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Abstract

Background Aortic stenosis (AS) is a prevalent and serious valvular heart disease with a complex etiology involv-
ing genetic predispositions, lipid dysregulation, and inflammation. The specific roles of lipid and protein biomarkers
in AS development are not fully elucidated. This study aimed to elucidate the causal relationships between lipidome,
inflammatory proteins, and AS using Mendelian randomization (MR), identifying potential therapeutic targets.

Methods Utilizing data from large-scale genome-wide association studies (GWAS) and genome-wide protein
quantitative trait loci (pQTL) studies, we conducted MR analyses on 179 plasma lipidome and 91 inflammatory
proteins to assess their causal associations with AS. Our approach included Inverse Variance Weighting (IVW), Wald
ratio, and robust adjusted profile score (RAPS) analyses to refine these associations. MR-Egger regression was used
to address directional horizontal pleiotropy.

Results Our MR analysis showed that genetically predicted 50 lipids were associated with AS, including 38 as risk
factors [(9 Sterol ester, 18 Phosphatidylcholine, 4 Phosphatidylethanolamine, 1 Phosphatidylinositol and 6 Triacylglyc-
erol)] and 12 as protective. Sterol ester (27:1/17:1) emerged as the most significant risk factor with an odds ratio (OR)
of 3.11. Additionally, two inflammatory proteins, fibroblast growth factor 19 (FGF19) (OR=0.830, P=0.015), and inter-
leukin 6 (IL-6) (OR=0.729, P=1.79E-04) were significantly associated with reduced AS risk. However, a two-step MR
analysis showed no significant mediated correlations between these proteins and the lipid-AS pathway.

Conclusion This study reveals complex lipid and protein interactions in AS, identifying potential molecular targets

for therapy. These results go beyond traditional lipid profiling and significantly advance our genetic and molecular
understanding of AS, highlighting potential pathways for intervention and prevention.

Keywords Aortic stenosis, Lipidome, Inflammatory proteins, Mendelian randomization, Sterol ester, Fibroblast growth
factor 19, Interleukin 6
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Introduction

Aortic stenosis (AS) is one of the most common and
severe valvular heart diseases in developed countries
with a prevalence of 1-3% in individuals over 70 years
old, characterized by the narrowing of the aortic valve,
significantly impacting global morbidity and mortality
[1, 2]. The clinical significance of AS lies in its potential
to cause serious symptoms and complications, includ-
ing heart failure, stroke and even death [2]. Traditionally,
the development of AS has been attributed to age-related
degenerative processes, including calcification and fibro-
sis of the aortic valve. Emerging evidence suggests that
the pathogenesis of AS is multifactorial, involving com-
plex interactions between genetic factors, lipid infiltra-
tion, inflammation, and fibrocalcific pathways [3-5].
Lipid-lowering therapies, antihypertensive drugs, and
anticalcification therapies are the main drug classes
studied in AS [6]. Despite advancements in understand-
ing its pathophysiology, the pathogenesis involving lipid
metabolic pathways and inflammatory processes remains
incompletely elucidated. Research has highlighted the
potential roles of lipid dysregulation and inflammation
in the progression of AS, suggesting a complex inter-
play between the two, which could be key in prognostic
assessment and developing targeted therapeutic strate-
gies [7—10]. Moreover, broader spectrum of AS-related
lipidome identification contributes to personalized man-
agement of lipid-lowering therapy.

The advent of genomics research and the advance-
ments in proteomics have ushered in a new era of car-
diovascular research, enabling a deeper exploration of
the genetic and molecular mechanisms underlying AS.
Recent genome-wide association studies (GWAS) of AS
have identified 6 new genomic regions associated with
the disease, underscoring the roles of lipid metabolism,
inflammation, cellular senescence, and obesity in the
pathophysiology of AS [11]. Additionally, a phenome-
wide association study indicated the importance of lipid
abnormalities and inflammation in the etiology of AS,
specifically, Mendelian randomization (MR) studies sup-
ported the potential causal relationships of specific lipid
species and inflammatory proteins in AS, providing
insights into its molecular etiology [12, 13]. These studies
suggest that in addition to traditional risk factors, such as
hypertension and hypercholesterolemia, specific compo-
nents of the lipidome and proteome could significantly
influence the risk and progression of AS. Furthermore,
GWAS extending the plasma lipidome has fundamen-
tally changed our understanding of the genetic variations
behind lipid levels, aiding in the improvement of cardio-
vascular disease risk assessment [14]. Very large-scale
genetic studies have been performed on standard lipids
[15], and despite the much smaller sample size of the
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lipidome GWAS, they have identified novel lipid-asso-
ciated genetic variants. Newly published GWAS on 179
lipid species and 91 inflammatory proteins promise to
establish new perspectives on potential genetic targets
associated with AS [14, 16].

This study builds upon these foundational insights, uti-
lizing MR to investigate the causal relationships between
a broad spectrum of lipids, inflammatory proteins, and
AS. By integrating genomic data with lipidomic and pro-
teomic analyses, we seek to elucidate the complex molec-
ular landscape of AS, identifying potential biomarkers
and therapeutic targets. Understanding these intricate
relationships hopes to advance personalized medicine
approaches for the prevention and treatment of AS,
potentially transforming the prognosis for patients with
this challenging condition.

Methods

Study program

Our research aimed to discern the heritable risk fac-
tors associated with AS by focusing on lipid profiles
and inflammatory markers. Utilizing a two-sample MR
approach, we evaluated the genetic predisposition to
179 distinct lipid groups and 91 inflammatory protein
groups. This endeavor leveraged genetic instrumen-
tal variables (IVs) representing the heritability of these
lipid and inflammatory markers, drawing from compre-
hensive GWAS of the respective traits. Moreover, we
explored the intermediary role of inflammation in the
lipid-induced AS risk pathway, applying a two-step MR
to deduce potential mediating effects [17].

Access to the GWAS dataset

The genetic underpinnings of our analysis stem from a
cutting-edge genetic cohort study on AS, incorporat-
ing a genome-wide meta-analysis spanning 11.6 million
genetic variants across ten cohorts with 653,867 individ-
uals of European descent, including 13,765 AS cases [12].
The complete GWAS summary is accessible via the Com-
mon Metabolic Diseases Knowledge Portal (CMDKP,
https://cvd.hugeamp.org/dinspector.html?dataset=
Chen2023_AorticStenosis_EU). Furthermore, lipidomic
data were sourced from an exhaustive genome-wide
investigation of 179 lipid species in a Finnish cohort [14],
with findings and data available for download from the
HGRI-EBI Catalog (https://www.ebi.ac.uk/gwas/publi
cations/37907536) (accession numbers: GCST90277238-
GCST90277416). Detailed information on each summary
data is provided in Supplementary Table 1. Inflamma-
tory protein data were derived from a genome-wide pro-
tein quantitative trait loci (pQTL) study, also cataloged
in the HGRI-EBI, encompassing 14,824 European par-
ticipants [16]  (https://www.ebi.ac.uk/gwas/publicatio
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ns/37563310) (accession numbers: GCST90274758 to
GCST90274848). Detailed information on each GWAS is
available in Supplementary Table 2. All datasets adhered
to ethical guidelines established in their original studies,
negating the need for additional ethical approval for this
reanalysis.

Genetic proxies for causal analysis

The causality inference between lipid profiles, inflamma-
tory proteins, and AS necessitated IVs as genetic prox-
ies. Selection of gene IVs for each trait was based on
the most significant genetic correlations (P<5x10"-8)
identified in the GWAS datasets, adhering to stringent
criteria for independence and minimal linkage disequi-
librium (r><0.001 in a 10,000 kb window). In addition,
SNPs were excluded if the value of the F-statistic was
less than 10, indicating that the SNP had a weak instru-
mental likelihood. The assumptions of strong correlation
and IV independence are essential requirements for MR
analyses to be valid, and those phenotypes that do not
satisfy these requirements for SNPs will be considered to
have no usable genetic tools and will not be used in sub-
sequent analyses [18]. Based on the hypothesis of MR’s
hypothesis of exclusion restriction, to ensure the validity
of our MR analysis, we performed an extensive review
of the literature and relevant genetic databases to com-
pile a list of known risk factors for AS, such as hyper-
tension, cholesterol levels, smoking status, diabetes, and
other cardiovascular conditions. For each SNP identified
as an IV, secondary GWAS analyses were conducted to
determine associations with these potential confounders.
SNPs showing significant associations (P<1x10"-5 and
r?>0.8) with any confounders were flagged, and those
showing significant associations (P<1Xx107-8) in the
outcome GWAS were removed. This exclusion process
ensured that the remaining SNPs were associated only
with lipid and inflammatory protein levels and not with
confounding factors that may influence AS risk.

Statistical analysis

Causal effects of the lipidome, inflammatory proteome,

and AS

Upon the selection of IVs for each category within the
lipid and inflammatory proteomes, our investigation
proceeded to evaluate their potential causal relation-
ships with AS using the TwoSampleMR package (version
0.5.8) in R (version 4.3.1). This analysis utilized distinct
methodologies based on the number and nature of the
available IVs per trait. For analyses involving multiple
IVs per trait, we applied the Inverse Variance Weight-
ing (IVW) method. This approach assumes the validity
of all selected IVs and posits that there are no interactive
effects between them, making it particularly suited for
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complex IVs scenarios. Conversely, in cases where only a
single IV was available for a given trait, we utilized the
Wald ratio method, offering a direct estimation of causal-
ity for singular exposures [19]. Additionally, to enhance
the reliability of our findings and mitigate the incidence
of false positives (Type I errors), we incorporated the
MR-robust adjusted profile score (MR-RAPS) method
through mr.raps package (version 0.4.1) [20]. This tech-
nique adjusts profile scores to achieve a consistent and
asymptotically normal estimation, thereby refining the
precision of our MR analyses. Given the exploratory
nature of this work, we set a significance threshold of
P<0.05, opting not to adjust for multiple comparisons
via Bonferroni correction [21]. This strategy aimed to
maximize the identification of potential targets associ-
ated with AS. In instances where more than three IVs
were analyzed for a single trait, we employed MR-Egger
regression to assess whether the identified SNPs exhib-
ited pleiotropic effects that could confound the relation-
ship between the primary exposures (lipids and proteins)
and AS [22]. MR-RAPS accounts for potential pleiotropy
and provides robust causal estimates. An intercept P
value exceeding 0.05 indicated a lack of significant pleio-
tropic effects, further validating our causal inferences.

Investigating the intermediary role of inflammatory proteins

Given that lipid abnormalities can stimulate the immune-
inflammatory response of the body affecting inflamma-
tory protein levels, this segment of our study focused
on exploring the potential pathway through which
lipids may modulate the risk of AS via their influence
on inflammatory proteins. We employed a two-step MR
approach to quantify the indirect effects of lipids on
AS risk via inflammatory proteins. The purpose of this
mediation analysis was to determine whether and to what
extent inflammatory proteins serve as a conduit through
which lipids can influence the risk of developing AS. Ini-
tially, our analysis identified the direct causal relation-
ship between lipid profiles and AS. This relationship was
quantified as the overall effect size (B_total). Next, we
identified inflammatory proteins that were demonstrably
linked to AS through causal associations. The effect size
of these proteins on AS was denoted as f_1, which was
calculated contingent upon statistical significance. Build-
ing on these foundations, we explored the relationship
between AS-pertinent lipids and the identified inflam-
matory proteins. This relationship was marked as p_2.
This process allowed us to propose a speculative indirect
pathway where lipids could potentially alter the risk of
AS through shifts in the levels of specific inflammatory
proteins. The direct mediated effect was calculated using
the formula B’ =p_total—B_1 * B_2. Figure 1 outlines
the key steps of our mediation analysis, from identifying
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Fig. 1 Two-step Mendelian randomization design for investigating the mediating role of inflammatory proteins in the relationship between lipids
and aortic stenosis. The direct causal relationship between the 179 plasma lipidome and AS is quantified as the overall effect size (3_total). Step

1 assessed the causal relationship between inflammatory proteins and AS, and Step 2 assessed the causal relationship between lipid profiles
significantly associated with AS and 91 inflammatory proteins. The indirect pathway was calculated using the product of 3_1 and 3_2, indicating
how lipids affect AS through changes in inflammatory protein levels. The overall direct effect was calculated as 3" =B_total—B_1* B_2, which
helps to discern the indirect effect of lipids on AS risk mediated through inflammatory proteins

direct causal relationships to exploring indirect pathways
and calculating mediated effects. Given the complex and
varied nature of lipid and inflammatory protein pheno-
types, we maintained a discovery-oriented approach. The
threshold for significance in our IVW or Wald ratio tests,
along with robust analytical methods, was consistently
set at P<0.05. This threshold facilitated the exploration of
genetic correlations, aiming to unearth potential mecha-
nistic links between lipid levels, inflammatory response,
and the emergence of AS.

Results

Lipids genetically associated with AS

Our comprehensive analysis begins with identifying
[23] genetic IVs for a broad spectrum of 179 lipids to
investigate their potential causal relationships [23]with
AS through MR. Adhering to the MR hypothesis crite-
ria, we successfully pinpoint IVs for 162 lipid species,
with F-statistic values indicating strong instrumental
validity, ranging between 29.79 and 1946.15, thereby
mitigating concerns over potential weak instrument
bias (Supplementary Table 3). Subsequent application
of the IVW/Wald ratio methods, post harmonization

with AS GWAS data, reveals that 54 lipid species
exhibit significant causal associations with AS. This
initial finding underscores a substantial subset of the
lipidome’s potential influence on AS risk (Fig. 2A, Sup-
plementary Table 4). Further scrutiny through robust
RAPS analysis leads to the exclusion of four lipids due
to statistical insignificance, narrowing down the list
to 50 lipid species with demonstrable causal relation-
ships with AS. Among these, 38 lipids (9 Sterol ester,
18 Phosphatidylcholine, 4 Phosphatidylethanolamine,
1 Phosphatidylinositol, and 6 Triacylglycerol) are iden-
tified as risk factors associated with an increased like-
lihood of AS (Odds Ratio, OR>1), while 12 exhibit
protective characteristics (OR < 1). Notably, Sterol ester
(27:1/17:1) emerges as the lipid with the highest OR of
3.11, indicating a robust association with elevated AS
risk (Fig. 2B, Table 1). To address potential concerns
regarding the multiplicity of levels, the Egger intercept
test is applied for phenotypes with more than three IVs,
consistently showing P values greater than 0.05. This
result suggests an absence of directional pleiotropy,
thus reinforcing the validity of our causal inferences
(Table 2).
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Fig. 2 Mendelian randomization results for lipidome and aortic stenosis. A Volcano plot reveals that 54 lipid species exhibited significant causal
associations with AS (red dots). B Bubble plot shows that significant causal associations of 50 lipid species with AS were assessed by robust MR,

of which 38 were risk factors and 12 were protective factors. OR, odds ratio
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Table 1 Robust adjusted profile score (RAPS) assessment of lipids and inflammatory proteins with significant causal association to

aortic stenosis (AS)

Exposure ID.exposure Trait nsnp Beta Standerror Pvalue OR
Lipidome GCST90277240 Sterol ester (27:1/16:0) levels 8 0.174  0.079 0.027 1.190
GCST90277243 Sterol ester (27:1/17:1) levels 1 1.134  0.532 0.033 3.107
GCST90277244 Sterol ester (27:1/18:0) levels 7 0278 0.078 3.65E-04 1.321
GCST90277246 Sterol ester (27:1/18:2) levels 7 0.145  0.057 0.011 1.156
GCST90277247 Sterol ester (27:1/18:3) levels 5 0389  0.089 1.14E-05 1476
GCST90277248 Sterol ester (27:1/20:2) levels 3 0.179  0.052 0.001 1.196
GCST90277250 Sterol ester (27:1/20:4) levels 10 0110 0.031 4.58E-04 1.116
GCST90277251 Sterol ester (27:1/20:5) levels 3 0.143  0.051 0.005 1.153
GCST90277252 Sterol ester (27:1/22:6) levels 2 0297 0.088 0.001 1.346
GCST90277254 Ceramide (d40:2) levels 2 —-0.133 0.054 0.014 0.875
GCST90277255 Ceramide (d42:1) levels 2 —0.155  0.062 0.013 0.857
GCST90277256 Ceramide (d42:2) levels 8 —-0.116 0.046 0.011 0.891
GCST90277277 Phosphatidylcholine (16:0_16:0) levels 5 0455 0.126 3.15E-04  1.577
GCST90277280 Phosphatidylcholine (16:0_18:0) levels 1 -0401 0151 0.008 0.670
GCST90277281 Phosphatidylcholine (16:0_18:1) levels 2 0553  0.149 2.15E-04 1.738
GCST90277284 Phosphatidylcholine (16:0_20:1) levels 1 —0498 0.199 0.012 0.608
GCST90277287 Phosphatidylcholine (16:0_20:4) levels 4 0.106  0.038 0.005 101
GCST90277288 Phosphatidylcholine (16:0_20:5) levels 1 0.198  0.062 0.001 1.219
GCST90277291 Phosphatidylcholine (16:0_22:6) levels 1 0508 0.196 0.009 1.663
GCST90277296 Phosphatidylcholine (17:0_18:1) levels 1 0584 0.160 2.69E-04 1.793
GCST90277298 Phosphatidylcholine (17:0_20:4) levels 4 0.123  0.041 0.003 1.131
GCST90277302 Phosphatidylcholine (18:0_20:2) levels 1 -0.262 0081 0.001 0.770
GCST90277304 Phosphatidylcholine (18:0_20:4) levels 7 0077  0.031 0014 1.080
GCST90277305 Phosphatidylcholine (18:0_20:5) levels 2 0.149  0.052 0.004 1.161
GCST90277306 Phosphatidylcholine (18:0_22:5) levels 2 0.255  0.077 0.001 1.290
GCST90277307 Phosphatidylcholine (18:0_22:6) levels 2 0326 0.122 0.008 1.385
GCST90277311 Phosphatidylcholine (18:1_20:2) levels 3 —-0.164 0061 0.007 0.848
GCST90277313 Phosphatidylcholine (18:1_20:4) levels 6 0.125 0.043 0.004 1.133
GCST90277317 Phosphatidylcholine (18:2_20:4) levels 3 0.349 0.100 0.001 1418
GCST90277323 Phosphatidylcholine (O-16:0_20:4) levels 3 0.163  0.063 0.009 1177
GCST90277331 Phosphatidylcholine (O-16:2_18:0) levels 2 0322 0067 1.33E-06 1.380
GCST90277336 Phosphatidylcholine (O-18:0_20:4) levels 2 0215  0.073 0.003 1.240
GCST90277339 Phosphatidylcholine (O-18:1_20:3) levels 1 0424  0.208 0.042 1.528
GCST90277342 Phosphatidylcholine (O-18:2_18:1) levels 1 -0471 0167 0.005 0.624
GCST90277344 Phosphatidylcholine (O-18:2_20:4) levels 2 0311 0.106 0.003 1.365
GCST90277346 Phosphatidylethanolamine (16:0_20:4) levels 5 0.134 0.043 0.002 1.143
GCST90277349 Phosphatidylethanolamine (18:1_18:1) levels 6 0167 0.064 0.010 1.181
GCST90277350 Phosphatidylethanolamine (O-16:1 8‘2) levels 1 —-0493 0.169 0.003 0611
GCST90277353 Phosphatidylethanolamine (O-18:1_18:2) levels 1 —0.380 0.120 0.002 0.684
GCST90277354 Phosphatidylethanolamine (O-18:1_20:4) levels 2 0.296  0.081 268E-04 1345
GCST90277357 Phosphatidylethanolamine (O-18:2_20:4) levels 2 0339 0.104 0.001 1.404
GCST90277367 Phosphatidylinositol (18:1_20:4) levels 2 0292 0133 0.028 1.339
GCST90277387 Triacylglycerol (50:1) levels 2 0491  0.151 0.001 1.634
GCST90277400 Triacylglycerol (52:6) levels 3 0461 0.125 2.28E-04 1.585
GCST90277407 Triacylglycerol (54:6) levels 2 0530 0.180 0.003 1.699
GCST90277408 Triacylglycerol (54:7) levels 3 0487  0.140 0.001 1627
GCST90277409 Triacylglycerol (56:3) levels 3 -0259 0.0% 0.006 0.772
GCST90277410 Triacylglycerol (56:4) levels 2 -0324 0131 0.013 0.723
GCST90277413 Triacylglycerol (56:7) levels 4 0365 0.098 2.11E-04 1440
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Table 1 (continued)

Exposure ID.exposure Trait nsnp Beta Standerror Pvalue OR
GCST90277414 Triacylglycerol (56:8) levels 4 0366 0.142 0.010 1442

Inflammatory proteome ~ GCST90274815 Interleukin-6 levels 1 -0316 0.090 4.15E-04  0.729
GCST90274787 Fibroblast growth factor 19 levels 3 -0.188 0.073 0.010 0.828

Table 2 Directional horizontal pleiotropy evaluation using MR-Egger regression

Exposure ID.exposure Trait Egger_intercept Standard error P value

Lipidome GCST90277240 Sterol ester (27:1/16:0) levels 0.012 0.044 0.787
GCST90277244 Sterol ester (27:1/18:0) levels 0.052 0.024 0.082
GCST90277246 Sterol ester (27:1/18:2) levels 0.007 0.036 0.851
GCST90277247 Sterol ester (27:1/18:3) levels 0.016 0.032 0.658
GCST90277248 Sterol ester (27:1/20:2) levels -0016 0.066 0.849
GCST90277250 Sterol ester (27:1/20:4) levels 0.005 0.024 0.839
GCST90277251 Sterol ester (27:1/20:5) levels —-0.023 0.025 0.529
GCST90277256 Ceramide (d42:2) levels -0.019 0.028 0.530
GCST90277277 Phosphatidylcholine (16:0_16:0) levels 0.054 0.155 0.752
GCST90277287 Phosphatidylcholine (16:0_20:4) levels -0.019 0.041 0.694
GCST90277298 Phosphatidylcholine (17:0_20:4) levels - 0.007 0.048 0.903
GCST90277304 Phosphatidylcholine (18:0_20:4) levels -0.022 0013 0.161
GCST90277311 Phosphatidylcholine (18:1_20:2) levels 0.058 0.024 0.245
GCST90277313 Phosphatidylcholine (18:1_20:4) levels 0.006 0.027 0.827
GCST90277317 Phosphatidylcholine (18:2_20:4) levels -0.073 0.049 0.380
GCST90277323 Phosphatidylcholine (O-16:0_20:4) levels -0.029 0.017 0.341
GCST90277346 Phosphatidylethanolamine (16:0_20:4) levels -0.028 0.028 0.396
GCST90277349 Phosphatidylethanolamine (18:1_18:1) levels —0.049 0.027 0.147
GCST90277400 Triacylglycerol (52:6) levels —0.100 0.120 0.558
GCST90277408 Triacylglycerol (54:7) levels -0.110 0.091 0441
GCST90277409 Triacylglycerol (56:3) levels -0.017 0.136 0.921
GCST90277413 Triacylglycerol (56:7) levels —-0.073 0.059 0.342
GCST90277414 Triacylglycerol (56:8) levels —-0.158 0.081 0.189

Inflammatory protein GCST90274787 Fibroblast growth factor 19 levels —0.047 0.031 0.368

Inflammatory proteins genetically linked to AS

The role of inflammation in the progression of AS is
well-documented. To elucidate which specific inflam-
matory mediators bear a significant genetic linkage to
AS, we embark on identifying IVs across a panel of 91
plasma inflammatory proteins. Our criteria for selec-
tion ensure that 74 of these proteins have SNPs as IVs
suitable for MR analysis, with F-statistic values indicat-
ing robust instrument strength, spanning from 29.72
to 1180.19 (Supplementary Table 5). Further analysis,
utilizing the IVW/Wald ratio methods, reveals signifi-
cant causal relationships for two inflammatory proteins:
fibroblast growth factor 19 (FGF19) and interleukin-6
(IL-6). Notably, the analysis indicates that reduced levels
of FGF19 (OR=0.830, P=0.015) and IL-6 (OR=0.729,

P=1.79E-04) are significantly associated with an
increased risk of developing AS (Fig. 3, Supplemen-
tary Table 6). These findings suggest a protective role of
higher blood concentrations of these proteins against
the disease. Robust RAPS analysis further reinforces the
causal link between these inflammatory mediators and
AS, offering a consistent and reliable assessment of their
impact (Table 1), and the Egger intercept test does not
support the presence of pleiotropy (P> 0.05) (Table 2).

Identification of inflammatory mediators involved

in the lipid-AS causal pathway

To elucidate the potential mediating role of inflamma-
tory proteins in the lipid-induced pathogenesis of AS,
we employ a two-step MR approach. This analysis aims
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Vascular endothelial growth factor A levels 1.02
Urokinase-type plasminogen activator levels 0.91
Tumor necrosis factor ligand superfamily member 12 levels 0.96
Thymic stromal lymphopoietin levels 0.79
TNF-related activation-induced cytokine levels 1.05
TNF-related apoptosis-inducing ligand levels 1.02
Tumor necrosis factor ligand superfamily member 14 levels 1.00
Tumor necrosis factor receptor superfamily member 9 levels 1.23
TNF-beta levels 1.02
Transforming growth factor-alpha levels 0.68
Sulfotransferase 1A1 levels 0.97
Signaling lymphocytic activation molecule levels 1.00
SIR2-like protein 2 levels 0.96
Stem cell factor levels 0.99
Programmed cell death 1 ligand 1 levels 1.04
Oncostatin-M levels 0.97
Osteoprotegerin levels 1.10
Matrix metalloproteinase-10 levels 0.94
Matrix metalloproteinase-1 levels | 0.90
Macrophage inflammatory protein 1a levels 1.04
Monocyte chemoattractant protein-4 levels 0.98
Monocyte chemoattractant protein-3 levels 0.94
Monocyte chemoattractant protein 2 levels 0.98
Monocyte chemoattractant protein-1 levels 1.08
Leukemia inhibitory factor receptor levels 0.87
Latency-associated peptide transforming growth factor beta 1 levels 0.91
Interleukin-8 levels 1.08
Interleukin-6 levels 0.73
Interleukin-20 receptor subunit alpha levels 0.73
Interleukin-1-alpha levels 0.87 P Value
interleukin-18 receptor 1 levels 1.06
Interleukin-18 levels 1.09
Interleukin-17C levels 1.32
Interleukin-15 receptor subunit alpha levels 0.98 0.75
Interleukin-13 levels 0.93
Interleukin-12 subunit beta levels 1.08
Interleukin-10 receptor subunit beta levels 0.97 0.50
Interleukin-10 levels 0.95
Hepatocyte growth factor levels 1.05
Glial cell line-derived neurotrophic factor levels 1.04 0.25
Fms-related tyrosine kinase 3 ligand levels 0.96 :
Fibroblast growth factor 5 levels 0.98
Fibroblast growth factor 21 levels 1.12
Fibroblast growth factor 19 levels 0.83 0.00
Protein S100-A12 levels 1.01
Delta and Notch-like epidermal growth factor-related receptor levels 0.89

C-X-C motif chemokine 9 levels
C-X-C motif chemokine 6 levels
C-X-C motif chemokine 5 levels

1
1
1
C-X-C motif chemokine 11 levels 1.15
C-X-C motif chemokine 10 levels 1.04
C-X-C motif chemokine 1 levels 0.95
Fractalkine levels 0.92
Cystatin D levels 1.02
Macrophage colony-stimulating factor 1 levels 0.99
CUB domain-containing protein 1 levels 0.88
T-cell surface glycoprotein CD6 isoform levels 1.03
T-cell surface glycoprotein CD5 levels 1.02
CDA40L receptor levels 1.09
Natural killer cell receptor 2B4 levels 1.02
C-C motif chemokine 4 levels 0.94
C-C motif chemokine 28 levels 0.85
C-C motif chemokine 25 levels 0.97
C-C motif chemokine 23 levels 1.01
C-C motif chemokine 20 levels 0.92
C-C motif chemokine 19 levels 0.91
Eotaxin levels 1.04
beta-nerve growth factor levels 1.23
Adenosine Deaminase levels 1.01
Eukaryotic translation initiation factor 4E-binding protein 1 levels 1.01
4&0 OQ‘
N4

Fig. 3 Heatmap of the Mendelian randomization results for the inflammatory proteome and aortic stenosis. Two significant inflammatory proteins
are labeled in red. *P < 0.05, ***P < 0.001
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to discern any mediated correlations between 50 lipid
species and the levels of FGF19 and IL-6, which are pre-
viously identified as causally associated with AS. Our
general and robust MR estimates for the relationship
between these lipids and FGF19 levels do not reveal any
significant mediated correlations, suggesting that FGF19
does not act as a mediator in the lipid-AS effector path-
way (Fig. 4, Supplementary Table 7). Similarly, the MR
analysis investigating the causal link between lipids asso-
ciated with AS and IL-6 levels yields null causal esti-
mates. This finding implies that, within the scope of our
analysis, IL-6 levels do not mediate the effect of lipids on
AS risk (Fig. 5, Supplementary Table 8).

Discussion

Our study begins to explore the genetic basis of AS,
focusing on the causal roles of the lipidome and inflam-
matory proteins. Our investigation into the causal rela-
tionships between specific lipid types and AS provides
important insights, clarifying complex relationships
beyond traditional cardiovascular risk factors. We identi-
fied 54 lipid species with significant causal relationships
to AS, 38 of which are associated with increased risk,
and 12 associated with decreased risk, highlighting the
complicated role of lipid metabolism in the pathogenesis
of AS [24]. Specifically, the observed significant OR for
Sterol ester (27:1/17:1) highlights the potential of cer-
tain lipid profiles as pivotal biomarkers or drivers of AS
[24]. Notably, our analysis also indicates that lower lev-
els of FGF19 and IL-6 are associated with increased AS
risk. Nevertheless, subsequent research into the poten-
tial mediating roles of these inflammatory proteins in the
lipid-AS pathway yielded null results, indicating more
complex interactions.

The identification of lipids causally linked to AS rein-
forces the critical role of lipid metabolism in the patho-
genesis of disease. This aligns with increasing literature
suggesting that, in addition to traditional risk factors,
specific lipid profiles may have a direct impact on the
cardiovascular system, thereby influencing the develop-
ment of AS [3, 7, 12, 13, 25, 26]. The identification of 54
lipids causally related to AS not only reinforces the lipid
hypothesis in the pathogenesis of AS but also expands our
understanding of lipid involvement beyond traditional
lipid markers like low-density lipoprotein cholesterol [14,
15, 27]. The significant risk association with Sterol ester
levels suggests that certain lipid molecules may contrib-
ute to valvular calcification or inflammation, two key
processes in the development of AS, through specific
pathways [3, 5, 12]. This granularity in the involvement of
lipids in AS offers a more refined perspective for poten-
tial therapeutic targets. Traditionally, lipid-lowering ther-
apies, especially statins, have shown varied outcomes in
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AS treatment, which could be due to their broad target
spectrum [28-30]. However, recent studies suggest the
potential for more targeted lipid-modifying strategies.
Combination lipid-lowering therapy as a first-line strat-
egy in very high-risk patients has been discussed, empha-
sizing the importance of intensive LDL-C lowering [31].
Furthermore, the dawn of a new era of targeted lipid-low-
ering therapies has been heralded, with novel biological
and therapeutic discoveries offering insight into innova-
tive targeting strategies that have increased efficacy and
improved tolerability [32]. Our findings suggest the pos-
sibility of more targeted lipid-modifying strategies that
could more effectively mitigate AS progression, tailored
to the specific lipid profiles causally linked to the disease.
This approach aligns with the current shift toward preci-
sion medicine, where treatment is customized based on
individual genetic, environmental, and lifestyle factors.
The exploration of lipid-modifying drug targets has high-
lighted the potential for personalized interventions in
lipid management [33].

Furthermore, the causal association between lower
levels of FGF19 and IL-6 and increased AS risk provides
insights into the protective roles these inflammatory
mediators may play in the disease’s pathology. While
inflammation is a recognized contributor to AS, our find-
ings suggest that specific proteins might alleviate the dis-
ease’s progression. These results prompt a reevaluation
of the inflammation hypothesis in AS, pointing out the
differential impacts of inflammatory mediators on car-
diovascular health [8, 9]. Although our research on the
mediated roles of inflammatory proteins did not dem-
onstrate a direct pathway through which lipids influence
AS via inflammation, it does not diminish the potential
relevance of the lipid-inflammation relationship in AS
pathology. The complex interplay between lipid levels and
inflammatory processes remains an area ripe for further
exploration, particularly considering the diverse roles of
various lipid types and inflammatory mediators. Under-
standing this dynamic could reveal new insights into AS
mechanisms, offering new avenues for interventions that
address both lipid dysregulation and inflammation.

Given the complexity of AS, our study emphasizes
the need for further research to untangle the intri-
cate web of genetic, metabolic, and inflammatory fac-
tors leading to its pathogenesis. Future studies should
explore potential interactions between different lipid
types, a broader range of inflammatory mediators,
and their cumulative impact on AS. Additionally,
integrating advanced omics technologies could illu-
minate the molecular mechanisms driving these
associations, providing a more comprehensive under-
standing of AS etiology and identifying novel thera-
peutic targets. Interventional studies targeting specific
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id.exposure triat.outcome method nsnp P value
GCST90277240  Fibroblast growth factor 19 levels h®-l Inverse variance weighted 9 0.223
GCST90277243  Fibroblast growth factor 19 levels 1--------- @ ! Wald ratio 1 0.973
GCST90277244  Fibroblast growth factor 19 levels bo-@---l Inverse variance weighted 8 0.303
GCST90277246  Fibroblast growth factor 19 levels -'®-l Inverse variance weighted 9 0.442
GCST90277247  Fibroblast growth factor 19 levels 1--@®--- Inverse variance weighted 5 0.134
GCST90277248  Fibroblast growth factor 19 levels |:.' i Inverse variance weighted 3 0.230
GCST90277250  Fibroblast growth factor 19 levels 101 Inverse variance weighted 10 0.597
GCST90277251  Fibroblast growth factor 19 levels @4 Inverse variance weighted 3 0.514
GCST90277252  Fibroblast growth factor 19 levels F-@--l Inverse variance weighted 2 0.172
GCST90277254  Fibroblast growth factor 19 levels 1-§-1 Inverse variance weighted 2 0.875
GCST90277255  Fibroblast growth factor 19 levels H-9-4 Inverse variance weighted 3 0.730
GCST90277256  Fibroblast growth factor 19 levels -®-1 Inverse variance weighted 8 0.516
GCST90277277  Fibroblast growth factor 19 levels Inverse variance weighted 5 0.485
GCST90277280  Fibroblast growth factor 19 levels Wald ratio 1 0.397
GCST90277281  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.303
GCST90277284  Fibroblast growth factor 19 levels Wald ratio 1 0.321
GCST90277287  Fibroblast growth factor 19 levels Inverse variance weighted 4 0.441
GCST90277288  Fibroblast growth factor 19 levels Wald ratio 1 0.333
GCST90277291  Fibroblast growth factor 19 levels Wald ratio 1 0.211
GCST90277296  Fibroblast growth factor 19 levels Wald ratio 1 0.903
GCST90277298  Fibroblast growth factor 19 levels Inverse variance weighted 6 0.482
GCST90277302  Fibroblast growth factor 19 levels Wald ratio 1 0.341
GCST90277304  Fibroblast growth factor 19 levels Inverse variance weighted 7 0.335
GCST90277305  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.318
GCST90277306  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.511
GCST90277307  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.806
GCST90277311  Fibroblast growth factor 19 levels Inverse variance weighted 3 0.450
GCST90277313  Fibroblast growth factor 19 levels Inverse variance weighted 7 0.417
GCST90277317  Fibroblast growth factor 19 levels Inverse variance weighted 4 0.721
GCST90277323  Fibroblast growth factor 19 levels Inverse variance weighted 3 0.275
GCST90277331  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.850
GCST90277336  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.431
GCST90277339  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.102
GCST90277342  Fibroblast growth factor 19 levels Wald ratio 1 0.337
GCST90277344  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.190
GCST90277346  Fibroblast growth factor 19 levels Inverse variance weighted 5 0.964
GCST90277349  Fibroblast growth factor 19 levels Inverse variance weighted 7 0.464
GCST90277350  Fibroblast growth factor 19 levels l--@4--1 Wald ratio 1 0.490
GCST90277353  Fibroblast growth factor 19 levels I--@5-1 Wald ratio 1 0.341
GCST90277354  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.363
GCST90277357  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.250
GCST90277367  Fibroblast growth factor 19 levels Inverse variance weighted 2 0.526
GCST90277387  Fibroblast growth factor 19 levels Inverse variance weighted 3 0.556
GCST90277400  Fibroblast growth factor 19 levels Inverse variance weighted 4 0.159
GCST90277407  Fibroblast growth factor 19 levels Inverse variance weighted 3 0.324
GCST90277408  Fibroblast growth factor 19 levels Inverse variance weighted 4 0.215
GCST90277409  Fibroblast growth factor 19 levels Inverse variance weighted 4 0.221
GCST90277410  Fibroblast growth factor 19 levels b-@-4 Inverse variance weighted 3 0.513
GCST90277413  Fibroblast growth factor 19 levels |'_“ -®---1 Inverse variance weighted 5 0.209
GCST90277414  Fibroblast growth factor 19 levels F@-- Inverse variance weighted 5 0.398
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Fig. 4 Mediated Mendelian randomization results of lipidome causally associated with aortic stenosis and fibroblast growth factor 19 levels. nsnp,
number of single nucleotide polymorphisms

lipid molecules could provide empirical evidence of
their role in AS pathogenesis and their potential thera-

peutic value.

Our research delves into the lipidome and pro-
teome, offering a comprehensive analysis of the causal

relationships between lipid types, inflammatory pro-
teins, and AS. This dual focus enriches our understand-

ing and presents the subtleties of AS pathogenesis,

where both lipid metabolism and inflammatory pro-
cesses play significant roles. The study’s strengths
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id.exposure triat.outcome method nsnp P value
GCST90277240 Interleukin-6 levels F-@-+ Inverse variance weighted 9 0.138
GCST90277243 Interleukin-6 levels I=-=====---@==-=-==-==-=-=--~ s Wald ratio 1 0.083
GCST90277244 Interleukin-6 levels b--@--4 Inverse variance weighted 8 0.782
GCST90277246 Interleukin-6 levels I--9--I Inverse variance weighted 9 0.751
GCST90277247 Interleukin-6 levels l----@-+--4 Inverse variance weighted 5 0.415
GCST90277248 Interleukin-6 levels b--@--l Inverse variance weighted 3 0.072
GCST90277250 Interleukin-6 levels re:l Inverse variance weighted 10 0.194
GCST90277251 Interleukin-6 levels b-@-4 Inverse variance weighted 3 0.122
GCST90277252 Interleukin-6 levels I = =g v i Inverse variance weighted 2 0.321
GCST90277254 Interleukin-6 levels b--@-e-] Inverse variance weighted 2 0.220
GCST90277255 Interleukin-6 levels Inverse variance weighted 3 0.724
GCST90277256 Interleukin-6 levels Inverse variance weighted 8 0.368
GCST90277277 Interleukin-6 levels Inverse variance weighted 5 0.244
GCST90277280 Interleukin-6 levels Wald ratio 1 0.265
GCST90277281 Interleukin-6 levels Inverse variance weighted 2 0.396
GCST90277284 Interleukin-6 levels Wald ratio 1 0.216
GCST90277287 Interleukin-6 levels Inverse variance weighted 4 0.213
GCST90277288 Interleukin-6 levels Wald ratio 1 0.294
GCST90277291 Interleukin-6 levels Wald ratio 1 0.263
GCST90277296 Interleukin-6 levels Wald ratio 1 0.287
GCST90277298 Interleukin-6 levels Inverse variance weighted 6 0.141
GCST90277302 Interleukin-6 levels l-5-@---1 Wald ratio 1 0.287
GCST90277304 Interleukin-6 levels oY Inverse variance weighted 7 0.199
GCST90277305 Interleukin-6 levels 1--@--4 Inverse variance weighted 2 0.300
GCST90277306 Interleukin-6 levels I--@-rd Inverse variance weighted 2 0.212
GCST90277307 Interleukin-6 levels [T TRRSY Inverse variance weighted 2 0.177
GCST90277311 Interleukin-6 levels Inverse variance weighted 3 0.089
GCST90277313 Interleukin-6 levels H Inverse variance weighted 7 0.217
GCST90277317 Interleukin-6 levels I----@2---4 Inverse variance weighted 4 0.585
GCST90277323 Interleukin-6 levels Inverse variance weighted 3 0.360
GCST90277331 Interleukin-6 levels Inverse variance weighted 2 0.367
GCST90277336 Interleukin-6 levels Inverse variance weighted 2 0.258
GCST90277339 Interleukin-6 levels Inverse variance weighted 2 0.139
GCST90277342 Interleukin-6 levels Wald ratio 1 0.313
GCST90277344 Interleukin-6 levels b---@--r-] Inverse variance weighted 2 0.209
GCST90277346 Interleukin-6 levels 1--@--1 Inverse variance weighted 5 0.966
GCST90277349 Interleukin-6 levels . Inverse variance weighted 7 0.628
GCST90277350 Interleukin-6 levels Wald ratio 1 0.276
GCST90277353 Interleukin-6 levels Wald ratio 1 0.287
GCST90277354 Interleukin-6 levels Inverse variance weighted 2 0.250
GCST90277357 Interleukin-6 levels Inverse variance weighted 2 0.217
GCST90277367 Interleukin-6 levels Inverse variance weighted 2 0.453
GCST90277387 Interleukin-6 levels |= == si@iski= = d Inverse variance weighted 3 0.466
GCST90277400 Interleukin-6 levels I---@--=4 Inverse variance weighted 4 0.109
GCST90277407 Interleukin-6 levels b---@--- Inverse variance weighted 3 0.254
GCST90277408 Interleukin-6 levels For-@---l Inverse variance weighted 4 0.113
GCST90277409 Interleukin-6 levels be@--- Inverse variance weighted 4 0.738
GCST90277410 Interleukin-6 levels l---®---4 Inverse variance weighted 3 0.930
GCST90277413 Interleukin-6 levels I---@-2-4 Inverse variance weighted 5 0.273
GCST90277414 Interleukin-6 levels |==inifffi= = = Inverse variance weighted 5 0.076
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Fig. 5 Mediated Mendelian randomization results of lipidome causally associated with aortic stenosis and interleukin-6 levels

include the robust methodology of MR, which clarifies
causal pathways using genetic proxies, and a wide-rang-
ing analysis including various lipids and proteins, high-
lighting potential therapeutic targets. However, while
MR is a powerful tool for inferring causality, it is subject
to certain biases, such as pleiotropy, where genetic vari-
ants influence multiple traits, potentially confounding

Odds Ratio(95%Cl)

the results. We attempted to mitigate this using robust
statistical methods like MR-Egger and MR-RAPS, but
some residual bias may remain. The cross-sectional
nature of GWAS data also limits our ability to infer tem-
poral relationships. Although MR can help establish
causality, it cannot fully address the directionality of
the relationships between lipids, inflammatory proteins,
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and AS. Other challenges, such as the generalizability
of the study across different populations, the complex
interactions between metabolic and inflammatory path-
ways, and translating these genetic insights into practi-
cal clinical interventions, remain. Additionally, the data
sources themselves also introduce potential sources
of bias. For example, measurement bias in the lipid-
omic and proteomic data could affect the reliability of
our findings [23]. Lipid and protein levels can be influ-
enced by various pre-analytical and analytical factors,
leading to measurement variability. This variability can
introduce noise into the data, potentially obscuring true
associations or creating spurious ones. Despite these
obstacles, our integrated approach to studying the lipi-
dome and proteome emphasizes the complexity of AS
and paves the way for new diagnostic and therapeutic
strategies, highlighting the importance of a multifaceted
understanding of cardiovascular diseases.

Conclusion

Our investigation provides novel insights into the genetic
and molecular landscape of AS, identifying key lipid and
inflammatory proteins that influence the disease. We
found certain lipids that increase AS risk and others that
may protect against it, along with evidence that proteins
like FGF19 and IL-6 could lower AS risk. Although we
did not find direct links between these proteins and how
lipids affect AS, our results opened up new avenues for
targeted treatments. By deepening our understanding of
AS’s underlying causes, we pave the way for personalized
approaches to managing this condition, offering hope for
better prevention and therapy options in future.
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