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Objective: To assess the causal relationship between coffee consumption and
cardiac structure and function in elderly European populations using multiple
genetic methodologies.
Methods: Leveraging genome-wide association study (GWAS) data from elderly
European populations, we conducted linkage disequilibrium score regression
(LDSC), two-step Mendelian randomization (MR), and colocalization analyses
to investigate genetic associations, causal relationships, and mediating effects
among these factors. Robustness of findings was verified through
comprehensive sensitivity analyses.
Results: LDSC regression analysis revealed positive genetic correlations between
coffee consumption and cardiac parameters, excluding left ventricular (LV)
ejection fraction and right ventricular (RV) ejection fraction. MR results
demonstrated favorable associations between increased coffee consumption and
cardiac parameters. After applying the Bonferroni adjustment to IVW analysis, as
coffee consumption increased by each 1-cup/day, LV end-diastolic volume
increased (β=0.128; 95% CI: 0.043–0.212; P=0.002), an increase in LV end-
systolic volume (β=0.143; 95% CI: 0.053–0.232; P=0.001), an increase in RV
end-diastolic volume (β=0.200; 95% CI: 0.095–0.305; P <0.001), and an
increase in RV stroke volume (β=0.209; 95% CI: 0.104–0.313; P <0.001).
Mediation analyses indicated that each 1-cup/day increase in coffee consumption
significantly correlated with reduced diastolic blood pressure (DBP) and elevated
body mass index (BMI). Notably, higher DBP exhibited inverse associations with
ventricular systolic/diastolic functional parameters, whereas increased BMI
demonstrated positive associations with these parameters, collectively mitigating
age-related ventricular volume loss. No U-shaped associations were detected in
linear MR frameworks. Colocalization analyses confirmed shared causal genetic
variants between coffee intake and cardiac remodeling phenotypes.
Conclusions: Genetically predicted coffee consumption may counteract age-
associated ventricular volume loss in elderly Europeans through dual
mediation pathways involving DBP reduction and BMI elevation. These
structural adaptations suggest potential cardioprotective mechanisms against
senile cardiac atrophy. Future studies should prioritize the integration of coffee
consumption into cardiovascular risk assessment frameworks and develop
personalized recommendations based on individual health profiles.
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1 Introduction

Heart failure (HF), a terminal disease characterized by

significant clinical heterogeneity, impacts the health of an

estimated 64 million individuals globally. It is the primary cause

of hospitalization for those aged over 65 in Western countries

(1). With the prolongation of life expectancy and the escalating

prevalence of cardiovascular diseases (CVDs), the patient

population with HF is on a continual rise, thereby amplifying the

societal burden. Coffee is one of the world’s most popular

beverages, holding an important position in people’s daily lives.

As the pace of modern life speeds up, coffee consumption is

rising (2). A 12.5-year longitudinal cohort study, encompassing

450,000 participant instances, indicates that the regular intake of

2–3 cups of coffee per day, irrespective of its caffeine content or

form (ground or instant), may contribute to a decrease in both

the incidence and mortality rates of CVDs (3). According to the

researchers’ subgroup analysis, coffee consumption relates to HF

risk in a U-shaped pattern. Consuming 1–4 cups of coffee daily

reduces this risk; however, intake exceeding 6 cups daily escalates

the risk (4). This implies that coffee’s detrimental effects could

surpass its advantages. Similar findings emerged from the

Framingham Heart Study (FHS) and Atherosclerosis Risk in

Communities (ARIC) cohorts, where each additional daily cup of

coffee was associated with an 8%–14% reduction in HF risk

(CHS: HR = 0.86/cup; ARIC: HR = 0.98/cup) (5). Mechanistically,

coffee polyphenols (e.g., chlorogenic acid) improve endothelial

function and reduce systemic inflammation, while caffeine

enhances insulin sensitivity—effects that collectively mitigate

metabolic drivers of HF (6, 7).

Historically, research on CVDs has predominantly centered on

incidence and mortality rates, with findings primarily derived from

observational studies. Given the inherent limitations of research

design, sample size, and confounding variables, definitive

conclusions regarding causality remain elusive. It is noteworthy

that alterations in heart structure and function signify early HF.

Recent epidemiological investigations imply a potential

association between coffee and cardiac parameters (8). However,

genetic evidence is still insufficient to clarify whether this

association reflects a causal relationship or shared genetic factors.

Previous investigations primarily focused on obvious clinical

outcomes (such as HF hospitalization), with limited attention to

subclinical changes in cardiac structure and function, which are

key targets for early prevention strategies. To address these gaps,

this study aims to investigate the causal effects of coffee
Abbreviations

MR, Mendelian randomization; IV, instrumental variable; GWAS, genome-wide
association studies; SNP, single nucleotide polymorphism; IVW, inverse variance
weighting; LDSC, linkage disequilibrium score regression; HF, heart failure; LV,
left ventricular; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic
volume; LVEF, LV ejection fraction; LVSV, LV stroke volume; RV, right
ventricular; RVEDV, RV end-diastolic volume; RVESV, RV end-systolic
volume; RVEF, RV ejection fraction; RVSV, RV stroke volume; DBP, diastolic
blood pressure; SBP, systolic blood pressure; BMI, body mass index;
WHRadjBMI, waist-to-hip ratio adjusted for body mass index; FI, fasting
insulin; FG, fasting glucose; 2hGLU, 2h-glucose post-challenge; HbA1c,
glycated hemoglobin; ISI, insulin sensitivity index; IFC, insulin fold change.
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consumption on multidimensional cardiac phenotypes, including

left ventricular (LV) and right ventricular (RV) structure and

function, while describing potential mediating pathways. This

will help identify the direct or indirect pathways through which

coffee exerts its effects, and provide crucial evidence for HF

prevention strategies.
2 Methods

2.1 Study design

In this research, we meticulously adhere to the fundamental

principles elaborated in the epidemiological observational study

report and the STROBE-MR guidelines (9, 10). In Figure 1, the

MR study design is explained in detail.

Firstly, we applied Linkage Disequilibrium Score Regression

(LDSC) to evaluate the genetic association between coffee intake

and cardiac parameters, and then conducted a two-step, two-

sample MR analysis to evaluate the causal relationship and

mediating factors between the two traits.
2.2 Data source

Our study utilized publicly accessible genome-wide association

study (GWAS) data, with pertinent ethical approvals documented

in the referenced GWAS papers and specific data detailed in

Supplementary Table S1. Genetic instruments for coffee

consumption were extracted from a GWAS of 448,204 European-

ancestry participants in the UK Biobank, where self-reported

daily intake (cups/day) was quantified using validated

questionnaires. SNPs associated with coffee consumption at a

genome-wide suggestive threshold (P < 9 × 10−⁶) were retained to

balance instrument strength and discovery power (11). The

investigation considered 11 cardiac metabolic factors as

mediators, segregated into anthropometric measurements,

glycemic traits, and blood pressure characteristics. We obtained

GWAS data on body mass index (BMI) from the European

Consortium (N = 334,487) (12). The UK Biobank cohort also

provided waist-to-hip ratio (WHRadjBMI) adjusted for BMI

(males, N = 186,825; females, N = 219,872) (13), systolic blood

pressure (SBP, N = 422,713), and diastolic blood pressure (DBP,

N = 490,469) (14, 15). Data for glycaemic traits encompassing

Fasting Glucose (FG, N = 281,416), 2-h post-load Glucose

(2hGLU, N = 281,416), Glycated Hemoglobin (HbA1c,

N = 281,416), Fasting Insulin (FI, N = 281,416), Insulin Sensitivity

Index (ISI, N = 53,657), and Insulin Fold Change (IFC,

N = 53,657) (16, 17). The outcome data encompassed GWAS

data on LV and RV structural phenotypes derived from cardiac

magnetic resonance imaging (MRI) in the UK Biobank cohort

(LV end-diastolic volume (LVEDV), LV end-systolic volume

(LVESV), LV ejection fraction (LVEF), LV stroke volume

(LVSV), RV end-diastolic volume (RVEDV), RV end-systolic

volume (RVESV), RV ejection fraction (RVEF), and RV stroke

volume (RVSV), N = 36,041 and N = 29,506, respectively)
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FIGURE 1

Flow chat and study design. LDSC, linkage disequilibrium score regression; MR, Mendelian randomization; IVW, inverse variance weighting; MR-
Presso, MR pleiotropy residual sum and outlier; DBP, diastolic blood pressure; SBP, systolic blood pressure; BMI, body mass index; WHRadjBMI,
waist-to-hip ratio adjusted for body mass index; FI, fasting insulin; FG, fasting glucose; 2hGLU, 2h-glucose post-challenge; HbA1c, glycated
hemoglobin; ISI, insulin sensitivity index; IFC, insulin fold change.
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(18, 19). Excluded from the outcome data samples were patients

diagnosed with myocardial infarction or HF, with all samples

originating from an elderly demographic.
2.3 Genetic IV selection criteria

Qualified instrumental variables (IV) must simultaneously

satisfy the following three conditions: (1) The IV is significantly

associated with the exposure (P < 5 × 10−8) (20); (2) The IV is not

associated with any confounding factors of exposure-outcome

analyses (R2 < 0.001, kb = 10,000); and (3) Only the exposure is
Frontiers in Cardiovascular Medicine 03
affected by the IV, not the outcome (21). Additionally, single

nucleotide polymorphisms (SNPs) with moderate palindromic

alleles should be excluded to avoid bias, and the MR-PRESSO

method is employed to identify and remove outlier SNPs. The

F-statistic was computed for each SNP to assess its association

with exposure, and a F-statistic exceeding 10 is considered to

possess sufficient statistical strength (22). The calculation of the

F-statistic is done using the following formula: F = R2(N−2)/(1-R2)

(23, 24). In the preceding paragraphs, Kb is the regional scope of

chain imbalance, R2 is the exposure variance explained by the

chosen SNPs, and N is the number of genetic samples

per phenotype.
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2.4 Mediation analysis and mediation effects

In order to investigate the mediating pathways through which

coffee consumption influences cardiac structure and function using

11 phenotypes of cardiac metabolism factors, we conducted a two-

step MR analysis. Initially, coffee consumption and cardiac

metabolism phenotypes were assessed causally. The second step

evaluated the causal association between cardiac metabolism

factors and the phenotype of cardiac structure and function.

Additionally, the mediating effect of each cardiac metabolism

factor was calculated using the coefficient product method (25, 26).
2.5 Genetic association and direction
validation

Given the potential of genetic association analyses between

complex traits and diseases to yield etiological insights and aid in

the prioritization of potential causal links (27), this study utilized

the LDSC method. This approach can robustly assess SNP

heritability and the genetic association among complex traits via

GWAS data (28). Therefore, we used it to evaluate the genetic

association between coffee consumption and heart structure and

function. In addition, we use the Steiger test to evaluate the

directionality of observed causal relationships (29).
2.6 MR analysis

In order to assess the causal relationship, Two Sample MR

(version 0.5.7) and MR-PRESSO (version 1.0) in R software

(version 4.3.0) were used. Our genetic association analyses were

conducted with LDSC software (version 1.0.1). In the main MR

analysis, after Bonferroni adjustment, a P-value below 0.00625

(0.05/8) is considered statistically significant, while a P-value

ranging from 0.00625 to 0.05 denotes nominal association.
2.7 Statistical analysis for MR

A fundamental method in MR analyses is Inverse-variance

weighting (IVW), which evaluates the effect of each SNP through

Wald ratios. This technique assigns weights based on the inverse

variance of each SNP to ascertain the aggregate causal effect.

Upon detecting heterogeneity, the analysis resorts to a random-

effects model, in contrast to the fixed-effects model used

otherwise (29, 30). To corroborate the robustness of our findings,

we additionally utilized the weighted median, MR-Egger

regression, and maximum likelihood estimation as auxiliary

methods of estimation. Weighted median estimation yields

trustworthy results on the condition that over half the weight is

contributed by valid genetic instruments (31). MR-Egger

regression distinguishes genetic instrument pleiotropy by probing

for a non-null intercept in the association between exposure and

outcome (32). Maximum likelihood estimation, which minimizes

bias by optimizing the likelihood function to deduce parameters
Frontiers in Cardiovascular Medicine 04
of the probability distribution (33). We also employed Cochran’s

Q-test to evaluate heterogeneity and performed a leave-one-out

analysis to ascertain if any singular variant is the principal driver

of the causal link between exposure and outcome (34). Finally,

our application of the MR-PRESSO technique identified and

removed outlier SNPs, furnishing refined estimates and

pleiotropy analyses post-exclusion of these SNPs (35).
2.8 Colocalization analysis

We performed co-localization analyses using the Coloc

R package available at [GitHub link]. (default parameters) in

order to assess whether coffee consumption and cardiac structure

and function share genetic causal variation in genomic regions,

defining genomic regions within 50 kb of the instrumental

variable with the prior probability of coloc set to the default

value, and followed by the use of approximate Bayes factor

computation to generate posterior probabilities (PP) for all

possible configurations between the two traits: (1) SNPs in the

H0 co-localized region are not related to either trait; (2) SNPs

in the H1 co-localized region are related to the first trait but

not to the second; (3) SNPs in the H2 co-localized region are

related to the second trait but not to the first; (4) SNPs in the

H3 co-localization region are associated with both traits but

not at the same locus; and (5) SNPs in the H4 co-localization

region are related to both individual traits and at the same

locus (36). Each hypothesized PP is denoted by PP0, PP1,

PP2, PP3, and PP4, respectively. In the original published

methodology article, a posteriori probability (PH4) of ≥75%
was considered to support the existence of common

genetic variation within a given genomic region affecting both

traits (37).
3 Results

3.1 Selection of IVs

In compliance with the established screening criteria for IVs,

we identified and selected candidate SNPs that fulfill the required

qualifications for conducting genetic predictive analyses on

phenotypes associated with coffee consumption and cardiac

metabolic factors. Moreover, the F-statistics for all the SNPs

under consideration exceeded the threshold of 10, indicating

robust instrument strength (Supplementary Tables S2–S10).
3.2 Effect of coffee consumption on cardiac
parameters

In the IVW analysis, after Bonferroni adjustment, each 1-cup/

day increase in coffee consumption was significantly associated

with an increase in LVEDV (β = 0.128; 95% CI: 0.043–0.212;

P = 0.002), an increase in LVESV (β = 0.143; 95% CI: 0.053–

0.232; P = 0.001), an increase in RVEDV (β = 0.200; 95% CI:
frontiersin.org
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FIGURE 2

Association heatmap of all Mendelian randomization results. LV, left ventricular; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LVEF,
LV ejection fraction; LVSV, LV stroke volume; RV, right ventricular; RVEDV, RV end-diastolic volume; RVESV, RV end-systolic volume; RVEF, RV ejection
fraction; RVSV, RV stroke volume. The explanation of other abbreviations is the same as Figure 1.
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0.095–0.305; P < 0.001), and an increase in RVSV (β = 0.209;

95% CI: 0.104–0.313; P < 0.001). Furthermore, each 1-cup/day

increase in coffee consumption was nominally associated with

an increase in LVSV (β = 0.123; 95% CI: 0.033–0.213;

P = 0.007) and an increase in RVESV (β = 0.138; 95% CI:

0.036–0.239; P = 0.007) (Figures 2–4, Supplementary Figure S1,

Supplementary Table S11).
3.3 Effect of coffee consumption on cardiac
metabolic factors

In the IVW analysis, each 1-cup/day increase in coffee

consumption was significantly associated with a decrease in

DBP (β = −0.137; 95% CI: −0.184 to −0.089; P < 0.001), an

increase in BMI (β = 0.252; 95% CI: 0.184–0.320; P < 0.001), a

decrease in WHRadjBMI for males (β = −0.065; 95% CI:

−0.126 to −0.005; P = 0.032), a decrease in 2hGLU

(β = −0.152; 95% CI: −0.286 to −0.018; P = 0.025), and a

decrease in IFCadjBMI (β = −0.236; 95% CI: −0.343 to −0.128;
P < 0.001), alongside an increase in ISIadjBMI (β = 0.128;
Frontiers in Cardiovascular Medicine 05
95% CI: 0.015–0.241; P = 0.025) (Figure 2, Supplementary

Figure S2, Supplementary Table S12).
3.4 Effect of cardiac metabolic factors on
cardiac parameters

3.4.1 Effect of DBP on cardiac parameters
In the IVW analysis, each 1 SD decrease in DBP was

significantly connected with a decrease in LVEDV (β =−0.101;
95% CI: −0.154 to −0.047; P < 0.001), a decrease in LVESV

(β =−0.126; 95% CI: −0.181–0.072; P < 0.001), a decrease in

LVSV (β =−0.078; 95% CI: −0.131 to −0.025; P = 0.003), a

decrease in RVEF (β =−0.075; 95% CI: −0.137 to −0.012;
P = 0.018), and a decrease in RVSV (β =−0.065; 95% CI: −0.129
to −0.001; P = 0.045), alongside an increase in LVEF (β = 0.095;

95% CI: 0.040–0.150; P < 0.001) (Figure 2, Supplementary

Figure S3, Supplementary Table S13).
3.4.2 Effect of BMI on cardiac parameters
In the IVW analysis, each 1 SD decrease in BMI was

significantly connected with an increase in LVEDV (β = 0.245;
frontiersin.org

https://doi.org/10.3389/fcvm.2025.1453106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 3

The forest map includes a Mendelian randomization analysis of coffee consumption on cardiac parameters and regression results of the linkage
disequilibrium score. Rg, genetic association coefficient.
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95% CI: 0.186–0.303; P < 0.001), an increase in LVESV (β = 0.187;

95% CI: 0.129–0.246; P < 0.001), an increase in LVSV (β = 0.248;

95% CI: 0.188–0.308; P < 0.001), an increase in RVEDV

(β = 0.153; 95% CI: 0.082–0.224; P < 0.001), a decrease in RVESV

(β = 0.124; 95% CI: 0.053–0.196; P < 0.001), and a decrease in

RVSV (β = 0.160; 95% CI: 0.090–0.230; P < 0.001) (Figure 2,

Supplementary Figure S4, Supplementary Table S14).
3.4.3 Effect of WHRadjBMI on cardiac parameters
in men

In the IVW analysis, each 1 SD decrease in WHRadjBMI

(man) was significantly connected with a decrease in LVEDV

(β =−0.211; 95% CI: −0.308 to −0.115; P < 0.001), a decrease in

LVSV (β =−0.263; 95% CI: −0.364 to −0.162; P < 0.001), and a

decrease in RVEF (β =−0.145; 95% CI: −0.246 to −0.044;
P < 0.001) (Figure 2, Supplementary Figure S5, Supplementary

Table S15).
3.4.4 Effect of 2hGLU on cardiac parameters
In the IVW analysis, each 1 SD decrease in 2hGLU was

significantly connected with a decrease in LVEDV
Frontiers in Cardiovascular Medicine 06
(β = −0.108; 95% CI: −0.193 to −0.022; P = 0.013) and a

decrease in LVESV (β = −0.109; 95% CI: −0.187 to −0.031;
P = 0.005) (Figure 2, Supplementary Figure S6, Supplementary

Table S16).
3.4.5 Effect of ISIadjBMI on cardiac parameters
In the IVW analysis, each 1 SD decrease in ISIadjBMI was

significantly connected with an increase in LVEDV (β = 0.143;

95% CI: 0.049–0.238; P = 0.002), an increase in LVESV

(β = 0.149; 95% CI: 0.052–0.246; P = 0.002), and a decrease in

LVEF (β = −0.174; 95% CI: −0.292 to −0.057;
P = 0.003) (Figure 2, Supplementary Figure S7, Supplementary

Table S17).
3.4.6 Effect of IFCadjBMI on cardiac parameters
In the IVW analysis, each 1 SD decrease in IFCadjBMI was

significantly connected with an increase in LVEF (β = 0.163; 95%

CI: 0.008–0.318; P = 0.038), and an increase in LVSV (β = 0.213;

95% CI: 0.072–0.354; P = 0.002) (Figure 2, Supplementary

Figure S8, Supplementary Table S18).
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FIGURE 4

Scatter and funnel plots of the Mendelian randomization analysis of coffee consumption on LVEDV (A), LVESV (B), LVEF (C), LVSV (D), RVEDV (E), RVESV
(F), RVEF (G), and RVSV (H), respectively. The explanation of other abbreviations is the same as Figure 2.
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3.5 Proportion of the mediatory effect of
DBP and BMI

We investigated the indirect impact of coffee consumption on

cardiac structure and function, mediated through DBP and BMI.

Our findings indicate that DBP’s mediation effect on LVEDV,

LVESV, and RVSV were 0.013 (95% CI: 0.009–0.018; P < 0.001),
Frontiers in Cardiovascular Medicine 07
constituting a mediation proportion of 10.8% (95% CI: 7.4%–

14.1%); 0.017 (95% CI: 0.012–0.021; P < 0.001), accounting for a

mediation proportion of 12.1% (95% CI: 8.7%–15.3%); and 0.008

(95% CI: 0.005–0.012; P = 0.022), contributing to a mediation

proportion of 4.2% (95% CI: 2.3%–6.1%), respectively. In

addition, BMI’s mediation effect on LVEDV, LVESV, LVSV,

RVEDV, RVESV, and RVSV were 0.061 (95% CI: 0.050–0.073;
frontiersin.org
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TABLE 1 The mediation effect of coffee consumption on cardiac parameters via DBP and BMI.

Mediator/
Outcome

Total effect Direct effect A Direct effect B Mediation
effect

P

Mediated proportion
(%) (95% CI)

β (95% CI) β (95% CI) β (95% CI) β (95% CI)
DBP/LVEDV 0.128 (0.043, 0.212) −0.137 (−0.184, −0.089) −0.101 (−0.154, −0.047) 0.013 (0.009, 0.018) 1.00E-03 10.8 (7.4, 14.1)

DBP/LVESV 0.143 (0.053, 0.232) −0.137 (−0.184, −0.089) −0.126 (−0.181, −0.072) 0.017 (0.012, 0.021) 2.00E-04 12.1 (8.7, 15.3)

DBP/RVSV 0.209 (0.112, 0.306) −0.137 (−0.184, −0.089) −0.065 (−0.129, −0.001) 0.008 (0.005, 0.012) 2.20E-02 4.2 (2.3, 6.1)

BMI/LVEDV 0.128 (0.043, 0.212) 0.252 (0.184, 0.320) 0.245 (0.186, 0.303) 0.061 (0.050, 0.073) 5.00E-08 48.2 (39.3, 57)

BMI/LVESV 0.143 (0.053, 0.232) 0.252 (0.184, 0.320) 0.195 (0.134, 0.257) 0.049 (0.038, 0.059) 4.31E-06 34.3 (26.8, 41.8)

BMI/LVSV 0.123 (0.033, 0.213) 0.252 (0.184, 0.320) 0.258 (0.193, 0.323) 0.065 (0.052, 0.077) 1.14E-07 52.8 (42.8, 62.8)

BMI/RVEDV 0.200 (0.100, 0.300) 0.252 (0.184, 0.320) 0.166 (0.088, 0.244) 0.041 (0.030, 0.052) 4.81E-05 20.9 (15.4, 26.3)

BMI/RVESV 0.138 (0.036, 0.239) 0.252 (0.184, 0.320) 0.136 (0.059, 0.214) 0.034 (0.023, 0.044) 8.00E-04 24.8 (17.3, 32.2)

BMI/RVSV 0.209 (0.112, 0.306) 0.252 (0.184, 0.320) 0.171 (0.096, 0.246) 0.043 (0.032, 0.054) 8.37E-05 20.6 (15.3, 25.8)

’Total effect” indicates the effect of coffee consumption on cardiac parameters, “direct effect A” indicates the effect of coffee consumption on DBP, BMI, “direct effect B” indicates the effect of

DBP, BMI on cardiac parameters and “mediation effect” indicates the effect of coffee consumption on cardiac parameters through DBP, BMI. IVW was used to determine the total effect, direct

effect A, and direct effect B; the delta method was used to determine the mediation effect. All statistical tests were two-sided, with significance defined as P≤ 0.05.
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P < 0.001), constituting a mediation proportion of 48.2% (95% CI:

39.3%–57%); 0.049 (95% CI: 0.038–0.059; P < 0.001), accounting

for a mediation proportion of 34.3% (95% CI: 26.8%–41.8%);

0.065 (95% CI: 0.052–0.077; P < 0.001), accounting for a

mediation proportion of 52.8% (95% CI: 42.8%–62.8%); 0.041

(95% CI: 0.030–0.052; P < 0.001), accounting for a mediation

proportion of 20.9% (95% CI: 15.4%–26.3%); 0.034 (95% CI:

0.023–0.044; P < 0.001), accounting for a mediation proportion of

24.8% (95% CI: 17.3%–32.2%); and 0.043 (95% CI: 0.032–0.054;

P < 0.001), accounting for a mediation proportion of 20.6% (95%

CI: 15.3%–25.8%), respectively (Table 1, Supplementary

Table S19).
3.6 Sensitivity analysis

The MR analysis exhibited a consistent direction across the

weighted median, MR-Egger, and maximum likelihood methods.

However, a degree of heterogeneity was evident in some results

(P < 0.05). Notwithstanding this, no pleiotropy was detected

through the MR-Egger regression, MR-PRESSO (P > 0.05). In

addition, using funnel plots to analyze all data did not show

pleiotropy; the leave-one-out analysis plot failed to confirm the

potential SNP-driven causal relationship between exposure and

outcome (Figure 3, Supplementary Table S10, Supplementary

Figures S9–S23).
3.7 Genetic association and direction
validation

In the LDSC analysis, coffee consumption is positively genetic

associated with several cardiac parameters: LVEDV (Rg = 0.191,

P < 0.001), LVESV (Rg = 0.144, P < 0.001), LVSV (Rg = 0.211,

P < 0.001), RVEDV (Rg = 0.152, P < 0.001), RVESV (Rg = 0.131,

P = 0.001), and RVSV (Rg = 0.168, P < 0.001). As a result of this

association, two traits are likely to share a genetic background, in

line with what was concluded from the MR analysis (Table 1 and

Supplementary Table S3). In addition, the Steiger test results,
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with all directions being true and a P-value less than 0.05,

confirm the absence of reverse causality in our findings

(Figure 3, Supplementary Tables S4, S20, S21).
3.8 Colocalization analysis

The present study identified a causal relationship between

coffee consumption and cardiac parameters. For more robust

conclusions, we searched public databases for targets of coffee

consumption and found that the 7p21 locus near the AHR was

the most prominent locus associated with coffee consumption,

and it has also been suggested that the AHR may have a key role

in the learning or exercise pathways that induce coffee

consumption (38, 39). Subsequently, we obtained eQTL signals

(P < 5 × 10−8), referring to AHR, from blood data provided by

the eQTL Consortium. eQTL results for AHR (PP.H4 = 98%,

SNP = rs4410790) indicated that AHR shares causally variable

loci with cardiac structure and function, which also supports the

existence of a causal association between coffee consumption and

cardiac parameters from another perspective (Supplementary

Tables S22, S23).
4 Discussion

We utilized LDSC and MR methodologies to probe the genetic

association and causal links between coffee consumption and

cardiac structure and function. This study leverages innovative

statistical techniques to uncover aspects of their relationship.

Initially, our LDSC analysis validated a substantial positive

genetic association between coffee consumption and cardiac

parameters. We also discerned a significant genetic association

between coffee consumption and qualifying cardiac metabolic

factors, as well as between these factors and cardiac structure and

function. Subsequently, our MR analysis revealed a positive

association between coffee consumption and both systolic and

diastolic cardiac function in an elderly European demographic,

corroborating the findings of extensive cohort studies (40, 41).
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Furthermore, reverse causality was ruled out through the Steiger

test. Lastly, via mediation analysis, we discovered that the impact

of coffee consumption on cardiac parameters was partially

mediated by DBP and BMI, accounting for 4.2%–12.1% and

20.6%–52.8%, respectively. Our findings remained robust across

various MR methodologies, each positing different assumptions

about horizontal pleiotropy, suggesting it is unlikely to influence

the results. Co localization analysis also proves the robustness of

the conclusion to a certain extent.

Pathological cardiac remodeling, often a prelude to clinical HF,

predominantly stems from imbalances between oxidative stress and

antioxidant capabilities within cardiomyocytes, as well as from

biomechanical stresses (42). While reactive oxygen species (ROS)

play a vital role in preserving redox-dependent pathways, their

overproduction can trigger oxidative stress, mediated by

inflammatory factors, ultimately culminating in pathological

cardiac remodeling (43).

Recent research indicates that the complex effects of coffee on

the cardiovascular system are mediated by a multifactorial dynamic

balance, which is essentially driven by the dynamic interactions of

its bioactive components (such as flavonoids, caffeine, chlorogenic

acid, etc.) through dose-dependent and metabolic background

sensitivity. Emerging evidence suggests that the flavonoids in

coffee coordinate cardioprotection through a tri-mechanism

targeting oxidative stress, vascular homeostasis, and fibrotic

remodeling. The antioxidant axis involves Adenosine

Monophosphate-activated Protein Kinase (AMPK)

phosphorylation driving Nuclear factor erythroid 2-related factor

2 (Nrf2) nuclear translocation, directly upregulating the

expression of superoxide dismutase and catalase to scavenge

ROS, while Akt-mediated Endothelial Nitric Oxide Synthase

(eNOS) Ser1177 phosphorylation enhances Nitric Oxide (NO)

generation, counteracting Nicotinamide Adenine Dinucleotide

Phosphate (NADPH) oxidase activity and indirectly inhibiting

ROS production. This synergistic mechanism significantly

reduces systemic oxidative damage markers, such as

F2-isoprostanes, by 18% (p = 0.002) (44, 45). Additionally,

vascular homeostasis regulation is achieved through dual

pathways: one by directly scavenging superoxide anions to

protect NO bioavailability (46), and the other by activating large-

conductance calcium-activated potassium channels in vascular

smooth muscle, inducing membrane hyperpolarization and

reducing calcium influx, thereby collectively reducing vascular

resistance (47, 48). Crucially, the antifibrotic effects exhibit a

hierarchical regulatory feature: cGMP/PKG pathway blockade of

Smad2/3 nuclear translocation provides direct signal inhibition,

while the epigenetic remodeling induced by dual inhibition of

DNMT3a/HDAC5 offers sustained transcriptional suppression

(49, 50). Furthermore, low concentrations of caffeine mitigate

oxidative stress through multi-target mechanisms, including

adenosine A1 receptor antagonism, cAMP elevation, and

suppression of pro-inflammatory mediators such as Interleukin-6

(IL-6) (51). Conversely, elevated caffeine concentrations may

intensify oxidative stress by further antagonizing A2 receptors (52).

Previous studies have reported that over 95% of caffeine is

metabolized by cytochrome P450 1A2 (CYP1A2). Research has
Frontiers in Cardiovascular Medicine 09
confirmed that a common polymorphism, rs762551, in the

CYP1A2 gene can alter caffeine metabolism by decreasing

enzyme activity and inducibility (53). Specifically, individuals

with the AC and CC genotypes of this polymorphism are

commonly referred to as “slow metabolizers”, while individuals

with the AA genotype are defined as “fast metabolizers”. Slow

metabolizers may have reduced CYP1A2 enzyme activity, leading

to slower caffeine breakdown in the body. On the other hand,

fast metabolizers with the AA genotype have more efficient

CYP1A2 enzymes, resulting in faster caffeine metabolism (53).

Notably, studies have shown that CYP1A2 levels in males appear

to be higher than in females (54–56), which may be related to

smoking, as CYP1A2 expression is easily induced by smoking

(57). Estrogen, on the other hand, can significantly reduce

CYP1A2 levels, which is part of the reason why male CYP1A2

levels are higher than those in females, as confirmed by previous

studies (58). Pregnancy or exogenous estrogen supplementation

can further lower its activity and inhibit caffeine metabolism (59,

60). Research stratified by CYP1A2 genotype has shown

significant differences between the two groups: slow metabolizers

(AC/CC genotype) begin to show an increased risk of myocardial

infarction when consuming more than 2 cups daily (OR = 1.64,

95% CI 1.14–2.34), while fast metabolizers (AA genotype) do not

show an increased risk of myocardial infarction even with high

intake, and a trend toward a decreased risk of myocardial

infarction was observed, though the difference was not

statistically significant (61). Additionally, a multicenter cohort

study showed that among slow metabolizers, coffee consumption

also increased the risk of impaired fasting glucose in hypertensive

patients (62). Thus, gender-related differences in the effects of

coffee intake may be partially attributed to gender-specific

enzyme expression regulation (such as estrogen inhibition and

smoking induction).

Chlorogenic acids (CGAs) play a crucial role in preventing free

radical damage, inhibiting inflammatory factors, improving insulin

resistance, enhancing endothelial NO production (63). Prolonged

pulmonary arterial hypertension manifests a close association

with the pathological remodeling of the RV (64). Research

suggests that CGAs can efficaciously ameliorate pulmonary

arterial hypertension, primarily by directly inhibiting c-Src

tyrosine kinase activity and reducing ROS levels, consequently

improving pathological proliferation of pulmonary arterial

smooth muscle cells (65). Coffee contains melanoidins and

diterpenoids, also substances known for their antioxidant

properties. However, the roasting process, while yielding these

beneficial compounds, can also produce harmful substances. One

such substance is acrylamide, noted for its neurotoxicity and

potential carcinogenic activity. Encouragingly, advancements in

the roasting process may mitigate this harm (40).

Despite the abundance of studies on the cardiovascular

implications of coffee consumption, investigations into its

influence on the heart’s structure and functionality remain

limited. Parameters from cardiac MRI, like LVSV, RVSV,

LVESV, RVESV, LVEF, and RVEF, serve as indicators of

ventricular systolic function, with LVEDV, and RVEDV acting as

a marker for ventricular compliance during diastole and
frontiersin.org

https://doi.org/10.3389/fcvm.2025.1453106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Ma et al. 10.3389/fcvm.2025.1453106
myocardial remodeling (63). Expectedly, the heart’s structure and

function decline with age, such as LVEDV, LVESV, and LVSV

(41, 66); however, our findings reveal a contrasting trend. This

could be attributed to the potential neutralizing effect on

oxidative stress (67). We posit that such benefits might be more

pronounced in populations enduring chronic oxidative stress,

such as individuals with hypertension and diabetes. Regrettably,

the constraints of GWAS data prevent an in-depth exploration of

coffee’s effects on the health of the elderly population.

Experimental studies have demonstrated that supplementing mice

with coffee extract can ameliorate LV dilation, alleviate

myocardial fibrosis, and enhance ventricular contractile function

(68). Two large-scale epidemiological studies evaluate the

influence of coffee consumption on ventricular structure and

function. The findings consistently indicate a significant

association between coffee consumption and improved cardiac

function. Subgroup analysis reveals an association between

consuming more than 4 cups of coffee daily and compromised

LV function, in line with previous research (8, 40). Based on

genetic studies, coffee consumption has an impact on

cardiovascular disease, and the effects of coffee primarily

originate from its complex bioactive activity (69). Factors such as

the coffee type, consumption quantity, and additional ingredients

could potentially confound the outcomes of such studies.

Moreover, the constraints inherent in GWAS data cannot

determine whether there is a U-shaped relationship.

Our two-step MR analysis identified DBP reduction and BMI

elevation as potential mediators linking coffee consumption to

cardiac structural remodeling. However, it necessitates careful

reconciliation with existing evidence on coffee’s cardiometabolic

impacts. The observed DBP-lowering effect contrasts with acute

caffeine-induced vasoconstriction but aligns with long-term

vascular adaptations. Chronic coffee consumption (≥3 cups/day)

has been associated with improved endothelial function through

polyphenol-mediated nitric oxide bioavailability, particularly

chlorogenic acid, which reduces arterial stiffness in hypertensive

populations (70, 71). A large-scale study comprising 9,009

participants demonstrated that linear regression models, adjusted

for age, sex, BMI, diabetes, hypertension, smoking status, and

additive use, indicated a significant inverse relationship between

moderate and high coffee consumption and reductions in both

SBP and DBP (72). This may reflect compensatory mechanisms

where adenosine receptor antagonism from caffeine is

counterbalanced by antioxidant-mediated vasodilation over time.

A multitude of studies posit that CGAs effectively manages

weight and abdominal obesity in obese individuals (73, 74). The

majority of prior studies have indicated an inverse relationship

between coffee consumption and BMI (75). Nevertheless, a

Korean study highlights that the consumption of coffee

containing added sugar or cream may be associated with an

elevated risk of obesity (76). Recently, a large-scale prospective

cohort study conducted in the United States thoroughly

investigated the associations between coffee consumption, added

sugar, and long-term weight changes. The findings revealed that

each additional daily cup of unsweetened caffeinated coffee and

unsweetened decaffeinated coffee was associated with a 0.12 kg
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reduction in body weight over a 4-year period. In contrast, the

addition of one teaspoon of sugar per day was associated with a

0.09 kg weight gain over the same duration. Notably, no

significant association was observed between the habitual use of

cream or non-dairy coffee whitener and changes in body weight

(77). The positive mediation role of BMI identified in our study

is also inconsistent with evidence from experimental studies

indicating that caffeine-induced thermogenesis and appetite

suppression contribute to the amelioration of obesity (78).

However, our genetic instruments likely capture “real-world”

coffee consumption patterns, including caloric additives (e.g.,

sugar, cream) prevalent in commercial coffee products. Future

research should stratify participants by coffee type (espresso vs.

filtered) and the use of additives to better understand the

differential impacts of these factors on health outcomes.

The detrimental effects of hypertension and obesity on cardiac

architecture and functionality are well documented. Chronic

hypertension can induce micro- and macro-alterations in the

myocardium, encompassing cardiac fibrosis, ventricular and

arterial system remodeling, and adaptive modifications in cardiac

functionality (79). A cohort study discovered a positive

association between cumulative BMI, hypertension burden, and

LV hypertrophy during middle age. Furthermore, irrespective of

the focus being on the left or right heart, obesity can impinge on

its systolic and diastolic functionalities (80, 81). Studies have

demonstrated that post-bariatric surgery weight reduction can

ameliorate subclinical cardiac functionality and reverse

ventricular remodeling (82). The influence of obesity on the

heart is multifaceted, possibly attributed to an escalation in total

circulating blood volume and cardiac pressure load, resulting in

long-term adaptive heart enlargement and dilation and changes

in cardiac functional adaptability, or via mechanisms such as

inflammation, hormonal shifts, metabolic disturbances, and

microvascular diseases (81, 83).

This study presents numerous noteworthy advantages. Firstly,

the GWAS data, derived from a substantial European population

consortium, enhances the analysis’s statistical power. Secondly,

the association between coffee consumption and the structure

and functionality of the heart is elucidated from a genetic

standpoint via LDSC, MR, and colocalization analysis. Thirdly,

given that genetic variations are inherent, natural, and randomly

assigned at conception, MR analysis offers dependable estimates.

Lastly, the implementation of a two-step MR analysis helps

mitigate biases arising from confounding among exposure,

mediator, and outcome.

Nonetheless, the study also displays certain limitations.

Primarily, the presence of heterogeneity in some results could

introduce biases. However, we lacked access to GWAS data from

varied age, gender, and health status groups to examine the

sources of this heterogeneity. Secondly, the data suggests that

coffee consumption correlates positively with BMI, serving as a

contradiction to previous studies that associated coffee with

obesity. This discrepancy may be attributed to the questionnaire’s

limitations in providing detailed information about coffee

consumption, appetite post-coffee intake, and daily medication

usage. Thirdly, while higher coffee consumption correlates with
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improved cardiac structure and function, it cannot be definitively

concluded that the observed increase in cardiac parameters is not

influenced by obesity-related increases in blood volume and

adaptive cardiac enlargement.
5 Conclusion

This study confirms through MR analysis that coffee

consumption in the elderly European population is genetically

associated with improvements in cardiac systolic/diastolic

function (mediating proportions: DBP 4.2%–12.1%, BMI 20.6%–

52.8%), suggesting that enhanced management of blood pressure

and obesity may improve cardiovascular health. Future research

should focus on exploring the dynamic interactions between

coffee’s bioactive components (such as flavonoids and

chlorogenic acid) and metabolic factors in populations

experiencing chronic oxidative stress, and differentiate the

heterogeneous effects of coffee types and additives on cardiac

structure and function.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Ethics statement

The requirement of ethical approval was waived by No need for

ethical review and approval for the studies involving humans

because according to local legislation and institutional

requirements. The studies were conducted in accordance with the

local legislation and institutional requirements. Written informed

consent for participation was not required from the participants

or the participants’ legal guardians/next of kin because written

informed consent for participation was not required for this

study in accordance with the national legislation and the

institutional requirements.
Frontiers in Cardiovascular Medicine 11
Author contributions

X-BM: Conceptualization, Data curation, Formal analysis,

Methodology, Visualization, Writing – original draft. Y-LL:

Visualization, Writing – original draft. LQ: Visualization,

Writing – original draft. J-FY: Visualization, Writing – original

draft. QS: Visualization, Writing – original draft. Y-ML: Funding

acquisition, Supervision, Writing – review & editing.
Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. The Construction

Project of the Gansu Clinical Medical Research Center (No.

18JR2FA003) funded this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.

1453106/full#supplementary-material
References
1. Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC, Coats AJS. Global
burden of heart failure: a comprehensive and updated review of epidemiology.
Cardiovasc Res. (2023) 118(17):3272–87. doi: 10.1093/cvr/cvac013

2. Cornelis MC. Coffee intake. Prog Mol Biol Transl Sci. (2012) 108:293–322. doi: 10.
1016/B978-0-12-398397-8.00012-5

3. Chieng D, Canovas R, Segan L, Sugumar H, Voskoboinik A, Prabhu S, et al. The
impact of coffee subtypes on incident cardiovascular disease, arrhythmias, and
mortality: long-term outcomes from the UK biobank. Eur J Prev Cardiol. (2022)
29(17):2240–9. doi: 10.1093/eurjpc/zwac189

4. Han Q, Chu J, Hu W, Liu S, Sun N, Chen X, et al. Association between coffee and
incident heart failure: a prospective cohort study from the UK biobank. Nutr Metab
Cardiovasc Dis. (2023) 33(11):2119–27. doi: 10.1016/j.numecd.2023.07.011

5. Stevens LM, Linstead E, Hall JL, Kao DP. Association between coffee intake and
incident heart failure risk: a machine learning analysis of the FHS, the Aric study, and
the CHS. Circ Heart Fail. (2021) 14(2):e006799. doi: 10.1161/CIRCHEARTFAILURE.
119.006799

6. Yamagata K. Do coffee polyphenols have a preventive action on metabolic
syndrome associated endothelial dysfunctions? An assessment of the current
evidence. Antioxidants (Basel). (2018) 7(2):26. doi: 10.3390/antiox7020026

7. Park S, Jang JS, Hong SM. Long-term consumption of caffeine improves glucose
homeostasis by enhancing insulinotropic action through islet insulin/insulin-like
growth factor 1 signaling in diabetic rats. Metab Clin Exp. (2007) 56(5):599–607.
doi: 10.1016/j.metabol.2006.12.004

8. Nwabuo CC, Betoko AS, Reis JP, Moreira HT, Vasconcellos HD, Guallar E, et al.
Coffee and tea consumption in the early adult lifespan and left ventricular function in
middle age: the cardia study. ESC Heart Fail. (2020) 7(4):1510–9. doi: 10.1002/ehf2.12684

9. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP.
The strengthening the reporting of observational studies in epidemiology (strobe)
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2025.1453106/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1453106/full#supplementary-material
https://doi.org/10.1093/cvr/cvac013
https://doi.org/10.1016/B978-0-12-398397-8.00012-5
https://doi.org/10.1016/B978-0-12-398397-8.00012-5
https://doi.org/10.1093/eurjpc/zwac189
https://doi.org/10.1016/j.numecd.2023.07.011
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006799
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006799
https://doi.org/10.3390/antiox7020026
https://doi.org/10.1016/j.metabol.2006.12.004
https://doi.org/10.1002/ehf2.12684
https://doi.org/10.3389/fcvm.2025.1453106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Ma et al. 10.3389/fcvm.2025.1453106
statement: guidelines for reporting observational studies. Lancet. (2007)
370(9596):1453–7. doi: 10.1016/S0140-6736(07)61602-X

10. Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM,
Swanson SA, et al. Strengthening the reporting of observational studies in
epidemiology using Mendelian randomization: the strobe-MR statement. JAMA.
(2021) 326(16):1614–21. doi: 10.1001/jama.2021.18236

11. Cole JB, Florez JC, Hirschhorn JN. Comprehensive genomic analysis of dietary
habits in UK biobank identifies hundreds of genetic associations. Nat Commun. (2020)
11(1):1467. doi: 10.1038/s41467-020-15193-0

12. Hoffmann TJ, Choquet H, Yin J, Banda Y, Kvale MN, Glymour M, et al. A large
multiethnic genome-wide association study of adult body mass Index identifies novel
loci. Genetics. (2018) 210(2):499–515. doi: 10.1534/genetics.118.301479

13. Christakoudi S, Evangelou E, Riboli E, Tsilidis KK. Gwas of allometric body-
shape indices in UK biobank identifies loci suggesting associations with
morphogenesis, organogenesis, adrenal cell renewal and cancer. Sci Rep. (2021)
11(1):10688. doi: 10.1038/s41598-021-89176-6

14. Loh PR, Kichaev G, Gazal S, Schoech AP, Price AL. Mixed-model association for
biobank-scale datasets. Nat Genet. (2018) 50(7):906–8. doi: 10.1038/s41588-018-0144-6

15. Barton AR, Sherman MA, Mukamel RE, Loh PR. Whole-exome imputation
within UK biobank powers rare coding variant association and fine-mapping
analyses. Nat Genet. (2021) 53(8):1260–9. doi: 10.1038/s41588-021-00892-1

16. Chen J, Spracklen CN, Marenne G, Varshney A, Corbin LJ, Luan J, et al. The
trans-ancestral genomic architecture of glycemic traits. Nat Genet. (2021)
53(6):840–60. doi: 10.1038/s41588-021-00852-9

17. Williamson A, Norris DM, Yin X, Broadaway KA, Moxley AH, Vadlamudi S,
et al. Genome-wide association study and functional characterization identifies
candidate genes for insulin-stimulated glucose uptake. Nat Genet. (2023)
55(6):973–83. doi: 10.1038/s41588-023-01408-9

18. Pirruccello JP, Bick A, Wang M, Chaffin M, Friedman S, Yao J, et al. Analysis of
cardiac magnetic resonance imaging in 36,000 individuals yields genetic insights into
dilated cardiomyopathy. Nat Commun. (2020) 11(1):2254. doi: 10.1038/s41467-020-
15823-7

19. Aung N, Vargas JD, Yang C, Fung K, Sanghvi MM, Piechnik SK, et al. Genome-
wide association analysis reveals insights into the genetic architecture of right
ventricular structure and function. Nat Genet. (2022) 54(6):783–91. doi: 10.1038/
s41588-022-01083-2

20. Larsson SC, Butterworth AS, Burgess S. Mendelian randomization for
cardiovascular diseases: principles and applications. Eur Heart J. (2023)
44(47):4913–24. doi: 10.1093/eurheartj/ehad736

21. Scosyrev E. Identification of causal effects using instrumental variables in
randomized trials with stochastic compliance. Biom J. (2013) 55(1):97–113. doi: 10.
1002/bimj.201200104

22. Burgess S, Thompson SG. Avoiding bias from weak instruments in
Mendelian randomization studies. Int J Epidemiol. (2011) 40(3):755–64. doi: 10.
1093/ije/dyr036

23. Levin MG, Judy R, Gill D, Vujkovic M, Verma SS, Bradford Y, et al. Genetics of
height and risk of atrial fibrillation: a Mendelian randomization study. PLoS Med.
(2020) 17(10):e1003288. doi: 10.1371/journal.pmed.1003288

24. VanderWeele TJ. Mediation analysis: a practitioner’s guide. Annu Rev Public
Health. (2016) 37:17–32. doi: 10.1146/annurev-publhealth-032315-021402

25. Carter AR, Gill D, Davies NM, Taylor AE, Tillmann T, Vaucher J, et al.
Understanding the consequences of education inequality on cardiovascular disease:
Mendelian randomisation study. BMJ. (2019) 365:l1855. doi: 10.1136/bmj.l1855

26. Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh PR, et al. An
atlas of genetic correlations across human diseases and traits. Nat Genet. (2015)
47(11):1236–41. doi: 10.1038/ng.3406

27. Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, Patterson N, et al. LD
score regression distinguishes confounding from polygenicity in genome-wide
association studies. Nat Genet. (2015) 47(3):291–5. doi: 10.1038/ng.3211

28. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using Gwas summary data. PLoS Genet. (2017) 13(11):
e1007081. doi: 10.1371/journal.pgen.1007081

29. Burgess S, Scott RA, Timpson NJ, Davey Smith G, Thompson SG. Using
published data in Mendelian randomization: a blueprint for efficient identification
of causal risk factors. Eur J Epidemiol. (2015) 30(7):543–52. doi: 10.1007/s10654-
015-0011-z

30. Lee CH, Cook S, Lee JS, Han B. Comparison of two meta-analysis methods:
inverse-variance-weighted average and weighted sum of Z-scores. Genomics Inform.
(2016) 14(4):173–80. doi: 10.5808/GI.2016.14.4.173

31. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40(4):304–14. doi: 10.1002/gepi.21965

32. 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(2):512–25. doi: 10.1093/ije/dyv080
Frontiers in Cardiovascular Medicine 12
33. Milligan BG. Maximum-likelihood estimation of relatedness. Genetics. (2003)
163(3):1153–67. doi: 10.1093/genetics/163.3.1153

34. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet Epidemiol. (2013)
37(7):658–65. doi: 10.1002/gepi.21758

35. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50(5):693–8. doi: 10.1038/s41588-
018-0099-7

36. O’Connor LJ, Price AL. Distinguishing genetic correlation from causation across
52 diseases and complex traits. Nat Genet. (2018) 50(12):1728–34. doi: 10.1038/
s41588-018-0255-0

37. Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace C,
et al. Bayesian test for colocalisation between pairs of genetic association studies using
summary statistics. PLoS Genet. (2014) 10(5):e1004383. doi: 10.1371/journal.pgen.
1004383

38. Cornelis MC, Byrne EM, Esko T, Nalls MA, Ganna A, Paynter N, et al. Genome-
wide meta-analysis identifies six novel loci associated with habitual coffee
consumption. Mol Psychiatry. (2015) 20(5):647–56. doi: 10.1038/mp.2014.107

39. Sulem P, Gudbjartsson DF, Geller F, Prokopenko I, Feenstra B, Aben KK, et al.
Sequence variants at Cyp1a1-Cyp1a2 and AHR associate with coffee consumption.
Hum Mol Genet. (2011) 20(10):2071–7. doi: 10.1093/hmg/ddr086

40. Beller E, Lorbeer R, Keeser D, Galiè F, Meinel FG, Grosu S, et al. Significant
impact of coffee consumption on MR-based measures of cardiac function in a
population-based cohort study without manifest cardiovascular disease. Nutrients.
(2021) 13:1275. doi: 10.3390/nu13041275

41. Simon J, Fung K, Raisi-Estabragh Z, Aung N, Khanji MY, Kolossváry M, et al.
Light to moderate coffee consumption is associated with lower risk of death: a UK
biobank study. Eur J Prev Cardiol. (2022) 29(6):982–91. doi: 10.1093/eurjpc/zwac008

42. Wu QQ, Xiao Y, Yuan Y, Ma ZG, Liao HH, Liu C, et al. Mechanisms
contributing to cardiac remodelling. Clin Sci (Lond). (2017) 131(18):2319–45.
doi: 10.1042/CS20171167

43. Edeas M. Strategies to target mitochondria and oxidative stress by antioxidants:
key points and perspectives. Pharm Res. (2011) 28(11):2771–9. doi: 10.1007/s11095-
011-0587-2

44. Fardoun MM, Maaliki D, Halabi N, Iratni R, Bitto A, Baydoun E, et al.
Flavonoids in adipose tissue inflammation and atherosclerosis: one arrow, two
targets. Clin Sci (Lond). (2020) 134(12):1403–32. doi: 10.1042/CS20200356

45. Xu H, Yu S, Lin C, Dong D, Xiao J, Ye Y, et al. Roles of flavonoids in ischemic
heart disease: cardioprotective effects and mechanisms against myocardial ischemia
and reperfusion injury. Phytomedicine. (2024) 126:155409. doi: 10.1016/j.phymed.
2024.155409

46. Ahmed A, Fusi F, Valoti M. Perivascular adipose tissue modulates the effects of
flavonoids on rat aorta rings: role of superoxide anion and Β(3) receptors. Pharmacol
Res. (2022) 180:106231. doi: 10.1016/j.phrs.2022.106231

47. Kampa RP, Sęk A, Szewczyk A, Bednarczyk P. Cytoprotective effects of the
flavonoid quercetin by activating mitochondrial BK(ca) channels in endothelial
cells. Biomed Pharmacother. (2021) 142:112039. doi: 10.1016/j.biopha.2021.112039

48. Kicinska A, Kampa RP, Daniluk J, Sek A, Jarmuszkiewicz W, Szewczyk A, et al.
Regulation of the mitochondrial BK(ca) channel by the citrus flavonoid naringenin as
a potential means of preventing cell damage. Molecules. (2020) 25:3010. doi: 10.3390/
molecules25133010

49. Matei AE, Beyer C, Györfi AH, Soare A, Chen CW, Dees C, et al. Protein kinases
G are essential downstream mediators of the antifibrotic effects of SGC stimulators.
Ann Rheum Dis. (2018) 77(3):459. doi: 10.1136/annrheumdis-2017-212489

50. Li N, Xi Y, Tinsley HN, Gurpinar E, Gary BD, Zhu B, et al. Sulindac selectively
inhibits colon tumor cell growth by activating the CGMP/PKG pathway to suppress
Wnt/Β-catenin signaling. Mol Cancer Ther. (2013) 12(9):1848–59. doi: 10.1158/
1535-7163.MCT-13-0048

51. Valdez RC, Ahlawat R, Wills-Karp M, Nathan A, Ezell T, Gauda EB. Correlation
between serum caffeine levels and changes in cytokine profile in a cohort of preterm
infants. J Pediatr. (2011) 158(1):57–64.e1. doi: 10.1016/j.jpeds.2010.06.051

52. Ohta A, Lukashev D, Jackson EK, Fredholm BB, Sitkovsky M.
1,3,7-Trimethylxanthine (caffeine) may exacerbate acute inflammatory liver injury
by weakening the physiological immunosuppressive mechanism. J Immunol. (2007)
179(11):7431–8. doi: 10.4049/jimmunol.179.11.7431

53. Sachse C, Brockmöller J, Bauer S, Roots I. Functional significance of a C–>a
polymorphism in intron 1 of the cytochrome P450 Cyp1a2 gene tested with
caffeine. Br J Clin Pharmacol. (1999) 47(4):445–9. doi: 10.1046/j.1365-2125.1999.
00898.x

54. Coppi F, Bucciarelli V, Sinigaglia G, Zanini G, Selleri V, Nasi M, et al. Sex related
differences in the Complex relationship between coffee, caffeine and atrial fibrillation.
Nutrients. (2023) 15:3299. doi: 10.3390/nu15153299

55. Huang Y, Shan Y, Zhang W, Lee AM, Li F, Stranger BE, et al. Deciphering
genetic causes for sex differences in human health through drug metabolism and
transporter genes. Nat Commun. (2023) 14(1):175. doi: 10.1038/s41467-023-35808-6
frontiersin.org

https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1038/s41467-020-15193-0
https://doi.org/10.1534/genetics.118.301479
https://doi.org/10.1038/s41598-021-89176-6
https://doi.org/10.1038/s41588-018-0144-6
https://doi.org/10.1038/s41588-021-00892-1
https://doi.org/10.1038/s41588-021-00852-9
https://doi.org/10.1038/s41588-023-01408-9
https://doi.org/10.1038/s41467-020-15823-7
https://doi.org/10.1038/s41467-020-15823-7
https://doi.org/10.1038/s41588-022-01083-2
https://doi.org/10.1038/s41588-022-01083-2
https://doi.org/10.1093/eurheartj/ehad736
https://doi.org/10.1002/bimj.201200104
https://doi.org/10.1002/bimj.201200104
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1371/journal.pmed.1003288
https://doi.org/10.1146/annurev-publhealth-032315-021402
https://doi.org/10.1136/bmj.l1855
https://doi.org/10.1038/ng.3406
https://doi.org/10.1038/ng.3211
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1007/s10654-015-0011-z
https://doi.org/10.1007/s10654-015-0011-z
https://doi.org/10.5808/GI.2016.14.4.173
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1093/genetics/163.3.1153
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0255-0
https://doi.org/10.1038/s41588-018-0255-0
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1038/mp.2014.107
https://doi.org/10.1093/hmg/ddr086
https://doi.org/10.3390/nu13041275
https://doi.org/10.1093/eurjpc/zwac008
https://doi.org/10.1042/CS20171167
https://doi.org/10.1007/s11095-011-0587-2
https://doi.org/10.1007/s11095-011-0587-2
https://doi.org/10.1042/CS20200356
https://doi.org/10.1016/j.phymed.2024.155409
https://doi.org/10.1016/j.phymed.2024.155409
https://doi.org/10.1016/j.phrs.2022.106231
https://doi.org/10.1016/j.biopha.2021.112039
https://doi.org/10.3390/molecules25133010
https://doi.org/10.3390/molecules25133010
https://doi.org/10.1136/annrheumdis-2017-212489
https://doi.org/10.1158/1535-7163.MCT-13-0048
https://doi.org/10.1158/1535-7163.MCT-13-0048
https://doi.org/10.1016/j.jpeds.2010.06.051
https://doi.org/10.4049/jimmunol.179.11.7431
https://doi.org/10.1046/j.1365-2125.1999.00898.x
https://doi.org/10.1046/j.1365-2125.1999.00898.x
https://doi.org/10.3390/nu15153299
https://doi.org/10.1038/s41467-023-35808-6
https://doi.org/10.3389/fcvm.2025.1453106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Ma et al. 10.3389/fcvm.2025.1453106
56. Ou-Yang DS, Huang SL, Wang W, Xie HG, Xu ZH, Shu Y, et al. Phenotypic
polymorphism and gender-related differences of Cyp1a2 activity in a Chinese population.
Br J Clin Pharmacol. (2000) 49(2):145–51. doi: 10.1046/j.1365-2125.2000.00128.x

57. van der Weide J, Steijns LS, van Weelden MJ. The effect of smoking and
cytochrome P450 Cyp1a2 genetic polymorphism on clozapine clearance and dose
requirement. Pharmacogenetics. (2003) 13(3):169–72. doi: 10.1097/00008571-
200303000-00006

58. O’Connell MB, Frye RF, Matzke GR, St Peter JV, Willhite LA, Welch MR, et al.
Effect of conjugated equine estrogens on oxidative metabolism in middle-aged and
elderly postmenopausal women. J Clin Pharmacol. (2006) 46(11):1299–307. doi: 10.
1177/0091270006292249

59. Tracy TS, Venkataramanan R, Glover DD, Caritis SN. Temporal changes in drug
metabolism (Cyp1a2, Cyp2d6 and Cyp3a activity) during pregnancy. Am J Obstet
Gynecol. (2005) 192(2):633–9. doi: 10.1016/j.ajog.2004.08.030

60. Pollock BG, Wylie M, Stack JA, Sorisio DA, Thompson DS, Kirshner MA, et al.
Inhibition of caffeine metabolism by estrogen replacement therapy in postmenopausal
women. J Clin Pharmacol. (1999) 39(9):936–40. doi: 10.1177/00912709922008560

61. Cornelis MC, El-Sohemy A, Kabagambe EK, Campos H. Coffee, Cyp1a2
genotype, and risk of myocardial infarction. JAMA. (2006) 295(10):1135–41.
doi: 10.1001/jama.295.10.1135

62. Palatini P, Benetti E, Mos L, Garavelli G, Mazzer A, Cozzio S, et al. Association
of coffee consumption and Cyp1a2 polymorphism with risk of impaired fasting
glucose in hypertensive patients. Eur J Epidemiol. (2015) 30(3):209–17. doi: 10.
1007/s10654-015-9990-z

63. Hu GL, Wang X, Zhang L, Qiu MH. The sources and mechanisms of bioactive
ingredients in coffee. Food Funct. (2019) 10(6):3113–26. doi: 10.1039/C9FO00288J

64. Kocken JMM, da Costa Martins PA. Epigenetic regulation of pulmonary arterial
hypertension-induced vascular and right ventricular remodeling: new opportunities?
Int J Mol Sci. (2020) 21:8901. doi: 10.3390/ijms21238901

65. Li QY, Zhu YF, Zhang M, Chen L, Zhang Z, Du YL, et al. Chlorogenic acid
inhibits hypoxia-induced pulmonary artery smooth muscle cells proliferation via
C-src and shc/Grb2/Erk2 signaling pathway. Eur J Pharmacol. (2015) 751:81–8.
doi: 10.1016/j.ejphar.2015.01.046

66. Gong FF, Coller JM, McGrady M, Boffa U, Shiel L, Liew D, et al. Age-
Related longitudinal change in cardiac structure and function in adults at
increased cardiovascular risk. ESC Heart Fail. (2020) 7(3):1344–61. doi: 10.1002/ehf2.12687

67. Dludla PV, Cirilli I, Marcheggiani F, Silvestri S, Orlando P, Muvhulawa N, et al.
Potential benefits of coffee consumption on improving biomarkers of oxidative stress
and inflammation in healthy individuals and those at increased risk of cardiovascular
disease. Molecules. (2023) 28:6440. doi: 10.3390/molecules28186440

68. Panchal SK, Poudyal H, Waanders J, Brown L. Coffee extract attenuates changes
in cardiovascular and hepatic structure and function without decreasing obesity in
high-carbohydrate, high-fat diet-fed male rats. J Nutr. (2012) 142(4):690–7. doi: 10.
3945/jn.111.153577

69. Yuan S, Carter P, Mason AM, Burgess S, Larsson SC. Coffee consumption and
cardiovascular diseases: a Mendelian randomization study. Nutrients. (2021) 13:2218.
doi: 10.3390/nu13072218
Frontiers in Cardiovascular Medicine 13
70. Del Giorno R, Scanzio S, De Napoli E, Stefanelli K, Gabutti S, Troiani C,
et al. Habitual coffee and caffeinated beverages consumption is
inversely associated with arterial stiffness and central and peripheral blood
pressure. Int J Food Sci Nutr. (2022) 73(1):106–15. doi: 10.1080/09637486.2021.
1926935

71. Yamaji T, Harada T, Hashimoto Y, Nakano Y, Kajikawa M, Yoshimura K, et al.
Relationship of daily coffee intake with vascular function in patients with
hypertension. Nutrients. (2022) 14:2719. doi: 10.3390/nu14132719

72. Senftinger J, Nikorowitsch J, Borof K, Ojeda F, Aarabi G, Beikler T, et al. Coffee
consumption and associations with blood pressure, LDL-cholesterol and
echocardiographic measures in the general population. Sci Rep. (2023) 13(1):4668.
doi: 10.1038/s41598-023-31857-5

73. Gorji Z, Varkaneh HK, Talaei S, Nazary-Vannani A, Clark CCT, Fatahi S, et al.
The effect of green-coffee extract supplementation on obesity: a systematic review and
dose-response meta-analysis of randomized controlled trials. Phytomedicine. (2019)
63:153018. doi: 10.1016/j.phymed.2019.153018

74. Watanabe T, Kobayashi S, Yamaguchi T, Hibi M, Fukuhara I, Osaki N. Coffee
abundant in chlorogenic acids reduces abdominal fat in overweight adults: a
randomized, double-blind, controlled trial. Nutrients. (2019) 11:1617. doi: 10.3390/
nu11071617

75. Lee A, Lim W, Kim S, Khil H, Cheon E, An S, et al. Coffee intake and obesity: a
meta-analysis. Nutrients. (2019) 11:1274. doi: 10.3390/nu11061274

76. Lee J, Kim HY, Kim J. Coffee consumption and the risk of obesity in Korean
women. Nutrients. (2017) 9:1340. doi: 10.3390/nu9121340

77. Henn M, Glenn AJ, Willett WC, Martínez-González MA, Sun Q, Hu FB.
Changes in coffee intake, added sugar and long-term weight gain—results from
three large prospective US cohort studies. Am J Clin Nutr. (2023) 118(6):1164–71.
doi: 10.1016/j.ajcnut.2023.09.023

78. Wu L, Meng J, Shen Q, Zhang Y, Pan S, Chen Z, et al. Caffeine inhibits
hypothalamic a(1)R to excite oxytocin neuron and ameliorate dietary obesity in
mice. Nat Commun. (2017) 8:15904. doi: 10.1038/ncomms15904

79. Nwabuo CC, Vasan RS. Pathophysiology of hypertensive heart disease: beyond
left ventricular hypertrophy. Curr Hypertens Rep. (2020) 22(2):11. doi: 10.1007/
s11906-020-1017-9

80. Chen HHL, Bhat A, Gan GCH, Khanna S, Ahlenstiel G, Negishi K, et al. The
impact of body mass Index on cardiac structure and function in a cohort of obese
patients without traditional cardiovascular risk factors. Int J Cardiol Cardiovasc Risk
Prevent. (2023) 19:200211. doi: 10.1016/j.ijcrp.2023.200211

81. Chahal H, McClelland RL, Tandri H, Jain A, Turkbey EB, Hundley WG, et al.
Obesity and right ventricular structure and function: the mesa-right ventricle study.
Chest. (2012) 141(2):388–95. doi: 10.1378/chest.11-0172

82. Gomez CO, Rammohan R, Romero-Funes D, Sarmiento-Cobos M, Gutierrez D,
Menzo EL, et al. Bariatric surgery improves heart geometry and plasticity. Obes Surg.
(2022) 32(7):1–6. doi: 10.1007/s11695-022-06016-w

83. Ren J, Wu NN, Wang S, Sowers JR, Zhang Y. Obesity cardiomyopathy: evidence,
mechanisms, and therapeutic implications. Physiol Rev. (2021) 101(4):1745–807.
doi: 10.1152/physrev.00030.2020
frontiersin.org

https://doi.org/10.1046/j.1365-2125.2000.00128.x
https://doi.org/10.1097/00008571-200303000-00006
https://doi.org/10.1097/00008571-200303000-00006
https://doi.org/10.1177/0091270006292249
https://doi.org/10.1177/0091270006292249
https://doi.org/10.1016/j.ajog.2004.08.030
https://doi.org/10.1177/00912709922008560
https://doi.org/10.1001/jama.295.10.1135
https://doi.org/10.1007/s10654-015-9990-z
https://doi.org/10.1007/s10654-015-9990-z
https://doi.org/10.1039/C9FO00288J
https://doi.org/10.3390/ijms21238901
https://doi.org/10.1016/j.ejphar.2015.01.046
https://doi.org/10.1002/ehf2.12687
https://doi.org/10.3390/molecules28186440
https://doi.org/10.3945/jn.111.153577
https://doi.org/10.3945/jn.111.153577
https://doi.org/10.3390/nu13072218
https://doi.org/10.1080/09637486.2021.1926935
https://doi.org/10.1080/09637486.2021.1926935
https://doi.org/10.3390/nu14132719
https://doi.org/10.1038/s41598-023-31857-5
https://doi.org/10.1016/j.phymed.2019.153018
https://doi.org/10.3390/nu11071617
https://doi.org/10.3390/nu11071617
https://doi.org/10.3390/nu11061274
https://doi.org/10.3390/nu9121340
https://doi.org/10.1016/j.ajcnut.2023.09.023
https://doi.org/10.1038/ncomms15904
https://doi.org/10.1007/s11906-020-1017-9
https://doi.org/10.1007/s11906-020-1017-9
https://doi.org/10.1016/j.ijcrp.2023.200211
https://doi.org/10.1378/chest.11-0172
https://doi.org/10.1007/s11695-022-06016-w
https://doi.org/10.1152/physrev.00030.2020
https://doi.org/10.3389/fcvm.2025.1453106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Evaluating the effects of coffee consumption on the structure and function of the heart from multiple perspectives
	Introduction
	Methods
	Study design
	Data source
	Genetic IV selection criteria
	Mediation analysis and mediation effects
	Genetic association and direction validation
	MR analysis
	Statistical analysis for MR
	Colocalization analysis

	Results
	Selection of IVs
	Effect of coffee consumption on cardiac parameters
	Effect of coffee consumption on cardiac metabolic factors
	Effect of cardiac metabolic factors on cardiac parameters
	Effect of DBP on cardiac parameters
	Effect of BMI on cardiac parameters
	Effect of WHRadjBMI on cardiac parameters in men
	Effect of 2hGLU on cardiac parameters
	Effect of ISIadjBMI on cardiac parameters
	Effect of IFCadjBMI on cardiac parameters

	Proportion of the mediatory effect of DBP and BMI
	Sensitivity analysis
	Genetic association and direction validation
	Colocalization analysis

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


