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Abstract
Background
Observational studies have elucidated the associations between dietary factors and hypertension. Nevertheless, the exploration of these relationships using Mendelian randomization remains scarce currently.

Methods
The Mendelian randomization approach investigated the potential causal relationships between 16 dietary factors and hypertension. To achieve this, we identified genetic variants associated with these dietary factors by utilizing data from European-descent genome-wide association studies with a stringent significance threshold (P < 5 × 10 − 8). Subsequently, we obtained genetic associations with hypertension from the extensive FinnGen Study, encompassing 92,462 cases and 265,626 controls. Our primary analytical method was the inverse variance weighted method, and we also conducted assessments for heterogeneity and pleiotropy to ensure the robustness and reliability of our findings.

Results
The study revealed significant associations with hypertension risk for various dietary factors. Specifically, higher weekly alcohol consumption (OR: 1.53, 95% CI: 1.19–1.96) and more frequent alcohol intake (OR: 1.20, 95% CI: 1.08–1.33) were positively correlated with an increased risk of hypertension. Likewise, increased poultry intake (OR: 3.25, 95% CI: 1.83–5.78) and beef intake (OR: 1.80, 95% CI: 1.09–2.97) were also linked to a higher risk of hypertension. Conversely, there were protective factors associated with a decreased risk of hypertension. These included consuming salad and raw vegetables, dried fruits, cheese, and cereals. It is important to note that no evidence of pleiotropy was detected, underscoring the robustness of these findings.

Conclusions
This study uncovered causal relationships between various dietary factors and hypertension risk. Specifically, alcohol consumption in terms of drinks per week and intake frequency, as well as poultry and beef intake, were causally associated with an elevated risk of hypertension. In contrast, consuming salad/raw vegetables, dried fruits, cheese, and cereals demonstrated an inverse causal association with hypertension, suggesting a potential protective effect.
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Introduction
The prevalence of hypertension has been on the rise globally in recent years, with strong links to cardiovascular disease (CVD) [1]. The World Health Organization has found that one in five individuals suffers from hypertension worldwide, which means more than 1.3 billion patients with high blood pressure. One-third of patients with hypertension have been attributed to unhealthy diets [2–6], and the regulation of dietary factors may ameliorate pathophysiological mechanisms of high blood pressure and prevent the onset and progression of hypertension. Although observational studies have elucidated the associations between dietary factors and hypertension, it is unclear whether these dietary factors play a direct causal role in the development of hypertension or if they are simply a consequence of shared risk factors. A deeper understanding of which dietary factors have a causal influence can contribute to the identification of potential targets for preventing hypertension and cardiovascular disease.
Utilizing Mendelian randomization (MR) methodology, grounded in genetic instrumental variable analysis, employs single nucleotide polymorphisms (SNPs) as instrumental variables (IVs) to discern and confirm causative links between risk elements and disease manifestations. This technique diminishes susceptibility to biases like reverse causation and confounding variables [7]. Given the proliferation of comprehensive genome-wide association studies (GWAS), MR techniques have gained prominence in probing connections between diverse CVD risk elements—such as smoking, body mass index, alcohol intake, physical activity, and lipid profiles—and the susceptibility to hypertension [8–12].
Although GWAS data focused on dietary factors, more MR framework research is still needed to elucidate associations between these nutritional factors and hypertension. In the current investigation, we employed MR methodology to rigorously scrutinize the causative links between 16 distinct dietary factors and the propensity for hypertension, leveraging the most contemporary and expansive GWAS datasets accessible for this endeavor.

Materials and methods
Two-sample MR design
A two-sample MR design was used in the study, which relies on two independent datasets, and the MR analysis was conducted while adhering to several fundamental assumptions. First, the IVs used in the analysis must be strongly and robustly associated with the exposure factors under investigation. Second, these IVs should not influence the outcome through pathways other than the specific exposure of interest. Thirdly, the IVs must remain uncorrelated with potential confounding variables that might influence the relationship between the risk factor and the observed outcome.
For this investigation, we amassed and meticulously examined GWAS datasets from the UK Biobank and FinnGen Biobank. It is crucial to emphasize that, given our utilization of publicly accessible, anonymized, and de-identified data, the present study fell outside the purview of mandatory ethical review or approval by any Ethical Review Authority. Notably, the Department of Cardiology at Fudan University Zhongshan Hospital, Qingpu Branch, supported this research initiative.

Data sources and selection of genetic instruments
We procured genetic instruments focusing on diet-related exposures, encompassing a broad spectrum of dietary behaviors. These included beverage consumption metrics (such as frequency of alcohol intake, weekly alcoholic beverage consumption, coffee consumption, and tea consumption), meat consumption patterns (encompassing processed meat, poultry, beef, pork, oily fish, and non-oily fish intake), as well as vegetable, fruit, and staple food consumption (which involved raw salad/vegetable, cooked vegetable, dried fruit, cereal, bread, and cheese intake). These genetic instruments were sourced from GWAS, predominantly centered on individuals of European descent [13]. Relevant summary-level data were extracted from the UK Biobank via the IEU open GWAS project [13, 14].
We rigorously applied specific selection criteria in our quest for apt SNPs to encapsulate these dietary factors. Specifically, these SNPs were mandated to manifest a pronounced genome-wide association with their corresponding dietary factors (P < 5 × 10^-8), maintain a clumping window extending beyond 10,000 kb, and exhibit minimal linkage disequilibrium (r^2 < 0.001). Moreover, the F statistic associated with these chosen SNPs surpassed the threshold of 10, affirming a sturdy correlation between these instrumental variables and the dietary exposures (refer to Supplementary Table S1).
Before executing each MR analysis, we deployed the MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) methodology to mitigate potential outliers and address concerns related to horizontal pleiotropy [15]. A schematic representation detailing the analytical workflow is delineated in Fig. 1.
[image: ]
Fig. 1The flowchart of the study design; MR: Mendelian randomization; SNP: single nucleotide polymorphisms; IVW: inverse-variance weighted; MR-PRESSO: MR Pleiotropy RESidual Sum and Outlier


For the hypertension related GWAS data used in our study, we sourced this information from the FinnGen Study [16]. The FinnGen Study is a comprehensive national GWAS meta-analysis involving multiple cohorts and biobanks in Finland. Importantly, the FinnGen Study had minimal overlap with the GWAS data used for exposure assessment. To define and identify hypertension cases in the FinnGen Study, we utilized the International Classification of Diseases (ICD) diagnosis codes. Detailed information regarding the specific ICD codes used can be found in Supplementary Table S2 and on the following website: https://​www.​finngen.​fi/​fi.

Statistical analysis
Several MR methods assessed variant heterogeneity and pleiotropy effects, ensuring robust and reliable results. To achieve this, we first identified and removed outliers using the MR-PRESSO method and excluded hypertension-related SNPs. Subsequently, we applied the following MR methods: Random-Effect Inverse Variance Weighted (IVW): The IVW method was used to calculate the causal effect. This method combines the SNP-exposure and SNP-outcome associations and estimates the overall causal effect. The heterogeneity of the IVW model was assessed using Cochran’s Q test. MR Egger: MR Egger is another approach that improves IVW estimates by allowing for pleiotropic effects across all genetic variants. It assumes that pleiotropic effects are not related to the variant-exposure association [17]. Weighted Median (WM) Method: The WM method is a robust approach that can handle up to 50% of invalid instruments. It provides more robust and consistent estimates, although they may have wider confidence intervals (CIs).
In the IVW analysis context, the intercept is rigorously constrained to zero. Here, the gradient of the weighted regression, elucidating the associations between SNP outcomes and SNP exposure, offers insights into the causal estimate. We deployed Cochran’s Q test with the MR-Egger intercept test to scrutinize heterogeneity.
We leveraged leave-one-out analyses and funnel plots to ascertain potential horizontal and directional pleiotropy further. Moreover, we incorporated forest plots—akin to those utilized in meta-analyses—to visually encapsulate our findings for a more intuitive representation and comprehension of the outcomes. These analytical endeavors were facilitated through the R software (version 4.2.0) coupled with the TwoSampleMR package. This approach was meticulously adopted to ensure a thorough and rigorous examination of the causal interplay between dietary factors and the risk of hypertension.


Results
SNP selection and validation
The total number of SNP instruments for various dietary factors and the number of SNPs for each exposure are as follows: 35 SNPs for Alcoholic Drinks Per Week, 99 SNPs for Alcohol Intake Frequency, 41 SNPs for Tea Intake, 40 SNPs for Coffee Intake, 23 SNPs for Processed Meat Intake, 17 SNPs for Beef Intake, 8 SNPs for Poultry Intake, 11 SNPs for Non-Oily Fish Intake, 63 SNPs for Oily Fish Intake, 14 SNPs for Pork Intake, 17 SNPs for Cooked Vegetable Intake, 22 SNPs for Salad/Raw Vegetable Intake, 43 SNPs for Dried Fruit Intake, 43 SNPs for Cereal Intake, 32 SNPs for Bread Intake, and 65 SNPs for Cheese Intake. It’s noteworthy that the F-statistics of each SNP exceeded 10, indicating that the selected SNPs were strongly associated with the respective dietary exposures.
The number of individuals of European descent in the exposure datasets varied, ranging from 335,394 to 468,860 individuals. For the hypertension outcome, the study involved 92,462 cases of essential (primary) hypertension and 265,626 control subjects, which were sourced from the FinnGen Study.
To fortify the robustness of our analysis, we meticulously excluded outliers pinpointed by the MR-PRESSO methodology and SNPs that exhibited potential associations with confounding risk variables. Consequently, the spectrum of SNPs in our analysis varied, ranging from 7 to 85 across distinct dietary exposures. This refined selection strategy augmented the integrity and precision of our evaluation concerning the causal links between dietary components and the propensity for hypertension. Comprehensive insights into the specific exposures examined and corresponding outcomes can be gleaned from Table 1.
Table 1Overview of the data sources of the IVs used in the MR study


	IEU GWAS id
	Exposure/outcome
	SNPs/Used SNPs
	Sample Size
	Ancestry
	PMID/Consortia
	Source

	ieu-b-73
	Alcoholic drinks per week
	35/30
	335,394
	European
	30,643,251
	NA

	ukb-b-5779
	Alcohol intake frequency
	99/85
	462,346
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1558

	ukb-b-6066
	Tea intake
	41/36
	447,485
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1488

	ukb-b-5237
	Coffee intake
	40/32
	428,860
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1498

	ukb-b-6324
	Processed meat intake
	23/18
	461,981
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1349

	ukb-b-2862
	Beef intake
	17/10
	461,053
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1369

	ukb-b-8006
	Poultry intake
	8/7
	461,900
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1359

	ukb-b-17,627
	Non-oily fish intake
	11/10
	460,880
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1339

	ukb-b-2209
	Oily fish intake
	63/52
	460,443
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1329

	ukb-b-5640
	Pork intake
	14/13
	460,162
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1389

	ukb-b-8089
	Cooked vegetable intake
	17/14
	448,651
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1289

	ukb-b-1996
	Salad / raw vegetable intake
	22/18
	435,435
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1299

	ukb-b-16,576
	Dried fruit intake
	43/31
	421,764
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1319

	ukb-b-15,926
	Cereal intake
	43/30
	441,640
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1458

	ukb-b-11,348
	Bread intake
	32/22
	452,236
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1438

	ukb-b-1489
	Cheese intake
	65/51
	451,486
	European
	UKBiobank
	https://​biobank.​ctsu.​ox.​ac.​uk/​crystal/​field.​cgi?​id=​1408

	Finn-b-I9_hypertension
	Hypertension
	NA
	95,462 cases/ 265,626 controls
	European
	FINNGEN
	https://​r9.​finngen.​fi/​


Abbreviations: MR: Mendelian randomization; IVs: instrumental variants; SNP: single nucleotide polymorphisms




The causal role of dietary factors and hypertension
Our analysis pinpointed eight salient causal relationships, each demonstrating statistical significance at a threshold of P < 0.05, as ascertained through the IVW methodology. Specifically, findings illuminated that variables such as weekly alcohol consumption (OR: 1.53, 95% CI: 1.19–1.96), frequency of alcohol intake (OR: 1.20, 95% CI: 1.08–1.33), poultry consumption (OR: 3.25, 95% CI: 1.83–5.78), and beef consumption (OR: 1.80, 95% CI: 1.09–2.97) correlated positively with hypertension risk. In contrast, protective attributes were discerned for factors like raw salad/vegetable consumption (OR: 0.58, 95% CI: 0.37–0.90), dried fruit consumption (OR: 0.51, 95% CI: 0.37–0.70), cheese consumption (OR: 0.62, 95% CI: 0.51–0.75), and cereal consumption (OR: 0.65, 95% CI: 0.49–0.94).
Further evaluations indicated that certain factors, including processed meat intake (OR: 0.79, 95% CI: 0.60–1.04) and tea consumption (OR: 0.86, 95% CI: 0.73–1.02), did not manifest a statistically significant causal association with hypertension.
To bolster the credibility and robustness of our results, an array of analytical methodologies was employed to scrutinize both pleiotropy and heterogeneity. These encompassed the MR-Egger intercept test, leave-one-out analyses, Cochran’s Q test, and funnel plots. Our assessment revealed that the heterogeneity, as indicated by a Cochran Q-derived P value < 0.05, remained within acceptable limits when scrutinized through the random-effects IVW methodology [21]. Moreover, all MR-Egger intercept test P-values surpassed the 0.05 threshold, negating concerns of horizontal pleiotropy. For enhanced interpretability and visualization, an assortment of graphical representations—including scatter plots, forest plots, leave-one-out analyses, and funnel plots—has been encapsulated in Supplementary Figure S1-4, collectively reinforcing the observed associations between dietary variables and hypertension outcomes.


Discussion
In this investigative endeavor, MR served as the cornerstone methodology to decipher the causal relationships between diverse dietary factors and susceptibility to hypertension. By leveraging genetically inferred dietary variables, this MR analysis demonstrated that genetic predisposition towards elevated consumption of alcoholic beverages per week, frequent alcohol ingestion, as well as increased poultry and beef consumption, were simultaneous with increased hypertension risk. Conversely, a genetic inclination towards augmented intake of cheese, cereal, raw vegetables, and dried fruits appeared to confer a protective effect against hypertension. Nevertheless, compelling evidence to establish a causative link between other dietary factors and hypertension remained elusive. The implications of the research may encourage hypertensive individuals to adopt a shift towards more balanced dietary regimes. For those at elevated hypertension risk, adhering to wholesome dietary practices may serve as a pivotal risk mitigation strategy.
In the current study, a genetic predisposition to higher alcohol consumption in terms of drinks per week and intake frequency was associated with an elevated risk of hypertension, consistent with previous observational studies and MR assumptions [2, 18]. Notably, Prior studies delineate a linear dose-response relationship between alcohol consumption and hypertension susceptibility in males, and a nonlinear trajectory has been discerned among females [19]. Whereas, recent meta-analyses have contravened erstwhile notions by asserting that light-to-moderate alcohol consumption among women fails to confer a protective mantle against hypertension [20, 21]. The cardioprotective role of light-to-moderate alcohol consumption remains shrouded in ambiguity due to limited evidence. Our study has demonstrated that the rs1229984 variant (Supplementary Table S1) was closely associated with alcohol consumption, which was also estimated in previous MR analyses [22]. The rs1229984 variant heightens aldehyde dehydrogenase 1 activity and leads to more rapid metabolisms of alcohol, furthermore, it might be related to the risk of hypertension. Therefore, the results have consistently demonstrated the relationship between alcohol intake and hypertension is causal. Crucially, it warrants acknowledgment that the scope of our MR analysis remained circumscribed, precluding an exhaustive exploration of nonlinear alcohol-hypertension associations; thus, our interpretations predominantly pivot on delineating the prospective causal ramifications of alcohol vis-à-vis hypertension susceptibility.
Cohort studies investigating the association between meat intake and hypertension have produced inconsistent findings. Several studies have reported a positive link between red meat consumption, encompassing beef, lamb, and pork, and hypertension, conversely, inconsistent associations have been observed with poultry intake [23–25]. In our WM analysis, although the correlation between the consumption of poultry and hypertension was non-significant (Table 2), the IVW methodology showed a significant P-value, which confirmed the associations between poultry consumption and the risk of hypertension. Meanwhile, the impact of meat on the risk of hypertension may vary depending on the type. Lajous et al. found that consuming unprocessed red meat was not associated with hypertension [26], whereas, other studies had shown both processed and unprocessed meat were positively associated with elevated blood pressure [24]. Considering these discrepancies above, the effect of processed meats including sausages, cold cuts, and similar forms, on hypertension may be attributed to their sodium content [26, 27]. Moreover, the principal constituents of saturated fat and cholesterol in meat have also been demonstrated to be associated with hypertension [25]. Intriguingly, our findings found no association between processed meat and hypertension, potentially attributed to the U-shaped associations identified in the China Health and Nutrition Survey [28]. Therefore, there might be a non-linear association between meat consumption and hypertension risk, possibly manifesting as a U-shaped or J-shaped trajectory, which our study did not capture. Furthermore, our evidence accentuates a noteworthy insight: the consumption of red meat and poultry appears to concomitantly escalate the risk of hypertension, as manifestly elucidated by ORs eclipsing the unity threshold, as depicted in Fig. 2 [29]. This underscores an emergent mandate to judiciously regulate and modulate the consumption of these dietary constituents to mitigate hypertension risk profiles potentially.
Table 2 Associations between dietary factors and hypertension in analyses using the weighted-median and MR-Egger method


	Exposure
	Weighted median
	MR-Egger
	Cochrane’s test
	Pleiotropy

	OR (95% CI)
	P value
	OR (95% CI)
	P value
	Q value
	P value
	MR-Egger intercept
	Se
	P value

	Alcoholic drinks per week
	1.65(1.26,2.16)
	7.18E-04
	2.12(1.22,3.68)
	0.013
	62.71
	0.001
	-0.006
	0.005
	0.206

	Alcohol intake frequency
	1.14(1.01,1.29)
	0.038
	1.25(0.90,1.75)
	0.191
	198.73
	2.72E-11
	-0.001
	0.004
	0.780

	Processed meat intake
	0.87(0.62,1.24)
	0.441
	0.53(0.13,2.23)
	0.399
	23.55
	0.132
	0.006
	0.011
	0.583

	Poultry intake
	1.61E04(0,5.76E11)
	0.325
	2.55(1.26,5.15)
	0.009
	8.50
	0.203
	-0.092
	0.096
	0.382

	Beef intake
	1.74(0.97,3.13)
	0.063
	2.24(0.12,40.96)
	0.602
	13.29
	0.150
	-0.003
	0.018
	0.885

	Non-oily fish intake
	0.84(0.45,1.55)
	0.571
	1.29(0.09,18.08)
	0.858
	7.98
	0.334
	-0.004
	0.016
	0.822

	Oily fish intake
	0.79(0.63,1)
	0.047
	0.52(0.23,1.15)
	0.113
	91.01
	0.001
	0.008
	0.006
	0.163

	Pork intake
	2.09(0.05,93.99)
	0.712
	1.73(0.93,3.20)
	0.081
	27.16
	0.001
	-0.003
	0.020
	0.892

	Bread intake
	1.37(0.97,1.92)
	0.070
	1.55(0.39,6.10)
	0.54
	42.59
	0.004
	-0.004
	0.01
	0.653

	Cheese intake
	0.67(0.54,0.83)
	1.76E-04
	0.89(0.38,2.05)
	0.777
	104.01
	1.16E-05
	-0.006
	0.007
	0.396

	Cooked vegetable intake
	0.94(0.59,1.5)
	0.804
	0.15(0,7.67)
	0.362
	8.38
	0.818
	0.020
	0.021
	0.358

	Tea intake
	0.88(0.7,1.11)
	0.283
	0.92(0.63,1.34)
	0.655
	50.36
	0.045
	-0.001
	0.003
	0.704

	Cereal intake
	0.68(0.49,0.94)
	0.018
	0.45(0.15,1.41)
	0.183
	64.60
	1.60E-04
	0.005
	0.009
	0.525

	Salad / raw vegetable intake
	0.74(0.09,6.15)
	0.788
	0.78(0.45,1.35)
	0.375
	24.88
	0.0975
	-0.003
	0.011
	0.810

	Coffee intake
	0.95(0.73,1.23)
	0.693
	0.87(0.58,1.3)
	0.503
	55.81
	0.004
	0.006
	0.003
	0.104

	Dried fruit intake
	0.46(0.32,0.66)
	2.36E-05
	0.15(0.04,0.58)
	0.010
	64.92
	2.24E-04
	0.015
	0.008
	0.079


Abbreviations: MR: Mendelian randomization; IVs: instrumental variants; SNP: single nucleotide polymorphisms



[image: ]
Fig. 2The association between dietary factors and hypertension using the IVW MR method; MR: Mendelian randomization; SNP: single nucleotide polymorphisms; IVW: inverse-variance weighted


Our study revealed that the consumption of salad/raw vegetables and dried fruits had a causal effect on reducing the risk of hypertension, aligning with previous observational studies [30–33]. Alissa et al. found that many constituents of fruit and vegetables (fiber, water-soluble vitamins, phytochemicals, and others) had multiple mechanisms, including reducing antioxidant stress, regulating hemostasis, and lowering blood pressure, thus, the intake of fruit and vegetables decreased the risk of hypertension [30, 31]. However, an unforeseen positive correlation between fruit consumption and hypertension among Vietnamese adults underscores the nuanced and potentially variable nature of the relationship between fruit intake and hypertension, particularly when scrutinized across diverse demographic cohorts [34]. This unpredicted association accentuates the imperative for further granular investigations to elucidate underlying mechanisms and contextual factors that might engender such divergent outcomes. Intriguingly, our MR scrutiny did not unearth any substantive association between the consumption of cooked vegetables and hypertension, potentially attributable to the elevated sodium content inherent in specific culinary preparations of vegetables.
Concurrently, our analyses unveiled an inverse causative nexus between cheese and cereal consumption and hypertension, a trend corroborated by prior cohort studies [35]. A corroborative two-sample MR analysis further bolstered the beneficial impact of cheese consumption on hypertension and associated cardiovascular disorders, including heart failure and coronary heart disease [36]. The plausible mechanistic underpinnings of these salubrious effects are multifaceted, encompassing cheese’s antioxidant and anti-inflammatory attributes in tandem with its rich reservoir of diverse minerals and proteins [36–38]. Previous studies have also suggested that cereal consumption might engender anti-hypertensive effects, augmenting endothelial or vascular functionality attributable to its ferulic acid constituents. Additionally, cereals have been ascribed an expansive repertoire of health-promoting attributes, spanning anti-inflammatory, anti-diabetic, anticancer, and cardioprotective dimensions [35, 39].
Therefore, the observed inverse associations between salad/raw vegetables, dried fruits, cheese, or cereals and hypertension may be causal, as they are consistent with findings from antecedent observational studies. Importantly, our results showed no discernible breaches of foundational assumptions, thereby amplifying the robustness and integrity of our empirically derived conclusions. In contrast, the null findings for processed meat, non-oily fish, oily fish, pork, bread, cooked vegetables, tea, and coffee consumption suggest that the associations observed in previous observational studies may be influenced by confounders or reverse causation bias [24, 40–42]. Notably, these null findings are particularly relevant for coffee consumption, as they lack strong biological plausibility for a causal association with hypertension [2]. While MR provides powerful and robust supplementary evidence to randomized controlled trials (RCTs), it should not be considered a substitute for RCTs. Therefore, these conclusions should be interpreted cautiously, and further research is needed to fully explore the causal relationships between these dietary factors and hypertension.
Strengths and limitations
This analysis study has several strengths and limitations. Firstly, the employment of MR techniques leveraging genetic variations as IVs furnishes a robust bulwark against the pernicious influences of reverse causality and confounding variables, thereby fortifying the integrity of our findings [13, 43]. Secondly, to further enhance the fidelity and coherence of our MR evaluations, we judiciously incorporated MR-Egger and assorted pleiotropic analyses. Furthermore, the judicious amalgamation of exposure and outcome data harvested from diverse European cohorts ameliorates potential biases emanating from population-specific idiosyncrasies. However, the study has several limitations. Primarily, while the F-statistics attributable to the IVs underpinning our analysis exceeded the conventional threshold of 10, the majority hovered below the more stringent benchmark of 100, potentially attenuating result precision and fidelity. Secondly, the inherent constraints of our MR framework constrained our capacity to elucidate potentially nonlinear associations. Prevailing literature alludes to the potential existence of U- or J-shaped relationships in contexts like alcohol or red meat consumption vis-à-vis hypertension, wherein individuals manifesting light-to-moderate consumption trajectories ostensibly exhibit diminished hypertension risks relative to their non- or heavy-consuming counterparts. Consequently, adopting methodologies predicated on individual-level MR analyses could furnish nuanced insights into these intricate dynamics. Lastly, while attenuating the perils of population stratification biases, the ostensibly Eurocentric orientation of our participant cohort concurrently circumscribes the external validity and generalizability of our findings to more ethnically heterogeneous populations. This demographic skew warrants cautious interpretation and underscores the imperativeness of corroborative research endeavors across diverse ethnic cohorts to extrapolate and refine our understanding comprehensively.


Conclusions
Our MR investigation has revealed pivotal insights into the intricate interplay between dietary factors and hypertension risk. Our findings elucidate that heightened consumption of alcoholic beverages, frequent alcohol ingestion, as well as increased poultry and beef consumption portend an augmented hypertension risk. However, a salubrious trend was discerned wherein increased consumption of raw vegetables, dried fruits, cheese, and cereals exhibited a protective, inverse causative association vis-à-vis hypertension. These findings provide valuable insights into the causal role of dietary factors in the prevention and management of hypertension.

Acknowledgements
Appreciation to the IEU open GWAS project developed by the MRC Integrative Epidemiology Unit (IEU) at the University of Bristol. We are sincerely grateful for their precious contribution in extracting relevant GWAS summary-level data from published articles, UK Biobank, and FinnGen Biobank.

Author contributions
Conceptualization, and writing the manuscript, J.C., X.S., M.L. and M.A.A.; manuscript revision, H.L., M.A.A., Z.W., W.W., and R.L.; supervision, H.L., M.A.A., and Z.W., All authors have read and agreed to the published version of the manuscript.

Funding
The financial support by the Shanghai Municipal Health Commission (202140237) and Fudan University Zhongshan Hospital, Qingpu Branch (QY2022-04 and QWJ2023-10).

Data availability
Publicly available datasets were utilized in this study. This data can be found here: the dietary factors GWAS data used were available in the IEU open GWAS project (https://gwas.mrcieu.ac.uk/) and the hypertension data applied could be found in the FinnGen Study (https://www.finngen.fi/fi).

Declarations
Institutional review board statement
According to the local legislation and institutional requirements, ethical review and approval was not warranted for the study on human participants. Owing to all GWAS data applied in this study are available in the IEU open GWAS project (https://​gwas.​mrcieu.​ac.​uk/​) and FinnGen Study (https://​www.​finngen.​fi/​fi), written informed consent was not supplied. Meantime, this study was exempt from the approval of the Ethical Review Authority because the data used in this study were anonymized, public, and de-identified.

Competing interests
The authors declare no competing interests.


References
	1.
Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat Rev Nephrol. 2020;16:223–37. https://​doi.​org/​10.​1038/​s41581-019-0244-2. https://​pubmed.​ncbi.​nlm.​nih.​gov/​32024986CrossrefPubMedPubMedCentral


	2.
van Oort S, Beulens JWJ, van Ballegooijen AJ, Grobbee DE, Larsson SC. Association of cardiovascular risk factors and lifestyle behaviors with hypertension: A mendelian randomization study. Hypertension (Dallas, Tex: 1979) 76 (2020): 1971-79. https://​doi.​org/​10.​1161/​HYPERTENSIONAHA.​120.​15761. https://​pubmed.​ncbi.​nlm.​nih.​gov/​33131310


	3.
Madsen H, Sen A, Aune D. Fruit and vegetable consumption and the risk of hypertension: a systematic review and meta-analysis of prospective studies. Eur J Nutr. 2023;62:1941. https://​doi.​org/​10.​1007/​s00394-023-03145-5. https://​pubmed.​ncbi.​nlm.​nih.​gov/​37106252CrossrefPubMedPubMedCentral


	4.
Kim J, Kim J. Association between fruit and vegetable consumption and risk of hypertension in middle-aged and older Korean adults. J Acad Nutr Dietetics. 2018;118. https://​doi.​org/​10.​1016/​j.​jand.​2017.​08.​122. https://​pubmed.​ncbi.​nlm.​nih.​gov/​29113723


	5.
Dominguez L, Veronese N, Barbagallo M. Magnesium and hypertension in old age. Nutrients. 2020;13. https://​doi.​org/​10.​3390/​nu13010139. https://​pubmed.​ncbi.​nlm.​nih.​gov/​33396570


	6.
Feng Y, Zhao Y, Liu J, Huang Z, Yang X, Qin P, Chen C, Luo X, Li Y, Wu Y, et al. Consumption of dairy products and the risk of overweight or obesity, hypertension, and type 2 diabetes mellitus: a dose-response meta-analysis and systematic review of cohort studies. Adv Nutr (Bethesda Md). 2022;13:2165–79. https://​doi.​org/​10.​1093/​advances/​nmac096. https://​pubmed.​ncbi.​nlm.​nih.​gov/​36047956Crossref


	7.
Davey Smith G, Hemani G. Mendelian randomization: genetic anchors for causal inference in epidemiological studies. Hum Mol Genet. 2014;23:R89–98. https://​doi.​org/​10.​1093/​hmg/​ddu328. https://​pubmed.​ncbi.​nlm.​nih.​gov/​25064373CrossrefPubMedPubMedCentral


	8.
Allara E, Morani G, Carter P, Gkatzionis A, Zuber V, Foley CN, Rees JMB, Mason AM, Bell S, Gill D, et al. Genetic determinants of lipids and cardiovascular disease outcomes: a wide-angled mendelian randomization investigation. Circulation Genomic Precision Med. 2019;12:e002711. https://​doi.​org/​10.​1161/​CIRCGEN.​119.​002711. https://​pubmed.​ncbi.​nlm.​nih.​gov/​31756303Crossref


	9.
Lyall DM, Celis-Morales C, Ward J, Iliodromiti S, Anderson JJ, Gill JMR, Smith DJ, Ntuk UE, Mackay DF, Holmes MV, et al. Association of body mass index with cardiometabolic disease in the Uk biobank: a mendelian randomization study. JAMA Cardiol. 2017;2:882–89. https://​doi.​org/​10.​1001/​jamacardio.​2016.​5804. https://​pubmed.​ncbi.​nlm.​nih.​gov/​28678979CrossrefPubMedPubMedCentral


	10.
Linneberg A, Jacobsen RK, Skaaby T, Taylor AE, Fluharty ME, Jeppesen JL, Bjorngaard JH, Åsvold BO, Gabrielsen ME, Campbell A, et al. Effect of smoking on blood pressure and resting heart rate: a mendelian randomization meta-analysis in the carta consortium. Circ Cardiovasc Genet. 2015;8:832–41. https://​doi.​org/​10.​1161/​CIRCGENETICS.​115.​001225. https://​pubmed.​ncbi.​nlm.​nih.​gov/​26538566CrossrefPubMedPubMedCentral


	11.
Zhao P-P, Xu L-W, Sun T, Wu Y-Y, Zhu X-W, Zhang B, Cheng Z, Cai X, Liu Y-C, Zhao T-T, et al. Relationship between alcohol use, blood pressure and hypertension: an association study and a mendelian randomisation study. J Epidemiol Commun Health. 2019;73:796–801. https://​doi.​org/​10.​1136/​jech-2018-211185. https://​pubmed.​ncbi.​nlm.​nih.​gov/​31227586Crossref


	12.
Doherty A, Smith-Byrne K, Ferreira T, Holmes MV, Holmes C, Pulit SL. Lindgren. Gwas identifies 14 loci for device-measured physical activity and sleep duration. Nat Commun. 2018;9:5257. https://​doi.​org/​10.​1038/​s41467-018-07743-4. https://​pubmed.​ncbi.​nlm.​nih.​gov/​30531941CrossrefPubMedPubMedCentral


	13.
Yang W, Yang Y, He L, Zhang M, Sun S, Wang F, Han B. Dietary factors and risk for asthma: a mendelian randomization analysis. Front Immunol. 2023;14:1126457. https://​doi.​org/​10.​3389/​fimmu.​2023.​1126457. https://​pubmed.​ncbi.​nlm.​nih.​gov/​36911739CrossrefPubMedPubMedCentral


	14.
Hemani G, Zheng J, Elsworth B, Wade KH, 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 7 (2018): https://​doi.​org/​10.​7554/​eLife.​34408. https://​pubmed.​ncbi.​nlm.​nih.​gov/​29846171


	15.
Chen X, Kong J, Pan J, Huang K, Zhou W, Diao X, Cai J, Zheng J, Yang X, Xie W, et al. Kidney damage causally affects the brain cortical structure: a mendelian randomization study. EBioMedicine. 2021;72:103592. https://​doi.​org/​10.​1016/​j.​ebiom.​2021.​103592. https://​pubmed.​ncbi.​nlm.​nih.​gov/​34619639CrossrefPubMedPubMedCentral


	16.
Kurki MI, Karjalainen J, Palta P, Sipilä TP, Kristiansson K, Donner KM, Reeve MP, Laivuori H, Aavikko M, Kaunisto MA, et al. Finngen provides genetic insights from a well-phenotyped isolated population. Nature. 2023;613:508–18. https://​doi.​org/​10.​1038/​s41586-022-05473-8. https://​pubmed.​ncbi.​nlm.​nih.​gov/​36653562CrossrefPubMedPubMedCentral


	17.
Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments: Effect estimation and bias detection through egger regression. Int J Epidemiol. 2015;44:512–25. https://​doi.​org/​10.​1093/​ije/​dyv080. https://​pubmed.​ncbi.​nlm.​nih.​gov/​26050253CrossrefPubMedPubMedCentral


	18.
Roerecke M, Kaczorowski J, Tobe SW, Gmel G, Hasan OSM, Rehm J. The effect of a reduction in alcohol consumption on blood pressure: a systematic review and meta-analysis. Lancet Public Health. 2017;2:e108–20. https://​doi.​org/​10.​1016/​S2468-2667(17)30003-8. https://​pubmed.​ncbi.​nlm.​nih.​gov/​29253389CrossrefPubMedPubMedCentral


	19.
Taylor B, Irving HM, Baliunas D, Roerecke M, Patra J, Mohapatra S, Rehm J. Alcohol and hypertension: gender differences in dose-response relationships determined through systematic review and meta-analysis. Addiction (Abingdon England). 2009;104:1981–90. https://​doi.​org/​10.​1111/​j.​1360-0443.​2009.​02694.​x. https://​pubmed.​ncbi.​nlm.​nih.​gov/​19804464CrossrefPubMed


	20.
Roerecke M, Tobe SW, Kaczorowski J, Bacon SL, Vafaei A, Hasan OSM, Krishnan RJ, Raifu AO, Rehm J. Sex-specific associations between alcohol consumption and incidence of hypertension: a systematic review and meta-analysis of cohort studies. J Am Heart Association. 2018;7. https://​doi.​org/​10.​1161/​JAHA.​117.​008202. https://​pubmed.​ncbi.​nlm.​nih.​gov/​29950485


	21.
Tasnim S, Tang C, Musini VM, Wright JM. Effect of alcohol on blood pressure. Cochrane Database Syst Rev. 2020;7:CD012787. https://​doi.​org/​10.​1002/​14651858.​CD012787.​pub2. https://​pubmed.​ncbi.​nlm.​nih.​gov/​32609894CrossrefPubMed


	22.
Puddey IB, Mori TA, Barden AE. Beilin. Alcohol and hypertension-new insights and lingering controversies. Curr Hypertens Rep. 2019;21:79. https://​doi.​org/​10.​1007/​s11906-019-0984-1. https://​pubmed.​ncbi.​nlm.​nih.​gov/​31494743CrossrefPubMed


	23.
Wang L, Manson JE, Buring JE, Sesso HD. Meat intake and the risk of hypertension in middle-aged and older women. J Hypertens. 2008;26:215–22. https://​doi.​org/​10.​1097/​HJH.​0b013e3282f283dc​. https://​pubmed.​ncbi.​nlm.​nih.​gov/​18192834CrossrefPubMed


	24.
Steffen LM, Kroenke CH, Yu X, Pereira MA, Slattery ML, Van Horn L, Gross MD, Jacobs DR. Associations of plant food, dairy product, and meat intakes with 15-y incidence of elevated blood pressure in young black and white adults: the coronary artery risk development in young adults (cardia) study. Am J Clin Nutr 82 (2005): https://​pubmed.​ncbi.​nlm.​nih.​gov/​16332648


	25.
Zhang Y, Zhang D-Z. Red meat, poultry, and egg consumption with the risk of hypertension: a meta-analysis of prospective cohort studies. J Hum Hypertens. 2018;32:507–17. https://​doi.​org/​10.​1038/​s41371-018-0068-8. https://​pubmed.​ncbi.​nlm.​nih.​gov/​29725070CrossrefPubMed


	26.
Lajous M, Bijon A, Fagherazzi G, Rossignol E, Boutron-Ruault M-C, Clavel-Chapelon F. Processed and unprocessed red meat consumption and hypertension in women. Am J Clin Nutr. 2014;100:948–52. https://​doi.​org/​10.​3945/​ajcn.​113.​080598. https://​pubmed.​ncbi.​nlm.​nih.​gov/​25080454CrossrefPubMed


	27.
Meneton P, Lafay L, Tard A, Dufour A, Ireland J, Ménard J, Volatier JL. Dietary sources and correlates of sodium and potassium intakes in the French general population. Eur J Clin Nutr. 2009;63:1169–75. https://​doi.​org/​10.​1038/​ejcn.​2009.​57. https://​pubmed.​ncbi.​nlm.​nih.​gov/​19623204CrossrefPubMed


	28.
Zhou C, Wu Q, Ye Z, Liu M, Zhang Z, Zhang Y, Li H, He P, Li Q, Liu C, et al. Inverse association between variety of proteins with appropriate quantity from different food sources and new-onset hypertension. Hypertens (Dallas Tex : 1979). 2022;79(1017–27). https://​doi.​org/​10.​1161/​HYPERTENSIONAHA.​121.​18222. https://​pubmed.​ncbi.​nlm.​nih.​gov/​35264000


	29.
Guo H, Ding J, Liang J, Zhang Y. Association of red meat and poultry consumption with the risk of metabolic syndrome: a meta-analysis of prospective cohort studies. Front Nutr. 2021;8:691848. https://​doi.​org/​10.​3389/​fnut.​2021.​691848. https://​pubmed.​ncbi.​nlm.​nih.​gov/​34307439CrossrefPubMedPubMedCentral


	30.
Alissa EM, Ferns GA. Dietary fruits and vegetables and cardiovascular diseases risk. Crit Rev Food Sci Nutr. 2017;57:1950–62. https://​doi.​org/​10.​1080/​10408398.​2015.​1040487. https://​pubmed.​ncbi.​nlm.​nih.​gov/​26192884CrossrefPubMed


	31.
Di Daniele N, Marrone G, Di Lauro M, Di Daniele F, Palazzetti D, Guerriero C, Noce A. Effects of caloric restriction diet on arterial hypertension and endothelial dysfunction. Nutrients. 2021;13. https://​doi.​org/​10.​3390/​nu13010274. https://​pubmed.​ncbi.​nlm.​nih.​gov/​33477912


	32.
Li X, Zhang W, Laden F, Curhan GC, Rimm EB, Guo X, Hart JE, Wu S. Dietary nitrate intake and vegetable consumption, ambient particulate matter, and risk of hypertension in the nurses’ health study. Environ Int. 2022;161:107100. https://​doi.​org/​10.​1016/​j.​envint.​2022.​107100. https://​pubmed.​ncbi.​nlm.​nih.​gov/​35066305CrossrefPubMed


	33.
Borgi L, Muraki I, Satija A, Willett W.C., Rimm E.B., Forman J.P. Fruit and vegetable consumption and the incidence of hypertension in three prospective cohort studies. Hypertens (Dallas Tex : 1979). 2016;67:288–93. https://​doi.​org/​10.​1161/​HYPERTENSIONAHA.​115.​06497. https://​pubmed.​ncbi.​nlm.​nih.​gov/​26644239Crossref


	34.
Nguyen SM, Tran HTT, Tran BQ, Van Hoang M, Truong BD, Nguyen LT, Tran PD, Lai TD, Van Tran T. Shu. Compliance to dietary guidelines on fruit and vegetable intake and prevalence of hypertension among Vietnamese adults, 2015. Eur J Prev Cardiol. 2020;27:39–46. https://​doi.​org/​10.​1177/​2047487319867500​. https://​pubmed.​ncbi.​nlm.​nih.​gov/​31382808CrossrefPubMed


	35.
Seal J C. Whole grains and cvd risk. Proc Nutr Soc. 2006;65:24–34. https://​pubmed.​ncbi.​nlm.​nih.​gov/​16441941CrossrefPubMed


	36.
Hu M-J, Tan J-S, Gao X-J, Yang J-G, Yang Y-J. Effect of cheese intake on cardiovascular diseases and cardiovascular biomarkers. Nutrients. 2022;14:103390nu14142936. https://​pubmed.​ncbi.​nlm.​nih.​gov/​35889893Crossref


	37.
Lüscher TF. Ageing, inflammation, and oxidative stress: final common pathways of cardiovascular disease. Eur Heart J. 2015;36:3381–83. https://​doi.​org/​10.​1093/​eurheartj/​ehv679. https://​pubmed.​ncbi.​nlm.​nih.​gov/​26690751CrossrefPubMed


	38.
Cifelli CJ. Looking beyond traditional nutrients: the role of bioactives and the food matrix on health. Nutr Rev. 2021;79:1–3. https://​doi.​org/​10.​1093/​nutrit/​nuab100. https://​pubmed.​ncbi.​nlm.​nih.​gov/​34879144CrossrefPubMedPubMedCentral


	39.
Alam MA. Anti-hypertensive effect of cereal antioxidant ferulic acid and its mechanism of action. Front Nutr. 2019;6:121. https://​doi.​org/​10.​3389/​fnut.​2019.​00121. https://​pubmed.​ncbi.​nlm.​nih.​gov/​31448280CrossrefPubMedPubMedCentral


	40.
Pitsavos C, Milias GA, Panagiotakos DB, Xenaki D, Panagopoulos G, Stefanadis C. Prevalence of self-reported hypertension and its relation to dietary habits, in adults; a nutrition & health survey in Greece. BMC Public Health. 2006;6:206. https://​pubmed.​ncbi.​nlm.​nih.​gov/​16904009CrossrefPubMedPubMedCentral


	41.
Chieng D, Kistler PM. Coffee and tea on cardiovascular disease (cvd) prevention. Trends Cardiovasc Med. 2022;32:399–405. https://​doi.​org/​10.​1016/​j.​tcm.​2021.​08.​004. https://​pubmed.​ncbi.​nlm.​nih.​gov/​34384881CrossrefPubMed


	42.
Takashima Y, Iwase Y, Yoshida M, Kokaze A, Takagi Y, Taubono Y, Tsugane S, Takahashi T, Iitoi Y, Akabane M, et al. Relationship of food intake and dietary patterns with blood pressure levels among middle-aged Japanese men. J Epidemiol. 1998;8:106–15. https://​pubmed.​ncbi.​nlm.​nih.​gov/​9673080CrossrefPubMed


	43.
Boyko EJ. Observational research–opportunities and limitations. J Diabetes Complicat. 2013;27:642–48. https://​doi.​org/​10.​1016/​j.​jdiacomp.​2013.​07.​007. https://​pubmed.​ncbi.​nlm.​nih.​gov/​24055326Crossref




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Dietary factors in relation to hypertension: a mendelian randomization study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/41043_2024_575_Fig2_HTML.png
Exposure Used SNPs OR95%CI

Alcoholic drinks per week

Alcohol intake frequency

Processed meat intake

Poultry intake

Beef intake

Non-oily fish intake

Oily fish intake

Pork intake

Bread intake

Cheese intake

Cooked vegetable intake

Tea intake

Cereal intake

Salad / raw vegetable intake

Coffee intake

Dried fruit intake

30

85

18

10

52

13

22

51

14

36

30

32

31

1.53(1.19,1.96)

1.20(1.08,1.33)

0.79(0.60,1.04)

3.25(1.83,5.78)

1.80(1.09,2.97)

0.94(0.58,1.55)

0.91(0.75,1.10)

1.60(0.89,2.87)

1.13(0.83,1.54)

0.62(0.51,0.75)

1.01(0.71,1.44)

0.86(0.73,1.01)

0.65(0.49,0.86)

0.58(0.37,0.90)

1.16(0.94,1.45)

0.51(0.37,0.70)

P value

Y

0

The estimates

0.001

0.001

0.093

5.84E-05

0.021

0.818

0.326

0.116

0.427

3.01E-04

0.971

0.070

0.003

0.015

0.168

2.31E-05





OEBPS/css/sidebar.gif





OEBPS/images/41043_2024_575_Fig1_HTML.png
After searching published GWASSs,

Dietary

identified 16 dietary factors reliable genetic instruments

factors

v

v v v v
Beverage intake Meat intake Vegetable and fruit Staple food intake
Alcoholic drinks per week Processed meat (23 Salad/raw vegetable (22 Bread (32 SNPs) ;
(35 SNPs) ; SNPs); SNPs); Cereal (43 SNPs);
Alcohol intake frequency Poultry (8 SNPs) ; Cooked vegetable Cheese intake (65
(99SNPs); Beef (17 SNPs) ; (17 SNPs) ; SNPs);
Tea (41 SNPs); Non-oily fish (11 SNPs); Dried fruit intake (43
Coffee (40 SNPs); Qily fish (63 SNPs); SNPs);
Pork (14 SNPs);

’ v v

Hypertension cases: 95,462
Controls: 265,626

/ \ 4>6emove outcome-related SNP§

A

C MR-PRESSO )

FinnGen study

Mendelian ;
> Remove outliers SNPs
random-
ization v
analysis v !
Inverse variance weighting Cochran’s Q test
MR-Egger MR-Egger intercept test
Weighted median Leave-one-out

\ / Funnel plot






