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Circulating Protein Biomarkers for Primary
Cardiomyopathy: Evidence from Mendelian
Randomization and Clinical Validation

ABSTRACT

Background: Primary (non-ischemic) cardiomyopathy poses diagnostic challenges due
to phenotypic heterogeneity and non-specific clinical presentation, and commonly used
circulating biomarkers have limited disease specificity. The aim was to prioritize mecha-
nism-informed plasma biomarkers and evaluate their diagnostic discrimination in a clini-
cal cohort.

Methods: pQTL data from 8 proteomic studies covering 5,034 proteins were integrated,
and Mendelian randomization was performed across 3 cardiomyopathy GWAS datasets.
Top MR candidates were clinically validated by enzyme-linked immunosorbent assays
quantification in a prospective case—control cohort of 81 subjects (48 cardiomyopathy
patients and 33 healthy controls). Echocardiography evaluated cardiac function and
remodeling, correlating with plasma biomarker levels.

Results: Proteome-wide MR prioritized 27 proteins linked to cardiomyopathy risk. Clinical
validation confirmed significant differences in plasma levels of 5 selected biomarkers
(CD163, LGALS3BP, FABP5, FSTL3, VCAMT). CD163 (odds ratio (OR)=1.019, P < .0001) was
positively associated with CM, while LGALS3BP (OR=0.390, P < .0001), FABP5, FSTL3,
and VCAM1 showed inverse associations. Multivariate analysis revealed CD163 and
LGALS3BP as independent CM predictors, strongly correlating with echocardiographic
indices of cardiac dysfunction. Receiver operating characteristic analyses showed indi-
vidual area under the curve (AUC) ranging from 0.632 (VCAM1) to 0.917 (CD163). Given the
modest discrimination of VCAMT1, 5- versus 4-protein combined models were compared,
and a parsimonious 4-protein panel was selected (CD163, LGALS3BP, FABPS5, FSTL3).
The 4-protein panel achieved an apparent AUC of 0.993, with optimism-corrected and
repeated cross-validated AUCs of 0.988 and 0.980.

Conclusion: This integrative genetic-to-clinical approach supports a 4-protein plasma
panel with promising diagnostic discrimination for primary cardiomyopathy, warranting
external validation. CD163 and LGALS3BP emerged as particularly informative markers
for further evaluation.

Keywords: CD163, clinical validation, ELISA, LGALS3BP, mendelian randomization,
plasma biomarkers, primary cardiomyopathy

INTRODUCTION

Cardiomyopathy is a major contributor to heart failure, arrhythmias, and sudden
cardiac death worldwide, with increasing prevalence and substantial clinical and
socioeconomic impact."? Although echocardiography and cardiac MRI can detect
structural and functional abnormalities, diagnostic evaluation can be challeng-
ing in routine practice because phenotypic presentations are heterogeneous and
symptoms are often non-specific, particularly in earlier or milder stages. In addi-
tion, commonly used circulating biomarkers reflect myocardial injury or hemody-
namic stress but have limited disease specificity. These gaps highlight the need for
complementary circulating markers that can support diagnostic discrimination
and patient characterization in primary cardiomyopathy.-

Mounting evidence suggests that chronicinflammation, myocardial fibrosis, met-
abolic dysregulation, and extracellular matrix remodeling play central roles in the
pathogenesis and progression of cardiomyopathy—even before overt systolic
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dysfunction develops.®® However, sensitive and mechanism-
specific plasma biomarkers that reflect these key processes
are lacking in routine clinical practice. Most currently used
blood-based markers predominantly reflect end-stage
damage rather than upstream, actionable pathophysiol-
ogy.? Recent studies reported oxidative stress and neurohu-
moral biomarkers associated with heart failure phenotypes,
underscoring the need for mechanism-informed plasma
markers.o"

Large-scale genetic studies have now cataloged thousands
of protein quantitative trait loci (pQTLs), providing a unique
opportunity to systematically prioritize circulating proteins
with potential causalrelevance to disease.’*™Mendelianran-
domization (MR) can leverage these genetic instruments to
identify proteins that may not only signal increased risk but
could serve as future therapeutic targets. Nonetheless, few
studies have moved beyond genetic discovery to real-world
clinicaltranslation—prospectively validating MR-nominated
candidates in contemporary patient cohorts. Recent reports
highlight genetic heterogeneity within primary cardiomy-
opathies, including f1-adrenergic receptor polymorphismsin
hypertrophic cardiomyopathy, supporting precision, genet-
ics-anchored approaches.™

In this study, proteome-wide pQTL data were integrated
with large-scale cardiomyopathy GWAS, using MR to iden-
tify candidate plasma biomarkers, and then validating their
diagnostic utility in a prospectively recruited clinical cohort.
The clinical validation focused on primary cardiomyopathy
as an overall entity: although subtype heterogeneity exists,
these phenotypes commonly converge on shared pathways
of inflammation, fibrosis, and myocardial remodelingin real-
world diagnostic pathways. Therefore, the subtype distribu-
tion and key echocardiographic measurements are reported,
while standardized echocardiographic assessment and tar-
geted enzyme-linked immunosorbent assays (ELISA) quan-
tification to develop a clinically relevant plasma biomarker
panel for primary cardiomyopathy.

METHODS

Study Design

This study followed an integrative design beginning with
proteome-wide genetic analyses and culminating in clinical
validation (Figure 1). First, summary statistics from large-
scale plasma proteomic genome-wide association studies
were assembled (pQTL GWAS). Protein quantitative trait

HIGHLIGHTS

e Proteome-wide MR screens 5,034 proteins for cardio-
myopathy risk.

e Prospective enzyme-linked immunosorbent assays vali-
dation confirms 4 plasma biomarkers.

e CD163 predicts higherrisk; LGALS3BP is protective; both
are independent.

e Four-protein panel shows strong discrimination after
internal validation.

e Biomarker levels track echocardiographic dysfunction.
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loci (pQTLs) across the human proteome were identified and
then applied 2-sample MR to test for causal effects of circu-
lating proteins on cardiomyopathy risk. Finally, top MR can-
didates were examined in a prospective clinical cohort using
ELISAs for biomarker validation. The overall workflow from
pQTL data integration and MR screening to clinical valida-
tionisillustrated schematically in Figure 1.

Proteomic Protein Quantitative Trait Loci Datasets

pQTL findings from 8 published proteomic studies, encom-
passing a total of 5034 unique plasma proteins and 13636
independent pQTL instruments, were aggregated (2157 cis-
pQTLs and 11479 trans-pQTLs). The data sources and cohort
details are as follows: Fenland study (UK), N=10708 par-
ticipants, 4775 proteins assayed by SomaScan v4.” Iceland
study, N=35559 Icelanders, 4719 proteins (Somalogic
aptamers).’®” INTERVAL study (UK), N=3301 blood donors,
2,995 proteins (SomaScan assay).” The UK Biobank Pharma
Proteomics Project (UKB-PPP), N=34557 UK Biobank par-
ticipants, 2922 unique proteins (Olink Explore 3072 panels).”
This is the largest pQTL resource, with ~14,287 significant
protein—variant associations (81% novel) reported. The pub-
lished primary pQTL hits from the full UKB-PPP release were
used.” Additionally, pQTL data from the initial UKB-PPP
Pilot/Phase | (35571 participants) for cross-validation was
included.?® KORA F4 study (Germany), N=1000 adults, 1124
proteins (Somalogic v1).2 SCALLOP consortium (Europe),
N=30931, 90 cardiovascular-related proteins (Olink pan-
els).2? FHS Offspring study (USA), N=6861 Framingham
Heart Study participants, 71 selected CVD proteins (multi-
pleximmunoassays).?

All pQTL coordinates were aligned to the human hg19 ref-
erence genome. Uniform quality control and instrument
selection criteria were applied across datasets. Only pQTL
variants reaching genome-wide significance (P < 5 x 1078)
in their original study were considered. The extended major
histocompatibility complex (MHC) region on chré (positions
25-34 Mb) were excluded to avoid complex LD. Within each
protein’slocus, if multiple significant SNPs were in linkage dis-
equilibrium, LD clumping (r? < .001) were performed to retain
asingle sentinel SNP per locus. For each protein, one or more
independent pQTL instruments were selected that were suf-
ficiently strong (F-statistic > 10, corresponding to an approxi-
mate r? > 1% in the discovery cohort). When a protein was
measured in multiple studies, the dataset with the highest
variance explained (e.g. the pQTL with highest r? for that pro-
tein) was retained to represent that protein’s genetic instru-
ment. Cis-pQTLs were defined as variants located within or
near the encoding gene (within £500 kb of the gene locus),
while trans-pQTLs were those mapping outside this cis win-
dow. In total, 13636 SNP—protein instruments were curated
(2157 cisand 11479 trans) for the MR analysis. Eachinstrument
was oriented to the allele associated with higher proteinlevel,
and palindromic SNPs were aligned by effect allele frequency
to ensure consistency between exposure and outcome data.

Cardiomyopathy GWAS Datasets
Three complementary genome-wide association datas-
ets for cardiomyopathy outcomes were obtained to serve



Anatol J Cardiol 2026; XX(X): 1-9

He et al. Protein Biomarkers for Primary Cardiomyopathy

Proteomics Studies

Fenland, Iceland,INTERVAL, UKB-PPP,
UKB-PPP phase I, KORA F4, SCALLOP, FHS

v

Coordinate harmonization, SNP selection (P < 5x107%),
MHC exclusion, LD clumping (r* < 0.001),
Instrument strength estimation and maximum R selection

v

Exposures

5034 Proteins, 13,636 pQTLs
(2,157 cis-pQTLs, 11,479 trans-pQTLs)

Protome-wide MR VA 4

%

Outcomes: Primary Cardiomyopathies

Potential pleiotropic traits

UKB(PCM): 522 cases and 455,826 controls

FinnGen(RCM): 114 cases and 492,699 controls

FinnGen(NICM): 2,108 cases and 413,400 controls

screened for SNP filtering
alcohol consumption,
cigarette smoking, adiposity,
T2D, SBP/DBP and eGFR

<3

A

y

Scoring Dimension Scoring Criteria Score Range
Direction Concordance | 1 point per replication with same direction (max 2) 0-2
Effect Size Ranking Top 25% = 2 pts, 25 50% = 1 pt, others =0 0-2
P-value Significance p<0.001=2pts, p<0.05=1pt, else =0 0-2
Literature Prior Evidence | Strong = 3, Moderate = 2, Weak = 1, None =0 0-3

v

Candidata Proteins(score=5)
for Clinical Validation
5 candidate proteins: CD163, LGALS3BP, FABP5, FSTL3, VCAM1
Case-control cohort: 48CM patients, 33 healthy controls

Figure 1. Study design and workflow for biomarker discovery and validation. An overview of the integrative pipeline combining
proteome-wide pQTL data from 8 large-scale proteomic studies with 3 cardiomyopathy GWAS datasets (UKB—PCM, FinnGen—
NICM, and FinnGen—RCM) using Mendelian randomization (MR). After harmonization, filtering, and instrument selection, 13,636
PQTLs (2,157 cis and 11,479 trans) across 5,034 proteins were evaluated. A multi-dimensional scoring system based on replication

consistency, effect size, P-value, and literature evidence was used to prioritize candidate proteins for clinical validation. Five
proteins (CD163, LGALS3BP, FABPS5, FSTL3, and VCAMT1) were selected for ELISA testing (48 CM patients, 33 healthy controls);
subsequent panel refinement yielded a parsimonious 4-protein panel as the primary combined model. The pleiotropy-screening
traits were used for instrument screening to mitigate horizontal pleiotropy, rather than representing a comprehensive list of
clinical differential diagnoses.

as MR outcome data. (1) UK Biobank primary cardiomy-
opathy: Cases of primary (non-ischemic) cardiomyopathy
in UK Biobank were defined as participants with any car-
diomyopathy diagnosis (e.g. dilated or hypertrophic car-
diomyopathy, ICD-10 142/143) not attributable to ischemic
heart disease. There were 522 cases and 455826 controls of
European ancestry in this analysis. (2) FinnGen Non-ischemic
Cardiomyopathy: FinnGen Release 11 results were used for
the endpoint “Non-ischemic cardiomyopathy,” which had
2108 cases and 413400 controls of Finnish ancestry. FinnGen
cases were identified via ICD codes (e.g. 142.x excluding
ischemic causes); summary statistics were obtained from
the FinnGen open data portal. (3) FinnGen restrictive car-
diomyopathy: This analysis from FinnGen R11 included 114
cases of restrictive cardiomyopathy (a rare phenotype) and
492699 controls. In both FinnGen GWAS, logistic models
were adjusted for age, sex, genotype batch, and population
structure, and individuals with confounding conditions (such

as ischemic heart disease, chronic heavy alcohol use, uncon-
trolled diabetes, obesity, severe hypertension, or chronic
kidney disease) were excluded by FinnGen's endpoint defini-
tions toisolate idiopathic cardiomyopathy.

For each protein, its causal effect on cardiomyopathy were
estimated in each GWAS dataset using appropriate MR
methods: the Wald ratio for single-instrument proteins and
inverse-variance weighted (IVW) meta-analysis for proteins
with multiple independent pQTLs. Heterogeneity among
instruments was evaluated using Cochran’s Q test, and a
random-effects IVW model was used for sensitivity analy-
sis when significant heterogeneity was detected; however,
fixed-effects IVW was used for primary results due to typi-
cally smallinstrument numbers.

In ther analysis, most MR P-values were relatively large,
and after FDR correction, no protein reached statisti-
cal significance. Therefore, the MR results were treated

33—



He et al. Protein Biomarkers for Primary Cardiomyopathy

as hypothesis-generating signals for prioritization rather
than definitive discovery. Nominal MR evidence together
with a pre-specified multi-dimensional scoring framework
were used to select candidates for prospective clinical test-
ing. This approach enables the identification of potentially
meaningful biomarkers that might otherwise be overlooked
due to statistical conservatism. Finally, MR results across the
3 cardiomyopathy GWAS datasets were synthesized using
fixed-effect meta-analysis (inverse-variance weighted) to
generate overall estimates and assess consistency.

Protein Prioritization Scoring Scheme

To prioritize candidates for clinical testing, a pre-specified
composite scoring framework (Supplementary Table 1)
intended as a heuristic ranking tool rather than formal infer-
ence. The component weights and cutoffs were chosen
pragmatically a priorito reflect translational considerations,
and were not derived from an optimized statistical model.
The score combines 4 domains capturing direction concor-
dance across datasets, magnitude of MR effects, nominal
statistical support, and prior literature evidence. Proteins
above a predefined score threshold were shortlisted, and
final selection for ELISA testing further considered assay
availability and clinical feasibility. This composite scoring
framework was defined for the present study and has not
been externally validated.

After performing 2-sample MR separately in 3 cardiomy-
opathy GWAS datasets (UK Biobank primary cardiomyopa-
thy, FinnGen non-ischemic cardiomyopathy, and FinnGen
restrictive cardiomyopathy), each protein was prioritized
using a 4-dimension composite score (range 0-9):

1. Direction concordance (0—2 points): Proteins received
higher scores when the direction of association was con-
sistent across the three cardiomyopathy GWAS datasets.

2. Effect magnitude (0—2 points): Proteins were ranked
according to the relative magnitude of the observed MR
effect estimates, with larger effects receiving higher
scores.

3. Nominal statistical support (0—2 points): Proteins with
stronger nominal statistical evidence in the broader car-
diomyopathy GWAS analyses received higher scores.

4. Priorliterature evidence (0—3 points): Prior evidence was
evaluated according to the extent of human, genetic,
clinical, or experimental support linking each protein to
cardiomyopathy, heart failure, myocardial remodeling,
fibrosis, inflammation, or related cardiac phenotypes.

Proteins with a total score >5 were shortlisted for potential
clinical validation. Tieswere broken by smaller meta-analytic
P-values. This composite scoring framework was defined for
the present study and has not been externally validated.

Clinical Cohort

This was a prospective case—control, exploratory clinical
validation study. A total of 81individuals were prospectively
recruited for clinical validation of identified biomarkers,
including 48 patients with cardiomyopathy (cases) and 33
healthy controls. Cardiomyopathy subtypes (dilated, hyper-
trophic, and restrictive) were adjudicated by cardiologists
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based on comprehensive clinical records and echocardio-
graphic findings, in accordance with contemporary diag-
nostic criteria. Secondary causes were excluded based on
documented clinical assessments and available investiga-
tions. Baseline assessment and blood sampling were com-
pleted at enrollment (morning phlebotomy prior to any
cardiac-specific treatment); no longitudinal follow-up was
conducted, and therefore no loss to follow-up occurred.
The sample size was feasibility-based; no a priori calcula-
tion was performed. Effect sizes (odds ratios) with 95% con-
fidence intervals are reported, and findings require external
validation in independent cohorts. Patients were enrolled
from December 2022 to May 2025 at a single tertiary cen-
ter. All participants provided written informed consent, and
the study protocol was approved by the Institutional Review
Board (approval No. 2022-KY-003; April 2022). Inclusion cri-
teria for cases were a diagnosis of cardiomyopathy (pre-
dominantly non-ischemic etiologies, confirmed by imaging
and clinical evaluation) prior to initiation of therapy. Controls
were volunteers with no history of heart failure or structural
heart disease, frequency-matched to cases by age and sex.
At enrollment, a detailed medical history and physical exam-
ination were obtained. Laboratory personnel were blinded
to case—control status. Whole blood (5 mL in EDTA) was pro-
cessed within 30 minutes of collection; plasma was aliquoted
and stored at —80 °F until assays.

All participants underwent standard transthoracic echo-
cardiography using a Sonoscape ultrasound system, per-
formed by experienced sonographers. Key echocardiographic
parameters included left ventricular end-diastolic diameter
(LVEDD), left atrial diameter (LA), interventricular septal
thickness (IVS), ejection fraction (LVEF), fractional shortening
(FS), and mitralinflow velocities (E, A) for calculation of the E/A
ratio. These measurements were used to assess left ventricu-
lar size and systolic function (LVEDD, LVEF, FS), wall thickness
(IVS), atrial enlargement (LA), and diastolic filling patterns
(E/A ratio). All procedures were conducted in accordance with
the Declaration of Helsinki and applicable regulations.

All plasma samples were analyzed using commercially avail-
able sandwich ELISA kits for 8 proteins: CD163 (Proteintech,
KE00190), LGALS3BP (Proteintech, KEO0O0155), FABPS5
(CUSABIO, CSB-EL007946HU), FSTL3 (Thermo Fisher,
EHFSTL3), VCAM1 (CUSABIO, CSB-E04753h), PICP (Cloud-
Clone, SEA573Hu), Galectin-3 (Proteintech, KE00126), and
PIINP (Cloud-Clone, SEA570Hu). All assays were performed
in accordance with the manufacturers’' protocols. Briefly,
samples and standards were loaded in duplicate into 96-well
plates pre-coated with targetantibodies, incubated, washed,
and then treated with detection antibodies and colorimetric
substrate according to the kit instructions. Optical density
was read at the specified wavelength, and concentrations
were calculated using standard curves generated for each
assay. All samples were measured blinded to clinical group.

Receiver Operating Characteristic Analysis and
Multivariable Biomarker Model

For the single-center case—control cohort (48 cardiomy-
opathy cases and 33 controls), plasma concentrations of 5
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biomarkers (CD163, LGALS3BP, FABPS5, FSTL3, VCAM1) were
analyzed. Participants with missing biomarker values were
excluded from Receiver operating characteristic (ROC) anal-
yses (complete-case analysis). Each biomarker was stan-
dardized to z-scores before modeling.

For individual ROC curves, a univariable logistic regression
with case/control status as the outcome was fitted for each
biomarker, and the model-based predicted probabilities
were used to derive the ROC curve and area under the curve
(AUC).

For combined prediction, the 4-protein panel (CD163,
LGALS3BP, FABP5, and FSTL3) was selected as the pri-
mary combined model, given the modest individual dis-
crimination of VCAM1. To quantify the incremental value
of VCAM1, a 5-protein model including VCAM1 was addi-
tionally fitted, and compared the discrimination of the 4-
and 5-protein models using DelLong's test (Supplementary
Table 2). As VCAMT provided negligible incremental con-
tribution, the 4-protein panel was retained as the primary
combined model. Predicted probabilities from the multivari-
able biomarker model were used to construct the combined
ROC curve and AUC; this multivariable analysis reflects
mutual adjustment among biomarkers rather than adjust-
ment for clinical covariates.

Internal validation was performed using bootstrap optimism
correction (2000 resamples) and repeated 10-fold cross-
validation (50 repeats); corresponding performance metrics
are reported in Supplementary Table 2. To assess incremen-
tal value beyond routinely available information, sensitivity
analyses were conducted by adding the 4-protein panel to
base models including age, sex, systolic blood pressure, and
either LVEF or LVEDD (Supplementary Table 3).

Statistical Analysis

Clinical analyses were performed in R (v4.x) and/or Python
(standard glm/scikit-learnroutines for logistic regression and
ROC computation) and GraphPad Prism 9 (for descriptive

He et al. Protein Biomarkers for Primary Cardiomyopathy

statistics, graphics, and correlation analysis). Associations
between plasma biomarkers and echocardiographic param-
eters were assessed using Spearman correlation. Diagnostic
performance was evaluated as described above. For the
clinical validation analyses only, a 2-sided P < .05 was consid-
ered statistically significant.

RESULTS

Proteome-Wide Data Integration and Mendelian
Randomization Screening

First, pQTL data from 8 large proteomics cohorts were har-
monized z(Supplementary Table 4): Fenland (4775 proteins
in 10708 participants),” Iceland (4719 proteins in 35559
participants),’®” UKB-PPP (2922 proteins in 34557 partici-
pants),” INTERVAL (2995 proteins in 3301 participants),™
KORA F4 (1124 proteins in 1000 participants),? UKB-PPP
Phase | (1463 proteins in 35571 participants),?° SCALLOP (90
proteinsin 30 931 participants),?? and FHS (71 proteins in 6 861
participants)® (Figure 1). Altogether, 5034 proteins (13636
pQTLs: 2157 cis, 11479 trans) were available for downstream
MR (Figure 1).

Cardiomyopathy GWAS and Confounder Filtering
Proteome-wide MR was carried out in 3 cardiomyopathy
GWASdatasets: primary cardiomyopathy (PCM)in UK Biobank
(522 cases, 455826 controls), Non-Ischemic Cardiomyopathy
(NICM) in FinnGen R11 (2108 cases, 413400 controls), and
restrictive cardiomyopathy (RCM) in FinnGen R11 (114 cases,
492699 controls). Prior to MR, all pQTLs were filtered to
remove any variants (P < 5 x 10°8) associated with key con-
founders—alcohol consumption, smoking status, measures
of adiposity, type 2 diabetes, systolic/diastolic blood pressure,
and eGFR—thereby minimizing horizontal pleiotropy.

Mendelian Randomization-Derived Protein Associations
Inverse-variance weighted MR (or Wald ratio when only
1 instrument was available) was then performed in each
GWAS, and the 3 sets of estimates were combined by fixed-
effects meta-analysis.

@ UKB-PCM -@-FinnGen-NICM -®-FinnGen-RCM -@-Combined
UKB-PCM FinnGen-NICM FinnGen-RCM Combined
Protein OR (95% Cl) OR (95% ClI) OR (95% Cl) OR (95% ClI)
CD163 *’;_. 1.02 (0.71t0 1.46) 1.21(0.99t01.47) 4.92(1.891t012.82) 1.27 (1.1210 1.44)

——
LGALS3BP o 0.7 (0.34t0 1.73)

e
FABP5 -t 071(02210227)

——
FSTL3 _:*'_ 0.20 (0.05 to 0.76)

——
VCAM1 _.:'_ 0.42 (0.20 to 0.90)

1T
0104127
QOdds Ratio

0.77 (0.46 to 1.29)

0.96 (0.62 to 1.48)

0.99 (0.66 to 1.49)

0.81 (0.50 to 1.32)

0.10 (0.0110 0.86)  0.67 (0.49 to 0.93)

0.14 (0.03 10 0.67)  0.67 (0.47 to 0.96)
0.73(0.13104.16)  0.70 (0.49 to 0.98)

0.57 (0.11t02.84)  0.63 (0.48 to 0.82)

Figure 2. Forest plots of odds ratios for candidate proteins across 3 cardiomyopathy GWAS datasets. Forest plots showing
mendelian randomization-derived odds ratios (ORs) and 95% confidence intervals (Cls) for each candidate protein (CD163,

LGALS3BP, FABP5, FSTL3, VCAM1) across UKB—Primary Cardiomyopathy (PCM), FinnGen Non-ischemic Cardiomyopathy
(NICM), FinnGen Restrictive Cardiomyopathy (RCM), and the combined meta-analysis. Directionally consistent associations and

pooled effects support the potential causal relevance of these proteins to cardiomyopathy risk.
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Overall, proteome-wide MR prioritized 27 proteins with
scores >5 (Supplementary Table 1). From this set, 5 proteins
were selected for further validation—CD163, LGALS3BP,
FABPS5, FSTL3, and VCAMT1—based on prior evidence impli-
cating them in cardiomyopathy biology. In fixed-effects
meta-analysis of MR estimates across primary cardiomyop-
athy, non-ischemic cardiomyopathy, and restrictive cardio-
myopathy GWAS, the pooled odds ratios per 1-SD increase
in genetically predicted protein level were as follows: CD163,
1.27 (95% Cl, 112-1.44); LGALS3BP, 0.67 (95% Cl, 0.49-0.93);
FABPS5, 0.67 (95% Cl, 0.47-0.96); FSTL3, 0.70 (95% CI, 0.49-
0.98); and VCAM1, 0.63 (95% Cl, 0.48-0.82) (Figure 2).

Clinical Enzyme-Linked Immunosorbent Assays Validation
Cohort Characteristics

From December 2022 to May 2025, 81 participants were
prospectively recruited at a single tertiary care hospital.
All participants provided written informed consent prior
to enrollment, and the study protocol was approved by the
institutional ethics committee (IRB no. 2022-KY-003). A
total of 48 patients diagnosed with primary cardiomyopa-
thy (CM) and 33 age- and sex-matched healthy controls were
included. Demographic characteristics such as age, sex, BMI,
blood pressure, smoking and drinking status, diabetes preva-
lence, and eGFR did not significantly differ between groups
(Table 1).

Among cardiomyopathy patients (n=48), 28 were diagnosed
with dilated cardiomyopathy, 14 with restrictive cardiomy-
opathy, and 6 with hypertrophic cardiomyopathy. Key echo-
cardiographic measurements by subtype are summarized in
Supplementary Table 5.

All participants underwent transthoracic echocardiography
using a Sonoscape system. The following echocardiographic
parameters were recorded: LVEDD, LA, IVS, LVEF, FS, and
mitral inflow velocities (E and A) for E/A ratio calculation.
Compared with controls, CM patients exhibited markedly
impaired cardiac structure and function, including increased
LVEDD (58.4 +10.7 mm vs. 49.6 +2.8 mm, P <.0001), enlarged
LA (42.0 £3.6 mmvs.34.5+ 2.7 mm, P<.0001), thickened IVS
(10.6 £ 2.4 mm vs. 9.0 + 0.9 mm, P=.0001), reduced LVEF (50.3
+ 131% vs. 641 + 4.5%, P < .0001), decreased FS (23.2 + 7.7%
vs.34.3 +3.6%, P <.0001), and a non-significant trend toward
higher E/A ratio (1.5 +1.1vs. 1.2+ 0.2, P=.0553).

Plasma concentrations of 8 biomarkers were quantified by
sandwich ELISA (Table 1). CM patients exhibited significantly
higher levels of inflammatory and fibrotic markers—CD163
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Table 1. Baseline Characteristics, Plasma Biomarkers, and
Echocardiographic Parameters of Study Participants

Subjects[Mean + SD or n (%)]

Healthy Cardiomyopathy
Controls Patients
Characteristics (n=33) (%) (n=48) (%) P
Age (years) 50.2+77 53.0+11.0 .218
Male (%) 18/33 (54.6) 25/48 (52.1) >.9999
BMI (kg/m?) 24.6+2.7 26.0+3.6 .0613
SBP (mm Hg) 123.3+9.8 1269 +11.2 1385
DBP (mm Hg) 79.3+6.7 81.3+8.0 .234
Smoking (%) 9(27.27) 20 (41.67) .2402
Drinking (%) 12 (36.36) 16 (33.33) .8153
Diabetes (%) 2(6.06) 6(12.50) 462
eGFR (mL/min) 92.0+77 90.0 £13.5 442
Plasma markers
CD163 (ng/mL) 143.4 +777 339.7 £122.2 <.0001
LGALS3BP (ng/mL) 6.4+1.0 31+0.5 <.0001
FABP5 (ng/mL) 51+2.0 3.8+2.0 .0022
FSTL3 (ng/mL) 9.4+19 8.0+18 .0007
VCAM1 (ng/mL) 6491+131.7  558.2+2329 .046
PICP (ng/mL) 39+1.0 5.4+10 <.0001
PIINP (ng/mL) 41.4+£5.5 71.6+12.4 <.0001
Gal-3 (ng/mL) 1.2+0.4 19+0.4 <.0001
Echocardiographic parameters
LVEF (%) 641+4.5 50.3+131 <.0001
FS (%) 343+3.6 23.2+77 <.0001
LVEDD (mm) 49.6 +2.8 58.4 +10.7 <.0001
LA (mm) 345+27 42.0+3.6 <.0001
IVS (mm) 9.0+09 10.6+2.4 .0001
E/A ratio 1.2+0.2 1.5+11 .0553

BMI, body massindex; DBP, diastolic blood pressure; E/A, ratio of early
to late mitral inflow velocity; eGFR, estimated glomerular filtration
rate; FS, fractional shortening; IVS, interventricular septal thickness at
end-diastole measured on routine transthoracic echocardiography;
LA, left atrial diameter; LVEDD, left ventricular end-diastolic
diameter; LVEF, left ventricular ejection fraction; SBP, systolic blood
pressure.

(339.7 +122.2 ng/mL vs. 143.4 + 77.7 ng/mL; P < .0001), PICP
(5.4 +1.0 ng/mL vs. 3.9 + 1.0 ng/mL; P < .0001), PIIINP (71.6 +
12.4ng/mLvs. 41.4 +5.5ng/mL; P<.0001),and Gal-3 (1.9 + 0.4
ng/mLvs.1.2+ 0.4 ng/mL; P <.0001)—and  significantly lower
levels of candidate proteins LGALS3BP (31 + 0.5 pg/mL vs.
6.4 +1.0 ug/mL; P<.0001), FABP5 (3.8 +2.0 ng/mL vs. 51+ 2.0

Table 2. Association of Plasma Protein Levels with Cardiomyopathy Risk: Univariate and Multivariate Logistic Regression <.001

Univariate Multivariate
Protein OR 95% ClI P OR 95% ClI P
CD163 1.019 1.01-1.03 <.001 1.044 1.01-1.08 .012
LGALS3BP 0.390 0.27-0.56 <.001 0.161 0.04-0.63 .009
FABP5S 0.716 0.56—0.92 .008 0.488 0.22-1.10 .083
FSTL3 0.645 0.49-0.85 .002 1.700 0.72—-4.00 .224
VCAM1 0.998 1.00-1.00 .050 0.994 0.99-1.00 131

Cl, confidence interval; OR, odds ratio.

— N



Anatol J Cardiol 2026; XX(X): 1-9

ng/mL; P=.0022), FSTL3 (8.0 + 1.8 ng/mL vs. 9.4 + 1.9 ng/mL;
P=.0007), and VCAM1 (558.2 + 232.9 ng/mL vs. 6491 + 131.7
ng/mL; P=.0460).

Clinical Validation of Protein Biomarkers

In the ELISA-validated cohort, univariate logistic regres-
sion showed that higher CD163 levels were associated with
increased odds of cardiomyopathy [OR (oddsratio) 1.019; 95%
Cl, 1.010-1.030; P = 1.49 x 107¢], whereas higher LGALS3BP
(OR 0.390; 95% Cl, 0.270-0.560; P = 3.92 x 107), FABP5 (OR
0.716; 95% ClI, 0.560-0.920; P = .0077), FSTL3 (OR 0.645;
95% Cl, 0.490-0.850; P = .0018), and VCAMT1 (OR 0.998; 95%
Cl, 1.000-1.000; P = .0504) levels were protective (Table 2).
When CD163, LGALS3BP, FABP5, FSTL3, and VCAMT1 were
entered together in a multivariate model, only CD163 (OR
1.044, 95% C11.010-1.078; P=.0116) and LGALS3BP (OR 0.161,
95% Cl 0.040-0.625; P=.0087) remained independent pre-
dictors of cardiomyopathy (Table 2). Spearman correlation
analysis showed that CD163 and LGALS3BP were associated
with several echocardiographic indices of cardiac structure
and function, whereas FABP5 and VCAM1 showed weaker
or limited correlations (Figure 3A). Receiver-operating
characteristic analysis further confirmed CD163's superior
discrimination (AUC=0.917) and LGALS3BP’s strong perfor-
mance (AUC=0.870), with FSTL3 (AUC=0.716) and FABP5
(AUC =0.681) showing moderate accuracy and VCAM1being
less discriminative (AUC=0.632). Figure 3B shows the ROC
curves for CD163, LGALS3BP, FABP5, FSTL3, and the com-
bined four-protein panel, which achieved an apparent AUC
of 0.993. Given the limited incremental value of VCAMT,
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the primary 4-protein combined panel (CD163, LGALS3BP,
FABPS5, FSTL3) were compared with the 5-protein model
including VCAM1; the apparent AUCs were similar (0.993
vs 0.991; P = .523). Internal validation indicated optimism-
corrected and repeated cross-validated AUCs of 0.988 and
0.980 for the 4-protein panel (Supplementary Table 2). In
pre-specified sensitivity analyses adjusting for age, sex, sys-
tolic blood pressure, and either LVEF or LVEDD, addition of
the 4-protein panel improved discrimination compared with
covariates alone (Supplementary Table 3).

DISCUSSION

In this study, large-scale proteomic data from 8 cohorts
including more than 120000 participants and 5034 circu-
lating proteins were harmonized and integrated, followed
by rigorous MR analyses across 3 cardiomyopathy GWAS
datasets totaling over 460000 individuals. After stringent
filtering of confounding variants, MHC region exclusion, and
LD clumping, 27 proteins with genetically informed associa-
tions with cardiomyopathy risk were informed. Five proteins
(CD163, LGALS3BP, FABP5, FSTL3, VCAM1), selected based
on robust biological plausibility and assay availability, under-
went detailed clinical validation in the prospectively enrolled
cohortof 81subjects. Inpanelrefinementanalyseswithinter-
nal validation, VCAM1 provided negligible incremental dis-
crimination; therefore, a parsimonious 4-protein panel was
adopted as the primary model. The 4-protein panel showed
high apparent discrimination (AUC=0.993), and boot-
strap optimism correction and repeated cross-validation

B
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Figure 3. Clinical validation of candidate biomarkers in a prospective cohort. (A) Spearman correlation heatmap showing
associations between plasma biomarker levels (CD163, LGALS3BP, FABP5, FSTL3, VCAM1) and echocardiographic parameters
(LVEDD, LA, IVS, LVEF, FS, E/A ratio). Red indicates positive correlations; blue indicates negative correlations. (B) Receiver

operating characteristic (ROC) curves for the 4 individual proteins (CD163, LGALS3BP, FABPS, and FSTL3) and the combined
4-protein panel. The combined model achieved an apparent (in-sample) AUC of 0.993; given the modest sample size and case—
control design, apparent performance may be optimistic. Optimism-corrected and repeated cross-validated AUCs are reported

in Supplementary Table 2, and external validation is warranted.
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supported its internal performance. However, given the
modest sample size and lack of external validation, this
result should still be interpreted cautiously.

The study emphasizes CD163 and LGALS3BP as particularly
promising biomarkers. CD163, a macrophage-specific scav-
enger receptor, is widely recognized as a marker of macro-
phage activation and inflammation, playing a significant
role in myocardial remodeling and fibrosis in various cardio-
vascular conditions.?* The data, consistent with previous
clinical findings, indicate elevated CD163 levels in cardio-
myopathy patients correlating strongly with echocardio-
graphic markers of cardiac dysfunction, such as reduced
LVEF. Conversely, LGALS3BP has primarily been studied in
oncology as a regulator of immune response and extracel-
lular matrix remodeling, but its cardioprotective role in the
results, demonstrated by reduced plasma levels and a pro-
tective MR effect, suggests an intriguing and previously
unrecognized mechanism potentially opposing myocardial
fibrosis and remodeling.?>%

FABP5 and FSTL3 showed moderate associations with car-
diomyopathy in the analyses. FABPS5, involved in fatty acid
transport and metabolism within cardiomyocytes, has
been implicated in metabolic dysregulation contributing to
cardiac hypertrophy and dysfunction.??® Similarly, FSTL3,
known to modulate TGF- signaling, has been associated
with cardiac hypertrophic responses and fibrosis, sup-
porting its relevance as a potential biomarker in cardiac
remodeling.?*° Although their associations were relatively
moderate, both proteins likely reflect distinct but comple-
mentary pathogenic pathways contributing to cardio-
myopathy. VCAM1 exhibited the weakest association in
the study. This adhesion molecule, previously linked with
endothelial dysfunction and inflammation in cardiovascu-
lar diseases, may reflect broader vascular and inflamma-
tory processes rather than specific myocardial pathology,
explaining its relatively lower discriminative capacity.’'*
Further research in larger and diverse cohorts is war-
ranted to clarify VCAM1Y's clinical utility and precise role in
cardiomyopathy.

Beyond these biological insights, the findings also carry
potential clinical implications. In routine practice, establish-
ing an accurate diagnosis of cardiomyopathy can be chal-
lenging, and commonly used markerssuchas NT-proBNP and
cardiac troponins are not specific for cardiomyopathy.>4*
The 4-protein panel—particularly CD163 and LGALS3BP—
showed strong discrimination between cardiomyopathy
patients and healthy controls in the cohort, supporting its
potential as an adjunct to standard diagnostic evaluation.
Further validation in larger, independent cohorts will be
essential to confirm generalizability and to define its incre-
mental value over routinely available clinical and echocar-
diographicinformation.

The MR-driven identification process, integrating extensive
proteomic and genetic data with targeted clinical valida-
tion, significantly reduces biases and enhances translational
potential compared to previous biomarker studies lacking
genetic causality support.

— ]

Anatol J Cardiol 2026; XX(X): 1-9

Several limitations should be acknowledged. First, the clini-
calvalidation was conductedinarelatively small, single-cen-
ter case—control cohort with a feasibility-based sample size,
and no a priori power calculation was performed. Although
internal validation using bootstrap optimism correction and
repeated cross-validation was performed, the very high
apparent AUC of the 4-protein panel should be interpreted
with caution, as some degree of model optimism or overfit-
ting cannot be fully excluded in the absence of external vali-
dation. Therefore, validation in an independent cohort will
be essential to confirm the reproducibility and real-world
clinical utility of this biomarker panel. Second, the cohort
reflects real-world referrals and may include mild or border-
line phenotypes, and cardiomyopathy subtyping relied on
clinical records and echocardiography without systematic
CMR or genetic testing, introducing potential phenotype
misclassification. Third, while extensive instrument filtering
was applied, residual horizontal pleiotropy and other sources
of bias cannot be fully excluded in MR analyses. In addition,
no MR association survived FDR correction, and therefore
the proteome-wide MR results should be interpreted as
hypothesis-generating, with an increased risk of false-pos-
itive prioritization that requires independent replication.
Fourth, candidate selection and panel construction were
constrained by assay availability, and the cross-sectional
design and sample size precluded prognostic assessmentand
reliable subtype-stratified modeling; therefore, subtype-
specific and longitudinal inferences require future studies.

In conclusion, the integrated MR-to-clinical pipeline pri-
oritized circulating protein candidates and identified a
4-protein biomarker panel with promising diagnostic dis-
crimination for primary cardiomyopathy in this exploratory
cohort. Given the very high apparent AUC and the lack of
external validation, these findings should be considered
preliminary and require confirmation in larger, independent
cohorts.
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Supplementary Table 1. Candidate Protein Prioritization

Direction- Effect-magnitude Nominal- Prior-evidence Totalpriority Selected for ELISA
Protein concordance score score evidence score score score evaluation
CD163 2 2 0 3 7 Yes
LGALS3BP 2 2 0 3 7 Yes
FABP5 2 2 0 2 6 Yes
PTPRR 2 2 2 0 6 No
METTL1 2 2 1 0 5 No
GNRH1 2 2 1 0 5 No
ANXA2 2 0 0 3 5 No
PSAP 2 1 0 2 5 No
SDCBP2 2 2 1 0 5 No
DOS 2 2 1 0 5 No
RCOR1 2 2 1 0 5 No
KRT20 2 2 1 0 5 No
HMBS 2 2 1 0 5 No
HAGH 2 2 1 0 5 No
IL18BP 2 2 1 0 5 No
SH2D1B 2 2 1 0 5 No
PFDN2 2 2 1 0 5 No
DNAJB12 2 2 1 0 5 No
SERPINB4 2 2 1 0 5 No
CCL20 2 2 1 0 5 No
CADM3 2 2 1 0 5 No
CD33 2 2 1 0 5 No
VCAM1 2 2 1 0 5 Yes
ZNF275 1 2 2 0 5 No
FSTL3 2 2 1 0 5 Yes
DDHD2 2 2 1 0 5 No
DNAJBS 2 2 1 0 5 No

Note: The composite score was used as an exploratory heuristic tool for candidate prioritization and not for formal statistical inference. Among the
27 proteins meeting the score threshold, five proteins were selected for ELISA evaluation after additional consideration of biological relevance,
complementary pathway representation, commercial assay availability, and clinical feasibility.

Supplementary Table 2. Internal validation of the biomarker panel models

Repeated
Apparent Optimism- 10-fold
Model Predictors AUC corrected AUC 95% ClI CV AUC 95% range
Four-protein CD163, LGALS3BP, FABPS5, FSTL3 0993 0.988 0.973-1.000 098 0.975-0.985
panel (primary)
Five-protein CD163, LGALS3BP, FABPS5, FSTL3, VCAM1 0991 0.985 0.972-1.000 098 0.973-0.985

panel (sensitivity)

AUCs were estimated using logistic regression. Internal validation was performed using bootstrap optimism correction (B=2000 resamples) and
repeated stratified 10-fold cross-validation (50 repeats). DeLong test comparing the four- vs five-protein panels: AAUC=0.002, P=.523.
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Supplementary Table 4. Summary Information of Included Proteomics Studies

Study Platform Ancestries Number of proteins Number of pQTLs Sample size
Fenland Somalogic European 4,775 8,328 10,708
Iceland Somalogic European 4,719 18,084 35,559
INTERVAL Somalogic European 2,995 1,927 3,301
UKB-PPP Olink European 2,922 14,287 34,557
UKB-PPP phase Olink European 1,463 10,248 35,571
KORA F4 Somalogic European 1124 539 1,000
SCALLOP Olink European 90 451 30,931
FHS xMAP European 71 16,602 6,861
Supplementary Table 5. Key echocardiographic measurements by cardiomyopathy subtype

Subtype n LVEF LVEDD IVS LA E/A
DCM 28 42.4+9.4 66.3+6.0 9.8+11 42.2+31 0.75+0.16
RCM 14 58.7+93 48.4+29 99+10 43.6 +3.4 3.02+0.82
HCM 6 677 +3.0 445+2.3 16.2+11 37.6+3.4 1.49 +0.33

IVS denotes interventricular septal thickness at end-diastole, obtained from routine transthoracic echocardiography.




