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Causal relationships between
inflammatory mediators, sleep
traits, and cardiac magnetic
resonance imaging-derived cardiac
phenotypes
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This study investigated the causal relationships between cytokines, chemokines, neutrophil-related
factors, sleep traits, and CMR-derived cardiovascular phenotypes using two-sample Mendelian
randomization (MR) analysis. The primary method employed was inverse variance weighted (IVW)
analysis, supplemented with MR-Egger and weighted median analyses. We identified 24 significant
associations, excluding the SNP rs2001329 related to sleep duration. Notably, CXCL9 showed a strong
association with right ventricular peak atrial filling rate (OR =587.45), while IL-5 was associated with
right ventricular stroke volume (OR =2.45). IL-7 and IL-18 significantly impacted four CMR-derived
phenotypes each. Left ventricular ejection fraction was frequently affected by IL-1f, IL-18, CCL2,
CXCL9, and NETSs. Sensitivity analyses indicated minimal pleiotropy or heterogeneity except for sleep
duration. This research highlights crucial cytokines and chemokines that modulate cardiac function
through their relationships with cardiovascular phenotypes.
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Cardiovascular diseases (CVDs) are a leading cause of mortality worldwide, affecting approximately 523 million
people! and accounting for nearly 32% of all global deaths annually?. These conditions, including coronary artery
disease, heart failure, and stroke, present a significant public health challenge due to their complex etiologies and
substantial burden on healthcare systems®. Cardiovascular magnetic resonance imaging (CMR) is essential for
assessing detailed cardiac phenotypes, including ventricular volumes, function, and tissue characterization, in
CVD. It allows for the precise measurement of cardiac parameters, such as left and right ventricular volumes and
ejection rates, facilitating early identification of subclinical abnormalities and improving diagnostic accuracy
before clinically evident CVD develops®. However, CVD is not only driven by structural heart changes, but also
results from a variety of interconnected processes, including metabolic®, genetic6, and environmental factors’,
which contribute to the initiation and progression of cardiovascular pathology. Understanding the causal effects
of these factors on CMR-derived phenotypes is crucial for identifying how they directly influence cardiac
structure and function, which can enhance early diagnosis and guide personalized treatment strategies for CVD.

Inflammatory factors play a critical role in the pathogenesis of CVD by promoting endothelial dysfunction,
atherosclerosis, and adverse myocardial remodeling®. Cytokines and chemokines initiate and propagate
inflammatory cascades that result in vascular injury and plaque formation, contributing to the development
of atherosclerosis and plaque instability’. Neutrophil extracellular traps (NETs), which are released during
inflammation, have been implicated in vascular thrombosis!® and further aggravate endothelial damage!!.
These processes can lead to myocardial fibrosis, edema, and ventricular dysfunction, all of which are detectable
using CMR!2. Sleep disturbances further exacerbate cardiovascular risk by increasing systemic inflammation
and autonomic dysregulation. Poor sleep quality has been associated with elevated levels of pro-inflammatory
cytokines and oxidative stress, which can impair myocardial relaxation and contractility, leading to cardiac
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remodeling and dysfunction'®. Given these interactions, investigating the causal relationships between

inflammatory factors and sleep traits with CMR-derived cardiac phenotypes is essential to clarify their specific
roles in CVD progression and to inform targeted therapeutic strategies.

In this study, we aimed to investigate the causal relationships between inflammatory factors, sleep traits, and
CMR-derived cardiovascular phenotypes. To achieve this, we employed Mendelian randomization (MR), an
analytical method that uses genetic variants as instrumental variables (IVs) to infer causal relationships between
exposures and outcomes, thereby minimizing confounding factors and reverse causation'*. We utilized large-
scale GWAS datasets covering 27 exposures (13 cytokines, 3 chemokines, 4 neutrophil-related factors, 5 sleep
traits) from 29 datasets and 17 CMR-derived cardiovascular phenotypes from 19 datasets, with sample sizes
ranging from thousands to over 460,000 individuals, providing strong statistical power for detecting associations.
By using these extensive data sources, we explored whether genetic predispositions related to inflammatory and
sleep-related factors directly impact CMR-derived cardiac phenotypes. Establishing these causal relationships
will provide critical insights into how systemic inflammation and sleep disruptions contribute to CVD
development by impacting cardiac structure and function, potentially identifying new therapeutic targets and
strategies for improving cardiovascular health.

Methods

Study design

A two-sample Mendelian Randomization (MR) analysis was employed to investigate the causal relationships
between cytokines, chemokines, neutrophil-related factors, sleep characteristics, and CMR-derived phenotypes.
IVs were selected based on their strong association with the exposure, their independence from confounding
factors affecting the exposure-outcome relationship, and their exclusive effect on the outcome through the
exposure!'®. The study design followed a robust MR framework, including the selection of SNPs as IVs, MR
analysis, and sensitivity assessment (Fig. 1). Summary data were obtained from published studies and public
databases. No ethics approval was needed.

Exposure data

The genetic instruments for cytokines, chemokines, and neutrophil-related traits were sourced from the GWAS
Catalog. These exposures included circulating levels of IFN-y, IL-2, IL-1f, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-
13, IL-18, TNF-a, TNF-fB, CCL2, CXCL9, CXCL10, myeloperoxidase, myeloperoxidase-DNA complexes, NETSs,
and neutrophil count (Table S1). GWAS data for chronotype were sourced from a published study'>. Data for
other sleep traits, including sleep duration and nap during the day, were obtained from the UK Biobank database
or the GWAS Catalog (Table S2). All exposure GWASs were conducted in European-ancestry populations. For
traits with multiple GWAS sources in the GWAS Catalog, we selected the dataset with the largest sample size,
and when sample sizes were comparable, we prioritized the most recent study.

Outcome data

The CMR-derived phenotypes used as outcomes included left and right ventricular structure and function
measurements. These data were sourced from previously published GWAS conducted in European-ancestry
individuals'®!” and summarized in Table S3.
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Fig. 1. Flowchart of Mendelian randomization (MR) analysis for causal relationships between inflammatory
factors, sleep traits, and cardiac magnetic resonance imaging (CMR)-derived cardiovascular phenotypes.
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IV selection

SNPs were selected as IVs using a structured approach. First, SNPs with a p-value less than 5 x 1078 were selected.
For traits with less than 4 SNPs meeting this threshold, a relaxed criterion of p<5x 107° was applied'®!°. Next,
SNPs with a minimum allele frequency (MAF) greater than 0.01 were selected®®. SNPs exhibiting linkage
disequilibrium (LD) were excluded based on an R? threshold of less than 0.001 within a 10,000 kb window to
eliminate confounding LD effects®!. The strength of each SNP as an IV was assessed by calculating the F-statistic
to mitigate the potential bias from weak instruments. The F-statistic was calculated using the formula F=R?
x (N-2) / (1-R?). R represents the proportion of variance in the exposure explained by the SNP?2. An SNP
was considered robust if its F-statistic exceeded 10. For a complementary sensitivity analysis, IV selection was
repeated using a relaxed clumping threshold (R” < 0.1, + 120 kb window) to assess the robustness of the findings
to LD pruning parameters.

MR analysis

The causal association between exposure and outcome was primarily evaluated using the inverse variance
weighted (IVW) method by calculating odds ratios (ORs) and 95% confidence intervals (Cls)**. MR-Egger,
weighted median estimator, and weighted mode were used as supplementary analysis methods?*.

Sensitivity analysis

Sensitivity analyses were used to detect heterogeneity and pleiotropy in MR studies. Heterogeneity among IVs
was assessed using Cochran’s Q test, with significance considered when p <0.05. The presence of horizontal
pleiotropy was detected using the MR-Egger regression method; a non-zero intercept suggests pleiotropy. Outliers
(SNPs with p<0.05) were identified using the MR pleiotropy residual sum and outlier test (MR-PRESSO). By
excluding these outliers, the causal associations were recalculated to correct for horizontal pleiotropy. Leave-one-
out (LOO) analysis was conducted to assess the robustness of the results. Additionally, to assess the robustness of
our findings to instrument selection criteria, we performed a second-round sensitivity analysis using a relaxed
LD clumping threshold (R? < 0.1, + 120 kb window).

Statistical analysis

All analyses were conducted using R version 4.0.5 and the “TwoSampleMR” package. Causal estimates were
considered statistically significant at p <0.05. P-values were additionally adjusted for multiple testing using the
Benjamini-Hochberg (B-H) method. Data were visualized using forest plots, scatter plots, and funnel plots.

Results

IV selection

This study selected a variety of SNPs for different traits, ranging from 5 SNPs for IL-1B, TNF-a, and TNF-
to 1,001 SNPs for chronotype. The mean F-statistics for these traits ranged from 1.270797 for chronotype to
112.1276 for neutrophil count, with most traits exhibiting mean F-statistics above 20, indicating that the selected
instruments are generally strong and reliable. Details of the IVs are shown in Table S4.

Causal effects of chemokines, cytokines, and neutrophil-related factors on CMR-derived
cardiac phenotypes

The IVW analysis identified 19 significant associations between cytokines and cardiac phenotypes, 4 for
chemokines, and 1 for neutrophil-related factors (Table 1). IL-7 and IL-18 showed the most frequent associations,
each linked to 4 different cardiac phenotypes. Notably, CXCL9 was positively associated with both left ventricular
ejection fraction (LVEF) and right ventricular peak atrial filling rate (RVPFR), with the latter showing an
exceptionally strong association (OR =587.4485, 95% CI=1.9601-176057.7565, p=0.0284, adjusted p=0.355),
suggesting a potential role in cardiac function. In addition, IL-5 exhibited a nominally significant associations
with right ventricular function, particularly with right ventricular stroke volume (RVSV; OR=2.4489, 95%
CI=1.0113-5.9302, p=0.0472, adjusted p=0.461). Scatter, forest, and funnel plots further supported the
robustness of these associations. LOO analysis suggested that no single SNP disproportionately influenced the
observed associations (Fig. SI and S2). Additionally, NETs showed a minimal positive association with LVEF
(OR=1.0132,95% CI=1.002-1.0245, p=0.0208, adjusted p=0.302). Although none of the associations survived
B-H correction, the findings highlight CXCL9, IL-5, IL-7, and IL-18 as potentially relevant factors in left and
right ventricular function.

Causal effects of sleep traits on CMR-derived cardiac phenotypes

For sleep traits, only sleep duration showed a significant association with a reduction in right ventricular end-
systolic volume (RVESV; OR=0.0962, 95% CI=0.0098-0.9436, p=0.0444). The complete results of the MR
analysis using IVW and supplementary methods are presented in the supplementary materials.

Sensitivity analysis

To assess heterogeneity and pleiotropy in the significant associations identified in IVW analysis, we calculated
the Q statistic (IVW) and MR-Egger intercept. Most exposures showed no significant heterogeneity or
pleiotropy, indicating robustness in the findings. However, sleep duration showed mild heterogeneity (Q=286.97,
p=0.0429) in its association with RVESV (Table 2). To detect and correct for outlier effects in the identified
causal relationships, we employed the MR-PRESSO method. The results showed that sleep duration maintained
significant effects on RVESV after correcting for outliers (global p-value=0.03) (Table 3). However, further
analysis of sleep duration revealed that when the genetic variant rs2001329 was excluded, the heterogeneity
in the association with RVESV decreased (Q=74.838, p=0.18926 vs. Q=286.97399, p=0.042871), suggesting
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Adjusted
Exposure Outcome N.SNPs | OR (95% CI) p-value | p-value
Cytokines
IL-1f Left ventricular ejection fraction (GCST009395) 3 1.1076 (1.0021-1.2241) 0.0454 |0.329
IL-1B Right ventricular peak atrial filling rate 5 3e-04 (0-0.1371) 0.0097 | 0.241
IL-2 Right ventricular peak ejection rate 17 0.079 (0.0066-0.9444) 0.0449 | 0.451
IL-2 Left ventricular peak ejection rate 17 0.0594 (0.0041-0.8637) 0.0387 | 0.302
IL-5 Right ventricular stroke volume 4 2.4489 (1.0113-5.9302) 0.0472 | 0.461
IL-5 Right ventricular ejection fraction 4 1.4699 (1.0468-2.064) 0.0261 |0.295
1L-7 Left ventricular end-diastolic volume (GCST90268124) 18 0.4652 (0.2235-0.968) 0.0407 | 0.569
IL-7 Left ventricular end diastolic mass 18 0.6334 (0.4243-0.9457) 0.0255 |0.741
IL-7 Right ventricular end diastolic volume 17 0.4026 (0.1868-0.8677) 0.0202 | 0.477
1L-7 Right ventricular stroke volume 17 0.5473 (0.336-0.8913) 0.0154 | 0.447
1L-8 Right ventricular ejection fraction 15 1.5396 (1.0804-2.1939) 0.0169 | 0.295
IL-10 Left ventricular mass to end-diastolic volume ratio 5 1.0908 (1.0083-1.1801) 0.0304 |0.73
IL-18 %:tlztoventricular end-diastolic mass-to-end diastolic volume 20 0.9958 (0.9925-0.9992) 00148 | 0.964
1L-18 Left ventricular ejection fraction (GCST009395) 17 1.0637 (1.0015-1.1298) 0.0447 |0.329
IL-18 Left ventricular peak ejection rate 15 0.0978 (0.0104-0.9163) 0.0417 | 0.302
IL-18 Right ventricular peak atrial filling rate 16 0.076 (0.0062-0.9379) 0.0444 | 0.37
INF-y Right ventricular stroke volume 17 0.6249 (0.3924-0.9953) 0.0477 | 0.461
INF-y Right ventricular ejection fraction 17 0.8103 (0.6697-0.9805) 0.0306 | 0.295
INF-y Left ventricular peak ejection rate 17 0.0467 (0.0028-0.7762) 0.0326 | 0.302
Chemokines
CCL2 Left ventricular ejection fraction (GCST009395) 13 0.9181 (0.8543-0.9867) 0.0201 | 0.302
CXCL9 Left ventricular ejection fraction (GCST90268125) 8 1.4812 (1.0419-2.1058) 0.0286 | 0.799
CXCL9 Right ventricular peak atrial filling rate 8 587.4485 (1.9601-176057.7565) | 0.0284 | 0.355
CXCL10 Left ventricular structure 7 1.0043 (1.0006-1.0081) 0.0229 |0.535
Neutrophil-related factors
NETs Left ventricular ejection fraction (GCST009395) 15 1.0132 (1.002-1.0245) 0.0208 | 0.302
Sleep factors
Sleep Duration Right ventricular end systolic volume 67 0.0962 (0.0098-0.9436) 0.0444 | 0.554
2;%% IDS‘Z‘;";“O“ (excluding | picht ventricular end systolic volume 66 0.1467 (0.0171-1.2589) 0.0801 |NA

Table 1. Causal effects of cytokines, chemokines, neutrophil-related factors, and sleep traits on cardiac
magnetic resonance Imaging-derived cardiac phenotypes by IVW analysis (p <0.05).

that rs2001329 might contribute to the observed heterogeneity and potentially distorting the association. After
its exclusion, the association between sleep duration and RVESV became non-significant (OR=0.1467, 95%
CI=0.0171-1.2589, p=0.0801; Table 1), suggesting that rs2001329 may affect the initial association observed
between the two traits. In addition, for CXCL10-RVPEFR association, the discrepancy between IVW and MR-
Egger estimates (Fig. S1C) prompted further scrutiny. However, the MR-Egger intercept was not significant
(p>0.05; Table 2), MR-PRESSO did not detect any significant outliers (Table 3), and LOO analysis confirmed
that no single SNP disproportionately influenced the result (Fig. S1D), suggesting minimal bias from pleiotropy
or influential variants.

To further assess the robustness of our findings, we performed a second-round sensitivity analysis using
relaxed clumping (R* < 0.1, +£120 kb window) for IV selection. SNP counts ranged from 1 to 5964, and the
mean F-statistics ranged from 1.37 (chronotype) to 112.13 (neutrophil count). Exposures with <3 SNPs (e.g.,
IL-5, IL-7, CXCL9) were excluded due to limited power. Chronotype and neutrophil count were omitted due to
the computational burden associated with their extremely large IV sets (Table S5). Among the IVW-significant
associations (bolded in Table S6), sleep duration-RVESV showed both strong heterogeneity (Q=267.63,
p <0.001) and nominal pleiotropy (intercept p=0.02, adjusted p=0.18), whereas CXCL10-left ventricular
structure showed heterogeneity (Q=15.58, p=0.016). MR-PRESSO identified significant horizontal pleiotropy
in both the sleep duration-RVESV (global p <0.0003) and CXCL10-left ventricular structure (global p =0.0254)
associations, each driven by a single outlier (rs10838136 and rs75751338, respectively). However, the distortion
tests were non-significant (sleep duration: p=0.806; CXCL10: p =0.466), indicating that removal of the outlier
did not substantially alter the causal estimates (Table S7). These findings suggest that the observed associations
were robust to alternative instrument selection thresholds.
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Heterogeneity Pleiotropy

Exposure Outcome Q statistic(IVW) | Pvalue | MR-Egger Intercept | P value
CCL2 Left ventricular ejection fraction (GCST009395) 12.84899 0.380112 | *N/A N/A
CXCL10 left ventricular structural 8.874047 0.180786 | -0.00899 0.25007
CXCL9 Right ventricular peak atrial filling rate 6.989999 0.429922 | 0.021097 0.148165
CXCL9 Left ventricular ejection fraction (GCST90268125) 5.221955 0.632897 | 0.00273 0.721321
IL-1f Left ventricular ejection fraction (GCST009395) N/A N/A -0.13478 0.246983
IL-1pB Right ventricular peak atrial filling rate 4.393823 0.355324 | -0.05344 0.633607
IL-2 Right ventricular peak ejection rate 15.62175 0.479657 | -0.00377 0.970741
IL-2 Left ventricular peak ejection rate 12.37348 0.717895 | 0.023868 0.524718
IL-5 Right ventricular stroke volume 3.070618 0.380865 | -0.05231 0.25766
IL-5 Right ventricular ejection fraction 1.807328 0.613342 | -0.00059 0.216866
IL-7 Right ventricular end diastolic volume 14.55995 0.557073 | 0.060291 0.915456
IL-7 Right ventricular stroke volume 17.80626 0.335364 | -1.49548 0.24708
IL-7 Left ventricular end diastolic mass 7.267913 0.979807 | -1.22945 0.281204
1L-7 Left ventricular end-diastolic volume (GCST90268124) 9.018566 0.939678 | -0.0604 0.723395
IL-8 Right ventricular ejection fraction 12.94179 0.531112 | 0.074843 0.286839
IL-10 Left ventricular mass to end-diastolic volume ratio 3.76307 0.439019 | 0.000342 0.659905
1L-18 Left ventricular ejection fraction (GCST009395) 20.07187 0.217001 | 0.01469 0.902915
IL-18 Left ventricular end diastolic mass end diastolic volume ratio | 24.41262 0.180798 | -0.11672 0.523285
IL-18 Right ventricular peak atrial filling rate 17.65092 0.281462 | -0.02787 0.401442
IL-18 Left ventricular peak ejection rate 11.00676 0.685505 | 0.149582 0.635638
INE-y Right ventricular stroke volume 9.996875 0.866791 | -0.31063 0.470359
INF-y Right ventricular ejection fraction 17.79866 0.335818 | 1.124296 0.139858
INF-y Left ventricular peak ejection rate 13.75236 0.617156 | -0.16686 0.73127
NETs Left ventricular ejection fraction(GCST009395) 13.32507 0.501102 | 0.021097 0.148165
Sleep duration Right ventricular end systolic volume 86.97399 0.042871 | 0.047801 0.521244
Sleep duration (excluding rs2001329) | Right ventricular end systolic volume 74.838 0.18926 | 0.055866 0.550918

Table 2. Heterogeneity and Pleiotropy analyses of the IVW results with p < 0.05. “The number of SNPs did not
meet the threshold for pleiotropy and heterogeneity analysis.

Discussion

This study identified 24 significant associations between cytokines, chemokines, and neutrophil-related
factors with CMR-derived cardiac phenotypes. Notably, IL-7 and IL-18 were each linked to 4 distinct cardiac
phenotypes, indicating their broad impact on cardiac function. Among chemokines, CXCL9 exhibited
significant positive associations with both LVEF and RVPER, with the latter showing an exceptionally strong
association. IL-5 was significantly associated with RVSYV, highlighting its role in right ventricular function.
Additionally, NETs showed a minimal positive association with LVEE For sleep traits, sleep duration initially
exhibited a significant association with reduced RVESV. However, after excluding the genetic variant rs2001329,
this association became non-significant. These findings suggest that utilizing CMR-derived phenotypes provides
precise and comprehensive insights into cardiac structure and function, which is crucial for accurately assessing
how inflammatory factors influence cardiovascular health.

CXCL9 is a chemokine known for its role in immune activation and T-cell recruitment?® and has
been increasingly linked to cardiovascular inflammation and disease progression®. In our study, CXCL9
demonstrated strong positive associations with both RVPFR and LVEE. While these increases might initially
suggest improved cardiac function, it is essential to consider the broader context of inflammation’s role in
cardiac physiology. Acute inflammatory responses can activate reparative immune pathways, which may
account for the observed associations as part of a short-term compensatory mechanism in cardiac function?’.
However, chronic inflammation is associated with adverse effects such as fibrosis and ventricular remodeling,
indicating that sustained CXCL9 activation could lead to long-term detrimental outcomes in cardiac health®.
The unusually large effect of CXCL9 on RVPFR may indicate that the right ventricle, which is more susceptible
to pressure overload and inflammatory stress®, experiences a heightened response to inflammation. While an
increase in RVPFR might reflect an initial adaptive response, prolonged elevation could lead to right ventricular
overload, diastolic dysfunction, and eventual heart failure". Similarly, the positive association with LVEF
suggests that CXCL9 could transiently enhance systolic function, but over time, chronic inflammation could
impair contractility and promote heart failure through structural remodeling®’. Thus, the positive associations
between CXCL9 and cardiac function metrics likely reflect a complex interaction, underscoring the dual role of
inflammation in cardiac physiology.

In this study, IL-5 demonstrated the second strongest positive association, after CXCL9, with RVSV and
RVEE reflecting a notable increase in RV function. IL-5 is a cytokine primarily involved in immune regulation,
particularly through eosinophil activation and B cell differentiation®2. IL-5 has been shown to promote cardiac

Scientific Reports|  (2025) 15:25118 | https://doi.org/10.1038/s41598-025-10929-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Raw Outlier corrected Number
Global | of Distortion

Exposure Outcome OR (CI%) P OR (CI%) P P outliers | P
CCL2 Left ventricular ejection fraction (GCST009395) 0.9181 (0.8543-0.9867) | 0.038447 | NA (NA - NA) | NA 0.366 NA NA
CXCL9 Right ventricular peak atrial filling rate g;é;(ig‘;g;)'% - 0.057657 | NA (NA - NA) | NA 0531 |NA NA
CXCL9 Left ventricular ejection fraction(GCST90268125) | 1.5249 (1.1594-2.0056) | 0.016603 | NA (NA - NA) | NA 0.735 NA NA
CXCL10 left ventricular structural 1.0043 (1.0006-1.0081) | 0.063205 | NA (NA - NA) | NA 0.228 NA NA
IL-1B Left ventricular ejection fraction (GCST009395) NA (NA - NA) NA NA (NA - NA) | NA 0.859 NA NA
IL-1B Right ventricular peak atrial filling rate 3e-04 (0-0.1371) 0.060824 | NA (NA - NA) | NA 0.521 | NA NA
IL-2 Right ventricular peak ejection rate 0.079 (0.0068-0.9169) | 0.059398 | NA (NA - NA) | NA 0.517 |NA NA
1L-2 Left ventricular peak ejection rate 0.0594 (0.0056-0.6254) | 0.031888 | NA (NA - NA) | NA 0.708 NA NA
1L-5 Right ventricular stroke volume 1.7737 (0.6577-4.7836) | 0.320823 | NA (NA - NA) | NA 0.227 NA NA
1L-5 Right ventricular ejection fraction 1.2544 (0.8375-1.879) | 0.333186 | NA (NA - NA) | NA 0.192 | NA NA
1L-7 Left ventricular end diastolic mass 0.6334 (0.4874-0.8232) | 0.003298 | NA (NA - NA) | NA 0.978 NA NA
L7 (Léfé‘s’?;g;‘gf; f)“d'di"‘s“’“c volume 0.4652 (0.2728-0.7933) | 0.012038 | NA (NA - NA) | NA 0952 |NA NA
IL-7 Right ventricular stroke volume 0.5473 (0.336-0.8913) | 0.027657 | NA (NA - NA) | NA 0.362 NA NA
1L-7 Right ventricular end diastolic volume 0.4026 (0.1935-0.8376) | 0.027011 | NA (NA - NA) | NA 0.593 NA NA
1L-8 Right ventricular ejection fraction 1.5396 (1.0953-2.1642) | 0.026277 | NA (NA - NA) | NA 0.579 NA NA
1L-10 Left ventricular mass to end-diastolic volume ratio | 1.0908 (1.0106-1.1773) | 0.089418 | NA (NA - NA) | NA 0.502 | NA NA
1L-18 Left ventricular ejection fraction (GCST009395) 1.0637 (1.0015-1.1298) | 0.061938 | NA (NA - NA) | NA 0.231 NA NA
1L-18 Left ventricular peak ejection rate 0.0998 (0.0162-0.6136) | 0.024296 | NA (NA - NA) | NA 0.828 NA NA
IL-18 &2{; "meen;‘tcl;‘lar end diastolic mass end diastolic | 9955 (0 9925-0.9992) | 0.024804 | NA (NA - NA) | NA 0182 |NA NA
IL-18 Right ventricular peak atrial filling rate 0.0866 (0.0077-0.9727) | 0.064872 | NA (NA - NA) | NA 0.378 NA NA
INEF-y Left ventricular peak ejection rate 0.0467 (0.0034-0.6324) | 0.034922 | NA (NA - NA) | NA 0.627 | NA NA
INF-y Right ventricular ejection fraction 0.8103 (0.6697-0.9805) | 0.046051 | NA (NA - NA) | NA 0.337 NA NA
INF-y Right ventricular stroke volume 0.6249 (0.4326-0.9028) | 0.023441 | NA (NA - NA) | NA 0.869 NA NA
NETs Left ventricular ejection fraction (GCST009395) 1.0132 (1.0023-1.0243) | 0.032725 | NA (NA - NA) | NA 0.502 NA NA
Sleep duration | Right ventricular end systolic volume 0.0755 (0.0078-0.7288) | 0.028768 8:;53()0'0132’ 0.050578 | 0.03 | 31 0.651
Sleep duration
5:)2(81)11%;19% Right ventricular end systolic volume 0.113(0.0132-0.9673) | 0.050578 | NA (NA - NA) | NA 0.125 NA NA

Table 3. MR-PRESSO analysis.

repair post-myocardial infarction by facilitating eosinophil accumulation and macrophage polarization,
improving heart function®. This suggests that its beneficial effects on RV function in our study could be linked
to its role in promoting tissue repair and modulating inflammation in CAD. Studies have suggested that IL-5
contributes to an atheroprotective effect, reducing plaque formation in atherosclerosis through the stimulation
of natural immunoglobulin M antibodies, which target oxidized low-density lipoproteins®*. Although the direct
impact of IL-5 on RV function is less understood, its ability to reduce inflammatory plaque burden and promote
tissue repair may indirectly contribute to improved ventricular performance, potentially explaining the strong
association of IL-5 with RV function observed in this study.

In our study, IL-7 levels were associated with reduced left ventricular end-diastolic volume (LVEDV),
left ventricular end-diastolic mass (LVEDM), RVEDYV, and RVSYV, indicating a broad impact on both LV and
RV function. Previous research has shown that IL-7 exacerbates myocardial ischemia/reperfusion injury by
promoting cardiomyocyte apoptosis and macrophage polarization®’, which aligns with the reductions in
ventricular volumes observed in our study, suggesting that IL-7 may contribute to adverse cardiac remodeling
and impaired ventricular function. Moreover, our findings that RVSV was affected by IL-5, INF-y, and IL-7
are supported by previous studies on patients undergoing LV assist device implantation, which showed that
lower circulating levels of these cytokines were associated with improved cardiac function®. This highlights the
potential role of these cytokines in modulating RV performance, and their interplay may influence both local
cardiac remodeling and systemic inflammatory responses, ultimately affecting overall heart function.

Our results showed that LVEF was the most frequently affected outcome by various cytokines and
chemokines. This is supported by evidence demonstrating that LVEF assessed through CMR is a key predictor of
adverse cardiac events in CAD?’. The positive associations of IL-1f, IL-18, CXCL9, and NETs with LVEF suggest
that they may have a compensatory or protective role in maintaining LV function, despite their established
roles in promoting inflammation. For example, IL-1p is typically associated with inflammation and fibrosis,
which usually impair LVEF*. However, its association with preserved LVEF in our study indicates it may
also contribute to reparative processes under certain conditions. IL-18, another cytokine commonly linked to
promoting inflammation, fibrosis, and cardiac damage®, demonstrated a positive association with LVEF and
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negative associations with multiple cardiac outcomes, including left ventricular end-diastolic mass-to-end-
diastolic volume ratio (LVEDM/LVEDV), left ventricular peak ejection rate (LVPER), and RVPFR. These results
suggest that IL-18 may also play a dual role*’, contributing to both inflammatory damage and compensatory
mechanisms that maintain or enhance ventricular function in specific scenarios. In addition, NETs, traditionally
implicated in promoting inflammation and cardiac damage®!, were positively associated with LVEF in our
study. This protective effect may arise from their ability to modulate inflammation by degrading excessive pro-
inflammatory cytokines through their serine proteases, such as neutrophil elastase and myeloperoxidase. These
enzymes can cleave cytokines and chemokines, limiting the amplification of inflammatory signals*2. Furthermore,
NETs may trap and neutralize circulating pathogens and damage-associated molecular patterns, reducing their
ability to perpetuate inflammation. This containment mechanism could prevent further recruitment of immune
cells to the injured myocardium, helping to resolve inflammation and limit tissue damage, ultimately preserving
cardiac function®’.

Our findings raise the possibility of a “sleep-inflammation-cardiac” axis, wherein sleep traits may influence
cardiac phenotypes through inflammatory mediators. Although our study did not find a direct, robust causal
link between sleep traits and cardiac phenotypes after accounting for pleiotropy, existing literature strongly
supports a link between poor sleep and elevated systemic inflammation?. Our MR results demonstrate causal
associations between specific inflammatory mediators (e.g., IL-1p, IL-18) and cardiac outcomes such as LVEE,
which raises the hypothesis that inflammation may mediate the effects of sleep on cardiac function. For
example, IL-1B, which is known to be modulated by sleep quality?®, has been implicated in cardiac fibrosis and
remodeling®®. This suggests that improving sleep phenotypes may potentially suppress inflammatory cytokine
expression, which in turn could confer cardiac benefits, particularly in preserving systolic function. Although
a formal mediation MR analysis was beyond the scope of this study, our findings offer key insights into this
pathway and motivate future work to explore this mechanism. Understanding this triad could have substantial
clinical implications, identifying sleep as a modifiable upstream target to attenuate inflammation and reduce
cardiovascular risk.

Limitations of the study

This study has several limitations. First, MR estimates reflect the effects of lifelong genetic predisposition, which
may not capture the impact of short-term or reversible exposures, such as acute inflammation. Second, MR
assumes a linear exposure-outcome relationship, whereas the true biological effects may be nonlinear or context-
dependent. Third, developmental compensation for genetic variations may attenuate observable associations.
Fourth, the use of blood-derived QTL datasets may not fully capture gene regulation in tissues more directly
involved in sleep or cardiac function. Fifth, although MR helps reduce confounding and reverse causation, it
cannot establish mechanistic pathways. Experimental validation in animal models, cell systems, and real-world
cohorts is essential to verify these associations and elucidate the underlying mechanisms. Additionally, our
analysis focused on the unidirectional effects from inflammatory and sleep traits on cardiac phenotypes. Future
studies incorporating bidirectional MR are warranted to determine whether cardiac structural or functional
changes might influence systemic inflammation or sleep physiology.

In conclusion, our findings demonstrate the substantial influence of inflammatory mediators on CMR-
derived cardiac parameters, which are critical for precise quantification of cardiac performance. CMR-derived
parameters provide detailed insights that are essential for the early detection of cardiac dysfunction and
remodeling. By understanding how cytokines, chemokines, and sleep disorders affect these metrics, clinicians
can tailor interventions to prevent cardiac deterioration, improve outcomes, and monitor treatment efficacy in
at-risk populations.

Data availability
The analyzed datasets generated during the study are available from the corresponding author upon reasonable
request.
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