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2

1Department of Cardiology, Abdülkadir Yüksel State Hospital, Gaziantep, Türkiye, 2Department of 

Cardiology, Adıyaman University, Adıyaman, Türkiye

Background: Heart failure (HF) is a complex syndrome caused by structural and 

functional abnormalities that impair ventricular filling and ejection. Caveolin-3 

(Cav-3), a muscle-specific membrane protein, is essential for T-tubule 

formation and maintenance in cardiomyocytes. Although caveolin deficiency 

leads to severe cardiac phenotypes, Cav-3’s specific mechanistic role in 

chronic HF remains insufficiently defined.

Objective: The principal objective of this investigation was to assess serum Cav- 

3 concentrations in patients diagnosed with chronic HF.

Methods: This case-control study encompassed 90 participants, comprising 45 

individuals with chronic HF (HF group) and 45 age- and sex-matched healthy 

controls (non-HF group). Blood specimens were obtained from both groups, 

and Cav-3 concentrations were quantified utilizing the enzyme-linked 

immunosorbent assay (ELISA) methodology. In addition, all participants 

underwent comprehensive transthoracic echocardiography (TTE). Both 

echocardiographic and laboratory parameters, including Cav-3 levels, were 

systematically compared between the two cohorts.

Results: Among 90 participants (45 HF; 45 matched controls), HF patients 

showed typical adverse remodeling [LVEF 35% [20–50] vs. 60% [55–65], 

p < 0.001] and higher inflammatory/coagulation activity. Median serum Cav-3 

was higher in HF than controls [4.83 [4.34–5.60] vs. 3.97 [3.30–4.96] ng/L; 

p < 0.001]. On ROC analysis, NT-proBNP provided the strongest single-marker 

discrimination (AUC 0.850; cutoff 254.50 pg/ml; sensitivity 79.5%; specificity 

80.0%), Cav-3 alone showed moderate accuracy (AUC 0.705; cutoff 4.36 ng/L; 

sensitivity 75.0%; specificity 73.3%), and the Cav-3 + NT-proBNP combination 

achieved the highest AUC (0.878; sensitivity 81.8%; specificity 84.4%; 

p < 0.001). In multivariable models predicting EF, WBC, NT-proBNP, and ESR 

were independent negative predictors, whereas Cav-3 was not significant after 

adjustment. Cav-3 concentrations were higher in HFrEF and HFmrEF vs. 

controls, with no difference between HF subgroups.

Conclusions: Serum Cav-3 is elevated in chronic HF and enhances diagnostic 

discrimination when added to NT-proBNP, but does not independently 

predict EF after adjustment. These findings support Cav-3 as an adjunctive— 

rather than stand-alone—biomarker within a multimarker strategy. Prospective 

multicenter studies should validate reproducibility, define clinically actionable 

thresholds, and quantify incremental value over natriuretic peptide–based and 

multimarker baselines.
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Introduction

Heart failure (HF) remains a high-burden syndrome in which 

natriuretic peptides (BNP/NT-proBNP) are foundational for 

diagnosis and risk stratification, yet their interpretation is 

frequently confounded by comorbidities—most notably obesity, 

atrial fibrillation, and chronic kidney disease—highlighting 

the need for complementary, pathophysiology-anchored 

biomarkers (1).

Caveolin-3 (Cav-3) is the muscle-specific scaffold of caveolae 

within cardiomyocyte T-tubules that organizes β-adrenergic/L- 

type Ca2+ channel signaling microdomains essential for 

excitation–contraction coupling. In hypertrophy and HF, Cav-3 

expression falls with T-tubule remodeling, and loss-of-function 

or disorganization of Cav-3 disrupts these signaling hubs. 

Conversely, cardiomyocyte-targeted Cav-3 overexpression 

preserves T-tubule structure and dampens pathological 

signaling, positioning Cav-3 at a mechanistic intersection of 

structural remodeling and impaired signaling in HF (2, 3).

Multiple preclinical lines of evidence suggest that 

augmenting or stabilizing Cav-3 could be therapeutically 

beneficial in HF. Cardiac myocyte–specific Cav-3 

overexpression attenuates hypertrophy, modulates pathological 

Ca2+/calcineurin–NFAT signaling, and enhances natriuretic 

peptide expression (4, 5). Cav-3 overexpression preserves 

T-tubule architecture and excitation–contraction coupling 

during pressure overload or failure, a key substrate for systolic 

dysfunction reversal (3). Cav-3-dependent caveolae mediate 

ischemic preconditioning; Cav-3 upregulation can mimic this 

protection, supporting a causal, druggable role of Cav-3 

microdomains (6). Cardiac AAV9 vectors have been used to 

manipulate Cav-3 signaling in vivo and have advanced 

microdomain-restoring strategies (e.g., cBIN1) toward 

translation, underscoring the deliverability of membrane- 

microdomain targets in large-animal and disease models 

(7–9). Reviews highlight caveolins (including Cav-3) as 

tractable drug targets; caveolin scaffolding–domain–based 

strategies and peptide modulators provide additional proof-of- 

concept for non-genetic therapeutics aimed at caveolar 

signaling (10, 11).

Despite this biological and translational plausibility, 

circulating (serum) Cav-3 has scarcely been evaluated in 

humans. A small study in atrial fibrillation suggested 

associations between serum Cav-3 and atrial/clinical remodeling, 

but its diagnostic or prognostic value in chronic HF—and its 

relationship to natriuretic peptides and echocardiographic 

indices—remains undefined (12).

Accordingly, we aimed to (i) compare serum Cav-3 levels in 

patients with chronic HF vs. matched controls and (ii) examine 

associations between Cav-3 and NT-proBNP as well as 

echocardiographic measures of structure and function. We 

hypothesized that serum Cav-3 would differ between HF and 

controls and would track adverse remodeling independently of 

natriuretic peptides.

Methods

Study design and sample

Ethical approval for the execution of this investigation was 

duly granted by the Ethics Committee for Non-Interventional 

Clinical Research at the Faculty of Medicine, Adıyaman 

University (IRB Number: 2021/01–26). The study was 

meticulously conducted in strict adherence to the principles 

delineated in the Declaration of Helsinki, as well as in 

conformity with the Good Clinical Practice (GCP) guidelines. 

Informed consent, duly written and signed by each participant, 

was obtained prior to their inclusion in the study, ensuring full 

compliance with ethical standards.

This investigation was designed as a case-control study. All 

individuals presenting consecutively to the cardiology outpatient 

clinic at Adıyaman Training and Research Hospital between the 

period of 01/02/2021 and 01/09/2021 were subjected to a 

rigorous evaluation to determine their eligibility for inclusion in 

the study. The patient cohort (n = 45) comprised individuals 

diagnosed with chronic HF aged between 18 and 80 years. In 

parallel, the control group (n = 45) consisted of age- and sex- 

matched individuals who exhibited no clinical signs or 

diagnostic evidence of HF.

Inclusion and exclusion criteria

Patients aged 18 years or older, diagnosed with chronic HF 

and exhibiting a left ventricular ejection fraction (LVEF) of less 

than 50%, in accordance with the prevailing guidelines for HF, 

were incorporated into the study. Those presenting with an 

LVEF ≤40% were classified under the category of HF with 

reduced ejection fraction (HFrEF), while individuals with an 

LVEF ranging from 41% to 49% were designated as having HF 

with mildly reduced ejection fraction (HFmrEF). The control 

group was comprised of individuals exhibiting an LVEF greater 

than 50%, without any clinical evidence or symptomatic 

manifestations indicative of HF.

Exclusion criteria encompassed individuals with 

decompensated HF, HF with preserved ejection fraction, AF, 

acute renal failure, active sepsis, pregnant women, acute 

coronary syndrome, acute cerebrovascular accidents (CVA), end- 

stage renal disease, or liver failure.

Echocardiographic assessment

Both the HF patients and control subjects underwent 

transthoracic echocardiography (TTE). This diagnostic 

procedure was meticulously conducted for both cohorts in the 

left lateral decubitus position after an interval of five minutes of 

rest, utilizing the advanced Philips EPIQ 7 ultrasound system, in 

strict accordance with the contemporary standards outlined by 
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the American Society of Echocardiography. Standardized 

echocardiographic imaging protocols were employed to ascertain 

critical parameters, including LVEF, left ventricular end-systolic 

diameter (LVESD), end-diastolic diameter (LVEDD), left atrial 

diameter (LAD), Tricuspid Annular Plane Systolic Excursion 

(TAPSE), the thickness of the interventricular septum (IVS), and 

left ventricular posterior wall (PW), in addition to Doppler- 

derived echocardiographic images. To ensure continuous cardiac 

monitoring and minimize procedural risks, all participants were 

simultaneously observed through electrocardiographic telemetry 

throughout the course of the procedure.

Measurement of Cav-3 and other blood 
parameters

A single 10 ml venous blood specimen was meticulously 

collected from the antecubital vein of each participant. 

Subsequently, the samples underwent centrifugation at a precise 

4,000 rpm for a duration of 10 minutes within EDTA-coated 

tubes, after which the resultant serum was carefully isolated and 

preserved in Eppendorf tubes at a sub-zero temperature of −80° 

C for long-term storage. Notably, the blood samples were 

subjected to a singular thawing cycle prior to any analytical 

measurements. The concentrations of Cav-3 were determined 

utilizing a specialized Human Caveolin-3 ELISA kit, adhering to 

the enzyme-linked immunosorbent assay (ELISA) methodology. 

Concurrently, additional blood parameters, including serum 

glucose, NT-proBNP, and D-dimer levels, were systematically 

analyzed according to rigorously standardized protocols 

established for such assessments.

Statistical analysis

The data underwent comprehensive statistical analysis 

utilizing SPSS version 26.0 for Macintosh (IBM Corp., Armonk, 

NY). The distribution of continuous variables was meticulously 

evaluated for normality using the Kolmogorov–Smirnov test. 

Categorical data were expressed as frequencies (n) and 

percentages (%). For continuous variables that conformed to a 

normal distribution, results were presented as the 

mean ± standard deviation, while for those exhibiting a non- 

normal distribution, median values with 25. and 75. 

interquartile ranges (IQR) were presented. In the context of 

pairwise comparisons, an independent samples t-test was 

utilized for variables conforming to normal distribution, 

whereas Pearson’s chi-squared test was employed for those 

variables that did not conform to normality. To evaluate the 

diagnostic performance of various tests, including sensitivity and 

specificity, Receiver Operating Characteristic (ROC) analysis was 

meticulously conducted, and the resultant ROC curves were 

subsequently plotted, highlighting the significant differences 

observed between the groups under investigation. Linear 

regression was performed to assess the effects of the 

independent variables on EF.

Results

Baseline characteristics

As shown in Table 1, the groups were comparable in age 

(66.40 ± 10.18 vs. 63.87 ± 9.76 years; p = 0.465) and smoking 

status (33.3% vs. 28.9%; p = 0.649). Sex distribution trended 

toward more males in controls (57.8% vs. 37.8%) but did not 

reach significance (p = 0.058).

Metabolic–cardiovascular comorbidities were substantially more 

prevalent in HF: DM 40.0% vs. 11.1% (p = 0.0022), HT 75.6% vs. 

40.0% (p = 0.0012), and CAD 88.9% vs. 35.6% (p = 0.0012). Prior 

CVA was rare and similar (4.4% vs. 0%; p = 0.494). These patterns 

confirm a heavier comorbidity burden in the HF cohort while 

baseline demographics remain broadly comparable.

Echocardiographic parameters

Echocardiography findings (Table 2) reOected typical HF 

remodeling. Median LVEF was markedly lower in HF [35% (20– 

TABLE 2 Comparison of echocardiographic measurements between HF 
patients and Non-HF individuals.

Parameter HF (n = 45) Non-HF (n = 45) p-value

LVEF (%) 35 (20–50) 60 (55–65) <0.001
a

LVESD (mm) 43.58 ± 8.04 35.69 ± 4.03 <0.001
b

LVEDD (mm) 53.02 ± 8.34 46.42 ± 3.74 <0.001
b

LAD (mm) 42.56 ± 6.47 33.24 ± 3.87 <0.001
b

IVS diameter (mm) 12 (11–13.5) 11 (10–12) 0.021
a

PW thickness (mm) 11 (9.5–12.5) 8 (8–9.5) <0.001
a

IVC diameter (mm) 15.42 ± 2.71 14.67 ± 2.21 0.152b

PAB (mmHg) 25 (0–47.5) 16 (0–10) <0.001
a

TAPSE (mm) 16.87 ± 3.48 26.00 ± 3.67 <0.001
b

Data are presented as mean ± SD, or median (min-max).

Bold indicates statistically significant values.

HF, heart failure; IVC, inferior vena cava; IVS, interventricular septum; LAD, left atrial diameter; 

LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; LVEDD, 

left ventricular end-diastolic diameter; LAD, left atrial diameter; PAP, pulmonary arterial 

pressure; PW, posterior wall; TAPSE, tricuspid annular plane systolic excursion.
aMann–Whitney U-test was used.
bStudent’s t-test was used.

TABLE 1 Comparison of sociodemographic characteristics and 
comorbidities between HF patients and non-HF individuals.

Parameter HF (n = 45) Non-HF (n = 45) p-value

Age (years) 66.40 ± 10.18 63.87 ± 9.76 0.465a

Sex 0.058b

Female 28 (62.2) 19 (42.2)

Male 17 (37.8) 26 (57.8)

DM 18 (40.0) 5 (11.1) 0.002
b

HT 34 (75.6) 18 (40.0) 0.001
b

CAD 40 (88.9) 16 (35.6) 0.001
b

CVA 2 (4.4) 0 (0) 0.494

Smokers 15 (33.3) 13 (28.9) 0.649b

Data are presented as n (%) or mean ± SD.

Bold indicates statistically significant values.

CAD, coronary artery disease; CVA, cerebrovascular accidents; DM, diabetes mellitus; HF, 

heart failure; HT, hypertension; SD, standard deviation.
aStudent’s t-test was used.
bChi-square test was used.
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50)] than in non-HF [60% (55–65); p < 0.001]. Left-sided chamber 

dimensions were larger in HF: LVESD 43.58 ± 8.04 mm vs. 

35.69 ± 4.03 mm and LVEDD 53.02 ± 8.34 mm vs. 

46.42 ± 3.74 mm (both p < 0.001). LAD was greater 

(42.56 ± 6.47 mm vs. 33.24 ± 3.87 mm; p < 0.001) and wall 

thicknesses were increased (IVS median 12 vs. 11 mm, p = 0.021; 

PW median 11 vs. 8 mm, p < 0.001). Right-sided function was 

reduced: TAPSE 16.87 ± 3.48 mm vs. 26.00 ± 3.67 mm 

(p < 0.001). PAP (listed as PAB in Table 2) was higher in HF 

(median 25 vs. 16 mmHg; p < 0.001), whereas IVC diameter did 

not differ significantly (15.42 ± 2.71 vs. 14.67 ± 2.21 mm; 

p = 0.152). Overall, HF patients showed a consistent pattern of 

adverse remodeling and impaired systolic function.

Laboratory findings and serum Cav-3 
distribution

Between-group laboratory comparisons (Table 3) showed 

higher inOammation and neurohormonal activation in HF. 

Specifically, WBC was higher (7.94 ± 2.23 vs. 6.61 ± 2.37 × 103/µl; 

p = 0.008), ESR was elevated (13.20 ± 9.46 vs. 5.24 ± 6.04 mm/h; 

p < 0.001), and NT-proBNP was markedly increased (median 

705 vs. 103 pg/ml; p < 0.001). D-dimer was higher (median 504 

vs. 348 ng/ml; p = 0.001), and potassium was modestly higher 

(4.54 ± 0.42 vs. 4.26 ± 0.35 mEq/L; p = 0.001).

Renal indices showed higher creatinine in HF (p < 0.001), 

while urea differences were non-significant (p = 0.157). 

Hemoglobin, platelets, sodium, troponin-I, CRP, and PCT did 

not differ (all p > 0.05).

Importantly, serum Cav-3 was higher in HF [median 4.83 

(4.34–5.60) ng/L] than in non-HF [3.97 (3.30–4.96) ng/L; 

p < 0.001]. Groupwise distributions are shown in Figure 1.

Diagnostic performance (ROC analysis)

ROC analyses for variables with significant between-group 

differences are summarized in Table 4 and Figure 2. 

Individually, NT-proBNP provided the highest discrimination 

(AUC = 0.850; cutoff 254.50 pg/ml; sensitivity 79.5%; specificity 

80.0%). ESR and D-dimer each showed good/moderate 

discrimination (AUC = 0.807 and 0.709, respectively), while Cav- 

3 alone yielded a moderate AUC (0.705; cutoff 4.36 ng/L; 

sensitivity 75.0%; specificity 73.3%). WBC showed lower 

discrimination (AUC = 0.700).

Crucially, biomarker combinations improved classification: 

Cav-3 + NT-proBNP achieved the best overall performance 

(AUC = 0.878; sensitivity 81.8%; specificity 84.4%; p < 0.001). 

FIGURE 1 

Dot Plot of Cav-3 Values in the Groups. Cav-3, caveolin-3; HF, heart 

failure.

TABLE 3 Comparison of laboratory parameters between HF patients and 
Non-HF individuals.

Parameter HF (n = 45) Non-HF (n = 45) p-value

Hemoglobin, mg/dl 12.76 ± 2.37 12.98 ± 1.48 0.607a

WBC, 103/μL 7.94 ± 2.23 6.61 ± 2.37 0.008
a

Platelets, 103/μL 251.02 ± 77.56 225.84 ± 55.42 0.080a

Glucose, mg/dl 129 (99–176.5) 94 (88–156) <0.001
b

Creatinine, mg/dl 0.75 (0.90–1.10) 0.67 (0.51–1.06) <0.001
b

Urea, mg/dl 38 (27–59.5) 34 (25–54) 0.157b

Na, mEq/L 136.42 ± 3.26 134.82 ± 17.89 0.557a

K, mEq/L 4.54 ± 0.42 4.26 ± 0.35 0.001
a

Troponin I, ng/ml 0.01 ± 0.01 0.01 ± 0.02 0.945a

NT-proBNP, pg/ml 705 (291.5–2,690) 103 (70–246) <0.001
b

D-dimer, ng/ml 504 (361–1,520) 348 (240–457) 0.001
b

CRP, mg/dl 0.30 (0.10–5.30) 0.30 (0.10–2.00) 0.166b

PCT, ng/ml 0.12 (0.12–0.41) 0.12 (0.12–0.40) 0.993b

ESR, mm/h 13.20 ± 9.46 5.24 ± 6.04 <0.001
a

Cav-3, ng/L 4.83 (4.34–5.60) 3.97 (3.30–4.96) <0.001
b

Data are presented as mean ± SD, or median (min-max).

Bold indicates statistically significant values.

Cav-3, caveolin-3; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; K, 

potassium; Na, sodium; NT-proBNP, N-terminal pro-brain natriuretic peptide; PCT, 

procalcitonin; WBC, white blood cells.
aStudent’s t-test was used.
bMann–Whitney U-test was used.

TABLE 4 ROC analysis of the parameters showing differences between groups.

Parameter AUC Cut-off Sensitivity Specificity p-value

WBC 0,700 7.05 65.9% 64.4% 0.001

NT-proBNP 0.850 254.50 79.5% 80.0% <0.001

D-dimer 0.709 399.00 63.6% 64.4% 0.001

ESR 0.807 5.50 77.3% 75.6% <0.001

Cav-3 0.705 4.36 75.0% 73.3% 0.001

Cav-3 × NT-proBNP 0.878 1,245.75 81.8% 84.4% <0.001

Cav-3 × D-dimer 0.774 1,966.51 75.0% 71.1% <0.001

Cav-3 × NT-proBNP × D-dimer 0.863 550,619.45 81.8% 84.4% <0.001

Bold indicates statistically significant values.

AUC, area under the ROC curve; LR, likelihood ratio; Cav-3, caveolin-3; ESR, erythrocyte sedimentation rate; NT-proBNP, N-terminal pro-brain natriuretic peptide; WBC, white blood cells.
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Cav-3 + D-dimer also outperformed either marker alone 

(AUC = 0.774), and the triple combination (Cav-3 + NT- 

proBNP + D-dimer) remained high (AUC = 0.863). These results 

indicate that Cav-3 contributes additive discrimination when 

paired with established biomarkers, particularly NT-proBNP.

Multivariable prediction of ejection fraction

In a linear regression including WBC, NT-proBNP, D-dimer, 

ESR, and Cav-3 (Table 5), the model was significant [F 

(5,83) = 8.65, p < 0.001] and explained 30% of EF variance 

(adjusted R2 = 0.303). Independent negative predictors of EF were: 

• WBC (B = −1.705, p = 0.004; 95% CI −2.847 to −0.564) — 

roughly 1.7 percentage-point lower EF per 1 × 103/µl increase.

• NT-proBNP (B = −0.001, p = 0.012; 95% CI as in Table 5) — 

approximately 0.1 percentage-point lower EF per 100 pg/ 

ml increase.

• ESR (B = −0.594, p = 0.001; 95% CI −0.920 to −0.268) — about 

0.6 percentage-point lower EF per 1 mm/h increase.

• D-dimer and Cav-3 were not significant after adjustment 

(p = 0.442 and p = 0.227, respectively). The intercept was 

69.37 (p < 0.001).

Serum Cav-3 by LVEF categories

Cav-3 concentrations across LVEF categories are detailed in 

Table 6. Median (IQR) Cav-3 was 4.81 (4.25–5.71) ng/L in 

Group 1 (HFrEF; LVEF < 40%, n = 28), 4.89 (4.40–5.58) ng/L in 

Group 2 (HFmrEF; LVEF 41%–49%, n = 17), and 3.98 (3.34– 

4.95) ng/L in Group 3 (LVEF > 50%, n = 45). Cav-3 was 

significantly higher in Group 1 vs. Group 3 (p = 0.004) and 

Group 2 vs. Group 3 (p = 0.008), with no difference between 

Group 1 and Group 2 (p = 0.855). This pattern indicates higher 

FIGURE 2 

ROC curve of the parameters showing differences between the groups. Cav-3, caveolin-3; ESR, erythrocyte sedimentation rate; NT-proBNP, 

N-terminal pro-brain natriuretic peptide; WBC, white blood cells.

TABLE 5 Predictors of ejection fraction (EF) identified by linear 
regression analysis.

Parameter B Beta p-m %95 confidence interval

Lower 
bound

Upper 
bound

WBC −1.705 −0.270 0.004 −2.847 −0.564

NT-proBNP −0.001 −0.235 0.012 −0.002 <0.001

D-dimer <0.001 −0.074 0.442 −0.002 0.001

ESR −0.594 −0.348 0.001 −0.920 −0.268

Cav-3 −0.382 −0.110 0.227 −1.005 0.241

Constant 69.368 <0.001 59.879 78.858

Cav-3, caveolin-3; ESR, erythrocyte sedimentation rate; NT-proBNP, N-terminal pro-brain 

natriuretic peptide; WBC, white blood cells.
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Cav-3 concentrations in both reduced and mildly reduced EF 

categories compared with individuals with preserved EF.

Discussion

In this case–control study, serum Cav-3 concentrations were 

higher in HF than in matched controls and showed the best 

discrimination when combined with NT-proBNP (AUC 0.878), 

exceeding either marker alone (NT-proBNP AUC 0.850; Cav-3 

AUC 0.705). In multivariable analysis (WBC, NT-proBNP, 

D-dimer, ESR, Cav-3), EF was independently and negatively 

associated with WBC, NT-proBNP, and ESR, whereas Cav-3 did 

not retain significance after adjustment, suggesting 

complementary—rather than redundant—information from Cav- 

3 relative to inOammatory and neurohumoral markers.

Our biomarker profile aligns with prior literature showing that 

natriuretic peptides remain the strongest single analyte for HF 

discrimination and prognostication, yet are inOuenced by 

comorbid conditions such as obesity and chronic kidney disease, 

which can blunt or alter their levels and interpretability (13–15). 

Consistent with systemic activation in HF, we observed higher 

ESR, WBC, and D-dimer in HF; each has been linked to adverse 

outcomes in cardiovascular disease and HF cohorts, with 

D-dimer repeatedly associated with mortality and 

rehospitalization (16–18).

Beyond these routinely available markers, contemporary 

reviews emphasize a multimarker strategy integrating distinct 

biological axes—neurohormonal stress (NT-proBNP), 

inOammation/fibrosis (e.g., sST2, galectin-3), metabolism, 

endothelial biology, and remodeling—to improve risk 

classification (19–21). Our findings empirically support that 

approach: Cav-3 + NT-proBNP provided superior discrimination 

vs. NT-proBNP alone, indicating additive information rather 

than simple collinearity with natriuretic peptides or with 

inOammatory/coagulation markers (ESR, WBC, D-dimer).

Markers such as sST2 and galectin-3 capture mechano- 

inOammatory and profibrotic signaling and retain prognostic value 

even when natriuretic peptide levels are confounded by age/obesity; 

however, they primarily reOect downstream tissue response 

(20–22). In contrast, Cav-3 is a membrane microdomain scaffold 

that organizes β-adrenergic/L-type Ca2+-channel signaling within 

T-tubules; preclinical data show that perturbations of Cav-3/ 

caveolae remodel excitation–contraction coupling and 

repolarization, and that targeted Cav-3 augmentation preserves 

microdomain structure and function (5, 23). This distinct, 

proximal position in cardiomyocyte signaling may explain why 

Cav-3 contributed orthogonal predictive signal to NT-proBNP and 

inOammatory/coagulation indices in our cohort.

Notably, while Cav-3 alone showed only moderate 

discrimination (AUC 0.705)—lower than NT-proBNP and 

comparable to ESR/D-dimer—its pairing with NT-proBNP 

yielded the highest AUC across all models we tested. This 

pattern mirrors recent HF biomarker frameworks advocating 

combined panels to capture complementary pathobiology rather 

than seeking a single “best” marker (19).

“Superiority” in contemporary risk models is typically judged 

incrementally (i.e., added AUC, NRI, calibration) over a clinical/ 

biomarker baseline. In our data, Cav-3 was superior in 

combination—improving discrimination beyond NT-proBNP 

and outperforming other single inOammatory/coagulation 

markers when used as an augmenting biomarker. Two features 

may underlie this advantage: Mechanistic complementarity: Cav- 

3 indexes microdomain/T-tubule integrity and β-adrenergic– 

Ca2+ signaling architecture—axes not directly captured by 

natriuretic peptides, sST2, or galectin-3 (23). Potential resilience 

to common confounders: Given that NT-proBNP is depressed 

in obesity and altered by CKD/AF, a structurally anchored 

marker like Cav-3 could retain signal where peptides are noisier 

—an inference that warrants direct testing in enriched obese/ 

CKD/AF subgroups (13, 14).

A recent PubMed-indexed scoping review on predictive 

biomarkers for HF highlights that combining markers from 

heterogeneous biological pathways improves early detection and 

risk stratification—especially those tied to endothelial biology 

and cellular remodeling (19). Our observation that Cav-3 + NT- 

proBNP outperforms NT-proBNP alone is consistent with this 

paradigm and suggests that membrane-microdomain biology is 

a useful addition to neurohormonal and inOammatory axes in 

composite scores.

Beyond risk prediction, increasing evidence links Cav-3/ 

caveolae to HF-relevant pathophysiology, including arrhythmia 

susceptibility and insulin-signaling defects in ischemic or 

metabolic heart disease—both potential treatment targets (5, 24). 

Although therapeutic translation remains preclinical, these data 

strengthen the biological plausibility that a biomarker anchored 

in Cav-3 pathways might also be actionable, paralleling the 

trajectory seen with other microdomain-restoring strategies (23).

For routine practice, our results suggest that Cav-3 should not 

replace natriuretic peptides or established inOammatory markers; 

rather, it may augment them to refine discrimination and 

potentially identify phenotypes characterized by microdomain/ 

T-tubule remodeling. If validated, a pragmatic panel could 

include NT-proBNP + Cav-3, with optional addition of ESR/D- 

dimer or sST2/galectin-3 depending on clinical context and 

assay availability (19–21).

Our single-center design and modest sample size limit 

precision, and Cav-3 lost significance in adjusted EF models— 

underscoring the need for larger, prospective studies with 

prespecified incremental-value metrics (ΔAUC, NRI, decision 

TABLE 6 Comparison of Cav-3 concentrations by LVEF.

Parameter Cav-3 median 
(IQR1-IQR3)

p-value

Group 1: LVEF <%40 

(n = 28)

4.81 (4.25–5.71) 0.004 (Group 1 vs. 

Group 3)

Group 2: 41%≤LVEF<% 

49 (n = 17)

4.89 (4.40–5.58) 0.008 (Group 2 vs. 

Group 3)

Group 3: LVEF >50% 

(n = 45)

3.98 (3.34–4.95) 0.855 (Group 1 vs. 

Group 2)

Bold indicates statistically significant values.

Cav-3, caveolin-3; LVEF, left ventricular ejection fraction.
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curves) vs. peptide-only and peptide + inOammatory baselines. 

Dedicated analyses in obesity, CKD, and AF cohorts are 

warranted to test whether Cav-3 is less susceptible to peptide 

confounding. Finally, head-to-head comparisons with sST2 and 

galectin-3 in the same cohort would clarify relative and 

additive utility.

Cav-3 captures a mechanistically distinct signal that enhances 

prediction when paired with NT-proBNP and relates to adverse 

remodeling, aligning with multi-marker HF strategies 

emphasized in recent PubMed-indexed reviews. Further 

prospective work should confirm incremental value and define 

the clinical scenarios in which Cav-3 proves superior to other 

markers by improving risk models rather than replacing existing 

standards (19).

At the study-derived cutoff, Cav-3 alone showed moderate 

accuracy (AUC 0.705; sensitivity 75.0%; specificity 73.3%), which 

we do not interpret as sufficient for a stand-alone test. Rather, 

our data support Cav-3 as an adjunctive marker: when 

combined with NT-proBNP, discrimination improved to an 

AUC of 0.878 with higher sensitivity (81.8%) and specificity 

(84.4%), exceeding either biomarker alone. In contemporary HF 

care, no single noninvasive analyte uniformly outperforms 

natriuretic peptides across all clinical contexts; therefore, the 

practical question is whether a candidate marker adds 

incremental information to existing models. Our results indicate 

that Cav-3 provides orthogonal signal to neurohormonal (NT- 

proBNP) and inOammatory/coagulation markers (ESR, WBC, 

D-dimer), consistent with its distinct mechanistic axis (T-tubule/ 

caveolar microdomains).

Sensitivity and specificity also depend on the chosen threshold 

and intended use case (rule-out vs. rule-in). We selected a 

balanced cutoff (Youden index), which yields moderate values 

for each; alternative thresholds could prioritize sensitivity 

(screening) or specificity (confirmation) at the expected trade- 

off. Importantly, the clinical value of a biomarker is better 

established by incremental metrics—e.g., change in AUC, net 

reclassification improvement (NRI), calibration, and decision- 

curve analysis—relative to a peptide-based baseline. While our 

study was not powered for formal reclassification or net-benefit 

testing, these prospective analyses are planned and will clarify 

where Cav-3 is most effective (e.g., in populations where peptide 

interpretation is confounded by obesity, CKD, or AF).

In line with our results, the recent review by Licordari et al. 

(25) emphasized that the future of heart failure management lies 

in a precision medicine approach integrating non-natriuretic 

biomarkers with established markers such as NT-proBNP. They 

highlighted that emerging biomarkers reOecting inOammation, 

remodeling, metabolic stress, and oxidative injury add 

incremental value when used in multimarker strategies rather 

than as stand-alone tools (25). Our observation that Cav-3 

improved diagnostic discrimination when combined with NT- 

proBNP is consistent with this paradigm, suggesting that Cav-3 

represents a mechanistically distinct marker of microdomain/T- 

tubule remodeling that could enrich composite biomarker 

panels. By anchoring risk stratification in both neurohormonal 

stress and structural/microdomain biology, Cav-3 may 

contribute to the multidimensional patient phenotyping 

envisioned in contemporary precision medicine frameworks.

Taken together, we conclude that Cav-3 is not a replacement 

for NT-proBNP but a useful adjunct that measurably enhances 

diagnostic discrimination when used in combination. Larger, 

multicenter cohorts should validate incremental value and define 

clinically actionable thresholds for specific decision contexts.

Conclusion

These data support Cav-3 as an adjunctive biomarker that can 

enhance diagnostic discrimination when added to NT-proBNP, 

rather than a replacement for current standards. Confirmation 

in larger, prospective, multicenter cohorts is needed to (i) 

validate reproducibility, (ii) establish actionable cut-offs, (iii) 

quantify incremental value over peptide-only and multi-marker 

baselines (e.g., ΔAUC, NRI, decision-curve analysis), (iv) 

compare head-to-head with sST2/galectin-3, and (v) test 

performance in obesity, CKD, and AF subgroups. Until such 

evidence is available, Cav-3 should be viewed as a promising, 

hypothesis-generating addition to multimarker HF assessment.
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