic approaches but also empowers clinicians to adopt a more holistic view in patient care. Specifically, recognizing the interconnected nature of asthma and GERD symptoms could prompt earlier assessments for OA, facilitating timely interventions that could markedly improve patient outcomes. This proactive approach in clinical settings, informed by our study's insights, underscores the potential for earlier disease detection and more effective management strategies. Moreover, the broader implications of our research extend to informing prevention and management policies for OA and GERD, guiding health promotion and education campaigns to reach high-risk populations. By bridging the gap between genetic epidemiology's analytical challenges and clinical practice's pragmatic demands, our study illuminates a path forward for integrating complex genetic insights into everyday healthcare and public health initiatives, ensuring that patients and populations alike benefit from comprehensive, informed care strategies.

	17
	Generalizability   
	Discuss the generalizability of the study results (a) to other populations, (b) across other exposure periods/timings, and (c) across other levels of exposure
	22
	The generalizability of our findings is limited, primarily because our study population consists mainly of individuals of European descent, which may not represent other ethnicities with different genetic and environmental factors. Furthermore, the study does not explore variations in exposure timing or the impact of different exposure levels, which could influence the results for conditions like osteoarthritis that vary with age and lifestyle.

	
	OTHER INFORMATION
	
	
	

	18
	Funding
	Describe sources of funding and the role of funders in the present study and, if applicable, sources of funding for the databases and original study or studies on which the present study is based
	30
	This study was supported by Capital's Funds for Health Improvement and Research (No.2020-2-2231).


	19
	Data and data sharing 
	Provide the data used to perform all analyses or report where and how the data can be accessed, and reference these sources in the article. Provide the statistical code needed to reproduce the results in the article, or report whether the code is publicly accessible and if so, where
	30
	Any data employed for the study were obtained from published articles or publicly available GWAS platforms (https://www.ebi.ac.uk/gwas/home), and all data are freely available.


	20
	Conflicts of Interest  
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	30
	The authors declare that the research was conducted without any commercial or financial relationships that could be construed as a potential conflict of interest.
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