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Abstract 

Background  Vascular smooth muscle cells loaded with cholesterol (foam-VSMCs) play a crucial role in the progres‑
sion of human atherosclerosis. Exchange Protein Directly Activated by cAMP 1 (EPAC1) is a critical protein in the regu‑
lation of vascular tone, endothelial function, and inflammation. Our objectives were to identify proteins specifically 
secreted by foam human coronary VSMCs (foam-hcVSMC) to evaluate their potential as circulating biomarkers 
for diagnosing coronary artery disease (CAD), and to ascertain the mechanisms underlying their levels in the blood 
of patients with CAD.

Methods and results  Differential proteomics identified EPAC1 as a differential foam-hcVSMC-secreted protein. Circu‑
lating EPAC1 levels were measured by ELISA in blood from 202 patients with suspected CAD who underwent coro‑
nary computed tomography angiography (CCTA). Blood EPAC1 levels were significantly lower in CAD patients com‑
pared to controls (p < 0.001). EPAC1 levels were reduced in both men and women with severe CAD (SIS > 4) compared 
to those with moderate CAD (SIS 1–4). ROC analysis identified 9.16 ng/ml as the optimal EPAC1 cut-off for severe CAD. 
At this threshold, EPAC1 predicted severe CAD (SIS > 4) with 69.6% sensitivity and 79.4% specificity, outperforming hs-
CRP and hs-TnT in predicting CAD severity. Real-time PCR and Western blot analysis revealed that human foam-SMCs 
under hypoxic conditions exhibited a significant reduction in EPAC1 mRNA (p = 0.013) and protein (p < 0.001) levels.

Conclusions  These findings suggest that circulating EPAC1 protein levels lower than 9.16 ng/mL are predictive 
of severe CAD in humans. Hypoxic foam-SMCs, characteristic of advanced atherosclerotic lesions, exhibit diminished 
production of EPAC1, potentially contributing to the decreased circulating EPAC1 levels in patients with severe CAD.
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Introduction
Coronary artery disease (CAD) remains the leading cause 
of morbidity and mortality worldwide, accounting for 
approximately 30% of deaths attributed to cardiovascular 
disease. Major contributors to the development of ath-
erosclerosis and atherothrombosis include smoking, high 
blood pressure, low-density lipoprotein (LDL) choles-
terol, and diabetes [1]. However, many individuals experi-
ence cardiovascular events despite the absence of these 
traditional risk factors.

A recent publication reported that 60% (84 candidate 
causal genes) of known CAD-associated variants identi-
fied through genome-wide association studies (GWAS) 
show statistically significant expression quantitative trait 
locus (eQTL) or splicing QTL effects in vascular smooth 
muscle cells (SMCs). Another study found that 20% of 
eQTLs identifying candidate genes for GWAS loci are 
specific to quiescent SMCs, while 355 are specific to 
proliferating SMCs. These findings suggest that arterial 
SMCs, the most abundant cell type in arterial lesions, 
in particular in certain prothrombotic phenotypic states 
such as foam SMC, could contribute significantly to total 
CAD risk. Recent research using macrophage-specific 
cell markers, SMC lineage-tracing mice, and GWAS 
CAD loci further highlights the substantial role of SMCs 
in determining lesion progression and CAD risk [2–4].

Several research groups, including ours, previously 
highlighted the critical role of vascular SMCs loaded with 
cholesterol (foam-SMCs) in the progression of human 
atherosclerosis and their association with both acute and 
chronic cardiovascular events [5–7]. Notably, over 40% 
of foam cells in atherosclerotic lesions are derived from 
SMCs [8–10]. LDL aggregates, which bind to the LRP1 
receptor, represent a key driver of the phenotypic trans-
formation of human coronary VSMCs (hcVSMC) into 
foam—prothrombotic hcVSMCs with high pathogenic 
potential [5]. The susceptibility of LDL to aggregation 
[11, 12] and the levels of circulating LRP1 [13, 14] are 
both associated with an increased risk of future cardio-
vascular events in general population.

SMCs exhibit a robust capacity to secrete microvesicles 
that carry proteins involved in vascular calcification and 
coagulation pathways [15–18]. Vesicles derived from ath-
erosclerotic plaques exhibit high thrombogenicity due to 
their enrichment in tissue factor (TF), a key initiator of 
the coagulation cascade [18]. The release of TF-enriched 
vesicles by vascular cells appears to be stimulated by 
factors such as platelet-derived growth factor (PDGF), 
tumor necrosis factor-α (TNFα) [19, 20], and modi-
fied lipoproteins [5, 21, 22]. These findings highlight the 
critical role of foam SMC-derived microvesicles and their 
protein cargo in driving atherosclerotic plaque progres-
sion. Furthermore, these earlier findings indicate that the 

SMC secretome, particularly that derived from foam-
SMCs, holds substantial potential for identifying specific 
biomarkers associated with the progression of athero-
sclerotic plaques and CAD.

Another crucial factor and a strong predictor of CAD 
progression is neovascularization of the vasa vasorum. 
A powerful driver of neovascularization is intraplaque 
hypoxia [23–25], which increases local oxygen consump-
tion by foam cells and exacerbates the process of foam 
cell formation through the overexpression of specific 
lipoprotein receptors under these oxygen-deficient con-
ditions [26–28]. These findings suggest that foam-SMCs 
generated under hypoxic conditions exhibit a phenotype 
characteristic of advanced disease stages, with poten-
tial as a source of innovative biomarkers of intraplaque 
hypoxia and severe CAD.

An interesting protein modulated by hypoxia is the 
exchange protein activated by cAMP isoform 1 (EPAC1) 
[29, 30]. EPAC proteins comprise at least two cAMP-
GEF proteins isoforms EPAC1 and EPAC2. They act as 
critical sensors of cyclic AMP and function as a gua-
nine nucleotide exchange factor (GEF) that activates 
Rap1 independently of protein kinase A (PKA), repre-
senting an alternative cAMP-mediated signaling path-
way [31]. In particular, EPAC1 is encoded by RAPGEF3 
gene in humans and is expressed in heart, blood vessels 
and kidney, playing a critical role in the regulation of 
vascular tone, endothelial function, and inflammation 
[32]. EPAC1 maintains the endothelial barrier under 
both physiological and pathological conditions [33], and 
blocks the increase in endothelial permeability induced 
by pro-inflammatory mediators such as thrombin [34]. 
Unlike the clear protective role of EPAC1 in endothelial 
cells, EPAC1 appears to promote foam cell formation in 
macrophages since EPAC1 inhibition reduces the forma-
tion of macrophage foam cells and their associated pro-
inflammatory effects, contributing to the attenuation of 
atherosclerosis in a triple knockout mouse model [35]. In 
the case of SMC, the role of EPAC1 activity in the vas-
cular wall remains controversial, with conflicting results 
regarding its protective or pathological effects. On one 
hand, EPAC1 deficiency has been shown to inhibit neoin-
tima formation in Epac1(-/-) mice [36], and a specific 
EPAC1 inhibitor blocks SMC migration, inhibiting path-
ological angiogenesis in mice [37]. On the other hand, 
EPAC1 activation has been shown to play a role in the 
beneficial effects of prostaglandin D2 receptor 1 (DP1) 
by preventing the phenotypic switch of vascular smooth 
muscle cells to myofibroblasts [38].

EPAC1 is regulated in cardiac muscle under stress con-
ditions and contributes to the development of cardiac 
dysfunction [39, 40]. EPAC1-deficient mice are protected 
against cardiac fibrosis and hypertrophy induced by 
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chronic activation of the beta-adrenergic receptor (β-AR) 
[41], and age [42]. Moreover, the spontaneous calcium 
release from the SR is a process attenuated in EPAC-defi-
cient mice [43, 44]. In line with these results, treatment of 
mice with a selective EPAC1 inhibitor, CE3 F4, prevents 
atrial and ventricular arrhythmias [45]. In addition, EPAC 
contributes to cardiac rhythm disorders by increasing the 
expression of pro-arrhythmic channels such as TRPC3/4 
(Transient Receptor Potential Canonical) in a porcine 
experimental model [46], and rat ventricular cardiomyo-
cytes [46].

High-sensitivity troponin T (hsTnT) and high-sensi-
tivity C-reactive protein (hsCRP) are widely regarded 
as essential biomarkers for assessing cardiovascular risk 
and the early detection of cardiovascular diseases [47, 
48]. HsTnT is particularly effective in detecting myocar-
dial injury, while hsCRP serves as an indicator of vas-
cular inflammation, making both biomarkers valuable 
predictors of adverse cardiovascular events [48]. High-
sensitivity troponin T (hsTnT) is a cardiac muscle protein 
released into the bloodstream during myocardial injury, 
even in the early stages, allowing for the early detection 
of myocardial infarction and the assessment of subclini-
cal damage in patients with heart failure or hyperten-
sion [49]. In contrast, high-sensitivity C-reactive protein 
(hsCRP), a biomarker of systemic inflammation strongly 
associated with the development and progression of ath-
erosclerosis, is valuable for evaluating cardiovascular risk 
in individuals without established disease and monitor-
ing responses to anti-inflammatory or lipid-lowering 
treatments, such as statins [50, 51]. Although hs-TnT and 
hs-CRP have consistently been shown to be useful mark-
ers of myocardial damage and inflammation, respectively, 
they exhibit limited associations with atherosclerotic 
plaque burden and acute coronary events [52]. Therefore, 
there is a clinical need to identify new blood biomarkers 
that can predict atherosclerotic plaque burden in patients 
with suspected ischemic heart disease.

Building on these previous findings, our objectives are 
to: (1) identify proteins differentially secreted by foam-
hcVSMCs, (2) assess the potential of these differentially 
secreted proteins as circulating biomarkers for the diag-
nosis of CAD, and (3) investigate the mechanisms influ-
encing the levels of foam-hcVSMC-secreted proteins in 
the blood of CAD patients.

Material and methods
Study population
This study approved by CEIC Hospital Sant Pau included 
202 consecutive patients with clinically suspected stable 
coronary artery disease (CAD) who underwent coronary 
computed tomographic angiography (CCTA). The study 
design, procedures, and population characteristics have 

been previously described [53, 54]. All participants were 
recruited from the Hospital de la Santa Creu i Sant Pau 
in Barcelona (Spain) and signed the informed consent 
for the study prior to their inclusion. Exclusion criteria 
included suspected or current acute coronary syndrome 
(ACS), severe infectious diseases, allergy to iodinated 
contrast agents, advanced renal failure (glomerular fil-
tration rate < 30 mL/min/1.73 m2), body mass index > 40 
kg/m2, inability to perform adequate breath-hold apnea, 
non-diagnostic CCTA due to artifacts, or the presence of 
any life-limiting condition.

Demographic, anthropometric, clinical, and pharma-
cological data were collected from electronic medical 
records at the time of the CCTA examination. High-sen-
sitivity troponin T (hs-TnT) and C-reactive protein 
(hs-CRP) levels were measured using standardized pro-
cedures at the Biochemistry Service clinical laboratory of 
the Hospital de la Santa Creu i Sant Pau. Cardiac imaging 
was performed using CCTA, as detailed in the following 
section.

Coronary computed tomograghy angiography (CCTA)
CCTA exams were performed using a 256-row CT sys-
tem (iCT, Philips Healthcare, Amsterdam, The Neth-
erlands) in the Cardiac Imaging Unit at the Hospital de 
la Santa Creu i Sant Pau, as previously described [53, 
54]. The CT images were analyzed by two level-3 car-
diac CCTA readers, who were blinded to the biomarker 
study. These readers interpreted the images and assigned 
patients to the appropriate study groups. The coronary 
arteries were evaluated using a 16-segment model, which 
is a modified 15-segment model that includes the inter-
mediate branch as segment 16.

Luminal diameter stenosis was graded as follows: 
0% (none), 1–29% (minimal), 30–49% (mild), 50–69% 
(moderate), 70–99% (severe), and 100% (total occlu-
sion). The Segment Involvement Score (SIS) and Seg-
ment Stenosis Score (SSS) were calculated to assess the 
extent and severity of coronary atherosclerosis, serving 
as measures of coronary atherosclerotic burden. The SIS, 
which ranges from 0 to 16, was calculated by counting 
the total number of coronary artery segments exhibit-
ing plaques, regardless of the degree of luminal stenosis. 
The SSS was used to evaluate the severity of coronary 
atherosclerosis and assigned points as follows: 0 points 
for stenosis of 0–29%, 1 point for 30–49%, 2 points for 
50–69%, and 3 points for stenosis of 70% or greater. The 
individual scores from all 16 segments were summed to 
yield a total score ranging from 0 to 48. The prognostic 
value of these coronary artery plaque scores has been 
well-established in patients with suspected stable CAD, 
as demonstrated by Min et  al. in 2007 and validated by 
independent groups [55–57]. According to the Coronary 
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Artery Disease Reporting and Data System (CAD-RADS) 
2.0 by Cury et al. [58] a cutoff was proposed to differenti-
ate between mild to moderate CAD (SIS or SSS ≤ 4) and 
severe or extensive CAD (SIS or SSS > 4). Finally, a 3-ves-
sel plaque score (no/yes) was also evaluated, consider-
ing the involvement of the left anterior descending, left 
circumflex, and right coronary arteries, regardless of the 
severity of the lesions.

Culture of human coronary vascular smooth muscle cells
Human coronary vascular smooth muscle cells (VSMCs) 
from a single batch lot (ATCC-PCS-100-021, ATCC, lot 
#61 646 600) were used to minimize variability arising 
from different cell sources. To induce cell quiescence, 
cells were cultured for 24 h in medium containing 0.2% 
fetal bovine serum for 48 h in medium with 0.4% FCS at 
37 °C and 5% CO2. For experiments, serum-starved cells 
between passages 4 and 8 were selected, as they formed a 
homogeneous population with a characteristic hill-and-
valley pattern of confluence.

Cells were grown in vascular cell basal medium 
(ATCC-PCS-100-030) supplemented with components 
of the vascular smooth muscle growth kit (ATCC-
PCS-100-042). Western blot analysis of differentiation 
markers confirmed high levels of α-actin (45 kDa) and 
calponin (33 kDa) in these cells. For culture, medium 
199 was used, supplemented with 20% FBS, 2% human 
serum, 2 mmol/liter L-glutamine, 100 units/ml penicillin 
G, and 100 µg/ml streptomycin. Quiescent VSMCs were 
exposed to native or aggregated LDL for 2 h in proteom-
ics studies and for 24 h in normoxic/hypoxic comparative 
studies. LDL aggregation was confirmed by turbidimetric 
analysis prior to cell incubation.

LDL preparation and modification
Human LDLs (density 1.019–1.063 g/mL) were isolated 
from pooled serum of normocholesterolemic volunteers 
using ultracentrifugation. The LDLs were dialyzed over-
night against 150 mmol/L NaCl, 1 mmol/L EDTA, and 20 
mmol/L Tris–HCl (pH 7.4). Protein and cholesterol con-
centrations were determined using standard methods, 
with an average cholesterol content of ≈2 mg/mg LDL 
protein. LDL purity was confirmed by agarose gel elec-
trophoresis. Aggregated LDLs were formed by vortexing 
LDLs in PBS and monitored by turbidimetry at 680 nm. 
The fraction of LDLs that aggregated (≥ 95%) after 4 min 
of vortexing was used for experiments, as previously 
described [5, 6].

Exposure of hcSMC to LDL under normoxic and hypoxic 
conditions
SMCs were deprived of serum upon reaching 80% conflu-
ence. The cells were then unexposed or exposed to nLDL 

(control SMCs) or to aggregated LDL (foam-SMCs) 
under normoxia (21% O₂) in an incubator containing a 
gas mixture of 74% N₂ and 5% CO₂, or hypoxia (1% O₂) in 
a Hypoxic/Anoxic Workstation H35 (Don Whitley Scien-
tific Ltd.) with a gas mixture of 94% N₂ and 5% CO₂, for 
24 h as previously described [26, 27]. Following the treat-
ment, cells were harvested by scraping them into NaOH 
for neutral lipid analysis or for Tripure™ Isolation Rea-
gent (Roche Molecular Diagnostics) for subsequent PCR 
and Western blot analyses in SMC extracts.

Thin layer chromatography of neutral lipid content in SMCs
The intracellular cholesteryl ester (CE), triglyceride (TG), 
and free cholesterol (FC) content in SMCs extracts was 
measured using thin-layer chromatography (TLC) after 
lipid extraction. Lipids were extracted with a dichlo-
romethane/methanol (1:2) solvent mixture, and CE, TG 
and FC were separated on silica G-24 TLC plates as pre-
viously described [5, 6]. Lipid spots identified as CE, TG, 
and FC using standard curves for cholesterol palmitate, 
triglycerides, and cholesterol were quantified by densi-
tometry and foam SMC formation was evaluated by the 
magnitude of intracellular CE/FC ratio induced by SMC 
exposure to LDL.

Proteomic analysis
Immunoprecipitation of the SMC secretome
To compare the secretomes of control SMCs—both 
unexposed and exposed to native LDL (2 h)—and foam 
SMCs (exposed to aggregated LDL for 2 h), the total pro-
tein content of the corresponding supernatants was col-
lected. Additionally, supernatants from SMCs exposed to 
aggregated LDL in the presence of an anti-LDL aggrega-
tion peptide (DP3) were also analyzed to establish speci-
ficity criteria for identifying proteins uniquely secreted 
by foam cells, as previously shown by our group [59, 60]. 
Total proteins from the supernatants were precipitated 
using trichloroacetic acid (TCA), collected by centrifu-
gation, washed to remove residual contaminants, and 
resuspended in a suitable buffer for proteomic studies. 
Protein concentrations in the extracts were determined 
using the 2D-Quant Kit (GE Healthcare).

Mass spectrometry analysis of differential proteomics 
in foam‑SMC secretome
Proteins were identified after in-gel tryptic diges-
tion and extraction of peptides from the gels pieces by 
matrix-assisted laser desorption/ionization time-of-
flight using an AutoFlex III Smartbeam MALDI-ToF/
ToF (Bruker Daltonics). Samples were applied to Pres-
potted AnchorChip plates (Bruker Daltonics) surround-
ing the calibrants provided on the plates. Spectra were 
acquired with flexControl on reflector mode (mass range 
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850–4000 m/z, reflector 1: 21.06 kV; reflector 2: 9.77 kV; 
ion source 1 voltage: 19 kV; ion source 2: 16.5 kV; detec-
tion gain 2.37x), with an average of 3500 added shots at 
a frequency of 200 Hz. Each sample was processed with 
flexAnalysis (Version 3.0, Bruker Daltonics) considering 
a signal-to-noise ratio over 3 and applying statistical cali-
bration. For identification, peaks between 850 and 1000 
were not considered, as in general only matrix peaks are 
visible on this mass range. After processing, spectra were 
sent to the interface BioTools (Bruker Daltonics, ver-
sion 3.2) and, with no further modifications, MASCOT 
search on Swiss-Prot 57.15 database was done (Tax-
onomy: Homo Sapiens, Mass Tolerance 50–100, up to 2 
miss cleavage, Global Modification: Carbamidomethyl 
[C], Variable Modification: Oxidation [M]). Identification 
was accepted with a score higher than 56. Inhibitors of 
foam cell formation [59, 60] were employed to confirm 
the specific foam-SMC origin of the selected differential 
proteins.

Results of the amount of protein in Mass Spectrome-
try Analysis of Differential Proteomics are expressed as a 
normalized abundance on a log2 scale.

The samples were processed in triplicate for each 
group, and peptides were identified through a database 
search with a false discovery rate (FDR) of 1%. To iden-
tify proteins specifically secreted by foam cells and differ-
entially expressed upon exposure to DP3, we established 
the following specificity criteria: a fold change of ≥ 1 
between the nLDL and agLDL conditions, a fold change 
of ≤ −1 between the agLDL and agLDL with DP3 pep-
tide (agLDL_DP3) conditions, and a fold change between 
−0.3 and 0.3 between the agLDL and agLDL with the 
irrelevant peptide (agLDL_IP321) conditions. Using these 
criteria, we identified six proteins, including EPAC1.

Reverse transcription and real‑time qPCR analysis
Total RNA from SMCs was extracted using the Total 
RNA Extraction Kit (Sigma) and quantified with a Nan-
oDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies). The RNA was reverse-transcribed into cDNA 
using the RevertAid First Strand cDNA Synthesis Kit 
(Thermo Scientific). The 18S rRNA gene served as the 
housekeeping control. Quantitative real-time PCR (qRT-
PCR) was conducted using TaqMan assays for Exchange 
Protein Directly Activated by cAMP 1 (EPAC1) (Ther-
mofisher, Hs01030417_m1) on a 7900HT Fast Real-Time 
PCR System (AB-Thermo Fisher Scientific). We mixed 
5  μl of single-stranded cDNA (equivalent to 100 ng of 
total RNA) with 1  μl of 20 × TaqMan Gene Expression 
Assays for each Assay-on-Demand, 10 μl of TaqMan Uni-
versal PCR Master Mix, and 4 μl of nuclease-free water. 
After gentle mixing, the mixture was transferred into a 
real-time PCR microplate. The Real-time PCR microplate 

was sealed, centrifuged, and then was placed in the sam-
ple block of an Applied Biosystems 7300 Real Time PCR 
System (Applied Biosystems). The thermal cycling condi-
tions were 2 min at 50 °C and 10 min at 95 °C, followed by 
40 cycles of 15 s at 95 °C and 1 min at 60 °C. Expression 
levels were measured in triplicate. The threshold cycle 
(Ct) values were normalized to the housekeeping gene.

Western blot analysis
Proteins were isolated using TriPure™ Isolation Reagent 
(Roche) according to the manufacturer’s instructions. 
The protein samples were then analyzed by Western 
blot as previously described [5, 6] Blots were incubated 
with monoclonal antibodies against EPAC1 (Santa Cruz, 
sc-28366). To ensure equal protein loading across sam-
ples, blots were stained with Ponceau, and a normaliza-
tion of results for gapdh (Abcam, ab8245) was performed.

Enzyme‑linked ImmunoSorbent assay (ELISA) for detection 
of EPAC1
The concentration of EPAC1 was determined in human 
serum from patients using a quantitative sandwich ELISA 
kit obtained from MyBioSource (MBS7607909, Vizcaya, 
Spain), which has a sensitivity of 10 pg/mL.

Classical protein‑based biomarker determination
hs-TnT and hs-CRP as classical protein biomarkers were 
compared against the diagnostic performance of EPAC1. 
hs-TnT concentrations were measured by electro-chemi-
luminiscence immunoassay using the hs-TnT on the 
Roche Cobas e601 analyzer (Roche Diagnostics, Man-
nheim, Germany). The hs-TnT assay has an analytic range 
from 3 to 10000 ng/L and showed no significant cross-
reactivity with TnT. The assays had inter-run coeficients 
of variation ranging from 1.2 to 3.7%. hs-CRP concentra-
tions were determined using and immunoturbidimetry 
method on the Roche Cobas c501 analyzer (Roche Diag-
nostics). The hs-CRP assay has an analytic range from 0.3 
to 350 mg/L. The assay had inter-run coeficients of varia-
tion ranging from 1.2 to 3.6%.

Statistical analysis
EPAC1 levels were initially compared between patients 
categorized into CAD and non-CAD groups. Subse-
quently, EPAC1 levels were analyzed in groups stratified 
by bioimaging markers of CAD severity, including SIS (0, 
1–4, > 4), SSS (0, 1–4, > 4), stenosis (0, < 50%, > 50%), and 
the 3v-score (no/yes). Descriptive statistics were used to 
summarize the study population’s characteristics, and 
the Kolmogorov–Smirnov test was applied to assess nor-
mality. Continuous variables with normal distributions 
were presented as the mean ± standard deviation (SD), 
while those with skewed distributions were reported as 
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the median ± interquartile range (IQR). Continuous vari-
ables were compared between groups using Student’s t 
test and Mann–Whitney U test for variables with skewed 
distributions. Categorical variables were expressed as 
frequencies (percentages) and compared using Fisher’s 
exact test. Spearman’s Rho coefficient was used to evalu-
ate correlations between nonparametric variables, while 
Pearson’s correlation coefficient was applied for paramet-
ric variables. Logistic regression analyses were conducted 
to explore in detail the association between potential 
biomarkers and CAD indices. To determine whether 
the observed association could be influenced by poten-
tial confounding factors, three models were analyzed. In 
Model 1, conventional cardiovascular risk factors (age 
and dyslipidemia) were included as covariates. Model 2 
incorporated additional factors, such as BMI, hyperten-
sion (HTA), diabetes mellitus (DM), and high-sensitivity 
troponin T (hs-TnT). Finally, Model 3 included sex as a 
covariate alongside age and dyslipidemia. Receiver oper-
ating characteristic (ROC) curves were generated for 

EPAC1, with the area under the ROC curve (AUC) used 
as a measure of overall discrimination. The Youden Index 
was employed to identify the optimal cutoff point [61]. 
The additional discriminatory capacity of EPAC1 beyond 
a clinical model based on conventional cardiovascular 
risk factors was also assessed. The results were reported 
as R2, standard error (SE), and p-value. The statistical 
software Package SPSS 29 for Windows (SPSS Inc. Chi-
cago, IL, USA) was used for all statistical analyses. Differ-
ences were considered statistically significant when p ≤ 
0.05.

Results
Foam‑SMC secrete differential levels of EPAC1 
into the extracellular medium
Figure  1A illustrates the abundance of lipid droplets 
(white arrows) in hcVSMCs exposed to aggregated LDL 
(foam-hcVSMC) compared to those exposed to native 
LDL (hcVSMC). Thin-layer chromatography confirmed 
the hcVSMC transformation into foam cells upon 

Fig. 1  Differential mass spectrometry analysis comparing the secretoma of control and foam human coronary smooth muscle cells (hcVSMC). 
A Confocal microscopy images showing control (exposed to native LDL) and foam human coronary smooth muscle cells (hcSMC) generated 
through exposure to aggregated LDL (agLDL). White arrows indicate the abundance of lipid droplets (LDs) in foam-hcSMC compared to control 
hcSMC. Scale 10 µm. B Thin layer chromatography (TLC) analysis of intracelular cholesteryl ester (CE)/free cholesterol (FC) ratio (marker of foam 
cell formation) in hcSMCs exposed to aggregated LDL (agLDL) (foam SMC) in absence (w/o) or presence of a foam cell inhibitor peptide 
(DP3) or an irrelevant peptide (IP321) for 2 h. Control cells were those unexposed to LDL (no LDL) or exposed to native LDL (nLDL). Results are 
shown as mean ± SD of three experiments performed in duplicate. C Results from the differential mass spectrometry analysis of secretomes 
in the conditions of native LDL (nLDL), aggregated LDL (agLDL) without (w/o) peptides or with inhibitor peptide (DP3) or an irrelevant peptide 
(IP321). O955398 (EPAC1) was one of the six proteins that met the specificity criteria for foam-hcSMCs
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exposure to aggregated LDL, as evidenced by a signifi-
cant increase in intracellular CE/FC ratio compared to 
control hcSMCs (unexposed or exposed to native LDL) 
(Fig.  1B). To identify proteins specifically and differen-
tially secreted by foam hcVSMCs, we conducted a differ-
ential mass spectrometry analysis of foam-hcVSMC and 
control hcVSMC secretomes (Fig.  1C). Three biological 
replicates were processed for each group, and peptides 
were identified through a database search with a 1% false 
discovery rate (FDR). Applying the specificity criteria 
described in Methods, EPAC1 (O95398, orange line) was 
identified as one of the differentially secreted proteins by 
foam SMCs.

Blood EPAC1 levels are lower in individuals with CAD 
compared to those without CAD
A total of 202 patients were included. They were initially 
divided into a control group without CAD (n = 50; 15 
men and 35 women) and a group with CAD (n = 152; 99 
men and 53 women). Table 1 summarizes the main clini-
cal and imaging characteristics of patients included in 
this study, which included individuals with clinically sus-
pected stable CAD who underwent a CCTA exam.

There is a clear and significant age difference between 
patients with CAD and the control group, observed both 
in the overall cohort and within the subgroups of men 
and women. The prevalence of elevated BMI was higher 
in patients with CAD, both in the overall group and spe-
cifically among women. The prevalence of dyslipidemia 
and smoking did not differ significantly between women 
with CAD and the control group. However, hypertension 
showed significant differences between CAD patients 
and controls in the overall group, as well as in women 
subgroup. The use of statins, ACE inhibitors, beta-block-
ers, antiaggregants, and diuretics was also more preva-
lent in CAD patients, in the total grup, and in both men 
and women subgroups.

Circulating EPAC1 concentrations were significantly 
lower in the CAD group compared to the non-CAD 
group (9.41 ± 4.00 vs 11.97 ± 3.30 ng/mL, p < 0.001). 
When separated by sex, the differences were significant 
in men (9.40 ± 4.22 vs 14.10 ± 2.68 ng/mL, p = 0.002) but 
do not reach significance in women (9.45 ± 3.46 vs 11.18 
± 3.20 ng/mL, p = 0.062) (Table 1). hs-TnT levels were sig-
nificantly higher in CAD patients compared to controls 
for the total group, as well as for both men and women. 
Similarly, hs-CRP levels were significantly elevated in 
CAD patients compared to the control group when con-
sidering the total population and women, but this differ-
ence did not reach significance in men (Table 1).

It is interesting to note that, in individuals without 
detectable CAD, blood EPAC1 levels were significantly 
lower in women than in men (11.18 ± 3.20 versus 14.10 

± 2.68 ng/mL, p = 0.021) (Table 1). These results suggest 
the potential regulation of EPAC1 levels by hormonal and 
sex-specific cardiovascular risk factors.

Blood EPAC1 levels decrease further in CAD patients 
with greater severity as assessed by CCTA bioimaging
Plasma levels of EPAC1 were significantly lower in 
patients with SIS > 4 compared to controls (SIS = 0) or 
moderate CAD (SIS 1–4) group, both in women (7.76 
± 3.27 vs 11.18 ± 3.20 ng/mL or 11.15 ± 2.82 ng/mL, p = 
0.004 or p = 0.009, respectively) and men (7.80 ± 3.42 vs 
14.10 ± 2.68 ng/mL or 12.32 ± 4.01 ng/mL, p < 0.001 for 
both comparisons) (Fig.  2A). However, no significant 
differences in EPAC1 levels were observed between the 
control and moderate CAD, in either women or men sub-
groups. These results suggest that EPAC1 has predictive 
value for severe CAD, but not for moderate CAD in rela-
tion to the SIS variable, regardless of gender.

We also analyzed EPAC1 protein levels by segmenting 
the population according to the 3-vessel score (Fig. 2B). 
EPAC1 levels were significantly lower in patients with 
3-vessel score group compared to controls, either in 
women (p = 0.003) or men (p < 0.001). These results sug-
gest that EPAC1 may be useful for detecting advanced 
stages of CAD in women and men.

Regarding SSS, significant differences in EPAC1 protein 
levels according to SSS were observed only in men. Spe-
cifically, EPAC1 levels decreased significantly from SSS 
= 0 (12.33 ± 3.95 ng/mL) to SSS = 1–4 (9.53 ± 4.22 ng/
mL, p = 0.048) and further to SSS > 4 (8.54 ± 4.04 ng/mL, 
p = 0.002) (Fig. 2C). These results that EPAC1 has predic-
tive value for moderate and severe CAD in men and in 
relation with SSS. In contrast, there were no significant 
differences according to SSS in women. Similarly, the 
analysis of maximal vessel stenosis in the epicardial coro-
nary artery tree in men showed a significant decrease in 
EPAC1 protein levels, from 14.10 ± 2.68 ng/mL at 0% of 
stenosis to 10.46 ± 4.10 ng/mL in the < 50% stenosis (p 
= 0.047), and further to 8.55 ± 4.17 ng/mL in the ≥ 50% 
stenosis group (p < 0.001) (Fig. 2D). These results suggest 
that EPAC1 is a useful predictor of moderate to severe 
CAD in men, particularly concerning stenosis bioimag-
ing variables in this cohort.

The differences in the potential diagnostic capacity of 
EPAC1 in CAD between men and women observed in 
this cohort should be interpreted with caution, as these 
results may be at least partly due to the limited number 
of participating women.

Variation in current biomarkers for moderate and severe 
CAD between men and women
Differently to EPAC1, there were no differences in the 
levels of the current blood biomarkers hs-CRP (online 
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Table 1  Clinical, metabolic, coronary artery bioimaging, and blood biomarker levels in the study population (Control and CAD 
groups), analyzed by total population, men, and women

Total Women (W) Men (M)

Control (n 
= 50)

CAD (n = 152) p Control (n 
= 35)

CAD (n = 53) p Control (n 
= 15)

CAD (n = 99) p

Clinical characteristics

 Sex, M(%)–
W(%)

15(30)–35 (70) 99 (65.1)–53 
(34.9)

 < 0.001 – – – – – –

 Age (y), md 
(IQR)

54 (43–65) 69 (62–76)  < 0.001 55 (44–66) 73 (66–79)  < 0.001 52 (41–61) 68 (58–74)  < 0.001

 BMI (W/H2), 
md (IQR)

25.05 (23.58–
28.13)

27.76 (24.91–
30.82)

0.001 24.51 (23.31–
27.50)

27.30 (24.22–
31.22)

0.017 25.82 (25.00–
29.39)

27.76 (25.55–
30.45)

0.145

 HTA, n (%) 21 (42) 108 (71.1)  < 0.001 14 (40) 39 (73,6) 0.002 7 (46.7) 69 (69.7) 0.087

 DLP, n (%) 16 (32) 97 (63.8)  < 0.001 14 (40) 30 (56.6) 0.191 2 (13,3) 67 (67.7)  < 0.001

 DM, n (%) 4 (8) 40 (26.3) 0.006 4 (11.4) 16 (30,2) 0.041 0 (0) 24 (24.2) 0.033

 Smoker, n 
(%)

10 (21.3) 58 (39.2) 0.020 8 (24.3) 9 (18) 0.521 2 (14.3) 49 (50) 0.010

 Glomerular 
filtration 
rate < 60 ml/
min/1.73 m2, 
n (%)

5 (10.2) 18 (12.6) 0.658 5 (14.7) 8 (16.3) 0.843 0 (0) 10 (10.6) 0.187

Medications

 Statins, n (%) 15 (30.6) 86 (60.1)  < 0.001 12 (35.3) 26 (53.1) 0.112 3 (20) 60 (63.8) 0.001

 Angiotensin-
converting-
enzyme 
inhibitors, 
n (%)

17 (34.7) 89 (62.2)  < 0.001 10 (29.4) 31 (63.3) 0.003 7 (46.7) 58 (61.7) 0.273

 Betablokers, 
n (%)

10 (20.4) 56 (39.4) 0.016 8 (23.5) 16 (32.7) 0.370 2 (13.3) 40 (43) 0.029

 Antia‑
gregants, 
n (%)

13 (27.1) 72 (50.7) 0.005 11 (33.3) 23 (46.9) 0.223 2 (13.3) 49 (52.7) 0.005

 Sintrom, n 
(%)

3 (6.1) 21 (14.7) 0.119 1 (2.9) 6 (12.2) 0.136 2 (13.3) 15 (16) 0.796

 Diuretics, 
n (%)

7 (14.3) 46 (32.2) 0.016 6 (17.6) 20 (40.8) 0.026 1 (6.7) 26 (27.7) 0.082

Biochemistry

 Glucose 
(mg/dl), md 
(IQR)

90.00 (84.00–
96.50)

100.50 (90.00–
122.00)

 < 0.001 88.00 (84.00–
96.50)

97.00 (87.75–
122.25)

0.009 91.00 (84.00–
97.00)

101.00 (90.00–
121.50)

0.014

 Creatinine 
(mg/dl), md 
(IQR)

0.79 (0.67–0.97) 0.85 (0.75–1.08) 0.023 0.76 (0.62–0.86) 0.75 (0.69–0.90) 0.426 0.96 (0.79–1.08) 0.94 (0.79–1.11) 0.583

 Urea (mg/
dl), md (IQR)

5.40 (4.50–6.70) 6.20 (5.10–7.40) 0.023 5.15 (3.95–6.60) 6.20 (4.90–7.95) 0.113 6.10 (4.80–7.05) 6.15 (5.17–7.32) 0.687

Lipid profile

 Total Choles‑
terol (mg/
dl), mean 
± SD

202.92 ± 42.51 185.40 ± 40.96 0.013 205.94 ± 41.60 186.29 ± 43.83 0.045 195.57 ± 45.38 184.90 ± 39.53 0.353

 LDLc (mg/
dl), md (IQR)

117.00 (82.00–
154.50)

99.00 (80.00–
133.00)

0.094 125.00 (85.50–
153.00)

97.50 (76.50–
138.25)

0.126 91.00 (70.00–
161.00)

100.00 (85.25–
130.00)

0.860

 HDLc (mg/
dl), md (IQR)

60.50 (45.50–
69.00)

49.00 (42.00–
58.00)

0.004 63.00 (51.50–
69.50)

53.00 (45.00–
59.00)

0.005 44.00 (36.00–
64.00)

48.00 (41.75–
57.00)

0.885

 VLDLc (mg/
dl), md (IQR)

16.50 (11.25–
21.75)

19.00 (16.00–
27.00)

0.093 16.50 (15.00–
20.50)

20.00 (15.75–
28.25)

0.129 16.00 (10.00–
22.75)

19.00 (16.00–
24.00)

0.456
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Figure S1) or hs-TnT (online Figure S2) by gender in indi-
viduals without CAD for any of the bioimaging variables 
analyzed.

In women, there was a significant increase in hs-CRP 
levels in the SIS 1–4 group (p = 0.016) (online Figure S1 
A), the SSS 1–4 group (p = 0.034) (online Figure S1 C), 
and the stenosis 1–50% group (p = 0.032) (online Figure 
S1D) compared to the respective control groups. How-
ever, no significant differences in hs-CRP levels were 
observed based on 3-vessel plaque score in this gen-
der (online Figure S1B). In men, hs-CRP only exhibited 
significant differences according to SIS > 4 vs SIS = 0 (p 
= 0.05) (online Figure S1 A) and according to the 3-vessel 
plaque score (p = 0.025) (online Figure S1B). These results 
suggest that hs-CRP has diagnostic utility for moderate 
CAD in women and for severe CAD in men, at least in 
this cohort.

Unlike hs-CRP, hs-TnT levels did not show significant 
differences in women segregated in groups according to 
CAD severity assessed by imaging biomarkers. In men, 
however, hs-TnT levels were significantly elevated in both 
the SIS 1–4 and SIS > 4 groups compared to controls (p 
= 0.016 and p < 0.001, respectively) (online Figure S2 A)., 
Additionally, hs-TnT levels were significantly higher in 

3-vessel score and SSS > 4 groups compared to control 
groups (p < 0.001 and p = 0.015, respectively) (online Fig-
ure S2B, S2 C). hs-TnT levels also rose significantly from 
the control group to the stenosis < 50% group (p = 0.005), 
with an even greater increase in the stenosis ≥ 50% group 
(p < 0.001) (online Figure S2D). These results validate the 
potential of hs-TnT as a predictor of CAD severity in 
men.

EPAC1, but not the classical biomarkers, correlates 
with imaging variables of CAD severity in patients
Correlograms illustrate the inverse or direct correla-
tions of CAD bioimaging indices with circulating lev-
els of EPAC1 or current biomarkers, respectively (Fig. 3 
and online Table S1). In the overall population (Fig. 3A), 
EPAC1 exhibited a similar level of association with SIS, 
SSS, stenosis and the 3-vessel score as hs-TnT (p ≤ 0.001 
for all). In contrast, hs-CRP displayed weaker associa-
tions with stenosis, SIS and the 3-vessel score compared 
to hs-TnT and EPAC1. In CAD patients (Fig. 3B), hsCRP 
did not show significant correlations with CAD bioimag-
ing parameters, while hs-TnT exhibited only a weak cor-
relation with SIS (p = 0.018). In contrast, EPAC1 showed 
notable correlations with SIS (p < 0.001) and the 3-vessel 

Results are expresed as median (md) with interquartile range (IQR) for non-parametric variables or mean with Standard Desviation (SD) for parametric variables. 
BMI Body mass index (kg/m2), HTA Arterial hypertension, DLP dyslipemia, DM Diabetes mellitus type 2, LDLc Low density lipoprotein cholesterol, HDLc High density 
lipoprotein cholesterol, VLDLc Very low density liporotein colesterol, SIS Segment involvement score, SSS Segment stenosis score, hs-TnT High sensitivity Troponin T, 
hs-CRP High sensitivity C reactive protein. T-student test was used for parametric distribution variables. U-mann whitney test was used for non-parametric distribution 
variables

Table 1  (continued)

Total Women (W) Men (M)

Control (n 
= 50)

CAD (n = 152) p Control (n 
= 35)

CAD (n = 53) p Control (n 
= 15)

CAD (n = 99) p

 Triglycerides 
(mg/dl), md 
(IQR)

96.00 (69.00–
121.00)

111.00 (88.50–
151.00)

0.003 94.00 (68.00–
119.50

114.50 (81.50–
152.50)

0.027 97.00 (70.50–
138.25)

110.00 (91.25–
151.00)

0.121

CAD bioimaging

 Maximum 
stenosis, md 
(IQR)

0.00 (0.00–0.00) 2.00 (1.00–3.00)  < 0.001 0.00 (0.00–0.00) 2.00 (1.00–2.00)  < 0.001 0.00 (0.00–0.00) 2.00 (1.00–4.00)  < 0.001

 3 vessel 
plaque 
score, n (%)

0 (0) 71 (46.7)  < 0.001 0 (0) 19 (35)  < 0.001 0 (0) 52 (52.5)  < 0.001

 SIS, md (IQR) 0.00 (0.00–0.00) 5.00 (3.00–8.00)  < 0.001 0.00 (0.00–0.00) 3.00 (2.00–6.00)  < 0.001 0.00 (0.00–0.00) 6.00 (3.00–8.00)  < 0.001

 SSS, md 
(IQR)

0.00 (0.00–0.00) 3.00 (1.00–7.75)  < 0.001 0.00 (0.00–0.00) 2.00 (1.00–4.00)  < 0.001 0.00 (0.00–0.00) 4.00 (1.00–9.00)  < 0.001

Blood biomarkers

 hs-TnT (ng/
dl), md (IQR)

6.89 (4.46–
10.65)

14.60 
(7.99–21.24)

 < 0.001 6.89 (4.03–
11.85)

10.20 
(6.06–18.89)

0.032 5.51 (4.86–9.26) 15.60 
(8.66–22.19)

 < 0.001

 hs-CRP (mg/
dl), md (IQR)

1.25 (0.65–2.55) 2.21 (1.09–5.17) 0.010 1.20 (0.76–3.11) 2.52 (1.51–5.61) 0.016 1.42 (0.49–2.10) 2.10 (0.99–4.92) 0.084

 EPAC1 (ng/
ml), mean 
± SD

11.97 ± 3.30 9.41 ± 4.00  < 0.001 11.18 ± 3.20 9.45 ± 3.46 0.062 14.10 ± 2.68 9.40 ± 4.22 0.002
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score (p < 0.001), alongside lower correlations with ste-
nosis (p = 0.033) and SSS (p = 0.008). In women, neither 
hs-CRP or hs-TnT showed significant correlations with 
any CAD imaging variables, while EPAC1 exhibited a 

correlation with 3-vessel plaque score (p < 0.05) (Fig. 3C). 
In men, hs-TnT showed a weak correlation with stenosis 
(p = 0.05), whereas EPAC1 had strong correlations with 
SIS and the 3-vessel score (p < 0.01 for SIS and p < 0.001 

Fig. 2  Comparison of blood EPAC1 levels across the absence, moderate, and severe stages of CAD in both women and men. Patients were grouped 
according to scores from bioimaging variables that determine the extent and severity of CAD. Blood EPAC1 levels were measured in patient groups 
segmented based on CAD severity as assessed by CCTA bioimaging variables, including the Segment Involvement Score (SIS) (A), 3-Vessel Plaque 
Score (B), Segment Stenosis Score (SSS) (C), and Vessel Diameter Stenosis (D). Comparisons between groups were conducted using a student’s 
t-test in parametric variables and mann–whitney U test for non-parametric variables, and results are presented as mean ± SD. Differences were 
considered statistically significant at p < 0.05. CAD, coronary artery disease, CCTA, coronary computed tomography angiography
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for 3-vessel score) (Fig.  3D). Collectively, these findings 
suggest that EPAC1 exhibits a stronger correlation with 
CCTA imaging indices of CAD compared to hs-TnT and 
hs-CRP, both in the overall CAD population and within 
male and female subgroups.

Independent association of EPAC1 with CAD severity
Table 2 summarizes the results of multiple linear regres-
sion models evaluating the impact of EPAC1 and other 
key variables on SIS. Model 1, using the enter method, 
achieved an R2 of 0.349, indicating that 34.9% of the 
variance in SIS was explained by age, EPAC1, and dys-
lipidemia. Model 2, which included additional variables, 
showed that EPAC1 remained independently associated 
with SIS, achieving an improved R2 of 0.366. Finally, 

Model 3, which was simplified to include only four vari-
ables, explained 46.2% of the variance in SIS, with EPAC1 
consistently demonstrating an independent association. 
In addition, an ANCOVA analysis was conducted to 
assess the significance of sex in the relationship between 
SIS and EPAC1. When the sex variable was included as 
a covariate in a univariate analysis of variance, the rela-
tionship remained significant. Notably, the SIS F-value (F 
= 5.311; p < 0.001) was higher than the F-value for sex (F 
= 2.369; p = 0.126) (online Table S2).

EPAC1 as a potential biomarker of CAD severity
A receiver operating characteristic (ROC) analysis was 
performed to evaluate the sensitivity and specificity of 
EPAC1 levels in predicting CAD presence (Fig. 4A) and 

Fig. 3  Correlograms showing correlations between CCTA bioimaging variables and blood protein biomarkers. Spearman’s correlations 
between CCTA bioimaging variables and blood protein biomarkers in the total subjects (A), CAD subjects (B), CAD Women (C) and CAD Men (D). 
Positive correlations are shown in red and negative correlations in blue, with the intensity of the color representing the Spearman’s correlation 
coefficient. The shape of each cell corresponds to the confidence ellipse of the scatter plot between variables. Significant levels are indicated 
with asterisks. *p ≤ 0.05 **p ≤ 0.01 ***p ≤ 0.001. CAD, coronary artery disease, CCTA, coronary computed tomography angiography
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CAD severity (SIS > 4) (Fig.  4B). The youden´s index 
analysis [37] determined that the optimal EPAC1 cut-off 
point was 9.16 ng/ml for both curves. At these cut-off 
value, EPAC1 predicted the probability of CAD pres-
ence with a sensitivity of 51.1% and a specificity of 81.2% 

(Table  3), and predicted the probability of severe CAD 
(SIS > 4) with a sensitivity of 69.6% and a specificity of 
79.4% (Table 4). The performance of EPAC1 was superior 
to that of hs-CRP and hs-TnT in predicting CAD severity 
measured by SIS > 4 (AUC for EPAC1 = 0.814 vs AUC for 

Table 2  Multivariate Analysis to identify predictors of SIS

A large F-statistic value indicates that the regression model effectively explains the variation in the dependent variable. The R2 value represents the percentage of 
variation in the dependent variable (SIS) explained by the model. The β-coefficient (B) shows how much the dependent variable (SIS) changes with each unit change 
in the independent variable. The standard error (SE) reflects the potential error associated with the β-coefficient (B). DLP dyslipidemia, BMI body mass index (kg/m2), 
HTA arterial hypertension, DM type 2 diabetes mellitus, hs-TnT high-sensitivity troponin T

Variable F(3,140) R2 B SE P

Model 1 (ENTER METHOD) 25.002 0.349 −0.639 1.759 0.718

Age 0.095 0.023  < 0.001

EPAC1 −0.203 0.059  < 0.001

DLP 1.456 0.543 0.008

Variable F(7,129) R2 B SE P

Model 2 (ENTER METHOD) 10.653 0.366 −1.039 2.418 0.668

Age 0.071 0.027 0.010

BMI 0.064 0.059 0.280

HTA 0.632 0.620 0.310

DLP 1.444 0.586 0.015

DM −0.322 0.706 0.649

Hs-TnT 0.007 0.009 0.452

EPAC1 −0.233 0.064  < 0.001

Variable F(4,139) R2 B SE P

Model 3 (ENTER METHOD) 29.872 0.462 −1.833 1.620 0.260

EPAC1 −0.201 0.053  < 0.001

Sex 2.482 0.458  < 0.001

Age 0.091 0.021  < 0.001

DLP 1.307 0.496 0.009

Fig. 4  ROC curve analyses comparing the predictive capacity for CAD of EPAC1, hs-CRP, and hs-TnT. The predictive capacities for CAD (A) and severe 
CAD (B) are shown. CAD, coronary artery disease
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hs-TnT = 0.723 and AUC for hs-CRP = 0.576) (Table 4). 
However, it was not as effective as hs-TnT in predicting 
the presence of CAD (AUC for EPAC1 = 0.677 vs AUC 
for hs-TnT = 0.801) (Table 3).

EPAC1 levels dramatically decreased in foam‑SMCs 
under hypoxia
Thin layer chromatography (TLC) showed the high 
potency of aggregated LDL to generate foam cell forma-
tion from human coronary VSMC either in normoxic or 
hypoxic conditions. Foam hcVSMCs exhibited a ninefold 
increase in the intracellular CE/FC ratio, far higher than 
in control cells exposed to native LDL, where the ratio 
remained nearly unchanged compared to cells unexposed 
to LDL (Fig.  5A). Real time PCR (online Figure S3) and 
Western blot (Fig.  5B) analysis, showed that there were 
no significant differences in EPAC1 levels (at mRNA and 
protein levels) between control and foam hcSMC under 
normoxic conditions. However, EPAC1 was strongly 

Table 3  ROC curve 1. CAD is the state variable

Results are presented as AUC (Area Under the Curve), 95% CI (Confidence 
Interval), and p-value. hs-TnT high-sensitivity troponin T, hs-CRP high-sensitivity 
C-reactive protein

Variable AUC​ 95% CI P

EPAC1 0.677 0.580–0.775  < 0.001

hs-CRP 0.606 0.499–0.714 0.051

hs-TnT 0.801 0.709–0.892  < 0.001

Table 4  ROC curve 2. SIS > 4 is the state variable

Results are expressed as AUC (Area Under the Curve), 95% CI (Confidence 
Interval), and p-value. hs-TnT high-sensitivity troponin T, hs-CRP high-sensitivity 
C-reactive protein

Variable AUC​ 95% CI P

EPAC1 0.814 0.740–0.889  < 0.001

hs-CRP 0.576 0.474–0.678 0.142

hs-TnT 0.723 0.634–0.812  < 0.001
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Fig. 5  EPAC1 protein levels dramatically decreased in foam-hcVSMCs under hypoxia. A Thin-layer chromatography analysis of intracellular 
cholesteryl ester (CE), TG (triglyceride) and free cholesterol (FC) content of control hcVSMC (unexposed to LDL or exposed to native (nLDL)) or foam 
hcVSMC (exposed to aggregated LDL (agLDL) for 24 h). Bar graphs showing intracellular CE/FC ratio as marker of foam cell formation. Results 
are presented as the mean ± SD from three different experiments performed in duplicate B Western blot analysis of EPAC1 protein levels (n = 5 
exp. by duplicate in normoxic conditions and n = 6 exp. by duplicate in hypoxic conditions). EPAC1 protein levels were normalized to normalized 
to the endogenous control gapdh and to reference values (SMC unexposed to LDL under normoxia). hcVSMC human coronary vascular smooth 
muscle cells, N normoxia, H hypoxia
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reduced in hypoxic foam-hcVSMC compared to nor-
moxic foam-hcVSMC at both mRNA (p = 0.013) (online 
Figure S3) and protein (p < 0.001) (Fig. 5B) levels. EPAC1 
levels were also reduced in hypoxic foam-SMC compared 
to hypoxic control SMC (unexposed or exposed to nLDL) 
both at mRNA (p < 0.001 vs both conditions) (online Fig-
ure S3) and protein (p = 0.049 and p = 0.015) (Fig.  5D) 
levels.

Discussion
This study provides the first evidence supporting the clin-
ical use of EPAC1 as a diagnostic biomarker for advanced 
CAD in both men and women with suspected stable 
CAD. Additionally, it sheds light on alterations in EPAC1 
production and secretion by human coronary VSMCs 
(hcVSMCs), particularly foam-hcVSMC under hypoxic 
conditions. These findings suggest a potential associa-
tion between decreased EPAC1 production by hypoxic 
foam-hcVSMCs, reduced blood EPAC1 levels, and the 
presence of advanced CAD in patients with suspected 
CAD. Addressing gender differences in the diagnostic 
potential of biomarkers is a key research priority. There-
fore, we conducted a comprehensive analysis of all results 
from a gender-sensitive perspective. Our findings high-
light the potential of EPAC1 as a unique and valuable bio-
marker for assessing CAD severity in both women and 
men. Unlike classical biomarkers, EPAC1 demonstrates 
a direct association with imaging-derived severity meas-
ures, suggesting its potential role in improving diagnostic 
accuracy and patient stratification.

Our key findings are as follows: (i) patients with 
advanced CAD in terms of extension and severity show 
decreased EPAC1 levels in blood; (ii) circulating EPAC1 
is inversely associated with CAD imaging indices of dis-
ease extent and severity, even after adjusting for conven-
tional cardiovascular risk factors; (iii) in women, where 
hs-CRP and hs-TnT show no significant correlation with 
CAD imaging measures, EPAC1 displays a strong inverse 
correlation with the SSS; (iv) EPAC1 has a lower dis-
criminatory capacity than hs-TnT for CAD presence; (v) 
EPAC1 outperforms hs-CRP and hs-TnT in predicting 
CAD severity; and (vi) hypoxic coronary foam-hcVSMC 
may contribute to reduced EPAC1 levels in patients with 
advanced CAD.

Patients included in this study have been diagnosed 
according to the 2019 and 2024 European Society of 
Cardiology (ESC) guidelines for management of chronic 
coronary syndromes (CCS) [62, 63]. These guidelines 
recommend CCTA as the initial test for symptomatic 
patients with an intermediate-to-low probability of CAD. 
For patients with prior revascularization or established 
CCS, functional tests such as stress echocardiography or 
cardiac MRI are preferred to assess ischemia and clinical 

progression. Consequently, in our cohort, the num-
ber of patients with a history of myocardial infarction 
or revascularized CCS is minimal, making it unlikely to 
impact the overall results. By adhering to routine clini-
cal practices and current ESC guidelines, we believe our 
study design accurately reflects real-world clinical care as 
implemented in most centers.

The results of the present study show that, in individu-
als without detectable CAD, blood EPAC1 levels are sig-
nificantly lower in women than in men. Since reduced 
circulating EPAC1 levels are associated with a patho-
logical state in our cohort, it is interesting to note, as 
highlighted in a recent review, that women face higher 
cardiovascular risk due to a greater incidence of classic 
risk factors such as diabetes, hypertension, obesity, and 
smoking. Additionally, women have specific risk factors 
(e.g., menarche, menopause) and conditions (e.g., auto-
immune diseases, migraines) that could contribute to 
lower EPAC1 levels [64]. Further studies are needed to 
explore how these factors influence EPAC1 protein levels 
in both men and women and their implications for CAD 
severity. Both estrogens (E2) and testosterone have been 
shown to reduce EPAC1 levels in human airway smooth 
muscle cells, influencing Brain-Derived Neurotrophic 
Factor (BDNF), which plays a key role in inflammation, 
remodeling, and hyperreactivity [65].

The decision to analyze EPAC1 rather than EPAC2 in 
the blood of patients from this cohort was based on our 
proteomic study in human coronary smooth muscle cells. 
Among all the differentially expressed proteins identified, 
only five met the specificity criteria, and EPAC1—unlike 
EPAC2—was one of them. This finding aligns with exist-
ing knowledge, as EPAC1, but not EPAC2, is expressed 
in the vasculature and heart [32, 66], making its presence 
in human coronary SMCs biologically plausible. EPAC1, 
is mainly involved in regulating endothelial permeability 
and vascular tone, as well as cell migration and adhesion 
while EPAC2 is more more closely linked to metabolic 
diseases such as diabetes due to its role in insulin secre-
tion and glucose homeostasis [39, 40].

We have evaluated EPAC1 in total plasma and not in 
isolated microvesicles because in terms of clinical appli-
cability, it is preferable to avoid additional steps unless 
they are strictly necessary. There are various types of 
microvesicles secreted by SMC, and it could be valuable 
from the mechanistic point of view to investigate which 
of them carry EPAC1. However, for the purposes of this 
study, we believe that determining the total levels of 
EPAC1 in blood is a more clinically suitable approach. In 
future studies exploring the mechanisms involved in the 
secretion of this protein in other matrices, such as cell 
supernatants, it would be interesting to isolate and char-
acterize EPAC1-positive microvesicles.
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Currently, only one manuscript—besides ours—has 
documented the presence of EPAC1 protein in human 
blood. This study reported an upregulation of circulat-
ing EPAC1 in patients with type 2 diabetes treated with 
Glucagon-like Peptide-1 (GLP-1) receptor agonists (GLP-
1RAs) [67]. The increase in EPAC1 in GLP-1Ras-treated 
diabetic patients was associated with significant reduc-
tions in HbA1c, glucose levels, LDL-C, body mass index 
(BMI), waist circumference, and diastolic blood pressure. 
According to the regression models used in our study, the 
association between EPAC1 and stenosis was independ-
ent of BMI, hypertension, dyslipidemia, and type 2 diabe-
tes mellitus in our cohort.

This study found that hs-TnT is significantly associ-
ated with various CAD imaging variables, such as ste-
nosis diameter and vessel scores, supporting previous 
research linking plaque burden to hs-TnT levels [48, 
68–70]. In contrast, hs-CRP showed only a weak associa-
tion with stenosis and vessel scores, consistent with stud-
ies indicating it rises in patients with advanced plaques 
[52]. Among CAD patients, hs-TnT had a weak associa-
tion with SIS, significant only in men. Overall, our find-
ings align with previous studies suggesting that hs-TnT 
and hs-CRP have limited value in predicting CAD bur-
den, especially in stable CAD patients [52]. In this con-
text, EPAC1 emerges as a blood protein biomarker that 
correlated with most CAD severity parameters across 
the entire cohort included in the current study, inde-
pendently of baseline risk factors. This association with 
CAD bioimaging variables remained consistent when 
considering all CAD patients and, particularly in men. 
In women, only a strong correlation of EPAC1 with SSS 
was observed. It is important to note that the limited 
number of bioimaging variables associated with EPAC1 
in women may stem from the smaller number of women 
with advanced CAD found in our cohort. This suggests 
that validating these results in a cohort with a more bal-
anced representation of men and women would be advis-
able, and likely reinforce the diagnostic value of EPAC1 
for CAD severity also in women. The progression of CAD 
from stable to unstable stages and acute events exhibits 
gender-specific differences in epidemiology, pathophysi-
ology, and clinical presentation between women and 
men [71]. In younger age groups, the incidence of acute 
CAD-related events is lower in women than in men, but 
this trend reverses after 80 years of age. Although further 
studies of validation are indeed required, our study pro-
vided gender differences in blood EPAC1 levels and its 
diagnostic performance in CAD allowing to integrate a 
gender perspective into the future clinical application of 
this innovative biomarker.

A critical question addressed in this study is why 
EPAC1 levels are reduced in the blood of patients with 

advanced CAD. Insights into the underlying mechanisms 
can be inferred from experiments conducted here on 
cultured human coronary SMCs. Our results evidence 
that foam-hcVSMCs exposed to hypoxia suffer a signifi-
cantly decrease in EPAC1 expression at both the mRNA 
and protein levels. These findings suggest that the strong 
predictive value of EPAC1 in identifying advanced plaque 
burden in patients may stem from the profound impact 
of hypoxia—a key driver of atherosclerosis progression 
[23–25]—on EPAC1 production by foam-hcVSMCs. 
Notably, foam-SMCs account for over 50% of foam cells 
in the arterial intima during intermediate stages of the 
disease [8–10].

The transcriptional regulation of EPAC1 remains 
poorly understood. It is known that EPAC1 transcription 
is inhibited by high cAMP levels [72] and upregulated 
by HIF-1α, a key hypoxia mediator, in CD34 + hemat-
opoietic stem cells [29]. The results of the present study 
showed that hypoxia upregulated EPAC1 mRNA in con-
trol hcSMCs (although this effect did not reach statistical 
significance), while it downregulated EPAC1 mRNA in 
foam hcSMCs. This suggests that the impact of hypoxia 
on EPAC1 mRNA may vary depending on SMC pheno-
type, and that different SMC phenotypes in the plaque 
may have varying, and potentially opposing, effects on 
the progression of aterosclerosis.

EPAC1 has been reported to upregulate lectin-like 
oxidized low-density-1 (LOX-1) promoting foam cell 
formation from macrophages and atherosclerosis in a 
murine model [35]. LOX-1 appears to be expressed in 
SMCs, where its activation by oxLDL contributes to 
critical processes in atherosclerotic plaque development, 
including oxidative stress, inflammation, and mechanical 
stress [73–75]. It is highly relevant to investigate whether 
LOX-1 is modulated by EPAC1 in hcSMCs and to deter-
mine the extent to which this regulation depends on the 
hcSMC phenotype. Further studies are needed to com-
pare LOX-1 levels in control and foam hcSMCs under 
both normoxic and hypoxic conditions. The hypoxia-
driven mechanism described in this study that occurrs 
in a pathological SMC phenotype prevalent in advanced 
atherosclerotic plaques [8–10], may explain why EPAC1 
outperforms current biomarkers in diagnosing severe 
CAD.

The key conclusions of this study are: (1) EPAC1, the 
primary EPAC isoform in vessels, is detectable in the 
blood of patients with suspected CAD; (2) EPAC1 dem-
onstrates superior diagnostic performance compared to 
current biomarkers for identifying severe CAD in this 
population; and (3) hypoxia-driven mechanisms that 
suppress EPAC1 production in human coronary foam-
SMCs—a major pathological SMC phenotype in ath-
erosclerotic plaques—likely contribute to the reduced 
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circulating EPAC1 levels observed in patients with 
advanced CAD.

The main limitations of this study are: the relatively 
small representation of women with advanced or severe 
CAD compared to men, and the absence of detailed 
information about the exact cellular sources of EPAC1 in 
the bloodstream.
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