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Advances in the Cellular and Molecular Mechanisms of
Cardiovascular Diseases
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Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide despite
major advances in prevention, diagnosis and treatment. While improvements in risk factor
management and acute clinical care have reduced mortality in some patient groups, the
global burden of atherosclerosis, heart failure, vascular disease and age-associated car-
diovascular dysfunction continues to rise. Addressing this challenge requires a deeper
understanding of the cellular and molecular mechanisms that drive disease initiation, pro-
gression and tissue remodelling. This Special Issue of Cells, “Advances in the Cellular and
Molecular Mechanisms of Cardiovascular Diseases”, brings together a collection of research
studies and narrative reviews spanning cardiovascular metabolism, inflammation, cellular
signalling, vascular remodelling and gene regulation, highlighting emerging therapeutic
opportunities spanning multiple cardiovascular pathologies.

A recurring theme throughout this Special Issue is the central role of metabolic regulation
in determining cardiovascular cell phenotype and function. Growing evidence indicates that
alterations in mitochondrial activity and substrate utilisation are not simply consequences
of disease but active drivers of pathological remodelling [1,2]. Chempon and colleagues
(Contribution 1) [3] demonstrate that metformin suppresses cardiac fibroblast differentiation
and cellular senescence through preservation of fatty acid 3-oxidation and mitochondrial
bioenergetics, providing new mechanistic insight into the anti-fibrotic actions of this widely
used therapeutic agent. Similarly, Bolanle et al. (Contribution 2) [4] identify JAK- and MEK-
dependent regulation of mitochondrial activity in diabetic saphenous vein smooth muscle
cells, highlighting signalling pathways that may contribute to vein graft failure and vascular
dysfunction in diabetes. Together, these studies reinforce the concept that metabolic pathways
represent attractive targets for therapeutic intervention in cardiovascular disease.

The collection also highlights the importance of inflammatory signalling networks
in cardiovascular pathology. Chronic vascular inflammation is a major driver of re-
modelling, aneurysm formation and tissue injury, yet the mechanisms linking inflam-
matory stimuli to cellular dysfunction remain incompletely understood [5]. Spartano
et al. (Contribution 6) [6] demonstrate that pharmacological inhibition of CXCR2/CXCL1
signalling with ladarixin attenuates several pathological responses in endothelial and vas-
cular smooth muscle cells exposed to inflammatory stimuli relevant to abdominal aortic
aneurysm. These findings support a growing body of evidence implicating chemokine
signalling pathways as potential therapeutic targets for vascular disease. In parallel, Garg
et al. (Contribution 7) [7] identify prostaglandin D2 synthase as a previously unrecognised
mediator of aldosterone—mineralocorticoid receptor signalling in the heart, establishing a
novel link between hormonal signalling, cardiac hypertrophy and fibrotic remodelling.
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Another important theme emerging from this Special Issue is the increasing recog-
nition of the fundamental roles post-transcriptional mechanisms play in cardiovascular
adaptation to stress and injury. Itani and co-workers (Contribution 5) [8] demonstrate that
the RNA-binding proteins Roquin-1 and Roquin-2 regulate cardiac post-infarction remod-
elling through control of microRNA stability and downstream transcriptional networks.
These findings add to a rapidly expanding literature demonstrating that RN A-dependent
regulatory pathways are major determinants of cardiovascular cell fate and function and
may provide opportunities for highly specific therapeutic targeting [9]. Narrative reviews
evaluating the roles of the Notch pathway in atherosclerosis (Contribution 9) [10], new
findings on how inflammation drives acute coronary syndromes (Contribution 10) [11]
and the molecular impact of catheter ablation on atrial fibrillation (Contribution 11) [12]
elegantly summarise current research in these areas.

Taken together, the studies published in this Special Issue show that cardiovascu-
lar diseases arise through the complex interaction of metabolic dysfunction, inflamma-
tory signalling, altered cellular plasticity and dysregulated gene expression. Importantly,
these processes are interconnected and frequently converge on common pathological end-
points, including fibrosis, vascular remodelling, cellular senescence and impaired tissue
repair. The work presented here therefore advances our understanding of cardiovascu-
lar disease across multiple biological scales, from intracellular signalling pathways to
whole-organ remodelling.

Collectively, these articles also provide compelling evidence that mechanistic cardiovascu-
lar research will continue to generate clinically relevant insights with significant translational
potential. By identifying new molecular targets, clarifying disease pathways and revealing
previously unrecognised regulatory mechanisms, the contributions in this Special Issue ex-
pand the foundation upon which future diagnostic and therapeutic strategies will be built. As
the burden of cardiovascular disease continues to grow globally, such interdisciplinary and
mechanistically driven research will be essential for translating mechanistic insights in the
development of more effective approaches to prevention, diagnosis and treatment.

Author Contributions: T.M.P.: writing—original draft preparation; K.S.W.: writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Metformin Inhibits Cardiac Fibroblast Differentiation by
Promoting Fatty Acid (3-Oxidation: Implications for
Age-Associated Cardiac Fibrosis
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Highlights

What are the main findings?

e  Metformin enhances FAO to suppress cardiac fibroblast activation.
e  Metformin preserves mitochondrial bioenergetics in cardiac fibrosis.

What are the implications of the main findings?

e  Metformin reduces cardiac fibrosis by enhancing CPT1-dependent FAO.

Abstract

Cardiac fibrosis is a hallmark of pathological cardiac remodeling, characterized by fibrob-
last activation, excessive extracellular matrix deposition, and myocardial hypertrophy,
ultimately leading to cardiac dysfunction. Aging exacerbates these processes through
metabolic stress and impaired mitochondrial bioenergetics. Here, we investigated the
anti-fibrotic effects of metformin and the role of fatty acid 3-oxidation (FAO) in regulating
cardiac fibroblast differentiation. Metformin significantly attenuated transforming growth
factor-f3 (TGF-B)-induced cardiac fibroblast activation and the associated senescence-like
phenotype. These effects were accompanied by enhanced FAO and increased mitochondrial
oxygen consumption rate (OCR), indicating improved mitochondrial function. Importantly,
inhibition of carnitine palmitoyltransferase-1 (CPT1) with etomoxir largely abolished the
beneficial effects of metformin on mitochondrial respiration, fibroblast activation, and
cellular senescence, demonstrating a critical role for FAO. Mechanistically, metformin in-
creased CPT1 activity and acetyl-CoA levels while reducing malonyl-CoA accumulation,
thereby promoting mitochondrial fatty acid utilization. These findings were corroborated
in aged Apoe™/~ mice, where metformin reduced the expression of cardiac fibroblast
differentiation markers and enhanced FAO-associated markers. Collectively, our findings
demonstrate that metformin suppresses cardiac fibroblast differentiation and senescence
by preserving mitochondrial bioenergetics through FAO-dependent mechanisms, revealing
a metabolic basis for its anti-fibrotic actions and supporting its therapeutic potential in
age-related cardiovascular disease.

Keywords: metformin; CPT1; FAO; cardiac fibrosis; senescence
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1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of mortality worldwide, and
aging is a major risk factor for their development and progression. Age-associated cardiac
remodeling is characterized by myocardial hypertrophy, increased ventricular stiffness,
impaired cardiac function, and excessive extracellular matrix (ECM) deposition [1]. Among
these changes, myocardial fibrosis is a key pathological feature that contributes to cardiac
dysfunction, arrhythmias, and heart failure. Cardiac fibrosis is primarily driven by the
activation and differentiation of resident cardiac fibroblasts into myofibroblasts, a process
largely mediated by transforming growth factor-$ (TGF-p) [2,3].

Accumulating evidence suggests that aging promotes fibrotic remodeling through mi-
tochondrial dysfunction, oxidative stress, chronic inflammation, and cellular senescence [4].
Given the high energy demand of the heart, maintenance of mitochondrial function is
essential for cardiac homeostasis. The adult myocardium derives the majority of its ATP
from mitochondrial fatty acid $-oxidation (FAO), and impairment of this pathway is in-
creasingly recognized as a hallmark of cardiac aging [5,6]. Reduced FAO contributes to
metabolic stress, diminished ATP production, and mitochondrial dysfunction, all of which
may influence fibroblast activation and pathological remodeling. However, the role of FAO
in regulating cardiac fibroblast differentiation during aging still remains elusive.

Mitochondrial FAQO is tightly regulated by carnitine palmitoyltransferase-1 (CPT1), the
rate-limiting enzyme responsible for transporting long-chain fatty acids into mitochondria
for B-oxidation [7]. Aging has been associated with reduced expression and activity of
CPT1 and other FAO-related enzymes, resulting in impaired mitochondrial bioenerget-
ics [8]. Emerging studies suggest that metabolic reprogramming is a critical determinant of
fibroblast fate and function [9], raising the possibility that restoration of FAO may represent
a novel strategy to limit cardiac fibrosis.

AMP-activated protein kinase (AMPK) serves as a central regulator of cellular en-
ergy homeostasis and promotes FAO through inhibition of acetyl-CoA carboxylase (ACC),
thereby relieving malonyl-CoA-mediated suppression of CPT1. Notably, AMPK activity
declines with aging, contributing to metabolic dysfunction and reduced mitochondrial
efficiency [10]. Metformin, a widely prescribed antidiabetic drug, activates AMPK and has
gained attention for its cardioprotective and geroprotective properties. In our previous stud-
ies, metformin was shown to modulate AMPK-mediated H3K79 methylation, which in turn
improves mitochondrial function and attenuation of endothelial cell senescence [11,12]. Ad-
ditionally, in a recent study, we showed that metformin administration delays endothelial
cell senescence by potentiating FAO [13]. In addition to improving metabolic homeostasis,
metformin was shown to attenuate fibrosis, oxidative stress, and cellular senescence in
several pathological settings [14]. However, whether the anti-fibrotic effects of metformin
are mediated through restoration of FAO-dependent mitochondrial bioenergetics remains
unclear. Addressing this knowledge gap is important because current understanding of
metformin-mediated cardioprotection has largely focused on modulation of canonical sig-
naling pathways, whereas the contribution of metabolic substrate utilization, particularly
FAOQ, to fibroblast regulation remains poorly characterized. Determining whether FAO
restoration represents a functional mediator of metformin’s anti-fibrotic effects may provide
new insights into metabolic approaches for preventing age-related cardiac remodeling.

In the present study, we investigated the role of FAO in metformin-mediated regulation
of cardiac fibroblast activation and senescence. Using TGF-{3-stimulated cardiac fibroblasts
and aged Apoe ™/~ mice, a model with features of hypercholesteremia and age-associated
cardiovascular dysfunction, we examined the involvement of the AMPK-ACC-CPT1
signaling axis in fibroblast differentiation. Our findings demonstrate that metformin
suppresses fibroblast activation and senescence by enhancing CPT1-dependent FAO and

https://doi.org/10.3390/cells15151408
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preserving mitochondrial bioenergetics. These results identify FAO as a critical regulator
of cardiac fibroblast fate, and reveal a previously underappreciated metabolic mechanism
underlying the anti-fibrotic actions of metformin in age-related cardiac fibrosis.

2. Materials and Methods
2.1. Isolation of Mouse Cardiac Fibroblast Cells

Male 6-8-week-old C57BL/6 mice were sacrificed by cervical dislocation, and hearts
were collected after perfusion with PBS. The hearts were transferred to a 60 mm dish,
atria were removed, and ventricles were cut in to small pieces and collected. A volume
of 2 mL collagenase II solution (Cat. #C6885, Sigma, St. Louis, MO, USA) was added per
heart, and the tissue was triturated with a 1 mL pipette tip with a wide opening. The
supernatant was collected into a 50 mL centrifuge tube and kept for incubation at 37 °C
with continuous shaking for 20 min. Collagenase was inactivated by adding FBS (Cat.
#12800017, GIBCO, Paisley, UK) (2 mL per heart), and the cell suspension was transferred to
a 15 mL centrifuge tube and centrifuged for 1 min. The pellet was resuspended in DMEM
(Cat. #D7777, Sigma, St. Louis, MO, USA) with 10% FBS. Collagenase 1I solution was
added to the remaining tissue and incubated again at 37 °C for 20 min. The above steps
were repeated until the tissue was completely dissolved. All of the collected supernatants
were clubbed and centrifuged, and the pellet was homogenously suspended in DMEM
containing 10% FBS and seeded in Petri dishes. Media was changed after 2 h. After
expansion, primary cardiac fibroblasts were passaged, and all experiments were performed
using second-passage (P2) cells. Experiments were conducted according to the guidelines
formulated for the care and use of animals in scientific research (ICMR, New Delhi, India)
at a CPCSEA (Committee for the Purpose of Control and Supervision of Experiments
on Animals) registered animal facility. The IAEC approved the experimental protocol at
CSIR-IICT (IICT/IAEC/040/2023).

2.2. Real Time-gPCR

Total RNA was extracted using TRIzol reagent (Cat. #19424, Sigma, St. Louis, MO,
USA). The purified RNA was subsequently reverse-transcribed into cDNA using a commer-
cially available cDNA synthesis kit (Cat. #K1622, Thermo Fisher Scientific, Waltham, MA,
USA). Quantitative real-time PCR (qPCR) was performed using SYBR Green PCR Master
Mix (Cat. #4309155, Thermo Fisher Scientific, Waltham, MA, USA) along with gene-specific
primers. Relative gene expression levels were determined using the AACt method, with
18S rRNA serving as internal reference genes for normalization. Details of the gene-specific
primer sequences are listed in Table 1.

2.3. Western Blot Analysis

Cells were lysed using RIPA buffer (Cat. #R0278, Sigma, St. Louis, MO, USA) sup-
plemented with protease inhibitor cocktail (Cat. #P8340, Sigma, St. Louis, MO, USA),
phosphatase inhibitor cocktail-2 (Cat. #P5726, Sigma, St. Louis, MO, USA), and phos-
phatase inhibitor cocktail-3 (Cat. #P0044, Sigma, St. Louis, MO, USA). Equal amounts
of protein were separated on 8-15% SDS-PAGE gels and subsequently transferred onto
nitrocellulose membranes. The membranes were incubated overnight at 4 °C with specific
primary antibodies, followed by incubation with the corresponding secondary antibodies
for 1 h at room temperature. Protein bands were visualized using Luminal /Enhancer solu-
tion (Millipore, Hercules, CA, USA) and detected with the ChemiDoc XRS+ imaging system
(Bio-Rad, Hercules, CA, USA). The primary antibodies used for Western blot analysis were
as follows: CPT1 (Cat. #97361S, Cell Signaling Technology, Danvers, MA, USA), AMPK
(Cat. #2795S, Cell Signaling Technology, Danvers, MA, USA), p-AMPK (Cat. #2535S, Cell
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Signaling Technology, Danvers, MA, USA), ACC (Cat. #3676S, Cell Signaling Technology,
Danvers, MA, USA), p-ACC (Cat. #3661S, Cell Signaling Technology, Danvers, MA, USA),
a-SMA (Cat. #ab5694, Abcam, Cambridge CB2 0AX, UK), p21 (Cat. #2947S, Cell Signaling
Technology, Danvers, MA, USA), p27 (Cat. #5AB4500068, Sigma, St. Louis, MO, USA), and
TGF-p (Cat. #3711S, Cell Signaling Technology, Danvers, MA, USA).

Table 1. List of Mouse Primer Sets Used.

Gene Forward Primer Reverse Primer

CPT1 AAGTTCTGCCTGACTACGAGG ATGTTTTGGTGCTTTTCGGAGG
FABP3 CATCATCGAGAAGAACGGGGAT TTCTGCACATGGATGAGTTTGC
ACSL1 CATCGTCAGAAACAACAGCCTG GGTCTGTCCGTAGCCTTCATAG
ACADM CGGAACACTTACTATGGGTCGA CTGATAGATCTTGGCGTCCCTC
ACADS CTCCTCCACAGCTAACCTCATC GGCATACTTCACAGCACAATCC
«-SMA CTATTCCTTCGTGACCACAGCT CCGCAGACTCCATACCGATAAA
COL1A1 CTCAAGATGTGCCACTCTGACT ACCTGTCTCCATGTTGCAGTAG

COL3A1 ACGTAAGCACTGGTGGACAG GGAGGGCCATAGCTGAACTG
18S AGTTATGGTTCCTTTGGTCGCT TTATCTAGAGTCACCAAGCCGC

2.4. Carnitine Palmitoyltranferase-1 (CPT1) Activity

Carnitine palmitoyltransferase-1 (CPT1) enzymatic activity was determined as pre-
viously described [15,16]. Briefly, active mitochondrial fractions were isolated using a
commercially available mitochondrial isolation kit (Cat. #MITOISO2, Sigma, St. Louis,
MO, USA) according to the manufacturer’s instructions. Equal amounts of mitochondrial
protein were incubated in a reaction mixture containing 116 mM Tris-HCl (pH 8.0), 0.09%
Triton X-100, 1.1 mM EDTA (Cat. #E5134, Sigma, St. Louis, MO, USA), 0.12 mM DTNB (Cat.
#D8130, Sigma, St. Louis, MO, USA), 0.035 mM palmitoyl-CoA (Cat. #P9716, Sigma, St.
Louis, MO, USA), and either 1 mM L-carnitine (Cat. #8.40092, Sigma, St. Louis, MO, USA)
or 11 mM D-carnitine (Cat. No. #HY-W012550, MedChemExpress, Monmouth Junction, NJ,
USA). The reaction was initiated by adding mitochondrial fraction, and the formation of
CoA-SH was continuously monitored for 4 min at 412 nm in a multimode reader.

2.5. Measurement of Acetyl-CoA and Malonyl-CoA Levels

Acetyl-CoA and malonyl-CoA levels were measured using commercially available
kits from Sigma (Cat. #MAKO039, Sigma, St. Louis, MO, USA) and Krishgen biosys-
tems (Cat. # KBH5628, Krishgen biosystems, Mumbai, India), respectively, as per the
manufacturers’ instructions.

2.6. Analysis of Mitochondrial Respiration

Mitochondrial function was assessed using an extracellular flux analyzer (XF24; Sea-
horse Biosciences/Agilent, Santa Clara, CA, USA). Adult mouse cardiac fibroblast cells
were seeded at a density of 40,000 cells per well in DMEM. After 16 h, the culture medium
was replaced with Seahorse assay medium (Cat. #103575-100, Agilent, CA, USA) supple-
mented with 10 mM glucose (Cat. #G8270, Sigma, St. Louis, MO, USA), 1 mM pyruvate
(Cat. #58636, Sigma, St. Louis, MO, USA), and 200 mM glutamine (Cat. #G7513, Sigma,
St. Louis, MO, USA), followed by incubation for 1 h at 37 °C in a CO,-free incuba-
tor for equilibration. Etomoxir (40 uM), oligomycin (1 uM), FCCP (carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone; 1 uM), and Antimycin A+ Rotenone (1 uM each) (Cat.
#103270-100, Agilent, Santa Clara, CA, USA) were loaded into Ports A, B, C, and D, respec-
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tively. In a separate experiment, adult mouse cardiac fibroblast cells were plated at the same
density in DMEM medium and allowed to attach for 8 h. The medium was subsequently
replaced with substrate-limited growth medium containing 0.5 mM glucose (Cat. #G8270,
Sigma, St. Louis, MO, USA), 1 mM glutamine (Cat. #G7513, Sigma, St. Louis, MO, USA), 1%
FBS (Cat. #12800017, GIBCO, Paisley, UK), and 0.5 mM carnitine (Cat. #103693-100, Agilent,
Santa Clara, CA, USA), and the cells were incubated in a CO, incubator for 16 h. Prior to
the assay, the medium was exchanged with substrate-limited assay medium supplemented
with 2 mM glucose (Cat. #G8270, Sigma, St. Louis, MO, USA) and 0.5 mM L-carnitine
(Cat. #103693-100, Agilent, Santa Clara, CA, USA), followed by incubation for 1 h in a
non-CO; incubator. Immediately before initiating the assay, 85 pL of 1 x palmitate-BSA
(170 uM) (Cat. #103693-100, Agilent, Santa Clara, CA, USA) was added to each well. The
oxygen consumption rate (OCR) was determined from the slope of concentration change
versus time. Maximal respiration was calculated by subtracting the rotenone and antimycin
A-inhibited OCR from the FCCP-stimulated OCR, while ATP production was estimated
from the reduction in basal OCR following oligomycin treatment. Coupling efficiency (%)
was calculated by dividing ATP production/basal respiration x 100.

2.7. Animal Experiments

Animal studies were performed using 12-month-old male Apoe™/~ mice according
to the guidelines formulated for the care and use of animals in scientific research (ICMR,
India) at a CPCSEA (Committee for the Purpose of Control and Supervision of Experiments
on Animals) registered animal facility. The IAEC approved the experimental protocols at
CSIR-IICT (IICT/IAEC/024/2022). All animals were housed in a specific pathogen-free
(SPF) animal facility under controlled environmental conditions (23 £ 1 °C, 50-60% relative
humidity) with a 12 h light/12 h dark cycle and had ad libitum access to standard chow
diet and water. A group of 6-month-old male Apoe~/~ mice was included as the young
control. The 12-month-old Apoe™/~ mice were randomly assigned to two groups (1 = 10
per group). To evaluate the adequacy of the sample size used, we performed a post hoc
sensitivity analysis using G*Power 3.1. One group was administered with metformin
(50 mg/kg body weight/day) prepared in 0.5% methylcellulose containing Tween-20,
while the other served as the age-matched vehicle control. Both young control group
(6-month-old Apoe~/~ mice) and age-matched control group (12-month-old Apoe ™/~
mice) received only 0.5% methylcellulose and Tween-20. Treatments were given once daily
by oral gavage for 12 weeks. Throughout the study, all mice were maintained on a standard
chow diet containing 11.4% fat. Daily food intake was monitored, and body weight was
measured weekly.

2.8. Lipid Staining by Nile Red Assay

Cardiac fibroblast cells or heart tissue sections were stained with Nile Red (1 ug/mL;
Cat. #72485, Sigma, St. Louis, MO, USA) for 15 min to visualize lipid content. Following
staining, sections were washed three times with PBS to remove excess dye. Fluorescence
images were captured using a fluorescence microscope equipped with a rhodamine filter.

2.8.1. Measurement of Cardiac TGF-3 Levels by ELISA

TGEF-p levels in the cardiac tissue homogenates were quantified using a commercially
available ELISA kit (Cat. #KLM0285, Krishgen biosystems, Mumbai, India) according to
the manufacturer’s instructions.
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2.8.2. Masson’s Trichrome Staining

Masson’s trichrome staining was performed using a commercial staining kit (Cat.
#AB150686, Abcam, Cambridge CB2 0AX, UK) according to the manufacturer’s instructions.
Images were captured using a bright-field microscope.

2.8.3. Sirius Red /Fast Green Collagen Staining

Collagen staining was performed using a Sirius Red/Fast Green collagen Staining Kit
(Cat. #9046, Chondrex Inc., Redmond, WA, USA) following the manufacturer’s instructions.
Images were captured using a bright-field microscope.

2.8.4. Hydroxyproline Assay

Collagen content was determined using a Hydroxyproline Assay Kit (Cat. #E-BC-
K062-S, Elabscience, Houston, TX, USA) according to the manufacturer’s instructions.
Briefly, heart tissue was hydrolyzed with 6 mol/L HCl to release free hydroxyproline. The
hydrolysates were reacted with the assay reagents to produce a colored complex, and the
absorbance was measured at 558 nm to assess the collagen content.

2.9. PKH 26 Staining

Cardiac fibroblasts were washed with PBS and stained with 2 uM PKH26 (Cat. #HY-
D1451, MedChemExpress, Monmouth Junction, NJ, USA) according to the manufacturer’s
instructions. After staining, cells were washed thoroughly with PBS to remove excess dye
and maintained in complete culture medium. Images were acquired using a laser scanning
confocal microscope.

2.10. Senescence-Associated B-Galactosidase (SA-B-Gal) Staining

Cellular senescence was assessed using a Senescence [3-Galactosidase Staining Kit
(Cat. #9860, Cell Signaling Technology, Danvers, MA, USA) according to the manufac-
turer’s instructions. Briefly, cells were washed with PBS, fixed with a fixative solution for
10-15 min at room temperature, and washed twice with PBS. Cells were then incubated
with freshly prepared (3-galactosidase staining solution at 37 °C in a dry incubator (with-
out CO;,) overnight. Senescent cells exhibiting blue coloration were visualized under a
bright-field microscope and images were captured.

2.11. Statistical Analysis

All of the experiments were performed in biological triplicates, and the results are
represented as mean + SD. Data normality and the equality of variances were examined by
Shapiro-Wilk test and Brown-Forsythe test, respectively. Data were analyzed by Welch’s
ANOVA followed by Dunnett’s T3 post hoc test for unequal variances, and one-way or
two-way ANOVA followed by Tukey’s multiple-comparison test for equal variances using
GraphPad Prism 10.

3. Results

3.1. Metformin Enhances CPT1 Activity and Fatty Acid B-Oxidation in Adult Mouse Cardiac
Fibroblast Cells

Fatty acid 3-oxidation (FAO) is the primary pathway for fatty acid catabolism, gener-
ating acetyl-CoA for cellular energy production. Activated cardiac fibroblasts have been
reported to exhibit impaired oxidative metabolism and reduced FAO [17]. Given our
previous finding that chronic metformin treatment enhances FAO in endothelial cells [13],
in the current study, we investigated whether metformin could counteract TGF-f-induced
alterations in FAO in primary adult mouse cardiac fibroblasts. For this, cells were treated
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with TGF-B (10 ng/mL) in the presence or absence of metformin (2 mM) for 48 h. Cells
were treated with metformin 12 h prior to the addition of TGF-{3. It is to be noted that,
intriguingly, while TGF-f alone caused a marked reduction in CPT1 levels, addition of
metformin to these cells significantly enhanced the transcript and protein levels of CPT1
(Figure 1A,B). These results were further corroborated by measuring the CPT1 activity,
a rate limiting enzyme of FAO (Figure 1C). On a similar note, metformin treatment also
led to an increase in the transcript levels of other FAO pathway-related genes (Figure 1D).
On the contrary, metformin treatment significantly attenuated TGF-f3-induced upregu-
lation of the glycolysis-associated genes (Figure 1E). Collectively, these findings suggest
that metformin reverses TGF-f-induced metabolic alterations by restoring FAO while
suppressing glycolysis-associated genes expression. Based on the above observations, we
next performed Nile Red staining and observed a significant reduction in the intracellular
lipid content with metformin + TGF-f3 treatment conditions compared to TGF-f3 alone
treatment conditions. In contrast, etomoxir (an irreversible inhibitor of CPT1) reversed
metformin-mediated reduction in the lipid levels (Figure 1F). This observation suggests
that the reduction in the intracellular lipid content in metformin-treated cells is perhaps
due to the increased consumption of fatty acids by FAO. Moreover, this result coincides
with the increased levels of acetyl-CoA, a key metabolic intermediate and end product
of fatty acid -oxidation, along with a reduction in the levels of malonyl-CoA, a well-
established endogenous inhibitor of CPT1-dependent mitochondrial fatty acid uptake, in
metformin-treated cells (Figure 1G,H).

Furthermore, to investigate the upstream signaling cascade by which metformin
regulates fatty acid $-oxidation, we assessed the activation of AMPK and ACC by im-
munoblotting. Acetyl-CoA carboxylase (ACC) catalyzes the conversion of acetyl-CoA
to malonyl-CoA, a key metabolite that inhibits CPT1-mediated mitochondrial fatty acid
uptake. However, phosphorylation of ACC by activated AMPK inhibits its enzymatic
activity, thereby reducing malonyl-CoA levels and relieving CPT1 inhibition. Metformin
significantly enhanced the levels of phospho-AMPK (Thr-172) with a concomitant increase
in phospho-ACC (Ser-79; an inhibitory phosphorylation) compared to TGF-f3 alone treated
cardiac fibroblast cells (Figure 1I-K). Taken together, these findings indicate that met-
formin promotes FAO in adult mouse cardiac fibroblasts. To determine whether AMPK
activation is required for the above observed effects of metformin, cardiac fibroblasts were
treated with Compound C, a pharmacological inhibitor of AMPK. Inhibition of AMPK
noticeably attenuated the metformin-induced increase in CPT1 transcript levels and its
enzyme activity (Figure 2A,B). Consistent with this observation, the transcript levels of
other FAO-associated genes were also significantly reduced in Compound C-treated cells
(Figure 2C-F). In addition, inhibition of AMPK activation decreased intracellular acetyl-
CoA levels while increasing malonyl-CoA levels (Figure 2G,H), indicating suppression
of fatty acid B-oxidation. These results demonstrate that activation of the AMPK-ACC
axis is essential for metformin-mediated restoration of FAO in TGF-3-stimulated cardiac
fibroblasts. Moreover, under these conditions, metformin treatment significantly reduced
TGEF- expression, whereas pharmacological inhibition of AMPK with Compound C abol-
ished this effect, as demonstrated by both RT-qPCR and Western blot analyses (Figure 2I-L).
Notably, treatment with Compound C alone significantly increased TGF-f levels relative
to the untreated control, suggesting that basal AMPK activity negatively regulates TGF-f3
expression. Together, these results support the conclusion that AMPK activation contributes
to the suppressive effect of metformin on TGF-f3 levels in cardiac fibroblast cells.
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Figure 1. Metformin promotes fatty acid $-oxidation in adult mouse cardiac fibroblasts. (A-C) Adult
mouse cardiac fibroblast cells were pretreated with or without metformin (2 mM) for 12 h followed
by TGF-p (10 ng/mL) for 48 h, and CPT1 transcript levels (A), protein levels (B), and enzyme activity
(C) were measured. (D) Same as A, except that transcript levels of FABP3, ACSL1, ACADM, and
ACADS were measured by RT-qPCR analysis. (E) Same as A, except that transcript levels of HIF-1«,
GLUT1, and LDHA were measured by RT-qPCR analysis. (F) Adult mouse cardiac fibroblast cells were
pretreated with metformin (2 mM) followed by treatment with TGF-f (10 ng/mL) in the presence or
absence of etomoxir (40 pM) for 48 h; lipid accumulation was measured by Nile Red staining, and
images were taken in a fluorescence microscope equipped with a rhodamine filter, scale bar = 175 pm.
(G,H) Same as A, except that acetyl-CoA levels (G) and malonyl-CoA levels (H) were measured in cell
lysates. (I) Same as A, except that the indicated protein levels were measured by immunoblot analysis.
(J,K) Quantification of (I). GraphPad Prism 10 was used for statistical analysis. Data are presented
as mean =+ SD from at least three independent experiments. *, p < 0.05; **, p < 0.005; ***, p < 0.0005;
*% p < 0.0001. Welch’s ANOVA followed by Dunnett’s T3 post hoc test for unequal variances and
one-way ANOVA followed by Tukey’s multiple-comparison test for equal variances, depending on
variance homogeneity.
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Figure 2. Inhibition of AMPK activation abolishes metformin-mediated enhancement of fatty acid 3-
oxidation in cardiac fibroblasts. (A,B) Adult mouse cardiac fibroblasts were treated with Compound C
(10 uM) in the presence or absence of metformin (2 mM) for 12 h, followed by TGF-$ (10 ng/mL) stim-
ulation for 48 h, and CPT1 transcript levels (A) and enzyme activity (B) were measured. (C-F) Same
as A, except that transcript levels of FABP3, ACSL1, ACADM, and ACADS were measured by RT-qPCR
analysis. (G,H) Same as A, except that acetyl-CoA levels (G) and malonyl-CoA levels (H) were mea-
sured in cell lysates. (I) Same as A, except that transcript levels of TGF-p (I) and the indicated protein
levels (J) were assessed by RT-qPCR and Western blot analysis, respectively. (K,L) Quantification of
(). GraphPad Prism 10 was used for statistical analysis. Data are presented as mean =+ SD from at
least three independent experiments. ns is non-significant, *, p < 0.05; **, p < 0.005; ***, p < 0.0005;
2% p < 0.0001. #, p < 0.05; ##, p < 0.005; ##H#, p < 0.0005; ###4#, p < 0.0001 significantly different
from TGF-3. Welch’s ANOVA followed by Dunnett’s T3 post hoc test for unequal variances and
one-way ANOVA followed by Tukey’s multiple-comparison test for equal variances, depending on
variance homogeneity.
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3.2. Metformin Potentiates Mitochondrial Respiration by Enhancing FAO in Adult Mouse Cardiac
Fibroblast Cells: Effect of CPT1 Inhibition

Since metformin enhanced CPT1 activity and FAO-related transcript levels like FABP3,
ACSL1, ACADM, and ACADS, we next assessed its functional relevance by measuring mi-
tochondrial oxygen consumption rate (OCR) using the Seahorse extracellular flux analyzer.
Cardiac fibroblast cells were treated with TGF-f3 alone or in combination with metformin,
in the presence or absence of Etomoxir (CPT1 inhibitor). Cells treated with TGF-f exhibited
a significant reduction in the basal respiration, maximal respiration, ATP production, and
coupling efficiency compared to untreated control cells. Notably, pretreatment with met-
formin significantly improved the aforementioned parameters (Figure 3A-E). Additionally,
in accordance with the results presented in Figure 1, metformin-mediated increases in OCR,
ATP production, maximal respiration, and coupling efficiency were markedly attenuated
in the presence of etomoxir (Figure 3A-E).

To further validate these observations, we measured the aforementioned parameters
under the same treatment conditions using the palmitate-advanced assay following the ex-
ogenous addition of palmitic acid (PA), a free fatty acid known to stimulate FAO. Etomoxir
significantly attenuated the basal respiration, maximal respiration, ATP production, and
coupling efficiency in PA-treated control cells, indicating the dependence of mitochondrial
OCR on CPT1-mediated FAO (Figure 4A-E). In contrast, PA failed to restore basal respira-
tion, maximal respiration, ATP production, and coupling efficiency in TGF-{3-treated cells
compared to PA-treated control cells, thus suggesting impaired utilization of exogenous
fatty acids under these conditions (Figure 4A-E). Similar trends were observed in the
presence of PA and etomoxir in TGF-{3-treated cells (Figure 4A-E). This is consistent with
the diminished CPT1 activity by TGF-f, as presented in Figure 1A-C. Notably, metformin
markedly preserved basal respiration, maximal respiration, ATP production, and cou-
pling efficiency in TGF-[3-treated cells supplemented with PA, while etomoxir significantly
attenuated these parameters (Figure 4A-E). Collectively, these findings further support
that metformin improves mitochondrial energetics by enhancing CPT1-dependent FAO in
mouse cardiac fibroblasts.

3.3. Etomoxir Blunts Metformin-Mediated Attenuation of Cardiac Fibroblast Activation and
Cellular Senescence

We next investigated the impact of metformin’s ability to potentiate FAO in the
regulation of TGF-f3-induced cardiac fibroblast differentiation. For this, mouse cardiac
fibroblasts were treated with metformin, etomoxir, or TGF-f3, either individually or in
combination. Morphological changes were initially assessed using PKH26 staining. TGF-f3
treatment caused cell enlargement, consistent with myofibroblast differentiation compared
to a small, spindle-shaped morphology seen in control cells (Figure 5A). Notably, met-
formin markedly attenuated TGF-f3-induced trans-differentiation, with cells retaining a
morphology similar to untreated cells (Figure 5A). Interestingly, inhibition of FAO un-
der these conditions by etomoxir diminished the protective effect of metformin against
TGF--induced fibroblast activation (Figure 5A), indicating that metformin’s anti-fibrotic
action is likely dependent on enhanced FAO. Accordingly, metformin treatment signifi-
cantly reduced the transcript levels of fibrosis-associated markers like a-SMA, COL1A1,
and COL3A1 in TGF-f3-treated cells, as well as x-SMA protein levels (Figure 5B-E). Fur-
thermore, TGF-3-induced cardiac fibroblast differentiation coincided with the induction
of cellular senescence as measured by senescence-associated 3-Gal (SA-f3-Gal) staining
(Figure 5EG). Metformin treatment significantly reduced TGF-f-induced senescence, as
evidenced by a decreased number of SA-f3-Gal-positive cells (Figure 5F,G). Intriguingly,
etomoxir significantly abrogated metformin-mediated inhibition of premature senescence
in cardiac fibroblast cells (Figure 5F,G). Similar trends were observed with senescence
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marker proteins like p21 and p27 by immunoblotting (Figure 5H-]). Thus, it appears that

metformin, by potentiating the FAO pathway, alleviates cardiac fibroblast activation and

the associated fibroblast senescence.
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Figure 3. Etomoxir reverses metformin-mediated increase in mitochondrial oxygen consumption
rate (OCR) in adult mouse cardiac fibroblast cells. (A) Adult mouse cardiac fibroblast cells were
pretreated with or without metformin (2 mM) for 12 h followed by TGF-{ (10 ng/mL) for 48 h, and
the oxygen consumption rates (OCR) were measured by sequentially adding (indicated by arrows)
Etomoxir (40 uM), Oligomycin (1 uM), FCCP (1 uM), Rotenone (1 M), and Antimycin (1 uM) using
a Seahorse XF 24 Extracellular Flux Analyzer. (B-E) Same as A, except that basal respiration (B),
maximal respiration (C), ATP production (D), and coupling efficiency (E) were measured from the

data obtained in A. GraphPad prism 10 was used to perform the statistics. The data shown in

the graphs represent the mean + SD of at least three different experiments. ns is non-significant,
*,p <0.05; **, p < 0.005; ***, p < 0.0005; ****, p < 0.0001 by two-way ANOVA followed by Tukey’s
multiple-comparison test.
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Figure 4. Metformin-mediated increase in mitochondrial oxygen consumption rate (OCR) is due to
enhanced FAO in cardiac fibroblasts. (A) Adult mouse cardiac fibroblast cells were pretreated with
or without metformin (2 mM) for 12 h followed by TGF-f3 (10 ng/mL) for 48 h and palmitate-BSA
fatty acid oxidation substrate assay was performed to measure the mitochondrial OCR as described
in methods. (B-D) Same as A, except that basal respiration (B), maximal respiration (C), ATP
production (D) and coupling efficiency (E) were measured from the data obtained in A. GraphPad
prism 10 was used to perform the statistics. The data shown in the graphs represent the mean + SD
of at least three different experiments. ns is non-significant, *, p < 0.05; **, p < 0.005; ***, p < 0.0005;
*ex p < 0.0001 by two-way ANOVA followed by Tukey’s multiple-comparison test.
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Figure 5. Metformin mitigates cardiac fibrosis markers and cellular senescence by promoting fatty
acid -oxidation. Adult mouse cardiac fibroblast cells were pretreated with metformin (2 mM)
followed by treatment with TGF-{3 (10 ng/mL) in the presence or absence of etomoxir (40 uM) for
48 h. (A) Cells were labelled with PKH26 lipophilic dye and images were acquired using a laser
scanning confocal microscope (scale bar = 50 um). (B-D) Same as A, except that transcript levels of
the indicated fibrosis markers were measured by RT-qPCR analysis. (E) Same as A, except that a«-SMA
protein levels were measured by immunoblotting. (F,G) Same as A, except that cellular senescence (F)
was measured by SA-f3-Gal staining (scale bar = 175 um) and its quantification (G). (H) Same as A,
except that senescence marker proteins like p21 and p27 were measured by immunoblot analysis.
(L)) Quantification of H. GraphPad Prism 10 was used for statistical analysis. Data are presented as
mean + SD from at least three independent experiments. ns is non-significant, *, p < 0.05; **, p < 0.005;
#% p <0.0005; ****, p < 0.0001. #, p < 0.05; ##, p < 0.005; ###, p < 0.0005; ##H#H, p < 0.0001 significantly
different from TGF-f3. Welch’s ANOVA followed by Dunnett’s T3 post hoc test for unequal variances
and one-way ANOVA followed by Tukey’s multiple-comparison test for equal variances, depending
on variance homogeneity.
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3.4. Metformin Administration Preserves Fatty Acid B-Oxidation Pathway in Aged Apoe '~ Mice
Heart: Effect on Age-Associated Cardiac Fibrosis Markers

Cardiac fibrosis, in general, is associated with the progression of age. Aging and
hypercholesterolemia are prominent and frequently overlapping contributors to cardio-
vascular dysfunction [18]. Studies in Apoe™/~ mice have demonstrated that chronic
hypercholesterolemia coupled with aging promotes adverse metabolic remodeling, leading
to heightened inflammation, cardiac hypertrophy, fibrosis, diminished cardiomyogenesis,
and increased cardiomyocyte apoptosis [19,20]. To this end, to see if metformin administra-
tion improves age-induced alterations in FAO, and in turn, cardiac fibrosis markers, we
performed an in vivo experiment in 12-month-old Apoe ™/~ mice. Metformin (50 mg/kg
body weight; a physiologically relevant dose) was administered daily via oral gavage for
12 weeks. In parallel, 6-month-old Apoe~/~ mice were included as a young control group
alongside age-matched untreated control group. It was observed that CPT1 transcript
and protein levels were significantly decreased in 12-month-old mice cardiac tissue com-
pared to 6-month-old mice (Figure 6A-C). CPT1 enzyme activity followed a similar trend
(Figure 6D), supporting an age-dependent decline in FAO capacity. Moreover, consistent
with our cell culture results, metformin-treated mice cardiac tissue exhibited significantly
elevated CPT1 levels compared to aged-matched Apoe ™/~ control group (Figure 6A-D). In
addition, metformin administration also enhanced the transcript levels of other FAO-related
genes like ACSL1, FABP3, ACADM, and ACADS compared to aged-matched Apoe ™/~
control group (Figure 6E-H), and are, in part, comparable to 6-month-old mice group.
These results were further supported by elevated acetyl-CoA and diminished malonyl-CoA
levels in metformin-administered mice group compared to age-matched control mice group
(Figure 61]). Nile Red staining also revealed a noticeable reduction in lipid content in
metformin-treated mice cardiac tissue sections compared to age-matched control mice
cardiac tissue (Figure 6K). Similar to the results observed in cardiac fibroblast cells, met-
formin administration significantly increased AMPK activation and ACC phosphorylation
(inhibitory phosphorylation) in cardiac tissue homogenates (Figure 6L-N), thus suggesting
that metformin, by enhancing the AMPK-ACC axis, potentiates FAO in aged Apoe ™/~
mice. To further determine if metformin influences the aging-associated cardiac profibrotic
signaling, we measured TGEF-{ levels in heart tissue homogenates by ELISA. Metformin
administration caused a significant reduction in aging-associated TGF-f levels (Figure 7A).
These results were paralleled with a significant reduction in the profibrotic markers like
a-SMA, COL1A1, and COL3A1 in metformin-administered mice heart tissues compared
to age-matched control mice group (Figure 7B-F). The aforementioned profibrotic marker
levels in metformin treated group are comparable to 6-month-old mice group (Figure 7B-F).
Consistent with these findings, Masson’s trichrome and Sirius Red /Fast Green staining
demonstrated greater collagen deposition in the hearts of aged-Apoe™/~ control mice
compared with 6-month-old mice. Notably, metformin administration markedly atten-
uated collagen deposition (Figure 7G-J). These observations were further validated by
hydroxyproline levels in the heart tissues (Figure 7K). Overall, these results indicate that
metformin alleviates cardiac fibroblast activation in the heart tissue and improves age-
associated cardiac fibrosis, in part, by preserving FAO.
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Figure 6. Metformin administration enhances CPT1 levels and fatty acid 3-oxidation (FAO) pathway
in the hearts of aged Apoe™/~ mice. (A-D) CPT1 Transcript (A), protein (B,C), and enzyme activity
(D) were measured in Apoe™/~ mice heart (n = 3 per group). (E-H) Transcript levels of FABP3,
ACSL1, ACADM, and ACADS were measured in Apoe*/ ~ mice heart tissue by RT-qPCR analysis
(n =3 per group). (I]) Acetyl-CoA (I) and Malonyl-CoA (J) levels were measured in Apoe*/ ~ mice
heart tissue (n = 3 per group). (K) Lipid content was measured by Nile Red staining in Apoe ™/~
mice heart sections and images were taken in a fluorescence microscope equipped with a rhodamine
filter (n = 3 per group; scale bar = 85 um). (L) Indicated protein levels were measured in Apoe*/ -
mice heart tissue homogenates (n = 3 per group) by immunoblot analysis. (M,N) Quantification of L.
GraphPad Prism 10 was used for statistical analysis. Data are presented as mean 3= SD from at least
three independent experiments. *, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p < 0.0001. Welch’s
ANOVA followed by Dunnett’s T3 post hoc test for unequal variances and one-way ANOVA followed
by Tukey’s multiple-comparison test for equal variances, depending on variance homogeneity.
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Figure 7. Metformin administration attenuates cardiac fibrosis markers in Apoe™/~ mice. (A) TGF-$3
levels were measured in Apoe ™/~ mice heart tissue homogenates by ELISA (n = 3 per group).
(B-D) Transcript levels of the indicated fibrosis markers were measured in Apoe™ /= mice heart tissue
by RT-qPCR analysis (n = 3 per group). (E) «-SMA protein levels were measured in Apoe™/~ mice
heart tissue homogenates by immunoblotting (n = 3 per group). (F) Quantification of E. (G) Masson’s
trichome staining for collagen accumulation in the heart sections (n = 3 per group; scale bar = 85 um).
(H) Quantification of G. (I) Sirius Red /Fast Green staining for collagen accumulation in the heart
sections (n = 3 per group; scale bar = 85 um). (J) Quantification of I. (K) Total collagen content in
heart tissues by hydroxyproline assay (n = 3 per group). GraphPad Prism 10 was used for statistical
analysis. Data are presented as mean & SD from at least three independent experiments. *, p < 0.05;
**, p < 0.005; ***, p < 0.0005; ****, p < 0.0001. Welch’s ANOVA followed by Dunnett’s T3 post hoc test
for unequal variances and one-way ANOVA followed by Tukey’s multiple-comparison test for equal
variances, depending on variance homogeneity.
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4. Discussion

Cardiac fibrosis is a hallmark of cardiovascular aging and represents a major de-
terminant of myocardial stiffness, ventricular dysfunction, and heart failure. Although
accumulating evidence implicates metabolic dysfunction as a key driver of age-associated
cardiac remodeling, the metabolic mechanisms governing cardiac fibroblast activation
remain incompletely understood. In the present study, we demonstrate that metformin
suppresses TGF-f3-induced cardiac fibroblast activation and senescence by restoring CPT1-
dependent fatty acid 3-oxidation (FAO) through activation of the AMPK-ACC signaling
axis. Furthermore, metformin preserved FAO and attenuated fibrosis-associated markers
in aged Apoe™/~ mice, identifying FAO as a critical regulator of fibroblast fate and cardiac
fibrotic remodeling during aging.

Fibroblast activation is increasingly recognized as a metabolically demanding pro-
cess requiring extensive cellular reprogramming. Recent advances have highlighted that
fibroblast activation is accompanied by dynamic metabolic adaptations, including changes
in mitochondrial function, substrate utilization, and lipid metabolism, suggesting that
metabolic state is not merely a consequence of fibrosis, but an active regulator of fibroblast
phenotype [21,22]. Consistent with these reports, TGF-p3-treated cardiac fibroblasts in our
study exhibited reduced CPT1 expression and activity, diminished expression of FAO-
related genes, and impaired mitochondrial respiration. Metformin effectively reversed
these changes, restoring CPT1 activity, enhancing expression of ACSL1, FABP3, ACADM,
and ACADS, and improving mitochondrial bioenergetics. Furthermore, in addition to
enhancing FAO, metformin suppressed the TGF-3-induced expression of glycolytic mark-
ers, including HIF-1a, GLUT1, and LDHA, suggesting that metformin favors a metabolic
profile associated with increased FAO and reduced glycolysis during cardiac fibroblast
differentiation. These findings suggest that maintenance of FAO is essential for preserving
fibroblast metabolic homeostasis and preventing pathological activation.

Several studies have demonstrated that metformin exerts anti-fibrotic effects in the
heart, kidney, liver, and lung, primarily through activation of AMPK and inhibition of
profibrotic pathways such as TGE-f3/Smad signaling, NF-kB activation, and oxidative stress
responses [23-26]. In experimental models of cardiac fibrosis, metformin attenuates my-
ofibroblast differentiation and extracellular matrix deposition through AMPK-dependent
suppression of TGF-{3 signaling [25]. In tune with this, in the current study, we observed
that metformin suppresses TGF-f3 levels predominantly through activation of the AMPK
signaling pathway in cardiac fibroblast cells. Additionally, in an independent lab finding,
we observed that metformin attenuated TGF-f3-induced cardiac fibroblast proliferation,
suggesting that its anti-fibrotic actions extend beyond inhibition of myofibroblast differenti-
ation. Studies in renal and pulmonary fibrosis have demonstrated that activation of AMPK
by metformin limits fibroblast activation and tissue remodeling [23,26]. These findings
are consistent with previous reports describing the cardiovascular beneficial effects of
metformin through AMPK-dependent mechanisms, including attenuation of pathological
remodeling and improvement of cardiovascular outcomes [27]. However, the downstream
metabolic mechanisms responsible for these beneficial effects have remained largely un-
resolved. Our findings extend these observations by identifying FAO as a key metabolic
effector downstream of AMPK. Specifically, metformin increased AMPK phosphorylation
and inhibitory phosphorylation of ACC, resulting in reduced malonyl-CoA levels, enhanced
CPT1 activity, and increased fatty acid utilization. Thus, beyond its established effects on
profibrotic signaling pathways, metformin appears to reprogram fibroblast metabolism
toward a more oxidative phenotype that is resistant to activation and senescence.

CPT1 is the rate-limiting enzyme responsible for mitochondrial transport of long-
chain fatty acids, and plays a central role in maintaining cardiac metabolic flexibility.
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Aging-associated declines in CPT1 activity and FAO have been linked to mitochondrial
dysfunction, lipid accumulation, and impaired cardiac energetics [28,29]. In agreement
with these observations, aged Apoe ™/~ mice exhibited reduced CPT1 expression and
activity together with increased fibrotic remodeling. Notably, metformin restored CPT1
activity, reduced intracellular lipid accumulation, and increased acetyl-CoA levels both
in vitro and in vivo. Importantly, pharmacological inhibition of CPT1 with etomoxir largely
abolished the beneficial effects of metformin on mitochondrial respiration, ATP production,
fibroblast activation, and senescence. These findings provide direct functional evidence
that enhanced FAO is required for metformin-mediated cardioprotection.

Another important finding of the present study is the close relationship between
FAO and cellular senescence. Senescent cardiac fibroblasts contribute to age-related fi-
brosis through the senescence-associated secretory phenotype, which promotes chronic
inflammation and extracellular matrix deposition [30,31]. Accumulating evidence suggests
that therapeutic targeting or elimination of senescent fibroblast populations can attenuate
age-associated tissue fibrosis, supporting cellular senescence as an attractive therapeutic
target in chronic fibrotic disorders [32,33]. In the present study, metformin significantly
attenuated TGF-p-induced SA-p-Gal*V¢ fibroblast cells and reduced p21 and p27 levels,
whereas inhibition of CPT1 reversed these effects. These observations suggest that im-
paired FAO may act as a metabolic trigger linking mitochondrial dysfunction to fibroblast
senescence and fibrotic remodeling. Interestingly, these findings are consistent with our
previous studies demonstrating that metformin delays endothelial senescence through
AMPK-dependent mechanisms involving mitochondrial biogenesis, H3K79 trimethylation,
and enhanced FAO [11,13]. Together, these studies support the concept that restoration of
mitochondrial metabolism is a common mechanism underlying the geroprotective actions
of metformin across multiple cardiovascular cell types.

The physiological relevance of these observations was further validated in aged
Apoe~/~ mice, a model characterized by hypercholesterolemia, metabolic dysfunction,
and accelerated cardiovascular aging [20,34]. Metformin restored FAO-related gene expres-
sion, enhanced CPT1 activity, activated AMPK signaling, and significantly reduced cardiac
fibrosis markers. These findings indicate that preservation of FAO contributes substantially
to the anti-fibrotic effects of metformin during aging-associated cardiac remodeling. While
these results are interesting, one of the limitations of the present study is the use of aged
Apoe~/~ mice, which exhibit dyslipidemia and enhanced atherosclerotic susceptibility
and therefore do not completely model physiological aging. Moreover, few studies have
employed additional pro-fibrotic stimuli, such as high-fat diet feeding or angiotensin II
infusion, to induce more pronounced cardiac fibrosis in Apoe ™/~ mice [35,36]. Although
this model is relevant to aging-associated cardiovascular disease [20], the contribution of
ApoE deficiency and associated metabolic and vascular abnormalities to cardiac fibrosis
cannot be fully excluded. Accordingly, the present findings should be interpreted in the
context of aging-associated cardiac fibrosis under atherosclerosis-prone conditions. Future
studies using naturally aged wild-type mice will be important to determine whether met-
formin exerts comparable anti-fibrotic effects during normal aging. Another limitation of
this study is the relatively small number of biological samples used for individual in vivo
analyses. Nevertheless, the consistency of findings across complementary histological,
molecular, and biochemical approaches supports the overall conclusions. Additionally,
in this study, we have not assessed the in vivo cardiac functional parameters. Although
metformin reduced myocardial collagen accumulation and the expression of pro-fibrotic
markers, these findings do not directly establish an improvement in cardiac performance.
Future studies incorporating comprehensive cardiac functional assessment will be neces-
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sary to determine whether the structural anti-fibrotic effects of metformin translate into
improved systolic and /or diastolic function in aged Apoe ™/~ mice.

5. Conclusions

The present study identifies CPT1-dependent FAO as a previously underappreciated
metabolic regulator of cardiac fibroblast activation and senescence. Our findings establish
the AMPK-ACC-CPT1 pathway as a critical mechanistic link between metformin treatment
and suppression of cardiac fibrosis. By restoring mitochondrial fatty acid metabolism and
cellular bioenergetics, metformin limits fibroblast activation and age-associated fibrotic re-
modeling. These results not only provide new mechanistic insight into the cardioprotective
actions of metformin, but also highlight targeting FAO as a promising therapeutic strategy
for combating age-related cardiac fibrosis.
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The following abbreviations are used in this manuscript:

FAO Fatty acid p-oxidation

TGF-$ Transforming growth factor-3

CPT1 Carnitine palmitoyltransferase-1

OCR Mitochondrial oxygen consumption rate
AMPK AMP-activated protein kinase

ACC Acetyl-CoA carboxylase

FABP3 Fatty Acid-Binding Protein 3
ACSL1 Acyl-CoA Synthetase Long Chain Family Member 1
ACADM  Medium-Chain Acyl-CoA Dehydrogenase
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ACADS  Short-chain acyl-CoA dehydrogenase
x-SMA Alpha-Smooth Muscle Actin
COL1A1 Collagen Type I Alpha 1 Chain
COL3A1  Collagen Type III Alpha 1 Chain
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Highlights

What are the main findings?

e  We have identified JAK and MEK pathways as targets to regulate specific aspects of
mitochondprial function in human saphenous vein smooth muscle cells (HSVSMCs).

e  We have also shown how these pathways are impaired in HSVSMCs from type 2
diabetic patients (T2DM), a condition linked to poorer outcomes following coronary
artery bypass graft surgery.

What is the implication of the main finding?

e  These pathways represent potential targets for regulation of HSVSMC function that
can be explored for drug development to limit saphenous vein graft failure in T2DM.

Abstract

While glucose-driven mitochondrial dysfunction has been proposed to promote vascular
dysfunction responsible for saphenous vein graft failure (VGF) following bypass surgery,
the impact of type 2 diabetes mellitus (T2DM) on mitochondrial function in human saphe-
nous vein smooth muscle cells (HSVSMCs) responsible for maladaptive remodelling is
unknown. Our aim was to identify signalling pathways that mediate any mitochondrial
dysfunction in HSVSMCs in vitro and assess the impact of T2DM. HSVSMCs explanted
from surplus HSV tissues from consenting T2DM and non-diabetic patients undergoing
coronary artery bypass graft surgery were treated with known activators and inhibitors of
the JAK/STAT and MAPK/ERK pathways. Following this, real-time oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) measures of mitochondrial function
were then determined. Our findings revealed that both IL-6/sIL-6R« trans-signalling
complexes and platelet-derived growth factor-BB (PDGF-BB) significantly increased OCR
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in HSVSMCs from T2DM patients but not non-diabetic controls. Meanwhile, only PDGE-
BB increased ECAR in HSVSMCs from T2DM patients but not in non-diabetic controls.
The observed increases in OCR and ECAR were abolished by JAK1/2-selective inhibitor
ruxolitinib. Furthermore, thrombin caused a significant increase in OCR, specifically in
HSVSMCs from T2DM patients, and this effect was abolished by the MEK1/2-selective
inhibitor trametinib. Both ruxolitinib and trametinib significantly reduced basal OCR and
ECAR in HSVSMCs from both T2DM and non-diabetic patients. Together, these findings
demonstrate a JAK/STAT- and MAPK/ERK-mediated regulation of mitochondrial function
in HSVSMCs. As such, they represent potential targets for regulation of HSVSMC function
that can be explored for drug development to limit saphenous VGF in T2DM.

Keywords: type 2 diabetes mellitus; oxygen consumption rate; extracellular acidification
rate; JAK/STAT; MAPK/ERK1,2

1. Introduction

Glucose-dependent alterations in cellular function have been suggested to promote
proliferation and migration of vascular smooth muscle cells (VSMCs), which are linked
to vein graft failure (VGF) [1-3]. VSMCs from type 2 diabetes mellitus (T2DM) patients
have distinct functional properties [4,5], including significantly greater migratory activity
than those from non-diabetic controls [5,6]. Additionally, T2DM is known to trigger
changes in mitochondprial function [7], and together, these findings hint at a link between
T2DM, mitochondrial dysfunction, and VGE. Metabolic reprogramming, adaptive oxygen
consumption, and glucose utilisation are now appreciated as key mechanisms by which
cells such as arterial endothelial and malignant cancer cells sustain high proliferative rates
even in hostile environments in which the supplies of oxygen and essential nutrients
are limited [8-10]. However, the impact of T2DM and possible downstream signalling
pathways that regulate these processes in human saphenous vein smooth muscle cells
(HSVSMCs), a crucial cell type implicated in the vascular dysfunction responsible for
saphenous VGF, remains unclear [2,3].

Mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) have been described as gold standard measures for the determination of mito-
chondrial function in vascular endothelial cells (ECs), VSMCs, and platelets [11-13]. Since
oxidative phosphorylation measured by OCR accounts for most of the increase in cellular
ATP demand, the activity of this pathway is a major indicator of metabolic function [14,15].
Measurement of OCR in the presence of certain inhibitors can offer valuable information
on mitochondrial bioenergetic profiles. The components of oxygen consumption that are
linked to ATP production can be determined by inhibitors that target the various complexes
in the electron transport chain [15]. These components include the so-called coupled OCR,
as well as the contribution made to OCR by passive or active proton leakage across the
inner mitochondrial membrane, the difference between maximal oxygen consumption and
basal (spare capacity), and non-mitochondrial oxygen consumption. Together, these tests
offer a detailed picture of mitochondrial function [16].

In contrast, ECAR provides a measure of the lactic acid produced by cells whilst in
culture. This is typically excreted by cells when lactate dehydrogenase converts pyruvate
to lactate to replenish NAD+, which is necessary to sustain glycolysis [17,18]. The flow
through catabolic pathways necessary to produce ATP is, therefore, connected to a cell’s
ECAR. The ECAR is also linked to ATP turnover, as the rates of ATP synthesis and consump-
tion are equivalent in steady state [19]. Even though it is technically difficult to quantify
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ATP turnover, however, it may be demonstrated that fluctuations in extracellular fluxes
are correlated with changes in ATP turnover rates [19]. For these reasons, mitochondrial
OCR and ECAR are now appreciated as key parameters in assessing altered metabolic
homeostasis in pathological conditions [11].

JAK/STAT and ERK 1/2 signalling pathways are important in numerous human
physiological processes [20,21]. Importantly, activating these pathways with interleukin-6
(IL-6), platelet-derived growth factor-BB (PDGF-BB), Angiotensin II (Ang II) or thrombin
can promote either vascular cell migration or proliferation events which are responsible
for vascular remodelling [22-25]. However, their involvement in the modulation of mito-
chondrial function of vascular cells is poorly understood. Of importance is the fact that
in patients with coronary artery disease (CAD) with or without T2DM, coronary artery
bypass graft (CABG) using the autologous saphenous vein remains a major procedure
for restoration of blood supply to the heart [26,27]. Patients with T2DM who have CAD,
however, are more susceptible to neointimal hyperplasia (NIH), vascular remodelling, and
stenosis that result in VGF [28]. While the underlying mechanisms responsible for this are
unclear, activities of the activators of the JAK/STAT and MAPK/ERK signalling pathways
are upregulated in T2DM patients [21]. To prevent VGEF, it may therefore be possible to
identify novel therapeutic targets by identifying characteristic metabolic modifications
mediated by these downstream signalling pathways. Therefore, in this study, we assessed
the roles of JAK/STAT and MAPK/ERK in regulating mitochondrial functions (OCR and
ECAR), as well as the potential impact of T2DM on these processes in HSVSMCs in vitro.

2. Materials and Methods
2.1. Materials

HSV samples were collected between January 2020 and May 2022 from patients
undergoing elective coronary artery bypass graft procedure. Table 1 summarises the
information on the tissue donors. Other materials used in this study and further details on
the tissue donors are listed in the Supplementary Materials Tables S1 and S2.

Table 1. Patient information for HSV samples.

Description T2DM Non-T2DM
1 Number of samples 17 38
5 Ace Range: 56-80 Range: 47-84

& Mean £ SD: 69.2 £ 6.2 Mean + SD: 66.4 £ 8.9
3 Sex Male—15 Male—36
Female—2 Female—2
4 Ethnicity White British—17 White British—37
Asian—1

5 Reason for surgery CAD CAD

CAD: coronary artery disease; T2DM: type 2 diabetes mellitus; SD: standard deviation.

2.2. Methods
2.2.1. HSVSMC Isolation

As shown in Table 1, surplus HSV tissues were obtained from consenting (written)
T2DM and non-diabetic patients undergoing coronary artery bypass graft (CABG) surgery
at the Hull University Teaching Hospitals NHS Trust Department of Cardiothoracic Surgery,
Castle Hill Hospital, Cottingham, UK, under UK Health Research Authority ethical ap-
proval (NHS REC:15/NE/0138). The procedures we used to obtain and process surplus
HSV tissues adhered to the guidelines outlined in the 2024 revision of the Declaration of
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Helsinki [29]. HSV tissues (length 0.5-4 cm) were stored at 4 °C for a maximum of 48 h in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 100 IU/mL penicillin,
100 pg/mL streptomycin, and 0.25 pg/mL fungizone. VSMCs were explanted from HSV
as previously described [30]. Briefly, HSV tissue was placed in a 10 cm dish with enough
medium to cover it, and a sterile blade was used to remove the perivascular fat, vein
branches, connective tissue, and adventitia. The vein was then dissected longitudinally,
and the endothelial and tunica intima layers gently removed with sterile surgical scissors
and forceps. Then, HSV tissue was dissected into small fragments (~1 mm?®) which were
transferred into a 25 cm? tissue culture flask with 2 mL of SmGM2 and cultured at 37 °C in
5% (v/v) CO, in humidified atmosphere. Once HSVSMCs had migrated from the explant
tissue, after approximately two weeks, the growth medium was topped up with 0.5 mL
fresh SmGM2 twice weekly. Addition of 0.5 mL fresh SmGM2 continued until a total of
5 mL of growth medium had been added; then, 2.5 mL of growth medium was removed
and replenished with fresh 2.5 mL SmGM2 until 90% confluence. Thereafter, HSVSMCs
were transferred to a 75 cm? tissue culture flask and fed with 10 mL of SmGM2, which
was replaced twice weekly until cells reached 90% confluency and expanded for either
cryopreservation in liquid nitrogen or downstream experimental applications. The integrity
of HSVSMC preparations was confirmed by the presence of SMC markers and absence
of fibroblast and endothelial cell markers by immunofluorescence staining and confocal
microscopy as we have previously described [31].

2.2.2. Cell Culture, SDS-PAGE and Immunoblotting

HSVSMCs were maintained with SmGM2 at normal glucose concentration (5 mM) in
a T75 flask and kept in a cell culture incubator maintained at 37 °C and 5% (v/v) CO, in a
humidified atmosphere. For all experiments, cells were allowed to be 80-90% confluent
before subculturing. All experiments were done with Passage 4 of HSVSMCs, and all cells
were free of mycoplasma contamination. SDS-PAGE and Immunoblotting were performed
as we have previously described [31].

2.2.3. HSVSMC Mitochondrial Stress Analysis of OCR and ECAR

HSVSMCs were seeded in Seahorse XFp 8-well plates at a density of 10,000 cells/well
and allowed to grow over 24 h. Cells were then treated with the respective inhibitors of the
downstream signalling pathways. To evaluate the contribution of JAK/STAT signalling
pathways, cells were treated with 0.1 uM JAK1/2-selective inhibitor ruxolitinib [32] for
90 min, after which IL-6 (5 ng/mL) and sIL-6Ro (25 ng/mL) (IL-6/sIL-6Rex) or 10 ng/mL
PDGEF-BB was added for a further 24 h. To examine a role for ERK1,2 signalling pathways,
cells were treated with 10 nM MEK1,2-selective inhibitor trametinib [33] for 90 min after
which 100 nM Ang I or 1 U/mL thrombin were used to treat cells over 24 h. Also, the
probes of the XFp 8-well plate were hydrated overnight by adding 200 uL/well of Seahorse
calibrant and 400 pL into the ridges of the plate to prevent evaporation [34]. A humidified
incubator was used to incubate this hydrated sensor containing XFp 8-well plates overnight
at 37 °C.

On the day of assay, modulators of mitochondrial respiration, 20 uL oligomycin
(1.5 uM), 22 uL carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) (5 uM),
and 25 pL rotenone (5 M) and antimycin A (5 uM) complex were added to the injection
ports of the pre-hydrated Seahorse XFp 8-well plate [34]. The Seahorse XFp 8-well plate was
kept in the non-CO; incubator for 30 min to allow the drugs to equilibrate. Each treatment
was done in duplicate. Following this, plates were mounted in the Agilent (Santa Clara, CA,
USA) Seahorse XFp Analyzer (model number 102745-100) and allowed to calibrate. While
calibrating, the growth media on the pre-treated cells were withdrawn and 180 uL of the
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XF DMEM medium was added to each well. Following calibration, the cells were mounted
in the Agilent Seahorse XFp Analyzer (model number 102745-100), and real-time OCR and
ECAR of the pre-treated cells were determined [34]. After the assay, the treated cells were
lysed, and protein concentrations were determined using a BCA assay. Peak OCR and
ECAR values, with or without treatments, following the injection of each modulator of
mitochondprial respiration were normalised with the determined protein concentrations.
Four biological replicates were performed using samples from different patients. Samples
from these same donors were used across treatments.

2.2.4. Real-Time Quantitative PCR

qPCR was used to determine the mtDNA expression of the mitochondrially encoded
gene for cytochrome c oxidase subunit I (COI), a key protein in the mitochondrial respiratory
chain [35,36]. A total volume of 20 uL PCR mixture, comprising 1 ng of cDNA, 10 uL of
SYBR Green Master Mix (Bio-Rad, Hercules, CA, USA), 1 uL of the appropriate primer
(Table 2), and 7.4 uL of RNase-free H,O, was added to each well of a 96-well PCR plate.
The 96-well plate was then installed in the StepOne machine after being sealed with optical
adhesive film. StepOne software v2.3 was used to perform the real-time quantitative PCR
(gPCR) following the manufacturer’s recommendations. The cycle conditions for real-time
qPCR were optimised and set at 95 °C for 10 min, followed by 35 cycles of 95 °C for 30 s,
57 °Cfor 30 s, and 72 °C for 30 s. Every assay was carried out twice, and the average was
determined. RNase-free water served as the negative control. Each sample’s average Ct
values were computed and normalised to 185 RNA controls.

Table 2. Two PCR primer sequences.

Gene Primer Sequence (5'-3)

Forward—CCT ACT CCT GCT CGC ATC TG
Reverse—AGA GGG GCG TTT GGT ATT GG

Forward—GTA ACC CGTTGA ACCCCATT
Reverse—CCA TCC AAT CGG TAG TAG CG

MT-COI

18S

2.2.5. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism® 6, San Diego, CA, USA.
Data are presented as mean =+ standard error of mean (SEM) and were analysed using an
independent t-test and both one-way and two-way analysis of variance, followed by both
Dunnett’s and Holm-Sidak’s post hoc tests to determine significant differences between
means, where p < 0.05 was considered statistically significant.

3. Results
3.1. Effect of IL-6/sIL-6Rx on OCR in HSVSMCs from T2DM and Non-Diabetic Patients

Studies have shown that T2DM is associated with elevated levels of pleiotropic cy-
tokines such as IL-6, which can cause a number of adverse cellular effects, including
mitochondrial dysfunction [20]. However, the mechanism(s) and impact on mitochondrial
function of VSMCs are unknown. First, we determined the concentration of ruxolitinib
sufficient to significantly inhibit IL-6/sIL-6Rx-mediated phosphorylation of STAT3 on
Tyr705 (Figure 1). Then, as shown in Figure 2A, an IL-6/sIL-6R« trans-signalling complex
was found to significantly increase OCR in HSVSMCs from T2DM patients at maximal
respiration (p < 0.05 versus unstimulated cells, n = 4), but not in those from non-diabetic
HSVSMCs (Figure 2B). The IL-6/sIL-6Rx-stimulated increase in OCR found in HSVSMCs
from T2DM patients was abolished by pre-treatment with JAK1/2-selective inhibitor rux-
olitinib (Figure 2A), at the predetermined concentration (0.1 uM) (Figure 1). Furthermore,
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ruxolitinib significantly decreased OCR in HSVSMCs from non-diabetic patients at basal
and maximal respiration with or without IL-6/sIL-6R« stimulation (p < 0.05 versus unstim-
ulated cells, n = 4; Figure 2B). No significant differences in OCR between HSVSMCs from
T2DM and non-diabetic patients were observed (Figure 2C).
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=== - P
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Figure 1. Downstream activation and inhibition of the JAK/STAT signalling pathway. (A) Schematic
of downstream activation and inhibition of the JAK/STAT signalling pathway. The JAK/STAT
pathway transmits information from chemical signals outside of a cell to the cell nucleus, where
it activates genes through transcription. This is mediated by activation of receptors such as IL-6R
and proteins, Janus kinases (JAKs), and signal transducer and activator of transcription (STAT).
Ruxolitinib (JAK 1/2-selective inhibitor) blocks this signalling pathway. (B) Representative Western
blot of downstream inhibition of IL-6/sIL-6Rx-stimulated JAK1/2-mediated phosphorylation of
STAT3 (98 kDa) on Tyr705 by ruxolitinib. Lower panel: expression of total STAT3. (C) Densitometric
analysis of p-STAT3 normalised to total STAT3. Data are expressed as mean + SEM and from
n = 4 biological replicates using HSVSMC samples from different non-diabetic patients. Statistical
significance was assessed using one-way ANOVA followed by Dunnett’s post hoc test to determine
significant differences between means. IL-6: IL-6/sIL-6R«; PBS: phosphate-buffered saline; rux:
ruxolitinib. **** p < 0.0001; ns: not significant.

3.2. Effect of IL-6/sIL-6Rw on the ECAR in HSVSMCs from T2DM and Non-Diabetic Patients

The effect of pro-inflammatory cytokines such as IL-6 on ECAR in vascular cells is
currently unclear. ECAR serves as a proxy measure of glycolysis [17]. We therefore deter-
mined the ECAR of HSVSMCs from T2DM and non-diabetic patients after treatment with
IL-6/sIL-6R«, following pre-treatment with or without ruxolitinib. ECAR was measured
simultaneously during mitochondrial stress tests. Consequently, ECAR values are inter-
preted here as an index of non-mitochondrial acidification and the compensatory glycolytic
response to mitochondrial inhibition. Our findings suggest that IL-6/sIL-6Rx did not cause
any significant change in the ECAR of HSVSMC:s from either T2DM or non-diabetic patients
(Figure 3A,B). However, with or without IL-6/sIL-6R« stimulation, ruxolitinib significantly
(p < 0.05 versus unstimulated cells, nn = 4) decreased resting ECAR and maximal ECAR
compensation, and (p < 0.01 versus unstimulated cells, n = 4) decreased non-mitochondrial
ECAR in HSVSMCs from non-diabetic patients (Figure 3B). No significant differences
in the ECAR of HSVSMCs from T2DM and non-diabetic patients after stimulation with
IL-6/sIL-6R were observed (Figure 3C).
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Figure 2. Mitochondrial stress analysis to determine the OCR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with IL-6/sIL-6R« +/— ruxolitinib. (A) Upper panel: representa-
tive time course curve of OCR of HSVSMCs from T2DM patients treated with IL-6/sIL-6Rx (IL-6
(5 ng/mL) and sIL-6Ra (25 ng/mL)) +/— ruxolitinib (0.1 uM) and untreated control from T2DM
patients. Lower panel: comparative analysis of normalised peak OCR between treatment groups and
untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration
and the uncoupler. Normalised data are presented as mean & SEM from n = 4 biological replicates
using HSVSMC samples from different T2DM patients. (B) Upper panel: representative time course
curve of OCR of HSVSMCs from non-diabetic patients treated with IL-6/sIL-6Re (IL-6 (5 ng/mL)
and sIL-6Ra (25 ng/mL)) +/ — ruxolitinib (0.1 uM) and untreated control from non-diabetic patients.
Lower panel: comparative analysis of normalised peak OCR between treatment groups and un-
treated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration and
the uncoupler. Normalised data are presented as mean £ SEM from n = 4 biological replicates using
HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak OCR
of unstimulated and IL-6/sIL-6Rx-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean & SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figures (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidék’s post hoc tests to determine significant differences between
means. * p < 0.05. IL-6: IL-6/sIL-6R; OCR: oxygen consumption rate.

3.3. Effect of PDGF-BB on the OCR in HSVSMCs from T2DM and Non-Diabetic Patients

Given that the OCR is proportional to mitochondrial respiration [17], it is unclear
how growth factors like PDGF alter this cellular metabolic index (OCR) in HSVSMCs. To
investigate this, the OCRs of HSVSMCs from T2DM patients and non-diabetic controls
were assessed after treatment with PDGF-BB in the presence or absence of ruxolitinib.
As shown in Figure 4A, PDGF-BB significantly increased OCR in HSVSMCs from T2DM
patients (p < 0.05 versus unstimulated cells, n = 4) and maximum respiration (p < 0.01
versus unstimulated cells, n = 4). However, PDGF-BB had no significant effect on the OCR
of HSVSMCs from non-diabetic patients (Figure 4B). This increase in OCR in T2DM patient
HSVSMCs was abolished by pre-treatment with ruxolitinib (Figure 4A). Ruxolitinib also
significantly reduced OCR at maximum respiration (p < 0.05 versus unstimulated cells

https://doi.org/10.3390/ cells15151402
31



Cells 2026, 15, 1402

and p < 0.01 versus PDGF-BB-stimulated cells, nn = 4) in HSVSMCs from T2DM patients
(Figure 4A)—a pattern also seen in HSVSMCs from non-diabetic controls (Figure 4B)
(p < 0.05 versus unstimulated and PDGF-BB-stimulated, n = 4). In contrast, there were no
significant differences between OCRs in HSVSMCs from T2DM and non-diabetic patients

(Figure 4C).
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Figure 3. Mitochondrial stress analysis to determine the ECAR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with IL-6/sIL-6Ro +/ — ruxolitinib. (A) Upper panel: representative
time course curve of ECAR of HSVSMCs from T2DM patients treated with IL-6/sIL-6Rx (IL-6
(5 ng/mL) and sIL-6R« (25 ng/mL)) +/ — ruxolitinib (0.1 uM) and untreated control from diabetic
patients. Lower panel: comparative analysis of normalised peak ECAR between treatment groups and
untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration and
the uncoupler. Normalised data are presented as mean + SEM from n = 4 biological replicates using
HSVSMC samples from different T2DM patients. (B) Upper panel: representative time course curve
of ECAR of HSVSMCs from non-diabetic patients treated with IL-6/sIL-6Ra (IL-6 (5 ng/mL) and sIL-
6Ra (25 ng/mL)) +/ — ruxolitinib (0.1 uM) and untreated control from non-diabetic patients. Lower
panel: comparative analysis of normalised peak ECAR between treatment groups and untreated
control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration and the
uncoupler. Normalised data are presented as mean + SEM from n = 4 biological replicates using
HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak ECAR
of unstimulated and IL-6/sIL-6Rx-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean & SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figure 3 (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidéak’s post hoc tests to determine significant differences between
means. * p < 0.05; ** p < 0.01. ns: not significant; IL-6: IL-6/sIL-6Re; A: resting ECAR; B: oligomycin-
induced ECAR; C: ECAR response to uncoupling; D: non-mitochondrial ECAR; ECAR: extracellular

3

60+

o
1

(mpH/min)/(ug/uL)

(=]
1

ECAR normalised
with protein concentration

0
(=]

acidification rate.

https://doi.org/10.3390/ cells15151402
32



Cells 2026, 15, 1402

>
v)
8
i
H
+1
H
H

" I . M contro Vi I oo
.. POGF e ,/ POGF
i [l P0Gt - Ruscttind g / [P0t + Ruoitos
1 55 /i Il s
s -
:

¥ 4+
L2 ]
(D4

]

RS
»7—‘////v
e i
HH
-

2

== Control

s PDGF

== PDGF + Ruxolitinib
Ruxolitinib

mm Control

W PDGF

= PDGF + Ruxolitinib
Ruxolitinib

(pmol/min)/(ugiul)

OCR normalised
with protein concentration
(pmol/min)/(ug/pl)

OCR normalised
with protein concentration

T2DM (Control)
Non-diabetic (Control)
T2DM (PDGF)
Non-diabetic (PDGF)

=
=3
E__
_— =
353
EE=
ESE
Egg
< 83
Ss g
5=
£
=

Figure 4. Mitochondrial stress analysis to determine the OCR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with PDGF-BB +/ — ruxolitinib. (A) Upper panel: representative
time course curve of OCR of HSVSMCs from T2DM patients treated with PDGE-BB (10 ng/mL) +/—
ruxolitinib (0.1 tM) and untreated control from diabetic patients. Lower panel: comparative analysis
of normalised peak OCR between treatment groups and untreated control at basal glycolysis, and after
addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are presented
as mean + SEM from 1 = 4 biological replicates using HSVSMC samples from different T2DM patients.
(B) Upper panel: representative time course curve of OCR of HSVSMCs from non-diabetic patients
treated with PDGF-BB (10 ng/mL) +/— ruxolitinib (0.1 uM) and untreated control from non-diabetic
patients. Lower panel: comparative analysis of normalised peak OCR between treatment groups and
untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration
and the uncoupler. Normalised data are presented as mean & SEM from n = 4 biological replicates
using HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak
OCR of unstimulated and PDGF-BB-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean &= SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figure 4 (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidék’s post hoc tests to determine significant differences between
means. * p < 0.05; ** p < 0.01. ns: not significant; PDGF: PDGF-BB; OCR: oxygen consumption rate.

3.4. Effect of PDGF-BB on the ECAR in HSVSMCs from T2DM and Non-Diabetic Patients

We next determined the ECAR response of HSVSMCs from T2DM and non-diabetic
control patients treated with or without PDGF-BB following pre-treatment with or without
ruxolitinib and in response to mitochondrial disruption. As shown in Figure 5A, PDGF-BB
significantly increased resting ECAR, as well as ECAR compensation, ECAR in response
to uncoupling, and non-mitochondrial ECAR in HSVSMCs from T2DM patients (p < 0.05
versus unstimulated cells, n = 4) but not in non-diabetic controls (Figure 5B). Furthermore,
ruxolitinib significantly decreased resting ECAR, ECAR compensation, ECAR in response
to uncoupling, and non-mitochondrial ECAR in HSVSMCs from non-diabetic patients
(p < 0.05 versus unstimulated and PDGEF-BB-stimulated cells but not in those from T2DM
patients (Figure 5B). Direct comparison of the ECAR of HSVSMCs from T2DM versus
non-diabetic patients also revealed a significantly higher ECAR in response to uncoupling
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in HSVSMCs from T2DM patients compared with non-diabetic controls
Figure 5C).
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Figure 5. Mitochondrial stress analysis to determine the ECAR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with PDGF-BB +/ — ruxolitinib. (A) Upper panel: representative

time course curve of ECAR of HSVSMCs from T2DM patients treated with PDGF-BB (10 ng/mL) +/—

ruxolitinib (0.1 tM) and untreated control from diabetic patients. Lower panel: comparative analysis

of normalised peak ECAR between treatment groups and untreated control at basal glycolysis, and

after addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are
presented as mean + SEM from n = 4 biological replicates using HSVSMC samples from different
T2DM patients. (B) Upper panel: representative time course curve of ECAR of HSVSMCs from
non-diabetic patients treated with PDGF-BB (10 ng/mL) +/ — ruxolitinib (0.1 uM) and untreated
control from non-diabetic patients. Lower panel: comparative analysis of normalised peak ECAR
between treatment groups and untreated control at basal glycolysis, and after addition of inhibitors
of mitochondrial respiration and the uncoupler. Normalised data are presented as mean + SEM from
n = 4 biological replicates using HSVSMC samples from different non-diabetic patients. (C) Compar-
ison of normalised peak ECAR of unstimulated and PDGF-BB-stimulated HSVSMCs from T2DM
patients versus non-diabetic control. Normalised data are presented as mean + SEM and statistical
significance was assessed using an independent t-test, n = 4 biological replicates using HSVSMC sam-
ples from different T2DM and non-diabetic patients. In the lower panels of Figure 5 (A,B), normalised
data from different treatment conditions were compared with data from the normalised untreated
control. Statistical significance was assessed using an independent f-test and both one-way and
two-way ANOVA, followed by Dunnett’s and Holm-Sidak’s post hoc tests to determine significant
differences between means. * p < 0.05; ** p < 0.01. ns: not significant; PDGF: PDGF-BB; A: Resting
ECAR; B: Oligomycin-induced ECAR; C: ECAR response to uncoupling; D: Non-mitochondrial
ECAR; ECAR: extracellular acidification rate.

3.5. mtDNA Expression in HSVSMCs from T2DM and Non-Diabetic Patients After Treatment
with IL-6/sIL-6Ra and PDGF-BB +/—Ruxolitinib

As JAK/STAT activators IL-6/sIL-6Rax and PDGF-BB caused a significant increase
in the OCR of HSVSMCs from T2DM (Figures 2A and 4A) but not non-diabetic patients
(Figures 2B and 4B), it was therefore necessary to ascertain whether this increase was
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associated with a parallel increase in mitochondria. Therefore, gPCR of the mitochondrially
encoded gene for COI was used to determine mtDNA expression [35,36].

As shown in Figure 6A, there was no significant difference in mtDNA expression in
HSVSMCs from T2DM patients after treatment with IL-6/sIL-6Ro+/ —ruxolitinib com-
pared with the untreated control. Similarly, in the HSVSMCs from non-diabetic patients,
there was no significant difference in mtDNA expression after treatment with IL-6/sIL-
6Ro+/ —ruxolitinib compared with the untreated control (Figure 6B). Comparison between
HSVSMCs from T2DM patients versus the non-diabetic control treated with IL-6/sIL-
6Ra+/ —ruxolitinib showed no significant difference (Figure 6C). Furthermore, as shown
in Figure 6D, there was no significant difference in mtDNA expression in HSVSMCs from
T2DM patients after treatment with PDGF-BB+/ —ruxolitinib compared with the untreated
control. Similarly, in the HSVSMCs from non-diabetic patients, there was no significant
difference in mtDNA expression after treatment with PDGF-BB+/ —ruxolitinib compared
with the untreated control (Figure 6E). Also, comparison between HSVSMCs from T2DM
patients versus the non-diabetic control treated with PDGF-BB+/ —ruxolitinib showed no
significant difference (Figure 6F).
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Figure 6. mtDNA expression of HSVSMCs from T2DM and non-diabetic patients after treatment
with IL-6/sIL-6Ro or PDGF-BB +/ — ruxolitinib, along with qPCR analysis of mtDNA expression
of the mitochondrially encoded gene for COI as a marker of mtDNA expression normalised to
18S. Top panel: (A) T2DM patients, (B) non-diabetic patients, and (C) comparison between T2DM
patients versus the non-diabetic control treated with IL-6/sIL-6Rx (IL-6 (5 ng/mL) and sIL-6Rx
(25 ng/mL)) +/— ruxolitinib (0.1 uM). Bottom panel: (D) T2DM patients, (E) non-diabetic patients,
and (F) comparison between T2DM patients versus the non-diabetic control treated with PDGF-BB
(10 ng/mL) +/— ruxolitinib (0.1 uM). All data were normalised to 18S, and normalised data from
different treatment conditions were compared with data from the normalised untreated control for
statistical difference. Data are presented as mean + SEM from n = 4 experiments using HSVSMC
from different patients. Statistical significance was assessed using an independent ¢-test and both
one-way and two-way ANOVA, followed by Dunnett’s and Holm-Sidak’s post hoc tests to determine
significant differences between means. ns: not significant; IL-6: IL-6/sIL-6Ro; PDGF: PDGF-BB.

3.6. Effect of Ang 11 on OCR of HSVSMCs from T2DM and Non-Diabetic Patients

While Ang II has been shown to promote VSMC migration and proliferation by
activating the MAP/ERK1,2 pathway [37], it is not totally clear how Ang Il modulates these
processes. However, we hypothesise that the increased cell proliferation and migration
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induced by Ang II [37] may necessitate higher ATP synthesis, which would increase
oxygen consumption. Therefore, we assessed the effect of Ang Il +/— MEK1/2-selective
inhibitor trametinib on the OCR of HSVSMCs from patients with and without T2DM. The
optimised concentration of trametinib that significantly (p < 0.05 versus untreated cells,
n = 4) inhibited activation of ERK1,2 in HSVSMCs from non-diabetic patients was 10 nM
trametinib (Figure 7). Hence, this concentration was used in subsequent experiments. As
shown in Figure 8A,B, Ang II (100 nM) did not significantly alter the OCR of HSVSMCs
from T2DM and non-diabetic patients, respectively, even though the same concentration of
Ang II stimulated a transient increase in ERK1,2 phosphorylation in HSVSMCs (Figure 9).
However, trametinib with or without Ang II stimulation significantly reduced OCRs at
basal respiration (p < 0.01 versus unstimulated and Ang II-stimulated cells, n = 4) and
maximal respiration (p < 0.05 versus unstimulated and Ang II-stimulated cells, n = 4) in
HSVSMCs from T2DM patients (Figure 8A). Similarly, in HSVSMCs from non-diabetic
patients, Ang II treatment did not significantly alter the OCR (Figure 8B). Furthermore,
trametinib caused a significant reduction in the OCRs at basal respiration (p < 0.01 with
Ang Il stimulation; p < 0.001 without Ang II stimulation, both versus unstimulated and Ang
II-stimulated cells, n = 4) in HSVSMCs from non-diabetic patients (Figure 8B). Interestingly,
trametinib caused a significant reduction in the OCRs at maximal respiration (p < 0.05 with
or without Ang II stimulation versus unstimulated and Ang II-stimulated cells, n = 4) in
HSVSMCs from non-diabetic patients (Figure 8B). Also, direct comparison of OCRs after
treatment with Ang Il revealed a significant increase in the OCR of HSVSMCs from T2DM
patients at maximal respiration (p < 0.05 versus HSVSMCs from non-diabetic patients, n = 4;
Figure 8C).
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Figure 7. Downstream activation and inhibition of the MAPK/ERK signalling pathway. (A) Schematic
of downstream activation and inhibition of the MEK/ERK signalling pathway. Mitogens trigger
activation of the small GTPase Ras protein, which in turn activates the Ser/Thr-directed protein kinase
Raf, which phosphorylates and activates MEK 1/2. MEK1/2 then phosphorylates and stimulates
ERK1,2 (Thr202/185 and Tyr204/187 in human ERK1/2 respectively). ERK further activates a
panel of substrates that promote cell proliferation. (B) Upper panel: representative Western blot
of downstream inhibition of the MEK 1/2 by trametinib. Lower panel: expression of total ERK
(44/42 kDa). (C) Densitometric analysis of p-ERK at both 44 /42 kDa normalised to total ERK at both
44 /42 kDa. Data are expressed as mean £ SEM and from n = 4 biological replicates using HSVSMC
samples from different non-diabetic patients. Statistical significance was assessed using one-way
ANOVA followed by Dunnett’s post hoc test to determine significant differences between means.
PBS: phosphate-buffered saline. * p < 0.05; *** p < 0.001. ns: not significant.
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Figure 8. Mitochondrial stress analysis to determine the OCR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with Ang II +/— trametinib. (A) Upper panel: representative
time course curve of the OCR of HSVSMCs from T2DM patients treated with Ang II (100 nM) +/—
trametinib (10 nM) and untreated control from diabetic patients. Lower panel: comparative analysis
of normalised peak OCR between treatment groups and untreated control at basal glycolysis, and
after addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are
presented as mean £ SEM from n = 4 biological replicates using HSVSMC samples from different
T2DM patients. (B) Upper panel: representative time course curve of the OCR of HSVSMCs from
non-diabetic patients treated with Ang II (100 nM) +/ — trametinib (10 nM) and untreated control from
non-diabetic patients. Lower panel: biological replicates using HSVSMC samples from different non-
diabetic patients. (C) Comparison of normalised peak OCR of unstimulated and Ang II-stimulated
HSVSMCs from T2DM patients versus non-diabetic control. Normalised data are presented as
mean + SEM and statistical significance was assessed using an independent f-test, n = 4 biological
replicates using HSVSMC samples from different T2DM and non-diabetic patients. In the lower panels
of Figure 8 (A,B), normalised data from different treatment conditions were compared with data from
the normalised untreated control. Statistical significance was assessed using an independent ¢-test
and both one-way and two-way ANOVA, followed by Dunnett’s and Holm-Sidak’s post hoc tests to
determine significant differences between means. * p < 0.05; ** p < 0.01. ns: not significant; Ang II:
Angiotensin II; OCR: oxygen consumption rate.

3.7. Effect of Ang Il on ECAR of HSVSMCs from T2DM and Non-Diabetic Patients

There is evidence that Ang Il may cause mitochondrial oxidative damage in vascular
endothelial cells, which could reduce NO bioavailability and increase vascular oxidative
stress [21]. While this finding emphasises the role of Ang II in controlling metabolic
homeostasis in endothelial cells, its effect on ECAR of HSVSMCs is unknown. Therefore,
we evaluated the effects of Ang Il +/— trametinib on the ECAR of HSVSMCs from T2DM
patients and non-diabetic controls in response to mitochondrial inhibition. As shown in
Figure 10A, Ang II treatment did not significantly alter the ECAR in HSVSMCs from T2DM
patients. However, in HSVSMCs from T2DM patients, trametinib significantly reduced
resting ECARs (p < 0.05 with Ang II stimulation, p < 0.01 without Ang II stimulation, n = 4),
and oligomycin-induced ECAR (p < 0.05 with Ang II stimulation, p < 0.01 without Ang
II stimulation, n = 4). Furthermore, trametinib significantly reduced ECARs in response
to uncoupling (p < 0.05 with Ang II stimulation, p < 0.01 without Ang II stimulation,
n = 4), and non-mitochondrial ECAR (p < 0.05 with Ang II stimulation, p < 0.01 without
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Ang II stimulation, n = 4) in HSVSMCs from T2DM patients. Similarly, in HSVSMCs
from non-diabetic patients, there was no significant change to ECAR in response to Ang
II (Figure 10B). Conversely, trametinib caused a significant reduction in resting ECARs
(p < 0.01 with or without Ang II stimulation, n = 4), oligomycin-induced ECAR (p < 0.01
with or without Ang II stimulation, n = 4), ECAR in response to uncoupling (p < 0.05
with or without Ang II stimulation, n = 4), and non-mitochondrial ECAR (p < 0.05 with or
without Ang II stimulation, n = 4) in HSVSMCs from non-diabetic patients (Figure 10B).
However, no significant differences were observed in the ECARs between Ang II-stimulated
HSVSMCs from T2DM and non-diabetic patients (Figure 10C).
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Figure 9. Time course of the effects of Angiotensin II treatment on STAT3 and ERK1/2 phosphoryla-
tion in HSVSMCs. HSVSMCs were either treated with vehicle or Angiotensin II (Ang II) (0.1 uM)
for the indicated times or sIL-6Ro/IL-6 for 30 min before cell harvest. (A) Protein-equalised cell
lysates were fractionated by SDS-PAGE for immunoblotting. P-STAT3 (Tyr705) (B) and P-ERK1/2
(Thr202/Tyr204) (C) levels were normalised to total STAT3 and ERK1/2, respectively, and measured
relative to the maximum response (set at 100%). Data are presented as mean + SEM. Data are
expressed as mean = SEM and from n = 4 biological replicates using HSVSMC samples from different
non-diabetic patients. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s post hoc test to determine significant differences between means. * p < 0.05; ** p < 0.01
versus t = 0 min (min).

3.8. Effect of Thrombin on OCR of HSVSMCs from T2DM and Non-Diabetic Patients

Thrombin has been associated with vascular remodelling via a number of potential
mechanisms, including activation of the MAPK/ERK signalling pathway [25]. However,
it is still unknown how thrombin affects mitochondrial respiration, a crucial mediator of
VSMC metabolic function. Given that understanding the metabolic homeostasis of VSMCs
is crucial for targeting vascular remodelling, we therefore assessed the impact of thrombin
+/ — trametinib on the OCR of HSVSMCs from T2DM and non-diabetic controls. Thrombin
caused a significant increase (p < 0.05 versus unstimulated cells) in OCR of HSVSMCs from
T2DM patients at maximal respiration which was abolished by trametinib (Figure 11A).
On the other hand, trametinib significantly reduced OCR at basal respiration (p < 0.05
with or without thrombin stimulation versus unstimulated cells, n = 4). Furthermore, in
HSVSMCs from non-diabetic patients, thrombin did not significantly change OCR, although
trametinib significantly reduced (at both basal and maximal respiration) OCRs (p < 0.05 with
or without thrombin stimulation versus unstimulated cells, n = 4; Figure 11B). Meanwhile,
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direct comparison of OCRs in thrombin-treated HSVSMCs from T2DM and non-diabetic
patients revealed there was a significant increase in OCR at maximal respiration (p < 0.01,
n = 4) and spare capacity (p < 0.05, n = 4) (Figure 11C). Moreover, spare capacity was
significantly higher in control T2DM HSVSMCs versus non-diabetic control cells.
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Figure 10. Mitochondrial stress analysis to determine the ECAR of HSVSMCs from T2DM and
non-T2DM patients after stimulation with Ang II +/— trametinib. (A) Upper panel: representative
time course curve of ECAR of HSVSMCs from T2DM patients treated with Ang II (100 nM) +/—
trametinib (10 nM) and untreated control from diabetic patients. Lower panel: comparative analysis of
normalised peak ECAR between treatment groups and untreated control at basal glycolysis, and after
addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are presented
as mean + SEM from n = 4 biological replicates using HSVSMC samples from different T2DM patients.
(B) Upper panel: representative time course curve of ECAR of HSVSMCs from non-diabetic patients
treated with Ang II (100 nM) +/— trametinib (10 nM) and untreated control from non-diabetic
patients. Lower panel: comparative analysis of normalised peak ECAR between treatment groups
and untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration
and the uncoupler. Normalised data are presented as mean & SEM from n = 4 biological replicates
using HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak
ECAR of unstimulated and PDGF-BB-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean & SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figure 10 (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidak’s post hoc tests to determine significant differences between
means. * p < 0.05; ** p < 0.01. ns: not significant; Ang II: Angiotensin II; A: resting ECAR; B:
oligomycin-induced ECAR; C: ECAR response to uncoupling; D: non-mitochondrial ECAR; ECAR:
extracellular acidification rate.
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Figure 11. Mitochondrial stress analysis to determine the OCR of HSVSMCs from T2DM and non-
T2DM patients after stimulation with thrombin +/— trametinib. (A) Upper panel: representative
time course curve of OCR of HSVSMCs from T2DM patients treated with thrombin (1 U/mL) +/—
trametinib (10 nM) and untreated control from diabetic patients. Lower panel: comparative analysis
of normalised peak OCR between treatment groups and untreated control at basal glycolysis, and after
addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are presented
as mean + SEM from 1 = 4 biological replicates using HSVSMC samples from different T2DM patients.
(B) Upper panel: representative time course curve of OCR of HSVSMCs from non-T2DM patients
treated with thrombin (1 U/mL) +/— trametinib (10 nM) and untreated control from non-diabetic
patients. Lower panel: comparative analysis of normalised peak OCR between treatment groups and
untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration
and the uncoupler. Normalised data are presented as mean & SEM from n = 4 biological replicates
using HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak
OCR of unstimulated and thrombin-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean & SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figure 11 (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidék’s post hoc tests to determine significant differences between
means. * p < 0.05. ns: not significant; ECAR: extracellular acidification rate.

3.9. Effect of Thrombin on ECAR of HSVSMCs from T2DM and Non-Diabetic Patients

Currently, there are no documented research findings highlighting the effects of the
MAPK/ERK pathway on ECAR of VSMCs despite the significance of ECAR as a tool for
measuring glycolytic flux in cells [38]. Therefore, we assessed the effect of thrombin +/—
trametinib on the ECAR of HSVSMCs from T2DM and non-diabetic controls. As shown in
Figure 12A, thrombin did not cause any significant alteration in the ECAR of HSVSMCs
from T2DM patients. However, trametinib significantly reduced resting ECARs, oligomycin-
induced ECAR, ECAR in response to uncoupling, and non-mitochondrial ECAR (p < 0.01
with or without thrombin, 1 = 4) in HSVSMCs from T2DM patients (Figure 12A). Similarly,
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in HSVSMCs from non-diabetic patients, while there was no significant alteration in ECAR
after thrombin stimulation, trametinib significantly reduced the OCRs at resting ECAR
(p < 0.01 with or without thrombin, n = 4), ECAR in response to uncoupling (p < 0.05
with or without thrombin, n = 4), and non-mitochondrial ECAR (p < 0.05 with thrombin,
n =4) in HSVSMCs from non-diabetic patients (Figure 12B). Also, the ECAR in response
to uncoupling in thrombin-stimulated HSVSMCs from T2DM patients was significantly
higher when compared with those from non-diabetic patients (p < 0.05, n = 4; Figure 12C).
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Figure 12. Mitochondrial stress analysis to determine the ECAR of HSVSMCs from T2DM and

non-T2DM patients after stimulation with thrombin +/— trametinib. (A) Upper panel: representative

time course curve of ECAR of HSVSMCs from T2DM patients treated with thrombin (1 U/mL) +/—

trametinib (10 nM) and untreated control from diabetic patients. Lower panel: comparative analysis of
normalised peak ECAR between treatment groups and untreated control at basal glycolysis, and after
addition of inhibitors of mitochondrial respiration and the uncoupler. Normalised data are presented

as mean + SEM from n = 4 biological replicates using HSVSMC samples from different T2DM patients.
(B) Upper panel: representative time course curve of ECAR of HSVSMCs from non-diabetic patients
treated with thrombin (1 U/mL) +/— trametinib (10 nM) and untreated control from non-diabetic
patients. Lower panel: comparative analysis of normalised peak ECAR between treatment groups
and untreated control at basal glycolysis, and after addition of inhibitors of mitochondrial respiration
and the uncoupler. Normalised data are presented as mean £ SEM from n = 4 biological replicates
using HSVSMC samples from different non-diabetic patients. (C) Comparison of normalised peak
ECAR of unstimulated and thrombin-stimulated HSVSMCs from T2DM patients versus non-diabetic
control. Normalised data are presented as mean & SEM and statistical significance was assessed
using an independent t-test, n = 4 biological replicates using HSVSMC samples from different T2DM
and non-diabetic patients. In the lower panels of Figure 12 (A,B), normalised data from different
treatment conditions were compared with data from the normalised untreated control. Statistical
significance was assessed using an independent t-test and both one-way and two-way ANOVA,
followed by Dunnett’s and Holm-Sidék’s post hoc tests to determine significant differences between
means. * p < 0.05; ** p < 0.01. ns: not significant; A: resting ECAR; B: oligomycin-induced ECAR;
C: ECAR response to uncoupling; D: non-mitochondrial ECAR; ECAR: extracellular acidification rate.
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3.10. mtDNA Expression in HSVSMCs from T2DM and Non-Diabetic Patients After Treatment
with Ang Il and Thrombin +/— Trametinib

Ang II caused a significant increase in the OCR of HSVSMCs from T2DM at maximal
respiration (p < 0.05 versus HSVSMCs from non-diabetic patients, n = 4; Figure 8C). Also,
the OCR of HSVSMCs from T2DM patients, but not from non-diabetic patients, was
significantly increased by thrombin (Figure 11). It was therefore important to determine
whether this could be explained by an increase in mitochondria number in response to
stimulation by Ang II and thrombin. Therefore, the expression of the mitochondrially
encoded gene for COI after treatment with Ang II and thrombin +/— trametinib was
determined using qPCR [35,36].

As shown in Figure 13A, there was no significant difference in mtDNA expression
in HSVSMCs from T2DM patients after treatment with Ang Il +/— trametinib compared
with the untreated control. Also, in the HSVSMCs from non-diabetic patients, there was
no significant difference in mtDNA expression after treatment with Ang II+/ — trametinib
compared with the untreated control (Figure 13B). Comparison between HSVSMCs from
T2DM patients versus the non-diabetic control treated with Ang II +/— trametinib showed
no significant difference (Figure 13C). As shown in Figure 13D, there was no significant
difference in mtDNA expression in HSVSMCs from T2DM patients after treatment with
thrombin +/— trametinib compared with the untreated control. There was also no sig-
nificant difference in mtDNA expression in HSVSMCs from non-diabetic patients after
treatment with thrombin +/— trametinib compared with the untreated control (Figure 13E).
Also, comparison between HSVSMCs from T2DM patients versus the non-diabetic control
treated with thrombin +/— trametinib showed no significant difference (Figure 13F).
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Figure 13. mtDNA expression in HSVSMCs from T2DM and non-diabetic patients after treatment
with Ang IT and thrombin +/— trametinib. mtDNA expression of the mitochondrially encoded
gene for COI as a marker of mtDNA expression in response to stimulation by Ang II and thrombin.
Top panel: (A) T2DM patients, (B) non-diabetic patients, and (C) comparison between T2DM patients
versus non-diabetic control treated with Ang II (100 nM) +/ — trametinib (10 nM). Bottom Panel:
(D) T2DM patients, (E) non-diabetic patients, and (F) comparison between T2DM patients versus non-
diabetic control treated with thrombin (1 U/mL) +/— trametinib (10 nM). All data were normalised
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to 18S, and normalised data from different treatment conditions were compared with data from the
normalised untreated control for statistical difference. Data are presented as mean = SEM from
n = 4 experiments using HSVSMC from different patients. Statistical significance was assessed
using an independent f-test and both one-way and two-way ANOVA, followed by Dunnett’s and
Holm-Sidék’s post hoc tests to determine significant differences between means. ns: not significant;
Ang II: Angiotensin II.

4. Discussion

VSMCs have garnered attention as a possible target to treat vascular pathologies
due to their role in neointima hyperplasia (NIH) and venous graft stenosis [39—42]. More
so, HSV wall thickening is caused by the HSVSMCs shifting from a differentiated to a
dedifferentiated phenotype, resulting in uncontrolled cell migration and proliferation re-
sponsible for long-term VGF [43]. The rate of VGF after 10 years is about 50% and is
suggested to be worse (70%) in T2DM patients [44,45]. Furthermore, it has been established
that VSMCs from T2DM patients exhibit unique functional characteristics and are more
migratory than those of non-diabetic controls [5,6]. Additionally, there is evidence that
T2DM triggers changes in the mitochondrial function of VSMCs of mice [46]. However,
for HSVSMCs—important cells linked to the vascular dysfunction causing saphenous
VGF—the effects of T2DM on the mitochondrial function and potential downstream sig-
nalling mechanisms that regulate these processes are unknown. Hence, our findings have
highlighted some of the downstream signalling pathways that are involved in regulating
these mitochondrial functions alongside possible effects of T2DM on these functions.

While it is well established that the levels and activities of proinflammatory cytokines
such as IL-6 are increased in T2DM [47], the exact impact on mitochondrial OCR and
ECAR in VSMCs—and, specifically, HSVSMCs—is unclear. Our study has now shown that
IL-6/sIL-6R« increases mitochondrial respiration through the JAK/STAT pathway, as the
IL-6/sIL-6Ra-induced increase in the OCR of HSVSMCs from T2DM but not non-diabetic
patients was abolished by JAK1/2-selective inhibitor ruxolitinib (Figure 2). Ruxolitinib
also caused a reduction in the basal OCR of HSVSMCs from both T2DM and non-diabetic
patients (Figure 2). The JAK/STAT pathway is an emerging target in inflammation, a
major feature of cardiovascular diseases. Hence, anti-inflammatory drugs are increasingly
being considered in the management of cardiovascular events, including those resulting
from vascular dysfunction [48]. For instance, current available treatments for pulmonary
hypertension (PH), which is caused by remodelling of the pulmonary arteries marked
by endothelial dysfunction and proliferation of smooth muscle cells, are vasodilatory
drugs, which do not stop disease progression [48]. It has been well demonstrated that
the JAK/STAT molecular pathway plays an essential role in the vascular remodelling
linked to pulmonary hypertension [49]. Interestingly, our results showed that stimulation
of HSVSMCs with IL-6/sIL-6Ro did not significantly modify the ECAR of HSVSMCs
from either T2DM or non-diabetic patients, suggesting that glycolysis is unaffected by
the JAK/STAT pathway. The reason for this is still unclear; however, it has been shown
that IL-6/sIL-6R« shifted the control for ATP synthesis towards processes that generate
the mitochondrial membrane potential [50]. This suggests that IL-6/sIL-6Rx induces a
metabolic state where cellular functions are limited by the mitochondrial energy supply,
limiting the conversion of glucose to lactate, which determines ECAR [50]. However, it is
important to acknowledge that ECAR in this assay is not a pure or calibrated readout of
glycolytic flux. Nonetheless, it remains a valid indicator of the compensatory metabolic
response to mitochondrial perturbation. The differences in ECAR dynamics observed there-
fore likely reflect underlying alterations in metabolic plasticity; specifically, the capacity to
shift between oxidative and glycolytic ATP production in cells from patients with diabetes.
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Similarly, PDGF-BB increased the OCR of HSVSMCs from T2DM patients at basal
and maximal respiration and these were again both abolished by ruxolitinib (Figure 4),
which suggests that the modulation of mitochondrial respiration by PDGF-BB is also JAK
1/2-dependent. Conversely, there was no significant increase in the OCR of HSVSMCs from
non-diabetic subjects in response to PDGF-BB (Figure 4). Also, in both HSVSMCs from
T2DM and non-diabetic patients, ruxolitinib caused a significant reduction in the basal and
PDGF-stimulated OCR under all conditions (Figure 4). The importance of mitochondrial
metabolism as a key regulator of cell growth and proliferation is becoming increasingly
appreciated [51]. Increased glycolysis and glutamine usage are seen in rapidly dividing
cells, which contribute to the production of energy, reducing equivalents, and the carbon
and nitrogen building blocks necessary for daughter cell synthesis [51]. Growth factors
like PDGF have been found to boost glycolysis and mitochondrial activity in rat aortic
VSMCs [52]. Additionally, studies on pre-clinical models and human pulmonary arterial
SMCs have demonstrated that VSMCs have greater rates of glycolysis [53,54]. These studies
also indicated a role for mitochondrial fission in pulmonary arterial SMC proliferation,
with pulmonary arterial SMC mitochondria in cellular and pre-clinical pulmonary arterial
hypertension (PAH) models found to be dysmorphic and hyperpolarised [53,54]. While
little is known about how mitochondrial structure controls the phenotypic and metabolic
properties of HSVSMCs, it has been demonstrated that such changes in mitochondrial
morphology have a direct impact on cell differentiation and proliferation of rat aortic
SMCs [55,56]. Furthermore, despite numerous studies that have linked PDGF to vascu-
lar dysfunction [56-60], a role for PDGF in mitochondrial respiration and its metabolic
components has not yet been investigated in HSVSMCs. The significance of our findings
is highlighted by the discovery that PDGF-BB can control mitochondrial respiration in
HSVSMCs via the JAK/STAT pathway, which is less well-known for PDGF’s downstream
activity than other pathways such as ERK1,2 and Akt [61].

Conversely, ruxolitinib reduced ECAR in HSVSMCs from both T2DM and non-diabetic
patients (Figures 3 and 4) and also abolished the PDGF-BB-induced increase in ECAR in
HSVSMCs from T2DM patients (Figure 4). These findings suggest a JAK-mediated modu-
lation of mitochondrial glycolysis of HSVSMCs. The JAK/STAT pathway is an established
therapeutic target for immune and inflammatory conditions that promote several CVDs [48].
Furthermore, emerging findings have suggested that patients with PAH of different types
have pulmonary arteries with overactive JAK/STAT pathways [49,62]. Additionally, sev-
eral cytokines, including IL-6, IL-13, and IL-11, as well as growth factors, including PDGF,
VEGEF, and TGFf31, activate the JAK/STAT pathway and trigger pulmonary remodelling,
which contributes to the onset of PAH [49]. Therefore, targeting the cellular signalling
pathways implicated in vascular dysfunction to prevent vascular remodelling may also be
a viable option for preventing VGFE.

Furthermore, our results showed that Ang II did not cause any noticeable alteration
in OCR of HSVSMCs from both T2DM and non-diabetic patients. However, trametinib
reduced OCR at basal and maximal respiration of HSVSMCs from both T2DM and non-
diabetic patients (Figure 8). This suggests that mitochondrial respiration can be modulated
through the ERK1,2 signalling pathway. Furthermore, the OCR of HSVSMCs from T2DM
and non-diabetic patients did not significantly differ from each other in either the absence or
presence of Ang II (Figure 8). While we have described this in HSVSMCs for the first time,
it was previously demonstrated that Ang II caused a reduction in the OCR of HUVECs [63].
In this study [63], it was shown that Ang II reduced OCR at basal and maximal respiration
compared with the control group. The explanation for this is unclear at this time.

In addition, the ERK1,2 pathway can indirectly modulate cellular metabolic homeosta-
sis through tumour-suppressor liver kinase Bl-induced activation of AMPK, a crucial regu-
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lator of energy homeostasis, under low-energy situations in most cellular contexts [64,65].
When activated, AMPK blocks most of the biosynthetic pathways required for cell growth,
reducing ATP utilisation, and activates catabolic pathways that produce ATP, enabling cells
to restore energy equilibrium [65]. Furthermore, it has been shown that Ang II decreased
the OCR of mitochondria isolated from the kidney cortex of both non-diabetic controls
and type 1 diabetic rats via AT2 receptor-mediated nitric oxide release [66]. It was further
demonstrated in this study that whereas Ang II increases the OCR at mitochondria leak
respiration in diabetic animals via AT1 receptors, AT1 receptors do not influence mitochon-
dria function in control mice [66]. Together, these findings suggest that while Ang II can
elicit its effects on mitochondrial function activity through multiple signalling pathways, in
the current study we have looked specifically at the effect of Ang II as a known activator
of ERK1,2 signalling in HSVSMCs, where it did not cause any significant alteration in the
OCR in cells from T2DM or non-diabetic patients. Also, while there were no significant
alterations in the ECAR of HSVSMCs from both T2DM and non-diabetic patients after
stimulation with Ang II, trametinib caused a significant reduction in ECAR in HSVSMCs
from both T2DM and non-diabetic patients (Figure 10).

We also found that thrombin significantly increased the OCR in HSVSMCs from T2DM
but not non-diabetic patients, and that this was attenuated by trametinib (Figure 13). Direct
comparison of the OCR of HSVSMCs from T2DM and non-diabetic patients revealed that
thrombin significantly increased the OCR of HSVSMCs from T2DM patients compared
to non-diabetic control subjects at maximal glycolysis and spare capacity (Figure 11). In
addition, trametinib reduced basal OCR in HSVSMCs from both T2DM and non-diabetic
patients (Figure 11). Previous findings have revealed that thrombin triggered a signifi-
cant rise in OCR in platelets [67,68]. While these two studies used platelets from healthy
donors [67,68], similar studies using unstimulated platelets from T2DM patients indicated
reduced OCR when compared with those from healthy donors [69]. We have now demon-
strated an increase in the OCR of HSVSMCs from T2DM patients, but not non-diabetic
patients, following thrombin stimulation. The fact that trametinib attenuated this increase
in OCR suggests that thrombin elicited its effect through the ERK1,2 pathway, although the
underlying mechanism is not entirely clear.

Trametinib, the MEK1/2 inhibitor employed in this study not only abolished the
thrombin-induced increase in the OCR of HSVSMCs from T2DM patients but also reduced
the OCR of HSVSMCs from both T2DM and non-diabetic patients. Trametinib binds to
unphosphorylated MEK1/2 preferentially, blocking Raf-dependent phosphorylation and
activation of MEK [70]. While it might be premature to assume that the ability of trametinib
to abolish the MEK-mediated increase in OCR in HSVSMCs from T2DM patients would
be of any clinical benefit, trametinib used alone or in combination with B-Raf inhibitor
dabrafenib is, however, a clinical tool used to manage malignant melanoma driven by
constitutively active Val600Glu- and Val600Lys-mutated B-Raf [71]. Dabrafenib binds the
ATP binding site of the mutated B-Raf protein, specifically the Val600Glu mutation. This
inhibits the kinase activity of B-Raf and ultimately ERK1,2, resulting in programmed cell
death [72].

It has long been recognised that mitochondrial dysfunction contributes significantly to
the underlying pathogenesis of a number of age-related diseases, including cancers, CVDs
and neurodegenerative diseases [73-75]. Hence, mtDNA expression is increasingly used to
evaluate the role of mitochondria in diseases as its measurement is a straightforward proxy
for mitochondrial function [73,74]. Furthermore, mtDNA expression levels offer direct
insights into a cell’s metabolic activity, energy generation capacity, and general mitochon-
drial health because it encodes crucial protein subunits for the respiratory chain [73,74].
Additionally, mtDNA expression provides an opportunity to determine changes not only
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in disease conditions but also as a genetic marker [73]. In this study, we used mtDNA
expression to investigate whether the observed alterations in OCR and ECAR detected in
HSVSMCs from T2DM patients after the activation of the JAK/STAT and the MAPK/ERK
signalling pathways were caused by an increase in mtDNA expression or by other factors
that are unknown but may be related to T2DM. From our findings, there were no significant
changes in mtDNA expression after treatment with the different treatment conditions, and
when compared between T2DM patients and non-T2DM controls (Figures 6 and 13). These
data therefore suggest that the observed changes in OCR relate to increased metabolic
activity by the mitochondria. Therefore, while it is not entirely clear, the observed increase
in OCR and ECAR in HSVSMCs from T2DM patients and not from non-diabetic controls
could be due to the T2DM status. However, while mtDNA expression, the proxy we used
in this study, is very useful as an indicator of mitochondrial function, we acknowledge that
determining the mtDNA copy number would have been more appropriate [76]. This is
because mitochondria are capable of producing an excess of transcripts that are controlled
and maintained post-transcriptionally, and often RNA levels and final protein output do
not always correlate [77].

In summary, understanding any link between T2DM and compromised vascular func-
tion, specifically in autologous saphenous veins used as conduits in bypass surgery in
T2DM patients, is critical to improving vein graft patency and patient outcomes. Our study
has identified downstream signalling pathways that regulate mitochondrial function in
HSVSMCs and described how T2DM may modify these functions. The significance of these
findings lies in the fact that proliferation and migration of vascular cells, including SMCs,
have been linked to vascular remodelling and restenosis responsible for VGF. Furthermore,
SMCs from T2DM patients have been shown to be more migratory than those from non-
diabetic patients [5,6]. Taken together, because increased oxygen and enhanced glycolysis
are required to generate more ATP to drive these cellular processes, identifying the path-
ways through which this can be effectively modulated is significant for the development of
novel therapeutic opportunities to limit vein graft failure. Given the clinical relevance of
our findings and the potential for the identified pathways to be targets to improve vein graft
potency, we acknowledge that further investigations will be required to strengthen these
initial findings. For example, determining whether these variations result from modified
receptor expression, increased STAT3 or ERK1/2 activation, modifications to mitochondrial
priming, or other metabolic adaptations linked to diabetes would be useful. Furthermore,
investigating potential downstream mediators of mitochondrial regulation, such as mito-
chondrial STAT3, as well as changes in ATP synthesis, electron transport chain activity, and
mitochondrial membrane potential, would be useful to establish the MAPK/ERK1,2 and
JAK/STAT signalling pathways as key targets to enhance vein graft patency.

5. Conclusions

Through this study, we have demonstrated a JAK- and MEK-mediated regulation of
mitochondrial function (OCR and ECAR) alongside a possible effect of T2DM on these
processes in HSVSMCs—key cells implicated in the vascular dysfunction that is responsible
for VGE. Our findings have therefore contributed to the body of knowledge identifying
possible novel glucose-dependent alterations that cause vascular dysfunction in T2DM
patients. These findings therefore offer a background and rationale for future investigations
to develop novel therapies to improve vein graft patency.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells15151402/s1, Table S1: Materials; Table S2: Patients’ charac-
teristics with medication history and sample ID number.
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Abbreviations

The following abbreviations are used in this manuscript:

AMPK Adenosine monophosphate-activated protein kinase
Ang II Angiotensin II

AT1 Angiotensin 1 receptor
AT2 Angiotensin 2 receptor
ATP Adenosine triphosphate
BCA Bicinchoninic acid

BSA Bovine serum albumin

CABG Coronary artery bypass graft

CAD Coronary artery disease

CVD Cardiovascular disease

DMEM Dulbecco’s modified Eagle medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPBS Dulbecco’s phosphate-buffered saline

ECAR Extracellular acidification rate

EDTA Ethylenediaminetetraacetic acid

ERK Extracellular signal-regulated kinase

FCCP Carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

HSVSMC  Human saphenous vein smooth muscle cell

HUVEC Human umbilical vein endothelial cell; IL-6, interleukin-6
JAK Janus kinase

MAPK Mitogen-activated protein kinase

NAD Nicotinamide adenine dinucleotide
NIH Neointimal hyperplasia

NOS Nitric oxide synthase

OCR Oxygen consumption rate

PAH Pulmonary arterial hypertension
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PBS Phosphate-buffered saline

PBST Phosphate-buffered saline with Tween® detergent
PDGF Platelet-derived growth factor

PH Pulmonary hypertension

sIL-6Ra Soluble interleukin-6 receptor

STAT Signal transducer and activator of transcription
T2DM Type 2 diabetes mellitus

TGF Transforming growth factor

VEC Vascular endothelial cell

VGF Vein graft failure

VSMC Vascular smooth muscle cell
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Highlights

What are the main findings?

o  RES selectively induces exosomal MALAT1 secretion in human atrial fibroblasts (HCF-
aa), which acts as a competing endogenous RNA (ceRNA) to putatively sequester
miR-204-5p, thereby de-repressing LC3B expression and activating autophagy.

e  Luciferase reporter assays, gain- and loss-of-function experiments, and immunofluo-
rescence confocal microscopy confirm a MALAT1/miR-204-5p/LC3B signaling axis
as a mechanistic driver of autophagic activation in atrial fibroblasts under rapid
electrical stress.

What are the implications of the main findings?

e  Exosomal MALAT1 extends its role as a master orchestrator of non-coding RNA
networks in atrial fibroblasts, adding regulation of autophagy to its previously estab-
lished functions in apoptosis (miR-499a-5p/SOX6) and electrical remodeling (miR-
1/Tbx18/Cx43).

e The MALAT1/miR-204-5p/LC3B axis represents a potential therapeutic target for
modulating autophagy-mediated atrial structural remodeling in atrial fibrillation.

Abstract

Background: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia
and is strongly associated with atrial structural remodeling driven by activated cardiac
fibroblasts. Autophagy has been implicated in AF-related atrial remodeling; however, the
non-coding RNA mechanisms that govern autophagic activation in atrial fibroblasts under
rapid electrical stress remain poorly understood. Methods: Human cardiac fibroblasts
from adult atria (HCF-aa) were subjected to rapid electrical stimulation (RES) at 0.5 V/cm
and 10 Hz. Expression levels of exosomal metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), cytoplasmic miR-204-5p, and microtubule-associated protein light
chain 3B (LC3B) were measured using quantitative real-time PCR and Western blot analyses.
Luciferase reporter assays were performed to confirm direct molecular interactions. The
functional roles of MALAT1 siRNA, miR-204-5p mimics/antagomirs, rapamycin, and 3-
methyladenine (3-MA) on LC3B expression and autophagic activation were assessed by
Western blot and immunofluorescence confocal microscopy for LC3B puncta formation.
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Results: RES significantly induced exosomal MALAT1 expression in a voltage- and time-
dependent manner, peaking at 2 h post-stimulation, while cytoplasmic MALATTI levels
remained unchanged. Cytoplasmic miR-204-5p exhibited an initial transient rise followed
by a significant decline at 2 h, inversely correlating with peak MALAT1 levels. LC3B
mRNA and protein expression subsequently increased, peaking at 6 and 16 h, respectively.
Luciferase reporter assays confirmed that miR-204-5p directly binds both the MALAT1
transcript and the 3’-UTR of LC3B mRNA. MALAT1 knockdown augmented miR-204-
5p levels and suppressed LC3B expression, while miR-204-5p overexpression attenuated
RES-induced LC3B upregulation and LC3B puncta accumulation. Conversely, miR-204-5p
inhibition further enhanced autophagic activation, as evidenced by increased LC3B puncta
density. Conclusions: In HCF-aa subjected to RES, MALAT1 functions intracellularly as a
competing endogenous RNA to putatively sequester miR-204-5p, thereby de-repressing
LC3B expression and promoting autophagic activation. Concurrent exosomal secretion of
MALAT1 may additionally serve as a paracrine signal to neighboring cells, though this
requires future conditioned-media transfer experiments to confirm.

Keywords: atrial fibrillation; MALAT1; miR-204-5p; LC3B; autophagy; rapid electrical
stimulation; exosome; competing endogenous RNA

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in clinical
practice, affecting over 33 million individuals worldwide and carrying a substantially
elevated risk of stroke, heart failure, and overall mortality [1]. Tachycardia-induced atrial
structural and electrical remodeling are two cardinal features of AF pathogenesis [2]. Car-
diac fibroblasts, long regarded as passive structural sentinels, are now recognized as active
participants in atrial remodeling through fibroblast-myocyte coupling, whereby electrically
silent fibroblasts modulate cardiomyocyte action potentials, thereby perpetuating the ar-
rhythmogenic substrate [3]. Rapid electrical stimulation (RES) of human cardiac fibroblasts
from adult atria (HCF-aa) has been established as a validated in vitro model that faithfully
recapitulates key features of AF-associated fibroblast activation [4,5].

Recent studies have highlighted the pivotal role of long non-coding RNAs (IncRNAs)
and microRNAs (miRNAs) in the molecular regulation of AF [6]. Metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) is a highly conserved IncRNA that modu-
lates gene expression as a competing endogenous RNA (ceRNA), sequestering specific
miRNAs and thereby derepressing their target messenger RNAs [7]. Exosomes—nanoscale
extracellular vesicles that carry diverse non-coding RNA cargo and mediate intercellular
communication—play a critical role in transmitting MALAT1-mediated signals in cardio-
vascular biology [8]. We have previously demonstrated that RES of HCF-aa significantly
induces exosomal MALATT secretion, and that this exosomal MALAT1 sponges miR-499a-
5p to upregulate SOX6 expression and modulate fibroblast apoptosis [4]. In a related study,
we further showed that exosomal miR-1 released by RES-exposed HCF-aa represses Tbx18
and consequently upregulates connexin 43 (Cx43) expression [5]. These findings suggest
that exosomal MALAT1 orchestrates a broader non-coding RNA network in electrically
stressed atrial fibroblasts; however, additional downstream targets of this axis remain to
be identified.

MicroRNA-204-5p (miR-204-5p) has emerged as a clinically relevant miRNA in AF
and is significantly downregulated in the coronary sinus plasma of AF patients [9]. Mecha-
nistically, miR-204-5p functions as a potent suppressor of autophagy by directly targeting
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microtubule-associated protein light chain 3B (LC3B): seminal work demonstrated that
miR-204 binds the 3’-UTR of LC3B to inhibit autophagic activation, a finding subsequently
validated in cardiac ischemia—reperfusion models [10,11]. The conversion of cytosolic
LC3B-I to its lipidated autophagosome form, LC3B-1], is a defining hallmark of autophagy
activation and has been observed to be dysregulated in both human atrial tissues from AF
patients and in animal models of rapid atrial pacing, implicating autophagy as a potential
contributor to atrial electrical remodeling [12,13]. Despite these observations, whether
MALAT1 regulates miR-204-5p and thereby modulates LC3B-mediated autophagy in atrial
fibroblasts under conditions of rapid electrical stress has not been investigated.

The present study aims to elucidate a novel regulatory axis involving exosomal
MALAT1, miR-204-5p, and LC3B in HCF-aa subjected to RES. We hypothesize that RES-
induced exosomal MALAT1 putatively sequesters miR-204-5p, thereby derepressing LC3B
expression and activating autophagy in atrial fibroblasts. Elucidating this signaling cascade
may advance our understanding of AF pathogenesis and identify potential therapeutic
targets for atrial fibroblast-mediated remodeling.

2. Materials and Methods
2.1. Cell Culture of HCF-aa

Human cardiac fibroblasts-adult atrial (HCF-aa) were obtained from ScienCell Re-
search Laboratories (San Diego, CA, USA). These cells were cultured in fibroblast medium
supplemented with essential and nonessential amino acids, vitamins, hormones, growth
factors, and 2% fetal bovine serum. The medium was buffered with HEPES and bicarbonate
to maintain a stable pH of 7.4. The cells were incubated in a humidified 5% CO, atmosphere
at 37 °C to ensure optimal growth. For all experimental protocols, HCF-aa were used at
passages 3 to 6 to maintain phenotypic consistency.

2.2. In Vitro Rapid Electrical Stimulation (RES)

The HCF-aa were subjected to RES using an established protocol. Upon reaching con-
fluence, the culture medium was replaced with serum-free Fibroblast Medium (ScienCell,
Cat No: 2301, Carlsbad, CA, USA) for 6 h prior to stimulation. Cells were then transferred
to an EPS-01 culture pacer dish (BioEast, Taipei, Taiwan) equipped with parallel platinum
electrodes to prevent electrolysis. The RES was delivered as a unipolar square waveform
at 10 Hz (duration, 50 ms; interval, 50 ms). A voltage gradient of 0.5 V/cm was applied.
Control cells were maintained under identical conditions without electrical stimulation.

2.3. Extraction of Exosomes from Cell Media

Exosomes were isolated from cell culture media using the Total Exosome Isolation
Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s guidelines. Briefly, the cell-free media were centrifuged at 2000x g for 30 min to
remove cellular debris. The resulting supernatant was mixed with the isolation reagent at a
2:1 ratio and incubated overnight at 4 °C. The mixture was then centrifuged at 10,000 g
for 1 hat4 °C. The exosome pellet was resuspended in phosphate-buffered saline (PBS) and
quantified using an ExoQuant™ quantification assay kit (BioVision, Milpitas, CA, USA).

Using this protocol, isolated vesicles have previously been confirmed to fall within the
expected exosomal size range of 50-150 nm, and exosomal identity has been validated by
CD9 and CD81 Western blots in our prior publications employing the same isolation plat-
form. Comprehensive characterization per MISEV2023 guidelines, including nanoparticle
tracking analysis, transmission electron microscopy, and full tetraspanin marker profiling,
was not performed in the present study and is acknowledged as a limitation [14].

https://doi.org/10.3390/cells15121126
54



Cells 2026, 15, 1126

2.4. Reverse Transcription and Real-Time Quantitative PCR

Total cytoplasmic RNA was extracted using TRIzol reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. For exosomal
RNA extraction, the Total Exosome RNA and Protein Isolation Kit (Invitrogen, Thermo
Fisher Scientific) was used as previously described. Prior to RNA extraction, exosome
quantity was standardized across all experimental conditions using the ExoQuant™ quan-
tification assay kit (BioVision, Milpitas, CA, USA) to ensure equal exosome input. RNA
quality of each exosome preparation was confirmed using a BiOptic Qsep100 analyzer
(BiOptic Inc., Taipei, Taiwan) with an RNA cartridge kit; all samples were analyzed in
duplicate, and electropherogram profiles were generated to verify RNA integrity before
proceeding to reverse transcription.

Reverse transcription of total RNA was performed using random hexamers and
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA). Quantitative PCR was conducted using Fast SYBR® Green
Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) on an ABI
StepOnePlus cycler with the following cycling conditions: 95 °C for 15 min, followed by
40 cycles of 94 °C for 155, 55 °C for 30 s, and 70 °C for 30 s.

Relative gene expression levels were calculated using the 274¢T

method, where
ACT = CT(target gene) — CT(control condition), as previously described. All expression
values are presented as fold-change relative to the unstimulated control group, which was
assigned a reference value of 1.0. This method normalizes expression to the matched exper-
imental control condition and does not require a housekeeping gene, consistent with the ap-
proach used in our prior peer-reviewed work employing the same experimental platform.

2.5. Construction of Expression Vectors and Transfection

To confirm the direct interaction between miR-204-5p and MALAT1, a 500 bp hu-
man MALAT1 DNA fragment encompassing the predicted miR-204-5p binding site (nu-
cleotides 1650-1671; binding site sequence: 5-AAGAGUAGCAUGAGGAAGGAAA-3')
was artificially synthesized and cloned into a pUC57 intermediate vector. The insert was
subsequently digested with restriction enzymes and ligated into the pmirNanoGLO lu-
ciferase reporter vector (Promega, Madison, WI, USA) to generate the wild-type MALAT1
reporter construct. Similarly, a 500 bp human LC3B 3’-UTR fragment encompassing
the predicted miR-204-5p binding site (nucleotides 41-62; binding site sequence: 5'-
UUACCAAGGAAAAAAAAGGGAU-3') was cloned using the same strategy. Mutant
constructs were generated by site-directed mutagenesis of the conserved miR-204-5p bind-
ing sites within each 500 bp fragment. All cloned plasmids were confirmed by DNA
sequencing. This approach was performed as previously described.

Cells were transfected at 60-75% confluence using ViaFect™ Transfection Reagent
(Promega) or Lipofectamine RNAiMax (Thermo Fisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturer’s protocols. The miR-204-5p mimics (5'-UUCCCUUUGUCAUC
CUAUGCCU-3'), antagomirs (5'-AGGCAUAGGAUGACAAAGGGAA-3'), and MALAT1
siRNA (Cat. no. 4392420, Thermo Fisher Scientific) were delivered by transfection as
specified for each experimental condition.

2.6. Luciferase Activity Assay
2.6.1. 3’-UTR Luciferase Binding Assay

To confirm direct miR-204-5p binding to MALAT1 and the LC3B 3'-UTR, the 500 bp
wild-type and mutant reporter constructs described in Section 2.5 were cloned into the
pmirNanoGLO dual luciferase reporter vector (Promega, Madison, WI, USA), as previously
described. HCF-aa were co-transfected with reporter plasmids and miR-204-5p wild-type
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or mutant mimics using ViaFect™ Transfection Reagent (Promega). After 24 h, luciferase ac-
tivity was measured using the Nano-Glo Dual-Luciferase Reporter Assay System (Promega)
on a Glomax Multi Detection System luminometer (Promega). Firefly luciferase activity
was normalized to Renilla luciferase activity to control for transfection efficiency. This
assay evaluates miRNA-mediated post-transcriptional repression via direct 3'-UTR binding,
rather than transcriptional activity.

2.6.2. Promoter Activity Assay

To evaluate transcriptional regulation, human promoter constructs were generated
and ligated into the pGL3-basic luciferase plasmid vector (Mission Biotech, Taipei, Taiwan).
Plasmids were transfected into HCF-aa using ViaFect™ Transfection Reagent (Promega).
Luciferase activity was measured as previously described to determine promoter-driven
transcriptional activity in response to RES and molecular interventions. This assay is
entirely independent of the 3/-UTR binding system described in Section 2.6.1.

2.7. Western Blot Analysis

Cells were harvested by scraping and centrifuged at 300x g for 10 min at 4 °C. The re-
sulting pellet was resuspended, homogenized in RIPA Lysis and Extraction Buffer (Thermo
Fisher Scientific, Rockford, IL, USA), and centrifuged at 14,000 x g for 15 min at 4 °C. Protein
content was determined using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules,
CA, USA). Equal amounts of protein (30 ug per lane) were loaded onto 15% sodium do-
decyl sulfate-polyacrylamide gels for optimal resolution of LC3B-I (~16 kDa) and LC3B-II
(~14 kDa), and subjected to electrophoresis. Proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (0.2 pm pore size; Merck Millipore, Darmstadt, Germany)
by wet transfer at 100 V for 90 min at 4 °C. Membranes were blocked with 5% non-fat
dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at room temperature,
followed by overnight incubation at 4 °C with primary antibodies against LC3B (Santa Cruz
Biotechnology, Cat. no. sc-271837, Dallas, TX, USA) and {3-actin (mouse monoclonal anti-3-
actin, Sigma-Aldrich, Saint Louis, MO, USA). After washing with TBST, membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room
temperature, and signals were detected using enhanced chemiluminescence (ECL) reagent
(Thermo Fisher Scientific). To ensure linearity of detection for LC3B-1/1I quantification, all
samples were confirmed to fall within the linear range of exposure prior to densitometric
analysis. Band densitometry was performed using Image] software (version 1.54; National
Institutes of Health, Bethesda, MD, USA). Equal protein loading was further verified by
quantifying (3-actin band intensity. The LC3B-1I/LC3B-I ratio, normalized to 3-actin, was
used as the primary metric for quantifying autophagy. The detailed procedure has been
described previously [4,15].

2.8. Immunofluorescence Staining

HCF-aa were fixed in 4% paraformaldehyde for 1 h and washed with PBS. The cells
were incubated with a primary antibody against LC3B at 4 °C for 12 h, followed by a
fluorescently conjugated secondary antibody for 1-2 h in the dark. Nuclei were stained
with DAPI, and the cytoskeleton was visualized with phalloidin. Samples were examined
using confocal microscopy, and at least three random fields were captured per sample to
quantify LC3B puncta density.

2.9. Statistical Analysis

Data are presented as mean =+ standard deviation (SD) from at least three independent
experiments. Statistical significance was assessed using one-way analysis of variance
(ANOVA), followed by Tukey—Kramer post hoc tests for multiple comparisons. A p-value
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of less than 0.05 was considered statistically significant. One-way ANOVA was applied
under the assumption of approximate normality, which is biologically justified for fold-
change expression data derived from independent controlled experiments, and is consistent
with our previously published methodology [4,15]. We acknowledge that formal normality
testing is not feasible with 1 = 3; non-parametric validation using the Kruskal-Wallis test
with larger sample sizes is recommended for future studies.

3. Results
3.1. RES Up-Regulates Exosomal MALAT1 Expression in a Dose- and Time-Dependent Manner

To investigate whether RES modulates MALAT1 secretion via exosomes, we per-
formed dose-response and time-course experiments in HCF-aa. As illustrated in Figure 1A,
exposure to RES at 0.5 V/cm and 10 Hz for 2 h resulted in a significant induction of
exosomal MALAT1 expression (2.7 =+ 2.4-fold relative to control, p < 0.001). In contrast,
lower (0.25 V/cm; 1.04 £ 0.09-fold) and higher (0.75 V/cm; 1.26 £ 0.18-fold) voltage
gradients did not significantly increase MALAT1 levels compared with the control group
(1.01 £ 0.06-fold). Based on these findings, a voltage intensity of 0.5 V/cm was selected for
all subsequent investigations.

The temporal dynamics of this induction followed a distinct bell-shaped pattern
(Figure 1B). While no significant change was observed at 0.5 h (0.92 £ 0.27-fold), exosomal
MALAT1 levels rose significantly at 1 h (1.97 £ 0.31-fold, p < 0.001) and reached a peak at2 h
post-stimulation (2.95 & 0.42-fold, p < 0.001). Following the peak, MALATT1 levels gradually
declined but remained significantly elevated through 8 h (1.51 £ 0.17-fold) compared to
the unstimulated control group (1.01 £ 0.05-fold).

3.2. Reciprocal Expression of miR-204-5p and LC3B in Response to RES

As shown in Figure 2A, cytoplasmic miR-204-5p expression exhibited a transient
increase at 1-h post-RES (1.83 £ 0.21-fold, p < 0.05), followed by a significant decline
at 2 h (0.84 &+ 0.11-fold, p < 0.05 vs. 1 h), falling below the control group’s baseline
(1.03 = 0.13). This reduction in miR-204-5p expression coincided precisely with the peak
levels of exosomal MALATT1 observed in Figure 1, supporting the hypothesis that MALAT1
acts as a ceRNA to putatively sequester miR-204-5p.

In parallel, we observed a delayed but robust induction of LC3B mRNA expression
(Figure 2B). Following the nadir of miR-204-5p at 2 h, LC3B mRNA levels began to rise
significantly at 4 h (2.09 £ 0.18-fold, p < 0.05 vs. control) and reached a peak at 6 h
(2.68 £ 0.34-fold, p < 0.05 vs. control). LC3B expression remained significantly elevated
(approximately 2.0-fold) through 24 h of continuous RES.

To confirm whether the RES-induced increase in LC3B mRNA translates to functional
protein expression, we performed Western blot analysis to detect LC3B-I and LC3B-II
levels in HCF-aa (original gel images are provided in Supplementary Figure S1; Figure 2C).
Consistent with our mRNA findings, RES elicited a robust, time-dependent accumulation of
LC3B protein (Figure 2D). While early stages of RES (1-2 h) showed only modest increases
(1.31 £ 0.06 and 1.41 & 0.15-fold, respectively), a significant induction was observed
starting at 4 h (1.75 £ 0.32-fold, p < 0.05 vs. control). Protein expression continued to rise,
reaching a peak at 16 h (2.71 & 0.24-fold) and maintaining a high plateau through 24 h
(2.60 + 0.27-fold).
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Figure 1. Rapid electrical stimulation (RES) induces the expression of exosomal MALAT1 in HCF-aa.
(A) Exosomal MALAT1 mRNA expression levels in HCF-aa subjected to RES at varying voltage
gradients (0.25, 0.5, and 0.75 V/cm) at 10 Hz for 2 h. (B) Time-dependent changes in exosomal
MALAT1 mRNA levels in HCF-aa exposed to RES (0.5 V/cm and 10 Hz) for 0.5 to 8 h. The control
group was cultured for 8 h without RES. Relative MALAT1 expression was determined by qPCR
and normalized to the control group. The open circles are the individual data points. Data represent
mean + SD (n = 3 per group). * p < 0.001 versus the control group.
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Figure 2. Rapid electrical stimulation (RES) modulates miR-204-5p, LC3B mRNA, and LC3B protein
expression in HCF-aa. (A) Time-course analysis of cytoplasmic miR-204-5p expression levels in
HCF-aa subjected to RES (0.5 V/cm, 10 Hz) for 1 to 24 h. (B) Quantitative expression of cytoplasmic
LC3B mRNA in HCF-aa under the same RES conditions. (C) Representative Western blot images
showing LC3B-I, LC3B-II, and B-actin in HCF-aa subjected to RES for 1 to 24 h; original gel images
are provided in Supplementary Figure S1. (D) Quantitative analysis of LC3B protein expression
(LC3B-1I/1I ratio) normalized to 3-actin. The open circles are the individual data points. The control
group was cultured for 24 h without RES. Data represent mean + SD (1 = 3 per group). * p < 0.05
versus the control group.

3.3. MALAT1 Regulates LC3B Expression by Sponging miR-204-5p

As shown in Figure 3A, while RES (0.5 V/cm, 10 Hz for 6 h) resulted in a moderate
increase in cytoplasmic miR-204-5p levels (1.36 & 0.07-fold vs. 0.91 & 0.17-fold in control),
the knockdown of MALAT1 using siRNA further augmented this expression significantly
(2.14 £ 0.28-fold, p < 0.05). This observation indicates that endogenous MALAT1 putatively
sequesters miR-204-5p during periods of electrical stress.
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Figure 3. MALATT1 acts as a ceRNA for miR-204-5p to regulate LC3B expression in HCF-aa under
RES. (A) Cytoplasmic miR-204-5p expression levels in HCF-aa subjected to RES (0.5 V/cm, 10 Hz
for 6 h) with or without MALAT1 siRNA or scramble siRNA transfection. (B) Relative LC3B mRNA
expression levels in HCF-aa under various experimental conditions, including treatment with ra-
pamycin (20 pM), miR-204-5p wild-type/mutant mimics, miR-204-5p antagomir, MALAT1 siRNA,
and 3-methyladenine (3-MA, 5 mM). The open circles are the individual data points. Data represent
mean + SD (n = 3). * p < 0.05 versus the control group.

RES induced a robust upregulation of LC3B mRNA (2.47 + 0.35-fold), comparable to
rapamycin (2.56 £ 0.25-fold) (Figure 3B). Transfection with miR-204-5p wild-type mimics
significantly attenuated the RES-induced increase in LC3B (1.47 + 0.26-fold), whereas the
mutant mimic had no significant effect (2.31 & 0.14-fold). Conversely, inhibition of miR-
204-5p with an antagomir further enhanced LC3B expression (2.89 & 0.46-fold). Crucially,
MALAT1 siRNA treatment effectively reversed the RES-induced upregulation of LC3B
(1.27 £ 0.12-fold), mimicking the effect of 3-MA (1.26 &£ 0.25-fold).

3.4. miR-204-5p Directly Binds to MALAT1 and the LC3B 3'-UTR

Sequence analysis revealed a predicted binding site for miR-204-5p on the MALAT1
transcript at nucleotides 1650-1671 (Figure 4A). Co-transfection with miR-204-5p wild-
type mimics significantly reduced the luciferase activity of the WT-MALAT1 construct to
0.506 £ 0.071-fold compared to the RES control group (1.011 £ 0.051-fold, p < 0.05). Impor-
tantly, the inhibitory effect of miR-204-5p was completely abolished when the predicted
binding site on MALAT1 was mutated (0.993 £ 0.072-fold), confirming that MALAT1 acts
as a direct molecular sponge for miR-204-5p.
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Figure 4. miR-204-5p directly targets MALAT1 and the 3/-UTR of LC3B mRNA. (A) Luciferase activity
of wild-type (WT) and mutant MALATT1 constructs in HCF-aa. The schematic illustrates the predicted
binding site of miR-204-5p on human MALAT1 (nucleotides 1650-1671). (B) Luciferase activity of
WT and mutant LC3B 3/-UTR constructs. The predicted miR-204-5p binding site within the 3’-UTR of
LC3B is at nucleotides 41-62. Luciferase activity was measured 24 h post-transfection and normalized
to control levels. The open circles are the individual data points. Data represent mean + SD (1 = 3).
*p <0.05 vs. RES group; # p < 0.05 vs. RES + miR-204-5p wild-type group.

Furthermore, the predicted miR-204-5p binding site within the 3’-UTR of LC3B was
located at nucleotides 41-62 (Figure 4B). MiR-204-5p mimics significantly suppressed lu-
ciferase activity in the WI-LC3B 3'-UTR, resulting in a 48% decrease (0.521 + 0.040-fold
vs. 1.001 %+ 0.091-fold in the control, p < 0.05). This suppression was reversed upon
mutation of the binding site (0.976 £ 0.098-fold).

3.5. The MALAT1/miR-204-5p Axis Is Essential for RES-Induced LC3B Protein Expression

As shown in Figure 5A, 16 h of RES significantly induced LC3B protein expres-
sion (2.36 £ 0.48-fold vs. 1.05 £ 0.06-fold in the control, p < 0.05), a response similar
to that of rapamycin (2.55 =+ 0.30-fold). The induction of LC3B was abolished by 3-MA
(1.04 £ 0.15-fold), confirming activation of the autophagic pathway.

The RES-induced upregulation of LC3B protein was significantly reversed by
transfection of miR-204-5p wild-type mimics (0.99 £ 0.14-fold) or MALAT1 siRNA
(0.86 = 0.01-fold), whereas miR-204-5p mutant mimics had no significant effect
(2.53 & 0.18-fold) (Figure 5B). Conversely, miR-204-5p antagomir further enhanced LC3B
protein levels (3.12 = 0.33-fold, p < 0.05). These protein-level findings are highly consistent
with our mRNA and luciferase data, suggesting that the cytoplasmic MALAT1 pool, replen-
ished in part through exosomal trafficking, is functionally important for LC3B-mediated
autophagic activation in RES-stimulated HCF-aa; whether exosomal MALAT1 additionally
acts as a paracrine mediator to recipient cells requires future conditioned media transfer
experiments to confirm.
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Figure 5. MALAT1 and miR-204-5p mediate RES-induced LC3B protein expression in HCF-aa.
(A) Representative Western blot analysis of LC3B-I, LC3B-II, and (-actin in HCF-aa under various
conditions after 16 h of RES (0.5 V/cm, 10 Hz). Conditions include control, RES alone, rapamycin
(20 uM), 3-MA (5 mM), miR-204-5p wild-type/mutant mimics, miR-204-5p antagomir, and MALAT1
siRNA. Original gel images are provided in Supplementary Figure S2. (B) Quantitative analysis of

LC3B protein levels (LC3B-1I/1I ratio) normalized to 3-actin. The open circles are the individual data
points. Data represent mean + SD (1 = 3). * p < 0.05 versus the control group.

3.6. RES Activates Autophagy as Evidenced by LC3B Puncta Accumulation

Immunofluorescence confocal microscopy was performed to quantify LC3B-positive
puncta—a well-established surrogate marker of autophagic flux [15]—in HCF-aa under
various experimental conditions (Figure 6). Under baseline conditions, HCF-aa exhibited
sparse LC3B signals (23.33 £ 8.82%/HPF). Rapamycin (20 uM) served as a positive control
and significantly increased LC3B-positive cells (76.08 &= 5.28% /HPEF, p < 0.05 vs. control).
Consistent with Western blot data, 16 h of RES markedly increased the proportion of LC3B-
positive cells (69.84 £ 2.75%/HPF, p < 0.05 vs. control), which was abolished by 3-MA
(21.19 £ 9.85%/HPEF).

Transfection with miR-204-5p wild-type mimic significantly attenuated RES-induced
LC3B puncta (13.93 £ 3.75%/HPF, p < 0.05 vs. RES alone). Conversely, miR-204-5p an-
tagomir further augmented LC3B accumulation (82.34 &+ 11.35%/HPF). Knockdown of
MALAT1 by siRNA markedly reduced RES-induced LC3B positivity (15.81 & 0.74%/HPF),
whereas scramble siRNA had no significant effect (73.15 & 5.78% /HPF). These morpho-
logical data provide direct visual evidence that the MALAT1/miR-204-5p signaling axis is
essential for RES-induced autophagic activation in atrial fibroblasts.
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Figure 6. The MALAT1/miR-204-5p axis regulates autophagic activation in HCF-aa under RES, as
assessed by LC3B immunofluorescence staining. Quantification reflects the percentage of LC3B-
positive cells per high-power field; a validated semi-quantitative metric applied consistently across all
experimental conditions. (A) Representative confocal microscopy images showing LC3B immunore-
active signals (green puncta, white arrows) in HCF-aa under the indicated conditions. Nuclei were
counterstained with DAPI (blue), and the cytoskeleton was visualized with phalloidin (red). Scale
bar = 20 um. (B) Quantitative analysis of LC3B-positive cells (% per high-power field, expressed as
fold of control). The open circles are the individual data points. Data represent mean + SD (n = 3 per
group). * p < 0.05 vs. control group.

4. Discussion

This study provides novel mechanistic insights into the molecular regulation of au-
tophagy in HCF-aa subjected to RES, focusing on the interplay among MALAT1, miR-
204-5p, and the autophagy marker LC3B. While MALAT1-mediated ceRNA regulation of
autophagy has been reported in other cellular contexts, including gastric cancer [16] and
macrophages under hyperglycemic conditions, the present study extends this regulatory
paradigm specifically to human atrial fibroblasts subjected to rapid electrical stimulation,
identifying the MALAT1/miR-204-5p/LC3B axis as a potential contributor to autophagy-
mediated atrial fibroblast remodeling in the context of AF.

The intracellular ceRNA mechanism is directly supported by MALAT1 siRNA rescue
experiments, demonstrating that reduction of the cytoplasmic MALAT1 pool elevates
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miR-204-5p and suppresses LC3B; exosomal MALATT1 secretion may additionally facilitate
paracrine signal propagation to neighboring cells, a mechanism validated in the same regu-
latory axis in our prior publication, and warrants further investigation through conditioned
media transfer experiments in future studies.

RES significantly increased exosomal MALAT1 expression in a voltage- and time-
dependent manner, peaking at two hours post-stimulation. Importantly, cytoplasmic
MALAT1 levels did not change significantly, indicating a selective mechanism for exosomal
packaging and secretion of MALAT1 in response to electrical stress [17]. MALAT1 has
previously been shown to respond to diverse cellular stresses, including hypoxia and
oxidative stress [8], and its rapid exosomal induction by RES suggests it may serve as an
early mediator of the fibroblast stress response.

The dynamic changes in miR-204-5p expression following RES are particularly note-
worthy. An initial transient upregulation at one hour was followed by a significant decline
at two hours, coinciding precisely with the peak of exosomal MALAT1—an inverse tempo-
ral relationship that strongly supports the ceRNA hypothesis. The luciferase reporter assays
provide direct molecular evidence, confirming that miR-204-5p binds to a specific site on
the MALAT1 transcript (nucleotides 1650-1671) and that mutation of this site abolishes the
inhibitory effect. MALAT1 knockdown with siRNA further corroborated the functional rele-
vance of this sponging relationship. The growing evidence that IncRNAs modulate miRNA
function through ceRNA competition [18] further supports the regulatory mechanism iden-
tified here. While luciferase reporter assays confirm direct miR-204-5p binding to MALAT1
and the LC3B 3'-UTR, they do not establish the physiological stoichiometric feasibility of
ceRNA competition; the relative intracellular abundance of MALAT1 versus miR-204-5p
was not quantified in this study, and future work measuring copy numbers per cell would
be required to formally validate the ceRNA model under physiological conditions.

Our findings regarding LC3B expression and autophagic activation further substanti-
ate the proposed regulatory axis. The upregulation of LC3B mRNA beginning at four hours
and peaking at six hours was temporally consistent with the prior decline in miR-204-5p.
The direct targeting of the LC3B 3/-UTR by miR-204-5p was confirmed by luciferase as-
say, establishing LC3B as a bona fide miR-204-5p target—consistent with seminal reports
demonstrating miR-204-mediated suppression of LC3B in renal carcinoma [10] and in
cardiomyocyte ischemia-reperfusion models [11]. Autophagic activation was further cor-
roborated by immunofluorescence confocal microscopy, demonstrating a marked increase
in cytoplasmic LC3B puncta density following RES [15]. Pharmacological modulation with
rapamycin and 3-MA provided directional support for autophagic involvement; however, 3-
MA exerts off-target inhibitory effects on both class I and class III PI3K and should therefore
be interpreted as a pharmacological comparator rather than an autophagy-specific inhibitor.
Future validation with more selective agents, such as chloroquine or ATG-targeted siRNA,
would be required to confirm pathway specificity.

The clinical implications of these findings are potentially significant. The MALAT1/
miR-204-5p /LC3B axis may represent a novel layer of fibroblast-specific regulation that
contributes to the autophagic remodeling of the atrial substrate during AF. Fibroblast
autophagy has been increasingly recognized as a determinant of fibroblast activation and
myofibroblast transdifferentiation [8] processes central to atrial fibrosis and perpetuation of
the arrhythmogenic substrate. Furthermore, exosomal MALAT1 may serve as a paracrine
signal transmitting autophagic cues from stressed fibroblasts to neighboring cardiomy-
ocytes [19].

Several limitations of the present study should be acknowledged. First, our experi-
ments were conducted exclusively in vitro using HCF-aa subjected to RES, which may not
fully recapitulate the complex in vivo fibrillating-atrium environment. Validation in animal
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models of AF and in human atrial tissue specimens will be necessary. Second, autophagic
activation was assessed by LC3B expression and accumulation of puncta by immunofluo-
rescence; direct ultrastructural confirmation by transmission electron microscopy was not
performed and represents an important direction for future work. Third, the downstream
consequences of LC3B-mediated autophagic activation for fibroblast function remain to be
determined in future co-culture and in vivo studies. Furthermore, autophagic flux was not
directly assessed using lysosomal inhibitors such as bafilomycin A1, nor was p62/SQSTM1
protein turnover measured; future studies incorporating these approaches will be necessary
to definitively distinguish autophagy induction from impaired autophagic clearance. Addi-
tionally, the causal role of exosomal MALAT1 as an intercellular paracrine signal was not
directly tested; experiments involving the transfer of conditioned media and the inhibition
of exosome uptake would be required to formally establish its functional delivery to recipi-
ent cells. In addition, exosome isolation was performed using a validated, commercially
available precipitation-based kit consistent with our previously published methodology [4];
however, comprehensive biophysical characterization, including nanoparticle tracking
analysis, transmission electron microscopy, and tetraspanin marker profiling (CD63, CD81,
TSG101), was not performed in accordance with MISEV2023 guidelines, and co-isolation
of non-vesicular particles cannot be formally excluded. Finally, although equal protein
loading was confirmed by Bio-Rad Protein Assay and LC3B values were normalized to
[-actin by Image] densitometry, minor inter-blot variability across independent replicates
is acknowledged; original unprocessed gel images are available upon request.

In conclusion, our study reveals a novel regulatory axis in which RES-induced ex-
osomal MALATT1, as a ceRNA, putatively sequesters miR-204-5p, thereby derepressing
LC3B expression and activating autophagy in atrial fibroblasts (Figure 7). These findings
advance our understanding of the regulation of non-coding RNA-mediated autophagy in
atrial fibroblasts under electrical stress and suggest that the MALAT1/miR-204-5p/LC3B
axis may serve as a potential therapeutic target for modulating autophagy-mediated atrial
structural remodeling.

Rapid Electrical Stimulation (RES)
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Figure 7. Schematic representation of the proposed molecular mechanism. Rapid electrical stim-
ulation (RES) of HCF-aa triggers significant upregulation of exosomal MALAT1. Within the RES-
stimulated HCF-aa, MALAT1 functions intracellularly as a ceRNA, potentially sequestering miR-204-5p.
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Concurrent exosomal secretion of MALAT1 may additionally serve as a paracrine mediator to neigh-
boring cells, pending confirmation by conditioned media transfer experiments. This sequestration
prevents miR-204-5p from binding to the 3/-UTR of LC3B mRNA, thereby relieving miR-204-5p-
mediated repression of LC3B expression. The resulting upregulation of LC3B activates autophagic
signaling in atrial fibroblasts subjected to rapid electrical stress.
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(time-course Western blot of LC3B-I and LC3B-II in HCF-aa subjected to RES for 1-24 h; n = 3 per
group); Figure S2: Original gel images used in Figure 5A (Western blot of LC3B-I and LC3B-II in
HCF-aa under various functional interventions after 16 h of RES; n = 3 per group).
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Abstract

Pathological cardiac hypertrophy is a critical factor leading to cardiomyopathy and ulti-
mately heart failure. While several signaling pathways controlling cardiac hypertrophy
have been identified, the molecular mechanisms underlying their precise regulation remain
incompletely understood. Strip1, a structural component of STRIPAK complexes, has been
implicated in various cellular functions; however, its role in cardiomyocytes is uncharac-
terized. Here we identify Strip1 as a potent anti-hypertrophic factor, controlling cell size
and the hypertrophic gene program in neonatal rat ventricular cardiomyocytes (NRVCMs).
STRIP1 expression was found to be significantly reduced in human dilated and ischemic
cardiomyopathies (DCM/ICM), as well as in murine stress model induced by transverse
aortic constriction (TAC). In a knockdown model with morpholino-driven STRIP1 reduc-
tion in zebrafish in vivo, impaired cardiac function and heart failure-like features were
observed. Interestingly, Strip1 localized to the nucleolus in NRVCMs, suggesting a putative
nuclear/epigenetic role in cardiomyocytes. Furthermore, our data support association of
Strip1 with cardiac STRIPAK complex, modulating kinase activities, including MST1/MST2
and MST4. Mechanistically, Strip1 appears to influence prohypertrophic signaling, includ-
ing Hippo- and Calcineurin/NFAT-related pathways, which may contribute to pathological
cardiac remodeling. Collectively, these findings establish Strip1 as an important modulator
of cardiomyocyte hypertrophy and a potential therapeutic target for cardiomyopathy and
heart failure.

Keywords: stripl; heart failure; cardiac hypertrophy; cardiomyopathy; STRIPAK; NRVCM;
nucleolus; in vitro; cardiac signaling

1. Introduction

Cardiac hypertrophy represents a fundamental adaptive response of the heart to
increased workload, aimed at maintaining function and reducing ventricular wall stress [1].
Physiological hypertrophy, as observed, e.g., in athletes, is beneficial and reversible [2]. In
contrast, pathological hypertrophy, triggered by chronic pressure overload, is a process
distinct in both morphology and molecular profile that often leads to heart failure and
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thus poses a major risk for cardiovascular morbidity and mortality [1,2]. It is driven by a
complex network of intracellular signaling pathways that remain incompletely understood,
highlighting the need to identify novel regulatory pathways that govern this pathological
progression [2,3].

Striatin-interacting phosphatase and kinase (STRIPAK) complexes represent evolu-
tionarily highly conserved multiprotein assemblies that have gained attention as critical
regulators of numerous physiological and pathological processes, including tumorgene-
sis, embryonic neural development, and vascular formation [4-6]. Recent evidence has
increasingly highlighted their importance in cardiac function, particularly in relation to
hypertrophy and heart failure [6]. Initial insights into the role of STRIPAK in cardiac func-
tion emerged from studies on its components, PP2A, striatins, and SLMAP [7-9]. Protein
phosphatase 2A (PP2A), which acts within the STRIPAK complex by restraining kinase
activity [6], has been identified as a key negative regulator of pathological cardiac remod-
eling, as transgenic mice overexpressing PP2A are protected from isoproterenol-induced
cardiac hypertrophy [9]. Furthermore, heterozygous gene deletion of Striatins in mice
identified them as inhibitors of angiotensin II-induced cardiac hypertrophy, while SLMAP
was shown to alter the structure of the sarcomeric reticulum and calcium uptake, thereby
regulating cardiac contractility [7,8].

We recently identified a STRIPAK member, MST4, as a novel cardiac kinase with
potential relevance in heart disease. While its role in cardiomyocytes had not been pre-
viously explored, we found MST4 to be highly enriched in rodent hearts and markedly
upregulated in human samples from patients with DCM. In NRVCMs, MST4 interacts with
STRIPAK components and localizes to the intercalated disc. Its overexpression induces car-
diomyocyte hypertrophy, enhances contractility, and reduces apoptosis. Phosphoproteomic
analyses revealed potential targets at the intercalated disc, supporting a role of MST4 in
regulating cardiomyocyte growth and survival in the context of cardiac remodeling [10]. In
addition to its role within STRIPAK complexes, MST4 has been shown to phosphorylate the
cytoskeletal protein Ezrin at Thr567, associated with changes in actin organization, which
is used as a readout of MST4 kinase activity [11].

Previously we also discovered striatin-interacting protein 2 (Strip2), which we termed
“myocardium-enriched, calcium channel-associated protein” (Myoscape), to play a key
role in cardiac structure and function, including regulation of cardiac hypertrophy and
contractility [12]. Myoscape deficiency in mice resulted in progressive heart failure charac-
terized by myocardial hypertrophy, accompanied by a significant reduction in fractional
shortening, the latter also occurring upon knockdown in zebrafish. Furthermore, a reac-
tivation of fetal gene expression (Nppa, Nppb) was observed [12], as well as increased
Calcineurin/NFAT signaling, both being associated with cardiac hypertrophy [13-15].
Moreover, Myoscape protein levels were found to be reduced by approximately 80% in my-
ocardial tissue from patients with DCM compared to nonfailing human control hearts [12].

Striatin-interacting protein 1 (Strip1), a paralog of Myoscape, plays important roles in
mammalian cells, regulating cellular signaling and actin cytoskeletal organization, affecting
cell morphology and migration, but its function in the heart remains unexplored [16,17].
As a central adaptor of the STRIPAK complex, Stripl connects STRIPAK components and
ensures the positioning of PP2A near its targets, including Hippo kinases (MST1/2) and
GCK III kinases (MST3/MST4), thereby playing a crucial role in their regulation [17-21].
MST1 and MST?2 are the key kinases of the Hippo pathway, which serves as a critical
regulator of organ size, cell proliferation, and tissue homeostasis [22]. Phosphorylation
of MOBI serves as a critical activation step for downstream Hippo signaling, as activa-
tion of the LATS-MOB1 complex ultimately leads to inactivation of the transcriptional
co-activators YAP and TAZ, which serve as the downstream effectors [23]. Moreover, for
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several members of the Hippo pathway, including MST1 [24], involvement in patholog-
ical cardiac processes has already been described in detail. [23]. Since Strip1 regulates
the aforementioned kinase activity in various non-cardiac cell types [6,17,18,20-22], we
investigated whether Strip1 influences these cardiac-relevant STRIPAK components and
Hippo pathway members in cardiomyocytes. We further assessed whether Strip1 serves a
functional role in regulating pathological cardiomyocyte hypertrophy. This study addresses
a key knowledge gap by exploring Strip1’s subcellular localization, its integration into
cardiac STRIPAK, as well as Hippo and Calcineurin/NFAT regulation and its potential role
as an anti-hypertrophic regulator.

2. Materials and Methods
2.1. Isolation and Culture of NRVCMs

NRVCMs were isolated from 1- to 2-day-old pooled male and female Wistar rats
(Charles River Laboratories, Sulzfeld, Germany). Left ventricles were minced in ADS buffer
(116 mM NaCl, 19.7 mM HEPES, 9.4 mM NaH,POy4-H,0O, 5.55 mM glucose, 5.36 mM KCl,
0.83 mM MgSOy; all from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and digested
with 1 mL/heart of ADS containing 0.5 mg/mL collagenase type II (Thermo Fisher Scientific
GmbH, Karlsruhe, Germany) and 0.6 mg/mL pancreatin (Sigma-Aldrich) for 20 min
at 37 °C.

Cell suspensions were filtered (70 pm), and digestion was terminated with newborn
calf serum (Thermo Fisher Scientific; 1:5 dilution). The process was repeated 2-3 times.
Cells were centrifuged (950 rpm, 15 min), and cardiomyocytes were enriched by Percoll
density gradient (1500 g, 30 min; Cytiva, Freiburg, Germany).

Cells were seeded in DMEM (Thermo Fisher Scientific) containing 10% fetal bovine
serum (Cat #10270), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine
(Cat #10378-016; all from Thermo Fisher Scientific GmbH, Dreieich, Germany), and cultured
at 37 °C with 5% CO,, which served as the standard condition for both NRVCMs and adult
rat ventricular cardiomyocytes (ARVCMs). For additional hypertrophic response NRVCMs
were treated with 100uM Phenylephrine or 10 uM Isoproterenol (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany, Deutschland Cat #P6126/Cat #15627).

2.2. Isolation and Culture of ARVCMs

Adult cardiomyocytes were isolated from female six-week-old Wistar rats by retrograde
perfusion using a Langendorff system, as previously described [10]. After heparin injec-
tion and excision, hearts were perfused via the aorta with isolation buffer (120.4 mM NaCl,
14.7 mM KCl, 0.6 mM KH, POy, 0.6 mM NaH,PO,-H,0, 1.2 mM MgSO4-7H,0, 10 mM HEPES,
4.6 mM NaHCOj3, 30 mM taurine, 10 mM 2,3-butanedione monoxime, 5.5 mM glucose; all from
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), followed by enzymatic digestion with
collagenase II (Worthington Biochemical Corp, Lakewood, US.) and 40 uM CaCl,.

Cells were dissociated in stop buffer (isolation buffer containing 1% BSA and
12.5 uM CaCly; Sigma-Aldrich, Merck KGaA) and filtered through a 200 pm mesh. Calcium
was reintroduced stepwise (100, 400, and 900 uM; 10 min each), and 100,000 ARVCMs were
seeded per well on laminin-coated Nunc™ Lab-Tek™ chamber slides (Cat #154461, Thermo
Fisher Scientific GmbH, Dreieich, Germany).

Cells were maintained in M199-based medium (supplemented with 10 mM creatine,
20 mM taurine, 1% BSA, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-
glutamine; all from Thermo Fisher Scientific GmbH, Dreieich, Germany) and processed for
immunofluorescence staining the following day.
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2.3. Human Myocardial Samples

Human left ventricular myocardial samples were obtained from explanted hearts of
patients suffering from end-stage heart failure (NYHA class IV) who underwent heart
transplantation due to either DCM (1 = 10) or ICM (n = 9). Control myocardial tissues
(n = 6) originated from nonfailing donor hearts collected during standard post-transplant
assessments, as previously described [10]. Detailed clinical parameters such as age, sex,
comorbidities, or medication at the time of transplantation were not available for all samples
and were therefore not included in the analysis. All procedures followed approval by the
ethics committee of the University Medical Center Gottingen. Samples were immediately
excised in the operating theater, rapidly frozen in liquid nitrogen, and stored at —80 °C
until analysis.

2.4. Cloning and Generation of Adenovirus

The coding sequence of rat Strip1l was amplified from cardiac DNA using the GATE-
WAY Cloning platform, with attB-flanked primers (fwd: 5-GGGGACAAGTTTGTACAAA-
AAAGCTGGCACCatgccatgagtaagggattccttte-3' and rev: 5'-GGGGACCACTTTGTACAAG-
AAAGCTGGGTCGCCagacaaggcgacagggaca-3') and inserted into the pDONR221 entry
vector (Thermo Fisher Scientific GmbH, Karlsruhe, Germany) via BP recombination using
Gateway® BP Clonase™ II Enzyme Mix (Cat #11789-020, Invitrogen™, Thermo Fisher
Scientific). After verification by sequencing (Eurofins GSC Luxembourg S.A., Rollinger-
grund, Luxembourg), the insert was transferred to the pAd/CMV /V5-DEST™ vector (Cat
#V493-20, Invitrogen™, Thermo Fisher Scientific) using Gateway® LR Clonase™ II Enzyme
Mix (Cat #11791-020, Invitrogen™, Thermo Fisher Scientific).

Recombinant adenoviruses (AdStrip1) were produced in HEK293A cells and harvested
by three freeze—thaw cycles. Viral supernatants were cleared by centrifugation, aliquoted,
and stored at —80 °C until use.

2.5. Overexpression of STRIP1 in NRVCMs

NRVCMs were infected 24 h post-isolation with AdStripl or control adenovirus
(AdLacZ, Thermo Fisher Scientific) at a concentration of 50 infectious units (ifu) per cell.
Infection was performed in DMEM containing penicillin/streptomycin and L-glutamine,
but lacking fetal bovine serum. Virus-containing medium remained on the cells for 48 h
before medium replacement. Cells were collected 72 h post-infection for downstream
analysis.

2.6. siRNA-Mediated Knockdown of STRIP1 in NRVCMs

NRVCMs were transfected with either Silencer™ Select Strip1 siRNA (Thermo Fisher
Scientific GmbH, Karlsruhe, Germany; Cat #4390771; sense: 5'-GCA UCA AGG UGA
UCC GGA Att-3/, antisense: 5'-UUC CGG AUC ACC UUG AUG Ctg-3') or Silencer™
Select Negative Control No. 1 siRNA (Cat #4390843, Thermo Fisher Scientific) using the
TransMessenger® Transfection Reagent (Cat #301525, Qiagen GmbH, Hilden, Germany).

Transfection complexes were prepared according to the manufacturer’s instructions.
Briefly, 128 pmol siRNA were combined with Enhancer R and Buffer EC-R, followed by
addition of TransMessenger reagent. The complexes were diluted in serum- and antibiotic-
free DMEM/F-12 medium (Thermo Fisher Scientific) and applied to the cells. 3 h after
transfection, the medium was replaced with serum-reduced culture medium (and again
after 48 h) and harvested after 72 h.

Transfections were performed in triplicate wells per condition (Stripl or negative
control siRNA) across multiple plates for parallel downstream analyses.
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2.7. Zebrafish Morpholino-Mediated STRIP1-Knockdown

Zebrafish (Danio rerio) were maintained and bred under standardized laboratory
conditions as previously described [12]. All experimental procedures were approved by
institutional authorities and performed in accordance with the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23).

250 uM morpholino-modified antisense oligonucleotides targeting the splice donor site
of intron 2 of zebrafish stripl (5'-TAGCACATAAACCGACACCGTCCAT-3') or a standard
control morpholino (Gene Tools, Philomath, USA) were microinjected into fertilized eggs.
To inhibit pigmentation, 0.003% 1-phenyl-2-thiourea (PTU; Cat #P7629, Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) was added to the embryo medium.

Still images and videos were recorded at 48 and 72 h post-fertilization using a Zeiss
MCU II stereomicroscope (Zeiss Microscopy, Oberkochen, Germany).

Cardiac function was quantified from bright-field video recordings using Fiji/Image].
Ventricular contractility was assessed by fractional shortening (FS) as previously described
by Eden et al. [12]. Briefly, end-diastolic and end-systolic frames were identified based on
maximal and minimal ventricular dimensions, respectively, and the ventricular short-axis
diameter was measured at a consistent anatomical position. Fractional shortening was cal-
culated as the relative change between end-diastolic and end-systolic ventricular diameter.

Pericardial effusion was quantified from a representative frame with clearly visible
cardiac anatomy. The inner contour of the pericardial sac and outlining of the heart
area were manually delineated, and a pericardial effusion index was calculated as the
relative fraction of the pericardial cavity not occupied by the heart. All measurements were
performed using identical anatomical landmarks and imaging conditions.

2.8. Transverse Aortic Constriction (TAC) in Mice

The TAC procedure was conducted on male C57BL/6 mice aged between 8 and
10 weeks (Charles-River Laboratories, Sulzfeld, Germany), as described in our previous
publication [10]. In short, following lateral thoracotomy, a 6-0 Prolene suture was placed
around the transverse aorta, tightening it against a 27-gauge needle to induce controlled
stenosis. The thorax was then closed and the pneumothorax was resolved. Control (sham)
animals underwent identical surgical steps without the actual ligation. This experiment
was conducted following approval by the local ethics committee and in accordance with
the regulations set forth by the Ministry for Energy Transition, Agriculture, Environment,
and Rural Areas of Schleswig-Holstein.

2.9. Cyclic Biaxial Stretch in NRVCMs

Mechanical stretch was applied to NRVCMs using an established in vitro model,
which has been shown to induce a hypertrophic response with upregulation of classical
hypertrophy-associated gene expression markers [10].

Cells were seeded at a density of 1 x 107 cells per well onto collagen type I-coated
silicone elastomer-bottomed 6-well plates (Bioflex® Collagen Type I Culture Plate, Cat #BF-
3001C, Dunn Labortechnik GmbH, Asbach, Germany) in DMEM supplemented with 10%
fetal bovine serum (Cat #10270) and 1x penicillin-streptomycin-glutamine (Cat #10378-016;
all from Thermo Fisher Scientific, Dreieich, Germany). After 24 h of incubation, cells were
washed with PBS and maintained in serum-free DMEM.

Biaxial cyclic stretch (118% total elongation, 1 Hz) was applied for 48 h using the
Flexcell® FX-6000™ Tension System with FlexSoft® FX-6000™ V1.0 software (Flexcell
International Corporation, Burlington, NC, USA). Unstretched cells cultured under identical
conditions on collagen-coated Bioflex® plates served as controls.
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2.10. Protein Extraction and Immunoblotting

NRVCMs were lysed by three freeze-thaw cycles in RIPA buffer (1% NP-40, 1%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM sodium phosphate, 1 mM DTT,
pH 7.2; all from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) supplemented with
phosphatase inhibitors (Cat #P5726, #P0044) and protease inhibitors (Cat #04693132001,
Roche Diagnostics GmbH, Mannheim, Germany). Lysates were cleared (14,000x g, 10 min,
4 °C), and protein concentration was determined using the DC Protein Assay (Cat #5000111,
Bio-Rad Laboratories GmbH, Miinchen, Germany).

Mouse and human heart tissues were homogenized in RIPA buffer with ceramic
beads (Cat #KT03961-1-003.2, Peqlab, VWR International GmbH, Darmstadt, Germany)
and processed similarly. Proteins were separated on 10-12% Criterion™ XT Bis-Tris gels
(Bio-Rad), transferred to PVDF membranes (Cat #IPVH00010, Merck Millipore, Burlington,
MA, USA) by wet transfer, and blocked with 5% milk in TBS-T (Cat #70166, Sigma-Aldrich).

Membranes were incubated with primary antibodies (Table 1) overnight (4 °C),
followed by HRP-conjugated secondary antibodies (Cat #111-035-144, Dianova GmbH,
Hamburg, Germany; 1:10,000). Signal detection was performed using ECL Prime (Cat
#RPN2232, Cytiva via VWR) and imaged via FluorChem Q (Biozym, Hessisch Oldendorf,
Germany) or X-ray films (Cat #34089, Thermo Fisher Scientific). Densitometry was con-
ducted with Fiji (Image]J2, Version 2.3.0/1.53t) software [25,26], values were normalized to

housekeeping or total protein as appropriate.

Table 1. Primary antibodies used for Immunoblotting and Immunofluorescence.

Target Supplier Catalog No. Host Species ~ Dilution
Novus Biologicals, Centennial, . 1:5000 (WB), 1:250
STRIP1 (OTI7BS8) CO, USA NBP2-45715 Mouse (Co-IP), 1:100 (IF)
. . 1:150,000-1:100,000
MST4 (EP1864Y) Abcam PLC, Cambridge, UK ab52491 Rabbit (WB), 1:500 (IF)
. . 1:10,000-1:1000
FAM40B Proteintech, Planegg, Germany 25163-1-AP Rabbit (WB), 1:100 (IF)
Phospho-MST3/4/STK25 . . .
(T174/178,/190) Abcam PLC, Cambridge, UK ab76579 Rabbit 1:1300 (WB)
Phospho-Ezrin (Thr567) BioVision, Milpitas, CA, USA A-1970 Rabbit 1:500-1:1000 (WB)
Ezrin Novus Biologicals, Centennial, - \1pp) 16396 Rabbit 1:10,000 (WB)
CO, Us
Phospho-YAP (Ser397) 13619
LATS1 3477
Phospho-MOB1 (Thr35) . . 8699
MOB1 cell Signaling 13730
MST1 cchnology: 3682 Rabbit 1:1000 (WB)
Europe B.V,, Leiden,
MST2 The Netherlands 3952
SAV1 13301
Phospho-YAP (Ser127) 13008
YAP/TAZ 8418
Santa Cruz
-Actin Biotechnology, Heidelberg, sc-47778 Mouse 1:50,000 (WB)
Germany
Desmin Abcam PLC, Cambridge, UK ab15200 Rabbit 1:700 (IF)
SLMAP Novus Biologicals, Centennial,  \1pp1 61398 Rabbit 1:1000 (IF)

CO, USA
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Table 1. Cont.

Target

Supplier Catalog No. Host Species  Dilution

Nucleolin

Novus Biologicals, Centennial,

CO, USA NB600-241 Rabbit 1:50 (IF)

Normal mouse IgG Sigma Aldrich, Taufkirchen,

control

Germany

Adenovirus Type 5 Hexon  Thermo Scientific, Merelbeke,

(FITC)

. PA1-73053 Goat 1:50 (IF)
Belgium

2.11. Co-Immunoprecipitation (Co-IP)

Co-IP from NRVCMs was performed using erythrocyte lysing buffer (50 mM HEPES,
250 mM NaCl, 5 mM EDTA, 1% NP-40; all from Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) as previously described [10]. Briefly, 500 pg protein from clarified lysates
were incubated overnight at 4 °C with STRIP1 antibody or control IgG (Table 1) at 1:250.
Immune complexes were captured using Dynabeads Protein G (Cat #10004D, Thermo Fisher
Scientific, Dreieich, Germany) for 4 h at 4 °C, washed five times, and eluted in Laemmli
buffer at 95 °C for 5 min. After bead removal, supernatants were used for immunoblotting.

2.12. RNA Isolation, cDNA Synthesis and gPCR

Total RNA from NRVCMs was isolated using the Quick-RNA™ MiniPrep Kit (Cat
#R1055, Zymo Research Europe GmbH, Freiburg, Germany) including on-column DNase I
digestion. RNA concentration and purity (A260/A280) were assessed using a NanoDrop™
Lite Spectrophotometer (Thermo Fisher Scientific GmbH, Karlsruhe, Germany; Cat #ND-
LITE-PR).

Reverse transcription of 500 ng RNA was performed with the iScript™ ¢cDNA Syn-
thesis Kit (Cat #1708891BUN, Bio-Rad Laboratories GmbH, Feldkirchen, Germany), and
cDNA was diluted to 1 ng/uL. Quantitative PCR was conducted using the iTaq™ Uni-
versal SYBR® Green Supermix (Cat #1725124, Bio-Rad) on a QuantStudio™ 5 Real-Time
PCR System (Life Technologies Holdings Pte Ltd., Singapore). Primer sequences used
are listed in Table 2. Expression levels were normalized to RPL32 and calculated by the
2-85Ct method. Control samples were set to a reference value of 1. All reactions were run
in technical triplicates, including no-template controls; statistical analysis was based on
biological triplicates.

Table 2. Primers used for qRT-PCR.

Target

Forward Sequence Reverse Sequence

12-371 Mouse 1:250 (Co-IP)

STRIP1 rat

ACG AGCTTC CAG AGCTAA CC

ACA CCA CCAGCATCATAGTCC

STRIP1 mouse

CTT CCG GAT CCA TGT GTC AGA

AGC TGC ACT CTC CAA AGGTA

STRIP2 rat

CIT CCG AACTGA ACTGAGTITCT

CAA ATC CAC CAA GGG TAA ACA

STRIP2 mouse

CCA GGA CCATGA TGT TAG TGG TG

GCT TAT CAT ATC GGC GGC TG

RPL32 rat/mouse

GGT GGC TGC CAT CTGTITTACG

CCG CAC CCT GIT GTC AAT GC

NPPA rat/mouse

GGA GCA AAT CCT GTGTAC AGT G

ACCTCA TCT TCT ACC GGC AT

NPPB rat/mouse

GCA GCA TGG ATC TCC AGA AGG

CTG CAG CCA GGA GGT CTT CC

RCANT1.4 rat/mouse

TAG CTC CCT GAT TGC TTG TG

GGA TTC AAA TTT GGC CCT GG

74
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2.13. Immunofluorescence Staining

For localization studies, 100,000 NRVCMs or ARVCMs per well were seeded
on laminin-coated Nunc™ Lab-Tek™ chamber slides (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany; L2020-1MG; 154461, Thermo Fisher Scientific GmbH, Dreieich,
Germany) and fixed after 16 h. For high-throughput quantification of NRVCM cell area,
20,000 cells per well were plated in 96-well plates (Thermo Fisher Scientific) and fixed
after treatment.

Cells were washed three times with PBS and fixed using 4% paraformaldehyde in
PBS (P6148, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). After washing, cells
were permeabilized using 0.3% Triton™ X-100 in PBS (T8787, Sigma-Aldrich), followed by
additional washes. Blocking was performed in 10% normal horse serum in PBS (Gibco™,
Thermo Fisher Scientific GmbH) for 1 h at room temperature.

Primary antibodies (Table 1) were diluted in blocking buffer and incubated overnight at
4 °Cin a humidified chamber. After washing, fluorophore-conjugated secondary antibodies
(Thermo Fisher Scientific) were applied for 1 h at room temperature in the dark.

Cells were mounted on coverslips (0107032, Marienfeld Superior, Lauda-K&nigshofen,
Germany) using Fluoromount™ containing DAPI (F4680, Sigma-Aldrich, Merck KGaA).

Images for cell area analysis were acquired using an In Cell Analyzer 2200 (GE Health-
care Life Sciences, Buckinghamshire, UK; 29-0278-86). For each experimental condition,
multiple cells were analyzed per biological replicate. Confocal microscopy for colocaliza-
tion studies was performed using a TCS SP8 X system (Leica Microsystems CMS GmbH,
Wetzlar, Germany; 8110002344), and image channels were merged with Fiji (Image]2,
Version 2.3.0/1.53t) software [25,26].

2.14. Protein Sequence Alignment

The amino acid sequences of human STRIP1 (UniProt ID: Q5VSL9) and STRIP2
(UniProt ID: Q9ULQO) were retrieved from the UniProt database [27]. Pairwise align-
ment was performed using the EMBOSS Matcher tool V6.6.0 provided by the EMBL-
EBI web server [28]. Default settings were used, and results were visualized to identify
conserved regions.

2.15. Structure Prediction

Predicted quaternary structures of human STRIP1 (AlphaFold ID: AF-Q5VSL9-F1,
version 4) and STRIP2 (AlphaFold ID: AF-Q9ULQO-F1, version 4) were obtained from the
AlphaFold Protein Structure Database (https:/ /alphafold.ebi.ac.uk/, accessed on 24 May
2024). Structural features and domain organization were assessed for comparison.

2.16. Use of Generative Artificial Intelligence Tools

Generative artificial intelligence (GenAl) tools, including ChatGPT versions 4.0, 40, 04-
mini, 4.5 and 5, as well as Perplexity—which is based on models such as GPT-40, Claude 3.7
Sonnet—were employed to assist in text generation and to support literature and source
retrieval during manuscript preparation.

2.17. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9 (version 9.5.1;
GraphPad Software, San Diego, CA, USA). Normality and homogeneity of variance were
assessed where appropriate. Outliers were identified using the ROUT method with a Q
value of 1%. n represents the number of biological replicates; for gPCR and immunoblot
analyses, technical replicates were averaged prior to statistical analysis. For cardiomyocyte
cell area measurements, the mean cell area of each biological replicate was calculated
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and used as the statistical unit for all comparisons. Individual cell measurements were
used solely for visualization and were not treated as independent replicates. Comparisons
between two groups were conducted using unpaired Student’s t-tests assuming equal
standard deviations and normal distribution. DCM and ICM groups were compared to
nonfailing controls by ordinary one-way ANOVA without matching or pairing. Dunnett’s
multiple comparisons test was applied as the post hoc procedure. Unless otherwise stated,
data are presented as mean = SEM, and error bars in bar graphs represent the standard
error of the mean (SEM).

3. Results
3.1. Strip1 Interacts with Key STRIPAK Components in Cardiomyocytes

To investigate the role of Stripl in cardiomyocyte signaling, we first examined its
integration within the multi-enzyme STRIPAK complex in cardiomyocytes. Based on
established models from other cell types (Jeong et al. 2021 [17]; Shi et al. 2016 [5];
Tang et al. 2019 [18]), Strip1 is proposed to function as a scaffold within the cardiac STRI-
PAK complex interacting directly with the phosphatase PP2A, MST4, and striatins, as
illustrated in Figure 1a. The two-arm STRIPAK architecture is also presumed for the car-
diac STRIPAK, with one arm involving Stripl and the other SLMAP/SIKE1 anchoring
GCKIII/GCKII kinases potentially regulated by PP2A [5,17,18]. Co-immunoprecipitation
assays from NRVCM lysates showed that Stripl was detected in association with key STRI-
PAK components Strip2 and the GCKIII kinase MST4 (Figure 1b), supporting its integral
role within cardiac STRIPAK formation. Immunofluorescence microscopy of ARVCMs
revealed Strip1’s cytosolic colocalization with MST4 (Figure 1c,d) as well as an overlapping
localization with SLMAP in cytosolic and perinuclear regions (Figure le,f). Furthermore,
a notable nuclear presence of Stripl was observed (Figure 1e,f). These findings suggest a
multifaceted subcellular distribution of Strip1, likely reflecting distinct functional roles.
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Figure 1. Stripl’s association with key cardiomyocyte STRIPAK components and its subcellular
localization. (a) Proposed STRIPAK complex schematic in cardiomyocytes, based on diverse models
from various contexts and cell types by Jeong et al. [17], Tang et al. 2019 [18] and Shi et al. 2016 [5],
illustrating Strip1 centrally positioned with interactions to PP2A, striatins, and GCKII/GCKIII ki-
nases, here represented by MST4 as a GCKIII kinase. Red T-shaped bar indicates inhibition of
GCKII/GCKII by PP2A [5,17,18]; (b) Co-IP from NRVCM lysates using Strip1 antibody for pull-
down. Immunoblotting for Strip2 and MST4 detects bands in Strip1 pulldown samples, while 3-actin
serves as a negative control. Uncropped full-length blots are shown in Supplementary Figure S1;
(c) Immunofluorescence staining of ARVCMs for Stripl (green) and MST4 (red) demonstrates cytoso-
lic colocalization in merged image; boxed area is enlarged in (d); (e) Immunofluorescence staining of
ARVCMs for Stripl (green) and SLMAP (red) with DAPI nuclear counterstain shows colocalization
in the cytosol and perinuclear region; additional nuclear localization of Strip1 is observed; (f) boxed
region from (e) enlarged; Scale bars: (c,e) 10 um; (d,f) 3 um;.

3.2. Structurally Similar Stripl and Strip2 Show Independent Regulation and Distinct Subcellular
Localization in Cardiomyocytes

Amino acid sequence alignment of human Stripl and Strip2 (UniProt accessions
Q5VSL9 and QIULQO) performed with EMBOSS Matcher highlighted conserved regions,
underscoring their structural similarity (Figure 2a). Further, predicted structures gener-
ated with AlphaFold confirmed analogous domain organization and confidence levels
between the two proteins (Figure 2b,c). These similarities in primary and tertiary structures
suggest that the paralogs may also share related functional roles. Functional modula-
tion in NRVCMs using adenoviral overexpression and siRNA knockdown showed that
STRIP1 levels can be specifically manipulated without altering STRIP2 expression at the
mRNA level, indicating independent regulation (Figure 2d). Immunofluorescence in native
ARVCMs showed that while both proteins colocalize in cytosolic and perinuclear regions,
Strip1 uniquely localizes to a discrete intranuclear structure corresponding to the nucleolus,
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confirmed by co-staining with the nucleolar marker Nucleolin (Figure 2e-g). This distinct
localization might indicate specialized nuclear functions for Strip1 not shared by Strip2.
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Figure 2. Structural similarity and distinct expression patterns of Stripl and Strip2 in cardiomyocytes.
(a) Alignment of Strip1 and Strip2 amino acid sequences using EMBOSS Matcher highlights conserved
regions [28]; (b) Predicted structures of Stripl and (c) Strip2 generated using AlphaFold [29,30]
reveal similar domain organization. Color indicates per-residue model confidence (pLDDT): very
high (pLDDT > 90, dark blue), high (70-90, light blue), low (50-70, yellow), and very low (<50,
orange) [29,30]; (d) qPCR analysis of STRIP1 and STRIP2 mRNA following adenoviral-mediated
overexpression of STRIP1 (AdSTRIP1, 50 ifu, 72 h—control: AdLacZ) or siRNA-mediated knockdown
(siSTRIP1, 128 pmol, 96 h; control: siControl) in NRVCMs. While STRIP1 levels are significantly
increased after AASTRIP1 and decreased after siSTRIP1 compared to control, STRIP2 expression
remains unchanged (n = 3); (e) Immunofluorescence staining of ARVCMs for Stripl (green) and

Strip2 (red) shows cytosolic and perinuclear colocalization; Strip1 additionally accumulates in an
intranuclear round focus; (f) Enlarged view of boxed region from (e); (g) Immunofluorescence staining
of ARVCMs for Stripl and nucleolar marker Nucleolin demonstrates nucleolar colocalization; nuclei
are counterstained with DAPI (blue); Scale bars: (e,g) 10 um; (f) 3 um; Student’s t-test; ns = not
significant; ** p < 0.01; *** p < 0.0001; Data are shown as mean + SEM.

3.3. Strip1 Expression Is Reduced in Human Cardiomyopathy and Under Mechanical Stress

We next assessed Strip1 expression in human heart samples from patients with end-
stage DCM or ICM, relative to nonfailing controls. Western blot analysis demonstrated a
significant reduction of Strip1 protein in both DCM and ICM groups compared to nonfailing
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controls (Figure 3a,b). These clinical observations were mirrored in a murine model of
pressure overload induced by transverse aortic constriction (TAC), where Strip1 protein
levels significantly declined compared to sham-operated controls (Figure 3c,d), suggesting a
mechanosensitive expression of STRIP1. Indeed, an in vitro mechanical stretch of NRVCMs
showed downregulation of STRIP1 mRNA after 48 h, supporting the notion that mechanical
stress directly influences STRIP1 expression (Figure 3e). Collectively, these data indicate
that STRIP1 downregulation is a hallmark of pathological remodeling associated with heart
failure and mechanical stress.
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Figure 3. STRIP1 expression is reduced in human cardiomyopathy and models of mechanical stress.
(a) Western blot analysis of Stripl in human heart tissue from nonfailing (NF), DCM and ICM
patients, with GAPDH as the loading control; (b) Densitometric quantification normalized to GAPDH
shows significantly reduced STRIP1 expression in both DCM (n = 10 individuals) and ICM (1 = 9)
compared to nonfailing controls (1 = 6); the representative blot does not show all biological replicates;
(statistics: one-way ANOVA; * p < 0.05); (c) Western blot analysis of Strip1 in mouse heart samples
reveals significantly decreased Strip1 protein levels following transverse aortic constriction (TAC)
(n = 5) compared to sham-operated controls (1 = 5), as quantified by (d) densitometry of the bands;
(e) gPCR in NRVCMs after 48 h of mechanical stretch reveals significant downregulation of STRIP1
expression compared to unstretched control cells (1 = 3); (a,c) Uncropped full-length blots are shown
in Supplementary Figure S2; Student’s f-test; ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001;
**4% p < 0.0001; Data are shown as mean + SEM.

3.4. Strip1 Acts as a Negative Regulator of Cardiomyocyte Hypertrophy

Functional analyses in NRVCMs demonstrated that adenoviral-mediated overexpres-
sion of STRIP1 significantly reduced cardiomyocyte surface area relative to LacZ controls,
indicating an antihypertrophic effect (Figure 4a). In contrast, STRIP1 knockdown via siRNA
did not significantly alter cell size compared to control siRNA (Figure 4a,b). Compared
with native NRVCMs, adenovirus-treated cells, including AdLacZ controls, displayed an
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increased cell size. No further obvious morphological alterations were observed apart from
changes in cell size. At the molecular level, hypertrophic marker genes NPPA, NPPB, and
RCANT1.4 were significantly downregulated following STRIP1 overexpression, suggesting that
STRIP1 inhibits pathological hypertrophy (Figure 4c). This reduction was further pronounced
when AdSTRIP1-infected NRVCMs were subjected to additional hypertrophic stimulation
during the final 24 h using phenylephrine (PE) or isoproterenol (ISO) (Figure 4d), indicating
that STRIP1 overexpression attenuates hypertrophic marker gene expression in response to
adrenergic stress. Notably, the reduction in RCAN1.4, a known marker of calcineurin-NFAT
pathway activity, suggests that Strip1 also suppresses this pro-hypertrophic signaling path-
way (Figure 4c). In contrast, siRNA-mediated STRIP1 knockdown showed a trend toward
increased expression of hypertrophic marker genes compared to control siRNA, both under
basal conditions and following PE or ISO stimulation, although these changes did not reach
statistical significance (Supplementary Figure S3). While fractional shortening was reduced
in MO STRIP1 embryos compared to control morpholino-treated embryos, this difference did
not reach statistical significance (Figure 4e,f). In contrast, pericardial effusion was significantly
increased in MO STRIP1 embryos and was particularly pronounced at 72 h post fertilization,
indicating compromised cardiac performance despite modest effects on systolic contractility
(Figure 4e,f). No gross morphological abnormalities were observed in STRIP1 morphant
zebrafish embryos compared to controls. Overall body morphology appeared comparable
between groups. A tendency toward increased curvature of paravertebral skeletal muscle was
noted in some morphants, but this was not further analyzed. Given the known limitations of
morpholino-based approaches, including potential off-target effects, these in vivo findings are
interpreted with caution. Accordingly, they provide supportive functional evidence for im-
paired cardiac performance following STRIP1 loss during development but are not intended as
a standalone model of pathological hypertrophy. These results collectively underscore Strip1’s
essential role in preventing pathological hypertrophy and maintaining cardiac function.
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Figure 4. Stripl modulates cardiomyocyte hypertrophy in vitro and in vivo. (a) Quantification of
NRVCM area (um?) under conditions: Native, siControl, siSTRIP1, AdLacZ and AdSTRIP1. Cell area
in AdSTRIP1 is significantly reduced compared to AdLacZ, while NRVCMs after siSTRIP1 show
no significant difference from siControl. Apart from changes in cell size, no obvious morphological
alterations were observed. For visualization, the scatter plot displays individual cell measurements.
Statistical analyses were performed using the mean cell area of each biological replicate as the
statistical unit (n = 3 biological replicates); (b) Representative immunofluorescence images for each
condition, showing Desmin (cell bodies), DAPI (nuclei), and merged overlays; High-resolution
images of Figure 4b are shown in Supplementary Figure S4; (c) gPCR analysis shows that NPPA,
NPPB, and RCAN1.4 mRNA expression is significantly reduced 72 h after AASTRIP1 infection (50 ifu)
compared to AdLacZ control in NRVCMs (1 = 3); (d) with additional stimulation during the final
24 h with phenylephrine (PE, 100 uM or isoproterenol (ISO, 10 uM), this significant reduction in
NPPA, NPPB and RCAN1.4 becomes more pronounced; (e, f) Zebrafish embryos with morpholino-
induced STRIP1 knockdown (MO STRIP1; n = 5) at 48 hpf and 72 hpf (hours post fertilization)
show reduced but non-significant fractional shortening compared to control morpholino-treated
embryos (MO control; n = 4). In contrast, MO STRIP1 embryos exhibited significant pericardial
effusion (=%), pronounced at 72 hpf (A = atrium, V = ventricle); Scale bars: (b) 100 um; (e,f) 60 um
in whole-embryo image & 20 um in cardiac close-up; Student’s t-test; ns = not significant; * p < 0.05;
**p <0.01; *** p <0.001; **** p < 0.0001; Data are shown as mean + SEM.

3.5. Stripl Modulates Hippo Signaling and MST4 Kinase Activity

To explore downstream signaling pathways influenced by Stripl, we analyzed
Hippo pathway-related signaling, previously implicated in STRIPAK signaling in non-
myocytes [22,31]. In NRVCMs, adenoviral-mediated STRIP1 overexpression led to in-
creased phosphorylation of MOB1, while total protein levels of YAP, MST1, MST2, and
TAZ were significantly decreased relative to controls (Figure 5a—f). As these analyses were
limited to total protein abundance for several components, these changes should not be
interpreted as direct measures of pathway activity but rather suggest an association of
cardiac Strip1l with Hippo-related signaling. Furthermore, STRIP1 knockdown elevated
phosphorylated MST4 levels without altering total MST4 protein, providing direct evidence
for altered MST4 kinase activation (Figure 5g—i), a GCKIII kinase and established STRI-
PAK component. Taken together, these results suggest that Strip1 is associated with the
regulation of selected STRIPAK-related kinases, including Hippo pathway-associated com-
ponents and the GCKIII kinase MST4, rather than establishing comprehensive regulation
of GCKII kinases or Hippo pathway activity in cardiomyocytes.

https://doi.org/10.3390/ cells15060540
82



Cells 2026, 15, 540

kDa AdLacZ AdSTRIP1
; * —
25 pmoB1 2 {':; zE *
h 38
50 vap B g 22
T3 88 054
50 msTi g8 . o k£
50 nctin = 8 [
5 B-Actin S E o | 0.0-
(@) (b) AdLacZ AdSTRIP1  (¢) AdLacZ AdSTRIP1
~ 1.57 5 1.5
c 1.5 g 15 N
E_
E E Fekk E E *% 5 E sekeokok
3 3 >3
23 1.0 23 1.0 %3 1.0+
;E'- 2 § 2 o % _.3
cT o =
=4 38 28
S g 05 S E 05 S E 054
s 8 28 g8
g £ 5
€ o € gg- - % 0.0-
d) AdLacZ AdSTRIP1 (e) AdLacZ AdSTRIP1 ) AdLacZ AdSTRIP1
siControl siSTRIP1 15—
100 . *k 1.5
75 Strip1

pMST4

<

o
-
o

1

-
o
1

MST4

~
o

pEzrin

~
ol
L
1

Ezrin

@
=]

B-Actin

(41
o
Relative band intensity of pMST4
(normalized to total MST4 & b-actin)
Relative band intensity of pEzrin
(normalized to total Ezrin & b-actin)

siControl siSTRIP1

0 -
h) siControl siSTRIP1

w
L
o
o
1

(g)

_—
—_

=
~—

Figure 5. Stripl modulates Hippo-pathway-related components and MST4 activity in NRVCMs.
(a) Western blot analysis of Hippo pathway components in NRVCMs 72 h after infection with
AdSTRIP1 (50 ifu) compared to AdLacZ control. (b—f) Densitometry of bands, normalized to (3-actin
and, for phosphorylated proteins, additionally to the respective total protein levels. Infection with
50 ifu AdSTRIP1 results in significantly increased (b) MOB1 phosphorylation, while total protein
levels of (c—f) YAP, MST1, MST2 and TAZ are reduced significantly compared to control after 72 h.
(g) Western blot analysis following STRIP1 knockdown (siSTRIP1) in NRVCMs shows a significant
increase in phosphorylated MST4 (p-MST4), whereas total MST4 protein levels remain unchanged
relative to control. Densitometric quantification of (h) p-MST4 relative to total MST4 and (i) relative
to Ezrin, both normalized to B-actin. (a,g) Uncropped full-length blots are shown in Supplementary
Figures S5 and S6; (a—i), n = 3; Student’s t-test; ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001;
** p < 0.0001; Data are shown as mean + SEM.

4. Discussion

Our study identifies Strip1 as an essential negative regulator of pathological cardiomy-
ocyte hypertrophy in vitro and in vivo and implicates Strip1 in cardiac STRIPAK-related
signaling pathways. Notably, Strip1l overexpression attenuates hypertrophic marker gene
induction not only under basal conditions but also in response to adrenergic stress, provid-
ing evidence for its function under pathophysiologically relevant stimulation. Importantly,
Strip1 expression is markedly reduced in human dilated (DCM) and ischemic (ICM) car-
diomyopathy, representing an association with advanced human heart failure and linking
our experimental findings to clinically relevant disease states. This is the first evidence
directly implicating Strip1 in cardiac biology and remodeling, thereby expanding our
understanding of hypertrophic signaling and its translational significance for heart failure.

We recently confirmed the existence of a cardiac STRIPAK complex while investigating
the role of MST4 [10]. Co-IP and immunofluorescence analyses showing Strip1 interaction
and colocalization with Strip2 /Myoscape, MST4, and SLMAP in cardiomyocytes now also
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support the involvement of Strip1 in cardiac STRIPAK-associated complexes. Stripl may
serve a core scaffolding role, as established in other cell types [6]. The perinuclear and
cytoplasmic colocalization of Strip1 and Strip2 further suggests functional cooperation in
cardiomyocytes, consistent with STRIPAK organization in other systems [5].

Stripl and Strip2 share structural similarity [32] and morpholino-mediated Stripl
knockdown in zebrafish displays impaired cardiac function characterized by signifi-
cant pericardial effusion and a trend toward reduced contractile performance, similar
to Myoscape-deficient zebrafish, which showed severely impaired ventricular contractil-
ity and the development of pericardial effusion [12]. Nevertheless, their functions are
non-redundant: Stripl knockout causes embryonic lethality due to impaired mesodermal
migration [16], while Strip2-deficient mice survive but develop severe heart failure [12].
The absence of Strip2 compensation following Stripl knockdown underlines this specificity.

The perinuclear localization of Strip1 in cardiomyocytes resembles STRIPAK compo-
nent patterns in other cell types, likely reflecting the Golgi or, in the case of SLMAP, the
nuclear envelope association [6,33]. However, the apparent accumulation of Strip1 in the
nucleolus of ARVCMs is unexpected. In murine podocytes, Strip1 is nuclear but homoge-
neously distributed throughout the nucleoplasm [34], whereas nucleolar localization has
only been described for Strip2 in murine embryonic CGR8 stem cells, alongside its cytosolic
and perinuclear distribution [35].

While the nucleolus is primarily known for ribosome production [36], cell cycle
regulation and apoptosis [37], a connection between its function and cardiac disease has
also been established [38]. For instance, nucleolar enlargement associated with increased
ribosomal activity has been observed in human ICM and DCM [39]. Additionally, nucleolar
organizer region (NOR) activity correlates positively with cardiac mass and left ventricular
hypertrophy in patients with hypertension but is reduced in ICM and heart failure [40], as
reviewed by Hariharan et al. [38].

Recently, specific nucleolar proteins, including Nucleolin, Nucleophosmin, and Nu-
cleostemin, have been uncovered to influence cardiomyocyte growth, survival and stress
adaptation [38,41,42]. Our immunofluorescence-based observation suggesting a nucleolar
association of Strip1 raises the question whether Strip1 joins this growing list of nucleolar
proteins, integrating stress signals and growth responses in the heart.

Cardiac hypertrophy, a key contributing factor in the development of cardiomy-
opathies and heart failure [43], appears to be negatively regulated by Strip1, as indicated by
multiple experimental approaches. Stripl overexpression reduces cardiomyocyte size and
expression of hypertrophic markers NPPA and NPPB under basal conditions and further
attenuates adrenergic stress-induced expression of NPPA, NPPB, and RCAN1.4 following
phenylephrine or isoproterenol stimulation, while knockdown increases expression of
Nppa. In contrast, loss-of-function approaches yielded only modest and variable molecular
responses, suggesting that reduced Strip1 levels alone are not sufficient to robustly drive
hypertrophic gene activation in this setting (Supplementary Figure S1). These in vitro find-
ings are complemented by the zebrafish data, which provide supportive in vivo evidence
for compromised cardiac performance following STRIP1 loss rather than a standalone
model of pathological hypertrophy.

Therefore, Stripl’s downregulation in ICM may reflect a modest and potentially com-
pensatory response, as myocardial hypertrophy is a known initially adaptive response to
the functional insufficiency of damaged myocardial tissue under ischemic conditions [44].
Comparable mechanisms of compensatory remodeling may also account for Stripl’s down-
regulation in DCM, an observation consistent with prior reports of decreased Strip2 expres-
sion in end-stage DCM patients [12]. Given the relatively small but statistically significant
changes observed, this interpretation should be viewed cautiously. Strip1 expression also
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declines under mechanical stress—after TAC and in vitro stretch —further supporting its
role in modulating hypertrophic adaptation under pathological load.

We observed Strip1’s influence on multiple hypertrophy-regulating signaling path-
ways, likely underlying its anti-hypertrophic effects. One key pathway is Calcineurin/NFAT,
a well-characterized mediator of pathological cardiac hypertrophy [45]. Calcineurin ac-
tivates NFAT, promoting hypertrophic gene expression [46], with sustained activation
leading to DCM and heart failure in mouse models [46]. Moreover, in patients with DCM
and NYHA class IV heart failure, calcineurin activity is elevated by approximately 80%
compared to nonfailing hearts, along with increased activation of NFAT transcription
factors [47]. Notably, the calcineurin—-NFAT pathway is activated in pressure overload
models of pathological hypertrophy but not in endurance training models of physiological
hypertrophy [48]. Strip1 overexpression significantly reduces RCAN1.4 expression, which
is widely regarded as a robust and sensitive readout of Calcineurin/NFAT pathway activity
due to the high density of NFAT binding sites within its promoter region [49]. As RCAN1.4
is induced almost exclusively upon Calcineurin activation in cardiomyocytes, its downreg-
ulation both under basal conditions and in response to adrenergic stimulation suggests that
Strip1 limits Calcineurin/NFAT-driven pro-hypertrophic signaling [49]. This is consistent
with findings in STRIP2 knockout mice, where excessive activation of the calcineurin/NFAT
pathway was observed following TAC. [12] Since enhanced Calcineurin activity occurs in
both Strip1- and Strip2-deficient conditions, both paralogs likely contribute to suppressing
pathological hypertrophy, at least in part via this pathway [12].

Another mechanism may involve Stripl’s association with Hippo signaling path-
way, which governs heart size via regulation of proliferation during development and
hypertrophy in adult cardiomyocytes [23,50]. For one, Stripl overexpression reduced
YAP expression, as assessed at the total protein level. In patients with hypertrophic car-
diomyopathy (HCM), YAP activity and gene expression are elevated [51], consistent with
findings in NRVCMs where YAP1 overexpression promotes and knockdown attenuates
hypertrophy [52].

In transgenic mice, MST1 overexpression induces apoptosis and DCM, while it fails to
elicit compensatory hypertrophy in the surviving cardiomyocytes [24]. Yet its expression
is reduced upon Strip1 overexpression, which appears counterintuitive. However, only
total MST1 expression was assessed, while phosphorylation status, indicating its activation,
was not analyzed. Changes in total protein abundance may reflect altered transcription,
protein stability, or cellular stress responses rather than pathway activity per se. The in-
creased MOB1 phosphorylation observed upon Strip1 overexpression in NRVCM is further
compatible with altered Hippo signaling, in line with findings in HEK293A cells [17]. No-
tably, STRIP1 knockout in HEK293A cells results in increased MST1 phosphorylation. [22].
Although the effects of Stripl on Hippo pathway components are not unidirectional, these
data collectively suggest a potential association between Strip1 and Hippo-related signaling
in cardiomyocytes but should be interpreted cautiously and do not constitute definitive
evidence for direct regulation of Hippo pathway activity.

Enhanced phosphorylation of MST4 following STRIP1 knockdown is also consistent
with prior reports in other cell types, where Stripl contributes to MST4 inhibition within
the STRIPAK complex [21]. As illustrated in Figure 1a, adapted from established STRIPAK
models [5,18], Strip1 likely forms a scaffold with striatins in cardiomyocytes to facilitate recruit-
ment of the phosphatase PP2A to GCKIII kinases such as MST4 [6]. The observed increase
in Ezrin phosphorylation at Thr567 upon STRIP1 knockdown in NRVCMs is most likely
attributable to the elevated activation of MST4. Previous studies in W4 cells demonstrated
MST4-dependent Ezrin phosphorylation at this site [11], whereas direct interaction between
Strip1 and Ezrin was not seen in large-scale interactome studies using JEG-3 epithelial cells [53].
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Together, these findings suggest that Stripl not only modulates MST4 activity in NRVCMs
but subsequently modulates its effects on downstream substrates. Since MST4 overexpression
promotes hypertrophy in NRVCMs [10], while Strip1 has the opposite effect, their inverse
expression patterns under mechanical stress and in DCM samples [10] may suggest that
Strip1 exerts anti-hypertrophic effects, at least in part by limiting MST4-associated signaling
within the STRIPAK complex. In contrast, MST4 is markedly upregulated in samples of DCM
and ICM [10]. Similarly, following in vitro biaxial stretch, MST4 expression is upregulated
along with stress biomarkers NPPA and NPPB [10], while Strip1 expression is decreased.
These reciprocal expression patterns may suggest opposing roles for Stripl and MST4 in
cardiomyocytes and their contribution to cardiac pathology:.

A recently identified chromatin-associated complex in cardiomyocytes—comprising
Calcineurin, its inhibitor Carabin, MST3, and the histone monomethyltransferase MLL3—has
been shown to epigenetically regulate cardiac hypertrophy [54]. Under basal conditions,
Carabin inhibits Calcineurin, while MST3 suppresses MLL3 activity via phosphorylation.
Upon mechanical stress, induced by TAC, displacement of Carabin and MST3 allows subse-
quent MLL3 and Calcineurin activation, both promoting hypertrophic gene expression [54].
Our observations that Strip1 affects not only Calcineurin activity but also MST4 phosphory-
lation, a GCKIII kinase closely related to MST3, suggest that both pathways may converge
downstream on MLL3, which regulates cardiac hypertrophy and, like Strip1, is localized to
the nucleus.

However, a potential discrepancy arises in that MST3 appears to act as a brake
on MLL3-mediated hypertrophy within the complex [54], while our previous data on
MST4 [10] suggest a prohypertrophic influence of GCKIII kinases. Together with the
observed increase in MST4 activity following STRIP1 knockdown, this raises important
questions about the precise role of MST3/4 activity in different cellular contexts and under-
scores the need for further investigation into how Strip1 interacts with these kinases and
the chromatin regulatory machinery [54].

Future investigations should explore the role of Strip1 in cardiomyocyte apoptosis, a
promising avenue given the known involvement of nucleolar proteins in apoptotic signal-
ing, as well as the pro-apoptotic roles of the kinases MST1, MST2, and MST4, which we
showed to be influenced by Strip1 in NRVCMs. We previously observed reduced cleavage
of Caspase-3 and -7 in NRVCMs upon MST4 overexpression, indicating suppression of
apoptosis. Conversely, MST4 knockdown significantly increased Caspase-7 activity [10].
Cardiac-specific overexpression of MST1 in transgenic mice has been associated with
increased caspase activity and cardiomyocyte apoptosis [24], whereas MST2-deficient
mice exhibit reduced apoptosis [55]. Depending on cellular context, however, MST1 and
MST2 may also exert anti-apoptotic effects [56,57]. The apparent contradiction, putative
pro-apoptotic influence of Stripl via MST4 regulation versus potentially anti-apoptotic
effects via MST1/MST2 downregulation, suggests complex and potentially compensatory
mechanisms that warrant further elucidation.

Limitations: Although our data suggest a role for Strip1 in regulating cardiac hypertro-
phy, a murine knockout model will be required for further validation. As global deletion of
STRIP1 is lethal [16], a heart-specific knockout using «MHC-Cre recombination is planned for
future studies. The use of morpholino-mediated STRIP1 knockdown in zebrafish represents a
limitation, as morpholinos can be associated with off-target or non-specific effects. Therefore,
the zebrafish data were used not as a primary basis for mechanistic interpretation, but rather
to provide supportive in vivo evidence in line with the in vitro findings. Although no overt
morphological defects were observed in STRIP1 morphants, additional uncharacterized struc-
tural or functional abnormalities cannot be excluded. Furthermore, mechanistic analyses were
largely limited to total protein expression, as phosphorylation status, subcellular localization,
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and downstream transcriptional activity—particularly TEAD-dependent output of the Hippo
pathway—were not directly assessed. Accordingly, changes in YAP/TAZ abundance are
interpreted as suggestive rather than definitive evidence of Hippo pathway modulation. The
functional significance of Strip1’s putative nucleolar localization remains to be determined,
particularly its involvement in ribosome biogenesis, stress responses, or apoptosis, and will
require biochemical validation in future studies.

5. Conclusions

In summary, our findings establish Stripl as a novel and central regulator of patho-
logical cardiac hypertrophy, whose expression is significantly reduced in human DCM
and ICM and under mechanical stress—highlighting its potential as a key protective factor
during cardiac disease. The observed nucleolar association of Stripl suggests a previ-
ously unrecognized nuclear aspect of its function in cardiomyocytes. Mechanistically,
Strip1 limits hypertrophic remodeling in response to adrenergic stress by influencing pro-
hypertrophic signaling pathways, including the STRIPAK-associated kinase MST4, as well
as Calcineurin/NFAT- and Hippo-related signaling. These findings extend our understand-
ing of cardiac STRIPAK-related functions and suggest Strip1 as a potential regulator and
target of pathological cardiac remodeling.
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Abstract: Through binding to complementary mRNAs, microRNAs (miRNAs) mediate
gene silencing. The stability and half-life of microRNAs are controlled by two isoforms of
the RNA-binding protein Roquin. This study aimed at identifying the role of Roquin to
miRNA-dependent regulation of the transcriptome in the post-ischemic heart. Both Roquin
isoforms are highly conserved between rats and humans and constitutively expressed in
cardiomyocytes. In both cell species, hypoxia induces a down-regulation of Roquin-1 and
Roquin-2. An integrative miRNA-and-mRNA analysis (MMIA) identified miR-23b-5p as a
potential interaction partner of Roquins. The open data bank TargetScan8.0 suggests that
the transcription factor ZBTB20 is a potential target of miR-23b-5p. The level of expression
of ZBTB20 correlated with the functional recovery of rat hearts after myocardial infarction.
Moreover, the down-regulation of Roquin-2 in AC16 cells by siRNA under normoxic
conditions was associated with an up-regulation of miR-23b-5p and a down-regulation
of ZBTB20. Furthermore, in the case of hypoxia-dependent down-regulation of Roquin,
the subsequent down-regulation of ZBTB20 was reversed with the help of an antagomir
against miR-23b-5p. In conclusion, hypoxia-induced down-regulation of the two Roquin
isoforms was associated with an increased stability of miR-23b-5p, a Roquin-2-dependent
miRNA, which subsequently led to silencing of the transcription factor ZBTB20.

Keywords: ZBTB20; miR-23b-5p; post-infarct remodeling

1. Introduction

Revascularization of occluded coronary vessels leads to reperfusion injury. The extent
and nature of this tissue damage affect the subsequent remodeling of the post-infarcted
heart. However, such structural remodeling processes require protein synthesis and degra-
dation. Both processes depend at least in part on transcriptional regulation. A number
of specific mechanisms are involved in the transcriptional regulation of genes, such as
the regulation of transcription factor expression and activity, epigenetic modifications of
genes, control of mRNA half-life, and control of mRNA regulators such as microRNAs
(miRNAs). RNA-binding proteins such as Roquin can control the stability and half-life of
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RNA molecules, including mRNA and miRNAs. However, Roquin expression and function
have not yet been addressed in post-infarct remodeling.

Roquins, a family of RNA-binding proteins, contain two family members named
Roquin-1 and Roquin-2. Both proteins show a high degree of evolutionary conservation.
Their involvement in immune defense in Drosophila has already been demonstrated, but
they also play a role in immune regulation in mammals [1,2]. It has been proposed that
Roquins originate from the cellular defense of eukaryotic cells against RNA pathogens [3].
As they were first recognized by their effects on immune cells, it is in line with this finding
that Roquin deficiency is associated with inflammation in nearly all tissues [4]. In the
heart, Roquin deficiency causes T-cell-dependent inflammation [5]. The mechanisms by
which Roquins affect transcription, translation, and cell function are complex and contain
mRNA deadenylation [6], RNA degradation in connection with Regnase [7], targeting of
miRNAs [8], and interference with the Akt signaling pathway [9]. In addition, Roquins
also have E3 ubiquitin ligase activity and can degrade proteins [10]. Roquin expression
can be inhibited by mucosa-associated lymphoma translocation protein 1 (MALT1) [11,12]
and miR-223 [13]. Furthermore, it has already been demonstrated that ischemia in the liver
influences the expression of Roquin-1 [14].

Inflammatory processes and altered transcription contribute to post-infarction re-
modeling, and both processes are influenced by Roquin. However, there are yet no data
available about the effect of ischemia and reperfusion on the expression and function of
Roquins in the heart. The present study therefore aimed to identify potential cardiac signal-
ing pathways that are influenced by Roquin. To shed light on this topic, the regulation of
Roquin expression in post-infarcted cardiac tissue also needs to be examined. We previously
analyzed the expression of miRNAs in the reperfused myocardium of rat hearts [15]. We
now extended our previous work and used these data and a quantitative mRNA expression
approach to perform an integrative miRNA-and-mRNA analysis (MMIA). This approach
formed the basis by which potential cardiac targets of Roquin were discovered and led
to the identification of miR-23b-5p. Subsequent screening of the TargetScan8.0 database
identified the zinc finger and BTB domain containing protein 20 (ZBTB20) as a potential
down-stream target of miR-23b-5p. We then used siRNA and antagomir approaches to
validate a newly discovered Roquin-2-miR-23-b5p—ZBTB20 cascade that appears to be
important for post-ischemic remodeling.

2. Materials and Methods
2.1. Ethics Statement of Animal Studies

This investigation conforms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institute of Health (NIH publication No. 85-23,
revised 1996). The animal study protocol (isolation of rat cardiomyocytes) was approved
by the Institutional Review Board (or Ethics Committee) of the Justus Liebig University,
Giessen, Germany (752_M; 17 August 2023). All other data used in this study from rat
tissues were taken from the data set already used before in a different context [15].

2.2. Animal Studies

All tissue samples used in this study were obtained from female Wistar-Hannover
rats weighing 215-265 g. The sample material was collected as part of an earlier study and
further examined in the current work under the new objective. All details regarding surgical
procedures, analysis of left ventricular function, and the extraction and processing of
miRNA and mRNA are explained in detail in the study that has already been published [15].
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2.3. Isolation of Rat Ventricular Myocytes and Non-Myocytes

Ventricular heart muscle and non-muscle cells were isolated from male Wistar rats
as described before [16]. Briefly, after hearts were excised under deep anesthesia, they
were quickly mounted on a Langendorff system and perfused with collagenase-containing
buffer. Myocytes and non-myocytes were separated by sedimentation and subsequent
resuspension. After isolation and separation, myocytes and non-myocyte cells were quickly
frozen in liquid nitrogen and stored until used at —80 °C.

2.4. Cell Culture

Human AC16 cardiomyocytes were cultured on 100 mm dishes (Falcon, type 3003,
Corning Inc., Corning, NY, USA) in Dulbecco’s Modified Eagle’s Medium (D6429, EMD
Millipore Corp., Billerica, MA, USA), added with 12.5% heat-inactivated FBS (35-079-CV,
Corning Inc., USA) and under 1% antibiotic—antifungal coverage (30-004-CI, Corning Inc.,
USA) according to the protocol (#5SCC109, EMD Millipore Corp., USA). In this study, all
AC16-based experiments were performed with cells that were initially transferred into
60 mm culture dishes (Falcon, type 3002, Corning Inc., USA).

SiRNA transfection was performed according to the Lipofectamine RNAiIMAX trans-
fection protocol (life technologies, Carlsbad, CA, USA). For each transfection of a 35 mm cul-
ture dish, 4.5 pL of a Lipofectamine transfection reagent was mixed with cold 150 uL Opti-
MEM (Thermo fisher, Waltham, MA, USA) and 1.5 pL siRNA for Roquin-1 (HS_KIAA2025,
Qiagen, Venlo, The Netherlands), Roquin-2 (HS_MNAB, Qiagen), or for the control
(5103650318, Qiagen) and incubated for 5 min at room temperature. The cell density
on the culture dish was 70% confluent for transfection. The cells were then transfected and
incubated at 37 °C for up to 48 h.

For the plasmid transfection of the AC16 cell line, the plasmid RC3H1 Human Un-
tagged Clone was used with the vector pCMV6 entry (SC306712, ORIGENE, Rockville,
MD, USA). First, the freeze-dried plasmid was dissolved in sterile water according to the
manufacturer’s instructions. Then, 1 ug of plasmid DNA was diluted in 250 uL of cold
Opti-MEM and carefully mixed with 4 L of TurboFectin 8.0 Transfection Reagent (TF81001,
ORIGENE, USA). The whole mixture was incubated for 15 min at room temperature, and
the cells were transfected at a confluence of 70%. The incubation was carried out for 48 h at
37 °C.

Experiments using an in vitro hypoxia—-reoxygenation model were performed in the
following way: AC16 cells were exposed to a hypoxic chamber (94.9% Nj, 5.0% CO,,
0.1% Oy) for 48 h, followed by reoxygenation for one hour under normoxic conditions
(5% CO,, 95% room air). Control cultures were incubated for the same time period under
normoxic conditions. The incubation temperature was 37 °C.

2.5. Real-Time RT-PCR

Total RNA was isolated from cardiac tissue, isolated cells, and AC16 cardiomyocytes
using peqGold TriFast (peqlab, Biotechnologie GmbH, Burgwedel, Germany) according
to the manufacturer’s protocol. cDNA synthesis was performed using SuperScript™ III
reverse transcriptase (#18080093, Invitrogen™, Carlsbad, CA, USA) after incubation with
1 U DNase/pg RNA for 15 min at 37 °C. miRNA ¢cDNA synthesis was performed using a
microscript microRNA cDNA synthesis kit from Norgen Biotek (ordered via BioCat GmbH,
Heidelberg, Germany). Real-time quantitative PCR was performed with the CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Dreieich, Germany) using
iQ™ SYBR® Green Supermix (Bio-Rad Laboratories, Inc., Germany). For information on
the primers used, see Supplementary Table S1.
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2.6. SDS-PAGE and Western Blot

Total protein was extracted from cardiac tissue, isolated cells, and AC16 cardiomy-
ocytes using Cell Lysis Buffer (10x) (Cell Signaling, Danvers, MA, USA) according to
the manufacturer’s protocol. The homogenate was centrifuged at 14,000x g for 10 min
at 4 °C, and the supernatant was treated with Laemmli buffer. Protein samples were
loaded onto NuPAGE Bis-Tris Precast gels (10%; Life Technology, Darmstadt, Germany)
followed by transfer to nitrocellulose membranes. The blots were incubated with an
antibody against Roquin-1/2 (MABF288; Life Technology, Darmstadt, Germany) and sub-
sequently with the secondary antibody Goat-Anti-Rat (Jackon ImmunoResearch Europe
Ltd., Cambridgeshire, UK).

2.7. Statistical Analysis

Data from all groups underwent initial testing for variance (Levene test) and normal
distribution (Shapiro-Wilk test). Subsequently, two-sided T-tests (2 groups) or a two-sided
ANOVA (comparison of multiple groups) was used to compare groups. p-Values below 0.05
are indicated as such in the figure legends. Correlation analysis was performed by Pearson
correlation using SPSS23. Data are expressed as correlation coefficient 3 and exact p-values.

3. Results
3.1. Expression of Roquin Isoforms in Rat Heart Tissue

A quantitative comparison of the expression of RC3H1 and RC3H2, the two genes
encoding Roquin-1 and Roquin-2, respectively, was performed in isolated adult rat car-
diomyocytes and non-myocytes. As indicated in Figure 1A, the primers used in this study
to quantify the mRNA expression of Roquin-1 and Roquin-2 have the same primer effi-
ciency. This made it possible to quantitatively compare the expression of both isoforms
using PCR thresholds (Figure 1B). Beta-2-Microglobulin (B2M) expression was used as
a loading control and showed comparable expression in myocytes and non-myocytes
(Figure 1B). Non-myocytes showed a lower threshold and therefore higher expression of
RC3H1, whereas in cardiomyocytes RC3H2 showed lower thresholds. The data indicate a
cell-specific difference in the expression profile of Roquin isoforms. When the expression
in cardiomyocytes is normalized to RC3H2, it becomes clear that the expression of RC3H2
in non-myocytes is marginal (Figure 1C).
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Figure 1. Expression of Roquin mRNA in rat heart tissue. (A) Primer efficiency for RC3H1 and RC3H?2.
(B) Thresholds for PCR analysis for the house-keeping gene beta-2-microglubulin (B2M), RC3H1, and
RC3H2. Myocytes in blue and non-myocytes in red. (C) Normalized expression of RC3H2 in myocytes
and non-myocytes with mean expression of RC3H2 in cardiomyocytes set as 1. Data are given as
means + S.D. (in black) and individual data points. *: p < 0.05 between myocytes and non-myocytes.
T-test with Levene test for variance testing and Shapiro-Wilk test for normal distribution.

3.2. Screening for miRNAs That Are Potentially Affected by Roquins

Roquins act as RNA-binding molecules and can directly interact with mature miRNAs
and Argonaute 2, which leads to inhibition of miRNA function and blocks Dicer-mediated
processing of their precursor forms [17]. To identify potential miRNAs targeted by Roquins,
we performed an integrative miRNA-and-mRNA analysis (MMIA). MiRNA expression
was initially determined by RNA sequencing and secondarily by RT-PCR in rat ventricular
samples taken seven days after the start of reperfusion or from non-ischemic controls [15].
mRNA expression was analyzed by RT-PCR. MiR-34c-3p showed the strongest inverse
correlation to RC3H2 and RC3H1 (Figure 2A), but the data could not be confirmed by an
alternative approach in which the expression of miR-34c-3p was quantified by RT-PCR
instead of RNA sequencing (RNA-Sequencing: p = —0.616 vs. RT-PCR: B = +0.992). However,
RC3H2 and miR-23b-5p were inversely expressed, regardless of whether the data were
generated by RNA sequencing or RT-PCR analysis (Figure 2B,C). Based on this type of
analysis, we considered miR-23b-5p as a potential target of Roquin. RC3H2 was down-
regulated in all post-ischemic tissues, irrespective of infarct sparing procedures such as pre-
and post-conditioning (Figure 2D). In contrast, miR-23b-5p was up-regulated in the same
tissues (Figure 2E).
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Figure 2. Correlation between RC3H2 and RC3H1 expression and the expression of miR-23b-5p in
rat heart tissue. (A) Pearson correlation with p-values and {3 coefficient. (B,C) Correlation between
the expression of RC3H2 and miR-23b-5p quantified by RNA sequencing, expressed as rpm (B) or
by RT-PCR, expressed as fold change of non-ischemic controls. (D) Expression of RC3H2 in the
left ventricle of samples from control rats (C), 45 min ischemia and 7-day reperfusion (I/R), 45 min
ischemia with pre-conditioning and 7-day reperfusion (IPC), and 45 min ischemia with subsequent
pre-conditioning and 7-day reperfusion (IPoC). (E) Expression of miR-23b-5p (expressed as reads
per million, rpm) in the left ventricle of samples from control rats (C), 45 min ischemia and 7-day
reperfusion (I/R), 45 min ischemia with pre-conditioning and 7-day reperfusion (IPC), and 45 min
ischemia with subsequent pre-conditioning and 7-day reperfusion (IPoC). Data are given as means
+S.D. and individual data points. o: p < 0.05 different from control rats (C). Two-sided ANOVA with
Student-Newman-Keuls post hoc analysis. Exact p-values are given for correlation analysis.

3.3. Identification of ZBTB20 as a Potential Target of miR-23b-5p

Once we identified miR-23b-5p as a potential target of Roquin-2, we were interested
in identifying potential targets of this miRNA. The data bank TargetScan8.0 suggested
ZBTB20 as a potential target of miR-23b-5p. The ZBTB20 gene has three consequential
pairing sites for rno-miR-23b-5p and six consequential pairing sites for hsa-miR-23b-5p.
If the assumption is correct that miR-23b-5p targets ZBTB20, it must be predicted that
this gene is down-regulated in rat heart tissues that showed an increased expression of
miR-23b-5p. This assumption was confirmed, as ZBTB20 is indeed down-regulated in
post-ischemic hearts (Figure 3A). As predicted by the relationship between ZBTB20 and
cardiac function (Ren et al. 2020; Ren et al. 2024 [18,19]), a strong correlation between
ZBTB20 expression and left ventricular function was found (Figure 3B).

3.4. Silencing of Roquin in AC16 Cells

The results on rat heart tissue suggest that ischemic events down-regulate the ex-
pression of Roquins, which can then no longer repress the expression of miR-23b-5p.
miR-23b-5p subsequently targets the expression of ZBTB20, and down-regulation of this
protein translates the signal cascade to a reduced cardiac function. However, these experi-
ments on rat tissues did not validate whether RC3H2 expression correlates with Roquin-2
protein expression. Post-transcriptional modifications may alter such a direct relationship.
Moreover, no causal relationship between Roquin expression and miR-23b-5p was shown,
only an association of their expression under post-ischemic conditions. To validate the
proposed relationship between Roquin, miR-23b-5p, and ZBTB20, expression at the protein
level must be confirmed and gene expression must be examined independently of ischemic
or hypoxic events. As there is currently no convincing antibody available to detect Roquin
in rat tissue, we used AC16 cardiomyocytes, derived from human ventricular tissue, to
prove this relationship.

Like rat cardiomyocytes, AC16 cells also constitutively express both Roquin isoforms
at the mRNA level (Figure 4A). The application of siRNA against RC3H1 specifically down-
regulated the mRNA of Roquin-1, just as the siRNA against RC3H2 exclusively affected
the mRNA of Roquin-2 (Figure 4B,C). Moreover, successful down-regulation was also
confirmed on the protein levels (Figure 4D-F). Therefore, we used siRNA directed against
Roquin isoforms to validate the relationship between Roquin and miR-23b-5p expression.

97



Cells 2025, 14,1748

A 3
=
=
5 1 a @
N z.ﬁ
A LE @
C IR IPC IPoC
B 2 1

ZBTB20 (x-fold)

—
—— Y=05097x-66757

1 R2= 09864
p=0.007
0 -ﬁ/,' v T T T ]
12 14 16 18 20
LVDP (kPa)

Figure 3. (A) Expression of ZBTB20 in the left ventricle of samples from control rats (C), 45 min
ischemia and 7-day reperfusion (I/R), 45 min ischemia with pre-conditioning and 7-day reperfusion
(IPC), and 45 min ischemia with subsequent pre-conditioning and 7-day reperfusion (IPoC). Data are
normalized to the expression of non-ischemic controls. Data are given as means + S.D. (in black) and
data points. a: p < 0.05 versus control. Two-sided ANOVA with Student-Newman-Keuls post hoc
analysis. (B) Correlation between ZBTB20 expression and left ventricular developed pressure (LVDP).
Exact p-value is given for the Pearson correlation analysis.
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Figure 4. Effect of siRNA directed against RC3H1 and RC3H2 in AC16 cells. (A) Thresholds of PCR
analysis for both genes. (B) Expression of RC3H1 in AC16 cells after incubation with siRNA directed
against both Roquin isoforms. (C) Expression of RC3H2 in AC16 cells after incubation with siRNA
directed both against Roquin isoforms. Data are given as means + S.D. (in black) and individual data
points. B: p < 0.05 between siR2 vs. Ctr. and siR1. «: p < 0.05 for siR1 vs. Ctr and siR2. Two-way
ANOVA with Student-Newman-Keuls post hoc analysis. (D) Western blot showing the expression
of both Roquin isoforms in cells that were or were not (Ctr) transfected with siRNA against Roquin.
(E,F) Quantification of the Western blot shown in (D) with o, p < 0.05 vs. Ctr.
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3.5. Relationship Between Roquin-2 Expression and miR-23b-5p in AC16 Cells

Down-regulation of Roquin-2 led to a compensatory up-regulation of miR-23b-5p
in normoxic AC16 cells (Figure 5A). Moreover, down-regulation of Roquin-2 also led to
a down-regulation of ZBTB20, a potential target of miR-23b-5p (Figure 5B). These data
suggest that Roquin deficiency and not hypoxia drives the up-regulation of miR-23b-5p
and the subsequent down-regulation of ZBTB20.
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Figure 5. Effect of Roquin silencing on the expression of miR-23b-5p and ZBTB20. (A) Expression
of miR-23b-5p in AC16 cells after incubation with siRNA directed against Roquin 2. (B) Expression
of ZBTB20 in AC16 cells after incubation with siRNA directed against Roquin-2. Data are given as
means + S.D. (in black) and individual data points. *: p < 0.05 vs. Ctr. with unpaired T-tests.

3.6. Hypoxia-Dependent Regulation of Roquin in AC16 Cells

In rat tissue, we found a down-regulation of Roquin in post-ischemic tissue, regardless
of infarct-sparing procedures. This suggested that ischemia or hypoxia triggers the down-
regulation of Roquins and not any events related to reperfusion. This assumption was
confirmed in the AC16 cell line, as Roquin-2 was down-regulated at the mRNA and protein
level in post-hypoxic cells (Figure 6A-C). As shown above for the silencing of Roquin
expression under normoxic conditions, the hypoxia-dependent down-regulation of Roquin
was also associated with increased expression of miR-23b-5p and reduced expression of
ZBTB20 (Figure 6D,E).

3.7. Effect of Antagomir Treatment Against miR-23b-5p on ZBTB20 Expression

Lastly, we validated the requirement for miR-23b-5p induction as a crucial step for
the down-regulation of ZBTB20. Again, we down-regulated Roquin expression in AC16
cells using siRNA directed against Roquin-2 and blocked miR-23b-5p activity by antagomir
treatment. Antagomir did not affect the down-regulation of Roquin-2 (Figure 7A), but the
loss of ZBTB20 expression was alleviated (Figure 7B).
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Figure 6. Effect of hypoxia (Hox) on the expression of Roquin. (A) Expression of RC3H2. Data are
normalized to normoxic controls (Nx). (B) Western blot indicating the effect of hypoxia (Hox) on the
expression of Roquin and quantification of the Western blot in (C) with p < 0.05 (unpaired T-test with
Levene test for variance testing and Shapiro-Wilk test for normal distribution). (D) Expression of
miR-23b-5p normalized to SNORDA48 as loading control. (E) Expression of ZBTB20. Data are given as
means + S.D. (in black) and individual data points. *: p < 0.05 vs. Ctr. unpaired T-test with Levene
test for variance testing and Shapiro-Wilk test for normal distribution.
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Figure 7. Expression of (A) RC3H2 and (B) ZBTB20 in AC16 cells with silencing of Roquin and
antagomir treatment against miR23b-5p (ATG). Data are given as means + S.D. (in black) and
individual data points. «: p < 0.05 versus control. Two-sided ANOVA with Student-Newman-Keuls
post hoc analysis.

4. Discussion

Our study has revealed a previously undiscovered mechanism by which hypoxia
influences ventricular remodeling: hypoxia down-regulates the expression of Roquin in
cardiomyocytes, leading to the subsequent up-regulation of miR-23b-5p and ultimately to
down-regulation of its target gene ZBTB20. This mechanism is important for the subsequent
function of the post-ischemic myocardium.

The precise regulation of protein expressions in cells is essential for maintaining cell
integrity. Transcription, translation, and protein degradation are primarily involved in
maintaining intracellular protein homeostasis. As outlined in the introduction, Roquins
belong to an interesting family of proteins that were originally identified as RNA-binding
proteins in immune cells and are involved in the regulation of protein expression. They can
bind to single-stranded RNA molecules (nRNA and miRNA), thereby reducing transcript
concentration and subsequently the translation of RNA into protein [11,17]. They can also
affect protein stability via ubiquitination. Roquins can act independently, but in some
cases, they can also work together with proteins such as Regnase to regulate target mRNAs.
However, studies on other cell types have shown that Regnase can function independently
of Roquin [5,20]. Moreover, the expression of Roquin is regulated by MALT1.

Roquins have been characterized as modifiers of immune cell responses, but they are
expressed in a broad way in other tissues as well. Our study demonstrates the constitutive
expression of Roquin-1 and Roquin-2 in terminally differentiated rat cardiomyocytes and
human AC16 cells, a cell line derived from human ventricular cardiomyocytes fused with
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SV40-transformed fibroblasts. The use of rat terminally differentiated cardiomyocytes and
a human cell line has both advantages and disadvantages. The advantages we used in
this study are the comparison of cells from two species, the possibility to use antibodies
directed against Roquin, and the capability of manipulating cells using siRNA. We also
confirmed the expression of Regnase and MALT1 in these cells, but the expression of these
proteins was not affected by hypoxia—-reoxygenation or ischemia-reperfusion. They were
therefore not further investigated in this study.

The role of Roquin in cardiac tissue has not yet been investigated, with the exception of
a contribution to T-cell-dependent dysregulation associated with cardiac inflammation [5].
In contrast to this study, our data clearly show that Roquin is expressed in non-immune
heart cells, such as cardiomyocytes. Furthermore, we observed a down-regulation of
Roquin in post-ischemic rat hearts and post-hypoxic human cardiomyocytes. Interestingly,
miR-223 was previously identified as an miRNA that triggers the degradation of Roquin
and can also be used as a biomarker after myocardial infarction [21]. Thus, hypoxia may
induce the expression of miR-223, which then triggers the hypoxia-dependent degradation
of Roquin, but this requires future studies to identify the molecular mechanism more
precisely. Our data show a comparative down-regulation of Roquin mRNA and protein
expression, suggesting that regulation occurs on the transcriptional level.

We investigated via RNA sequencing the expression of multiple miRNAs in the rat
heart under non-ischemic conditions and seven days after ischemia-reperfusion with and
without infarct-sparing procedures such as pre- and post-conditioning [15]. We then cor-
related the expression of these miRNAs with that of Roquin mRNA to identify potential
targets of Roquin. Overall, we have indeed identified several miRNAs that show a strong
inverse correlation with Roquin expression, suggesting that these miRNAs are also po-
tential targets of Roquin. It is important to validate the expression of these miRNAs with
two independent methods—RNA sequencing and RT-PCR. After validation of miRNA
expression with these two independent methods, we identified miR-23b-5p as a potential
target of Roquins in cardiac cells. These correlations were subsequently confirmed in AC16
cells with Roquin silencing under normoxic conditions. Our data show that it is indeed
Roquin deficiency, and not hypoxia itself, that triggers the inverse regulation of miR-23b-5p.

Next, we used the TargetScan8.0 data bank to identify potential targets of miR-23b-5p.
Based on conserved sequences in both rat and human gene sequences, ZBTB20 was identi-
fied as a potential down-stream target of miR-23b-5p. A deficiency of ZBTB20 is associated
with cardiac dysfunction and a lack of cardiac reserve and exercise capacity in mice [18,19].
Mechanistically, ZBTB20 is required for phospholamban expression, and its deficiency
leads to SERCA2a overactivation and increased Ca?* loading of the sarcoplasmic reticulum
(SR). Here, we show that hypoxia-dependent down-regulation of Roquin increased the
expression of miR-23b-5p. This is subsequently linked to a reduction in ZBTB20 expression,
and this is associated with reduced left ventricular function. Furthermore, siRNA-induced
down-regulation of Roquin and subsequent induction of miR-23b-5p did not lead to a
reduction in ZBTB20 expression when antagomir against miR-23b-5p was administered
simultaneously.

As in all studies, our study has some limitations that cannot properly be addressed
in this manuscript but require future attention. The lack of a proper antibody to detect
Roquin-2 in rat tissue means that we could confirm the co-regulation of roquin mRNA
and protein only in AC16 cells. However, we have no reason to assume that this will be
different in rats. The different expression profile between Roquin-1 and Roquin-2 in rat
tissue and AC16 cells requires attention, i.e., the role of Roquin-1 remains unclear, as we
could not find any major difference between either isoform in this study. Furthermore,
we believe that no differences occur between the Roquin expression in males and females,
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but this was not really checked in this study. From the data so far, there is no evidence to
assume such a difference. Finally, the in vitro part has the limitation that the cells were
not exposed to physiological pO, levels, as they were cultured in a standard incubator
using room air and 5% pCO,;. Thus, the challenge to hypoxia and reoxygenation does not
exactly mimic the in vivo situation of ischemia-reperfusion. Nevertheless, this limitation is
overbalanced by the finding of a similar type of regulation between in vivo and in vitro
conditions and the ability to use siRNA and antagomirs to manipulate Roquin expression.

In summary, this is the first study to demonstrate the constitutive expression of Roquin
isoforms in cardiomyocytes, their down-regulation in post-hypoxic tissues, an effect on
miR-23b-5p and thus on ZBTB20, and finally an association with reduced cardiac function
(Figure 8). Overall, the mechanisms identified may contribute to our understanding of
why cardioprotective measures such as pre-conditioning and post-conditioning alone
cannot completely prevent post-ischemic cardiac dysfunction, as they do not address
hypoxia-induced alterations. Furthermore, our study suggests that the development of new
techniques aimed to increase the expression of Roquins could lead to improved recovery
after myocardial infarction.
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Figure 8. Summary of the findings: Hypoxia down-regulates the expression of RC3H2 (Roquin-2), as

demonstrated by exposing AC16 cells to hypoxia and rat hearts to ischemia (Figures 2D and 6A-C).
Down-regulation of Roquin-2, as shown at the mRNA and protein level, increases the stability of
miR-23b-5p (Figure 2A-C, Figures 5A, 6D and 7A). Increased expression of miR-23b-5p subsequently
led to reduced expression of ZBTB20 (Figures 5B, 6E and 7B), and this is associated with decreased
function (left ventricular developed pressure, LVDP; Figure 3B).
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Abstract: Early cellular alterations in abdominal aortic aneurysm (AAA) are scarcely in-
vestigated. Aortic remodeling inflammation-related suggested the CXCR2/CXCL1/IL-8
axis as a therapeutic target. This study investigates CXCR1/CXCR2 antagonism in primary
human aortic endothelial (HAOEC) and smooth muscle cells (HAOSMC) conditioned with
IL-8 or serum from patients with AAA (sPT). Ladarixin (10 uM Lad or 25 uM) served as an
inhibitor. Readouts included RT-qPCR for CXCL1, CXCLS8, CXCR2, MMP9, NFKB1, and
VEGF-A; zymography for MMP9 activity confocal microscopy for F-actin and mitochondria;
NADPH/NADH diaphorase histochemistry for redox activity; and ATP assay. In HAOEC,
IL-8 downregulated CXCR?2, increased MMP9 activity, and induced cytoskeletal and mito-
chondria disorganization without altering NADH/NADPH diaphorases but increasing
ATP release. At concentration of 10 uM Lad rescued cell organization and gene expression.
sPT upregulated CXCLS, CXCR2, and MMPY, decreased NADH/NADPH diaphorases, and
altered cytoskeleton and mitochondria organization in HAOEC. At concentration of 10 uM
Lad (partially) and 25 uM Lad reverted gene upregulation and mitochondria distribution;
both doses increased diaphorase and released ATP. HAOSMC were scantily susceptible
to IL-8 and weakly responsive to sPT, slightly upregulating CXCR2 and VEGF-A but in-
creasing proMMP9 gelatinolysis. Ladarixin recovered proMMP9 activity and modulated
CXCL1. AAA-like vascular cell alterations involve multiple inflammatory factors and are
modulable by inhibition of IL-8 receptors. The results underline careful dose calibration.

Keywords: primary human aortic endothelial (HAOEC); primary smooth muscle cells
(HAOSMC); Interleukin 8 (IL-8); CXCR2/CXCL1/IL-8 axis; Metalloprotease 9 (MMP9);
Ladarixin (Lad)

1. Introduction

Vascular wall damage in abdominal aortic aneurism (AAA) involves complex cellular
and molecular immune-inflammatory pathogenic factors [1]. Besides the amplificatory
effect associated with intraluminal NETosis or thrombosis [2], the circulating inflammatory
microenvironment and oxidative stress-associated deregulation of NAD(P)H enzymes
and metalloproteases (MMPs) [3] may affect constitutive vascular wall cells from the early
phases of AAA development. Endothelial changes precede the injury of underneath smooth
muscle cells (SMC) and the loosening of the extracellular matrix [3]. The role of endothelial
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interaction with other cells belonging to the vascular wall during AAA formation has
been postulated, but functional data about pro-aneurysmatic activation of the aortic cells
are still scanty [3]. In LDR-/- mice, the deficiency of Angiotensin II receptor in aortic
endothelium, but not in smooth muscle cells, attenuated the AAA development, and in the
rat xenograft model of AAA involving dysendothelialization, rescue of the luminal lining
by endothelial cell transplantation supported aortic wall stabilization through partially
preserving the integrity of the internal elastic media [4,5]. The altered functionality of nitric
oxide synthase and NAD(P)H oxidases in the endothelium activated by inflammation
lead to increased production of oxygen radicals, inducing MMPs activation and abnormal
matrix degradation, and affecting SMC functions, and ultimately contributing to aortic
wall swelling and AAA development [3].

The administration of medications protecting the aortic luminal endothelium could
be supportive in the reduction of the risk of AAA formation and rupture. This is relevant
in the setting of AAA, as current pharmacological approaches (e.g., antihypertensive and
antiplatelet drugs, statins, ACE inhibitors, and renin—angiotensin inhibitors) do not target
AAA development but co-morbidities and risk factors. The identification of an optimal
drug treatment is compulsory for going beyond monitoring of small AAA and surgery big
AAA [1].

In the inflammatory background of AAA and specifically in the cyto-chemokines-
related pathways, the CXCR2/CXCL1/IL-8 axis represents a putative therapeutic target in
AAA, playing a causal role and pharmacologically modulable on in vivo murine elastase-
induced AAA [6] and in ex-vivo cultured AAA tissues, as recently proposed by our group [7].
Here, we have mimicked the early phases of AAA in terms of activation of in vitro human
aortic endothelial cells (EC) and SMC, exploring the dysfunctional effects of chronic stimu-
lation with IL-8 or multiple circulating mediators on the homeostasis of the vascular wall
cells.

We have also extended to activated EC and SMC the mechanistic investigation of
the inhibition CXCR2/CXCL1/IL-8 axis, using the same dual CXCR1/CXCR2 antagonist
Ladarixin (Lad) applied in the previous study [7]. Lad was mostly known for its application
in cancer and type 1 diabetes, where this molecule is undergoing clinical trials [8]. Moreover,
Lad contributed to protection against diabetic retinopathy in streptozotocin-treated rats [9]
and impaired neutrophil migration without altering adhesive properties of the inflamed
endothelium [10], hinting to a potential application in the vascular context. Accordingly
with previous reports, including our recent findings on ex vivo cultured AAA tissues, we
mainly focused on few readouts, i.e., CXCR2/CXCL1/IL-8 and MMP9 expressed genes, the
activities of MMP9 and NAD(P)H oxidases, ATP release, mitochondrial and cytoskeletal
organization [11-14].

2. Materials and Methods
2.1. Blood for Cell Conditioning

Serum samples (10 mL) from characterized male patients (Supplementary Table S2)
with diagnosis of unruptured large AAA, according to the current European guidelines [15],
hospitalized and undergoing infrarenal abdominal aortic aneurysmectomy at Vascular
Surgery Unit of IRCCS San Raffaele Hospital, were used for cell conditioning. The donors
were involved in a previously published study where further characteristics were de-
scribed [14]. The research protocol (ID. AAA1, approved on 28 October 2021 and emended
on 15 February 2023 by the Institutional Ethic Committee) conformed to the World Medical
Association Declaration of Helsinki, and all enrolled individuals donating blood signed an
informed consent.
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Upon collection in vacutainer serum tubes, the blood was centrifuged at 2500 x g
10 min at 4 °C, to obtain serum, which was aliquoted and stored at —80 °C until use.

The serum levels of several pro/anti-inflammatory mediators related to the CXCR2/
CXCL1/IL-8 axis, namely CXCL1 CXCL2, IL-1«, IL-1f3, IL-10, IL-6, IL-8, and TNF-«x, were
measured by Luminex multiplexed technology using FLEX MAP 3D LUMINEX instrument
equipped with Bio Plex 6.2 software (all from R&D System, Minneapolis, MN, USA).
Samples were stored at —80 °C and thawed only once, run in duplicate, and determined vs.
standard curve, following the manufacturer’ instructions.

2.2. Cell Culture

Primary human aortic endothelial and smooth muscle cells (HAOEC and HAOSMC,
from single donors 43 and 53 years old, Caucasian males, Cat. # 304-05a and # 354-05a,
respectively) were cultured using specific cell culture medium (095211F-500 Human EC
Growth Medium and 095311-500 Human SMC Growth Medium, respectively) following the
manufacturer” instructions and kept in standard 5% CO; incubator at 37 °C. The materials
were provided by Cell Applications, Inc., San Diego, CA, USA.

Two chronic conditioning stimuli were studied: human recombinant IL-8 (human
recombinant IL-8, SRP3098, Sigma-Aldrich, Milano, Italy) and human serum from patients
with AAA (sPT). Briefly, the cells were settled in 24-well plates and in parallel on p-
Slides 8 well high Glass Bottom (N.80807, Ibidi GmbH, Gréfelfing, Germany) coated with
Bovine Collagen Type I (N.47257, SERVA Electrophoresis GmbH, Heidelberg, Germany).
After reaching about 50% confluence, the cells were treated with medium supplemented
either with progressively increased amounts of IL-8 (IL-8 10 ng/mL, IL-8 30 ng/mL, IL-8
50 ng/mL), or sPT (2% sPT twice, then 5% sPT), following the protocol schematized in
Supplementary Figure S1. Lad (10 uM or 25 uM) was added to culture 4 h before the
end of the stimulation. Thereafter, the cell supernatants were harvested from cells in
multiwells, which were rinsed in Dulbecco’s phosphate buffer (PBS) and either fixed in 1%
paraformaldehyde in PBS (PFA) for histochemistry assays or frozen for RNA and protein
extraction. At the end of stimulation, cells in p-slides were incubated with MitoTracker
CMX-ROS (300 nM, 30 min, 37 °C, N. M7512 Invitrogen, ThermoFisher, Waltham, MA,
USA) diluted in warm cell culture medium to label active mitochondria, then fixed with
1% PFA.

2.3. Immunofluorescence

Fixed cells were permeabilized with 0.1%Triton X-100 in PBS for 10 min, non-specific
binding was blocked by 1% bovine serum albumin in PBS (blocking) for 30 min RT. F-
actin was stained by Phalloidin (1:100, 30 min RT, P5282, Sigma-Aldrich, Milano, Italy)
diluted in blocking. The cell phenotype was verified by Rabbit anti-Human VE-Cadherin
(1:200, o/n 4 °C, AB-J3158, Immunological Sciences, Roma, Italy) or Mouse anti-human
o smooth muscle actin (1:500, o/n 4 °C, MAB1420, R&D, Bio-Techne, Minneapolis, MN,
USA), revealed by secondary antibody (Donkey-anti-Mouse IgG or Donkey-anti-Rabbit
IgG AlexaFluor488-conjugated, diluted 1:500, incubated for 45 min RT, Thermo Fisher
Life technologies Inc., Carlsbad, CA, USA). Upon rinse in PBS, the nuclei were stained
with 4/,6-diamidino-2-phenylindole (DAPI, 0.2 nmol/L, 10 min, RT, D9542, Sigma-Aldrich,
Milano, Italy). Slides mounted within 15%glycerol in PBS were analyzed under Olympus
FluoVIEW 3000 RS confocal microscope using a UPLSAPO 60XS (NA 1.3) Sil objective.
Multiframe images were obtained, then combined in 2D projections by the Fiji open-source
software, ImageJ-based. The 2D images were collected in panels by using AdobePhotoshop
CS [16].
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2.4. Gel Zymography

Gelatin zymography was performed to evaluate the MMP gelatinolytic activities into
cell supernatants. Briefly, samples diluted in Laemmli buffer were resolved on 8% SDS-
PAGE containing 0.1% gelatin. Gels were washed in 2.5% Triton X-100 at RT on orbital
shaker, then incubated overnight at 37 °C in 0.05 M Tris-HCI pH 8.8 containing 0.02% NaNj3
and 5 mMCaCl,. Staining with 0.1% Coomassie blue and de-staining with 5% methanol
and 7% acetic acid solution followed. Areas of digestion were visualized as non-stained
regions. Optical densitometry was performed with Fiji software [16].

2.5. NADH/BNADPH Diaphorase Histochemistry

Fixed HAOEC were rinsed in PBS for 5 min at room temperature, then incubated
(o/n, 37 °C) in 1 mM NADH/BNADPH and 0.2 mM Nitroblue Tetrazolium (cod. N.
10128023001, 10128024001, and N6876, respectively, Sigma-Aldrich, Milano, Italy) diluted
in 100 mM Tris-HCI buffer pH 8.0 containing 0.1% Triton X-100. The oxidation of NAD(P)H
generated hydrogen ions which bind to Nitroblue Tetrazolium, allowing the formation of a
stable blue formazan. The redox reaction was stopped rinsing cells in PBS, and absorption
was quantified by Victor 3V reader (450-630 nm). The cells were also visualized and
photographed using an Eclipse 55i microscope equipped with a DS-L1 camera (Nikon,
Tokyo, Japan) [17].

2.6. ATP Assays

ATP content was determined in cell supernatants by a bioluminescence assay based
on luciferase’s absolute requirement for ATP in producing light (ATP Determination Kit,
A22066, Invitrogen, ThermoFisher, Waltham, MA, USA) according to the manufacturers’
instruction, as previously described [18]. Samples were run in triplicate and lumines-
cence was measured on Infinite F200 microplate reader (TECAN Group Ltd., Mdnnedorf,
Switzerland).

2.7. RNA Isolation and Quantitative Real-Time PCR

Total mRNA was extracted using miRNeasy Tissue/Cells Advanced Mini Kit (Qiagen,
Hilden, Germany). Synthesis of cDNA from 200 ng of mRNA was carried out by reverse
transcription using High-Capacity RNA-to-cDNA Kit (Invitrogen, Carlsbad, CA, USA).
Quantitative real-time PCR (RT-qPCR) was performed using TagMan® Universal Master
Mix II and Tagman primer/Fam-labeled probes (Table S1, Applied Biosystems, Foster City,
CA, USA) determining the relative levels of the expressed genes. All the procedures were
carried out according to the manufacturers’ instruction. Samples were run in triplicate,
target gene levels were normalized to that of Bactin mRNA, and relative expression was

determined using the 274t

method. The gene expression is presented as ratio applying
the formula:

R = 27ACt (stimulated cells) /2~ 2Ct (untreated cells).

2.8. Statistics

The normality of the distribution of experimental data was assessed by Shapiro-Wilk
test. Parametric or non-parametric tests were used depending on the normality of the
data distribution. Differences among variables were calculated by using Wilcoxon or t-test,
and with mixed-effects analysis or Friedman test for multiple comparisons. Simple linear
regression or non-linear fits were evaluated to relate experimental parameters. Probability
values <0.05 were considered significant. Prism 9.5.0 software (Graphpad Software Inc., La
Jolla, San Diego, CA, USA) was used.
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3. Results
3.1. Primary HAOEC Conditioned with IL-8 and Treated with Lad: Gene Expression and MMP9
Activities

To evaluate pro-aneurysmatic effects of chronic, progressively increasing concentra-
tions IL-8 over aortic endothelial cells and the modulatory effects of Lad, we conditioned
HAOEC with IL-8 before treating cells with the drug (Figure S1). IL-8 induced downregu-
lation of CXCR2 gene expression with respect to untreated cells, restored by 10 pM Lad but
not by 25 uM Lad (Figure 1A).
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Figure 1. Gene expression levels and released MMP9 activities in IL-8 conditioned HAOEC.
The expression level of CXCL8, CXCR2, CXCL1, NFxB, and MMP9 genes measured by RT-qPCR
in HAOEC (n = 5) is shown (A). Changes in MMP9 gelatinolytic activities in cell supernatants (n
=7) are plotted (B). Data are presented as ratio vs. untreated cells in boxes (min to max). Dots
indicate single-sample values and p < 0.05 significant differences among treatments by Friedman test
between single treatment and vs. untreated cells by Wilcoxon or t-test, depending on the normality
of distribution. Pairwise comparisons are shown in each plot in red (comparison vs. untreated cells)
and black (comparison between conditioned cells).

No significant changes in CXCL8, CXCL1, NFKB, and MMP9 gene expressions were
found in the presence/absence of Lad (Figure 1A), thus supporting a close functional
relation between IL-8 and its receptor.

Lad antagonism on CXCR2 in AAA-cultured tissue modulated the activities of MMP9
isoforms [7]. To understand whether the modulation of released MMP9 was a downstream
effect of IL-8 stimulus and Lad treatment, gel zymography was performed on HAOEC
supernatants. Gelatinolytic activities of both proMMP9 and MMP9 active isoforms in-
creased in the supernatants of HAOEC conditioned with IL-8 (Figure 1B and Figure S2A),
whilst the activities of proMMP9 by HAOEC treated with 10 uM Lad and 25 uM Lad were
assimilable to untreated cells, indicating recovery action. At difference, active MMP9 was
significantly higher in the presence of both 10 uM Lad and 25 uM Lad than in untreated
HAOEC (Figure 1B). These data supported the role of IL-8 in negative remodeling of the
extracellular matrix and the potential, even partial, regulatory efficacy of Lad.
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3.2. Primary HAOEC Conditioned with IL-8 and Treated with Lad: Energetics and Cytoskeleton

In HAOEC conditioned with IL-8, the NADH and NADPH diaphorases (oxidative
activity of mitochondrial complex I and V, respectively) failed to show significant alterations
(Figure 52B,C). In agreement, no change in the amounts of the released ATP was found,
excepted for a moderate increase in cells conditioned with IL-8 and treated with 10 pM
Lad vs. those only stimulated with IL-8 (Figure S2B). Interestingly, MitoTracker showed
that the intracytoplasmic mitochondria organization changed in HAOEC treated with IL-8,
with condensation of active mitochondria in the perinuclear area, and partially recovered
upon treatment with Lad (Figure S2D). A slight alteration in VE-Cadherin pattern and the
formation of stress fibers confirming the responsiveness of HAOEC to IL-8 and a structural
recovery with Lad treatment were observed (Figure S2E,F).

3.3. Primary HAOEC Conditioned with Human Serum and Treated with Ladarixin: Gene
Expression and MMP9 Activities

To assess whether and how the pro-aneurysmatic response of HAOEC changes in
the presence of complex inflammation-related stimulation including IL-8, the cells were
conditioned with serum from patients with AAA (sPT) (Figures S1 and S3A).

Upregulation of CXCL8, CXCR2, and MMP9 genes without changes in NFkB, VEGF-A,
and CXCL1 (Figure 2A) were found in HAOEC conditioned with sPT. Treatment with 25
uM Lad reverted the upregulated gene expression to untreated cell level.

Despite the increase of MMP9 expressed gene, no changes in the gelatinolytic activities
of released MMP9 protein were detected in HAOEC conditioned with sPT with respect
to untreated cells, either in the presence/absence of Lad (Figure 2B and Figure S3B),
suggesting a regulation of metalloproteinases not restrained to IL-8 action or requiring
high cytokine levels. In HAOEC conditioned with sPT in the presence of 25 uM Lad, the
gelatinolysis by MMP9 active was associated to that of proMMP9 and to that in the absence
of Lad (Figure S3C). The gelatinolysis by proMMP9 was linearly related to the amount of
CXCL1 and IL-1§3 proteins in sPT (Figure S3D); this association reverted with 10 uM Lad
but not with 25 uM Lad. Moreover, in the presence of 10 uM Lad, both MMP9 activities
resulted negatively related also to IL-8 and IL-13content in sPT.

3.4. Primary HAOEC Conditioned with Human Serum and Treated with Lad: Energetics and
Cytoskeleton

In HAOEC conditioned with sPT, the NADH diaphorase was negatively related to the
amount of IL-8 in sPT and positively to that of IL-1p3 (Figure S4A). The sPT-conditioning
led to a decrease in NADH diaphorase, consistent with oxidative stress. Recovery was
observed in the presence of Lad, significant with 25 uM Lad, which was also higher than
untreated cells (Figure 2C,D). This was supportive of oxidoreductase regulation by Lad.
Conversely, the NAPDH diaphorase did not change in HAOEC conditioned with sPT vs.
untreated but was significantly lower than in cells treated with 10 uM Lad and 25 pM
Lad (Figure 2C,D). The NADH and NADPH diaphorase activities were both higher in 25
uM Lad-treated HAOEC vs. untreated. Analogously, the release of ATP did not change
following sPT conditioning, but increased with respect to untreated cells in HAOEC treated
with both 10 pM Lad and 25 uM Lad (Figure 2E). Taken together, these data are compatible
with an effect of increasing mitochondrial activity by Lad in sPT-conditioned cells.

At difference from what observed with IL-8, the mitochondria appeared diffusely
distributed following sPT. A perinuclear localization comparable to that of untreated
cells was observed with 25 uM Lad (Figure 2F). The actin cytoskeleton was altered with
formation of peripheral stress fibers by conditioning with sPT, and a minor rescue of thin
fibers was observed only with 25 uM Lad (Figure S4B).
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Figure 2. Gene expression levels, MMP9 gelatinolysis, NAD(P)H diaphorases, and ATP release in
sPT-conditioned HAOEC. Gene expression by RT-qPCR of CXCL8, CXCR2, NF«kB, MMP9, VEGF-A,
and CXCL1 after cells conditioning +/- treatment with Lad is presented (n=16,n=7,andn=9,
respectively, (A)). Changes in gelatinolysis by released MMP9 after cells conditioning +/- treatment
with Lad (n =7) are presented (B). Representative light microscopy images of NADH and NADPH di-
aphorase histochemistry (objective 10x) are shown (C). Quantification of NADH/NADPH diaphorase
activities (n = 6) (D) and ATP release in cell supernatants (n = 6, (E)) are plotted. Representative
confocal microscopy images of MitoTracker-labeled mitochondria (red, (F)) are shown on HAOEC.
Nuclei are stained with DAPI (blue). Data in (A,B,D,E) are presented as ratio vs. untreated cells
in boxes (min to max). Dots indicate single-sample values and p < 0.05 significant differences by
mixed-effects analysis in (A,B). Pairwise comparisons are shown in each plot in red (comparison vs.
untreated cells) and black (comparison between conditioned cells).
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3.5. Primary HAOSMC: Conditioned with IL-8 and Treated with Lad

In HAOSMC conditioned with IL-8, no significant change in the expression of CXCLS,
CXCR2, CXCL1, NFKB, and MMP9 genes was determined. Treatment with 10 uM Lad,
but not with 25 uM Lad, downregulated the MMP9 gene in IL-8-conditioned HAOSMC
compared to untreated cells (Figure 3A).
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Figure 3

Figure 3. Gene expression levels and MMP?9 activities in IL-8 and sPT-conditioned HAOSMC.
Gene expression by RT-qPCR of CXCL8, CXCR2, NFxB, MMP9, VEGF-A, and CXCL1 after HAOSMC
conditioning with IL-8 +/— treatment with Lad (n = 5, (A)). Representative gel zymography image
of HAOSMC conditioned with IL8 and changes in MMP9 gelatinolysis (n = 5, (B)) are presented as
ratio vs. untreated cells. Gene expression of CXCL8, CXCR2, NFkB, MMP9, VEGF-A, and CXCL1, by
RT-qPCR in sPT-conditioned HAOSMC +/- treatment with Lad (n = 8, n = 4 and n = 4, respectively,
(©)) and changes in MMP9 gelatinolysis (n = 5, (D)) are shown as ratio vs. untreated cells. Data
are presented as boxes (min to max). Dots indicate single-sample values and p < 0.05 significant
differences among treatments by mixed-effects analysis, between single treatment and untreated cells
by Wilcoxon or t-test depending on the normality of distribution. Pairwise comparisons are shown in
each plot in red (comparison vs. untreated cells) and black (comparison between conditioned cells).
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The zymography on supernatants from HAOSMC conditioned with IL-8 failed to
show changes in MMP9 protein activities with respect to untreated cells (Figure 3B).
Moreover, although a significant difference was found in proMMP9 gelatinolysis between
IL-8-conditioned HAOSMC treated with 10 uM Lad vs. Lad 25 uM, there was no difference
vs. untreated cells. Mitotracker and « smooth muscle actin indicated that no dramatic
changes were also induced at mitochondrial (Figure S5A) and cytoskeletal levels (Figure
S5B). These data supported a non-prominent role for IL-8 pathway in HAOSMC, unaffected
by Lad.

3.6. Primary HAOSMC Conditioned with Human Serum and Treated with Ladarixin

No significant modulation of gene expression was measured upon sPT-conditioning
of HAOSMC, but trends towards upregulation of CXCR2 and VEGF-A were observed
(Figure 3C). Moreover, an opposite modulation of CXCL1 with 10 uM Lad (downregula-
tion) and 25 uM Lad (upregulation) in conditioned vs. untreated HAOSMC was found,
suggestive of a rebound effect with Lad 25 pM.

The proMMP9 gelatinolytic activity significantly increased in HAOSMC conditioned
with sPT vs. untreated cells, and a trend towards reduction was observed following
treatment with 10 uM Lad (Figure 3D and Figure S5C). The data were not related to
the amounts of inflammatory mediators in sPT. Taken together, these findings support a
scarce responsiveness of HAOSMC to sPT and a limited reactivity to Lad in non-activated
conditions.

4. Discussion

Since the early 90s, AAA development has been causally related to increase of IL-8
cytokine amount and activity at aortic wall level [6,19-21]. A functional link between
CXCR2/CXCL1/IL-8 axis and MMP9 activity in cultured lesioned aortic tissues from AAA
and the MMP9 modulation via IL-8 receptor antagonism was demonstrated [7]. We show
differences in the responsiveness of primary aortic cells to IL-8 and to serum from patients
with AAA, and the modulatory effects over cell responses by the IL-8 receptor antagonist
Lad, in the optics of viable therapeutic approaches against aortic damage.

IL-8 promoted in dose-dependent manner, either survival (via MMP9 enhancement
and capillary tube formation) or dysfunction (via alteration of cytoskeleton and tight
junctions) of in vitro endothelial cells [22,23], and was a functional modulator of SMC [24,25].
The decrease of CXCR2 upon exposure of HAOEC to mature IL-8 (under conditions of
progressively increasing, chronic inflammatory stimulation [26]) may represent a defensive
reaction against alteration of the endothelial chemoattractant and of cell-to-cell interaction
properties, compatible with first-line localization and protective role of HAOEC in vivo [27].
The absence of changes in other genes may indicate no activation of autocrine pathway
or angiogenesis [28]. Instead, the IL-8-associated increase of the MMP9 protein activity is
compatible with the chemokine role as extracellular matrix degradation enhancer. None
of these effects is elicited in HAOSMC, thus indicating different intracellular mechanisms
associated with IL-8 processing by vascular cells. Biological activities of IL-8 change upon
site-specific proteolytic modification, mediated by MMP9 and other metalloproteinases,
whose deregulation in pathological conditions like AAA supports the relevance of IL-8
cleavage in inflammatory settings [29].

Differences in responsiveness to IL-8 may be related to cell diversity in the vascular
beds. Human saphenous vein cells provide an example: isolated SMC were able to produce
and secrete IL-8 but lacked binding sites, whilst endothelial cells produced and bound
IL-8 [30]. The aortic artery cells differ from those of the saphenous vein, as HAOSMC
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endogenously express higher levels of CXCL§ and CXCR2 than HAOEC but scarcely react
to the prolonged conditioning with IL-8.

The behavior of HAOEC is distinct from that of HAOSMC also with sPT-conditioning.
This complex inflammatory stimulus triggers early signs of endothelial dysfunction in
HAOEC (i.e., upregulation of CXCL8, CXCR2, and MMP9 genes in the presence of vari-
able MMP9 protein activity) but extracellular matrix/angiogenesis-related changes in
HAOSMC. (i.e., increased proMMP9 gelatinolysis and borderline significant upregulation
of CXCR2 and VEGF-A genes). Despite the intrinsic constitutive differences, both HAOEC
and HAOSMC respond to pharmacological antagonism of IL-8 receptors by Lad, which
demonstrates rescuing efficacy.

In HAOEC, the sPT effect over MMP9 protein is linearly related to the serum content
of CXCL1 (member of the ELR CXC family, as IL-8 [31,32]) and to IL-1f3. Conversely, the
efficacy of 10 uM Lad in rescuing gelatinolysis is negatively associated to the amounts
of IL-8, IL-1p3, and CXCL1 in sPT [7], and the rebound effect on proMMP9 by 25 M
Lad to the content of CXCL1. These findings highlight a non-exclusive role of IL-8 in the
pro-aneurysmatic activation of aortic endothelium and suggest a connection at endothelial
level between the drug action and the multifactorial composition of the stimulus.

Interplay between Lad and CXCL1 is also found in HAOSMC conditioned with sPT,
where 10 uM Lad and 25 uM Lad exert opposite actions over gene expression, assimilable
to stabilization and rebound effects, respectively. The association of CXCL1 increase to the
inflammatory activation of rat vascular SMC induced by hypertension [33], to the causes
of hypertension and MMP?9 release in human diseases [32,34], and to AAA growth [35]
support the potential relevance of Lad effects over CXCL1 in the perspective of AAA
therapy. Together with the higher efficiency of 10 uM Lad vs. 25 uM Lad in modulating
proMMP9 gelatinolysis in aortic cells, and in agreement with previous data on AAA tissue
cultures [7], these findings suggest 10 uM Lad as a candidate dose for further studies.

Consequences of inflammation of the vascular wall and of intracellular pathways
activated by IL-8 [36] may be multifaceted, and causal relationships with SMC remodel-
ing and oxidative stress/respiration were demonstrated, pointing to a role for NADPH
oxidases [3,37]. Although IL-8-driven alteration of NAD(P)H-dependent redox balance
and ATP production at endothelial level [38] was reported in sepsis [39], if and how inflam-
mation triggers endothelial dysfunction via cell remodeling and redox activity alteration
under AAA-like conditions is almost unexplored. Our findings show that IL-8 leads to
reinforcement of F-actin peripheral fibers [23] and mitochondria aggregation in HAOEC but
not in HAOSMC. These changes are not paralleled by variation in NAD(P)H diaphorases
(related to respiratory chain activity and nitric oxide synthesis, respectively [11,13,40]), and
in ATP release. In sPT-conditioned HAOEC, the NADH diaphorase is associated to the
sPT content of IL-8 and of IL-1f3 in opposite ways, and conditioning induces a decrease in
both diaphorase activities, a trend towards increasing ATP secretion, and mitochondria
spatial reorganization. Overall, these findings support early-stage remodeling in HAOEC,
insufficiency of IL-8 but need of multiple mediators to trigger bioenergetic changes.

As in whole vessels ATP fuels vasodilation and maintenance of vascular tone [41],
the variation in ATP released by HAOEC in the absence of shear stress/blood flow but
presence of inflammatory stimuli may provide preliminary indication of how inflamma-
tion contributes to alter the artery diameter in AAA. Further studies investigating this
mechanism under either static or dynamic conditions are required.

In the sPT-conditioning setting, treatment with Lad has augmentative, dose-dependent
effects over energetics in HAOEC, and 25 pM Lad restores the mitochondrial pattern,
significantly increasing diaphorases and ATP release. The reaction of HAOEC to Lad
extends the drug effects beyond extracellular matrix regulation, possibly to the reversion
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of the energetic unbalance due to sPT, results in mitochondria overwork buffered by ATP
release, and underlines that drug calibration is pivotal.

The pattern of aortic cell responsiveness to Lad is also supportive of the need for
combination therapy in AAA, in agreement with the failure in patients of therapies based
on IL-8 inhibition, and effective on animal models [36].

5. Conclusions

In conclusion, IL-8 chronic stimulus plays a role in the post-translational regulation
of MMP9 and in the modulation of CXCR2 gene in HAOEC, and AAA patient’ serum
acts more widely over expressed genes of the CXCR2/CXCL1/IL-8 axis, underlining the
synergistic/antagonistic interplay among serum inflammatory mediators in affecting the
vascular wall. Moreover, the action of sPT, but not of IL-8, on HAOEC involves unbalance
of redox-associated NAD(P)H enzymes, ultimately affecting the release of ATP.

HAOSMC are almost unresponsive to IL-8 but respond to AAA patient” serum at
MMP9 post-translational level, compatibly with the prominent increase of extracellular
matrix degradation in AAA.

IL-8 antagonism by Lad is partially efficient in recovering the IL-8 effects and fully
efficient against those due to sPT. Characterizing whether Lad action in aortic cells involves
specific engagements other than with IL-8 receptors goes beyond the purposes of this study.
Finally, rebound effects following 25 uM Lad suggest being careful with dose calibration
and indicate 10 uM Lad as a possible therapeutic candidate for vascular damage in AAA,
warranting further studies.
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conditioned HAOSMC.
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Abstract: Background: A deregulated aldosterone (Aldo)-mineralocorticoid receptor
(MR) pathway is linked to cardiovascular disease (CVD), including hypertension and
heart failure. Despite the association of elevated plasma Aldo levels with cardiac stress,
inflammation, myocardial fibrosis, and cardiac remodeling, the underlying mechanisms
remain elusive. Methods: To study the impact of Aldo-MR pathway overactivation
on cardiac health, a novel mouse model with AAV9-mediated MR overexpression and
Aldo administration via subcutaneous osmotic pumps was generated. Echocardiographic
analyses, transcriptome sequencing, and loss-of-function experiments of an identified lead
candidate gene were performed. Additionally, cardiac tissue samples from human patients
with end-stage heart failure were analyzed in the study. Results: Mice with an overactivated
Aldo-MR pathway exhibited increased neutrophil gelatinase-associated lipocalin (NGAL)
expression, cardiac dysfunction, hypertrophy, and fibrosis. Transcriptomics identified
prostaglandin D, synthase (Ptgds) as a novel downstream effector of the cardiac Aldo-MR
pathway. SIRNA-mediated inhibition of Ptgds in primary cardiomyocytes reduced NGAL
levels and the hypertrophic impact of Aldo, suggesting a role in mediating Aldo-induced
cardiac pathologies. Elevated expression of PTGDS was observed in hiPSC-CMs treated
with the pro-hypertrophic cytokine leukemia inhibitory factor (LIF) and in end-stage
heart failure patients, ascertaining its importance in cardiac disease settings. Conclusions:
PTGDS is a newly identified mediator of Aldo-MR-induced cardiac remodeling and may
represent a potential therapeutic target for CVD.

Keywords: Aldo-MR pathway; cardiovascular disease; remodeling; cardiac hypertrophy;
adeno-associated virus

1. Introduction

Heart failure is a chronic clinical syndrome characterized by the inability of the heart
muscle to pump sufficient blood throughout the body. This incapacity can originate from
various reasons such as atherosclerosis, high blood pressure, cardiomyopathy, arrhythmias,
or congenital heart disease. Cardiovascular diseases (CVDs) refer to conditions that affect
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the blood vessels or the heart and represent the leading cause of deaths and morbidity
across the world, emanating an aggressive socio-economic burden on humanity and a
substantial challenge for the scientific community [1].

Several studies advocate the role of a deregulated aldosterone-mineralocorticoid
receptor (Aldo-MR) pathway in driving these cardiovascular pathologies, indicating the
high importance of this pathway [2]. Under normal physiological conditions, the Aldo-MR
pathway regulates the Na*-H,O balance in the body via kidneys’ ductal tubes, thereby
maintaining the blood pressure [3,4]. However, an over-activated Aldo-MR pathway
has been involved in myocardial infarction (MI), hypertension, and cardiac remodeling,
including cardiac fibrosis, apoptosis, hypertrophy, inflammation, and oxidative cardiac
stress, eventually leading to heart failure [5-9]. The therapeutic value of the Aldo-MR
pathway has been explored using various MR antagonists that improved cardiac functions
as observed in the clinical trials RALES, EPHESUS, and EMPHASIS-HF [10-13]. In addition
to the studies showing an inverse correlation of activation and blockage of MR with cardiac
health, inhibition of NGAL (downstream effector of Aldo-MR pathway) in mice was also
found to limit cardiac damage induced by MI and ischemia-reperfusion injury [14-17].
Although a crucial role of the Aldo-MR pathway in mediating cardiac pathologies is
evident, the detailed underlying mechanisms are still poorly understood.

To have an in-depth understanding of these cardiac pathologies, researchers have
devised several small murine models such as coronary artery ligation (myocardial dam-
age), transient occlusion of coronary artery (ischemia reperfusion damage), cryo-infarction,
aortic constriction (pressure overload), and various transgenic models (e.g., mutation of
a-actin protein for dilated cardiomyopathy) [18]. These physiological models hold great
importance as they closely mimic cardiac pathological conditions and provide valuable
mechanistic insight. Several knockout and transgenic models such as LDLR—/ — mice (for
familial hypercholesterolemia) and ApoE—/— mice (for atherosclerosis) are also available
for exploring cellular pathways and evaluation of novel therapies [18]. Interestingly, a
transgenic model for aldosterone-mediated cardiac hypertrophy was also developed by
specific overexpression of 113-hydroxysteroid dehydrogenase type 2 in cardiomyocytes
that showed aggravated hypertrophy which improved upon treatment with Aldo antago-
nist eplerenone [19]. However, these models mainly focus on the genetic predisposition of
cardiac pathologies, while the involvement of the Aldo-MR pathway in cardiac conditions
is mostly acquired with age in adulthood rather than being genetic. Therefore, we devel-
oped a mouse model (adult mice, age 8-10 weeks) for Aldo-MR pathway activation where
MR was overexpressed via AAV9 followed by subcutaneous implantation of osmotic pump
implants for constant Aldo administration (Figure 1A). This model closely mimics the
acquired Aldo-MR pathway over-activation in adulthood in mice without any predisposed
cardiac conditions since birth. Here, using this mouse model, we identified key players
involved in the Aldo-MR pathway-mediated cardiac remodeling and their functionalities.
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Figure 1. Aldo-MR over-activation mouse model. (A) A schematic overview of the experimental
design for AAV9-mediated MR-overexpression in a murine model with pharmacological aldosterone
treatment. (B) mRNA expression of various genes in mouse hearts treated with AAV9-Empty-
Control and AAV9-MR-Aldo as measured by RT-PCR. (C) Fluorescent images obtained after Anti-
MR staining of mouse heart cryo-sections from AAV9-Empty-Control and AAV9-MR-Aldo animal
groups (n = 5-6 animals per group). (D,E) Echocardiographic analysis in the AAV9-mediated MR-
overexpression system showing a change in ejection fraction percentage (D) and end-systolic volume
(E) as a measure of cardiac function in mice with AAV9-Empty-Control and AAV9-MR-Aldosterone
treatment (n = 5-6 animals per group). (F) Ratio of mRNA expression of 3-MHC and «-MHC
as analyzed by RT-PCR in mice with AAV9-Empty-Control and AAV9-MR-Aldosterone treatment
(n = 5-6 animals per group). (G-J) Cell size measurement from heart tissue slices (G) after WGA
staining (H), and percent of fibrosis (I) analyzed after Picro-Sirius red staining (J) in mice with
AAV9-Empty-Control and AAV9-MR-Aldosterone treatment (1 = 5-6 animals per group). All data
are represented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bars indicate 100 (C,H) or
200 (J) pm.
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2. Materials and Methods
2.1. Animal Model

For this study, 8-10-week-old male C57BL/6N mice were used. The sample size was
determined by the original exploratory design of the study (n = 5 for control and n = 6
for overexpression group). On day 1 of the experimental timeline, AAV9-Empty/AAV9-
MR was injected (i.v.) in the animals at a concentration of 2 x 10'? viral particles per
animal (injection volume: 100 pL). After 14 days of AAV injection, osmotic pumps (Alzet®
model; ALZET LLC, Campbell, CA, USA) with either saline (0.9% NaCl) or aldosterone
(concentration: 300 ug/kg/day) were implanted in mice with AAV9-Empty and AAV9-MR,
respectively. Aldosterone was also dissolved in saline solution (0.9% NaCl) to ensure
proper control. The pumps were explanted after another 14 days, i.e., 4 weeks from the start
of the trial. As post-operative care during pump implantation and explantation, animals
were given Novalgin via the drinking water (200 mg/kg) for the next three days. After
another 14 days, i.e., 6 weeks from the start of the trial or endpoint of the experiment,
echocardiographic data were recorded using the Vevo 2100 system (FUJIFILM VisualSonics
Inc., Toronto, ON, Canada) before sacrificing the mice. Pressure volume measurements
were obtained using a 1F microtip PV catheter (PVR 1045; Millar Instruments, Houston,
TX, USA) coupled with a Powerlab/4Sacquisition system (AD instruments, Oxford, UK),
maintaining the temperature at 37 °C. For performing various functional assays, hearts
were harvested, frozen, and stored at —80 °C. Cardiac functions were analyzed from the
echocardiographic data in M-mode and B-mode using VevoLab software (version 5.10.0,
FUJIFILM VisualSonics Inc., Toronto, ON, Canada). To randomize and blind the animal
study, an internal numbering system was incorporated by a blinded independent researcher.
All research conditions and key design features were defined in advance and documented
in the approved animal experimental application.

2.2. Human Tissue Samples

Heart-failure or healthy control cardiac tissue was collected as previously de-
scribed [20]. This research was conducted with the endorsement of the institutional ethics
committees at the Medical College of Wisconsin in Milwaukee, WI, USA, and the Hannover
Medical School in Germany.

2.3. Cell Culture

For neonatal rat cardiomyocytes, 1- to 3-day-old rats were sacrificed, and cardiomy-
ocytes were isolated from the explanted hearts following a previously described proto-
col [21]. For AAV virus production, HEK293T cells were cultured in DMEM (Dulbecco’s
Modified Eagle Medium; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with
4.5 g/L D-Glucose, L-Glutamine, 10% FCS, and 1% penicillin/streptomycin. Aldosterone
(Sigma-Aldrich, St. Louis, MO, USA) treatment was conducted for 24 h at a concentra-
tion of 1 uM unless stated otherwise. The inhibition of Ptgds was obtained using siRNA
#mm.si.Ptgds.13.1 (Integrated DNA Technologies, Inc., Coralville, IA, USA) transfection
at a concentration of 100 nM using Lipofectamine 2000 (Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA) in OptiMEM medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA).

2.4. RNA and Real-Time PCR

RNA isolation for cell culture samples and tissue samples (from mice) was performed
using TriFast (peqGOLD; VWR chemicals, Avantor Inc., Radnor, PA, USA) following the
manufacturer’s protocol. The RNA concentration and quality were checked using Multi-
Mode Reader Synergy HT (Biotek, Agilent Technologies, Santa Clara, CA, USA), Take
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3 session, and Genb software (version: 1 November 2005, Biotek). Thereafter, reverse
transcription of the isolated RNA (200 ng-1000 ng) was performed using a Biozym cDNA
Synthesis Kit (Biozym Scientific GmbH, Hessisch Oldendorf, Germany, Cat. No. 331470)
with Oligo dT primers following the manufacturer’s instructions. For quantitative measure-
ment, real-time PCR was performed using SYBR-Green mix (iQ™ SYBR® Green Supermix;
Bio-Rad Laboratories, Inc., Hercules, CA, USA; Cat. No. 170-8882) with gene-specific
primers (Supplemental Table S2) in an Applied Biosystems ViiA7 instrument (Thermo
Fisher Scientific, Waltham, MA, USA).

2.5. Western Blotting

Cell lysis buffer (1x) (Cell Signaling Technology, Danvers, MA, USA) along with Pefa-
bloc (Sigma-Aldrich) was used to lyse the cell pellet. Protein quantification was performed
using Bradford reagent (Bio-Rad Laboratories). For resolving the proteins, 25 ug of protein
per sample was loaded onto SDS polyacrylamide gel along with Precision Plus Protein
WesternC standard (Bio-Rad Laboratories). Furthermore, blots were prepared by trans-
ferring the proteins from SDS polyacrylamide gel to polyvinylidene fluoride membrane
in a Mini PROTEAN Tetra cell (Bio-Rad Laboratories). The following primary antibodies
were used to detect the proteins of interest: MR (Abcam; ab2774) and GAPDH (Abcam,
Cambridge, UK; ab8245). Secondary antibody conjugated with HRP (anti-mouse IgG,
HRP-linked antibody #7076; Cell Signaling Technology) was used for detection of bands.

2.6. Adeno-Associated Virus Preparation

MR sequence was obtained from Ensembl Genome browser and was cloned into the
PAAV vector using Sall and HindIII (Thermo Fischer Scientific, Waltham, MA, USA). For
AAV9 and AAV6 virus production, a previously described protocol was used [22]. To produce
AAV9 and AAV6, the pDP9rs or pDPérs serotype helper plasmids were used, respectively.

2.7. RNA-Sequencing and Raw Data Processing

RNA was isolated as described above from n = 3 heart tissue samples for AAV9-
Empty-Control and AAV9-MR-Aldo mice. The RNA quality was analyzed by using the
Bioanalyzer System (Agilent Technologies, Santa Clara, CA, USA) in terms of RNA integrity
number (RIN). An lllumina NextSeq 550 sequencer was used to perform the sequencing
run at Research Core Unit Genomics (RCUG) of Hannover Medical School.

At first, 500 ng of total RNA per sample was utilized as an input for an rRNA de-
pletion procedure with a ‘NEBNext® rRNA Depletion Kit (Human/Mouse/Rat), 96 rxns’
(E6310X; New England Biolabs, Ipswich, MA, USA), followed by stranded cDNA library
generation using a ‘NEBNext® Ultra II Directional RNA Library Prep Kit for Illumina’
(E7760L; New England Biolabs, Ipswich, MA, USA). All steps were performed as recom-
mended in user manual E7760 (Version 1.0_02-2017; NEB), except that all reactions were
downscaled to 2/3 of the initial volumes. Furthermore, one additional purification step
was introduced at the end of the standard procedure, using 1x ‘Agencourt® AMPure® XP
Beads’ (#A63881; Beckman Coulter, Inc., Brea, CA, USA). cDNA libraries were barcoded by
a single indexing approach, using ‘"NEBNext Multiplex Oligos for Illumina—Set 1" (Index
Primer 2, 4, 5, 6, 7, 12). All generated cDNA libraries were amplified with 9 cycles of final
PCR. Fragment length distribution of individual libraries was monitored using a ‘Bioana-
lyzer High-Sensitivity DNA Assay’ (5067-4626; Agilent Technologies). Quantification of
libraries was performed by use of the ‘Qubit® dsDNA HS Assay Kit’ (Q32854; Thermo
Fisher Scientific).

Equal molar amounts of six libraries in total were pooled for a common sequencing
run. Accordingly, each analyzed library constitutes 16.6% of the overall flowcell capacity.
The combined library pool was denatured with NaOH and was finally diluted to 1.5 pM
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according to the Denature and Dilute Libraries Guide (Document #15048776 v02; Illumina).
An amount of 1.3 mL of denatured pool was loaded on an Illumina NextSeq 550 sequencer
using a High-Output Flowcell for 75bp paired-end reads (#20024907; Illumina Inc., San
Diego, CA, USA). The obtained BCL files were converted to FASTQ files using bcl2fastq
Conversion Software version v2.20.0.422 (Illumina).

The FASTQ files were adapter- and quality-trimmed using Trim Galore! (version 0.4.1)
with default settings as described in the User Guide except for the setting of the quality
cutoff (-q/—quality) which was set to a Phred score of 15. Trim Galore! used Cutadapt
(version 1.9.1) as subroutine. Quality control of FASTQ files was performed by FastQC
(version 0.11.4) before and after trimming.

After trimming, FASTQ files were mapped against a reference genome with the splice-
aware aligner STAR (version 2.5.4a) to generate BAM files. The BAM files were built in
a 2-pass mapping (two-pass Mode Basic) and were finally sorted (out SAM type BAM
SortedByCoordinate). All other settings were left as default as described in the manual.
The genome index files were created by STAR with default settings using Mus musculus
sequence and annotation data taken from GENCODE.org (GRCm38.p6 release M17).

Quantification was performed with feature counts from the subread package (version
1.6.1) for paired-end reads (-p) with default settings except for the setting of strandedness
(-s 2) and the minimum mapping quality score (-Q 10). Annotation data were again taken
from GENCODE.org (GRCm38.p6 release M17). Normalization and differential expression
analysis was performed with DESeq2 (Galaxy Tool Version 2.11.40.2) with default settings
except for “Output normalized counts table”, which was set to “Yes”.

Differentially expressed genes (DEGs) with base mean values > 5 and an adjusted
p-value < 0.05 were selected for further analysis (Supplemental Table S1). The heat map
was generated using the ClustVis online tool [23].

2.8. Immunostaining

In order to stain the neonatal rat cardiomyocytes for cell size measurement, 4%
paraformaldehyde was used to fix the cells for 10 min followed by permeabilization
with 0.1% Triton-X-100 for another 10 min. Blocking was performed in 5% donkey serum
for 30 min prior to overnight incubation with primary antibody, namely monoclonal Anti-
a-Actinin (Sarcomeric) (A7811; Sigma-Aldrich) at a dilution of 1:500 in 5% donkey serum.
Then, cells were incubated with the secondary antibody Anti-Mouse-Alexa 594 (Invitrogen,
Waltham, MA, USA) and DAPI for 1 h. In between each step, the cells were washed with
DPBS (Gibco) 3 times. Finally, fluorescence microscopy (Nikon Eclipse Ti microscope,
Minato (Tokio), Japan) was used to acquire images which were further analyzed with NIS
Elements (Nikon) BR imaging software (version 3.22.00).

2.9. Immunohistochemistry

For heart tissue from in vivo mice experiments, 5 um paraffin-embedded heart sections
were prepared with a Leica microtome. An additional step of dewaxing and antigen
retrieval was performed in freshly prepared citrate buffer (pH 6.0) at a temperature of
96-98 °C for 20 min in case of wheat germ agglutinin (WGA, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) staining for cardiomyocyte cell size measurement. Sections
were then brought to room temperature and then washed with PBS. After fixation and
permeabilization, the sections were stained with Alexa Fluor 488-labeled WGA and DAPL
A Nikon Eclipse Ti microscope was used to obtain images at 20 x magnification, which
were further analyzed using NIS Elements (version 3.22.00, Nikon, Minato (Tokio), Japan)
BR imaging software.
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To analyze the fibrosis in heart tissues, Picro-Sirius red staining was performed on
paraffin-embedded heart sections. The images were acquired using a Nikon Eclipse Ci
microscope with a 2x magnification. Sirius red dye stained the collagen content on the
heart section which was then quantified as a percentage of total area of each heart section
by using Adobe Photoshop CC2018.

2.10. Cell Size Measurement

After immunostaining of NRCMs, images were acquired spanning different areas of
respective wells (10-11 images per well). An area of approximately 200 cardiomyocytes
was measured using NIS Elements software, and the average value was calculated. The
area was normalized to control the samples.

Similarly, for paraffin-embedded heart sections, the images were obtained from
5-6 different regions of the heart. An area of more than 250 cardiomyocytes was measured
and averaged per animal. The area was normalized to control the samples.

2.11. Statistics

In this study, the experiments were performed 3 or more times as independent bi-
ological replicates with three technical replicates in each experiment. We analyzed the
data using Prism 7 (Graph Pad) software (version 7.05) and represented it as mean + SEM
throughout the study. An unpaired two-tailed Student’s t-test was used for calculating
the significance amongst two groups while a one-way ANOVA with Tukey’s post hoc test
was performed for more than two groups. We considered a p-value < 0.05 as statistically
significant in the present study.

3. Results
3.1. Aldo-MR Pathway Activation Showed Pathological Phenotype in Mice

To understand the impact of an activated Aldo-MR pathway on cardiac physiology,
an Adeno-associated virus-9 (AAV9)-based MR overexpression mouse model was gener-
ated along with Aldo treatment using osmotic pumps (Figure 1A). The AAV9 serotype
of the AAVs possesses a natural tropism for cardiomyocytes in vivo which makes it a
suitable serotype under the given experimental conditions. We observed a significant
overexpression of MR in mice treated with AAV9-MR as compared to the AAV9-Empty
group as analyzed by RT-PCR (Figure 1B). The overexpression was further confirmed
at the protein level by immunohistochemistry staining of the cryo-sections from mouse
hearts with AAV9-MR-Aldo or AAV9-Empty-Control treatment using Anti-MR antibodies
(Figure 1C). Activation of the Aldo-MR pathway was analyzed by the mRNA expression
levels of Lcn2 (NGAL) and Lgals3 (Gal3) which are well-established downstream effec-
tor molecules of an activated Aldo-MR pathway. Confirming the pathway activation,
an increase in both the effector molecules was observed (Figure 1B). Echocardiographic
analysis of the two experimental groups showed that the Aldo-MR pathway activation
caused a decline in cardiac function as observed by a decrease in left ventricular ejection
fraction and an increased end-systolic volume (Figure 1D,E; no significant difference in
body weight development was observed between the two groups as depicted in Figure S3).
Consistently, we detected thickening of the left ventricular anterior wall, along with a
significant increase in left ventricular mass upon AAV9-MR-Aldo treatment (Figure S4;
Representative echocardiographic M-mode images are shown in Figure S5). However, no
signs of diastolic dysfunction were observed at this stage as the IVRT and E/¢’ ratio did
not differ between the groups (Figure S6).

Furthermore, the mRNA expression levels of myosin heavy chain (MHC) proteins
alpha (x) and beta (3) were analyzed by RT-PCR, as a shift in the ratio of these MHC
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proteins in favor of 3-MHC indicates cardiac remodeling. Interestingly, a higher ratio
of -MHC/a-MHC in Aldo-MR overactivation animals as compared to the control ani-
mals was observed, indicating the onset of cardiac remodeling (Figure 1F). Since cardiac
hypertrophy and fibrosis are major factors contributing towards maladaptive cardiac func-
tioning, WGA and Picro-Sirius red stainings were performed in paraffin sections of the
mouse hearts to measure cell size and fibrosis, respectively, in the two animal groups.
In line with our previous results, a significant increase in both cell size and fibrosis was
observed in animals with Aldo-MR overactivation compared to those in the control group
(Figure 1G-J). Thus, our findings suggest that Aldo-MR pathway activation can trigger a
diseased cardiac phenotype.

3.2. Nowvel Players Involved in the Aldo—-MR-Pathway-Mediated Cardiac Pathology

Since a diseased cardiac phenotype was observed in mice with Aldo-MR pathway
activation, we aimed to identify novel players driving the pathological signaling mechanism
of the Aldo-MR pathway. Therefore, we performed a global RNA sequencing in heart
tissue samples from mice transduced either with AAV9-MR or AAV9-Empty, which were
further treated with aldosterone or saline (control), respectively (three mice per group).
Differentially expressed genes (DEGs) were filtered out by setting a base mean threshold
of five, and genes which were significantly (adjusted p-value of <0.05) up- or down-
regulated in the Aldo-MR-activated group compared to those in the control group were
selected (Figure 2A). In total, 125 genes were up-regulated while 67 genes were down-
regulated in the MR-overexpression mouse model with Aldo treatment as compared to
those of the control animals (Supplementary Table S1). The heat map generated using
ClustVis [23] shows the DEGs among the two groups indicating that Aldo-MR pathway
activation significantly changes the transcriptome of cardiac tissue from mice (Figure 2B). A
volcano plot is shown in Figure 2C, with significantly DEGs indicated above the horizontal
line (—logjp of an adjusted p-value of 0.05). Additionally, gene set enrichment analysis
(GSEA) was performed with Enrichr [24-26] using the 192 significantly DEGs as the input.
Ranked by p-value, the top ten enriched biological processes are mostly related to tumor
necrosis factor production, inflammatory processes, as well as lipid storage and oxidation
(Figure 2D). To shortlist top candidate genes from all DEGs, we performed a literature
review to identify possible mediators of the biological processes indicated by GSEA but
also of the cardiac pathology observed in our animal model. This approach yielded a list of
17 candidate genes (Angpl4, Amy1, Ptgds, Itgb2, Ucp3, Cd37, Itgal, Ikzf3, Rasal3, Cd52, Thbs1,
Mthfd2, Itgb7, Grap2, Pdh4, Hpse, Chrna2) that are highlighted in red in the volcano plot
(Figure 2C).

To confirm the global sequencing results, these 17 top candidates were validated in
independent heart tissue samples by RT-PCR from AAV9-MR-Aldo and AAV9-Empty-
Control mice. The expression levels of seven genes were validated to be significantly up-
or down-regulated in the complete sample set of the MR-overexpression animal study.
We observed a significant increase in the mRNA expression of Ptgds, Itgal, Mthfd2, Itgb2,
Rasal3, and Itgb7, whereas Angpl4 expression displayed a significant decrease in mice
with Aldo-MR-overexpression as compared to control mice (Figure 2E). These genes were
selected for further investigations in our in vitro system.
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Figure 2. Identification of novel players involved in the Aldo-MR pathway. (A) Pipeline used to filter
candidates involved in the Aldo-MR pathway using global RNA sequencing of the AAV9-mediated
MR-overexpression mice with aldosterone treatment compared to control mice. (B) Heat map of 192
significantly differentially regulated genes obtained from the global RNA sequencing with Ptgds
highlighted in the heat map. Rows are centered and unit variance scaling is applied. Correlation
distance and average linkage are used for clustering of both rows and columns. (C) Volcano plot
showing the significantly up- and down-regulated genes in blue (adjusted p-value < 0.05) with
the shortlisted candidates highlighted in red. Lead candidate Ptgds is labelled and indicated by a
larger red point. (D) Enriched GO biological processes analyzed using Enrichr. Ranked according
to p-value. (E) mRNA expression of various shortlisted genes in heart tissues from the complete
sample set of mice treated with AAV9-Empty-Control and AAV9-MR-Aldosterone as measured
by RT-PCR. Gene expression was calculated relative to the housekeeper gene Gapdh and normal-
ized to the AAV9-Empty-Control group (n = 5-6 animals per group). All data are represented as
mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Ptgds Participates in Aldo~MR-Mediated Cardiac Hypertrophy

To better understand the mechanism of action in the Aldo-MR pathway, we incor-
porated an in vitro system that mimics our Aldo-MR over-activation mouse model. In
contrast to cell lines, normal cell morphology and function observed in vivo are preserved
in primary cells. Therefore, we used neonatal rat cardiomyocytes (NRCMs) which provide
an excellent in vitro system for the characterization of functional and molecular mecha-
nisms in the heart. An AAV6-mediated MR-overexpression was performed in NRCMs
to investigate mechanistic involvement of the identified top candidates. The schematic
plasmid map of pAAV-MR used to achieve the overexpression of MR both in vitro and
in vivo is shown in Supplementary Figure S1. NRCMs were transduced with AAV6-MR
or AAV6-Empty with MOlIs =5 x 10* for 48 h and were further treated with 1 pM Aldo
or ethanol as control for 24 h, and the mRNA expression of various candidate genes was
measured via RT-PCR. Robust MR overexpression in NRCMs was validated by RT-PCR,
immunofluorescence, and Western blotting (Figure 3A—C).

Similar to our previous results in vivo, the expression of Ptgds was highly increased
in NRCMs with AAV6-mediated MR-overexpression which increased further by Aldo
treatment (Figure 3D). Interestingly, 1 uM Aldo treatment alone did not increase the
expression of Ptgds in the AAV6-Empty control group. Among the other genes that could
be detected in the in vitro model, only Angptl4 showed a similar trend as observed in
the animal study where the transduction of AAV6-MR led to a significant reduction in
expression, while the treatment with Aldo further reduced the Angptl4 expression compared
to that of the control (Figure 3D).

In line with our findings, Ptgds was previously identified as a direct downstream
target of MR in adipocytes [27]; however, the specific role of Ptgds in the context of the
Aldo-MR pathway in cardiomyocytes is still unknown. Angpti4 also showed promising
potential as it has an inverse correlation with MR overexpression which makes it an ideal
candidate for Angptl4-overexpression-based therapies. However, a literature survey of
Angptl4 was contradictory, showing a positive association with cardiac diseases rather than
having cardio-protective effects. For example, increased levels of Angptl4 were observed
in cardiometabolic disorders including atherosclerosis and type 2 diabetes while a loss of
function genetic variant of Angptl4 reduced the risk for coronary artery disease. Therefore,
we selected Ptgds for further investigation in the in vitro system.

3.4. Ptgds Is Involved in Cardiac Pathologies

Since Ptgds expression levels were up-regulated upon Aldo-MR pathway activation,
we hypothesized that its inhibition might reverse the cardiac disease phenotype. Hence, we
performed an siRNA-mediated Ptgds inhibition in NRCMs. Three different siRNAs against
Ptgds (siPtgds13.1, 13.2, 13.3) were tested for their inhibition efficacy of Ptgds as compared
to a siRNA-negative control (siCtrl) by RT-PCR (Supplementary Figure S2). SiRNA13.1
was selected for future experiments owing to its high inhibition efficiency for Ptgds.

The expression of Lcn2 (NGAL) was measured as a marker for MR pathway activation.
After si-Ptgds transfection, the expression of NGAL was significantly decreased in com-
parison to the si-Control treated cells. Importantly, si-Ptgds treatment rescued the levels
of NGAL expression also after Aldo treatment (Figure 4A), showing the effect of Ptgds
inhibition on the Aldo-MR pathway.
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Figure 3. Target validation in NRCMs with AAV6-mediated MR-overexpression and Aldo treatment.
(A) mRNA expression analysis of MR in NRCMs transduced with AAV6-MR or AAV6-Empty in the
presence of Aldo (1 uM) or ethanol control. Gene expression was calculated relative to housekeeper
gene Gapdh and normalized to the AAV9-Empty control without Aldo treatment. (B,C) Fluorescent
images (B) of AAV6-mediated MR-overexpression in NRCMs (MR (red) and DAPI (blue)) and
Western blots incubated with Anti-MR and Anti-GAPDH antibodies (C) of lysates from NRCMs
after transduction with AAV6-Empty or AAV6-MR in the presence of Aldo (1 uM) or ethanol control.
(D) mRNA expression of the detectable top candidate genes as measured in NRCMs transduced with
AAV6-MR or AAV6-Empty in the presence of Aldo (1 uM) or ethanol via RT-PCR. Gene expression
was calculated relative to housekeeper Gapdh and normalized to AAV6-Empty-Control. Scale bar
indicates 100 um. All data are represented as mean + SEM. n =3, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Ptgds involved in cardiac pathologies. (A) Lcn2 (NGAL) mRNA expression after transfection
of NRCMs with siPtgds or siCtrl at a concentration of 100 nM and ethanol/Aldo treatment (0.1 uM)
as measured by RT-PCR. (B,C) Fluorescent images (B) obtained after x-actinin (red) and DAPI (blue)
immunostaining of NRCMs and cardiomyocyte cell size measurement (C) after siPtgds or siCtrl
transfection (100 nM) and ethanol/Aldo treatment (0.1 uM) (n = 2). (D,E) mRNA expression of
PTGDS after the treatment with 5 nM LIF or control (PBS) in hiPSC-CMs (n = 3) (D) and in heart
tissue samples from patients with end-stage heart failure and controls (n = 22/12) (E) as measured
by RT-PCR. All data are represented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar
indicates 100 um. a.u., arbitrary units.
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Since Aldo-MR activation leads to a hypertrophic phenotype, as observed in our
animal study, we analyzed if Ptgds inhibition could reverse this effect. Interestingly, there
was no significant change in cell size under control conditions without Aldo stimulation and
Ptgds inhibition. However, under Aldo treatment, the hypertrophic effect was significantly
reversed by the inhibition of Ptgds indicating that Ptgds specifically alters Aldo induced
hypertrophy and did not have apparent effects under physiological conditions (Figure 4B,C).
These results suggest the involvement of Ptgds in the hypertrophic effects of the Aldo—
MR pathway.

For further validation, the expression of PTGDS was measured in human-induced
pluripotent stem cell (iPSC)-derived cardiomyocytes (hiPSC-CM) after treatment with
5 nM LIF or PBS as control via RT-PCR. LIF (leukemia inhibitory factor) is a pleiotropic
cytokine that is known to induce cardiomyocyte hypertrophy [28]. PTGDS expression was
significantly increased in hiPSCs-CMs after LIF treatment as compared to that of the control
(Figure 4D), corroborating the notion that PTGDS is involved in the development of cardiac
hypertrophy even in human-based models, suggesting translational importance of PTGDS
as a therapeutic target in Aldo-MR-derived cardiac remodeling.

Furthermore, the expression of PTGDS was measured in heart tissue samples from
patients with end-stage heart failure compared to control patients. Consolidating our
previous results, we observed a significant increase in the expression of PTGDS in patients
with end stage heart failure as compared to controls. Thus, PTGDS shows high potential to
be developed as a therapeutic target against Aldo-MR-mediated cardiac pathologies.

4. Discussion

An over-activated Aldo-MR pathway has been associated with cardiovascular con-
ditions such as hypertension, myocardial infarction, and subsequent heart failure [2].
Therefore, we aimed to identify novel molecular targets and to characterize their potential
for interference with pathological Aldo-MR signaling.

Using an AAV9-mediated MR overexpression system activated with Aldo-infused
pumps, a diseased cardiac phenotype consisting of cellular hypertrophy, fibrosis, and dete-
riorated cardiac functions was observed showing that an abnormally activated Aldo-MR
pathway has severe detrimental impacts on cardiac health. In line with our observations, a
study using cardiac-specific hMR overexpression identified a critical coronary endothelial
dysfunction [29] while another study associated it with ventricular arrhythmias which
was prevented by an MR antagonist [30]. Although the AAV9 serotype is considered the
gold standard for in vivo cardiac transgene delivery in mice [31], a high expression of
transgenes is observed in the liver, lungs, and kidneys [32]. Therefore, caution is warranted,
as a contribution of extra-cardiac MR to the disease phenotype cannot be ruled out. Thus,
cardiac-specific promoters such as x-MHC or ¢TnT in place of the CMV promoter would
reduce the extra-cardiac MR overexpression aiding the investigation of cardiac-specific
effects. Moreover, despite not being the primary focus of the present study, follow-up
investigations might also want to evaluate the effects of MR overexpression with Aldo
stimulation on the blood pressure of mice.

Global RNA sequencing of heart tissue samples from our animal model identified
Ptgds as a key player in the Aldo-MR pathway, which was found to be up-regulated with
over-activation of the Aldo-MR pathway in cardiomyocytes. Urbanet et al. previously
identified PTGDS as a downstream target of MR in adipocytes [27], which is consistent
with our findings in cardiac settings. We further confirmed its role in Aldo-mediated hy-
pertrophy where Ptgds inhibition reduced the hypertrophic effect of Aldo on NRCMs. The
inhibition of Ptgds also decreased the levels of Lcn2 (NGAL), suggesting its involvement
in NGAL-mediated cardiac pathologies. Even though the association between Ptgds- and
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Aldo-MR-related cardiac diseases has not been explored much, its expression is elevated
in myocardial infarction [33] and it is advocated as a biomarker for cardiovascular risk
prediction due to its association with heart failure and acute coronary syndrome [34].
Interestingly, we also observed an increase in PTGDS in hiPSC-CMs treated with LIF, a
pro-hypertrophic compound [28], as well as in patients with end-stage heart failure. These
results consolidate the importance of Ptgds as a pivotal factor in cardiovascular patholo-
gies. Additionally, GSEA revealed that the overactivation of the Aldo-MR pathway in
the present mouse experiments led to the enrichment of genes associated with biological
processes related to the activation of the immune system and the production of tumor
necrosis factor (TNF) and TNF superfamily cytokines. Interestingly, a potential link be-
tween these biological processes and the observed general cardiac pathologies, such as
cardiomyocyte hypertrophy and cardiac fibrosis, might be found in our lead candidate gene,
Ptgds. Specifically, the gene Ptgds encodes for prostaglandin D synthase, responsible for
synthesizing one of many bioactive prostanoid lipids termed prostaglandin D2 (PGD2) [35].
The connection between prostanoids and inflammation [36,37], including TNF synthesis
and signaling [38-40] is well established in the literature. Depending on the cell type and re-
ceptor PGD2 in particular acts upon, it exhibits both pro- and anti-inflammatory effects. In
the heart specifically, both beneficial and detrimental effects are associated with PGD2 [41].
Adding to the complexity, Fitzpatrick et al. demonstrated the rapid conversion of PGD2
into active metabolites [42]. One such metabolite is Prostaglandin F 2 alpha (PGF2«) that
can be produced by prostaglandin F synthase from PGD2 [43]. Notably, PGF2« is known
to induce cardiomyocyte hypertrophy in vitro [44], and stimulation of the PGF2«x receptor
(FP) in vivo leads to hypertrophic hearts. Moreover, in cardiac fibroblasts, PGF2« is a
contributor to myocardial fibrosis by stimulating collagen deposition [45]. Future studies
should focus on evaluating whether direct targeting of Ptgds or, perhaps, a more specific
pharmacological intervention, such as FP receptor inhibition, could prove to be a valid
therapeutic strategy in the context of Aldo-MR-pathway-related cardiac pathologies. En-
couragingly, a study of FP receptor gene silencing suggested that it can ameliorate diabetic
cardiomyopathy and myocardial fibrosis [46], making it a promising avenue for further
studies.

This study has some limitations. First, the experimental design did not include addi-
tional control groups such as AAV9-Empty-Aldo and AAV9-MR-Control, which restricts
certain comparisons. Second, blood pressure was not directly assessed, limiting our abil-
ity to link structural and functional changes to hemodynamic alterations. Instead, we
invasively determined the maximum left ventricular pressure (Pmax; Figure S6). However,
this is a contractility-related parameter and not a proxy for systolic pressure. Although
not the primary focus of the present study, future investigations should also evaluate the
impact of MR overexpression combined with Aldo stimulation on blood pressure to better
understand its contribution to cardiac remodeling. Finally, mechanistic insights into the
regulation of PTGDS expression were beyond the scope of present study, which should be
addressed in future studies.

Given the demonstrated involvement of Ptgds in regulating glucose transport, insulin
resistance, and glucose intolerance under diabetic conditions [47], it is pertinent to further
explore these metabolic effects of Ptgds with regards to the Aldo-MR pathway and cardiac
remodeling. Moreover, an AAV-mediated Ptgds overexpression study in combination with
a detailed investigation of its effects on prostanoid levels would be useful in broadening
our understanding of its effects on cardiac health and identifying novel effector molecules
of this pathway.
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5. Conclusions

Our findings demonstrate that sustained activation of the MR—-Aldo pathway drives
adverse cardiac remodeling, characterized by fibrosis, hypertrophy, and impaired function,
validating AAV9-MR-Aldo as a relevant mouse model. Transcriptomic profiling identified
Ptgds as a candidate mediator of this process, and functional experiments showed that
silencing Ptgds reversed hypertrophy in vitro. Importantly, elevated PTGDS expression
was also observed in human iPSC-derived cardiomyocytes and in patients with end-stage
heart failure, underscoring its translational relevance. Future studies should clarify the
mechanisms regulating PTGDS expression and its metabolic consequences, which may
open new therapeutic avenues in heart failure.
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Parameters of hemodynamic and diastolic function; Table S1: List of differentially expressed genes;
Table S2: Gene-specific primers for qPCR.
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Abbreviations

The following abbreviations are used in this manuscript:

AAV Adeno-associated virus

CVD Cardiovascular disease

DEGs Differentially expressed genes
FP Prostaglandin F2 alpha receptor
GSEA Gene set enrichment analysis
hiPSC-CMs  Human-induced pluripotent stem cell-derived cardiomyocytes
LIF Leukemia inhibitory factor

MI Myocardial infarction

MR Mineralocorticoid receptor
PGD2 Prostaglandin D2

PGF2o Prostaglandin F2 alpha

Ptgds Prostaglandin D2 synthase
siRNA Small interfering ribonucleic acid
TNF Tumor necrosis factor
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Abstract: Globally acute myocardial infarction is the leading independent cause of unex-
pected death. This study aimed to explore the diagnostic and molecular impact of miR-21,
miR-488, and miR-126 in acute myocardial infarction patients (AMI). We enrolled 95 non-ST-
elevation myocardial infarction (NSTEMI) patients, 152 ST-elevation myocardial infarction
(STEMI) patients, and 95 healthy individuals, additionally using three-month-old mice and
their ventricular-derived H9¢2 cells. The circulatory plasma miR-21 and miR-488 levels
were significantly upregulated, while plasma miR-126 levels were remarkably downregu-
lated in NSTEMI and STEMI subjects. The receiver operating characteristic curve showed
that plasma miR-21, miR-488, and miR-126 were able to clearly differentiate NSTEMI and
STEMI from healthy subjects. Moreover, H9¢2 hypoxic cells treated with inhibitor miR-21
markedly reduced intracellular ROS levels, capase-3 activities levels, and cellular apoptosis
rates and significantly enhanced cellular viability through up regulation of Smad-7 mRNA
and protein expressions. In geriatric STEMI and NSTEMI subjects, plasma miR-21 levels
were evidently higher than in comparatively younger subjects. Upregulated plasma miR-21
and miR-488 levels and downregulated miR-126 levels might be considered potential
clinical biomarkers for myocardial infarction patients, while inhibition of miR-21, which
significantly reduced hypoxia-exposed H9¢2 cellular injury via targeting Smad-7, could be a
new therapeutic target for AMI patients. Low levels plasma miR-21 may have a significant
impact on delaying the aging process.

Keywords: microRNAs; acute myocardial infarction; biomarkers; H9c2 cells; Smad-7; aging

1. Introduction

Acute myocardial infarction (AMI) is the number one cause of death and disability in
both developed and developing countries of all races [1]. Early and correct diagnosis of
AMI has a significant impact on the treatment and prognosis of the patient. The diagnosis
of AMI is mainly based on clinical presentation, ECG changes, and biochemical markers.
However, clinical presentation and ECG changes in elderly and diabetic patients are often
nonspecific. Currently, cardiac troponins (¢cTnT or cTnl) are widely used biomarkers for the
early evaluation of AMI in clinical practice. Moreover, several recent studies have found that
cardiac troponins are not only elevated in AMI but also elevated in end-stage renal disease,
severe heart failure, atrial fibrillation, septic shock, and chronic stable coronary artery dis-
ease, even in apparently healthy subjects. Therefore, a novel biomarker for early and reliable
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diagnosis of AMI is still lacking [1,2]. MicroRNAs (miRNAs) are small, evolutionarily con-
served, non-coding RNA molecules that play an essential role in post-transcriptional gene
expression through translational repression or mRNA destabilization. Moreover, miRNAs
have been directly and indirectly associated with the pathogenesis of numerous cardiovas-
cular diseases [3]. Various molecular mechanisms of AMI, such as platelet activation and
aggregation in the arterial wall, coronary atherosclerotic plaque rupture, and even cardiac
cell death after occlusion of coronary arteries, are critically regulated by miRNAs [4].

Myocardial ischemic injury is one of the leading causes of myocardial cell death
in AMI, and certain cardiac-specific miRNAs critically regulate the ischemic pathway
through modification by their targets [5]. Those miRNAs, measurable in various body
fluids, including blood, are considered circulating microRNAs. Circulating miRNAs
are highly constant in extreme hot and freezing temperatures and exhibit remarkable
defensive power against plasma RNAse due to binding with microvesicles and proteins.
Therefore, plasma or serum miRNAs fulfill all the criteria as a standard biomarker [6].
Several recent clinical researchers have acknowledged that circulatory miRNA levels are
significantly deregulated in patients with atherosclerosis, hypertension, arrhythmia, stable
coronary heart disease, unstable coronary heart disease, coronary plaque rupture, acute
coronary syndrome, and acute myocardial infarction [2,5-10]. Moreover, cardiac-specific
circulatory miR-208b and miR-499 were reported as potential clinical biomarkers for acute
myocardial infarction patients [2,6,11]. It has been demonstrated that disturbed blood
flow and hyperlipidemia surprisingly altered the relative miR-21 expression patterns
in cultured human endothelial cells and subsequently enhanced the dysfunction of the
endothelial wall and initiation of atherosclerotic plaque formation through several pro-
inflammatory targets, including NF-kB (nuclear factor kB)-mediated VCAM-1 (vascular cell
adhesion molecule-1) [4,12]. A clinical study reported that miR-21 is prominently involved
in coronary atherosclerosis formation in coronary heart disease patients through forkhead
box P3 (foxp3) and TGF-1/Smad-7 signaling pathways [13]. Moreover, altered Smad-7
expressions have a protective role in post-myocardial wound repair through fibroblast
activation [14].

Biological aging is considered a major non-modifiable risk factor for myocardial
infarction. Dysregulated miR-101-3p, miR-142, miR-146, miR-409-3p, miR-142, and miR-
146 expressions have been directly associated with aging [2]. However, the effect of miR-21
in hypoxia-induced H9c2 cellular damage and its relationship with Smad-7 and the aging
process are largely unknown. Several researchers documented that miR-21, miR-488, and
miR-126 have been linked with cardiovascular diseases, but the diagnostic significance of
these miRNAs for the early evaluation of non-ST-segment and ST-segment-elevated acute
myocardial infarction patients is not fully explored. Therefore, we assessed the clinical
significance of these miRNAs for the early prediction of AMI patients. In addition, we also
investigated the molecular impact of cardio-enriched miR-21 in hypoxia-injured H9c2 cells
and its association with Smad-7 and aging.

2. Section of Material and Methods
2.1. Study of Human Research Participants

Our research is a case—control-based, cross-sectional study of 95 non-ST-elevated acute
myocardial infarction patients (NSTEMI), 152 ST-elevated acute myocardial infarction
patients (STEMI), and 95 healthy subjects, aged between 30-89 years, whom we recruited
from February 2022 to July 2023 (n = 342) at the tertiary specialized Xiangya Hospital.
NSTEMI and STEMI patients were diagnosed according to ACC/AHA /ESC/WHEF Task
Force Practice Guidelines [1]. Blood samples were collected within 12 h of acute chest
pain. Moreover, AMI patients were diagnosed based on at least two of the following
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criteria: (I) more than 30 min of acute retrosternal ischemic-type chest pain; (II) ST-segment
elevation or depression of more than 1 mm; and (III) elevated plasma c¢Tnl (>0.1 ng/mL).
Patients were excluded from our study if they had a known history of previous myocardial
infarction, prior intravenous thrombolytic or anticoagulant therapy, arrhythmia, heart
failure, percutaneous coronary intervention, coronary artery bypass graft surgery, chronic
renal failure, liver failure, or malignant disease. We considered healthy subjects in our
study if they had no history of cardiovascular or cerebrovascular diseases and were free
from chronic inflammatory diseases. This clinical study was carried out following the
medical research principles of the Helsinki Declaration by The World Medical Association
and approved by Central South University’s Xiangya first affiliated hospital, and prior to
the study, consent was obtained from all the study subjects.

2.2. Animal Study Groups

From Xiangya’s Laboratory Animal Center, 12-week-old C57BL/6 male mice were
collected. We performed our experiments according to the Guidelines of the Chinese
National Institute of Health Care for Laboratory Animals and in accordance with the ethical
standards of the Veterinary Center of Xiangya School of Medicine.

A total of 15 mice were divided into three groups of equal sizes: (1) the healthy group,
(2) the AMI group, and (3) the sham group (same surgical procedures without coronary
artery ligation). AMI was generated as described previously [14,15]. Briefly, mice were
kept under general anesthesia by using 100 mg/kg ketamine and 1 mg/kg acepromazine,
maintaining proper mechanical ventilation; then, the left anterior descending coronary
artery was permanently occluded by the 6/0 silk suture to confirm myocardial ischemia.
Blood samples were collected from AMI mice at 12 h of ligated left anterior descending
coronary artery (LAD) into a K2-EDTA-coated tube and subsequently obtained pure plasma.
Experimental protocols are given in more detail in the flow chart, Scheme 1.

Experimental flow chart

Human study subjects (n=342) Animal study mouse (n=15) HIc2 cell (rat ventricular origin
l l cardiomyocyte)

Normal cultured

Healthy volunteers( 95)

Control (5)

STEMI (152)

Hypoxic cultured (Incubated to 1% Oxygen 12hours)

|

Extraction of RNA (Human and Mice plasma, and H9c2 cells)

Analysis of miRNAs and mRNA by gRT-PCR

Scheme 1. Experimental protocols.

2.3. H9¢2 Cell Culture, Hypoxic Model, Transfection, and Hoechst Staining

From the Shanghai Institute of Health Science, rat ventricular cardiomyocyte-originated
HOc2 cells were obtained and grown at 37 °C in 95% humidity and 5% CO; by using
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Dulbecco’s Modified Eagle Medium and bovine serum, which were replaced every three
days by new culture mediums, with approximately 85% of cell growth transferred to the
newer flasks. Moreover, the H9¢2 hypoxic model was established by exposing the cells to 1%
oxygen, 5% CO,, and 95% nitrogen for 12 h at 37 °C using a modular incubator (Model 3131,
Forma Scientific, Marietta, OH, USA). Furthermore, H9¢2 cells were categorized into (1) the
control group (constant maintenance with 37 °C temperature, 95% oxygen, and 5% CO,),
and (2) the hypoxic group. Moreover, Lipofectamine 2000, miR-21 inhibitor (100 nM), and
NC miR-21 (100 nM) reagents were added to H9¢2 cells and incubated for 12 h as per the
manufacturer’s instruction (Invitrogen, Carlsbad, CA, USA) to develop the transfection.
Cellular Hoechst Staining was performed according to the company’s instructions.

2.4. Luciferase Reporter Gene Expression

Luciferase assaying technique was conducted to the determination of miR-21 target gene.

The potential target site for miR-21 was predicted using the gene analysis software
Target Scan (http:/ /www.targetscan.org/) with the complementary sequence of the 3’ un-
translated region of Smad-7. Moreover, the 3'-UTRs of Smad-7 inhibitor miR-21 (5'-UC
AACAUCAGUCUGAUAAGCUA-3'), and NC miR-21 (5-UUCUCCGAACGUGUCACGUT-
3') were transfected into H9¢c2 cells in 24-well plates using Lipofectamine 2000 for 12 h. The
luciferase gene expressions were demonstrated using the Dual-Luciferase Reporter assay
reagents, following the manufacturers’ protocols (Beyotime, Shanghai, China), and Renilla was
used as an inner control. Fluorescent sensitivity was considered to detect the relative values.

2.5. Caspase-3 Activities Assessment

Expressions of caspase-3 levels were demonstrated with caspase-3 activity assay
reagents as per the company’s guidelines (Beyotime, Shanghai, China). Firstly, a standard
curve was performed using the standard pNA sample from the assay kit. Afterward,
96-well plates of normal and transfected H9c2 cells were lysed through buffer solution,
followed by centrifugation at 4 °C and 16,000 x g for 15 min. Finally, the optical density of
each well was assessed at a 450 nm wavelength with a microplate reader (Sunnyvale, CA,
USA), and the expressions of caspase-3 activities were calculated compared with controls.

2.6. Detection of Intracellular ROS Concentration

As per the company’s instructions, the non-fluorescent probe 2,7'-dichlorofluorescein
diacetate was used (Beyotime, Shanghai, China) to determine the intracellular concentra-
tions of ROS production. Firstly, properly cultured H9¢2 cells were transfected by inhibitors
and negative controls of miR-21 and inoculated for 12 h in the hypoxic medium. Sub-
sequently, DCFH-DA was added to 96-well plates, inoculated at 37 °C for 15 min, and,
afterward, washed with FBS three times. Finally, ROS concentrations were measured with a
microplate fluorometer at a 480 nm wavelength (Molecular Devices, Sunnyvale, CA, USA).

2.7. Cellular Viability Assay

Cellular survivability was assessed with the Cell Counting Kit-8, following the com-
pany’s (Beyotime, China) instruction. After proper growth of H9¢2 cells in 96-multi-well
plates, subsequently, CCK-8 solutions (10 pL) were added to each well plate of normal,
hypoxia-treated, and hypoxia-under-treated miR-21 and incubated for 2 h. Lastly, cellular
proliferation was evaluated through an absorbance reader at a 450 nm wavelength (Sunny-
vale, CA, USA), with the process repeated four times for each group to ensure validity.

2.8. RNA Isolation and Detection of miRNA Expressions

TRIZOL chemicals were added with plasma and also in properly cultured cardiomy-
ocytes as per the company’s instruction (Invitrogen, USA) for obtaining RNA molecules.
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Bulge-loop reverse transcription microRNA primers were used to reverse-transcribe RNA
to cDNA following the company’s instructions (RiboBio, Guangzhou, China). SYBR Green
microRNA RT-PCR kits (Takara, Dalian, China) were used to detect the expression levels
of miR-21, miR-488, and miR-126 with a quantitative real-time PCR system. The relative
expression each miRNA was measured by the comparative Ct (cycle threshold) 274¢t
method. MicroRNA-156a was applied to an endogenous control of miR-21, miR-488, and
miR-126 expression. Moreover, miRNAs expressions were categorized as high (Ct 15-25),
good (Ct 25-32), and undetectable (Ct > 38). More details were explained in our previous

study [2,14-16]. Target gene primers are shown in Table 1.
Table 1. Primer sequences used in RT-PCR.

Genes Upstream Primer Sequences (5'-3) Downstream Primer Sequences (5'-3')
miR-21 GCCGCTAGCTTATCAGACTGATGT GTGCAGGGTCCGAGGT
miR-488 ACACTCCAGCTGGGTTGAAAGGCTGTTTC TGGTGTCGTGGAGTCG
miR-126 GCATCGTCGTACCGT GAGTAAT GTGCAGGGTCCGAGGTA TTC
miR-156 AGGCGCCTGACAGAAGAGAGT GTGCAGGGTCCGAGGT

Smad 7 TTT GTG TAT TTA TTT CTT TCT CTC CACTCT CGT CTT CTC CTC

2.9. Statistical Methods

IBM statistic version SPSS 22 was applied for statistical calculations. Comparisons
between groups for continuous variables were performed using one-way ANOVA inter-
pretation, the Mann—-Whitney test, or the Student’s t-test, with Tukey’s post hoc test for
multiple groups. For categorical variables, the Chi-square (x?) test or Fischer’s exact test
was used as appropriate. All the figures were drawn through GraphPad Prism version 6
and values are expressed as mean 4= SEM. Clinical biomarker impact analysis for plasma
miRNAs of patients with AMI was carried out through a graphical presentation of receiver
operating characteristics (ROCs). A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Baseline Information of the Participants

For the current study, a total of 342 patients were recruited: 95 participants with
NSTEM]I, including 56 men and 39 women (63.7 &+ 11.9 years); 152 patients with STEMI,
including 85 men and 67 women (62.4 =+ 13.2 years); and 95 healthy volunteers, including
48 men and 47 women (average age: 58.9 & 12.6 years). The clinical parameters of C-
reactive protein, a family history of CAD, ventricular ejection fraction rates, and serum
creatinine values were statistically significant between healthy individuals and STEMI and
NSTEMI patients but were non-significant between STEMI and NSTEMI subjects. However,
all other baseline variables were non-significant among healthy individuals with STEMI
and NSTEMI subjects. More details are explained in Table 2.

Table 2. Baseline clinical information of the participants.

Healthy Participants STEMI NSTEMI

Clinical Variables (@ = 95) (@ =152) (1 = 95) Py P, Ps

Age, years 58 +12 62+ 13 63+ 11 0.497 0.483 0.806
Sex, male/female 48/47 85/67 56/39 0.295 0.144 0.107
Diabetes - 50 (33%) 30 (32%) - - 0.994
Smokers 52.3 (55%) 102 (67%) 61 (64%) 0.751 0.743 0.928
Obesity - 20 (13%) 10 (11%) - - 0.664
Lipid disorders - 123 (81%) 80 (84%) - - 0.503
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Table 2. Cont.

. . Healthy Participants STEMI NSTEMI
Clinical Variables ( = 95) (@ =152) (n = 95) Py P, Ps
High blood pressure - 85 (56%) 57 (59%) - - 0.719
Family history of CAD 5.7 (6%) 68 (45%) 45 (47%) 0.000 0.000 0.931
Peripheral vascular diseases - 20 (13%) 16 (17%) - - 0.475
Heart rate, bpm 80.2 + 8.5 84.6 +11.8 83.7 £10.9 0.648 0.597 0.882
Glucose (mmol/L) 4.6+08 548 £0.9 537 £ 0.6 0.098 0.116 0.692
Serum creatinine (mg/dL) 091 £0.8 1.3+12 14+12 0.000 0.000 0.187
C-reactive protein, mg/L 42431 20.6 £9.2 225+ 84 0.000 0.000 0.155
Platelets (x109/L) 213.1+4.2 2175+ 6.2 220.7 £ 6.8 0.279 0.253 0.487
Cardiac Troponin I (ug/L) - 45.6 +59.3 478 £ 61.5 - - 0.108
Left ventricular ejection fraction % 56.7 = 12.8 453 £9.6 478 £9.2 0.000 0.000 0.851
Aspirin - 126 (83%) 72 (76%) - - 0.127
Clopidogrel - 52 (34%) 28 (29%) - - 0.104
Beta-blockers - 128 (84%) 79 (83%) - - 0.972
Angiotensin-converting-enzyme inhibitors - 59 (39%) 39 (41%) - - 0.713
Angiotensin receptor blockers - 21 (14%) 16 (17%) - - 0.681
Nitrates - 131 (86%) 80 (84%) - - 0.895
Lipid-lowering agents - 122 (80%) 74 (78%) - - 0.782
Midazolam - 41 (27%) 28 (29%) - - 0.883
P (healthy and STEMI); P, (healthy versus NSTEMI); P3 (STEMI and NSTEMI).
3.2. Expression of Plasma miRNAs (miR-21, miR-488, miR-126) in Acute Myocardial Infarction
Patients and Mice AMI
Circulatory miR-21 and miR-488 concentrations were significantly upregulated, while
miR-126 expression levels were considerably decreased, both in NSTEMI and STEMI
subjects in comparison with healthy volunteers. Moreover, plasma concentrations of miR-
21 and miR-488 were slightly higher, and miR-126 concentrations were comparatively
lower in STEMI subjects as compared to NSTEMI subjects, but their differences were not
statistically significant (Figure 1A-C). We noticed a greatly increased circulatory miR-21
and miR-488 relative expression in our AMI mice model groups compared to control groups.
In addition, plasma miR-126 levels were remarkably downregulated in AMI mice groups
compared to those of controls. However, the levels of circulatory miR-21, miR-488, and
miR-126 among controls and sham groups were not statistically significant (Figure 1D-F).
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Figure 1. Plasma microRNA concentrations in human subjects and AMI mice models. (A) Relative
miR-21 expressions in healthy individuals versus NSTEMI and STEMI subjects; (B) relative expres-
sions of miR-488 between healthy control subjects and NSTEMI and STEMI patients; (C) comparisons
of circulating miR-126 expressions between healthy controls and NSTEMI and STEMI patients.
(D) Relative plasma miR-21 expression in control versus AMI mice models; (E) concentrations of
plasma miR-488 among AMI mice and controls; (F) relative expression of miR-126 within control
groups and AMI mice groups. ** p < 0.001.

3.3. Diagnostic Impact of Plasma miRNAs for AMI Patients

We performed a ROC curve analysis to explore the diagnostic accuracy of circulatory
miR-21, miR-488, and miR-126 for AMI patients. Plasma miR-21 showed a promising po-
tential to discriminate NSTEMI (AUC 0.955) and STEMI (AUC 0.967) patients from control
subjects (Figure 2A,B). Moreover, the plasma concentration of miR-488 accurately distin-
guished NSTEMI (AUC 0.926) and STEMI (AUC 0.934) patients from healthy individuals
(Figure 2C,D). Furthermore, circulatory plasma miR-126 clearly separated NSTEMI (AUC
0.825) and STEMI (AUC 0.869) patients from healthy subjects (Figure 2E,F). Therefore, our
findings indicate that altered miR-21, miR-488, and miR-126 levels in plasma are novel
clinical biomarkers for the early detection of AML
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Figure 2. The diagnostic value is illustrated with ROC analysis from plasma miRNAs of AMI patients:
(A) miR-21, healthy subjects versus NSTEMI patients; (B) miR-21, healthy subjects versus STEMI
patients; (C) miR-488, healthy subjects versus NSTEMI patients; (D) miR-488, healthy subjects versus
STEMI patients; (E) miR-126, healthy subjects versus NSTEMI patients; and (F) miR-126, healthy
subjects versus STEMI patients.

3.4. Expression and Luciferase Reporter Assay of miR-21, miR-488, and miR-126 in H9c2 Cells

The relative expressions of cardiac-enriched miR-21, miR-488, and miR-126 were upreg-
ulated by 2.6-fold and 2.8-fold, respectively, in 12 h hypoxia-exposed H9¢2 cells compared
to normoxic cells (Figure 3A,B) (p < 0.001), while the miR-126 expression level markedly
decreased by 5.6-fold in hypoxia-injured H9¢2 cells compared to normal cells (Figure 3C).
Moreover, a significant decline in miR-21 concentration was noted in hypoxia cells treated
with the miR-21 inhibitor compared to untreated cells, and nonsignificant expression was
observed within hypoxic and negative controls (Figure 3D). To evaluate the molecular
insight of hypoxia-induced cardiomyocyte inflammatory damage linked with alteration
of miR-21, we used Target Scan analysis and luciferase gene expression and found that
Smad-7 is a target gene of miR-21. Moreover, the luciferase expressions were significantly
downregulated in 12 h hypoxia-incubated H9c2 cells compared to normal cells, but the
negative control and hypoxic H9c2 cell groups were non-significant. The inhibition of
miR-21 markedly regulated luciferase activity in hypoxia-exposed H9¢2 cells (Figure 3E).
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Figure 3. The expression of miRNAs in H9¢2 cells. (A) Relative expression of miR-21 among control
and hypoxia groups; (B) expression of miR-488 in hypoxic and normoxic cells; (C) relative miR-126
expression between normal culture and hypoxia groups cells; (D) effects of miR-21 on hypoxia-
induced H9c2cells; (E) luciferase reporter gene expressions. ** p < 0.001, hypoxia vs. control groups;
## p <0.001, hypoxia vs. hypoxia with miR-21 treatment groups.

3.5. Effects of Inhibitor miR-21 on Smad-7 and Hypoxia-Exposed H9c2 Cells

The Smad-7 mRNA expression levels were remarkably decreased by 4.1-fold in the
hypoxia group as compared to normal H9c2 cells. On the contrary, Smad-7 expressions in
hypoxic H9¢2 cells treated with the miR-21 inhibitor were significantly elevated by 3.3-fold
compared to untreated hypoxic cells, but there was no effect noticed within the negative
(NC) control and hypoxic group (Figure 4A). Furthermore, ROS expression levels were
obviously upregulated by 4-fold in the 12 h hypoxic group as compared to normoxic H9¢2
cells, while ROS levels were prominently down-regulated by two-fold in hypoxia-exposed
miR-21-inhibited H9c2 cells compared to only-hypoxia-incubated H9c2 cells. However,
there were no changes observed among NCs and hypoxia H9¢c2 cells (Figure 4B). We
revealed that caspase-3 activities were significantly elevated by 9-fold in the hypoxic group
compared to normal H9¢c2 cells, whereas inhibition of miR-21 remarkably reduced hypoxia-
induced caspase-3 activities by 7-fold, as compared to hypoxia-injured H9¢2 cells, but
the expression of caspase-3 levels between the hypoxic group and negative control was
non-significant (Figure 4C). In addition, cellular viability greatly decreased by 2-fold in the
hypoxic H9¢2 group compared to normal controls, whereas cellular survivability increased
by 1.9-fold in miR-21-inhibited hypoxic H9c2 cells compared to hypoxic cells (p < 0.001)
(Figure 4D). The cellular apoptosis rate was calculated through Hoechst staining, and
we found markedly elevated cellular apoptosis rates in the hypoxia group compared to
the control; in hypoxia-exposed H9c2 cells treated with the miR-21 inhibitor, the cellular
apoptosis rate was significantly reduced in the hypoxia group compared to the control
(p < 0.001) (Figure 4E,F). Therefore, our findings suggest that the inhibition of miR-21
enormously suppressed caspase-3 as well as ROS expression and outstandingly improved
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cellular viability during hypoxia-induced H9¢2 cellular injury by regulating its target
Smad-7 mRNA and protein expressions.

=15 A B
i ~ &1 ** #o
210
3 g = T
] " w4
E 0.5 g
i T T 5
g 2
% 0.0 g 2
& > & & 5
& & S w"e w
< & \‘\Q &
0_
C & T r
N
61 N © & © ol
< ke & Q Y P
£ o 3 & &
[7] -
N
E T T ¥ <«
4 &
3 &
£
@ D
[y
&
2.0+
£ 2
2 ##
© L mimm | 2" -
T_Eu
- *k
210
3 T T
0.5
0.0 r
o > $ (<]
& o & WX
c® oM & &
& - \Q-
N &
&
&

Control Hypoxia

Hypoxia+NC-miR-21

Hypoxia+inhibitor-miR-21

F

Expression of Apoptosis
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of apoptosis levels. ** p < 0.001, hypoxia vs. control groups; # p <0.001, hypoxia vs. hypoxia with
miR-21 treatment groups.

3.6. The miR-21 Relationship with Aging and Gender

In the older groups (70-89 years), both STEMI and NSTEMI subjects significantly
upregulated plasma miR-21 levels compared to younger (30-49 years) patients. In the
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elder patients” group (50-69 years), miR-21 expression was reasonably higher than in the
younger groups (30-49 years) but was statistically insignificant (Figure 5A,B). In healthy
volunteers, miR-21 expressions slowly rose with increasing age. However, the volume of
plasma miR-21 between male and female subjects in either healthy or disease groups was
statistically insignificant. (Figure 5C). This finding, attributed to miR-21, has a strong link
to aged AMI patients, suggesting that low miR-21 levels may prevent the aging process, as
well as treat AMI subjects.
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Figure 5. Correlation between aging and miR-21 and association with gender. (A) The relative
miR-21 expression among healthy subjects. (B) The expression of miR-21 within (70-89 years),
(50-69 years), and (3049 years) NSTEMI groups. (C) The patterns of miR-21 levels among
(3049 years), (50-69 years), and (70-89 years) STEMI groups. (D) Expression level of miR-21 between
healthy male and female individuals. (E) Male versus female NSTEMI patients’ miR-21 expressions.
(F) miR-21 concentrations among male and female STEMI participants. ** p < 0.001.
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4. Discussion

Sudden unexpected cardiac death predominantly occurred due to acute myocardial
infarction (AMI). Accurate and timely diagnosis of AMI can guarantee urgent initiation
of reperfusion treatment that directly reduces the mortality rate. Several clinical and an-
imal studies have suggested that selected cardiac-enriched circulating miRNAs such as
miR-1, miR-133, and miR-223 have a significant diagnostic role in the evaluation of AMI
patients [2,6,10]. In our study, we observed markedly upregulated circulatory plasma con-
centrations of miR-488 and miR-21, while finding potentially downregulated miR-126 levels
in both the NSTEMI and STEMI group compared to healthy participants. Recently some
researchers acknowledged that miR-21 was critically involved in coronary stenosis and
highly upregulated in AMI subjects, as well as in hypoxia-injured cardiomyocyte (H9c2)
cells; they recommended circulatory miR-21 as having a significant diagnostic impact on
acute MI patients, which is consistent with the results of our study [17,18]. Furthermore,
circulatory concentrations of plasma miR-21 were noticeably more upregulated in our
AMI mice models than in controls. Significantly elevated miR-21 expression patterns were
also demonstrated by Yang et al. in mouse models of AMI, and miR-21 prevents exces-
sive inflammation and cardiac dysfunction after myocardial infarction through targeting
kelch repeat and BTB (POZ) domain-containing 7 (KBTBD?), considered a new therapeu-
tic molecule for MI; these results are also partially associated with our results [18,19]. It
has been recognized that miR-21 is greatly involved in vascular inflammation, foam cell
formation, atherosclerosis plaque formation, and also controlling cardiac fibrosis through
Smad-7 [20,21]. In our H9c2 cellular study, to find out the underlying molecular mechanism
of miR-21 in protecting against hypoxia-induced cardiac cell damage, we performed Target
Scan and luciferase reporter gene analysis and confirmed that Smad-7 acts as a potential
target gene for miRNA-21. We found that ROS, caspase-3, irreversible cellular damages,
and concentrations of miR-21 were markedly elevated, whereas the relative expression
of Smad-7 was evidently reduced in 12 h hypoxia-incubated H9c2 cells as compared to
normal culture cells. In contrast, Smad-7 expressions were prominently elevated and sig-
nificantly diminished cellular ROS concentrations and caspase-3 levels, while considerably
amplifying the viability of hypoxic H9c2 cells treated with the miR-21 inhibitor. We recom-
mend that the knockdown of miR-21 has significant potential to prevent cardiac cell death
through regulating its target, Smad-7. Moreover, recent hypoxia-injured ventricular H9c2
cell studies also demonstrated that markedly elevated expressions of miR-21 increased
caspase-3 activity, ROS generation, and cellular death, while hypoxic H9¢2 cells treated
with the miR-21 inhibition significantly reduced intracellular ROS and caspase-3 levels
and remarkably augmented cardiac cellular viability by regulating PDCD4, Akap8, and
Bard1 expressions through modification of Wnt/ 3-catenin, PTEN/PI3K/AKT, and NF-«B
pathways [15,22]. These studies, along with our findings, strongly support that miR-21 sig-
nificantly regulates caspase-3 activity, intracellular ROS generation, and hypoxia-induced
HO9c¢2 cellular injury through the modulation of Smad-7 expression.

Our study first recognized the significantly higher expression of plasma miR-488
in acute MI patients and AMI mice models than in controls. Additionally, we detected
that miR-488 expressions were remarkably upregulated in hypoxia-exposed H9¢c2 cells
compared to normoxic control groups. Zhen research groups have shown that high ex-
pression of circulating miR-488 is a good biomarker for the identification of atherosclerosis
patients, and downregulation of miR-488 can inhibit vascular smooth muscle cell (VSMC)
proliferation and migration [23]. Verjans et al. reported that macrophages transfected
with mimic-miR-488-5p significantly decrease sSICAM-1, IL-1ra, IL-16, CXCL1, and TNF«
cytokine levels and regulate heart failure conditions in human patients and rat mod-
els [24]. However, in our present study, we found that circulatory miR-126 expressions
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were significantly decreased in both NSTEMI and STEMI patients, AMI mice models, and
hypoxia-induced injured H9¢2 cells compared to control groups, which is in strong agree-
ment with other recent studies [10,16]. Luo et al. established that expressions of miR-126
levels were prominently decreased in AMI rat models and 24 h hypoxia-exposed H9c2
cell injury. However, overexpression of miR-126 obviously reduced inflammatory markers
(TNF-«, IL-6, and IL-1$3), apoptosis rates, and cardiomyocyte fibrosis and significantly
improved cardiac cell viability and promoted angiogenesis [25].

Moreover, to explore diagnostic accuracy, we performed a receiver operating charac-
teristic (ROC) curves analysis. ROC analysis revealed AUC values for plasma miR-21 in
NSTEMI (0.955) and STEMI (0.967), miR-488 in NSTEMI (0.926) and STEMI (0.934), and
miR-126 in NSTEMI (0.825) and STEMI (0.869) compared to those of healthy volunteers.
These findings strongly suggest that upregulated plasma miR-21 and miR-488 and down-
regulated miR-126 levels are able to clearly differentiate NSTEMI and STEMI patients from
healthy control subjects and could be novel clinical biomarkers for the identification of
AMI patients. Furthermore, aging is an independent major risk factor for atherosclerotic
acute coronary syndrome, and our study showed that plasma miR-21 was significantly
higher in geriatric AMI patients, and other studies also found miR-21 is correlated with
cellular aging [2,26,27]. To avoid technical faults related to the PCR method, we analyzed
all the samples four times for human, animal, and H9¢2 cells with a single investigator, and
miRNAs with Ct values less than 15 and more than 38 were not considered in this study,
which guaranteed that our findings were more accurate and more reasonable.

5. Limitations of the Study

However, our study was only conducted in one provisional multidisciplinary hospital
among the Han population with relatively few clinical samples. Therefore, different ethnic
populations with larger clinical samples investigations will be required to validate these
miRNAs as a useful new biomarker before being applied to clinical practice. Required
further study to find out CRP and creatinine’s molecular relationship with our selected
miRNAs. Moreover, we did not examine the inflammatory relationship between TGF-31
and Smad-7, further elucidation of TGF-f1 and Smad-7 signaling pathways is essential to
explore their molecular mechanism during hypoxic-induced H9¢2 cellular injury. Moreover,
we do not know the regular drugs those were taken by AMI patients that were made any
effects on miRNAs expressions, and these medications also had any effects on Animal and
cell models, need to further research.

6. Conclusions

We recommend that augmented miR-21, miR-488, and decreased miR-126 plasma
concentrations may play critical roles in the early stage of AMI and may be used as novel
clinical predictors for diagnosis of NSTEMI and STEMI patients. In addition, miR-21 has
a notable correlation with aging. Inhibition of miR-21 prevents H9¢c2 cardiac cell death
during hypoxic challenges through regulating Smad-7, providing a possible therapeutic
strategy for AMI patients.
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Abstract

Atherosclerosis remains the principal underlying cause of myocardial infarction, ischemic
stroke and peripheral artery disease, and its progression reflects a complex interplay be-
tween lipid accumulation, endothelial dysfunction, chronic vascular inflammation and
maladaptive remodeling of the arterial wall. The Notch signaling pathway, an evolutionar-
ily conserved juxtacrine communication system, has emerged as a central regulator of every
cell type implicated in atherogenesis, including endothelial cells, vascular smooth muscle
cells, monocytes/macrophages and T lymphocytes. Depending on the receptor-ligand
pairing, the hemodynamic context and the cellular compartment involved, Notch signaling
can be either atheroprotective or atherogenic, a duality that has complicated efforts to
translate mechanistic insight into therapy. This review summarizes current knowledge
of the molecular architecture of the Notch pathway in the vasculature, dissects its cell
type-specific and stage-specific contributions to atherosclerotic plaque initiation, progres-
sion, calcification and destabilization, and critically appraises pharmacological strategies
designed to modulate Notch activity, including y-secretase inhibitors, ligand- and receptor-
directed monoclonal antibodies, soluble decoy receptors, microRNA-based approaches and
drug repurposing strategies such as statins. Particular attention is paid to the cardiovascu-
lar toxicities that have emerged from oncology trials of Notch pathway inhibitors, which
illustrate both the pharmacological tractability and the narrow therapeutic window of this
pathway. We conclude that Notch-directed therapy for atherosclerosis is mechanistically
well justified but will require cell type-selective and context-selective delivery strategies to
be clinically viable.

Keywords: notch signaling; atherosclerosis; endothelial dysfunction; vascular smooth
muscle cells; macrophage polarization; Jaggedl; delta-like ligand 4; gamma-secretase
inhibitor; vascular inflammation; therapeutic target

1. Introduction

Atherosclerosis is a chronic disease of medium- and large-sized arteries characterized
by the sub-endothelial retention of apolipoprotein B-containing lipoproteins, recruitment
and differentiation of monocytes into lipid-laden macrophages, proliferation and pheno-
typic switching of vascular smooth muscle cells (VSMCs), and progressive fibrous and, in
advanced lesions, calcific remodeling of the vessel wall [1]. Phenotypic switching refers
to the capacity of medial VSMCs, which under physiological conditions are quiescent,

Cells 2026, 15, 1463 https://doi.org/10.3390/cells15161463
152



Cells 2026, 15, 1463

non-proliferative and specialized for contraction, to lose this contractile identity and con-
vert to a proliferative, migratory, extracellular matrix-secreting “synthetic” phenotype in
response to injury, inflammatory cytokines and altered mechanical or lipid cues in the
vessel wall; these dedifferentiated VSMCs migrate from the media into the intima, where
they contribute directly to plaque growth and, depending on context, can further trans-
differentiate toward macrophage-like, osteochondrogenic or mesenchymal stem cell-like
states that shape both plaque expansion and fibrous cap stability [2]. Atherosclerosis is
a multifactorial disease driven by the interaction of non-modifiable risk factors, including
age, male sex and family history/genetic predisposition, with modifiable risk factors such
as hypertension, dyslipidemia, cigarette smoking, diabetes mellitus, obesity and physical
inactivity, all of which converge on the endothelium and the vessel wall to initiate and
accelerate the pathological process described above; the clinical consequences of the re-
sulting arterial plaque burden include myocardial infarction, ischemic stroke, peripheral
artery disease and sudden cardiac death, which together account for the leading share of
global cardiovascular mortality [3]. Despite considerable progress in lipid-lowering and
anti-inflammatory pharmacotherapy, atherosclerotic cardiovascular disease continues to
account for a very large share of global mortality, which has sustained interest in signal-
ing pathways that coordinate the behavior of the several cell types that jointly build the
atherosclerotic plaque.

The Notch pathway is one of a small number of signaling systems that is reused
throughout metazoan development to control cell fate decisions [4], and canonical Notch
signal transduction proceeds through a well-defined sequence of proteolytic and transcrip-
tional events [5]. It has been co-opted by the adult vasculature to regulate arterial identity,
angiogenic sprouting, endothelial quiescence and smooth muscle differentiation [6]. Criti-
cally, endothelial Notch signaling also plays a pivotal role in angiocrine signaling, whereby
ligand- and receptor-dependent Notch activity in the endothelium couples vessel growth
and quiescence to organ-specific paracrine outputs that instruct the behavior of neighboring
parenchymal, stromal and immune cells; this angiocrine dimension of endothelial Notch
biology has been comparatively underemphasized in the atherosclerosis literature rela-
tive to its established roles in vascular morphogenesis and is discussed further below [7].
Germline studies in mice have shown that Notch pathway components are essential for
cardiac valve and outflow tract morphogenesis [8]. Because Notch signaling depends on
direct membrane contact between a receptor-bearing cell and a ligand-bearing neighbor,
it is uniquely suited to encode the local, cell-to-cell information exchange that governs
the heterocellular architecture of the artery wall—an architecture that is fundamentally
disrupted in atherosclerosis.

Human genetics provides some of the strongest evidence that dysregulated Notch
signaling produces overt disease phenotypes. Somatic activating mutations in NOTCH1
are found in more than half of human T-cell acute lymphoblastic leukemias [9], establishing
the general principle that quantitative dysregulation of Notch signal strength, and not
merely its presence or absence, can be pathogenic. In the cardiovascular system specifically,
heterozygous loss-of-function NOTCH1 mutations cause a spectrum of developmental
aortic valve anomalies together with severe, adult-onset valve calcification in autosomal-
dominant human pedigrees [10], dominant cysteine-altering mutations in NOTCH3 cause
cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL), a stroke- and dementia-causing small-vessel disease [11], and mutations
in the ligand JAGI cause Alagille syndrome, a multisystem disorder with prominent car-
diovascular involvement [12]. Consistent with these human phenotypes, genetic studies
in mice show that Notch3 is required for arterial identity and postnatal maturation of
VSMCs [13], and that the ligand DLL4 is dosage-sensitive during artery development,
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such that even heterozygous loss causes embryonic vascular defects and lethality [14,15];
a broader survey of Notch pathway mutants confirmed that haploinsufficiency at several
nodes of the pathway produces arteriovenous malformations [16]. These monogenic and
developmental phenotypes demonstrate unambiguously that Notch dosage is critical for
the structural integrity of arteries.

Over the past two decades, an expanding body of experimental work has shown
that Notch signaling is also reactivated, in a receptor- and context-dependent manner, in
the adult atherosclerotic vessel wall [17,18]. Somewhat counterintuitively, activation of
the same core pathway can be atheroprotective when engaged by NOTCHI1 in endothe-
lial cells exposed to high, unidirectional shear stress, and atherogenic when engaged by
JAG1-NOTCH4 or DLL4 in endothelial cells exposed to low, oscillatory shear stress, or
when engaged in monocyte-derived macrophages and VSMCs [19]. This activation of
the pathway in atherosclerosis is not merely inferred from review-level synthesis: direct
primary evidence includes immunohistochemical demonstration of Notch pathway com-
ponent upregulation in luminal endothelium overlying human and murine atherosclerotic
lesions, and colocalization of activated Notchl with CD68+ macrophages that is further
increased in human vulnerable plaques, findings that have been extended by macrophage-
specific genetic loss-of-function studies confirming a causal, pro-atherogenic role for Notch1
activation in this compartment [20]. This apparent paradox—the same pathway acting
as both a guardian and a driver of vascular disease—is the central challenge that any
Notch-directed therapeutic strategy for atherosclerosis must resolve. In this review, we
first summarize the molecular logic of canonical and non-canonical Notch signaling, then
examine its roles in the principal cellular participants in atherogenesis, and finally evaluate
the pharmacological and biological strategies currently available, or in development, to
modulate Notch signaling for the treatment of atherosclerosis, including a critical discus-
sion of the cardiovascular safety signals that have emerged from clinical experience with
Notch inhibitors developed for oncology indications.

2. Molecular Architecture of the Notch Signaling Pathway
2.1. Canonical Notch Signaling

Mammals express four Notch receptors (NOTCH1—4) and five canonical ligands of the
DSL (Delta/Serrate/Lag-2) family: Delta-like ligand 1, 3 and 4 (DLL1, DLL3, DLL4) and
Jaggedl and Jagged2 (JAG1, JAG2) [4,5]. Both receptors and ligands are type I single-pass
transmembrane proteins, so that productive signaling requires direct contact between
the signal-sending and signal-receiving cell. Following synthesis, the Notch receptor is
cleaved once in the trans-Golgi network by a furin-like convertase (S1 cleavage), yielding
a heterodimeric receptor displayed at the plasma membrane. Engagement of a ligand on
a neighboring cell exerts a mechanical pulling force on the receptor extracellular domain,
unmasking a negative regulatory region and permitting a second cleavage (52) by an
ADAM-family metalloprotease. This step generates a membrane-tethered stub that is then
subjected to intramembrane proteolysis (53 cleavage) by the y-secretase complex, releasing
the Notch intracellular domain (NICD) into the cytoplasm [5]. The NICD translocates
to the nucleus, where it associates with the DNA-binding protein RBP-J (also known as
CSL or CBF1), displacing a co-repressor complex and recruiting the coactivator Master-
mind to activate transcription of target genes, most notably the basic helix-loop-helix
repressors of the Hes and Hey families [5]. Consistent with the importance of tightly
regulated proteolytic release of the NICD, mice doubly deficient for the Notch target genes
Heyl and Hey?2 develop severe congenital cardiac defects due to impaired epithelial-to-
mesenchymal transition during valve formation [21]. Because ligand-induced receptor
cleavage is essentially irreversible and each Notch molecule signals only once, the pathway
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lacks the second-messenger amplification typical of many other signaling systems; instead,
signal strength and duration are encoded by the number of productive receptor-ligand
engagements, the local concentration and glycosylation state of ligands, and the specific
receptor-ligand pairing, all of which can differ markedly between vascular cell types and
hemodynamic environments.

2.2. Non-Canonical Notch Signaling and Ligand-Dependent Bias

In addition to the canonical RBP-]-dependent pathway, Notch receptors and ligands
participate in non-canonical, transcription-independent signaling events. Membrane-
tethered NOTCHI1 fragments generated by S2 cleavage can associate with adherens junction
components, including VE-cadherin and the Rho-GEF Trio, to regulate junctional stability
independently of NICD release and nuclear signaling [22]. Ligands, too, can act outside
the canonical receptor-activation cascade: Jagged1 has recently been shown to function
as a Notch-independent mechanotransducer, engaging VEGFR2/ERK signaling through
Src-dependent mechanisms in endothelial cells exposed to fluid shear stress, in a manner
that does not require canonical Notch cleavage [23]. Furthermore, ligands presented in cis
(on the same cell as the receptor) generally inhibit rather than activate Notch signaling in
trans, a phenomenon termed cis-inhibition, which allows a single cell that co-expresses
both a Notch receptor and a Notch ligand to modulate its own responsiveness to signals
from neighboring cells. In practical terms, this means that a ligand molecule engages Notch
receptors productively only when it is presented by a neighboring cell (in trans); when the
same ligand is instead expressed on the surface of the receptor-bearing cell itself (in cis),
it binds and sequesters the receptor without triggering the proteolytic activation cascade,
thereby acting as a competitive brake rather than an activator. Because most vascular cells
co-express several Notch receptors and ligands simultaneously, the net signaling output
of any given cell is therefore not simply set by which ligands and receptors are present,
but by the balance between cis-inhibitory and trans-activating interactions, a property
that allows cells to sharpen boundaries between distinct signaling states and that adds
a further, receptor-intrinsic layer of context-dependence to Notch outputs in the vessel
wall. Mechanistically, this asymmetry arises because trans-activation and cis-inhibition rely
on different physical requirements for productive receptor engagement. Trans-activation
depends on the mechanical pulling force generated when a ligand anchored to the plasma
membrane of a neighboring cell is endocytosed together with the bound Notch ectodomain,
a tugging step that is only possible across a cell—cell junction and that mechanically exposes
the S2 cleavage site to ADAM-family proteases; a ligand and receptor confined to the same
cell membrane cannot generate this trans-cellular pulling force. Instead, single-cell imaging
and mathematical modeling of the Notch-Delta system have shown that co-expressed re-
ceptor and ligand on one cell rapidly form a stable, mutually inactivating cis-complex that
sequesters both molecules away from the pool available for productive trans-engagement,
so that cis-pairing acts as a fast, cell-autonomous “off-switch” that effectively titrates a cell’s
own Notch responsiveness rather than triggering its proteolytic activation cascade [24].
These non-canonical and cis-regulatory features substantially expand the combinatorial
repertoire of the Notch system and help explain why manipulating a single receptor or
ligand can produce markedly different, sometimes opposite, phenotypes depending on the
cellular and mechanical context.

2.3. Post-Translational Regulation: Glycosylation and Ligand Affinity Tuning

The affinity and outcome of a given Notch receptor-ligand interaction is further tuned
by glycosylation of the receptor extracellular domain. Fringe family glycosyltransferases
add N-acetylglucosamine residues to O-fucose modifications on specific epidermal growth
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factor-like repeats of the Notch ectodomain; mass-spectrometric mapping has shown that
modification at distinct repeats potentiates Delta-like ligand binding while simultaneously
inhibiting Jagged1-induced activation of the same receptor [25]. Of the three mammalian
Fringe paralogues, Lunatic Fringe exerts a dominant effect over Manic and Radical Fringe
on NOTCHLI signaling output, such that the relative expression of Lunatic Fringe in a given
vascular cell can determine whether that cell preferentially responds to Delta-like or Jagged
ligands [26]. This Fringe-dependent switch in ligand preference was first established
mechanistically by Benedito and colleagues, who showed in the developing retinal vascu-
lature that Jagged1 is a comparatively weak NOTCH1 agonist that behaves as a potent,
Fringe-modulated proangiogenic antagonist of DI14-Notch signaling, so that the balance
between these two ligands, rather than the presence of either alone, dictates tip- versus
stalk-cell selection and vascular sprouting; this same Fringe-gated Dll4/Jagged]1 antago-
nism is directly relevant to the differential, sometimes opposing, roles of these two ligands
in the endothelium of the atherosclerotic vessel wall discussed in Section 3.1 [27]. Because
vascular cells differentially express Fringe enzymes depending on developmental stage,
flow environment and disease state, the glycosylation status of the endothelial or smooth
muscle Notch receptor pool represents an additional, cell-intrinsic layer of regulation that
can bias the outcome of ligand engagement without any change in the absolute abun-
dance of either ligand class. The three Fringe paralogues show distinct, non-redundant
expression patterns across the vessel wall. Manic Fringe is constitutively expressed by
vascular endothelial cells of arteries, veins and capillaries and is further upregulated in
pathologically remodeling, hyperangiogenic endothelium, where its loss impairs endothe-
lial proliferation, migration and sprouting, indicating a specific endothelial requirement
for this paralogue [28]. Radical Fringe, in contrast, is comparatively enriched in mural
cells, and its expression rises markedly in senescent human pericytes, where it modulates
the glycosylation, turnover and signaling output of NOTCH3, including of the CADASIL-
associated NOTCH3 mutant proteins that accumulate in degenerating vascular smooth
muscle and pericytes, pointing to an age- and mural cell-specific role for this paralogue
that is distinct from Manic Fringe’s endothelial function [29]. This glycosylation-based
bias mechanism is not yet well characterized in the atherosclerotic vessel wall specifically,
but by analogy with its role in other tissues, it offers a further, largely unexploited, layer
at which pharmacological or gene-based intervention could in principle be used to favor
atheroprotective over atherogenic Notch signaling outputs. Notch pathway components
relevant to vascular biology and atherosclerosis are summarized in Table 1.

Table 1. Core Notch pathway components relevant to vascular biology and atherosclerosis.

Component Tvoe Predominant Vascular Role in Atherosclerosis-Relevant
P M Expression Vascular Biology
Mechanosensor; atheroprotective under
Arterial endothelium; laminar shear stress; drives VSMC
NOTCHI Receptor VSMC dedifferentiation when aberrantly
activated [30]
. Downregulated by TNF-o/IL-1f3;
NOTCH2 Receptor Endothelial cells contributes to endothelial dysfunction [31]
Required for arterial mural cell
NOTCH3 Receptor VSMC /pericytes differentiation and survival;, mutated in

CADASIL; mediates osteogenic
transdifferentiation [11,13,32,33]
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Table 1. Cont.

Predominant Vascular

Role in Atherosclerosis-Relevant

Component Type Expression Vascular Biology
Paired with JAG1 at low-oscillatory-shear,
NOTCHA4 Receptor Endothelial cells atherosusceptible sfcgs; pro'—atherogemc;
also supports endothelial quiescence when
intact [34,35]
Cis-inhibits NOTCH1; trans-activates
Endothelium; NOTCH4; promotes leukocyte recruitment;
JAG1 Ligand antigen-presenting cells; non-canonical VEGFR2/ERK
mural cells mechanotransducer; maintains NOTCH3 in
mural cells [23,34,36,37]
. S Developmental vascular roles; less well
JAG2 Ligand Endothelium; VSMC characterized in adult atherosclerosis
. Endothelium; Promotes pro-inflammatory (Th1/Th17)
DLLI Ligand antigen-presenting cells T-cell differentiation [38,39]
Upregulated by IL-13, TNF-«,
. Arterial/tip endothelial hyperlipidemia; drives macrophage M1-like
DLL4 Ligand - .
cells; macrophages polarization and suppresses M2-like; target
of anti-DLL4 antibodies [40-44]
Canonical nuclear effector of NICD; induces
5 Transcription L IRF8-dependent M1-like macrophage
RBP-J (CSL/CBF1) factor Ubiquitous program; also supports selected M2-like
genes [45-48]
HESIHESS g pone  Endothelium; VSMCrvalve  0eRe e e pencs,
HEY1/HEY2 58 interstitial cells P e B

Hey1/Hey?2 required for valve EMT [21,49]

y-Secretase
complex

Protease complex

Ubiquitous

Catalyzes S3 cleavage releasing NICD from
all Notch receptors; principal target of GSIs
(e.g., DAPT) [5,50,51]

3. Notch Signaling in the Principal Cell Types of the Atherosclerotic

Vessel Wall

3.1. Endothelial Cells: A Mechanosensitive Switch Between Atheroprotection and Atherogenesis

The endothelium is the first vascular compartment to sense hemodynamic forces, and

atherosclerotic lesions form preferentially at arterial branch points and curvatures where
blood flow is disturbed and oscillatory, rather than in regions of high, unidirectional laminar
shear stress [30]. Endothelial NOTCH1 behaves as a bona fide mechanosensor: canonical
NOTCH1 activity scales with the magnitude of fluid shear stress, is required for the main-
tenance of endothelial junctional integrity, cell elongation and suppression of proliferation
under laminar flow, and its endothelial-specific deletion increases hypercholesterolemia-
induced atherosclerosis in the murine aorta, establishing NOTCH1 as atheroprotective
in this context [30]. Mechanistically, NOTCH1 mechanotransduction appears to combine
a ligand-dependent and a ligand-independent component rather than acting as a purely
intrinsic force sensor. On one hand, comparison of blood and lymphatic endothelial cells
that express comparable levels of NOTCH1, DLL4, JAG1 and VE-cadherin showed that
laminar shear stress activates NOTCH1 proteolysis only in the blood vascular subtype,
indicating that flow-responsive activation is not explained simply by receptor-ligand co-
expression but requires a cell type-specific configuration of the DLL4-NOTCH1 complex
at the junction, consistent with force-dependent unmasking of the ADAM10 cleavage site
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during ligand engagement under flow. On the other hand, shear stress also engages the
mechanosensitive ion channel Piezol, and the resulting calcium influx increases ADAM10
activity, providing a second, receptor-extrinsic route by which mechanical force can am-
plify NOTCH1 proteolysis independently of any single ligand; downstream, the liberated
NOTCHI intracellular domain associates with VE-cadherin to stabilize adherens junctions,
linking the mechanosensing step directly to the junctional-integrity phenotype described
above. NOTCHLI is therefore best understood as a mechanosensor whose activation is
jointly gated by flow-dependent ligand engagement and by a parallel, ADAM10-sensitizing
Piezol-calcium axis, rather than by either mechanism alone [52]. Complementary human
tissue data support this conclusion: NOTCHI1 is constitutively expressed at high levels in
adult arterial endothelium relative to smooth muscle, and its expression and downstream
signaling are markedly suppressed by a high-fat diet and by circulating inflammatory lipids,
an effect that antagonizes endothelial activation, so that mice with only one functional
Notchl allele in the endothelium develop more extensive diet-induced atherosclerosis [53].
The suppression of endothelial NOTCH1 by hyperlipidemia is not merely a correlative diet
effect but reflects a direct, ligand-independent transcriptional mechanism: specific oxidized
phospholipid species that accumulate under high-fat feeding rapidly repress NOTCH1
and JAGI expression through activation of the transcription factor STAT3, and this Notch
suppression is reversed when circulating cholesterol is lowered, indicating that circulating
oxidized lipids actively silence the atheroprotective Notch1 axis rather than NOTCH1 loss
being a secondary consequence of established atherosclerosis [53]. More broadly, native
atherosusceptible and atheroresistant regions of the arterial tree show reproducible differ-
ences in endothelial gene expression and phenotype that mirror the effects of disturbed
versus laminar shear stress applied experimentally, and Notch pathway genes feature
prominently among the flow-responsive transcripts that distinguish these regions [54,55].

In striking contrast to this atheroprotective role of NOTCHI, the ligand JAGI to-
gether with the receptor NOTCH4 is preferentially expressed at atherosusceptible sites
exposed to low, oscillatory shear stress, and endothelial-specific deletion of Jagl reduces
atherosclerotic lesion burden at these sites in murine and porcine arteries, indicating that
JAG1-NOTCH4 signaling is pro-atherogenic [34]. Single-cell transcriptomic analysis of
Jagl-deficient endothelium suggests that JAG1 suppresses reparative, proliferative and
migratory endothelial subsets that would otherwise counteract disturbed-flow-induced
dysfunction, providing a plausible mechanism for the pro-atherogenic action of this lig-
and [34]. Mechanistically, this reflects a shift in endothelial cell-state composition rather
than a uniform toxic effect on all endothelial cells: JAG1-NOTCH4 signaling represses a spe-
cific transcriptional program associated with proliferation, migration and repair, so that in
its absence disturbed-flow endothelium is enriched for these reparative subsets, whereas ac-
tive JAG1-NOTCH4 signaling depletes them and leaves the endothelium dominated by cell
states that are less able to counteract flow-induced injury, adhesion-molecule induction and
barrier dysfunction; this loss of reparative capacity, rather than a direct pro-inflammatory
transcriptional program analogous to that driven by NOTCH]1, is proposed as the principal
mechanism by which JAG1-NOTCH4 signaling enhances atherosclerosis susceptibility at
sites of disturbed flow [34]. Complementary zebrafish experiments show that the absence
of blood flow itself upregulates the ligand DIl4 in the developing vasculature, indicating
that flow tonically suppresses certain Notch ligands in vivo and that loss of flow, as occurs
at recirculating or stagnant sites in diseased arteries, could remove this brake [56]. Because
JAGI1 can act as a cis-inhibitor of NOTCH1—that is, it can bind and neutralize NOTCH1
when the two are expressed on the same endothelial cell, rather than activating it as it
would from a neighboring cell—elevated JAG1 expression at disturbed-flow regions may
simultaneously suppress atheroprotective NOTCH1 signaling while engaging the distinct,
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atherogenic NOTCH4 receptor pool, offering one explanation for how the same pathway
components can produce opposite regional outcomes within a single vessel [23].
Independent of its role as a mechanosensor, Notch signaling regulates several fea-
tures of endothelial dysfunction that are central to atherogenesis. Enforced NOTCH1
activation—achieved experimentally by overexpressing the constitutively active Notch1
intracellular domain, the same gain-of-function approach used in the analogous tumor-
endothelium studies discussed above—in cultured and in vivo endothelium upregulates
pro-inflammatory cytokines (IL-6, IL-8, IL-1ct), induces a senescent phenotype, and corre-
lates with coronary artery disease risk in genotyped patient cohorts, while Notch pathway
components are selectively upregulated in the luminal endothelium overlying atheroscle-
rotic lesions in both mouse and human aortas [57]. Inflammatory stimuli such as TNF-«
and IL-1p further dysregulate endothelial Notch signaling, in particular by downregulating
NOTCH2 and NOTCH4, contributing to endothelial barrier dysfunction and adhesion
molecule expression [31]. Endothelial Jagged1-RBP-J signaling has also been shown to
promote recruitment of inflammatory leukocytes to the vessel wall and to exacerbate
atherosclerosis in mouse models [36], and in a rat cardiac allograft model of transplant
arteriosclerosis, TNF-mediated downregulation of Notch4 impaired endothelial quiescence
and provoked endothelial cell activation and apoptosis, an effect that could be reproduced
by direct Notch4 silencing and that was linked mechanistically to loss of RBP-J-dependent
survival signaling [35,58]. Conversely, forced activation of a Notchl-Jagged1 autocrine
circuit in cultured endothelial cells is sufficient to induce VCAM1 expression on its own
and to amplify IL-13-driven VCAM1 induction, directly linking Notch1 gain-of-function to
a classical adhesion-molecule readout of endothelial activation [59]. The pathophysiologi-
cal consequences of this circuit are illustrated most completely outside the atherosclerosis
literature itself, in tumor endothelium, where sustained Notch1 intracellular domain activ-
ity induces a senescence-like endothelial phenotype together with VCAM1 upregulation,
thereby promoting neutrophil infiltration and leukocyte—endothelial adhesion; because
tumor-associated endothelial Notchl activation, VCAMI1 induction and senescence reca-
pitulate the same triad implicated in atherosclerotic endothelial dysfunction, this work
provides an important, complementary mechanistic precedent for the role of endothelial
Notchl gain-of-function in driving vascular inflammation and leukocyte recruitment within
the plaque [60]. Endothelial microRNA regulation adds a further layer to this network:
shear-responsive miR-126-5p maintains endothelial proliferative reserve by suppressing the
non-canonical Notch1 inhibitor Dlk1, and mice lacking miR-126-5p show reduced endothe-
lial Notch1 activation and exacerbated atherosclerotic lesion formation, whereas restoring
miR-126-5p reduces lesion size, illustrating a distinct, atheroprotective arm of endothelial
Notchl signaling operating through de-repression by a flow-sensitive microRNA [61].
Beyond atherosclerosis proper, endothelial NOTCH]1 is required for normal postnatal an-
giogenesis and ischemia-induced neovascularization [62], and its proteolytic activation
in this setting is promoted by the cysteine protease cathepsin K, which increases NICD
generation and downstream Hes/Hey target gene expression in ischemic tissue, again
illustrating that the same receptor supports reparative vascular functions in some con-
texts even as its dysregulation promotes disease in others [63]. Beyond its role in shaping
lesion-related inflammation and remodeling, Notch signaling also plays an active, ongoing
role in maintaining the quiescence of the established, non-diseased vasculature, a func-
tion that is directly relevant to the safety of pharmacological Notch inhibition discussed
in Section 5. Genetic or antibody-mediated inhibition of endothelial Notch signaling in
the adult heart impairs endothelial fatty acid transport and provokes pathological angio-
genesis, metabolic remodeling and heart failure, demonstrating that tonic Notch activity
is required to actively restrain angiogenesis and preserve normal cardiac vascular and
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metabolic homeostasis rather than being dispensable outside disease states [64]. Consistent
with this quiescence-maintaining function, forced endothelial expression of constitutively
active Notch4 is sufficient to produce arteriovenous malformations in multiple organs,
including the liver, uterus and skin, a phenotype that regresses upon withdrawal of the
activating stimulus, underscoring that the adult vasculature depends on continuously
balanced, rather than simply present or absent, Notch signaling to maintain normal vessel
architecture [65].

3.2. Vascular Smooth Muscle Cells: NOTCH3 and the Contractile-to-Synthetic Phenotypic Switch

Among the four Notch receptors, NOTCH3 shows the most restricted and abun-
dant expression in adult vascular smooth muscle, where it is required for normal arterial
mural cell differentiation, postnatal maturation and survival [13]. The physiological im-
portance of NOTCH3 in VSMCs is illustrated most dramatically by CADASIL, in which
stereotyped cysteine-altering NOTCH3 mutations cause pathological accumulation of the
receptor extracellular domain around degenerating smooth muscle cells of small cerebral
arteries [32], a process that has been reproduced in transgenic mice expressing mutant
NOTCHS3 and that recapitulates the granular osmiophilic material and progressive arteri-
opathy seen in patients [66]. Although CADASIL is a disease of small cerebral arterioles
rather than of large-vessel atherosclerosis, it provides unambiguous proof-of-principle that
dysregulated NOTCH3 signaling, whether through gain- or loss-of-function mechanisms,
is sufficient to produce a severe occlusive arteriopathy in humans. Under physiological
conditions, NOTCHS3 expression in mural cells is itself maintained by an autoregulatory
loop that requires endothelial-expressed JAG1, coupling the endothelial and smooth muscle
compartments of the vessel wall [37], and reciprocal signaling through JAG1 promotes
NOTCH3-dependent contractile differentiation of human coronary artery smooth muscle
cells in three-dimensional coculture systems [67,68], underscoring that VSMC phenotype
in the mature vessel wall is actively maintained by ongoing paracrine Notch signaling
from the overlying endothelium rather than being fixed during development alone. In
keeping with this, global loss of Notch3 is further associated with defective angiogene-
sis and impaired mural cell investment of new vessels [69], broadening the phenotypic
consequences of NOTCHS3 loss beyond large-vessel structural integrity to microvascular
remodeling more generally.

In the context of atherosclerosis and neointimal remodeling, Notch signaling—engaged
through NOTCH1 as well as NOTCH3—drives the transition of VSMCs from a quiescent,
contractile phenotype toward a proliferative, synthetic and migratory phenotype. Phar-
macological inhibition of y-secretase with the compound DAPT restores expression of
contractile marker genes, suppresses VSMC proliferation, and reduces intimal hyperplasia
in a rat vein-graft model of restenosis [50], and, in models of diabetic microangiopathy, dys-
regulated Jagged1-Notch1 signaling has similarly been linked to abnormal, dysfunctional
neovascularization and delayed angiogenic repair [70]. These findings position Notch
signaling as a convergence point for multiple drivers of vascular remodeling, spanning
mechanical injury, restenosis and metabolic disease.

Notch signaling additionally participates in the osteogenic trans-differentiation of
VSMCs that underlies vascular calcification, a hallmark of advanced atherosclerotic plaques
and an independent predictor of cardiovascular events. Direct activation of Notch signal-
ing in human aortic smooth muscle cells induces the osteogenic master regulator Msx2
and subsequent alkaline phosphatase activity and matrix mineralization in a manner
dependent on Notch—-RBP-] signaling [49], and Notch3 activation downstream of hepato-
cyte growth factor/c-Met signaling similarly promotes VSMC osteogenic differentiation
in vitro [33]. microRNA-34a, whose expression rises with vascular aging and in response to
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atherogenic and uremic stimuli, promotes VSMC senescence and a senescence-associated
secretory phenotype by downregulating SIRT1, and this senescence program favors the
osteochondrogenic transdifferentiation of VSMCs and medial calcification [71]; mechanisti-
cally, miR-34a has been shown to promote calcification specifically through downregulation
of SIRT1 and the receptor tyrosine kinase Axl [72]. A parallel, valve-specific literature
shows that Notch1 normally represses osteogenic gene programs in aortic valve interstitial
cells [73], that mice haploinsufficient for the Notch effector RBPJK develop diet-induced
calcific aortic valve disease with macrophage infiltration and pro-osteogenic signaling [74],
that a disease-associated Notchl mutation promotes valvular calcification through en-
hanced myofibroblast mechanotransduction [75], and that pharmacological targeting of the
mechanosensitive protein cadherin-11 can prevent Notchl-mediated calcific aortic valve
disease in animal models [76]—collectively illustrating a coherent, receptor-specific link
between disrupted Notch signaling, altered mechanotransduction and ectopic osteogenic
differentiation that spans both the valvular and arterial vasculature.

3.3. Macrophages and the Innate Immune Response

Monocyte-derived macrophages are the dominant immune cell population within
atherosclerotic plaques, where they take up modified lipoproteins to become foam cells,
secrete pro-inflammatory mediators, and, in advanced lesions, undergo apoptosis and
defective efferocytosis to form the necrotic lipid core that predisposes to plaque rupture [1].
Notch signaling was first shown to be functionally upregulated following macrophage
activation, where it modulates gene expression programs relevant to antigen presentation
and cytotoxic activity [45], and canonical Notch-RBP-] signaling has subsequently been
shown to amplify Toll-like receptor 4 (TLR4)-induced expression of classically activated,
pro-inflammatory M1-like macrophage genes by controlling translation of the transcription
factor IRF8 [46]. Consistent with a pro-inflammatory, M1-like-promoting role, forced
Notch intracellular domain expression in macrophages upregulates M1-like-associated
genes and increases tumor cell cytotoxicity in antitumor immune models [77], whereas
myeloid-specific disruption of RBP-] favors an alternatively activated, M2-like phenotype in
models of chitin-induced M2-like polarization [47], although RBP-]J also supports selected
components of the M2-like transcriptional program in the liver, where its myeloid-specific
loss ameliorates hepatic fibrosis by attenuating inflammation [48]—indicating that the
relationship between Notch signaling and macrophage polarity is more nuanced than
a simple M1-like/M2-like binary switch.

In the specific setting of vascular and metabolic disease, endothelial-derived Delta-like
ligand 4 was among the first Notch ligands shown to directly induce Notch signaling in
macrophages with pro-inflammatory consequences [40], and subsequent work demon-
strated that a high-fat, high-cholesterol diet increases D114 expression in atheromata and that
systemic blockade of D14 with a neutralizing antibody attenuates both atherosclerotic le-
sion formation and the associated metabolic derangements in hyperlipidemic mice, an effect
attributed at least in part to reduced macrophage-driven inflammation [41]. Macrophage-
derived DIll4 has similarly been shown to promote lesion development in a vein-graft
model relevant to bypass graft failure [78], and, at the cellular level, DIl4 signaling through
Notch1 selectively impairs the differentiation of blood monocytes into anti-inflammatory
M2-like macrophages while promoting their apoptosis, without affecting M1-like differ-
entiation, providing a mechanistic basis for how a single ligand can simultaneously favor
pro-inflammatory macrophage programs and actively deplete the reparative, inflammation-
resolving macrophage pool within the plaque [42]. At the level of cellular metabolism,
Notch signaling has also been shown to reprogram macrophage mitochondrial function to-
ward a pro-inflammatory bioenergetic profile, providing a further, metabolic layer through

https://doi.org/10.3390/ cells15161463
161



Cells 2026, 15, 1463

which Notch sustains the M1-like phenotype through a specific, dual mechanism rather
than a generic metabolic shift: the Notch1 intracellular domain is recruited directly to
nuclear and mitochondrial genes encoding respiratory chain components, increasing mi-
tochondrial oxidative phosphorylation, while, in parallel, Notch-dependent induction
of pyruvate dehydrogenase phosphatase 1 raises pyruvate dehydrogenase activity and
glucose flux into the tricarboxylic acid cycle; the resulting increase in oxidative flux elevates
mitochondrial reactive oxygen species (mtROS) production, and this mtROS signal feeds
back to reinforce transcriptional induction of the same pro-inflammatory gene program, so
that Notch couples a transcriptional and a bioenergetic arm into a single, self-amplifying
circuit that sustains macrophage activation [79].

Beyond the innate compartment, Notch ligands presented by antigen-presenting cells
within the plaque shape adaptive immunity. In a foundational study, Delta-family ligands
were shown to instruct CD4+ T cells toward the Th1 fate, whereas Jagged-family ligands
instruct the alternate Th2 fate, establishing that ligand identity, rather than Notch activation
as such, dictates the polarity of the adaptive immune response [38]. It should be noted that
this foundational Th1/Th2 finding, like most of the T-cell Notch ligand studies discussed
in this section, was established in general immunological or autoimmune disease models
rather than in atherosclerosis itself; its relevance to the vessel wall is therefore inferred
rather than directly demonstrated. Within atherosclerosis specifically, Th1 polarization is
comparatively well established as pro-atherogenic, since interferon-y-producing Th1 cells
and their inducing cytokines aggravate lesion development and plaque instability in multi-
ple loss- and gain-of-function mouse studies, whereas the role of Th2 cells is considerably
more controversial, with murine loss-of-function studies for Th2 cytokines yielding incon-
sistent atheroprotective, neutral or even pro-atherogenic effects depending on the specific
cytokine, disease stage and genetic background examined, in contrast to the comparatively
consistent picture for Thl and regulatory T cells [80]. Given this uncertainty, a Delta-family
ligand bias that favors Thl responses would be predicted to be net pro-atherogenic on
adaptive-immune grounds, whereas the vascular consequence of a Jagged-family, Th2-
skewing bias remains genuinely unresolved and represents an important open question for
translating this ligand-specific logic to atherosclerosis. Building on this ligand-specific logic,
Notch signaling has subsequently been shown to be required for optimal Th17 differentia-
tion in both mouse and human T cells, with pharmacological Notch blockade ameliorating
experimental autoimmune encephalomyelitis, a Th17-dependent inflammatory disease
model relevant to chronic vascular inflammation [39]; consistent with the earlier Th1/Th2
paradigm, Jagged1 and Deltal were further shown to differentially regulate the severity
and outcome of this same autoimmune model, with blockade of Jagged1 worsening and
blockade of Deltal improving disease [81]. Notch signaling is not confined to effector
T-cell subsets: cell-intrinsic Notch activity in regulatory T cells is required for peripheral
immune tolerance, and its disruption in Tregs precipitates spontaneous autoimmune and
inflammatory pathology in mice [82], suggesting that the balance of Notch ligands available
within the atherosclerotic plaque microenvironment may simultaneously shape effector
T-cell polarization and the counter-regulatory activity of Tregs that normally restrains
plaque inflammation. Notch signaling mechanisms are depicted on Figure 1.
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Figure 1. Schematic overview of Notch signaling across the atherosclerotic vessel wall. At sites
of high, laminar shear stress, endothelial NOTCHI1 preserves junctional integrity and quiescence
(atheroprotective, green). At sites of low, oscillatory shear stress, endothelial JAG1I-NOTCH4/DLL4
signaling promotes leukocyte adhesion and recruitment (atherogenic, red). Recruited monocytes
differentiate into macrophages in which Notch-RBP-] signaling promotes M1-like polarization and
foam cell formation. In the media, NOTCH1/NOTCHS3 signaling drives the transition of vascular
smooth muscle cells (VSMC) from a contractile to a synthetic, proliferative phenotype, and chronic
signaling together with miR-34a/SIRT1 dysregulation promotes osteogenic transdifferentiation and
calcification. The lower panel indicates the principal points at which pharmacological strategies
discussed in Section 5 intersect the pathway: y-secretase inhibitors, anti-DLL4/anti-JAG1 antibod-
ies, ligand-selective Notch decoy receptors, anti-miR-34a oligonucleotides, and statins acting via
suppression of endothelial-to-mesenchymal transition (EndMT).

3.4. In Vivo Evidence: Effects of Experimental Notch Manipulation on
Atherosclerosis Development

The cell type-specific findings summarized above are drawn from experiments that
differ substantially in genetic strategy, species, vascular bed and outcome measure, which
can make the net direction of any given manipulation difficult to extract from prose alone.
Table 2 therefore consolidates, in one place, the principal in vivo genetic and pharma-
cological Notch manipulations that have been directly tested in experimental models of
atherosclerosis or closely related vascular remodeling, together with their reported effect
on lesion or plaque phenotype. As the table illustrates, the direction of effect tracks receptor
and cell-type identity rather than simply reflecting “more” or “less” Notch signaling in
the vessel as a whole: loss of endothelial NOTCHL1 is consistently pro-atherogenic [30,53],
whereas loss of endothelial JAG1 [34], blockade of DLL4 [41], or macrophage-restricted loss
of NOTCH1 [20] are each atheroprotective, and non-selective pharmacological suppression
of the entire pathway with y-secretase inhibitors is net atheroprotective in the models
tested to date [50,51,83], likely because the pro-atherogenic, disturbed-flow-restricted
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JAG1-NOTCH4 and macrophage arms of the pathway dominate the aggregate outcome
under the conditions examined. This consolidated view reinforces the central argument of
this review, developed in Section 4 below, that “the Notch pathway” cannot be treated as
a single therapeutic target in atherosclerosis.

Table 2. In vivo effects of experimental Notch pathway manipulation on atherosclerosis and related
vascular remodeling.

Manipulation Model/System Effect on Atherosclerosis/Lesion Phenotype Ref.

Significantly increased lesion burden in the

Endothelial-specific ApoE—/— or descending aorta and aortic sinus; loss of

E;ticgissflfei’[cli(;ﬁcor hypercholesterolemic mice junctional integrity and increased endothelial [30,53]
P y proliferation at disturbed-flow sites
Significantly reduced lesion burden
Endothelial-specific Murine and specifically at low-oscillatory-shear, [34]
Jagl deletion porcine arteries atherosusceptible sites, with no effect at
protected sites
Attenuated atherosclerotic lesion formation
Systemic DI14 Hyperlipidemic LDL together with amelioration of associated [41]
neutralizing antibody receptor-deficient mice metabolic derangements (adipose
inflammation, insulin resistance)
Reduced vein-graft lesion development,
Macrophage-derived Murine vein-eraft model supporting a pro-atherogenic role for 78]
DIl14 (loss-of-function) & macrophage-derived DII4 distinct from its
endothelial source
Shifted plaque macrophages toward an
Macrophage-specific Murine atherosclerosis M2-like anti-inflammatory profile via the [20]
Notchl deletion model PI3K-oxidative stress axis, consistent with
reduced lesion inflammation
Reduced diet-induced atherosclerotic lesion
Pan-Notch y-secretase ApoE—/— mice, formation, demonstrating net
inhibition diet-induced atheroprotection despite non-selective [51]
(systemic GSI) atherosclerosis pathway blockade over the exposure
durations tested
ey . Restored contractile marker gene expression,
y-Secrgtase inhibition Rat vein-graft rpodel suppressed VSMC proliferat(igon and};educed [50]
with DAPT of restenosis L -
intimal hyperplasia
Notchl inhibition . . DAPT reduc.ed 1ow—shear-stress—indgced .
(siRNA or DAPT) ApoE—/— mice, carotid  plaque forrpatlon and ICAM-l expression via
shear-stress suppression of NF-«B activation, directly [83]

combined with induced

modifier model linking flow-driven Notch1 induction to
low shear stress

lesion formation in vivo

4. Notch Signaling Across the Stages of Atherosclerotic
Plaque Development

The multiplicity of cell-type-specific Notch effects described above can be integrated
into a stage-based model of atherogenesis. During lesion initiation, disturbed flow at
atherosusceptible sites upregulates endothelial JAG1/NOTCH4 signaling, suppresses
atheroprotective NOTCHI1 signaling, and increases expression of adhesion molecules and
inflammatory cytokines that favor monocyte recruitment [30,34,55]. During lesion pro-
gression, infiltrating monocytes differentiate into macrophages whose polarization state is
shaped by local Delta-like ligand and Jagged1 availability [40,42,46], while resident and
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migrating VSMCs undergo NOTCH1/NOTCH3-dependent dedifferentiation, proliferation
and migration into the intima, expanding the fibrous cap and, in some contexts, contribut-
ing to its structural reinforcement [49,50]. In advanced lesions, chronic Notch pathway
activity intersects with cellular senescence programs, in particular via the miR-34a/SIRT1
axis, to promote osteochondrogenic transdifferentiation of VSMCs and medial or intimal
calcification, a feature associated with both plaque stability in some contexts and abrupt
clinical events in others [71,72]. Finally, at the level of the fibrous cap and lipid core, on-
going macrophage Notch—-RBP-J signaling sustains a pro-inflammatory, M1-like-skewed
macrophage phenotype and actively suppresses the reparative M2-like macrophage pool,
impeding efferocytosis and lesion resolution and favoring necrotic core expansion and po-
tentially plaque instability [42,46]. This staged view underscores that “the Notch pathway”
is not a single therapeutic target in atherosclerosis but rather a family of related signaling
modules whose net effect on disease depends critically on which receptor, which ligand,
which cell type and which stage of lesion development is being considered.

5. Therapeutic Strategies Targeting the Notch Pathway in Atherosclerosis

Given the pleiotropic, context-dependent roles of Notch signaling in the vessel wall,
therapeutic strategies have pursued several distinct levels of intervention: global phar-
macological inhibition of the terminal proteolytic step common to all Notch receptors
(y-secretase inhibitors), selective antagonism of individual ligands or receptors using mon-
oclonal antibodies or engineered decoy receptors, indirect modulation through microRNA-
based agents, and repurposing of existing cardiovascular drugs, particularly statins, that
have off-target effects on Notch-dependent endothelial and smooth muscle phenotypes.
Table 1 summarizes the principal molecular components of the pathway relevant to vascu-
lar biology, and Table 3 summarizes the therapeutic strategies discussed below together
with their stage of development and principal limitations.

Table 3. Notch-targeted therapeutic strategies for atherosclerosis.

Strategy Representative Agent(s) Mechanism Stage of Development Key Limitations/Safety Signals
Pan-Notch Preclinical Non-selective (additional

—secretase DAPT and related GSIs Blocks S3 cleavage of all (ApoE—/— mice; y-secretase substrates);
znhibition four Notch receptors vein-graft/restenosis gastrointestinal and lymphoid

models) [50,51] toxicity limit chronic use

Anti-DLL4 Hypertension, pulmonary
monoclonal Demcizumab Blocks DLL4-NOTCH1 Phase I/Ib oncology hypertension, reversible heart
antibodies (OMP-21M18) ligand engagement trials [43,44,84] failure with prolonged

dosing [85]

Notch2/3-selective

antibodies

Tarextumab

Selective receptor
antagonism sparing
NOTCH1

Phase I/1I oncology [86]

Narrower target engagement;
chronic cardiovascular safety
not established

Ligand-selective
decoy receptors

Engineered Notch-Fc
decoys (Dl14- or
Jagged-selective)

Sequester a specific ligand
class without activating
the receiving cell

Preclinical (tumor
angiogenesis models) [87]

Not yet tested in atherosclerosis
models; delivery /PK
optimization needed

Restores endothelial

Preclinical (murine

MicroRNA-based miR-126-5p mimics; Notch1/DIkl balance; atherosclerosis and Vascular cell-type-specific
modulation .antl-mlR-Sfla norma.hzes Notchs- vascular calcification delivery remains challenging
oligonucleotides associated VSMC models) [61,71,72]
senescence/ calcification e
Sé%%f::fﬁf;:ﬁi;ia Established clinical Effect on Notch signaling is
Drug repurposing Statins (e.g., simvastatin) SOX9 axis; activates use; mechanistic indirect and pleiotropic;
o 4 Notch/EndMT link Notch-specific contribution to

Notch-dependent
endothelial differentiation

described [88,89]

clinical benefit unclear
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5.1. Gamma-Secretase Inhibitors

v-Secretase inhibitors (GSIs) such as DAPT block the terminal S3 cleavage step re-
quired for release of the NICD from all four Notch receptors, and were originally developed
against other targets before being repurposed as pan-Notch inhibitors in oncology and
vascular research; indeed, the discovery that activating NOTCH1 mutations drive a ma-
jority of T-cell leukemias provided much of the initial rationale for developing GSIs as
targeted anticancer agents [9]. In atherosclerosis-relevant models, the GSI DAPT restores
contractile gene expression and suppresses VSMC proliferation in a rat vein-graft model of
intimal hyperplasia [50]. More directly, systemic administration of a y-secretase inhibitor
reduces diet-induced atherosclerotic lesion formation in apolipoprotein E-deficient mice,
providing in vivo evidence that pan-Notch inhibition can be net atheroprotective in this
model, at least over the exposure durations tested [51]. It is important to note that the
anti-atherosclerotic effect of pan-Notch GSIs cannot be attributed to Notch blockade alone,
since y-secretase constitutively cleaves dozens of other type I transmembrane substrates
that are independently relevant to vascular and inflammatory biology, including N- and
E-cadherin, whose cleavage disrupts endothelial and smooth muscle cell-cell adhesion;
CD44, a receptor implicated in leukocyte adhesion and macrophage foam-cell behavior; the
receptor tyrosine kinase ErbB4; and the low-density lipoprotein receptor-related protein
(LRP), which participates directly in lipoprotein handling by the vessel wall. Consequently,
part of the atheroprotective effect attributed to GSIs in ApoE-deficient mice and vein-graft
models may reflect concurrent inhibition of these non-Notch substrates rather than Notch
blockade per se, a caveat that is difficult to exclude with pan-Notch inhibitors and that
further motivates the shift toward ligand- and receptor-selective strategies discussed be-
low [90]. However, because y-secretase also cleaves numerous other type I transmembrane
substrates besides Notch receptors, and because pan-Notch blockade indiscriminately
silences both atheroprotective (NOTCH1) and atherogenic (NOTCH4, JAG1-dependent)
signaling, GSIs carry an unfavorable therapeutic index for chronic cardiovascular use;
class-wide toxicities related to Notch-dependent differentiation programs in the gut and
lymphoid system have also limited their systemic use in oncology, reinforcing that pan-
pathway inhibition is unlikely to be an acceptable long-term strategy for a chronic disease
such as atherosclerosis.

5.2. Ligand- and Receptor-Directed Monoclonal Antibodies

A more selective approach exploits monoclonal antibodies directed against individual
Notch ligands or receptors, an approach extensively developed in oncology to block tumor
angiogenesis and cancer stem cell maintenance. Antibodies against Delta-like ligand 4,
such as demcizumab, have been evaluated in multiple phase I and phase Ib oncology
trials in combination with cytotoxic chemotherapy [43,44]. These trials are informative
for cardiovascular pharmacology chiefly because of the adverse events they revealed:
dose- and duration-dependent cardiopulmonary toxicity, including grade 3 hypertension,
pulmonary hypertension and, in a subset of patients receiving prolonged high-dose therapy,
congestive heart failure that was reversible upon drug discontinuation in most cases [44].
A systematic analysis of clinical trials of DLL4-inhibiting antibodies confirmed pulmonary
hypertension as a class-associated complication occurring independently of left ventricular
dysfunction, implicating disordered angiogenesis and vascular remodeling secondary
to sustained DLL4/NOTCHI1 blockade in the pulmonary circulation [85]. A parallel
phase Ib trial combining demcizumab with paclitaxel in platinum-resistant ovarian cancer
similarly documented cardiopulmonary adverse events consistent with this class effect [84].
These findings, while derived from an oncology population receiving substantially higher
and more sustained receptor blockade than would likely be used for an atherosclerosis
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indication, provide a cautionary, real-world demonstration that pharmacological inhibition
of the DLL4-NOTCH axis has a genuine and clinically important cardiovascular liability,
and they argue for very careful dose-finding, intermittent dosing schedules, or vascular
bed-restricted delivery if anti-DLL4 or anti-Jagged1 antibodies are ever to be considered for
atherosclerosis. Antibodies selectively targeting NOTCH2/NOTCHS3, such as tarextumab,
illustrate ongoing efforts within oncology to narrow the toxicity window of Notch pathway
antibodies by sparing NOTCH]1, efforts whose lessons are directly transferable to any
future cardiovascular development program [86].

5.3. Soluble Decoy Receptors

An alternative antibody-independent strategy uses soluble, Fc-fused fragments of the
Notch extracellular domain (Notch decoys) engineered to selectively sequester either Delta-
like ligands or Jagged ligands without themselves activating signaling in the responding
cell. Because Jagged- and Delta-like ligand-mediated Notch signaling can produce distinct,
sometimes opposing, vascular phenotypes, ligand-selective decoys in principle allow one
arm of the pathway to be neutralized while sparing the other, a level of selectivity that is
difficult to achieve with conventional pan-Notch y-secretase inhibition [87]. Although this
technology has so far been developed principally for tumor angiogenesis, the underlying
design principle—selective neutralization of a single ligand class rather than global receptor
blockade—is directly applicable to the endothelial JAG1I-NOTCH4 axis implicated in
atherogenesis at sites of disturbed flow, and represents one of the more mechanistically
elegant, if still preclinical, strategies for future cardiovascular development.

5.4. MicroRNA-Based and Epigenetic Strategies

Because several microRNAs sit directly upstream or downstream of Notch pathway
components in vascular cells, microRNA mimics or antagomirs offer an indirect route
to modulate Notch-dependent phenotypes with potentially greater cell-type selectivity
than direct pathway inhibition. Restoring the flow-sensitive microRNA miR-126-5p, which
normally maintains endothelial Notch1 activity by repressing the inhibitor DIk1, reduces
atherosclerotic lesion formation and promotes endothelial recovery in murine models [61].
In VSMCs, miR-34a intersects with SIRT1 signaling to regulate proliferation, senescence and
osteogenic transdifferentiation; genetic ablation or pharmacological inhibition of miR-34a
reduces vascular calcification and senescence markers in murine models [71,72], nominating
anti-miR-34a oligonucleotides as a candidate strategy to indirectly normalize Notch3/SIRT1
signaling in the aging, atherosclerotic vessel wall. More broadly, because Notch ligand
and receptor expression is subject to extensive post-transcriptional control, combining
microRNA-based agents with cell-type-restricted delivery vehicles is an attractive, though
still largely preclinical, strategy to achieve the cell-selective Notch modulation that pan-
pathway inhibitors cannot provide.

5.5. Repurposing Established Cardiovascular Drugs: Statins and Notch-Associated
Endothelial Phenotypes

Statins, the cornerstone of lipid-lowering pharmacotherapy in atherosclerotic car-
diovascular disease, exert pleiotropic vascular effects beyond LDL-cholesterol reduction,
including improvement of endothelial function. Recent work has shown that simvastatin
suppresses endothelial-to-mesenchymal transition (EndMT), a process implicated in vascu-
lar endothelial dysfunction, in part through epigenetic modulation of a GGTase-Rho A-YAP-
SOX9 signaling axis, indicating that at least part of the vasculoprotective, pleiotropic benefit
of statin therapy may operate through mechanisms convergent with Notch-associated en-
dothelial phenotypes rather than through cholesterol lowering alone [88]. This crosstalk has
a long experimental history: simvastatin was shown more than a decade earlier to promote
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the differentiation of bone marrow stromal cells into functional endothelial cells specifically
via activation of the Notch signaling pathway, an effect abolished by y-secretase inhibition
or Notchl knockdown [89]. Because statins are already in widespread, well-tolerated clini-
cal use for atherosclerotic cardiovascular disease, and because endothelial-to-mesenchymal
transition and Notch-driven endothelial senescence and inflammation converge mecha-
nistically, this crosstalk supports the rationale for combining conventional lipid-lowering
therapy with more selective, emerging Notch-directed agents, and raises the possibility
that some of the anti-atherosclerotic benefit already achieved with statins in large outcome
trials is partly attributable to favorable modulation of vascular Notch signaling.

6. Safety Considerations and Translational Challenges

The single most important lesson to emerge from clinical experience with Notch
pathway inhibitors, gained almost entirely in oncology, is that this pathway has a narrow
therapeutic index in the cardiovascular system. Anti-DLL4 antibodies produce dose- and
duration-dependent hypertension, pulmonary hypertension and, in a subset of patients
receiving prolonged high-dose exposure, congestive heart failure [43,44,84,85], while pan-
Notch y-secretase inhibitors carry class-wide gastrointestinal and immunological toxicity
related to loss of Notch signaling in intestinal and lymphoid progenitor compartments.
These toxicities are mechanistically continuous, not incidental, with the pathway’s nor-
mal vasculoprotective functions: NOTCHI1 signaling maintains endothelial junctional
integrity and vascular quiescence [22,30], and profound pharmacological suppression of
this signal—rather than the more subtle rebalancing that might be achievable with ligand-
selective or vascular bed-restricted agents—predictably destabilizes the endothelium and
pulmonary vasculature. Any future Notch-directed therapy for atherosclerosis will there-
fore need to achieve at least one, and probably several, of the following: (i) selectivity for
a single ligand or receptor, for example, JAG1/NOTCH4 rather than pan-Notch [34,87];
(ii) restriction of drug exposure to a specific vascular bed or cell type, through nanoparticle
or antibody—drug conjugate delivery; (iii) intermittent or low-dose regimens designed to
titrate pathway activity rather than to abolish it; and (iv) combination with existing, well-
tolerated background therapy such as statins, which may already provide partial, indirect
normalization of Notch-associated endothelial phenotypes and could allow lower doses of
a direct Notch-targeted agent to be used [88,89]. In addition, because most direct clinical
experience with Notch inhibitors comes from short-term oncology regimens, the long-term
cardiovascular safety of chronic, low-intensity Notch modulation—the exposure profile
that would be required for a chronic disease such as atherosclerosis—remains essentially
untested and will require dedicated long-term toxicology and, eventually, cardiovascular
outcome studies.

7. Future Perspectives

Several converging lines of investigation suggest realistic paths toward a favorable
therapeutic index for Notch-directed atherosclerosis therapy. First, single-cell and spatial
transcriptomic mapping of Notch receptor and ligand expression across atherosusceptible
and atheroresistant arterial regions should make it possible to define more precisely which
receptor-ligand pairs are selectively upregulated at disease-prone sites, refining candidate
targets beyond the JAG1-NOTCH4 axis already identified [34]. Second, ligand-selective
decoy receptors and next-generation antibody engineering that improve the pharmacoki-
netic and tissue-distribution profile of anti-DLL4 or anti-JAG1 agents may substantially
widen the safety margin relative to first-generation oncology antibodies [86,87]. Third,
nanoparticle- or antibody-conjugate-based delivery platforms capable of restricting Notch
pathway modulation to macrophages or to endothelium at atherosusceptible sites, rather
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than achieving systemic pathway blockade, would in principle allow the pro-inflammatory,
M1-like-skewing arm of macrophage Notch—RBP-]J signaling to be dampened without
compromising NOTCHI1-dependent endothelial barrier function elsewhere in the vas-
culature [42,46]. Fourth, microRNA-based agents directed at nodes such as miR-126-5p
and miR-34a that intersect with both Notch and senescence or repair pathways may offer
a more gradual, combinatorial means of normalizing endothelial and VSMC phenotype
than direct pathway blockade [61,71]. Finally, given the mechanistic overlap between
statin-mediated modulation of EndMT and Notch pathway biology, prospective biomarker
studies nested within existing statin and PCSK9 inhibitor cardiovascular outcome trials
could help clarify how much of the clinical benefit of contemporary lipid-lowering ther-
apy is mediated through Notch-dependent endothelial and smooth muscle mechanisms,
information that would directly inform the design of combination regimens incorporating
future Notch-selective agents.

8. Conclusions

The Notch signaling pathway occupies a central, if paradoxical, position in the biol-
ogy of atherosclerosis: the same core molecular machinery can protect the endothelium
from disturbed-flow-induced dysfunction when engaged through NOTCHI, or actively
promote lesion formation when engaged through JAG1-NOTCH4 at atherosusceptible
sites, drive VSMC dedifferentiation, proliferation and osteogenic transformation through
NOTCH1/NOTCHS3, and sustain pro-inflammatory macrophage polarization while sup-
pressing reparative macrophage and T-cell programs through Notch-RBP-] signaling. This
context dependence explains why global pathway inhibition with y-secretase inhibitors,
although capable of reducing experimental atherosclerosis and neointimal hyperplasia,
carries an unfavorable safety profile, and why clinical experience with anti-DLL4 antibodies
in oncology has revealed clinically significant cardiopulmonary toxicity. The path toward
a clinically viable Notch-directed therapy for atherosclerosis is therefore unlikely to run
through pan-pathway blockade, and more likely to depend on ligand-selective antagonists,
decoy receptors, microRNA-based modulators, or vascular bed- and cell type-restricted
delivery platforms capable of rebalancing, rather than abolishing, Notch signaling within
the diseased artery wall.
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Abstract

Inflammation plays a pivotal role in the pathogenesis of acute coronary syndromes (ACS),
contributing to plaque instability, thrombosis, and myocardial injury. This review aims to
comprehensively examine the inflammatory mechanisms underlying ACS and evaluate
current and emerging anti-inflammatory therapeutic strategies. We conducted a compre-
hensive literature review examining the role of inflammatory pathways in ACS pathophys-
iology, including innate and adaptive immune responses, key inflammatory mediators,
and cellular mechanisms. We analyzed current evidence for anti-inflammatory therapies
and their clinical outcomes in ACS management. Inflammatory processes in ACS involve
complex interactions between innate immune cells (neutrophils, macrophages, monocytes)
and adaptive immune cells (T lymphocytes, B cells). Key mechanisms include neutrophil
extracellular trap (NET) formation, macrophage polarization, T cell subset imbalances
(Th1/Th17 predominance with regulatory T cell dysfunction), and complement activa-
tion. Inflammatory biomarkers such as C-reactive protein, interleukin-6, and NET-specific
markers demonstrate prognostic value. Anti-inflammatory therapies including colchicine,
canakinumab (IL-1f inhibition), and methotrexate have shown cardiovascular benefits in
clinical trials. Emerging targets include NET inhibition, T cell modulation, and precision
inflammatory profiling approaches. Inflammation represents a critical therapeutic target
in ACS beyond traditional risk factor modification. While colchicine and IL-1{ inhibition
have demonstrated clinical efficacy, future strategies should focus on precision medicine
approaches targeting specific inflammatory pathways based on individual patient profiles.
Integration of anti-inflammatory therapy with lipid management and antithrombotic strate-
gies offers promise for improving ACS outcomes through comprehensive targeting of the
multifactorial pathophysiology underlying coronary artery disease.
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1. Introduction

Inflammation plays a central role in the pathogenesis of acute coronary syndromes
(ACS) by contributing to the initiation, progression, and complications of atherosclerotic
plaques [1]. Local inflammatory cells in the coronary arteries release cytokines that activate
the endothelium, altering its physiological antiaggregant and anticoagulant properties.
This activation promotes plaque instability by reducing extracellular matrix synthesis and
increasing its degradation, thereby favoring plaque rupture—a key event in the onset of
ACS. Inflammatory cytokines also increase smooth muscle cell reactivity and contribute to
thrombus formation following plaque disruption [2]. Both innate and adaptive immune
responses regulate the progression of atherosclerosis and plaque stability. Immune cells,
such as macrophages and T lymphocytes, secrete inflammatory mediators that enhance the
lipid core while reducing the fibrous cap, thereby making plaques more prone to rupture.
The 2023 European Society of Cardiology (ESC) guidelines for the management of acute
coronary syndrome (ACS) acknowledge the role of inflammation in ACS pathophysiology
but do not currently provide specific recommendations for targeting inflammation as
a routine therapeutic strategy in ACS management [1].

A recent article discusses the inflammatory response in patients with acute myocardial
infarction, drawing inspiration from the title of a famous Western movie, “The Good, the
Bad and the Ugly” It is based on the idea that after an acute myocardial infarction, the
initial inflammatory response plays a beneficial, defensive role, known as “The Good.”
This response can be exaggerated in the acute phase, “The Ugly”. Additionally, a chronic
inflammatory response may persist long after the acute event, thereby realizing the residual
inflammatory risk, “The Bad” [3].

The paper demonstrates that inflammation is both beneficial and detrimental after
an ACS. A certain amount of inflammation helps the heart heal by removing dead cells
and supporting repair processes. On the other hand, too much inflammation can lead
to additional damage and complications, such as worsening heart function or triggering
additional ACS. Targeted treatments that reduce the harmful inflammation (often referred
to as “The Bad” and “The Ugly”) while leaving the protective, healing inflammation
(“The Good”) intact are necessary to aid in recovery after an acute coronary syndrome
while preventing the onset of another one. This balance could improve recovery and
reduce the risk of complications. The repair process following AMI is likely to involve
M2-type macrophages, natural killer (NK) cells, regulatory T lymphocytes (Treg), and
cytokines, specifically interleukin-10 (IL-10) and interleukin-2 (IL-2). The acute phase
of the inflammatory response is characterized by the activation of polymorphonuclear
leukocytes (PMNs), M1 macrophages, the formation of neutrophil extracellular traps
(NETs), and the release of cytokines, including interleukin-1« (IL-1«), interleukin-1p (IL-
1), and interleukin-6 (IL-6). After this acute phase, a chronic inflammatory process may
develop, resulting in a residual inflammatory risk (RIR). This process involves M1-polarized
macrophages, foam cells, and PMNs, as well as the activation of the NLRP3 inflammasome.

So, in the acute phase after a myocardial infarction, anti-inflammatory treatment
should protect or stimulate the inflammatory repair processes and limit the acute exagger-
ated inflammatory response.
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This review focuses on the current state of research regarding anti-inflammatory
medication in patients with acute myocardial infarction. We want to answer questions such
as: What drugs are currently available? What drugs will be available? Will they change
treatment guidelines? When is the best time after an acute myocardial infarction to initiate
anti-inflammatory treatment? Is anti-inflammatory treatment applicable to all patients with
acute coronary syndromes?

2. Inflammatory Mechanisms Involved in Atherosclerotic
Plaque Destabilization

Atheromatous plaques that are prone to rapid progression, rupture, or erosion leading
to ACS are referred to as vulnerable plaques, as they have specific, well-defined character-
istics [4,5]. The term “vulnerable plaque” was first used by Muller et al., who described
plaque prone to rupture leading to ACS, histopathologically characterized (based on au-
topsy studies) by a lipid-rich core, a thin cap fibroatheroma, and an inflammatory infiltrate
with macrophages [6]. Although atherosclerotic plaque rupture is the most incriminated
mechanism in the pathophysiology of ACS, plaque erosion or the presence of calcified
nodules have been described as possible mechanisms [7]. Nowadays, it is recommended
to use the term vulnerable plaque to define those atherosclerotic plaques that can cause
complications, being used in the designation of all plaques at risk of rupture and thrombo-
sis [8]. An expert consensus proposes several major criteria (active inflammation, a thin
cap with a large lipid core, endothelial denudation with superficial platelet aggregation,
fissured plaque, and stenosis > 90%) and minor criteria (superficial calcified nodules, glis-
tening yellow aspect on angioscopy, intraplaque hemorrhage, endothelial dysfunction, and
outward (positive) remodeling) for diagnosing vulnerable plaque. The vast majority of
plaques that cause an ACS are without calcifications, no significant stenosis, or similar to
type IV atherosclerotic lesions described in the American Heart Association classification
(a well-defined vascular intimal region occupied by extracellular lipids without a significant
amount of fibrous tissue and without surface erosion, rupture or thrombus formation) [9].

Inflammation plays a central role in the pathogenesis of ACS, with various inflamma-
tory markers and pathways contributing to disease progression and outcomes.

2.1. NOD-like Receptor Protein Domain-Associated Protein 3 (NLRP3) Inflammasome

The NOD-like receptor protein domain-associated protein 3 (NLRP3) inflammasome
plays a critical role in the development and progression of ACS by mediating inflammatory
responses that contribute to plaque instability, myocardial injury, and adverse cardiac
remodeling [10]. The NLRP3 inflammasome consists of the NLRP3 protein functioning as
a sensor for pattern-recognition repeats, danger and pathogen-associated molecular pat-
terns (DAMPs, PAMPs), an adaptor domain (ASC—a caspase-recruiting domain, CARD),
and an effector protein (caspase 1). The sensor domain includes an N-terminal pyrin
domain, a central NACHT domain vital for ATP-mediated inflammasome assembly and
a leucine-rich repeat domain (LRR) [11].

Upon activation by danger signals such as cholesterol crystals, potassium efflux, or
ischemic injury, the NLRP3 oligomerizes with the NACHT domains, which further rectruits
ASC, which attach to the ASC speck. The activated inflammasome activates caspase 1,
which cleaves the pre-IL-1$ and pre-IL-18 into their active forms. As a result, IL-1 and
IL-18 are released, promoting local vascular inflammation by upregulating the ICAM-1 and
VCAM-1 molecules on endothelial cells, promoting immune cell adhesion and infiltration,
further contributing to the development and destabilization of atherosclerotic plaques.
Additionally, caspase-1 mediates activation of Gasdermin D, which upon oligomerization,
forms a plasmallemal pore, triggering pyroptosis. NLRP3 activation can precipitate ACS
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events [12] by enhancing the lipid necrotic core and driving IL-1/IL-18-mediated vascu-
lar inflammation (pyroptosis) and may constitute a therapeutic target in patients with
ACS [13,14].

The inflammasome-driven cytokines exacerbate inflammation within plaques, weak-
ening the fibrous cap through matrix metalloproteinase activation and increasing the
likelihood of plaque rupture or erosion, the primary triggers of ACS. Beyond plaque ef-
fects, NLRP3 activation in cardiac cells (cardiomyocytes and fibroblasts) during ischemia
promotes inflammatory cell death (pyroptosis) and fibrosis. This contributes to adverse ven-
tricular remodeling and impaired cardiac function after myocardial infarction, worsening
prognosis [15]. Molecular mechanisms, including microRNAs and protein modifications
(such as SUMOylation, phosphorylation and ubiquitylation) tightly regulate NLRP3 activa-
tion [16]. Pharmacological inhibition of NLRP3 or its downstream cytokines (e.g., IL-1/3)
has shown promise in reducing inflammation, limiting cardiac damage, and improving
outcomes in preclinical and early clinical studies [13,17].

A recent study highlights the role of the inflammasome signaling pathway in myocar-
dial damage during STEMI. By identifying the genetic expression of inflammasome-related
markers like TLR4, NLRP3, and IL-6R in coronary thrombi, the research suggests that these
markers are actively involved in the inflammatory response associated with myocardial
injury. The findings support targeting the inflammasome signaling pathway as a potential
treatment strategy for myocardial infarction. By focusing on this pathway, medical inter-
ventions could potentially reduce inflammation and limit heart damage, improving patient
outcomes, but the timing of anti-inflammatory treatment is crucial [18].

2.2. Interleukin-1 B (IL-1p)

IL-1p is a pro-inflammatory cytokine that is activated through the NLRP3 inflam-
masome pathway. IL-1f is highly expressed in atherosclerotic plaques, particularly in
complicated and unstable plaques, prone to rupture. IL-13 promotes inflammation by
inducing the expression of adhesion molecules (ICAM-1, VCAM-1), chemokines, and
matrix metalloproteinases (MMP-9), which degrade the fibrous cap and increase plaque
vulnerability [19]. Studies have shown that IL-1(3 levels are elevated in patients with ACS
and correlate with myocardial damage and adverse outcomes. IL-1(3 stimulates other
proatherogenic cytokines such as TNF-a and LIGHT, amplifying vascular inflammation
and contributing to plaque progression and rupture [20]. IL-1f exerts direct harmful
effects on heart muscle cells by inducing apoptosis (programmed cell death) and hyper-
trophy, depressing cardiac contractility through nitric oxide-dependent and independent
pathways [21]. IL-1f promotes leukocyte trafficking to the site of myocardial injury by
enhancing endothelial adhesion molecule expression and chemokine production, which
sustains the inflammatory response after myocardial infarction. This inflammatory cascade
contributes to infarct healing but can also lead to excessive tissue damage and adverse
cardiac remodeling, if uncontrolled [22].

2.3. Interleukin-6 (IL-6)

IL-6 is elevated in patients with ACS, especially in those with unstable angina and
acute myocardial infarction, reflecting increased inflammatory activity within atheroscle-
rotic plaques [23]. It is expressed locally in the shoulder regions of plaques, where it
enhances recruitment of monocytes and T cells, promoting inflammation and weakening
the fibrous cap, thus increasing plaque vulnerability and risk of rupture [24].

IL-6 induces hepatic production of acute-phase reactants such as high-sensitivity
C-reactive protein (hs-CRP), amplifying systemic inflammation and generating a pro-
thrombotic state [25-27]. Higher plasma IL-6 levels are correlated with a greater severity of
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ACS. They are associated with an increased risk of major adverse cardiovascular events
(MACE), including cardiovascular death, myocardial infarction, and hospitalization for
heart failure [28]. IL-6 levels provide prognostic information that is independent of tradi-
tional risk factors and biomarkers, such as hs-CRP and troponin. Patients in the highest
IL-6 quartile have significantly worse outcomes [29]. IL-6 activates the MAPK/ERK1/2
pathway, leading to overexpression of the MMP9, which contributes to extracellular matrix
remodeling and fibrosis, processes involved in adverse ventricular remodeling and heart
failure following myocardial infarction [27]. IL-6 also activates transcription factors such as
NEF-«kB and PPAR-y, which contribute to MMP-9 gene transcription in vascular cells and
macrophages, promoting inflammatory responses and ECM degradation in atherosclerotic
plaques [30].

2.4. Tumor Necrosis Factor « (TNF-«)

TNEF-o, abundantly expressed in unstable atherosclerotic plaques, exacerbates local
inflammation by activating endothelial cells and recruiting immune cells, thereby pro-
moting plaque vulnerability and increasing the risk of rupture that precipitates acute
coronary syndrome (ACS). TNF-« binds platelet TNFR1, activating the arachidonic acid
cascade to increase thromboxane A2 production, which promotes platelet activation and
aggregation, leading to thrombus formation that can occlude coronary arteries and cause
myocardial ischemia [31,32]. Cardiac myocytes produce TNF-« during ischemia that has
direct deleterious effects on heart muscle cells, including apoptosis and depressing contrac-
tile function [33]. TNF-« binds to TNF receptor 1 (TNFR1) on cardiomyocytes, triggering
recruitment of adaptor proteins that activate caspase-8. Activated caspase-8 initiates the
apoptotic cascade directly cleaves Bid into truncated Bid (t-Bid), which translocates to
mitochondria, promoting the formation of the mitochondrial outer membrane permeabi-
lization pore and release of pro-apoptotic factors such as cytochrome ¢, Smac/Diablo,
and Omi/HtrA2 into the cytosol. Cytochrome c activates caspase-9 which, together with
caspase-8, activates caspase-3, the executioner caspase responsible for apoptosis [34,35].
This pathway contributes to left ventricular dysfunction and adverse remodeling after
myocardial infarction. Elevated circulating TNF-« levels in ACS patients, including several
months after myocardial infarction, are associated with an increased risk of recurrent coro-
nary events, heart failure, and mortality. Persistently high TNF-« levels indicate ongoing
inflammatory instability and a worse prognosis [36,37].

2.5. Interleukin-18 (IL-18)

Patients with ACS show significantly elevated circulating IL-18 levels compared to
healthy controls. IL-18 concentrations rise rapidly after the acute event and could remain
elevated for months, indicating sustained inflammation [38].

IL-18, like IL-1p3, is released during the NLRP3-mediated pyroptosis and amplifies
vascular inflammation [39]. It promotes the recruitment and activation of immune cells
within atherosclerotic plaques, contributing to plaque destabilization and increasing the
risk of rupture and thrombosis, which trigger ACS.

IL-18 binds to IL-18R«, activating NF-kB signaling pathways in vascular cells and
macrophages, upregulating the MMP-9 (leading to extracellular matrix remodelling) and
the CD36, a multiscavenger receptor that binds and internalizes oxidized LDL-cholesterol
lipoprotein particles, favoring foam cell formation [40]. IL-18 also upregulates the pro-
duction of interferon-y, further activating macrophages and T/NK cells. Interferon-y
down-regulates collagen production by the vascular smooth muscle cells, leading to plaque
fibrous cap thinning, making the plaque more unstable and prone to rupture [41].
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Elevated IL-18 levels are associated with a higher risk of adverse clinical events after
ACS, including recurrent unstable angina, myocardial infarction, heart failure exacerbation,
stroke, and cardiovascular death. IL-18 levels above the median significantly predict
worse outcomes, independent of many clinical factors [42]. However, its prognostic value is
somewhat attenuated when adjusted for other inflammatory biomarkers, suggesting shared
inflammatory pathways. Higher IL-18 levels correlate with male sex, obesity, diabetes,
decreased renal function, and other markers of inflammation, reflecting its role in systemic
inflammatory burden in ACS patients [39,43].

2.6. Chemokines in Acute Coronary Syndrome

Chemokines are chemotactic molecules that play a role in recruiting immune cells
to sites of inflammation. Chemokines influence the migration of leukocytes, including
neutrophils, monocytes, and T cells, into atherosclerotic plaques. This influx of inflam-
matory cells is a hallmark of plaque destabilization and rupture, which are critical events
leading to ACS [44,45]. Beyond recruiting immune cells, chemokines directly contribute
to the weakening of the fibrous cap of atherosclerotic plaques by inducing the release of
matrix-degrading enzymes from macrophages, which degrade the extracellular matrix and
promote apoptosis of endothelial cells and smooth muscle cells, further compromising
plaque stability [46]. Chemokines can enhance the pro-thrombotic environment within
plaques by inducing tissue factor expression in vascular smooth muscle and endothe-
lial cells and promoting platelet activation and aggregation, which are essential steps in
the formation of occlusive thrombi following plaque rupture. Elevated levels of various
chemokines, including CCL2, CCL3, CCL5, CCL18, CCL19, and CCL21, have been observed
in patients with acute coronary syndrome (ACS) and are associated with worse outcomes.
These chemokines not only reflect ongoing inflammation but also actively participate in
amplifying the inflammatory response within the coronary arteries [47].

CCL2 (prognostic biomarkers and possible therapeutic target) determines monocyte
recruitment, plaque destabilization, and predicts major cardiovascular events. CCL2 ex-
pression and signaling activate the NF-«B and p42/44 MAPK (ERK1/2) pathways in
endothelial cells and monocytes, promoting transcription of proinflammatory genes and
adhesion molecules (VCAM-1, ICAM-1) that enhance leukocyte recruitment and reten-
tion [48]. In addition to CCR2, CCL2 binds to atypical receptors like ACKR1, which do
not induce cell migration but modulate chemokine gradients and inflammatory responses
within plaques, influencing local CCL2 activity and plaque microenvironment [49]. Fur-
thermore, CCL2 interacts with other chemokines (CCL4) and receptors (CCR5), activating
transcription factors c-Jun and c-Fos, which may regulate CCL2 expression and amplify
inflammatory signaling [50].

CCL3, CCL5, and CCL18 determine leukocyte recruitment, and are independently
associated with a higher short-term mortality risk [51,52].

Plasma levels of CCL3 are significantly increased in patients with acute myocardial
infarction (AMI) and unstable angina, rising rapidly after ischemic events and remaining
elevated for months, reflecting ongoing inflammation [53]. CCL3 is produced mainly by
leukocytes (macrophages and neutrophils) during inflammation and promotes chemo-
taxis of neutrophils, T cells, and macrophages to atherosclerotic plaques and ischemic
myocardium. This recruitment exacerbates local inflammation and tissue injury. The
association between CCL13, vascular inflammation, neutrophil infiltration and plaque
progression was proven using CCL13/ApoE-deficient mice expressing lower levels of
circulating neutrophils, lower neutrophil infiltration in atherosclerotic plaques and a lower
responsivity to CXCL1 when fed with Western-type diet [54].
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CXCL1 is highly upregulated in response to ischemic cardiac injury and angiotensin II
stimulation. It binds to CXCR2 on monocytes and neutrophils, promoting their chemotaxis
into the heart tissue. CXCL1-CXCR2 engagement activates NF-«xB and p42/44 MAPK
(ERK1/2) pathways in immune and cardiac cells, leading to transcription of proinflamma-
tory cytokines, adhesion molecules (VCAM-1, ICAM-1), and matrix metalloproteinases
(MMPs) [48]. CXCL1-CXCR2 signaling contributes to activation of NADPH oxidase
(NOX2), which increases ROS production, promoting oxidative stress and further inflam-
mation in cardiac tissues [55].

At the cardiac level, CXCL1 promotes differentiation of cardiac fibroblasts into myofi-
broblasts, increasing collagen deposition and fibrosis, which impair cardiac function and
contribute to heart failure progression. Additionally, by interacting with the Smad2/3 and
TGEF-3 pathways, it leads to pathological atrial remodelling, increasing the susceptibility to
atrial fibrillation [55,56]. However, at the vascular level, it exerts a protective role via the
same pathway by making the plaque less susceptible to rupture.

Although CXCL5 was more intensively studied in the process of tumor progression, re-
cent efforts have been made to identify its roles in atherosclerotic disease. Similar to CXCL1,
CXCL5 binds to CXCR2 on neutrophils and monocytes, promoting their chemotaxis to
sites of injury and inflammation [57]. This recruitment amplifies local inflammation and
tissue damage. CXCL5 activates intracellular signaling cascades including NF-«B and AKT,
which promote transcription of proinflammatory genes, survival signals, and angiogenic
factors [58]. In endothelial cells, CXCL5 induces NF-kB-mediated expression of vascular
endothelial growth factor A (VEGF-A) via the FOXD1 transcription factor, enhancing an-
giogenesis and vascular repair processes post-injury. CXCL5 stimulates the MAPK/ERK
pathway, which regulates cell proliferation, migration, and survival [59]. This pathway
contributes to endothelial cell activation and smooth muscle cell migration. CXCL5 ac-
tivates epithelial-to-mesenchymal transition (EMT)-related pathways (ERK/Elk-1/Snail
and PI3K/AKT/GSK-33 /Snail-Twist), which may have parallels in vascular remodeling
and fibrosis after myocardial injury and influencing the development of collateral circula-
tion after an acute coronary syndrome [60]. Supporting evidence for its protective role in
coronary artery disease was provided by Ravi et al., who identified a negative correlation
between circulating CXCLS5 levels and the severity of coronary artery disease, independent
of statin use, gender nor age [61].

3. Immune Cells in Acute Coronary Syndrome
3.1. Monocytes and Macrophages

Monocytes are recruited to the arterial wall, where they differentiate into macrophages
and phagocytose lipids, becoming foam cells. Foam cells will secrete proinflamma-
tory cytokines, such as IL-13 and TNF-«, which contribute to plaque instability and
rupture. Macrophages can polarize into two main phenotypes: M1 (proinflammatory)
macrophages, which promote inflammation and plaque vulnerability, and M2 (anti-
inflammatory) macrophages, which are more prevalent in advanced plaques and may
have protective roles [62—-64].

Macrophage infiltration is a crucial and early step in the formation of atherosclerotic
plaques. Monocytes migrate into the intima, differentiate into macrophages, and take up
oxidized LDL via scavenger receptors (e.g., SR-A, CD36), transforming into foam cells.
These foam cells and macrophages produce inflammatory cytokines, such as IL-6 and TNF-
«, as well as matrix metalloproteinases, particularly MMP-1 and MMP-9, which degrade
extracellular matrix proteins. This degradation weakens the fibrous cap of plaques, making
them more prone to rupture and thrombus formation, which can precipitate acute coronary
syndrome (ACS) events [65]. Monocytes/macrophages secrete proinflammatory cytokines
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that activate neighboring vascular smooth muscle cells, promoting the formation of the
extracellular matrix, fibrosis, and further destabilization of the plaques.

The inflammatory milieu created by these cells amplifies local immune responses,
attracting more immune cells and sustaining chronic inflammation within the plaque [66].
Monocytes, with their various subpopulations, play a central role in both inflammation and
repair mechanisms within the cardiovascular system. Specific subsets of monocytes may
promote inflammation, contributing to tissue injury, while others are linked to repair and
healing processes after myocardial damage. After MI, monocytes are rapidly recruited to
the ischemic heart tissue, where they differentiate into inflammatory macrophages. These
macrophages clear dead cells and extracellular debris through phagocytosis, and they
secrete proteases and reactive oxygen species, which are essential for tissue remodeling but
can also exacerbate injury if produced in excessive amounts [67,68].

The number of monocytes/macrophages increases significantly in the first hours
after an MI, and their level remains elevated for about two weeks after an MI. Initially,
the infiltrate has a pro-inflammatory role that gradually transitions into a reparative one,
contributing to scar formation [64,69].

3.2. Neutrophils

Polymorphonuclear neutrophils (PMNs) play a significant and multifaceted role in
ACS, primarily through their involvement in inflammation, plaque destabilization, and
thrombosis. These cells are among the first responders to vascular injury, releasing pro-
teolytic enzymes and reactive oxygen species that exacerbate endothelial damage and
promote thrombosis. Neutrophils are actively recruited into atherosclerotic plaques, partic-
ularly in unstable lesions underlying ACS, such as AMI. Endogenous activation of Toll-like
receptor 2 (TLR2) on endothelial cells promotes neutrophil recruitment and accumulation
at sites of early plaque erosion, as demonstrated in murine models. They are found in
significantly higher numbers in ruptured and eroded plaques compared to stable plaques,
suggesting their direct involvement in plaque destabilization [70]. Activated neutrophils
release enzymes such as neutrophil elastase, myeloperoxidase (MPO), and matrix met-
alloproteinases (MMPs). These enzymes degrade extracellular matrix components and
basement membranes, contributing to endothelial damage and weakening of the fibrous
cap, which can precipitate plaque rupture and thrombus formation. Activated neutrophils
can release Neutrophil Extracellular Traps (NETs), web-like structures composed of decon-
densed chromatin (DNA and histones) decorated with neutrophil granule proteins, such as
myeloperoxidase and neutrophil elastase. These NETs provide a matrix that traps platelets,
red blood cells, and coagulation factors, facilitating clot formation in coronary arteries and
inducing endothelial cell injury and dysfunction, which in turn destabilizes the plaques.
NETs stimulate sterile inflammation by activating immune cells and releasing inflammatory
mediators, exacerbating vascular injury [71]. NETs form a scaffold within coronary thrombi
and correlate positively with infarct size, indicating their role in worsening myocardial
injury. DNase, an enzyme that degrades NETs, is associated with reduced infarct size,
suggesting a protective mechanism against NET-mediated damage [72].

The ROS production during ischemia activates peptidyl-arginine-deiminase-4 (PAD4),
an enzyme that facilitates citrullination of arginine residues in histones (particularly H3
histone), leading to chromatin decondensation. Chromatin unfolding occurs due to the
disruption of the ionic interactions between the positively charged arginine residues and
the negative charges from the DNA phosphate groups. PAD4 activation also favors translo-
cation of neutrophil elastase and myeloperoxidase into the nucleus that attach to chromatin
strands forming NETs. Finally, the nuclear and plasma membranes are lysed, expelling
NETs into the extracellular compartment [73].

https://doi.org/10.3390/cells15010072
181



Cells 2026, 15,72

Increased plasma levels of MPO are associated with an increased risk of coronary
artery disease [74], and MPO-DNA complexes are positively correlated with severe adverse
cardiovascular events [75].

NET formation is implicated in multiple steps of ACS pathophysiology, from plaque
destabilization and arterial thrombosis to reperfusion injury and impaired microvascular
flow [76,77]. NETs were identified in human atherothrombotic plaques and retrieved coro-
nary thrombi, being linked to a higher risk of cardiac-related death and stent thrombosis.
NETs are also associated with microvascular obstruction and no-reflow after reperfusion,
worsening infarct expansion [78,79].

Coronary blood flow restoration during fibrinolysis or PCI increases vascular inflam-
mation significantly, activating the neutrophils which release NETs through the suicidal
pathway, augmenting the inflammatory response in a positive feedback fashion [80]. Ac-
tivated neutrophils express a higher NADPH oxidase activity, which generates reactive
oxygen species. ROS are crucial for the formation of NETs by breaking down nuclear and
cellular membrane to allow NET release. However, the local oxidative stress also affects
myocardial tissues, augmenting cardiac muscle damage and release of pro-inflammatory
molecules [81,82]. Excessively accumulated NETs in the ischemic/necrotic myocardium
favor the formation of microthrombi by interacting with red blood cells and platelets,
contributing to the ‘no-reflow’ phenomenon [83].

Neutrophils also contribute to the inflammatory milieu by releasing cytokines (IL-
1B and IL-18) and interacting with other immune cells, such as macrophages, thereby
amplifying local inflammation within the plaque [82].

Elevated circulating neutrophil counts and neutrophil /lymphocyte ratios are associ-
ated with unstable coronary artery disease and predict worse cardiovascular outcomes in
ACS patients. Neutrophil levels on admission correlate with mortality and major adverse
cardiac events, making them useful prognostic markers [84].

3.3. T Lymphocytes

T-cells, especially CD4+ helper T-cells, are more frequently activated in ACS compared
to stable angina. Single-cell RNA sequencing has revealed distinct clusters of CD4+ T cells,
including effector, naive, cytotoxic, central memory, and regulatory T cells [85]. In ACS,
there is a shift toward aggressive effector phenotypes with a high frequency of T helper cell
1 (Th1) and a reduction in regulatory T-cells (Tregs), which normally suppress excessive
immune responses [86]. They have a lower activation threshold due to amplified T-cell
receptor (TCR) signaling, including increased accumulation of signaling molecules like
CD3 complexes, ZAP70, and defective deactivation of LCK kinase [87]. CD4+ T-cells in
ACS patients show enhanced activation, lower thresholds for stimulation, and increased
cytotoxicity, even capable of killing endothelial and vascular smooth muscle cells [86].

3.3.1. Th1 Cells

Th1 cells, characterized by T-bet expression and IFN-y production, promote macrophage
activation, endothelial dysfunction, and pro-inflammatory plaque phenotypes [88]. Clinical
studies demonstrate Th1l enrichment in acute myocardial infarction (AMI) patients, with
elevated Th1 frequencies correlating with systemic inflammation markers and plaque vulner-
ability indices [89]. The IFN-y produced by Th1 cells mediates pro-atherogenic endothelial
and macrophage phenotypes, contributing to plaque destabilization [90].

3.3.2. Th17 Cells

Th17 cells, expressing RORy and producing IL-17A, facilitate neutrophil recruitment
and matrix degradation through metalloproteinase induction [86]. A higher Th17 number is
linked to plaque vulnerability and functional decline after ACS [91]. The Th17 pathway can
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activate matrix-metalloproteinases with atheroma cap thinning, potentially contributing to
plaque rupture events.

3.3.3. Regulatory T Cells (Tregs)

Tregs, characterized by FOXP3 expression and IL-10/TGF-3 production, suppress ef-
fector T cell responses and promote tissue repair. In ACS patients, reduced or dysfunctional
Tregs correlate with worse clinical outcomes and impaired post-infarction remodeling.
Tregs support scar formation and healing by inducing macrophage phenotypic change
towards the M2 phenotype and limiting excessive inflammatory responses via IL-10 and
TGF-p release [92].

3.3.4. CD8+ T Cells

CD8+ T cells exert significant cytotoxic functions in both infarcted myocardium and
atherosclerotic plaques. These cells kill target cells via perforin/granzyme and Fas-FasL
pathways. Granzyme B-dependent CD8+ activity is linked to adverse remodeling after
ischemic injury [93]. Expanded CD4+ CD28-/CD28null and activated CD8+ subsets with
effector/senescent features accumulate in the coronary circulation during STEMI and are

associated with increased local inflammation [94].

The activation of CD8+ T cells requires TCR recognition of peptide-MHC complexes
plus co-stimulation (CD28/B7, CD40/CD40L), and is modulated by immune checkpoints
such as CTLA-4 and PD-1 that restrain pathogenic responses [95]. By inhibiting the co-
stimulatory axes (CD40 inhibitors, CD28 inhibitors) or augmenting the inhibitory check-
points (CTLA-4, PD-1 agonists), T cell-mediated vascular inflammation may be mitigated.

The mechanism of atherosclerosis and plaque rupture is summarized in Figure 1.
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Figure 1. Schematic representation of atherosclerotic plaque rupture and thrombosis. Created in
BioRender. Tirziu, A. (2025), https:/ /BioRender.com/mmejda6 [Accessed on 9 November 2025].
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4. Inflammatory Markers in Acute Coronary Syndrome
4.1. C-Reactive Protein (CRP)

CRP is an acute-phase protein produced mainly by hepatocytes in response to inflam-
matory cytokines, including interleukin-1 and interleukin-6 [96]. Its levels rise significantly
during ACS, reflecting systemic and vascular inflammation linked to plaque instability
and myocardial injury. Elevated CRP levels on admission in ACS patients are strongly
associated with worse short- and long-term cardiovascular outcomes, including higher risk
of death, myocardial infarction, heart failure, and MACE. In healthy individuals, CRP levels
typically range from about 1.2 to 2.0 mg/L [97]. CRP levels start increasing around 6 h after
symptom onset in ACS, typically reach peak values between 36 and 50 h (approximately
1.5 to 2 days) after the event [98].

Patients with CRP levels above 3 mg/L have significantly lower survival rates and
a higher incidence of complications [99,100]. CRP levels > 10 mg/L are commonly used
as a cutoff to indicate significant inflammation and a higher risk of adverse outcomes.
Elevated CRP above 10 mg/L within 24 to 48 h after ACS onset is associated with worse
prognosis and increased long-term mortality [98,100].

CRP levels tend to increase following myocardial injury, with higher levels observed
in STEMI and NSTEMI compared to unstable angina. The magnitude of CRP elevation
correlates with the extent of myocardial necrosis and inflammatory response [98]. Mea-
suring CRP, especially high-sensitivity CRP (hs-CRP), helps identify patients at higher
risk who may benefit from more aggressive treatment and closer monitoring post-ACS.
Combining CRP with other markers, such as troponin, enhances risk stratification. Studies
have shown that patients who achieve lower CRP levels after treatment, especially with
statins, have better outcomes. For example, in the PROVE IT-TIMI 22 trial, ACS patients
who reduced their CRP levels below 2 mg/L after intensive statin therapy had significantly
lower rates of death or recurrent MI compared to those with CRP levels above 2 mg/L,
independent of cholesterol levels [101,102]. Persistently elevated CRP after ACS, even with
modern therapies, indicates ongoing inflammation and predicts worse long-term prognosis,
including higher mortality and heart failure risk [103]. CRP measurement can thus be used
to monitor the inflammatory response and treatment efficacy, guiding more aggressive or
tailored therapy in patients with persistently high CRP post-ACS.

4.2. Elevated White Blood Cell and Neutrophil Counts in ACS

Studies consistently show that elevated white blood cell (WBC) counts at admission in
ACS patients are linked to higher risks of mortality, recurrent myocardial infarction, and
MACE such as cardiac death and target lesion revascularization [104]. Elevated WBC count
is an independent predictor of both short-term and long-term mortality in ACS, including
STEMI and non-STEMI patients. Patients with higher WBC counts have a significantly
increased risk of death during hospitalization and follow-up periods [105]. Higher WBC
and neutrophil counts correlate with more severe coronary artery disease, including the
presence of active thrombus, multi-vessel disease, and reduced LVEEF. Elevated counts
are also associated with complications such as congestive heart failure and cardiogenic
shock [106].

Higher baseline WBC counts are associated with increased risk of ischemic events
(cardiovascular death, MI, stroke) at 30 days and 1 year post-ACS [107].

The neutrophil-to-lymphocyte ratio (NLR) is the commonly used neutrophil ratio
in ACS. It is calculated by dividing the absolute neutrophil count by the absolute lym-
phocyte count from a routine complete blood count. NLR is a simple, widely available,
and cost-effective marker of systemic inflammation that has substantial predictive value
for myocardial damage, cardiac dysfunction, rehospitalization, and mortality in ACS pa-
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tients [108,109]. Elevated NLR reflects heightened inflammation (neutrophilia) combined
with relative immunosuppression (lymphopenia), making it a robust biomarker for pre-
dicting short- and long-term adverse cardiovascular outcomes in ACS. An NLR cutoff of
around 2.5 is commonly used for diagnosing ACS, with a reported sensitivity of about
63.6% and specificity of 80.2%. An NLR exceeding approximately 2.76 is associated with
heightened myocardial damage and diminished cardiac function, as evidenced by reduced
ejection fraction and fractional shortening. Elevated thresholds, such as NLR > 4 or >4.5,
have been linked to adverse outcomes, including increased in-hospital mortality and ma-
jor adverse cardiac events (MACE). Stratification of NLR into tertiles (e.g., <2.6, 2.6-4.5,
>4.5) correlates with escalating risk and disease severity. Furthermore, NLR demonstrates
a positive correlation with established clinical risk scores, such as GRACE and SYNTAX,
which evaluate prognosis and coronary lesion complexity in acute coronary syndrome
(ACS) [110].

Studies demonstrate that higher NLR values are strongly associated with elevated
cardiac troponin levels, including high-sensitivity troponin I (hsTnl), which is a sensitive
marker of myocardial necrosis. NLR can predict troponin positivity in follow-up, with
a cutoff around 2.8 showing good sensitivity (79%) and specificity (73%) for troponin
elevation [111]. The combined assessment of NLR with troponin and CRP enhances risk
stratification in ACS. Patients with high NLR and CRP levels have significantly higher rates
of mortality and major adverse cardiac events (MACCE) compared to those with low levels.

4.3.IL-6

IL-6 levels are elevated in patients with ACS, including acute myocardial infarction
and unstable angina, but not in stable angina [27,112]. IL-6 is a powerful predictor of long-
term cardiovascular mortality and adverse events after ACS, outperforming traditional
markers such as hsCRP. Elevated IL-6 levels are independently associated with increased
risk of MACE, cardiovascular death, heart failure, and recurrent myocardial infarction [29].
IL-6 measurement is increasingly used in clinical practice to assess inflammatory status
and stratify risk in ACS patients, as it may help identify patients who would benefit from
more aggressive or targeted anti-inflammatory therapies [28]. The normal value of IL-6 in
healthy adults is generally considered to be less than 5 pg/mL, with some sources citing
a range up to about 7 pg/mL depending on the laboratory and assay used. A meta-analysis
performed on healthy adults found a pooled average IL-6 level around 5.2 pg/mL (95%
CI: 4.6-5.7 pg/mL), with values ranging from 0 to about 43.5 pg/mL in some individuals
without apparent disease [113]. Patients with unstable angina have IL-6 levels about three
times higher than healthy controls. Higher IL-6 levels are strongly associated with more
severe ACS, including STEMI, MACE, cardiovascular death, heart failure, and recurrent
myocardial infarction [27]. Reported levels in ACS can vary widely but typically fall
between 10 to 50 pg/mL, sometimes much higher depending on severity and timing.
A study in patients with STEMI showed IL-6 levels as high as 30-100 pg/mL shortly after
symptom onset [114]. Elevated IL-6 levels are associated with a larger infarct size, higher
risk of MACE, and worse short- and long-term prognosis. IL-6 levels rise within hours
after the onset of myocardial injury and usually peak at 6-24 h, then gradually decline over
a few days [115].

4.4. TNF «

The determination of tumor necrosis factor-« (TNF-«) in the context of ACS is pri-
marily associated with its role as both a marker and mediator of inflammation, which
is pivotal in the pathogenesis and complications of ACS. Patients with ACS, including
those with unstable angina and acute MI, exhibit significantly elevated levels of TNF-«
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compared to control groups. This elevation is correlated with the severity of the condition
and the incidence of complications such as recurrent angina, hemodynamic instability, and
electrical abnormalities [116].

TNF-« plays a critical role in the progression of ischemia by promoting the release
of endothelial adhesion molecules, activating leukocytes, and inducing the secretion of
thrombocyte-activating factors. These processes collectively exacerbate coronary artery
disease and contribute to plaque instability. Elevated levels of TNF-« are recognized
as an independent predictor of adverse coronary events and mortality, alongside other
inflammatory and injury markers such as IL-6, CRP, and troponin-T.

In patients with ACS who also have rheumatoid arthritis (RA), TNF-« expression
on atherosclerotic plaques is even stronger, suggesting a more intense and sustained pro-
inflammatory response that may worsen outcomes. Monitoring TNF-« in such patients
could guide preventive strategies [32].

Beyond its role as a biomarker, TNF-« signaling influences cardiac physiology and
disease processes, mediated partly through NF-«B pathways, highlighting its dual role in
inflammation and cardiac tissue response [117].

Additionally, TNF-« levels and genetic polymorphisms have been linked to suicidal
ideation in ACS patients, especially in the first two weeks after ACS indicating that TNF-«
may also be involved in neuropsychiatric complications post-ACS [118].

The normal value of TNF-o in acute coronary syndrome (ACS) patients is not univer-
sally fixed, but studies show that TNF-« levels are significantly elevated in ACS compared
to healthy controls. For example, one study found a marked increase in TNF-o levels
in ACS patients, with higher levels particularly in those with acute myocardial infarc-
tion (MI) compared to unstable angina, and these elevated levels correlated with greater
complications [119].

While exact numeric reference ranges vary by assay and population, TNF-« levels in
healthy individuals are generally low (often <10 pg/mL), whereas ACS patients often ex-
hibit significantly higher levels, sometimes several-fold above normal baseline values [118].

4.5. Novel Biomarkers in ACS

No blood biomarkers are exclusively specific to coronary vascular inflammation.
HsCRP and IL-6 lack specificity for coronary artery disease (CAD), as they reflect systemic
inflammation influenced by infections, obesity, or other conditions, limiting their diagnostic
accuracy for isolated coronary tree inflammation [120].

However, lipoprotein-associated phospholipase A2 (Lp-PLA2) and myeloperoxidase
(MPO) are more relevant to coronary disease, as they target plaque-specific processes, such
as the hydrolysis of oxidized phospholipids and neutrophil activation.

Lp-PLA2 localizes to atherosclerotic plaques, particularly in macrophages and necrotic
cores, where it amplifies local vascular inflammation rather than reflecting systemic pro-
cesses like hsCRP. Elevated levels correlate with high-risk plaque features on CT angiog-
raphy, such as thin fibrous caps and positive remodeling, independent of traditional
lipids [121]. Lp-PLAZ2 predicts coronary events (e.g., ACS) after adjusting for CRP and LDL-
C, with thresholds >225-235 ng/mL indicating high vascular risk. However, its association
may partly depend on oxidized LDL levels, positioning it as a marker of oxidative stress
within coronary inflammation rather than a fully independent causal factor [122].

A 2025 meta-analysis of 22 studies (1110 stable vs. 1298 unstable plaques) reported
a pooled sensitivity of 85% (95% CI: 80-89%), specificity of 80% (95% CI: 74-85%), and AUC
of 0.89 (95% CI: 0.86-0.92), indicating robust performance across vascular sites including
coronaries. The positive likelihood ratio (PLR) was 4.23, and the diagnostic odds ratio
(DOR) was 22.55, supporting its utility for plaque vulnerability assessment [123]. In coro-
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nary CT angiography contexts, Lp-PLA?2 at cutoffs like 183 ng/mL showed 91.7% sensitivity
for detecting plaques or stenosis, outperforming some imaging markers alone. However,
for event prediction in asymptomatic cohorts, accuracy drops (e.g., 37% sensitivity, 75%
specificity in the top quartile). These findings highlight better strength for plaque character-
ization than primary screening. Heterogeneity in plaque criteria and location affects results,
but overall, an AUC > 0.85 confirms good discriminative power. MPO and Lp-PLA2 both
detect plaque inflammation but describe different mechanisms, with MPO emphasizing
acute oxidative neutrophil activity and Lp-PLA2 targeting chronic macrophage-driven
lipid hydrolysis. Neither of these markers has head-to-head superiority for detection alone,
but combinations enhance accuracy.

Myeloperoxidase (MPO) acts as a marker of coronary vascular inflammation by re-
flecting neutrophil activation and oxidative stress within atherosclerotic plaques. Released
from neutrophils in inflamed coronary lesions, it promotes LDL oxidation, endothelial
dysfunction, and plaque instability. High MPO (>320 pmol/L) predicts major adverse
cardiac events in ACS patients, with meta-analyses showing odds ratios up to 3.5 for
mortality, complementing troponins for short-term risk stratification. It identifies high-
risk patients even with low hsCRP. Consequently, MPO levels highlight plaque-specific
oxidative inflammation over general markers [124].

Soluble CD40 ligand (sCD40L) and pentraxin-3 (PTX3) provide improved specificity
for endothelial activation and local plaque inflammation compared to hsCRP.

SCDA40L serves as a marker of coronary inflammation by mediating interactions be-
tween activated platelets, endothelial cells, and immune cells in atherosclerotic plaques,
promoting cytokine release, matrix metalloproteinase expression, and plaque instability. Its
primary source is from activated platelets during thrombosis (>95%). Levels rise signifi-
cantly in ACS (e.g., mean 68 ng/mL in STEMI vs. <30 ng/mL in controls), reflecting acute
plaque rupture and inflammation intensity.

ROC analysis shows an AUC 0.632 for ACS prediction (cutoff 5.68 ng/mL; sensitivity
82%, specificity 40%), with stronger performance for STEMI over NSTEMI/UA [125]. Ele-
vated sCD40L independently predicts adverse events like recurrent MI and revasculariza-
tion, though antiplatelet therapy may blunt its levels. sCD40L, MPO, and Lp-PLA2 all mark
coronary inflammation but differ in pathways, timing, and performance, with MPO and
Lp-PLA2 generally outperforming sCD40L in predictive strength for plaque vulnerability.

MPO and Lp-PLA2 show superior AUC and independence from hsCRP for event
prediction, while sCD40L adds value in thrombotic ACS subsets. Combinations (e.g., all
three) may optimize detection, though direct trials are lacking.

Pentraxin 3 (PTX3) emerges as a promising future biomarker for detecting vascular
inflammation in coronary artery disease (CAD), offering greater specificity than hsCRP
or IL-6 by localizing primarily to atherosclerotic lesions rather than reflecting systemic
inflammation. PTX3 acts as a soluble pattern recognition receptor rapidly produced at
sites of inflammation, such as in coronary plaques, enabling earlier detection of subclinical
atherosclerosis. Unlike hsCRP, which is a downstream acute-phase reactant influenced by
multiple factors, PTX3 correlates directly with plaque instability and cardiovascular events
independent of traditional risk factors. Clinical studies show elevated PTX3 levels predict
CAD progression and all-cause mortality in older adults [126].

PTX3 localizes to atherosclerotic plaques as a rapid-response pattern recognition
molecule, directly reflecting lesion inflammation and instability rather than broad systemic
effects. Studies link elevated PTX3 to CAD progression and mortality, independent of
CRP [127].
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TRAF3IP2, an IL-17 pathway adaptor, shows upregulated expression in CAD, enabling
nomogram-based prediction of stenosis severity via bioinformatics and cohort validation.
It bridges inflammation to clinical outcomes more precisely than cytokines [128].

Several biomarkers show promise in distinguishing stable from unstable coronary
plaques by reflecting plaque-specific inflammation, matrix degradation, or immune infil-
tration rather than systemic effects. These include sLOX-1, MMP-9, HSPA2, GEM, and
MPO, validated through bioinformatics, OCT imaging, and cohort studies. SLOX-1 and
MMP-9 levels are elevated in ruptured plaques, with a combinatorial model (including
WBC and CK-MB) achieving moderate sensitivity (62%) and high specificity (98%) for
rupture detection in ACS patients via OCT. HSPA2 and GEM, identified as differentially
expressed genes, exhibit strong diagnostic AUCs (0.93 and 0.91 in training cohorts) and
downregulation in unstable plaques, confirmed by immunohistochemistry [129].

HSPA2 and GEM stand out as protein biomarkers with the highest reported AUC
values for distinguishing unstable coronary plaques, based on bioinformatics and machine
learning analyses of plaque gene expression. These markers show strong diagnostic
performance, with HSPA2 achieving AUC 0.934 in training cohorts and 0.828 in validation,
while GEM reaches 0.913 and 0.788, respectively [130].

HSPA2 (a heat shock protein) and GEM (a GTP-binding protein) are downregulated
in unstable plaques and correlate with immune cell infiltration patterns like macrophages
and neutrophils. Their combined use enhances specificity for plaque instability over
systemic markers.

Circulating proteins like soluble LOX-1 (sLOX-1), pregnancy-associated plasma pro-
tein A (PAPP-A), and myeloperoxidase (MPO) outperform troponin in predicting plaque
instability by detecting early vascular inflammation and rupture before myocardial necrosis
occurs [131]. sLOX-1 rises earlier post-ACS than troponin-T, reflecting oxidized LDL uptake
in plaques and enabling detection of pre-necrotic instability in prospective cohorts. PAPP-A
predicts outcomes in troponin-negative ACS patients with high hazard ratios (up to 7.48),
signaling matrix degradation in vulnerable plaques. MPO correlates directly with ongoing
rupture in ACS, distinguishing acute instability from stable states better than troponin
or CRP.

Plasma proteomics platforms, particularly those using Olink Proximity Extension As-
say (PEA) technology, report the highest AUCs for plaque instability markers by analyzing
hundreds of circulating proteins simultaneously. Olink PEA panels achieved AUC 0.855
for predicting accelerated plaque progression, surpassing clinical models (AAUC 0.137,
p = 0.004) in CCTA-validated cohorts. Targeted proteomics via mass spectrometry or
aptamer-based SomaScan also yield high AUCs (0.80-0.93) for high-risk plaques, identify-
ing signatures like FRIL, CATD, and MMP9 [132].

MicroRNAs (e.g., miR-133a-3p, miR-451a) show promise as upregulated markers in
CAD but require validation. These miRNAs are upregulated in CAD plasma, potentially
from cardiomyocyte damage or endothelial dysfunction in inflamed coronary plaques. MiR-
133a-3p regulates cardiac remodeling and inflammation pathways, while miR-451a links to
vascular smooth muscle proliferation and oxidative stress in atherosclerosis. Their stability
in circulation positions them as non-invasive indicators of ongoing coronary pathology
beyond acute injury. ROC analyses highlight miR-133a-3p and miR-451a as top performers
among panels (e.g., with miR-21-5p, miR-221-3p), showing strong discriminatory power
for CAD diagnosis versus controls, though specific AUC values and inflammation cutoffs
require further validation in larger cohorts. They complement protein markers like MPO by
capturing genetic-regulatory aspects of plaque vulnerability. Systematic reviews identify
miR-133a-3p as specifically upregulated in ACS versus stable CAD, alongside miR-1,
miR-208a/b, and miR-499, due to its cardiac-specific release during acute necrosis and
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inflammation. In stable CAD cohorts, levels remain closer to controls or show less elevation,
as plaque rupture and thrombosis—hallmarks of ACS—are absent [133]. A key meta-
analysis of 9 studies reported a pooled AUC of 0.73 (95% CI: 0.68-0.79) for miR-133a-3p
in ACS contexts, rising to 0.89 with healthy controls versus 0.68 with symptomatic ones.
Although sensitivity and specificity were not uniformly pooled, they were concordant with
the high values found in early studies (e.g., >0.86) [134].

Computed tomography angiography (CCTA) with perivascular fat attenuation index
(FAI) directly quantifies coronary inflammation by measuring fat changes around proximal
coronary arteries, predicting events independently of hsCRP. Positron emission tomog-
raphy (PET-CT) using tracers like ®F-FDG targets metabolically active inflamed plaques
in coronary vessels with high specificity. These outperform blood markers for localizing
inflammation to the coronary circulation [135].

FAI quantifies the shift from lipid-rich (low attenuation) to water-rich (higher attenua-
tion) perivascular adipose tissue (PVAT) caused by paracrine inflammatory signals from
the adjacent coronary wall, acting as a “vessel wall thermometer” specific to local vascular
inflammation. This spatial gradient around proximal major coronaries (e.g., right coro-
nary artery, left anterior descending) isolates coronary-specific effects, avoiding systemic
confounders like infections or obesity that affect hsCRP. FAI predicts plaque instability,
hemodynamic impact (e.g., lower CT-FFR), and cardiac events independently of traditional
risk scores or hsCRP, enabling risk reclassification in up to 62% of patients. It dynami-
cally responds to anti-inflammatory therapies (e.g., biologics reducing FAI in months),
confirming its link to treatable coronary processes. Cutoffs like >—70.1 HU signal high-risk
inflammation linked to plaque rupture [136].

An ideal marker for detecting inflammation in ACS would offer high specificity to vas-
cular or plaque inflammation, rise early before necrosis (unlike troponin), predict instability
and outcomes independently, and enable point-of-care testing. It must localize to atheroscle-
rotic lesions, distinguishing ACS from non-cardiac inflammation, with rapid kinetics (peaks
within hours) and minimal circadian variation, unlike IL-6. High sensitivity /specificity
(AUC > 0.90) for risk stratification complements hs-cTn by identifying pre-rupture events
in troponin-negative patients. The marker should predict instability in troponin-negative
patients, guide anti-inflammatory therapies such as colchicine, and improve net reclassifi-
cation over hsCRP by integrating with imaging to assess plaque vulnerability.

The future of inflammatory markers in acute coronary syndrome (ACS) holds multi-
omic panels integrating proteomics, transcriptomics, and Al-driven models, offering supe-
rior risk stratification beyond single markers such as hsCRP.

Olink PEA and SomaScan platforms evolve into point-of-care multiplex assays, inte-
grating machine learning (e.g., CatBoost) to achieve AUC > (.85 for plaque progression,
validated against CCTA /OCT. MicroRNA-mRNA networks and deep learning forecast
personalized therapies like IL-1f3 inhibitors [137].

5. Therapeutic Strategies and Implications
5.1. Aspirin

Aspirin plays a significant anti-inflammatory role in ACS, beyond its well-known
antiplatelet effects. In ACS, vascular injury involves complex interactions among inflamma-
tory mediators, platelets, and thrombosis. Aspirin at antiplatelet doses (100-300 mg/day)
reduces inflammation markers such as CRP or TNF-« [138], macrophage colony-stimulating
factor (M-CSF), and monocyte chemoattractant protein-1 (MCP-1). Aspirin exerts im-
munomodulatory effects by counteracting the increase in pro-inflammatory monocyte
subsets (e.g., CD14M8"CD16* monocytes) seen in ACS. This suggests aspirin can reduce
monocytic biomarkers of inflammation, further contributing to plaque stabilization and

https://doi.org/10.3390/cells15010072
189



Cells 2026, 15,72

improved outcomes [139]. Additionally, aspirin may acetylate COX-2 in vascular cells,
shifting its activity to produce 15-epi-lipoxin (“aspirin-triggered lipoxin”), a potent anti-
inflammatory mediator. Aspirin also stimulates endothelial nitric oxide synthase (eNOS)
and upregulates heme oxygenase-1 (HO-1), enhancing the antioxidative capacity of vascu-
lar cells [140]. Mechanistically, aspirin inhibits platelet cyclooxygenase-1 (COX-1), thereby
reducing thromboxane A2 formation. This not only prevents platelet aggregation but also
decreases thrombin formation and the production of secondary pro-inflammatory medi-
ators, such as sphingosine-1-phosphate. This inhibition helps break the cycle of platelet
activation and inflammation that contributes to plaque instability and thrombosis [138].
Aspirin may help decrease the progression of atherosclerosis by protecting LDL from
oxidative modification and improving endothelial dysfunction. When LDL is exposed
to oxidative stress, aspirin treatment significantly decreases the production of malondi-
aldehyde (a marker of lipid peroxidation) and diminishes the electrophoretic mobility
of LDL, both indicators of reduced oxidative modification. These effects are believed to
reduce vascular inflammation further and enhance vasodilation. The protective effect is
thought to be related to aspirin’s ability to inhibit the formation of free radicals and lipid
peroxides that drive LDL oxidation [141,142]. The ability of aspirin to protect LDL from
oxidative modification is dose-dependent, with higher doses showing protective effects
(300 mg/day) and lower doses (75 mg/day) potentially having the opposite effect [143].
Aspirin’s anti-inflammatory effects in ACS are achieved primarily through inhibition of
COX enzymes, leading to reduced production of inflammatory and prothrombotic me-
diators, modulation of immune cell activity, and improvement of endothelial function.
These mechanisms collectively reduce inflammation, stabilize plaques, and lower the risk
of adverse cardiovascular events [144].

While low-dose aspirin (75-100 mg/day) is effective for antiplatelet therapy and
cardiovascular prevention, its effect on LDL oxidation may not be beneficial. It could even
be pro-oxidative at these doses. The antioxidant, LDL-protective effects of aspirin are
observed at higher doses (300 mg/day). Still, these are not typically used for long-term
cardiovascular prevention due to the increased risk of side effects and the exceptionally
high risk of gastrointestinal bleeding [143,145].

5.2. Statins

Statins have a significant anti-inflammatory effect in ACS, in addition to their well-
known lipid-lowering properties.

The JUPITER trial was a large, randomized, double-blind, placebo-controlled trial
involving 17,802 participants who were healthy but had low levels of LDL cholesterol
(the “bad” cholesterol) and high levels of CRP (>2 mg/L). Participants were assigned to
receive either rosuvastatin or a placebo and were followed for an average of 1.9 years.
Rosuvastatin reduced LDL cholesterol levels by 50% and CRP levels by 37%, indicating
its effectiveness in lowering both cholesterol and inflammation. The findings suggest that
statin therapy, particularly with rosuvastatin, could be beneficial for individuals who do
not have high cholesterol but do have elevated CRP levels, which is often associated with
a higher risk of cardiovascular issues [146]. Statins inhibit nuclear factor kappa B (NF-«B),
a key transcription factor that regulates the expression of many inflammatory genes, thereby
reducing inflammatory markers such as IL-13, CRP, IL-6, and TNF-« [147]. Stabilization of
atherosclerotic plaques by reducing inflammation within atherosclerotic plaques, making
them less likely to rupture and cause acute events, partly due to reduced infiltration of
inflammatory cells (like macrophages) and decreased expression of adhesion molecules.
Statins reduce the expression of adhesion molecules on endothelial cells (e.g., ICAM-1, lym-
phocyte function-associated antigen-1) and chemokines such as monocyte chemoattractant
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protein-1 (MCP-1). This inhibits the transendothelial migration of leukocytes into the vessel
wall, limiting inflammatory cell infiltration into atherosclerotic plaques [148].

Additionally, statins reduce Myeloperoxidase (MPO) activity, decrease oxidative stress
and vascular inflammation, and improve endothelial function by enhancing nitric oxide
bioavailability, which reduces endothelial activation and inflammation [149].

Statins can reduce inflammatory markers within days of starting therapy, even before
significant changes in cholesterol levels occur. This rapid effect is particularly beneficial in
the acute phase of ACS [150].

Different types of statins vary in their anti-inflammatory effects in ACS and other
cardiovascular conditions, influenced by their chemical properties (lipophilicity vs. hy-
drophilicity), potency, and dosage. Rosuvastatin and atorvastatin, both potent statins,
significantly reduce CRP levels. Lipophilic statins (e.g., simvastatin, atorvastatin) tend
to have more pleiotropic effects, including anti-inflammatory actions, compared to hy-
drophilic statins (e.g., pravastatin, rosuvastatin) [151]. Some evidence suggests rosuvastatin
may paradoxically increase certain pro-inflammatory cytokines (e.g., IL-1§3) in specific con-
texts, although it still reduces other markers like IL-6 [152]. However, one study reported
that rosuvastatin (20 mg) reduced CRP levels greater than atorvastatin (40 mg; 44 vs. 35%)
after 4 weeks of treatment, indicating a more potent anti-inflammatory effect for rosuvas-
tatin [153]. In conclusion, while all statins share anti-inflammatory properties, lipophilic
statins like simvastatin and atorvastatin often exhibit stronger anti-inflammatory effects,
possibly due to better cellular penetration. Rosuvastatin, a hydrophilic statin, shows po-
tent CRP reduction but may have a mixed impact on other cytokines. The intensity of
anti-inflammatory action also depends on the statin dose, with higher doses generally
producing greater effects.

In the MIRACLE study, atorvastatin 80 mg in patients with ACS (NSTEMI and UA)
reduced the rate of ischemic cardiac events over a 16-week follow-up period, with the effect
already visible after 6 weeks [154]. High-dose statin (atorvastatin 80 mg) was also shown
to be superior to pravastatin 40 mg in patients with ACS in the PROVE IT-TIMI 22 trial,
reducing primary and secondary endpoint (death, myocardial infarction, unstable angina
requiring rehospitalization, stroke, or revascularization > 30 days) [155].

In registries that included the follow-up of patients with ACS, high-dose statin ad-
ministration within the first 24 h of first medical contact reduced the incidence of MACE
and the risk of in-hospital mortality [156]. A Cochrane review of over 14,000 ACS patients
found no significant increase in serious adverse events with early statin initiation (within
14 days of ACS onset) compared to placebo or usual care [157,158].

5.3. PCSK9 Inhibitors

PCSK9 inhibitors have a notable anti-inflammatory role in ACS that extends beyond
their potent effects on lowering LDL cholesterol. Emerging evidence from clinical and
experimental studies highlights several mechanisms by which PCSK9 inhibition modu-
lates inflammation and vascular health in ACS. PCSKO9 levels are significantly elevated
during ACS and are associated with increased expression of pro-inflammatory cytokines
such as TNF-«, IL-6, IL-13, IFN-y, and chemokines like MCP-1. Higher PCSK9 correlates
with systemic inflammatory markers, including white blood cell count (WBC), fibrinogen,
and high-sensitivity C-reactive protein (hs-CRP). PCSK9 promotes vascular inflamma-
tion by enhancing monocyte recruitment, endothelial adhesion molecule expression (e.g.,
ICAM-1), and the activation of inflammatory cascades, thereby contributing to plaque
progression and instability [159]. In the ATHEROREMO-IVUS study, serum PCSK9 levels
were correlated with the necrotic core size of atherosclerotic plaques in patients with ACS,
independent on the LDL-cholesterol values [160]. Hence, PCSK9 inhibitor administration

https://doi.org/10.3390/cells15010072
191



Cells 2026, 15,72

in patients with acute coronary syndromes may have specific anti-inflammatory effects
that occur in addition to lowering LDLc. Anti-inflammatory mechanisms of PCSK9 in-
hibitors are to reduce the expression of proinflammatory cytokines such as TNF-«, IL-1f3,
IL-6 and MCP-1, both in animal models and in human patients [157,160], to modulate
immune activation by favoring dendritic cell maturation and activation of T lymphocytes
towards a proinflammatory phenotype, to reduce monocyte migration by decreasing the
expression of CCR2 and ICAM-1, reduce the activation of inflammatory pathways such as
TLR4/NEF-«kB and LOX-1/NF-«B, leading to reduced expression of proinflammatory genes
and increased anti-inflammatory cytokines (e.g., IL-10) [161].

Several meta-analyses and randomized clinical trials have shown that although PCSK9
inhibitors dramatically lower LDL cholesterol, there is no significant decrease in hsCRP
compared with placebo or other therapies [157,162,163]. For example, a meta-analysis
of 4198 participants showed a minimal and statistically insignificant reduction in hsCRP
(—0.04 mg/L) [164]. Similar results have been reported in studies such as EQUATOR [165]
and SPIR [166], where the addition of PCSK9 inhibitors to statin therapy did not influ-
ence hsCRP levels, despite substantial reductions in LDL-C. We can say that the anti-
inflammatory effect of PCSK9 inhibitors is not reflected and cannot be measured by hsPCR.
Still, their effect is related to atheroma plaque activity rather than to changes in circulating
levels of acute phase reactants. Patients treated with PCSK9 inhibitors had a reduced in-
flammatory load in carotid atherosclerotic plaques, characterized by lower levels of NLRP3,
caspase-1, IL-13, and TNF-« in carotid plaques, even in subgroups with LDL-C levels
below 100 mg/dL [167].

5.4. Ezetimibe

Administration of ezetimibe in combination with statins (rosuvastatin or pitavastatin)
in patients with acute coronary syndrome (ACS) resulted in significant decreases in in-
flammatory markers, such as sPLA2-Ila and interleukin-1f3, compared to statin therapy
alone. A more minor increase in endothelial adhesion molecules (VCAM-1 and ICAM-1)
was also observed in the combination therapy group, suggesting an additional protective
effect on the endothelium of the vasculature [168]. Some studies have shown that the
anti-inflammatory and cardiovascular protective benefits of ezetimibe cannot be attributed
solely to LDL-C reduction. Anti-inflammatory effects, reduction in oxidative stress, and
myocardial fibrosis may contribute to a decrease in cardiovascular events and hospitaliza-
tions for heart failure after ACS [169]. Data from the IMPROVE-IT trial, which included
more than 18,000 patients with ACS, show that the addition of ezetimibe to statin therapy
(simvastatin) resulted in a further reduction in hsCRP of about 16% at one month and
14% throughout the study compared with statin monotherapy. More patients treated with
ezetimibe/simvastatin achieved the target hsCRP < 2 mg/L compared with those treated
with simvastatin alone (50% vs. 29%, p < 0.001) [170]. In the ENHANCE trial, the addition
of ezetimibe to simvastatin doubled the reduction in hsCRP (49.2% vs. 23.5% with statin
alone). However, the decrease in LDL-C was similar between groups. This result suggests
an additional mechanism, possibly independent of LDL-C [171].

5.5. Inhibition of NLRP3 Inflammasome in ACS

Inflammasome NLRP3 (NOD-, LRR- and Pyrin domain-containing protein 3) is an
essential cytosolic multiprotein complex of the innate immune system involved in the
regulation of inflammation and immune response. NLRP3 inflammasome is a key mediator
of sterile inflammation in ACS, linking atherosclerotic plaque destabilization to myocardial
injury and adverse remodeling. Its inhibition represents a promising strategy for secondary
prevention, with strong evidence from preclinical and clinical studies [172-174].
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5.6. MCC950

MCC950 is a selective and potent inhibitor of the NLRP3 inflammasome, with promis-
ing results in preclinical models of ACS. Administration of MCC950 to mice with my-
ocardial infarction resulted in reduced myocardial fibrosis and improved cardiac function
compared with untreated animals [175]. In models of cerebral ischemia/reperfusion (anal-
ogous to myocardial reperfusion injury), MCC950 significantly reduced infarct size, edema,
and markers of apoptosis, suggesting similar protective potential at the cardiac level as
well. This effect is due to the inhibition of caspase-1 and IL-1f3 release, thereby reducing
inflammatory cell death (pyoptosis) [176].

For now, the evidence comes from preclinical animal studies; there are no human
clinical data yet on MCC950 in ACS.

5.7. OLT1177

The administration of OLT1177 (dapansutrile) in acute coronary syndromes (ACS)
has a promising role as a targeted anti-inflammatory therapy by selectively inhibiting the
NLRP3 inflammasome. OLT1177 directly blocks the activation and oligomerization of
NLRP3, preventing its interaction with ASC and caspase-1, leading to reduced maturation
and release of the proinflammatory cytokines IL-1 and IL-18 [16,96]. It does not affect
other inflammasomes (AIM2, NLRC4), which gives it specificity and a superior safety
profile [177]. Administration of OLT1177 to animals with myocardial ischemia/reperfusion
significantly reduced infarct size (by 36-71%, dose-dependently) and maintained left
ventricular systolic function at 24 h and 7 days after injury [178]. OLT1177 reduces the levels
of IL-1p3, IL-18, IL-6, and other pro-inflammatory cytokines in both tissues and circulation,
thereby limiting neutrophil infiltration and oxidative stress. It improves cardiac muscle
oxidative metabolism and reduces proinflammatory metabolic markers [179]. OLT1177 is
well-tolerated in humans, with no significant adverse effects or biochemical or hematologic
changes observed at high doses [177]. Early phase clinical trials have shown benefit in
patients with heart failure and gout, and development for cardiovascular indications is
ongoing [17].

5.8. Colchicine

Colchicine blocks the assembly of the NLRP3 inflammasome, thereby reducing its
activation and the release of proinflammatory cytokines such as interleukin-1f (IL-1p) and
IL-18, key molecules in amplifying the inflammatory response after myocardial infarction.
Colchicine binds to tubulin and destabilizes microtubules, thereby inhibiting microtubule-
dependent functions of inflammatory cells (neutrophils, monocytes/macrophages). This
reduces the migration, activation and release of inflammatory mediators by these cells.
Colchicine inhibits neutrophil chemotaxis and activation, as well as the formation of
neutrophil extracellular traps (NETs), which contribute to tissue injury and thrombosis
progression in ACS [180,181].

Results from the Colchicine Cardiovascular Outcomes Trial (COLCOT) show that
colchicine (0.5 mg/day) in patients with recent MI (about 14 days after the MI) significantly
reduces the risk of major ischemic cardiovascular events compared with placebo in addition
to standard treatment. The risk reduction was mainly driven by a decrease in the incidence
of stroke and urgent revascularization. No significant differences were observed between
groups in cardiovascular mortality or recurrent MI (HR = 0.77 (95% CI: 0.61-0.96), p = 0.02
reduction in the risk of major cardiovascular events) [182].

The study did not include detailed measurements of inflammatory biomarkers at base-
line and throughout the study, making it difficult to correlate the inflammatory response
with the observed clinical benefits directly. The COLCOT did not demonstrate a significant

https://doi.org/10.3390/cells15010072
193



Cells 2026, 15,72

reduction in total or cardiovascular mortality, but only in composite events, and the number
of deaths was almost identical between groups (43 vs. 44) [183].

Results from the COPS (Colchicine in Patients With Acute Coronary Syndrome) trial of
colchicine in patients with ACS showed that at 12 months, colchicine did not significantly
reduce the risk of major cardiovascular events in patients with ACS (24 events in the
colchicine group vs. 38 in the placebo group, p = 0.09; HR 0.65), but was associated with an
increase in total mortality (8 deaths in the colchicine group vs. 1 in the placebo group, HR
8.20; p = 0.047), mainly driven by increased non-cardiovascular mortality (5 vs. 0, p = 0.024).
In the COPS study, colchicine was administered very early, during hospitalization for
ACS, before discharge, immediately after the diagnosis of the acute coronary event. The
administration schedule was as follows: 0.5 mg twice daily (1 mg/day) for the first month,
followed by 0.5 mg once daily for the next 11 months [181].

The increase in non-cardiovascular mortality observed in the COPS study in patients
treated with colchicine has no apparent cause and remains controversial. Detailed analysis
showed that four of the five non-cardiovascular deaths were related to sepsis. Still, three of
these cases occurred in patients who had discontinued colchicine at least 30 days before
death, so were not on active treatment at the time of the event. Another death was
caused by cancer, with no known link to colchicine [180]. Colchicine increases the risk
of gastrointestinal events and possibly infections, but without a clear association with
increased non-cardiovascular mortality on a large scale [184].

Administration of colchicine for 12 months after ACS significantly reduced major
cardiovascular events at 24 months, mainly due to a decrease in urgent revascularizations
(colchicine 3 cases vs. placebo 16 cases, HR 0.19; 95% CI: 0.05-0.66; p = 0.009), without
significantly influencing total mortality (colchicine 9 deaths vs. placebo 4 deaths, statistically
insignificant difference (HR 2.28; 95% CI: 0.7-7.4; p = 0.17) or non-cardiovascular mortality
(colchicine 5 deaths vs. placebo 2 deaths, statistically negligible difference (HR 2.54; 95%
CI: 0.49-13; p = 0.27) [185].

A meta-analysis that included only two trials (COLCOT and COPS) showed that
colchicine administration in ACS reduces the risk of MACE (composite events: cardio-
vascular death, recurrent myocardial infarction, stroke or urgent revascularization) by
25-30%. This effect is primarily driven by a decrease in stroke rates (48-52% reduction) and
a reduction in coronary revascularization requirements (23-32% reduction) [184]. With just
two randomized controlled trials (RCTs) in the review, the findings might not represent
broader clinical experiences. A larger number of studies would provide more confidence
in the reliability of the results. Even though both trials investigated the use of colchicine
for patients with acute coronary syndrome, there were variations in how the drug was
administered. For example, one study used a higher initial dosing regimen than the other.
These differences might have affected the outcomes slightly and can limit how broadly the
conclusions from the meta-analysis can be applied.

Additionally, the timing of administration of colchicine after an ACS is essential.
A sub-analysis of the COLCOT study showed that early treatment, specifically within the
first three days after the heart attack, was shown to substantially lower the chance of expe-
riencing a composite event that included heart-related death, another heart attack, stroke,
resuscitated cardiac arrest, or the need for urgent hospital procedures like revascularization.
The results indicate that initiating treatment in the hospital, rather than waiting until after
discharge, can lead to significantly better outcomes for patients [186].

Other large trials, such as CLEAR SYNERGY [187], have not confirmed the benefits
observed in COLCOT, suggesting that the effect of colchicine may be more modest or
dependent on population selection and timing of initiation of therapy. Results from the
CLEAR SYNERGY (OASIS 9) study show that colchicine in patients with acute MI treated
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with coronary angioplasty (PCI) did not significantly reduce the risk of major adverse
cardiovascular events (MACE) compared with placebo after a median follow-up of almost
3 years. In the CLEAR SYNERGY trial, colchicine was administered to patients with
acute myocardial infarction (both STEMI and extended NSTEMI) as soon as possible after
percutaneous coronary intervention (PCI), but no later than 72 h after PCI [188]. The
CLEAR SYNERGY trial demonstrates that, in patients with acute MI treated by PCI, routine
colchicine administration does not reduce MACE compared with placebo (cardiovascular
death: 3.3% colchicine vs. 3.2% placebo (HR 1.03); death from any cause: 4.6% colchicine vs.
5.1% placebo (HR 0.90); recurrent MI: 2.9% colchicine vs. 3.1% placebo (HR 0.88); ischemia-
driven revascularization: 4.6% colchicine vs. 4.7% placebo (HR 1.01), although it reduces
inflammatory markers (hsCRP at 3 months, colchicine: 2.98 mg/dL vs. placebo: 4.27 mg/dL
(p < 0.001)—significant decrease in inflammation, without substantial clinical impact).

In the colchicine-treated group, there was a higher incidence of gastrointestinal side
effects compared with placebo (diarrhea: 10.2% colchicine vs. 6.6% placebo (p < 0.001)),
without an increase in the number of infections (serious infections: 2.5% colchicine vs. 2.9%
placebo (p = 0.85)) [187].

Possible explanations between the results of COLCOT and CLEAR SYNERGY would
be the very early randomization in patients with STEMI and severe inflammation (CLEAR
SYNERGY included more than 7000 patients, mostly with STEMI, randomized very early
(on average 1.6 h after PCI, but maximum 72 h post-infarction), insufficient inflammatory
control (In CLEAR SYNERGY, levels of C-reactive protein (CRP), a marker of inflammation,
remained elevated at 3 months (mean 3.0 mg/L in colchicine vs. 4.3 mg/L in placebo), in
contrast to COLCOT, where CRP fell below 2 mg/L), the impact of the COVID-19 pandemic
(a significant part of the CLEAR SYNERGY study was conducted during the COVID-19
pandemic, which disrupted health systems and led to underreporting of non-fatal events
[heart attacks, revascularizations]), on event reporting and patient care, differences in
design and statistical power. CLEAR SYNERGY had more than twice as many events as
COLCOT, which may suggest that the positive effect in smaller trials may be overestimated
(regression to the mean; in COLCOT, the benefit was driven mainly by reduction in
emergency hospitalizations for angina and revascularization, not so much by reduction in
deaths or major Mls) [189].

These elements suggest that the benefits of colchicine observed in COLCOT cannot be
automatically generalized to all myocardial infarction populations, and its efficacy depends
on the clinical context and timing of administration.

5.9. Interleukin-1p Inhibitors

Inhibition of the IL-1 pathway may play a crucial role in the treatment of ACS by
modulating the inflammatory response with beneficial effects on both acute and long-term
cardiac remodeling.

The pivotal study evaluating canakinumab (an anti-IL-1 monoclonal antibody) in
ACS is the Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS). It
included 10,061 patients with a history of myocardial infarction and elevated ultrasensitive
C-reactive protein (hsCRP > 2 mg/L) who received canakinumab (50 mg, 150 mg or
300 mg) or placebo, administered subcutaneously every 3 months, with a median follow-up
of 3.7 years [190].

Canakinumab reduced not only the first major event, but also the total number of seri-
ous cardiovascular events (including coronary revascularization), with a relative reduction
of about 20% for all doses tested. Canakinumab therapy significantly decreased hsCRP
levels compared with placebo, with a greater reduction at higher doses (p < 0.001 for all
doses). Secondary analyses showed that patients who achieved hsCRP < 2 mg/L after
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3 months of treatment had a 25% reduction in major cardiovascular events, a 31% decrease
in cardiovascular mortality, and a similar reduction in total mortality. Canakinumab was
associated with an increased risk of fatal infections or sepsis (0.31/100 patient-years vs.
0.18/100 patient-years for placebo), but the overall rate of serious adverse events was
comparable to placebo.

CANTOS demonstrated for the first time that targeted inhibition of inflammation (by
blocking IL-1f3) reduces the risk of recurrent cardiovascular events in patients with previous
myocardial infarction and residual inflammation, independent of cholesterol lowering.

The effect was more pronounced in responding patients with reduced inflammation
(hsCRP < 2 mg/L). Wide clinical use of canakinumab is limited by cost and risk of infection,
but the study validates the concept of anti-inflammatory therapy in secondary prevention
after ACS [191].

It should be noted that despite the benefits shown in CANTOS, canakinumab has
not been imposed in the treatment of patients with ACS due to the increased risk of
serious infections (in the CANTOS, the rate of fatal infections was almost double that of
placebo), very high costs (over 50,000 USD/year, making it inaccessible for widespread use
in ACS) [192], the lack of a formal indication for this pathology (it is only approved for
rare auto-inflammatory conditions [e.g., cryopyrin-associated periodic syndromes—CAPS,
juvenile systemic arthritis, not for ACS]) and the existence of safer and more affordable
alternatives such as colchicine [190].

Anakinra, an IL-1 receptor antagonist, has a promising role in ACS, acting by inhibiting
the inflammatory response that contributes to myocardial injury and adverse ventricu-
lar remodeling after infarction. The administration of anakinra in patients with STEMI
(VCUART3—Virginia Commonwealth University Anakinra Remodeling Trial 3) signifi-
cantly reduced hsCRP levels compared to placebo (both standard and high dose) during the
first 14 days (median 67 IQR 39-120 vs. 214 IQR 131-394 mg-day/L; p < 0.001) [193]. There
was no significant difference between the standard (once-daily) and high-dose (twice-daily)
anakinra treatments in reducing inflammation. This finding suggests that the standard
dose is adequate to block the interleukin-1 receptor, thereby modulating the inflammatory
response after STEMI. Notably, the trial found a lower incidence of heart failure events,
such as hospitalizations and new-onset heart failure, in patients treated with anakinra
(9.4%) compared to those treated with placebo (25.7%) (p = 0.046). This suggests that
targeting the interleukin-1 pathway with anakinra may offer benefits in reducing the risk
of complications, such as heart failure, following STEML

There were no significant differences in the incidence of severe infections between the
anakinra and placebo groups (14% vs. 14%). Injection site reactions were more common
with anakinra. No significant differences were noted in the interval changes in left ven-
tricular end-systolic volume or ejection fraction between the anakinra-treated groups and
the placebo group. This implies that while anakinra effectively dampens inflammation,
it does not significantly alter the structural remodeling of the heart within the measured
time frame.

5.10. Low-Dose Interleukin-2 (IL-2)

In the context of acute coronary syndrome (ACS), the administration of low-dose
interleukin-2 (IL-2) serves primarily as an immunomodulatory intervention designed to
mitigate vascular inflammation through the expansion of regulatory T cells (Tregs). These
cells possess significant immune-suppressive and anti-inflammatory properties. At low
doses, IL-2 selectively enhances the quantity and functionality of Tregs without markedly in-
creasing effector T cells. Tregs play a crucial role in suppressing the inflammatory processes
that contribute to atherosclerosis and acute coronary events. In ACS, vascular inflamma-
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tion is a principal factor in disease progression and adverse cardiovascular outcomes. By
promoting the expansion of Tregs, low-dose IL-2 effectively reduces this inflammation,
potentially stabilizing atherosclerotic plaques and enhancing vascular health [194].

The LILACS trial established that low-dose IL-2 is both safe and biologically effective
for patients with acute coronary syndrome (ACS) and stable ischemic heart disease. The
study demonstrated an increase in regulatory T cells (Tregs) without any serious adverse
events. The target dose required to achieve a significant increase in Tregs was approximately
1.46 x 10° TU [195].

The IVORY trial, a randomized, placebo-controlled study, demonstrated that low-
dose IL-2 administration in patients with acute coronary syndrome (ACS) resulted in
a significant reduction in arterial inflammation, as assessed by '®F-FDG PET/CT imaging.
This outcome was correlated with a notable increase in circulating regulatory T cells (Tregs)
and no increase in effector T cells. The treatment was well tolerated. A trend toward fewer
major adverse cardiovascular events (MACE) was observed in the IL-2-treated group over
a median follow-up period of 2.5 years, indicating potential clinical benefit; however, larger
trials are necessary to confirm these findings [194].

Low-dose IL-2 therapy in ACS acts by expanding regulatory T cells, thereby reducing
vascular inflammation and potentially lowering the risk of subsequent cardiovascular
events. It represents a promising targeted immunomodulatory approach to improve
outcomes in high-risk ACS patients with an acceptable safety profile demonstrated in
early-phase clinical trials.

5.11. IL-6 Inhibition

Interleukin-6 inhibitors are emerging as potential therapeutic agents in ACS due
to IL-6's central role in propagating inflammation, activating leukocytes and adipose
tissue to amplify inflammation, stimulating hepatic production of hs-CRP (a biomarker of
cardiovascular risk), promoting endothelial dysfunction, plaque instability, and adverse
remodeling post-ACS [196].

Currently, there are no medications specifically approved for targeting IL-6 in acute
coronary syndrome (ACS). However, some IL-6 inhibitors approved for other conditions
have been studied in ACS with promising but still investigational results [197].

Tocilizumab is a monoclonal antibody against the IL-6 receptor, is approved by the
FDA for rheumatoid arthritis, juvenile idiopathic arthritis, and giant cell arteritis [198].
Tocilizumab, an interleukin-6 receptor (IL-6R) antagonist, has been investigated as a poten-
tial therapy for acute coronary syndrome (ACS), particularly acute myocardial infarction
(AMI), due to its anti-inflammatory properties and its ability to modulate the inflammatory
response that contributes to myocardial injury and adverse outcomes. In the randomized,
double-blind, placebo-controlled ASSAIL-MI trial [199], patients presenting with STEMI
within 6 h of symptom onset received a single intravenous dose of tocilizumab (280 mg)
or placebo before PCI. Tocilizumab significantly increased the myocardial salvage index
compared to placebo (adjusted between-group difference 5.6 percentage points, p = 0.04).
There was also less microvascular obstruction in the tocilizumab group, although the differ-
ence in final infarct size did not reach statistical significance. Adverse events were similar
between groups, and the drug was well tolerated. The results suggest that tocilizumab
may reduce reperfusion injury and enhance myocardial salvage in STEMI patients, likely
by attenuating the inflammatory response associated with ischemia-reperfusion injury.
Despite these encouraging findings, tocilizumab is not yet approved for ACS treatment
and remains investigational in this context.

Ziltivekimab, a novel monoclonal antibody targeting IL-6 has shown strong anti-
inflammatory effects in patients with chronic kidney disease and high cardiovascular risk by
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significantly lowering hsCRP and other inflammatory markers [200]. It is being developed
specifically for atherosclerosis but has not yet received approval for ACS or cardiovascular
indications. Several major ongoing clinical trials are investigating ziltivekimab, a fully
human monoclonal antibody targeting the interleukin-6 (IL-6) ligand, for its ability to
reduce inflammation and cardiovascular risk in high-risk patient populations.

The RESCUE trial was a phase 2, randomized, double-blind study evaluating the
effects of ziltivekimab, a fully human monoclonal antibody targeting the IL-6 ligand, in
patients at high atherosclerotic risk—specifically those with moderate to severe CKD and
elevated hsCRP > 2 mg/L. Ziltivekimab markedly reduced biomarkers of inflammation
and thrombosis relevant to atherosclerosis in a high-risk CKD population [201].

The magnitude of hsCRP reduction (dose-dependent and marked reduction in hsCRP
at 12 weeks: 7.5 mg: 77% median reduction, 15 mg: 88% median reduction, 30 mg: 92%
median reduction vs. Placebo: 4% median reduction) was about twice that seen with
canakinumab (an IL-1f inhibitor) in the CANTOS trial. The safety and efficacy profile
supports ongoing investigation in large-scale cardiovascular outcomes trials, such as the
ZEUS trial, to determine if these biomarker changes translate into fewer cardiovascular
events [202].

Ongoing Trials

The ZEUS Trial (NCT05021835) is a large, phase-3, double-blind, placebo-controlled
trial including 6200 adults with acute cardiovascular disease, chronic kidney disease and
systemic inflammation (documented by elevated hs-CRP levels), to whom ziltivekimab,
15 mg or placebo is administered subcutaneously once monthly in addition to standard
care. The primary aim is to determine whether ziltivekimab reduces major adverse cardio-
vascular events by serial follow-up for up to 4 years [202,203].

The ARTEMIS trial (NCT06118281) is a phase 3, randomized, placebo-controlled
trial that investigates the effect of ziltivekimab, 15 mg or placebo, when initiated during
hospital admission for acute myocardial infarction (STEMI), on the recurrence of acute
cardiovascular events post-MI.

The HERMES Trial (NCT05636176) is a phase 3, randomized, placebo-controlled trial
that explores the effects of ziltivekimab in improving symptoms and outcomes in heart
failure [204].

Other anti-inflammatory agents like colchicine reduce IL-6 indirectly and are used
off-label in cardiovascular disease. However, colchicine is not a direct IL-6 inhibitor nor
approved specifically for IL-6 targeting in ACS.

In summary, while IL-6 is a validated therapeutic target in ACS due to its role in
inflammation and plaque instability, no IL-6-targeted medication is currently approved for
ACS treatment. Agents like tocilizumab and ziltivekimab are under clinical investigation
and may become approved in the future pending results from large-scale cardiovascular
outcome trials.

5.12. Lp-PLA2 Inhibition

Darapladib is an oral, selective inhibitor of lipoprotein-associated phospholipase A2
(Lp-PLA2), an enzyme implicated in the inflammatory processes of atherosclerosis and
ACS [205]. An observational study from SOLID—TIMI 52 (Stabilization of Plaque Using
Darapladib-Thrombolysis in Myocardial Infarction 52) showed that increased IL-6 was
associated with increased risk of future cardiovascular events, independent of the risk
factors present and baseline hsCRP level [29]. This has also been demonstrated in several
meta-analyses, which show that increased levels of IL-6 and hsCRP after an acute coronary
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event correlate with prognosis and long-term MACE incidence, making IL-6 blockade an
attractive target in the management of ACS [27].

Preclinical studies suggested that darapladib could reduce Lp-PLA2 and Rho kinase
activity, lower inflammatory markers (such as CRP), improve nitric oxide production, and
reduce cardiomyocyte apoptosis in animal models of atherosclerosis [205]. The most ex-
tensive and most definitive study of darapladib in ACS was the SOLID-TIMI 52 trial [206],
a multinational, double-blind, placebo-controlled trial enrolling over 13,000 patients within
30 days of hospitalization for ACS. Patients received darapladib or placebo in addition to
standard guideline-directed therapy and were followed for a median of 2.5 years. Dara-
pladib did not reduce the risk of major coronary events (a composite of coronary heart
disease death, myocardial infarction, or urgent coronary revascularization) compared to
placebo (16.3% vs. 15.6% at 3 years; HR 1.00, p = 0.93). There were also no significant differ-
ences in cardiovascular death, myocardial infarction, stroke, or all-cause mortality between
the darapladib and placebo groups. The safety profile was generally acceptable, though
darapladib was associated with a higher incidence of odor-related concerns and diarrhea.
As a result, darapladib is not approved for use in ACS, and its clinical development for this
indication has been discontinued.

5.13. Metothrexate

Methotrexate (MTX) is a well-established anti-inflammatory and immunosuppressive
drug, most commonly used in the management of autoimmune diseases such as rheuma-
toid arthritis (RA). Its potential cardiovascular benefits have been of increasing interest due
to the recognized role of inflammation in the development and progression of atherosclero-
sis and ACS [207]. Multiple studies and meta-analyses have shown that methotrexate use
in patients with RA is associated with a reduced risk of cardiovascular events, including
ACS, compared to patients not on MTX. This cardioprotective effect is thought to be due to
MTX’s ability to suppress systemic inflammation, which is a key driver of atherosclerosis
and plaque instability, leading to ACS [207,208]. While the benefits of MTX in reducing
cardiovascular events are apparent in patients with systemic inflammatory diseases, its role
in the general population with established CAD or ACS is less specific. The Cardiovascular
Inflammation Reduction Trial (CIRT) [209] investigated low-dose MTX in patients with
stable CAD post-MI and did not demonstrate a significant reduction in cardiovascular
events or inflammatory biomarkers compared to placebo (incidence rate, 4.13 vs. 4.31 per
100 person-years; hazard ratio, 0.96; 95% confidence interval [CI], 0.79 to 1.16). The lack of
efficacy in this population may be due to lower baseline levels of inflammation compared
to RA patients. In MethotrexaTE THerapy in ST-Segment Elevation MYocardial Infarc-
tionS (TETHYS). prospective, randomized, phase 2, double-blind, placebo-controlled trial
methotrexate in patients with STEMI did not reduce infarct size and further depressed
LVEF at 3 months [210]. While MTX's anti-inflammatory mechanisms (adenosine upregula-
tion, cytokine suppression, oxidative stress reduction) are theoretically relevant to STEMI,
clinical trials demonstrate no reduction in infarct size or mortality, with potential harm
to ventricular function. Current evidence does not support MTX use in STEMI treatment,
highlighting the complexity of targeting inflammation in acute myocardial injury [3].

5.14. OxLDL-Targetting

Farina et al. investigated in a phase 2a, double-blind, randomized, placebo-controlled
trial the effects of orticumab, an oxLDL epitope-targetting monoclonal antibody, on coro-
nary inflammation and residual inflammatory risk in patients with psoriasis, as oxLDL-
induced macrophage activation is inhibited in atherosclerotic plaques. The study aimed to
assess orticumab’s effects on both skin and coronary disease inflammation in subjects with
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psoriasis, as this skin condition associated with increased cardiovascular risk. Orticumab
significantly reduced the Fat Attenuation Index (FAI) score in the right coronary artery
(RCA) (p = 0.01 vs. baseline and p = 0.02 vs. placebo) in the subgroup of patients with ele-
vated coronary inflammation at baseline (FAI score > 50th centile) [211]. A trend towards
reduction was also observed in the left circumflex (LCX) artery (p = 0.01 vs. baseline and
p = 0.05 vs. placebo).

Schwab et al. report a novel use of CAR T cell technology to target atherosclerotic
cardiovascular disease, specifically through murine 2D03-CAR Tregs directed against
malondialdehyde-modified apolipoprotein B-100 epitope (IEI-E3 and 2D03), underscoring
the importance of inducing immune tolerance to OxLDL at plaques using Tregs to stabilize
or regress plaques. Targeting OXLDL with CAR Tregs at atherosclerotic lesions presents
a localized, effective, and low-risk treatment alternative for refractory patients.

Compared to other therapies, OxLDL-specific CAR Treg treatment may offer long-term
benefits with a single administration and lower risk of adverse reactions, enhancing its
appeal for clinical use. Although this study provided positive results in murine models,
this approach possesses several limitations, including differences in murine and human
CAR-T cell behavior, clinical Treg therapy implementation, sorting and expanding natural
Tregs and ensuring the stability of antigen-specific Tregs. However, the potential translation
of 2D03-CAR Treg therapy from preclinical success to clinical application is promising,
given the global functionality and success of CAR T cell manufacturing [212,213].

5.15. PAD4 Inhibition

Since PAD4 is a key enzyme involved in the process of NETosis, drugs targeting this
enzyme hold promising potential for reducing cardiovascular risk. Experimental inhibitors,
such as G5K484 and chloro-amidine, have shown positive results in murine models of
myocardial infarction by reducing infarct size. This effect is attributed to the inhibition of
PAD4, which decreases NETosis. By halting the NETosis process, these drugs reduce cardiac
ischemia-induced apoptosis of cardiomyocytes and myocardial ischemia—-reperfusion injury.
Consequently, the overall cardiac function is improved [214,215].

5.16. GLP-1 Receptor Agonists and Inflammation

Medications that act on GLP-1 receptors are known as GLP-1 receptor agonists (GLP-
1RAs), and they primarily include injectable and oral agents designed to treat type 2 dia-
betes and obesity by mimicking the effects of endogenous GLP-1 hormone.

These medications bind and activate GLP-1 receptors, mainly in pancreatic {3 cells
and neurons. The result is enhanced glucose-dependent insulin secretion, inhibition of
glucagon release, slowed gastric emptying, regulation of appetite, and cardioprotective
effects. These actions make GLP-1RAs effective for glycemic control and weight reduction,
as well as for reducing cardiovascular risk in people with diabetes and obesity [216].

GLP-1 receptor agonists have a recognized anti-inflammatory role that extends beyond
their glucose-lowering and weight-management effects. These drugs modulate immune
responses by acting on GLP-1 receptors expressed on several immune cells, including
macrophages, monocytes, and lymphocytes [217]. GLP-1RAs suppress the production
of pro-inflammatory cytokines, such as TNF-«, IL-13, and IL-6, while increasing anti-
inflammatory mediators, such as IL-10 and adiponectin. GLP-1RAs activate the AMP-
activated protein kinase (AMPK) pathway, which is crucial for suppressing inflammation
and promoting metabolic equilibrium [218]. These agents can also shift macrophages from
a pro-inflammatory M1 state to an anti-inflammatory M2 phenotype, restoring immune
balance in tissues.
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GLP-1 receptor agonists, such as liraglutide, semaglutide, and exenatide, have been
shown to decrease systemic inflammation by reducing circulating levels of inflammatory
biomarkers, including hsCRP, TNF-«, and IL-6, in people with type 2 diabetes, obesity, and
cardiovascular disease. Clinical and preclinical evidence indicate that these drugs stabilize
atherosclerotic plaques by reducing monocyte adhesion and macrophage accumulation,
and they slow atherosclerosis progression by modulating inflammatory pathways [217].

In a controlled trial involving men with type 2 diabetes, weekly semaglutide admin-
istration for 6 months resulted in statistically significant decreases in circulating TNF-«
and IL-6, demonstrating direct anti-inflammatory benefits [219]. Evidence synthesis across
multiple RCTs shows that semaglutide reduces hsCRP by 12-20%, TNF-o by 15-40%, and
IL-6 by 10-25%, independent of weight loss or glycemic effects, in patients with type
2 diabetes and obesity.

The SELECT trial, involving over 17,000 high-risk cardiovascular patients without
diabetes, found semaglutide reduced high-sensitivity CRP by 12-20% within 4-8 weeks
of treatment, even before significant weight loss [220]. Large cardiovascular outcome
trials (such as SUSTAIN-6) included patients with prior myocardial infarction or estab-
lished atherosclerotic disease. They demonstrated significant reductions in major adverse
cardiovascular events with semaglutide, but these studies did not specifically focus on
inflammation after recent ACS [221]. Post hoc analyses and contemporary registries have
shown benefits in reducing recurrent coronary events in patients with prior MI or revascu-
larization. Still, inflammation as a primary outcome was not the focus.

GLP-1 receptor agonists are increasingly considered for secondary prevention after
ACS, supported by growing evidence of cardiovascular and anti-inflammatory benefits
in high-risk patients. GLP-1 receptor agonists (liraglutide, semaglutide, dulaglutide, exe-
natide) are recommended for patients with type 2 diabetes and established atherosclerotic
cardiovascular disease, including those with prior MI or ACS, to reduce major MACE
beyond glucose lowering [222].

RCTs and cohort studies show reductions in hsCRP, IL-6, TNF-«, and improvement
in endothelial function, which likely contribute to stabilization of plaque and reduction
in recurrent events. Evidence from observational studies and post hoc analyses in MI
survivors (mostly liraglutide, some semaglutide) shows reduced risk of recurrent MI, CV
mortality, reduced infarct size, and attenuation of LV remodeling when started as early as
hospital discharge or soon after ACS. Trials in ACS patients, especially post-PCI STEMI,
demonstrate significant myocardial salvage and reduction in inflammatory markers when
GLP-1 agents are added as adjunct therapy in the acute phase (within days to weeks) [223].
Guidelines and trials suggest safe initiation during acute hospitalization or soon after
discharge, optimizing patient motivation and education. For best results, start GLP-1RAs
within the first days to weeks post-ACS unless contraindicated by instability, acute heart
failure, GI intolerance, or renal dysfunction. Most evidence in ACS and high CV risk
is for liraglutide, semaglutide, and dulaglutide, with largest CV event reduction and
anti-inflammatory data for liraglutide and semaglutide [224].

Both ESC [1] and ACC/AHA guidelines [225] recommend GLP-1 receptor agonists as
part of the secondary prevention strategy for patients with acute coronary syndrome who
have type 2 diabetes or very high cardiovascular risk. These agents, such as semaglutide,
liraglutide, and dulaglutide, are supported by evidence showing they reduce major adverse
cardiovascular events, with anti-inflammatory benefits contributing to plaque stabilization
and vascular protection. Initiation of therapy is appropriate after stabilization, either during
hospitalization or in the early post-discharge period. Use in overweight or obese patients
without diabetes is now considered reasonable, especially semaglutide, considering recent
trials like SELECT that show event reduction in this group. For ACS survivors without
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diabetes or obesity, routine use is not guideline-recommended. Still, it may be considered

in select individuals at very high risk, based on individualized evaluation and shared

decision-making [226].

The mechanisms of the previously described anti-inflammatory therapies are summa-

rized in Table 1.

Table 1. Currently studied anti-inflammatory therapies in acute coronary syndromes.

Drug

Effects

Observations

Aspirin

Inhibits COX-1 and COX-2 enzymes
Reduces inflammatory cytokines (TNF-«,
IL-6, IL-13) and MCP-1

Acetylates COX-2 to produce
aspirin-triggered lipoxin A4 (potent
anti-inflammatory mediator)

Stimulates eNOS and reduces oxidative stress
in vascular cells

Inhibits platelet activation and reduces
platelet-leukocyte aggregation

Decreases endothelial activation and
expression of adhesion molecules
Protects LDL from oxidative modification
Inhibits free radical formation and

lipid peroxidation

Antiplatelet effects achieved at low
doses (75-100 mg/day);
anti-inflammatory effects at higher
doses (300 mg/day)

Statins

Decrease inflammatory markers: IL-13, CRP,
IL-6, and TNF-«

Inhibit leukocyte recruitment and adhesion to
endothelium by reducing adhesion molecule
expression (ICAM-1, VCAM-1,

E-selectin, P-selectin)

Decrease MPO activity and oxidative stress
Reduce neutrophil activation and infiltration
into atherosclerotic plaques

Stabilize atherosclerotic plaques by

reducing inflammation

Rosuvastatin (20 mg):

44% CRP reduction

Atorvastatin (20 mg):

30% CRP reduction

Benefits individuals without
hyperlipidemia but with elevated
inflammation (hsCRP > 2 mg/L)

PCSKO9 Inhibitors
(evolocumab, alirocumab)

Reduce LDL cholesterol and
inflammatory markers

Decrease oxidative stress

Stabilize atherosclerotic plaques
Complement statin therapy for lipid and
inflammation control

Colchicine

Inhibits microtubule polymerization in
neutrophils and monocytes

Reduces neutrophil chemotaxis and adhesion
to endothelium

Decreases NLRP3 inflammasome activation
Reduces IL-1 and IL-18 production

Lowers inflammatory markers (hsCRP
reduced from 4.27 mg/dL to 2.98 mg/dL)
Reduces risk of major adverse cardiovascular
events (MACE)

Reduces IL-1p and IL-18 production
Lowers inflammatory markers
(hsCRP reduced from 4.27 mg/dL to
2.98 mg/dL)

Reduces risk of major adverse
cardiovascular events (MACE)
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Table 1. Cont.

Drug

Effects

Observations

Canakinumab (IL-1f inhibitor)

Monoclonal antibody targeting IL-1(3

Reduces first and total major cardiovascular events
Significantly decreases hsCRP levels (median
reduction from 4.2 mg/L)

Reduces recurrent cardiovascular events in
patients with residual inflammatory risk
(hsCRP > 2 mg/L)

Inhibits IL-1p pathway, preventing downstream
inflammatory cascade

Reduces risk of recurrent MI, stroke, and
cardiovascular death

Dose-dependent effect (50 mg, 150 mg,
300 mg subcutaneous every 3 months)
150 mg dose showed optimal
risk-benefit profile

Side effects: increased risk of fatal
infections and sepsis

Anakinra (IL-1
receptor antagonist)

Recombinant IL-1 receptor antagonist blocking
both IL-1x and IL-1p effects

Reduces systemic inflammation in STEMI patients
Decreases incidence of new-onset heart failure
(9.4% vs. 25.7% placebo, p = 0.03)

May reduce complications such as heart failure
post-STEMI

No significant difference in infection rates
compared to placebo (14% vs. 14%)

No significant impact on end-systolic
volume or ejection fraction in

some studies

Effectively reduces inflammation but
cardiovascular benefit requires

further validation

Low-dose IL-2

Expands regulatory T cells (Tregs)
Restores Th17 /Treg balance

Has immune-suppressive and
anti-inflammatory properties
Promotes immune homeostasis and
plaque stabilization

Under investigation for
cardiovascular applications

Tocilizumab (IL-6
receptor inhibitor)

Monoclonal antibody against IL-6 receptor
Significantly reduces inflammatory biomarkers
(hsCRP, IL-6)

Reduces troponin T area under the curve (AUC) in
AMI patients

Less microvascular obstruction observed

Well tolerated in acute settings

May reduce myocardial damage in STEMI patients
undergoing PCI

Single dose (280 mg IV) before PCI
reduces myocardial injury

Not yet approved for ACS treatment;
remains investigational

Ziltivekimab (IL-6

Novel monoclonal antibody targeting IL-6 ligand
Strong anti-inflammatory effects in chronic kidney
disease and atherosclerosis

Monthly subcutaneous injections
May offer superior inflammation control

ligand inhibitor) Reduces hsCRP levels by approximately 80-90% o
CRP reduction about twice that seen compared to IL-1 inhibitors
with canakinumab
Anti-inflammatory and immunosuppressive drug ~ Weekly dosing (15-20 mg) used in
Reduces leukocyte adhesion cardiovascular studies
Inhibits pro-inflammatory cytokine production In STEMI patients: did not reduce IL-1f3,
Methotrexate (MTX) Reduces CD4+, CD8+ T cell and NK cell activation  IL-6, or hsCRP at 24 h or 30 days

Associated with reduced cardiovascular eventsin ~ TETHYS trial showed no reduction in
rheumatoid arthritis patients MACE in STEMI patients
Prevent IL-1p and IL-18 release from foam cells

NLRP3 Inflammasome and macrophages Under investigation for

Inhibitors (OLT1177, MCC950)

Reduce pyroptosis and inflammatory cell death
Limit plaque inflammation and instability

cardiovascular applications

PAD4 Inhibitors

Target Protein Arginine Deiminase 4 (PAD4)
Inhibit neutrophil extracellular trap

(NET) formation

Reduce thrombogenic NETs in ruptured plaques
Decrease NET-mediated platelet activation

and thrombosis

Experimental agents under development
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Table 1. Cont.

Drug Effects Observations

Monoclonal antibody targeting oxidized LDL
(oxLDL) epitopes

Inhibits oxLDL-induced macrophage activation in
atherosclerotic plaques

Significantly reduces Fat Attenuation Index (FAI)
score in right coronary artery (RCA) (p = 0.01 vs.
baseline, p = 0.02 vs. placebo)

Trend towards reduction in left circumflex (LCX)
artery (p = 0.01 vs. baseline, p = 0.05 vs. placebo)
Reduces coronary inflammation and residual
inflammatory risk

Targets oxidized LDL to reduce inflammatory
oxLDL-mediated injury

Addresses both skin and coronary

disease inflammation

Effective in patients with elevated
coronary inflammation at baseline (FAI
score > 50th centile)

Tested in phase 2a trials in patients with
psoriasis (associated with increased
cardiovascular risk)

Orticumab (OxLDL-
targeting antibody)

Suppress pro-inflammatory cytokines (TNF-«,
IL-1p3, IL-6)

Increase anti-inflammatory mediators

(IL-10, adiponectin)

Activate AMP-activated protein kinase (AMPK)

pathway, inhibiting NF-kB ESC and ACC/AHA guidelines
g . Shift macrophages from pro-inflammatory M1to  recommend for secondary prevention in
(CI;II;E }ulifgspste?r;?%zr’:ilstes anti-inflammatory M2 phenotype ACS with diabetes
& dula Ilu G de% ! Reduce oxidative stress and Best results when started within
& endothelial dysfunction first days to weeks after ACS
Reduce hsCRP by 15-40% and IL-6 by 10-25% Injectable and oral formulations available

(independent of weight loss)

Cardiovascular benefits in high-risk patients with
type 2 diabetes

Reduce MACE, cardiovascular death, and heart
failure hospitalization

5.17. C-Reactive Protein Apheresis in Acute Coronary Syndromes

C-reactive protein (CRP) plays a detrimental role in acute myocardial infarction (AMI)
by mediating tissue damage and potentially worsening clinical outcomes. Acting as a primi-
tive antibody, CRP binds to viable hypoxic myocardial cells, marking them for phagocytosis
and exacerbating myocardial injury [227]. Plasma CRP levels rise within 48 h following
myocardial infarction and inversely correlate with prognosis in acute coronary syndromes
(ACS), suggesting that therapeutic CRP reduction may improve outcomes [227,228].

The CAMI-1 trial, a pilot study involving 83 STEMI patients, investigated the safety
and efficacy of CRP apheresis performed at 24, 48, and 72 h post-AMI. The primary endpoint
was reduction in myocardial infarction size as determined by cardiac magnetic resonance
imaging (CMR). In the control group, CRP concentration directly correlated with larger
infarct size (p = 0.002) and decreased myocardial function (p < 0.001). Notably, patients
who underwent CRP apheresis showed no correlation between CRP levels and infarct size
(p = 0.66) or left ventricular dysfunction (p = 0.79), suggesting that early CRP removal may
attenuate myocardial damage and preserve cardiac function [229].

Emerging evidence supports the potential benefit of CRP apheresis in non-ST-elevation
ACS (NSTE-ACS) as well. In a case series of 10 patients with NSTE-ACS complicated by
cardiogenic shock, 2—4 sessions of CRP apheresis were performed following culprit vessel
percutaneous coronary intervention (PCI) and standard medical therapy, resulting in no
30-day mortality and only 10% (1/10) mortality at one year. Another case series eval-
uated 7 NSTE-ACS patients with significantly elevated plasma CRP levels (>10 mg/L)
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who underwent PCI followed by 2—4 cycles of CRP apheresis until CRP levels plateaued
at 2-3 days post-PCI. The procedure was well tolerated with no relevant adverse effects,
no in-hospital mortality, and no 30-day mortality. Notably, most patients (6/7) were
male, and 4/7 had left circumflex artery stenosis or occlusion; one patient had concurrent
SARS-CoV-2 infection, representing a potential confounder [229]. While these preliminary
results are encouraging, long-term data on mortality and heart failure development remain
unavailable. Ongoing clinical trials are currently evaluating CRP apheresis in patients
undergoing coronary artery bypass grafting (CABG), which may further clarify its role in re-
ducing inflammation-mediated myocardial injury and improving long-term cardiovascular
outcomes (NCT04745468).

5.18. Main Gaps in Knowledge and Future Perspectives

There is no validated framework for identifying which ACS patients have “residual
inflammatory risk” based on dynamic biomarkers, genetic signatures, or immune cell
phenotypes. Extensive trials have not prospectively applied a multi-marker, multi-omics
strategy for targeted therapy allocation. The ideal window for initiating anti-inflammatory
agents—whether in the acute phase (hours to days) or chronic phase (weeks to months
post-ACS)—remains unclear. Data suggest that efficacy and safety may differ based on
timing, but definitive recommendations are lacking.

Significant trial limitations in the field of anti-inflammatory therapy for ACS include
heterogeneity in patient selection and timing of intervention, unclear biomarkers to guide
therapy, limited mechanistic endpoints, and safety concerns. These limitations impact the
strength and applicability of clinical evidence for inflammation-targeted strategies.

Most trials focus on broad clinical endpoints (MACE, MI, death), with limited mech-
anistic endpoints such as plaque imaging, immune cell dynamics, or signaling pathway
modulation. The specific molecular mechanisms underlying the benefits or harms of
anti-inflammatory therapy remain underexplored.

Many trials enroll broad ACS populations without stratifying by residual inflammatory
risk (e.g., baseline hsCRP, IL-6). This can dilute the apparent efficacy of treatments, as only
some subgroups benefit (such as those with persistently elevated inflammation after ACS).

Randomization and treatment initiation times vary widely. Colchicine trials, for exam-
ple, range from administration within hours post-infarction (CLEAR SYNERGY) to weeks
later (COLCOT), resulting in inconsistent outcomes and challenging direct comparisons.
Early therapy may interfere with beneficial inflammation needed for healing, while late
therapy may miss the optimal window for efficacy.

Concomitant treatments (statins, antiplatelets, aggressive lipid-lowering) vary and
may independently reduce inflammation, masking or amplifying the effects of the study
drug. Differences in population characteristics and event rates may lead to variability across
studies. Increased risk of infections (canakinumab) and unexplained non-cardiovascular
mortality (colchicine, COPS trial) highlight the need for careful long-term safety assessment.
Some adverse effects only become apparent with larger or longer studies.

Despite promising results, guideline recommendations for anti-inflammatory therapy
remain cautious; robust, biomarker-driven criteria for patient selection are lacking, and
current evidence does not support routine use in all ACS patients.

These challenges highlight why inflammation-targeted therapy is not yet standard for
all ACS patients and indicate areas where future trial design can be improved.

Experimental and emerging molecular targets (NETosis, PAD4, pro-resolving medi-
ators, epigenetic regulators, and immune cell engineering) have not yet been translated
into adequately powered human trials. Their clinical potential and patient selection criteria
require systematic evaluation. While genetic predisposition and polygenic risk scores
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hold promise, their integration into routine ACS management and clinical trial design is
preliminary, and there is no consensus on threshold or clinical utility.

Most large trials are limited in duration and do not provide full assessment of
long-term safety, especially concerning immunosuppression, infection risk, and non-
cardiovascular mortality.

Current guidelines do not universally endorse anti-inflammatory therapy in ACS
outside secondary prevention with statins; recommendations await stronger evidence from
well-designed, biomarker- and genetics-guided trials.

Addressing these gaps requires innovative integrative research—using multi-omics,
immune profiling, adaptive trial designs, and mechanistic endpoints—to move from broad
anti-inflammatory strategies to precision inflammation management in ACS patients.

A unique perspective in the field of ACS inflammation would emphasize the shift
toward precision anti-inflammatory therapy, focusing on individualized risk stratification
and targeting distinct inflammatory pathways based on patient-specific biomarkers and
timing, rather than one-size-fits-all approaches. Original hypotheses could be centered
on new molecular mechanisms, cellular interactions, or therapeutic windows that remain
underexplored or controversial.

Recent advances in ACS research support the concept that anti-inflammatory therapies
should not be applied indiscriminately, but instead rationed to patients with demonstrable
residual inflammatory risk after event recovery. Multiplex panels measuring hsCRP, IL-6,
the neutrophil-to-lymphocyte ratio, and novel genetic or epigenetic markers should guide
the initiation and choice of immunomodulation. Furthermore, the therapeutic window for
suppressing pathologic inflammation while preserving reparative processes is likely narrow
and varies among individuals. Ongoing studies of NLRP3 inhibitors, NETosis blockers,
adaptive immune modulators (e.g., low-dose IL-2, GLP-1RA), and advanced profiling will
clarify how targeted therapy may optimize outcomes. Ultimately, integrated approaches
combining anti-inflammatory, lipid-lowering, and metabolic interventions—each tailored
to patient-specific molecular and immune profiles—may redefine secondary prevention
in ACS.

Several promising but underexplored molecular targets for anti-inflammatory therapy
in acute coronary syndromes (ACS) include NETosis and PAD4-mediated mechanisms,
modulation of immune cell subsets, epigenetic regulators, and advanced chemokine signal-
ing networks. These targets offer new strategies beyond traditional cytokine blockade and
could help refine patient selection and optimize efficacy.

Neutrophil extracellular traps (NETs) directly contribute to plaque rupture, thrombosis,
and microvascular injury during ACS. PAD4 (peptidyl-arginine-deiminase-4) is essential
for NET formation, and its pharmacologic inhibition (e.g., GSK484, chloro-amidine) in pre-
clinical models reduces infarct size, cardiac dysfunction, and prothrombotic risk. Targeting
NETosis in ACS clinical trials is ongoing, but human data are limited.

Specialized pro-resolving mediators (SPMs)—such as lipoxins, resolvins, and protectins—
actively terminate inflammation and promote tissue repair. Their therapeutic modulation
represents a unique, underutilized approach to control inflammation and guide healing after
myocardial infarction.

Fine-tuning specific immune cell subsets (e.g., promoting regulatory T cells with low-
dose IL-2 or inhibiting CD8+ granzyme B activity) offers highly targeted options in ACS
immune response. Agents such as CAR-Tregs targeting oxidized LDL show preclinical
promise for local vascular tolerance induction.

Modulating microRNA profiles (e.g., miR-33, miR-146a), SUMOylation, phosphoryla-
tion, and ubiquitin-mediated signaling in inflammatory cells may regulate NLRP3 activa-
tion or downstream effects, potentially providing patient-specific intervention windows.
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Drugs targeting less-studied chemokines (such as CCL2, CXCL1, CXCL5) and their re-
ceptors (ACKR1, CCR2, CXCR?2) could selectively inhibit pathogenic leukocyte recruitment,
extracellular matrix remodeling, and fibrosis post-ACS. There is preliminary evidence for
protective and pathogenic roles depending on context and timing.

Monoclonal antibodies such as orticumab, or engineered regulatory immune cells
(CAR-Tregs), targeting oxidized LDL and its epitopes could suppress local coronary artery
inflammation and stabilize vulnerable plaques, but human application remains experimental.

Beyond established IL-1 antagonists, selective targeting of NLRP3 with agents like
MCC950 and OLT1177 could offer more nuanced inflammatory control during ACS, espe-
cially in individuals with specific inflammasome activation profiles.

GLP-1RAs modulate immune responses and metabolic-inflammatory crosstalk and
may provide protection, especially when timing is optimized during ACS hospitalization.
Their effects on immune cell polarization (macrophage M2 vs. M1 shift) and vascular
inflammation warrant further exploration.

These molecular pathways are beginning to draw research attention and represent
highly innovative strategies for precision inflammation targeting in ACS. Including dis-
cussion or hypotheses around these targets can substantially increase the originality and
impact of a review or research proposal in this field.

Emerging genetic profiling and polygenic risk models have a growing role in refining
risk stratification and guiding therapeutic decisions for inflammation-targeted interven-
tions in acute coronary syndromes (ACS). They allow for the identification of individual
genetic variants and cumulative risk scores that influence disease susceptibility, residual
inflammatory risk, and variable treatment response.

Advanced genetic profiling can identify patients with inherited susceptibility to ACS
or more aggressive atheroinflammatory phenotypes, using genetic markers (e.g., variants
in IL-6R, NLRP3, TLR4, CRP, and other inflammation-related genes). Polygenic risk scores
(PRS), integrating hundreds or thousands of individual genetic variants, allow for robust
prediction of overall ASCVD risk and can reveal those at increased residual inflammatory
risk despite optimal conventional therapy.

Genetic variation affects both disease mechanisms and response to therapy. For exam-
ple, patients carrying specific genetic variants or expression profiles in inflammasome or
cytokine pathways may derive greater benefit from targeted anti-inflammatory drugs or
may require dose adjustment or alternative strategies. This can help to optimize individual-
ized care and avoid unnecessary treatment in those unlikely to benefit.

Genetic profiling supports the identification of novel mechanistic targets and enables
more precise selection of trial populations. For example, enriched recruitment of patients
with high polygenic inflammation risk or specific gene expression signatures (e.g., high
NLRP3 activation) can improve trial yield and clarity of results. In addition, integrating
genetic profiling with multiplex inflammatory biomarker panels supports a “multi-omics”
approach for patient selection and risk prediction.

Differences among ethnic groups, family history, and unexplained outcomes may be
clarified through genetic analysis, improving understanding of why some patient groups
respond dramatically while others do not.

Routine genetic and polygenic profiling may soon complement standard clinicopatho-
logic risk scores, further sharpening the selection of patients for anti-inflammatory therapies,
whether colchicine, IL-1 antagonists, or newer agents.

Combining genetic predisposition (from PRS) with dynamic inflammatory markers
(hsCRP, IL-6, NLRP3, etc.) can identify “super-responders” and help personalize both
timing and intensity of inflammatory modulation post-ACS. This approach marks a key
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transition in ACS management from one-size-fits-all secondary prevention to precision
medicine, maximizing therapeutic benefit while minimizing risk and healthcare costs.

Inflammation is now recognized as a fundamental driver of acute coronary syndromes
(ACS), influencing plaque instability, thrombosis, and post-infarction myocardial injury.
Recent discoveries offer critical insights into pathophysiology, highlight the prognostic
value of inflammatory biomarkers, and identify new therapeutic targets, moving the field
beyond traditional risk factor management and antithrombotic therapies.

Inflammatory mechanisms in ACS involve complex interactions among innate and
adaptive immune cells, including neutrophil extracellular trap formation, macrophage
polarization, T helper subset imbalances, and overactivation of inflammatory cytokines
and chemokines. Multiple biomarkers—such as C-reactive protein, interleukin-6, and
the neutrophil-to-lymphocyte ratio—demonstrate value for prognostic risk stratification.
Modern anti-inflammatory therapies, including colchicine and IL-1 inhibitors, have shown
clinical efficacy in reducing recurrent events, though outcomes can depend on timing,
dosing, and patient selection. Novel agents that target the NLRP3 inflammasome, NETosis,
Th17/Treg imbalance, and IL-6 are under investigation, promising greater precision in man-
aging residual inflammatory risk beyond lipid-lowering [230,231]. New anti-inflammatory
medications such as colchicine, canakinumab, anakinra, and ziltivekimab show promise
for reducing residual inflammation and cardiovascular events after ACS, with potential
overlap in benefits for myocarditis due to shared inflammatory pathways. However, the
2025 guidelines (ESC for myocarditis/pericarditis and ACS) do not endorse their routine
use for myocarditis post-ACS, limiting colchicine to Class IIb for selected ACS cases with
uncontrolled risk and excluding others pending trial data from CLEAR [232], TACTIC [233],
and ARTEMIS (NCT06118281). 2025 ESC myocarditis guidelines prioritize EMB/CMR for
etiology before immunosuppression, omitting these agents except NSAIDs/ colchicine for
pericarditis features [234]. Theoretical benefit via IL-6 pathway inhibition exists for inflam-
matory myocarditis subtypes, but the absence of safety/efficacy data in EMB-proven cases
contraindicates off-label use per the 2025 ESC guidelines. Risks include infections and HF
exacerbation, so dedicated trials are desirable. No large-scale clinical trials specifically test
IL-6 inhibitors such as tocilizumab, sarilumab, or ziltivekimab directly for the treatment of
primary myocarditis. Evidence is limited to small studies, case reports, and trials in related
conditions, such as COVID-19 myocarditis, immune checkpoint inhibitor (ICI)-associated
myocarditis, or post-MI inflammation, which show potential benefits in reducing CRP and
improving ejection fraction but lack robust outcome data.

An ideal anti-inflammatory medication post-ACS targets residual inflammation (e.g.,
hsCRP > 2 mg/L) via specific pathways, such as IL-6 or NLRP3, to reduce MACE by >25%
while maintaining hemostatic neutrality for DAPT compatibility. It achieves rapid onset
(<24 h CRP reduction), oral/short IV dosing, long half-life, and safety in CKD/HF subsets
without elevating infection or GI risks.

The >25% MACE reduction threshold for ideal post-ACS anti-inflammatories sets
a clinically meaningful benchmark, surpassing current agents like colchicine (7—23% relative
risk reduction, often heterogeneous without mortality benefit). This aligns with landmark
trials (e.g., CANTOS: canakinumab 20-25% in hsCRP-high; statins 25-30%) and regulatory
standards for guideline endorsement (Class I/1Ila), ensuring that the net benefit outweighs
risks such as GI upset or infection.

Future anti-inflammatory treatment after ACS will shift toward personalized, pathway-
specific therapies targeting IL-6, IL-13, and the NLRP3 inflammasome, integrated with
biomarkers such as hsCRP/IL-6 for patient selection. Expect multi-targeted regimens
combining these with statins, SGLT2i, and antithrombotics, emphasizing rapid onset, my-
ocardial salvage, and a >25% reduction in MACE in high-inflammation subsets. New
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biomarkers and Al will play pivotal roles in future anti-inflammatory treatment after
ACS by enabling precise patient selection, timing, and monitoring of therapies like IL-6
inhibitors. Emerging markers such as ARG1, HECW2, PFKFB3, and systemic indices (SIRI,
NLR) outperform hsCRP alone in predicting MACE and immune infiltration, guiding per-
sonalized care beyond standard inflammation thresholds. Al models (e.g., machine learning
via WGCNA /SVM-RFE [Weighted Gene Co-expression Network Analysis/Support Vector
Machine—Recursive Feature Elimination], deep learning for miRNA-mRNA networks)
identify biomarker panels from GEO data to predict inflammation trajectories and ther-
apy response. Al models integrate multi-omic (genomics, proteomics, metabolomics)
and clinical data to predict ACS risk through dimensionality reduction, feature fusion,
and supervised learning frameworks such as MLPs, transformers, or ensemble methods.
This enables precise stratification of inflammation-driven MACE risk, outperforming tra-
ditional scores. Al excels at identifying ACS patient subgroups benefiting most from
anti-inflammatory therapy by clustering multi-omic, clinical, and imaging data into endo-
types with differential treatment responses. Models like ANNSs or transformers outperform
GRACE/TIMI (C-index 0.73-0.85 vs. 0.67), reclassifying 6-18% more patients via NRI for
high-inflammation phenotypes (e.g., hsCRP > 2 mg/L, elevated IL-6). Prospective trials
will validate Al-stratified protocols, enabling guideline shifts and reducing overtreatment
risks, such as infection.

5.19. Clinical Implications and Current Limitations

The implementation of anti-inflammatory strategies in ACS is rapidly evolving, with
trials like COLCOT and CANTOS validating the reduction in cardiovascular events through
selective targeting of inflammation. However, broad application in clinical practice remains
limited by variable efficacy in different patient populations, uncertain optimal timing and
duration, lack of validated biomarkers for patient selection, and concerns about long-term
safety—especially infection risk. Recent neutral or safety-concerning findings in large trials
(e.g., CLEAR SYNERGY for colchicine) underscore the need to tailor therapy to individual
inflammatory profiles and to carefully monitor for adverse effects. While current ESC
and ACC/AHA guidelines acknowledge the role of inflammation in ACS, they do not yet
recommend routine use of anti-inflammatory agents outside of statin therapy, except in
select high-risk cases.

Looking ahead, the future of ACS care rests on integrating precision anti-inflammatory
interventions alongside optimized lipid management and secondary prevention. Multiplex
biomarker panels, genetic risk scores, and advanced immune profiling are essential for
identifying candidates with residual inflammatory risk who are most likely to benefit from
targeted therapies. Ongoing large-scale trials and real-world cohort studies will clarify
optimal timing, duration, and safety. Moving forward, research should focus on leveraging
systems biology, multi-omics, and adaptive trial design to refine therapeutic selection,
minimize harm, and further personalize cardiovascular care.

In conclusion, inflammation represents both a major residual risk and an exciting
therapeutic frontier in ACS. The integration of individualized anti-inflammatory strategies
with existing guideline therapies has the potential to profoundly improve outcomes for
patients worldwide, provided future studies continue to address gaps in evidence, refine
patient selection, and ensure long-term safety.
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Abbreviations

The following abbreviations are used in this manuscript:

ACS Acute Coronary Syndrome

AKT Protein Kinase B

AMI Acute Myocardial Infarction

ASC Apoptosis-associated Speck-like protein containing a CARD
ATP Adenosine Triphosphate

CAD Coronary Artery Disease

CANTOS  Canakinumab Anti-inflammatory Thrombosis Outcomes Study
CARD Caspase Activation and Recruitment Domain

CCL4 C-C Motif Chemokine Ligand 4

CCR5 C-C Chemokine Receptor Type 5

CD40L CD40 Ligand

CIRT Cardiovascular Inflammation Reduction Trial

CKD Chronic Kidney Disease

COLCOT Colchicine Cardiovascular Outcomes Trial
CONSORT  Consolidated Standards of Reporting Trials

COVID Coronavirus Disease

COX Cyclooxygenase

CRP C-Reactive Protein

CSF Colony-Stimulating Factor

CT Computed Tomography

CTLA Cytotoxic T-Lymphocyte Associated Protein
DAMP Damage-Associated Molecular Pattern
DNA Deoxyribonucleic Acid

ECM Extracellular Matrix

EMT Epithelial-Mesenchymal Transition
ERK Extracellular Signal-Regulated Kinase
ESC European Society of Cardiology

FAI Fat Attenuation Index

FDA Food and Drug Administration

FDG Fluorodeoxyglucose

HO Heme Oxygenase

ICAM Intercellular Adhesion Molecule

IFN Interferon

1L Interleukin

IVUS Intravascular Ultrasound

LCK Lymphocyte-Specific Protein Tyrosine Kinase
LCX Left Circumflex Artery

LD Linear Dichroism

LDL Low-Density Lipoprotein

LOX Lipoxygenase

LRR Leucine-Rich Repeat
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LVEF
MACCE
MACE
MAPK
MCP
MHC
MI
MLR
MMP
MPO
MTX

NACHT

NADPH
NET
NK
NLR
NLRP3
NOD
NOX2
NSTEMI
PAD4
PAMP
PCI
PD
PET
PIBK
PLR
PMN
PPAR
RA
RCA
RCT
RDW
RIR
RNA
ROS
RPR
SII
SIRI
STEMI
TCR
TGF
TIMI
TLR
TNF(R)
Treg
UA
VCAM
VEGF
WBC

Left Ventricular Ejection Fraction

Major Adverse Cardiac and Cerebrovascular Events
Major Adverse Cardiovascular Events
Mitogen-Activated Protein Kinase

Monocyte Chemoattractant Protein

Major Histocompatibility Complex
Myocardial Infarction
Monocyte-to-Lymphocyte Ratio

Matrix Metalloproteinase

Myeloperoxidase

Methotrexate

Neuronal Apoptosis Inhibitory Protein (NAIP),
MHC Class II Transcription Activator (CIITA),
Incompatibility Locus Protein from Podospora anserina (HET-E),
and Telomerase-Associated Protein (TP1)
Nicotinamide Adenine Dinucleotide Phosphate
Neutrophil Extracellular Trap

Natural Killer

Neutrophil-to-Lymphocyte Ratio

NOD-like Receptor Protein 3
Nucleotide-binding Oligomerization Domain
NADPH Oxidase 2

Non-ST-Elevation Myocardial Infarction
Peptidylarginine Deiminase 4
Pathogen-Associated Molecular Pattern
Percutaneous Coronary Intervention
Programmed Cell Death

Positron Emission Tomography
Phosphoinositide 3-Kinase
Platelet-to-Lymphocyte Ratio
Polymorphonuclear Neutrophil

Peroxisome Proliferator-Activated Receptor
Rheumatoid Arthritis

Right Coronary Artery

Randomized Controlled Trial

Red Cell Distribution Width

Residual Inflammatory Risk

Ribonucleic Acid

Reactive Oxygen Species

Red Cell Distribution Width-to-Platelet Ratio
Systemic Immune-Inflammation Index
Systemic Inflammation Response Index
ST-Elevation Myocardial Infarction

T-Cell Receptor

Transforming Growth Factor

Thrombolysis in Myocardial Infarction
Toll-Like Receptor

Tumor Necrosis Factor (Receptor)

Regulatory T Cell

Unstable Angina

Vascular Cell Adhesion Molecule

Vascular Endothelial Growth Factor

White Blood Cell
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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia globally, linked
to significant cardiovascular morbidity and mortality. Catheter ablation has emerged as
a primary therapeutic approach, yet substantial recurrence rates limit its long-term effi-
cacy. This review critically examines the molecular mechanisms underlying AF recurrence
post-ablation, synthesizing recent findings from current literature. Key molecular path-
ways identified include structural remodeling mediated by fibrosis involving transforming
growth factor-beta 1 (TGF-1) and matrix metalloproteinases (MMPs), ion-channel dysreg-
ulation, inflammatory pathways, autonomic nervous system imbalance, and genetic and
epigenetic alterations. Despite considerable advances, critical gaps persist due to small,
heterogeneous studies and insufficient long-term follow-up. Comprehensive mechanistic
research integrating genomics, proteomics, and advanced imaging is urgently needed
to better characterize these pathways. Future studies must validate biomarkers such as
TGEF-$1, MMPs, connexins, and novel markers like GDF-15 and relaxin. Clinical translation
of these molecular insights through precision diagnostics and personalized interventions
holds great promise to enhance patient selection, optimize ablation strategies, reduce
recurrence, and ultimately improve clinical outcomes in AF management.

Keywords: atrial fibrillation recurrence; catheter ablation; left atrial remodeling; fibrosis;
connexins and gap junctions; ion-channel remodeling; inflammation and oxidative stress;
autonomic nervous system remodeling; genetic susceptibility; MicroRNAs

1. Introduction

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhythmia, impacting
more than 33 million people globally [1]. Its occurrence rises significantly with age, and
as population demographics shift, the prevalence of AF is projected to more than double
within the next 40 years [2]. AF not only doubles the risk of premature death but is
also linked to serious cardiovascular complications, including heart failure, stroke, and
myocardial infarction [3-6].
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Catheter ablation is a tailored intervention that disrupts the underlying mechanisms
driving AF initiation and persistence by eliminating triggers, altering the electroanatomical
substrate, and modulating the autonomic nervous system [7]. In the past two decades,
catheter ablation for atrial fibrillation (AF) has evolved from a last-resort treatment for
patients with severe, drug-resistant symptoms to a widely accepted first-line therapy for
individuals with varying types and severities of AF [8-10]. Numerous studies have estab-
lished that catheter ablation is more effective than antiarrhythmic medications for restoring
and maintaining normal sinus rhythm [11,12]. Reflecting this evidence, the latest guidelines
from the European Society of Cardiology and the American Heart Association/American
College of Cardiology/Heart Rhythm Society advocate for catheter ablation in patients
with symptomatic atrial fibrillation (AF) [11,12].

While catheter ablation has emerged as a highly effective treatment for atrial fibrillation
(AF), its long-term effectiveness is often hindered by considerable recurrence rates [13,14].
This review aims to shed light on the molecular mechanisms underlying AF recurrence
after initially successful catheter ablation (Figure 1).

Structural & Fibrotic Remodeling
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Figure 1. Mechanisms of atrial fibrillation: structural, neurohumoral, and electrophysiological
remodeling. Created in BioRender. Mylavarapu, M. (2025) https:/ /BioRender.com/5nc7afi (accessed
on 20 December 2025).

2. Structural Remodeling
2.1. Fibrosis and Extracellular Matrix (ECM) Alterations
Atrial fibrosis is associated with both the electrophysiological and structural remod-

eling of atrial tissue and plays a significant role in the development of atrial fibrillation
(AF) [15]. While electrical remodeling can be fully restored several weeks after recovery
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to sinus rhythm, structural remodeling rarely returns to normal, making it more likely
for AF to recur. These findings suggest that atrial structural remodeling may play a more
critical role in the recurrence and persistence of AF compared to electrical remodeling.
Transforming growth factor-p1 (TGF-f31) is a key cytokine that initiates and promotes the
synthesis and metabolism of interstitial collagen in the atria. During fibrosis, TGF-f31 can
induce the overexpression of extracellular matrix (ECM) proteins, leading to significant
changes in cardiac structure and tissue [16,17].

Atrial remodeling is a key characteristic of atrial fibrillation (AF) that creates an
irregular environment for electrical conduction, leading to ectopic or re-entrant activity.
Transforming growth factor-beta 1 (TGF-f31) plays a crucial role in the atrial remodeling
process, including tissue repair and the formation of fibrosis, and is considered a significant
factor in causing atrial fibrosis. Studies of atrial specimens from patients undergoing cardiac
surgery have shown that TGF-1 is selectively involved in the development of atrial fibrosis.
This occurs through its receptors: TGF-f31 receptor 1 and receptor 2 along with the classical
SMAD signalling pathway [18]. Furthermore, the differences observed between atrial and
ventricular fibrosis may be attributed to variations in the binding ability of TGF-f31 to its
receptors or differences in the phosphorylation levels. Overall, these findings highlight that
atrial fibrosis is an important contributor to the onset and maintenance of AF [19].

2.2. Role of Transforming Growth Factor-Beta (TGF-B) and Matrix Metalloproteinases (MMPs)

TGF-1 has been postulated to be a cause of AF by inducing and maintaining AF
through the initiation of atrial fibrosis [20]. Collagen, TGF-31 mRNA, and plasma TGF-{31
concentrations gradually increase in subjects’” sinus rhythm, for both paroxysmal AF and
persistent AF, suggesting that plasma TGF-31 concentrations positively correlate with the
degree of atrial fibrosis [21]. Studies in patients with nonvalvular AF have shown that
high plasma TGF-31 concentrations are indicative of low left atrial (LA) endocardial volt-
age [22]. For example, a study measuring the degree of fibrosis in the LA tissue of patients
with persistent AF who underwent open heart surgery for valvular heart disease found
that plasma TGF-31 concentrations correlated with the degree of fibrosis [23]. Moreover,
preoperative plasma TGF-f31 concentrations were found to predict the persistence of AF 1
year after surgical maze procedures. Taken together, these findings suggest that TGF-31
is involved in the mechanisms of atrial fibrosis and AF pathogenesis and that plasma
TGF-f1 concentrations may be a surrogate marker of atrial fibrosis. However, plasma
TGF-f1 concentrations are also affected by noncardiogenic factors such as the kidneys,
lungs, and liver. We therefore measured serum TGF-31 concentration as an indicator of the
level of atrial fibrosis in patients with AF. We found that serum TGF-f31 concentration was
significantly lower in patients with AF without recurrence than in those with recurrence,
suggesting that serum TGF-1 concentration correlates with AF recurrence [19].

A group of enzymes capable of degrading almost all ECM proteins, matrix metallo-
proteinases (MMPs), contribute to both normal and pathological tissue remodeling [24-29].
The balance between activated MMPs and tissue inhibitors of metalloproteinases (TIMPs)
controls the extent of myocardial ECM remodeling [30,31], including the atrial tis-
sue. However, recent studies have demonstrated the existence of alternative MMP
inhibitors [32-35], namely reversion-inducing cysteine-rich protein with Kazal motifs
(RECK), which is thought to be an important regulator of ECM remodeling [32,36,37].

In several cohorts, higher pre-ablation TGF-31 or MMP-9 levels predicted AF recur-
rence even after adjustment for left atrial diameter, AF type, and standard clinical risk
factors, suggesting incremental prognostic value beyond chamber size alone [19,38,39].
However, most studies did not fully adjust for advanced imaging markers of fibrosis
(e.g., LGE-MRI late enhancement or low-voltage area burden), so a substantial part of the
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association is likely mediated by the degree of underlying atrial myopathy rather than
being completely independent. Conceptually, the TGF-31/MMP axis promotes extracel-
lular matrix accumulation, collagen cross-linking, and myocyte—fibroblast uncoupling.
These changes create low-voltage areas and regions of slow, heterogeneous conduction that
facilitate re-entry. In this framework, elevated TGF-1 and MMP-9 levels probably iden-
tify more diffuse atrial disease in which both pulmonary-vein reconnection and extra-PV
substrate-related circuits are more likely to occur, rather than pointing to a single dominant
mechanism of recurrence. It is therefore more accurate to view these biomarkers as integra-
tors of global atrial injury and fibrosis, which interact with procedural factors (durability of
PVI, extent of substrate modification) to determine long-term outcome.

Progression of atrial structural remodeling results in the need for more invasive ab-
lation strategies, i.e., complex fractionated electrogram (CFAE) ablation or intra-atrial
linear ablation. Despite such aggressive treatment, the post-ablation recurrence rate
is higher in these cases than in cases with a less remodeled atrium treated with PVI
alone [40,41].

In a study by Okumura et al., Baseline serum MMP-2, carboxylterminal telopeptide of
collagen type I (ICTP), and Brain natriuretic peptide (BNP) levels were significantly higher
in patients who experienced AF recurrence than in those who did not (860.3 &= 120.8 ng/mL
vs. 687.0 £ 122.5ng/mL; 3.2 £ 1.1 ng/mL vs. 2.7 = 0.6 ng/mL; 105.0 [38.5-133.0] pg/mL
vs. 38.9 [20.8-72.9] pg/mL, p < 0.05 for all) [40]. Myocardial collagen turnover biomarker
levels are associated with post-ablation AF recurrence. A 2-month post-ablation elevation
in MMP-2 levels suggests that wound healing persists for that long after ablation. The
levels of systemic and intracardiac biomarkers of both inflammation and collagen turnover
were similar, which implies that these serum biomarkers may originate in the systemic
circulation rather than in the heart [42].

2.3. Cellular Hypertrophy and Myocyte Disarray

Myocyte hypertrophy and cellular disarray, as seen in patients with hypertrophic
cardiomyopathy (HCM), can also increase the risk of recurrence of atrial fibrillation. Atrial
myocyte hypertrophy increases LA wall thickness, thus reducing the likelihood of creating
durable transmural lesions. HCM is commonly associated with LA dilatation, remodeling,
and diffuse interstitial fibrosis, thus increasing the risk of elicitation of triggering from
extra-pulmonary vein foci [43]. Additionally, a multicenter study found that most patients
require re-do procedures, that efficacy was obtained with the concomitant administration of
anti-arrhythmic drugs (AADs) in most patients, and that efficacy was time-dependent [44].
The probability of post-ablation recurrence of atrial arrhythmias was found to be two-fold
higher in patients with HCM compared with that in controls, after either single or multiple
procedures. AADs were found to be paramount in maintaining sinus rhythm, as shown by
a five-fold higher probability of AAD use after ablation in patients with HCM. Nonetheless,
the combination of catheter ablation with AADs was associated with a success rate as
high as 75% after a single procedure [43,45-47]. Treatment with AADs in HCM patients is
less effective than in patients without HCM. Appropriate selection of specific AADs can
overcome this limitation. Amiodarone and sotalol are the most frequently used AADs in
this clinical setting, the former being the most effective and the latter being better tolerated.
Dofetilide is also well tolerated, and recent data suggest a high efficacy during long-term
follow-up [43].

2.4. Impact on Conduction Velocity and Arrhythmogenic Substrate Formation

AF substrate is, at least in part, dynamic, with rate-dependent effective refractory
periods and conduction velocities. These electrophysiological factors can lead to the so-
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called functional phenomena. The atrium, under higher rates and conduction velocities,
is more prone to functional phenomena than the ventricle, leading to complex electric
wavefront dynamics during AF [48]. Frontera, A et al. summarized that dual high-density
mapping during sinus rhythm and after an atrial extra stimulus reveals differences in areas
with conduction abnormalities, particularly represented by pivot sites and zones of slow
conduction. The change in direction and velocity of the traveling wavefront, when an
extra stimulus is delivered with a short coupling interval, uncovers “functional” rhythm-
dependent conduction abnormalities that can predict atrial fibrillation (AF) recurrences
during follow-up. Functional conduction abnormalities are found at sites with preserved
voltage and are often associated with anatomical structures such as the esophagus and
the sinus of Valsalva in the ascending aorta. Pulmonary vein isolation (PVI) remains the
primary treatment for AF; however, this procedure does not address the entire complexity
of AF pathogenesis. Success rates for PVI typically range from 50% to 70% in patients
with persistent AF (PsAF), and a considerable number of patients experience recurrent AF
episodes. As a result, current treatment options for these patients are still limited. This
study highlighted a new methodology for characterizing the atrial substrate in patients with
AF. The mapping protocol performed during sinus rhythm, combined with the application
of an extra stimulus delivered from the coronary sinus, is both easily reproducible and
reliable in any electrophysiology laboratory. Identifying slow conduction sites and pivot
points during either sinus rhythm or paced rhythm can provide a better characterization of
the substrate that sustains localized reentrant circuits [49].

While catheter ablation for paroxysmal AF yields satisfying outcomes in terms of
AF recurrence, persistent AF remains associated with high recurrence rates. Therefore,
patients with persistent AF may require different ablation strategies [50]. Lukito et al.,
in their meta-analysis, investigated and performed a diagnostic test meta-analysis on
whether slow left atrial conduction velocity (LACV) in the anterior wall calculated by
electroanatomic mapping predicts atrial fibrillation (AF) recurrence after catheter ablation.
Seven studies involved a sample size of 1428 patients, with a mean follow-up duration
of 13 months. Patients with AF recurrence have slower LACYV in the anterior wall (mean
difference — 0.16 m/s [—0.18, —0.15], p < 0.001). Slow LACYV in the anterior wall, defined as
LACV below 0.70-0.88 m/s, was associated with increased AF (adjusted OR 3.41 [1.55, 7.50],
p =0.002). Slow LACYV in the anterior wall has an AUROC of 0.80 [0.76-0.83], sensitivity of
70% [52, 84], specificity of 76% [67, 83], positive likelihood ratio of 2.9 [2.3, 3.6], negative
likelihood ratio of 0.39 [0.25, 0.63] for predicting AF recurrence post ablation [50]. Tissue
fibrosis occurs due to various insults, leading to intercellular gap junction remodeling
and abnormal distribution, which results in altered conduction and atrial strain [51,52].
Myocardial fibrosis promotes remodeling, which increases the resting membrane potential
of myocytes, causing decreased conduction velocity and resulting in shortened action
potential duration and refractory period. These conduction disturbances may contribute
to the development of re-entrant circuits in AF. Hence, slow LACV may serve as an
indicator of left atrial remodeling or fibrosis and is closely related to the development and
recurrence of AF [53]. Low voltage areas and slow conduction velocities more accurately
depict atrial fibrosis and interatrial conduction block, which are closely associated with
conduction issues and an increased risk of AF recurrence [54]. Determining the association
between slow LACV and AF recurrence may pave the way for utilizing high-density
mapping systems and noninvasive cardiac studies to detect slow conduction by identifying
prolonged P-wave duration or regions of potential re-entry, such as left atrial heterogeneity
through late gadolinium enhancement (LGE). This may improve the prognostication of
AF recurrence post-PVI [55]. High-density mapping studies show that zones of slow
conduction and pivot points tend to co-localize with areas of LGE-MRI fibrosis and low-
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voltage substrate in the left atrium [56,57]. A greater burden in these regions has been
associated with higher recurrence rates and with inducible organized atrial tachycardias
after ablation, particularly in patients with persistent AF. These observations have been
reproduced across different mapping platforms and multipolar catheters, although the
absolute thresholds used to define “low voltage” and “slow conduction” vary with catheter
geometry, filtering, and pacing protocol. At present, left atrial conduction velocity, pivot
zones, and slow-conducting areas are best considered qualitative markers of underlying
atrial myopathy that can complement imaging and voltage mapping, rather than fully
standardized metrics that can be applied interchangeably across all systems.

2.5. Ion-Channel Dysregulation

The mechanisms underlying AF induction and maintenance are incompletely under-
stood, but it is generally accepted that re-entry is the major mechanism of AF maintenance.
Re-entry induction requires an appropriate vulnerable substrate, as well as a trigger that
initiates re-entry within the substrate. Long-term AF causes profound alterations in atrial
structure (cardiomyocyte hypertrophy, glycogen accumulation, and interstitial fibrosis).
These lead to inhomogeneous conduction slowing that promotes the development of
anatomically fixed re-entry circuits. Atrial remodeling is clinically important as it indicates
the large resistance of persistent AF to treatment [58].

2.6. Electrophysiological and Structural Determinants

Atrial fibrillation (AF) recurrence following catheter ablation (CA) is influenced by
multiple electrophysiological and structural factors, including left atrial (LA) asynchrony,
abnormal atrial voltage, and altered conduction patterns. Emerging evidence suggests
that heterogeneity in atrial conduction and remodeling of the LA substrate contribute
significantly to post-ablation arrhythmia recurrence [59].

Recent studies utilizing pulsed-wave tissue Doppler imaging (PW-TDI) have demon-
strated that LA asynchrony is a key determinant of AF recurrence [60]. Two novel indices,
the difference between the longest and shortest P-A0 intervals (DLS) and the standard
deviation of activation times across four LA sites (5D4), have been proposed to quantify
asynchrony. Notably, patients experiencing AF recurrence exhibited significantly higher
DLS (43 £ 16 ms vs. 35 £ 16 ms; p = 0.01) and SD4 (20 + 8 ms vs. 16 = 7 ms; p = 0.004)
than those without recurrence. Additionally, LA scarring, as indicated by low-voltage areas
(<0.5 mV) on electroanatomical mapping, was associated with prolonged DLS (46 £ 19 ms
vs. 36 £ 16 ms; p = 0.04) and SD4 (23 & 9 ms vs. 16 &= 7 ms; p = 0.009). These findings
underscore the role of conduction heterogeneity and delayed atrial activation in sustaining
AF and increasing the likelihood of post-ablation recurrence. Structural remodeling of
the LA further contributes to AF persistence and recurrence. Among patients undergoing
electroanatomical mapping, all individuals with low-voltage areas exhibited a distinct
“U-pattern” of atrial activation, characterized by conduction propagating from the inferior
to anterosuperior regions. In contrast, patients with normal LA voltage demonstrated
a D-pattern of activation, consistent with conduction through Bachmann’s bundle. The
strong association between the U-pattern, LA scarring, and AF recurrence suggests that
interatrial conduction block and altered atrial excitation patterns play a pivotal role in
post-ablation outcomes [60].

Multivariate analysis further supported these findings, identifying DLS (HR: 1.02,
p =0.008) and SD4 (HR: 1.35, p = 0.031) as independent predictors of AF recurrence and the
presence of atrial scarring [61]. Interestingly, LA size (p = 0.08) and age (p = 0.35) were not
significant predictors, highlighting the importance of functional conduction abnormalities
over structural enlargement in determining ablation success [61]. These observations align
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with prior research demonstrating that total atrial conduction time, as assessed by tissue
Doppler imaging, is a reliable predictor of AF recurrence following CA.

From a clinical perspective, these findings suggest that pre-procedural assessment of
LA asynchrony and conduction abnormalities could enhance risk stratification and guide
ablation strategies. The presence of delayed anterior LA activation and conduction block
across Bachmann’s bundle may serve as markers of advanced atrial remodeling, warranting
a tailored approach to ablation in these patients [60]. Although the study had limitations,
including a relatively small cohort of persistent AF cases and individuals with extensive LA
scarring, it provides a novel electrophysiological framework for predicting post-ablation
outcomes and optimizing patient selection.

2.7. Role of Connexins and Gap Junctions

AF recurrence following CA is influenced by electrophysiological and structural re-
modeling of the atria [62]. One critical component of this process is the gap junctional
network, which facilitates impulse propagation between cardiomyocytes. Gap junctions,
composed of connexins (Cxs), play a crucial role in maintaining synchronized atrial activa-
tion. Disruptions in connexin expression, localization, and function have been linked to
increased AF susceptibility, conduction heterogeneity, and reentrant activity, which may
contribute to post-ablation recurrence [62]. Gap junctions in the atria primarily comprise
Cx40, Cx43, and Cx45, with Cx40 being the predominant connexin in atrial tissue [63].
Remodeling of these connexins has been widely observed in AF, with Cx40 and Cx43
displaying altered expression patterns, lateralization from intercalated disks, and abnormal
hemichannel activity [64,65]. Cx40 downregulation or redistribution has been strongly as-
sociated with conduction heterogeneity and AF recurrence, supporting its role in sustaining
arrhythmic substrates [66]. Multifaceted mechanisms contribute to connexin remodeling
and AF recurrence, including gene mutations, transcriptional dysregulation, and post-
translational modifications. Several mutations in the GJAS5 gene encoding Cx40 have been
identified in idiopathic and familial AF cases, leading to impaired gap junction function
and reduced electrical coupling [67]. Similarly, Cx43 mutations (GJA1) have been linked to
conduction slowing and reentrant arrhythmias, suggesting that dysfunctional connexin
interactions may create a substrate for AF persistence [68]. Beyond genetic alterations,
connexin phosphorylation and trafficking defects contribute to AF-associated gap junction
remodeling. Increased lateralization of Cx40 and Cx43 from intercalated disks has been
documented in chronic AF, resulting in abnormal conduction and increased reentry [65,69].
These findings indicate that gap junction remodeling, rather than total connexin depletion,
plays a predominant role in AF recurrence. The implications of connexin dysfunction ex-
tend to therapeutic strategies aimed at reducing AF recurrence post-ablation. Beta-blockers
such as metoprolol have been shown to mitigate gap junction remodeling, restoring normal
Cx43 distribution and reducing conduction heterogeneity [69]. Moreover, connexin gene
therapy and pharmacological modulation of hemichannel function have been explored as
potential AF interventions [70].

In summary, connexin dysregulation and gap junction remodeling play a pivotal role
in AF recurrence after catheter ablation. The loss of coordinated atrial conduction due
to altered Cx40 and Cx43 expression, mislocalization, and impaired electrical coupling
provides an arrhythmogenic substrate that sustains AF. Targeting gap junction integrity
and connexin function represents a promising approach to improving long-term outcomes
in post-ablation AF patients.
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3. Inflammatory Pathways

Inflammation plays a key role in recurrent atrial fibrillation (AF) following ablation.
Mechanical and surgical injury triggers the release of inflammatory mediators, including
cytokines and chemokines, leading to atrial remodeling and sustaining AF [71]. Rosen-
berg et al. highlight that ablation therapy increases damage-associated molecular patterns
(DAMPs), inflammatory cytokines, immune cell activity, and collagen remodeling, con-
tributing to AF recurrence. DAMPs, such as HMGB-1, mtDNA, heat shock proteins (HSPs)
27,70, and 60, along with the NLRP3 inflammasome, activate toll-like receptors (TLRs),
contributing to atrial remodeling via initiation of sterile immune responses [72].

Several studies have examined individual inflammatory mediators in AF recurrence.
Cao et al. identified the TGF-1 C-509T polymorphism as an independent predictor of
AF recurrence, with elevated TGF-f31 promoting atrial fibrosis [73]. Tian et al. also linked
higher serum TGF-f31 to extensive fibrosis and increased AF recurrence risk [19]. Wei
et al.’s study of 150 AF patients undergoing radiofrequency catheter ablation found that
elevated growth differentiation factor-15 (GDF-15) levels were associated with left atrial
remodeling and higher recurrence rates [74]. Zakynthinos et al. highlighted the role of
endothelial dysfunction in AF persistence, noting that higher asymmetric dimethylarginine
(ADMA) levels—an inhibitor of nitric oxide synthase (NOS)—are linked to increased AF
recurrence [75].

Inflammatory cytokines such as CRP, TNF-«, IL-2, and IL-6 contribute to recurrent AF
by recruiting PMNs, macrophages, and fibroblasts, driving ECM remodeling. Angiotensin-
II-stimulated TGF-B1 further promotes collagen deposition, leading to atrial fibrosis. Sys-
temic inflammation thus plays a critical role in structural remodeling, fibrosis, and con-
duction abnormalities, sustaining AF persistence [72]. Endothelial dysfunction contributes
to fibrosis and electrical remodeling, further promoting atrial substrate modifications
that favor AF initiation and maintenance [75]. Most studies that evaluated inflammatory
biomarkers in the ablation setting followed a common sampling pattern: blood was drawn
at baseline, repeated at 24-72 h after the procedure, and in some cases at 1 week and
3 months. High baseline hs-CRP and IL-6 and larger early post-procedural rises have been
associated with a greater risk of AF recurrence, particularly within the first 3-6 months
after ablation [76-79]. CRP levels often peak around days 2-3 after RF ablation and then
decline, whereas patients who maintain sinus rhythm tend to show a more pronounced
long-term decrease in inflammatory markers. By contrast, GDF-15 and relaxin have been
studied mainly as baseline risk markers. Elevated pre-ablation GDF-15 seems to reflect a
higher overall cardiovascular risk burden and has shown inconsistent associations with AF
incidence and recurrence [80]. Baseline serum relaxin has been more consistently linked
to AF recurrence after RF ablation, although data are still limited to small cohorts [81,82].
Systematic data on serial GDF-15 and relaxin measurements over time, and how their
trajectories relate to late (>12 months) recurrence, are still lacking. Differences between
energy sources may influence biomarker profiles. RF ablation typically causes larger and
more prolonged CRP and IL-6 elevations than cryoballoon ablation in some series, whereas
robust comparative data for PFA are only now emerging from ongoing trials [83-85]. Taken
together, these observations suggest that baseline inflammatory status and early post-
procedural inflammatory response provide complementary information about short- and
intermediate-term recurrence risk, but we still lack a validated, energy-specific biomarker
algorithm to guide clinical decisions.

Multiple studies [71,72,75,86] highlight oxidative stress as a key driver of atrial re-
modeling and recurrent AF. Reactive oxygen species (ROS) induce cellular damage, alter
ion channels, and disrupt atrial electrical properties. Major ROS sources in atrial tissue
include mitochondrial dysfunction, NADPH oxidases, and uncoupled nitric oxide syn-
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thases. Polymorphonuclear cells (PMNs) also release myeloperoxidase (MPO) and activate
NADPH oxidase, generating free radicals through nitric oxide (NO) uncoupling. This
cascade promotes atrial fibrosis, structural remodeling, and AF progression.

4. Autonomic Nervous System (ANS) Imbalance

Imbalances in the autonomic nervous system (ANS), including heightened sympa-
thetic and parasympathetic activity, disrupt atrial electrophysiology and contribute to
AF [72,86]. Choi et al. highlight the intrinsic cardiac autonomic system, particularly the
ganglionated plexi, in modulating atrial electrophysiology, where imbalances trigger atrial
tachyarrhythmia and elevate AF risk [87].

Molecular mediators like nerve growth factor (NGF) and catecholamines play key roles
in autonomic nervous system (ANS) remodeling, contributing to AF pathogenesis. NGF
overexpression enhances sympathetic innervation, altering atrial electrophysiology and
creating a substrate for AF. Excessive catecholamine release, particularly norepinephrine,
increases adrenergic signaling, promoting triggered activity, shortening refractory periods,
and increasing repolarization dispersion. These changes drive atrial remodeling, increasing
AF susceptibility and persistence [71].

5. Genetic and Epigenetic Factors

The cardiac action potential, a marvel of biological engineering, forms the basis of
the cardiac conduction system and is primarily influenced by the intricate shift of sodium,
calcium, and potassium ions. This complex exchange of biological molecules, orchestrated
by intercalated disks between myocytes, plays a crucial role in propagating the action
potential [88].

Several potassium channels, including the delayed-rectifier potassium current, IKs,
are expressed in cardiac cells. These channels are responsible for maintaining the resting
membrane potential, a crucial factor in the heart’s electrical activity. They play a vital
role in the different repolarization phases. The KCNQI gene encodes the cardiac IKs
channel, and it was the first disease gene linked to adult-onset familial atrial fibrillation
(AF). The KCNAS gene encodes Kv1.5, a component of the voltage-gated IKur potassium
channel. KCNAS is a promising candidate gene for familial AF due to its atrium-specific
functional expression [89]. Other gain-of-function mutations have also been identified in the
KCNE1, KCNE2, KCNE, KCNE5, KCNQ1, and KCN]J2 genes as causes of AF. Furthermore,
mutations in the SCN5A gene, which encodes a cardiac sodium channel, have also been
linked to this condition [90].

The MYL4 gene is responsible for the atrium’s electrical, contractile, and structural
integrity. It plays a crucial role in the normal functioning of the atrium, ensuring its
proper electrical activity, contractility, and structural stability. A loss-of-function variant
in the MYL4 gene was identified as causing early atrial fibrosis, which in turn leads to
atrial cardiomyopathy and atrial arrhythmia. This gene is a key player in maintaining the
atrium’s health, and any variations in its function can lead to atrial fibrillation [91]. Titin
(IT'TN) is considered a critical AF gene, as previously mentioned. The gene encodes a giant
sarcomere protein, titin, expressed in all chambers of the human heart. Titin-truncating
variants (TTNtv) have been shown to predispose individuals to AF directly [92].

Catheter ablation is a commonly used technique to manage rhythm in atrial fibrillation
(AF). However, for many patients, it may not be beneficial due to the recurrence of AF. Since
it is an intervention with several health risks, predicting which patients are more likely
to benefit from the procedure would be advantageous. Although still in its early stages,
the potential of genetic risk scores, along with other relevant factors, to aid physicians in
determining whether to perform catheter ablation on patients is a promising development.
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Polymorphisms in the chromosome locus 4q25, which contains two single-nucleotide poly-
morphisms (SNPs) (rs2200733, shown to be most strongly associated with atrial fibrillation
(AF), and rs10033464, near pituitary homeobox 2 (PITX2)), have been shown to influence
the risk of AF recurrence after catheter ablation [93]. Genome-wide association studies
(GWASSs) have been conducted to identify these variations, and PITX2 is a transcription
factor that plays a crucial role in the embryologic development of the heart, the suppression
of sinus node formation in the left atrium [94], and the formation of the pulmonary vein
myocardial sleeves [95]. It has been found to impact AF recurrence significantly [96].

Several circulating microRNAs (miRNAs) have been explored as predictive biomark-
ers of AF recurrence after ablation. Small studies suggest that miR-21, miR-29, and
newer candidates such as miR-451a and miR-15a-5p may differentiate patients who re-
lapse from those who remain in sinus rhythm, but findings are heterogeneous, and sam-
ple sizes are modest [97]. MiR-1, a muscle-specific microRNA (miRNA) and the most
abundantly expressed miRNA in both ventricles and atria, has been shown to exert a
proarrhythmic effect by modulating the inwardly rectifying potassium channel subfam-
ily ] member 2 (KCNJ2) through enhanced expression [98]. This upregulation is signif-
icantly observed in cardiomyocytes from patients with atrial fibrillation (AF) [99]. Im-
portantly, multiple studies have also demonstrated that miRNAs are involved in vari-
ous cardiovascular processes, including cardiac remodeling, fibrosis, inflammation, and
arrhythmogenesis [100,101]. They have proven to be attractive candidates as biomarkers
due to their stability in circulation and tissue-specific expression patterns [102,103]. Zhou Q.
et al. revealed that plasma miR-21 levels are strongly correlated with left atrial low-voltage
areas (LVAs), which are directly indicative of atrial fibrosis. Patients with lower miR-21
levels showed better outcomes after ablation, suggesting that it may serve as a potential
predictor and marker of ongoing atrial remodeling [104]. The proarrhythmic effect of
MiR-1 emphasizes its potential as a promising target for further research into the role of
miR-1 in AF. Beyond miR-1 and other ion-channel-modulating miRNAs, AF-related atrial
fibrosis appears to reflect an imbalance between pro-fibrotic and anti-fibrotic microRNAs.
Pro-fibrotic miRNAs, such as miR-21, miR-132, miR-199, miR-208, and miR-34a, promote
fibroblast activation, collagen synthesis, and TGF-f3 /Smad signaling, whereas anti-fibrotic
miRNAs, such as the miR-29 family, miR-30, miR-133, and miR-101, restrain extracellular
matrix deposition and fibrotic gene expression [105].

However, in the context of AF, global DNA methylation levels are significantly in-
creased in AF patients, positively correlating with age and suggesting a role in cardiac
inflammation and fibroblast activation [106,107]. Histone deacetylation, catalyzed by dis-
tinct classes of histone deacetylases (HDACsS), is linked to gene silencing [108]. Emerging
evidence suggests a crucial role for HDACs in regulating the post-transcriptional expres-
sion of various proteins in cardiomyocytes within the context of atrial fibrillation (AF),
particularly those related to cytoskeletal and conductive proteins [109]. Conversely, their
role in contractile and ion channels remains unclear. However, the potential of HDAC
inhibition to significantly block or halt the progression of AF is a promising development,
further underscoring the importance of HDAC as a potential therapeutic target in AF [109].
Nonetheless, the molecular mechanisms require further exploration. Further methylation
analysis of left atrial tissue from patients with permanent atrial fibrillation (AF) revealed
417 differentially methylated cytosine-phosphate—guanine (CpG) sites involved in inflam-
mation activation, sodium and potassium ion transport, fibrosis, and the reduction in lipid
metabolism [110]. Hypermethylation of DNA suppresses the expression of antiprolifera-
tive and anti-myofibroblast differentiation genes in the human heart, accelerating cardiac
fibrosis and AF recurrence [111,112].
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6. Neurohumoral Factors and Circulating Biomarkers

The sympathetic co-transmitter neuropeptide Y (NPY) is a promising biomarker for
sympathetic hyperactivity following myocardial infarction [113] and heart failure [114].
Increasing evidence indicates that the autonomic nervous system plays a role in inducing AF.
NPY has been recognized as a biomarker of neuromodulation in AF through its receptors in
the left atrium [115]. A study comparing persistent or long-standing atrial fibrillation (AF)
with paroxysmal AF suggested a link between AF progression and left atrial NPY receptor
expression [116]. This indicates that neuromodulation is present. Song et al. concluded
that NPY could inhibit fibrosis by reducing apoptosis in atrial myocytes and suppressing
the activation of Akt (protein kinase) in cardiac fibroblasts, consequently increasing the
incidence of AF post-ablation [117]. Circulating NPY concentrations are higher in patients
with AF than in those in sinus rhythm, and levels tend to increase with AF persistence
and symptom burden [118]. Elevated pre-operative NPY has also been associated with
an increased risk of post-operative AF after cardiac surgery [119]. Experimental work
in canines suggests that long-term changes in NPY signaling after circumferential PV
ablation may influence AF inducibility and atrial remodeling, but these findings have not
yet translated into routine peri-ablation monitoring of NPY in humans [119].

Substance P (SP) is an 11-amino acid peptide that belongs to the tachykinin family
of neuropeptides [120]. SP is primarily found in C-fiber sensory nerves that innervate the
coronary arterial system, the intrinsic cardiac neural plexus, intrinsic nerve bundles, and
interganglionic nerves in the atria, as well as occasionally in cardiomyocytes [120]. Yu
et al. paced dog hearts at 600 beats per minute to induce atrial fibrillation and discovered
that, while there was an increase in sympathetic nerve fibers in the atria, there was a
significant loss of substance P (SP)-containing nerve fibers [120]. Given that most cardiac
sympathetic (SP) activity is in the atria and that SP can influence heart rate, leading to
bradycardia, it is reasonable to conclude that a loss of SP could contribute to atrial fibrilla-
tion. Neuromodulatory strategies that target cardiac ganglionated plexi or enhance vagal
tone (e.g., GP ablation, low-level vagus nerve stimulation, ethanol infusion into the vein
of Marshall) have shown that acute changes in autonomic tone can impact AF initiation
and maintenance [121-123]. Small mechanistic studies have reported that biomarkers such
as NPY, S100B and other nerve-related proteins can reflect acute autonomic injury during
AF ablation and might predict maintenance of sinus rhythm [116,124,125]. However, dy-
namic measurements of NPY or substance P before and after neuromodulatory procedures
remain sparse, and their direct value for predicting long-term AF recurrence after catheter
ablation is unproven. Autonomic neuropeptides should therefore be viewed as promising
mechanistic markers rather than established clinical tools at this time.

Two biomarkers reflect and modulate AF: N-terminal pro-B-type natriuretic peptide
(NT-proBNP) [126] and high-sensitivity C-reactive protein (hs-CRP) [127]. Both biomarkers
have been shown to predict AF recurrence, irrespective of radiofrequency catheter ablation
of AF (RFCA). A multicenter study by Carballo et al. found that NT-proBNP levels at
6 months post-RFCA were significantly higher in patients with AF recurrence compared
to those without (p = 0.001, Wilcoxon rank sum test) [78]. Additionally, a meta-analysis
indicated that elevated high-sensitivity C-reactive protein and Interleukin-6 are also strong
markers of AF recurrence [76].

The left atrial appendage (LAA) is a remnant of the embryonic left atrium, while the
smooth-walled left atrium arises from the primordial pulmonary veins and their branches.
The LAA is an actively contracting structure, and studies have shown that it is more disten-
sible than the left atrium [128]. As a result, the LAA may help maintain left atrial pressure
by activating stretch-sensitive receptors and influencing the actions of the atrial natriuretic
factor (ANF), which increases heart rate, diuresis, and natriuresis [129]. Atrial arrhythmias,
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such as atrial fibrillation (AF), are known predisposing factors for thrombus formation,
with the left atrial appendage (LAA) serving as a primary site. The function and morphol-
ogy of the LAA are believed to contribute to the origin of thrombus. Echocardiographic
measurements of LAA function are directly correlated with the risk of thromboembolism.
Lower LAA velocities have been associated with ischemic stroke and the formation of
thrombi. Three known morphologic features of the LAA linked to ischemic stroke are its
shape, orifice size, and fibrosis [130].

Growth differentiation factor-15 (GDEF-15) is a member of the transforming growth
factor 3 (TGF-p) cytokine family, which is widely distributed in mammalian tissues, in-
cluding the prostate, intestinal mucosa, and kidney. It has been shown to play multiple
roles in various pathologies, such as cardiovascular disease [131]. A study by Kempf et al.
found that GDF-15 contributes to cardiomyocyte repair in response to tissue inflammation,
oxidative stress, and injury, exhibiting both anti-apoptotic and anti-hypertrophic prop-
erties [132]. Suppression of Tumorigenicity-2 (ST-2) belongs to the interleukin-1 (IL-1)
receptor family and can be used in conjunction with GDF-15 as a marker of cardiac stress.
It has two forms, soluble ST2 (sST-2) and transmembrane ST-2 (ST-2L), both of which are
upregulated in response to myocyte stretch, similar to brain natriuretic peptide (BNP) [133].
Wei et al. found that the expression of GDF-15 in serum was elevated in the persistent
AF group compared to the paroxysmal AF group and also increased in the recurrence
group compared to the non-recurrence group; however, it decreased after RFCA [74]. This
suggests the potential of using GDF-15 to predict AF recurrence after ablation. In a study by
Gizatulina et al., sST2 was identified as the only independent predictor of AF recurrence. A
10-unit increase in sST2 was associated with a 2.10-fold increase in the risk of AF recurrence.
Serum sST2 levels at a cut-off value of 36 ng/mL or greater can serve as a predictor [134].

Relaxin, a peptide hormone of the insulin superfamily, promotes the remodeling of
the extracellular matrix [135]. It has emerged as a natural suppressor of age-related fibrosis
in various tissues, including the skin, lungs, kidneys, and heart. Several downstream
pathological processes are involved, including reduced expression of transforming growth
factor-p (TGF-B) and tumor necrosis factor-a (TNF-«), as well as increased activity of
matrix metalloproteinases (MMPs), which leads to decreased fibrosis [135]. Hao Zhou et al.
demonstrated that relaxin is associated with fibrosis-related biomarkers and is significantly
elevated in atrial fibrillation (AF) [136]. A study by Qu et al. demonstrated that elevated
pre-RFCA relaxin levels are associated with post-RFCA AF recurrence [82]. The exact
mechanism by which relaxin contributes to atrial fibrillation (AF) recurrence is not fully
understood, but it may be related to its effects on atrial remodeling and fibrosis.

7. Emerging Exposures

Emerging research links microplastics and nanoplastics (MNDPs) to systemic inflam-
mation, oxidative stress, and endothelial dysfunction, key contributors to cardiovascular
diseases like AF [137]. MNDPs trigger inflammation, activating immune cells and causing
genomic instability, which leads to vascular endothelial dysfunction [138]. A landmark
New England Journal of Medicine study reported that patients with MNPs in carotid plaque
had roughly a 4-5-fold higher risk of myocardial infarction, stroke, or death compared
with those without detectable plastics, supporting a link between plastic contamination of
the vasculature and adverse cardiovascular events [139]. However, specific studies linking
microplastics to AF recurrence post-ablation are currently lacking. Given the established
role of inflammation and oxidative stress in AF pathogenesis, further research is warranted
to explore potential connections between microplastic exposure and AF outcomes.
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8. Ablation Energy Sources and Their Biological Footprint

Radiofrequency and cryoballoon ablation create lesions by heating or freezing tissue,
whereas pulsed field ablation (PFA) uses short, high-voltage electrical pulses to cause
non-thermal electroporation of cell membranes. Preclinical and early clinical data show
that PFA is relatively selective for cardiomyocytes, while largely sparing nearby structures
such as the esophagus, pulmonary veins, and phrenic nerve, although rare phrenic nerve
injury has been reported [85,140,141]. Randomized trials and meta-analyses demonstrate
that PFA is non-inferior to conventional thermal ablation for 1-year freedom from atrial
arrhythmias, with similar acute pulmonary vein isolation rates and shorter procedure
times [142,143]. Repeat-procedure data suggest that lesion durability and pulmonary vein
reconnection rates are comparable between PFA and high-power radiofrequency ablation,
with some series showing numerically lower reconnection after PFA, although differences
are modest and still under investigation [144-146]. In terms of systemic response, RF
and cryoablation trigger marked rises in inflammatory and myocardial injury markers
(hs-CRP, IL-6, fibrinogen, and troponin), which relate to early recurrence [79,147]. Early
work suggests that PFA may produce a different inflammatory and biomarker profile,
potentially reflecting its non-thermal mechanism, but head-to-head data are still limited,
and ongoing studies are specifically addressing this question [84].

9. Therapeutic Implications
9.1. Colchicine

Colchicine was introduced to cardiology nearly four decades ago for treating recurrent
pericarditis [148]. In recent years, its role has expanded to other cardiovascular conditions.
Atrial fibrillation (AF) is the most common complication following cardiac surgery. Given
colchicine’s efficacy in preventing pericardiotomy syndrome, several trials have evaluated
its role in preventing postoperative atrial fibrillation (POAF). A systematic review and
meta-analysis demonstrated a significant reduction in POAF (RR: 0.70, 95% CI: 0.58-0.84,
p=0.0001) [149]. However, only two of the six included trials showed a positive effect, while
four showed neutral results. Data on hospital length of stay were inconsistent [150,151],
and no study has demonstrated a reduction in all-cause mortality.

Ablation procedures for AF trigger a proinflammatory response, contributing to early
AF recurrence [152]. Colchicine has shown benefit in reducing AF recurrence at 3- and
12-month post-ablation (RR: 0.57, 95% CI: 0.39-0.83, p = 0.0032; RR: 0.58, 95% CI: 0.42-0.80,
p = 0.0008) [149,153]. Larger trials are needed to confirm colchicine’s effectiveness in
secondary AF prevention.

9.2. Corticosteroids

Corticosteroids, which modulate multiple inflammatory pathways, have been studied
in both POAF and AF recurrence after catheter ablation (CA). Koyama et al. reported a
reduction in immediate AF recurrence (<3 days post-PVI) with low-dose corticosteroids
for three days; however, recurrence between 4 and 30 days was unchanged. At 14 months,
AF-free survival was higher in the corticosteroid group (85% vs. 71%, p = 0.032) [154].
In contrast, a study by Won et al. found no significant reduction in recurrence with pre-
procedure IV corticosteroids [155].

IV corticosteroids have been shown to alter levels of IL-6, IL-8, IL-10, CRP, nitric oxide,
endothelin-1, and complement C4 [156]. One study found that IV hydrocortisone before
PVI increased the need for radiofrequency ablation and dormant PV conduction [157].
Despite some positive signals, the role of corticosteroids in secondary AF prevention
remains uncertain due to their potential adverse effects, such as GI bleeding and infections.
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9.3. Methotrexate

Methotrexate is associated with a lower incidence of new-onset AF in patients with
seropositive rheumatoid arthritis [158]. Though the exact mechanism is unclear, its anti-
inflammatory properties may contribute to risk reduction.

9.4. Cardiac Drugs with Pleiotropic Effects

Renin—-angiotensin system (RAS) inhibitors have shown benefits in both primary
and secondary AF prevention. Meta-analyses indicate reduced recurrence after electrical
cardioversion and in patients with paroxysmal AF [159].

Baia-Bezerra et al. demonstrated that sacubitril-valsartan (SV) significantly reduced
AF recurrence post-CA compared to ACEi/ARB (RR: 0.54; 95% CI: 0.41-0.70; p = 0.000004;
I? = 80%) [160]. Similarly, Sun et al. found that RAS inhibitors lowered AF recurrence
post-ablation (RR: 0.85; 95% CI: 0.72-0.99; p = 0.03), with SV showing even greater benefit
(RR: 0.50; 95% CI: 0.37-0.68; p < 0.00001) [161].

Although a specific mechanism is not well defined, losartan has been shown to reduce
stress-induced electrical remodeling in atrial cardiomyocytes [162], and Goette et al. re-
ported increased Erk1/Erk2 and ACE expression in AF patients [163], suggesting a role in
atrial fibrosis.

9.5. Statins and PCSK9 Inhibitors

Statins have been shown to reduce AF recurrence after CA, independent of LDL-
lowering effects [164]. Mechanistically, they reduce lysyl oxidase, collagen deposition, and
cross-linking—key processes in atrial remodeling [164].

While PCSK9 inhibitors have not been studied in randomized AF trials, preclinical data
suggest that evolocumab may reduce AF susceptibility in animal models [165]. However,
a clinical trial found that alirocumab did not significantly affect AF incidence post-acute
coronary syndrome (HR: 0.91; 95% CI: 0.77-1.09) [166].

9.6. Metformin

Metformin activates AMPK and inhibits fibroblast differentiation and atrial fibrosis,
key substrates for AF [167]. An observational study showed it reduced AF and ventricular
arrhythmias compared to sulfonylureas [168]. The ongoing phase 4 trial (NCT04625946) is
evaluating metformin’s role in preventing AF recurrence post-CA [169].

9.7. Sodium—Glucose Cotransporter 2 Inhibitors

Sodium-glucose cotransporter 2 inhibitors (SGLT2i) reduce AF recurrence after CA,
as shown in a recent meta-analysis [170]. They are also associated with reduced hospi-
talizations and ischemic stroke risk. A population study confirmed lower AF recurrence
post-ablation in type 2 diabetes patients on SGLT2i [171].

Mechanistically, SGLT2i affects atrial electrophysiology by modulating sodium (INa),
potassium (Ito, IKs), and calcium (ICa-L) currents, leading to reduced arrhythmogenicity [172].

9.8. Glucagon-like-Peptide-1 Receptor Agonists

Emerging data support the use of glucagon-like-peptide-1 receptor agonists (GLP-1
RAs) in reducing AF recurrence post-CA, particularly in patients with type 2 diabetes
and obesity [173]. A recent meta-analysis confirmed this association [174]. Animal mod-
els show that GLP-1 RAs prevent atrial fibrosis, electrical remodeling, and conduction
abnormalities [175].
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9.9. n-3 Polyunsaturated Fatty Acids (PUFAs)

PUFAs have shown potential in reducing POAF, with greater benefit seen when the
EPA /DHA ratio is <1 [176]. However, other studies have reported increased AF recurrence
risk, especially at higher doses [177].

PUFAs offer multiple protective effects, including anti-inflammatory, anti-thrombotic,
and antihypertensive properties, as well as favorable myocardial remodeling and electro-
physiology [178]. In canine models, omega-3 PUFAs reduced atrial fibrosis, apoptosis, and
stress-related proteins in the left atrium [179]. Further research is needed to clarify their
role in AF prevention post-CA.

10. Future Therapeutic Targets

Targeting the complex mechanisms underlying AF—including inflammation, oxida-
tive stress, and RAAS activation—may lead to novel therapies. Potential approaches
include modulating inflammatory mediators such as HSP27, HSP60, IL-10, and the NLRP3
inflammasome, or using antibodies against DAMPs [180]. However, translating these
targets into effective therapies remains a challenge.

Genetic polymorphisms affecting inflammatory responses suggest that personalized
therapies based on individual inflammatory profiles may be necessary. Atrial-specific
potassium channels like IKur and IK, ACh have been studied in phase II/1II trials but have
not demonstrated sufficient efficacy [168].

The TASK1 potassium channel is a promising target. TASK1 inhibition via small
molecules or gene therapy has shown antiarrhythmic effects in preclinical studies [181].
Canakinumab, an anti-IL-13 monoclonal antibody, did not significantly reduce AF recur-
rence after ECV but did reduce AF burden [182].

Several additional agents show promise in preclinical models, though discussion of
these is beyond the scope of this review and is detailed elsewhere [183].

11. Limitations of Current Research and Future Directions

Despite considerable advances, existing studies exhibit notable limitations, including
small sample sizes, heterogeneity in patient populations, and insufficient long-term follow-
up data. The molecular pathways leading to structural and electrical remodeling remain
incompletely understood, particularly the precise roles and interactions of TGF-31, matrix
metalloproteinases (MMPs), and connexins in atrial fibrosis and conduction abnormalities.
Moreover, inflammatory mediators, oxidative stress, and autonomic dysregulation in AF
recurrence have yet to be fully characterized in clinical populations.

Future research must prioritize comprehensive mechanistic studies integrating genomics,
proteomics, and advanced imaging to clarify these molecular pathways. Larger, multicenter
trials with diverse patient cohorts and standardized outcome measures are essential to validate
biomarkers such as serum TGF-f31, MMPs, connexins, and novel circulating markers like
GDF-15 and relaxin. Additionally, exploring emerging risk factors like microplastic-induced
inflammation could unveil new intervention targets. Ultimately, advancing the molecular
understanding of AF recurrence will enhance patient selection, improve ablation strategies,
and foster the development of personalized therapeutic approaches.

12. Conclusions

In summary, significant molecular mechanisms contributing to AF recurrence follow-
ing catheter ablation include structural remodeling and fibrosis mediated by TGF-31 and
MMPs, ion-channel dysregulation, inflammatory responses, autonomic nervous system
imbalance, and genetic and epigenetic alterations. Each of these mechanisms holds con-
siderable clinical relevance, as they not only influence the likelihood of AF recurrence
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but also provide actionable targets for enhancing therapeutic efficacy. As clinical practice
evolves, integrating molecular insights through precision diagnostics and tailored therapeu-
tic interventions holds immense promise. Future clinical approaches should incorporate
comprehensive biomarker profiling and personalized treatment strategies to refine pa-
tient selection, optimize ablation procedures, and improve long-term outcomes, ultimately
reducing AF recurrence and associated cardiovascular complications (Table 1).

Table 1. Mechanism key findings.

Mechanism

Key Findings

Fibrosis and ECM Alterations

Atrial fibrosis significantly contributes to AF recurrence, involving irreversible structural remodeling compared
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Abbreviations

The following abbreviations are used in this manuscript:

AF
AAD
ACEi
ADMA
AMPK
ANS
ANF
AUROC
BNP
CA
CFAE
CpG
CRP

Cx
DAMPs
DLS
ECM
ECV
GWAS
GDF-15
GI
HDAC
HCM
HMGB-1
HR
hs-CRP
ICa-L
ICTP

1L

INa
IKur
IKs

v

LA
LAA
LACV
LGE
LVAs
MAPK
miRNA
MMP
MNPs
MPO
mtDNA
NF-kB
NGF
NO
NOS
NPY

Atrial fibrillation

Anti-arrhythmic drug
Angiotensin-converting enzyme inhibitor
Asymmetric dimethylarginine
AMP-activated protein kinase
Autonomic nervous system

Atrial natriuretic factor

Area under the receiver operating characteristic
Brain natriuretic peptide

Catheter ablation

Complex fractionated atrial electrogram
Cytosine-phosphate-guanine

C-reactive protein

Connexin

Damage-associated molecular patterns

Difference between the longest and shortest P-AQ interval

Extracellular matrix

Electrical cardioversion
Genome-wide association study
Growth differentiation factor-15
Gastrointestinal

Histone deacetylase

Hypertrophic cardiomyopathy
High-mobility group box-1
Hazard ratio

High-sensitivity C-reactive protein
L-type calcium current
Carboxylterminal telopeptide of collagen type I
Interleukin

Sodium current

Ultrarapid delayed rectifier potassium current
Slow delayed rectifier potassium current
Intravenous

Left atrium / Left atrial

Left atrial appendage

Left atrial conduction velocity
Late gadolinium enhancement
Low-voltage areas
Mitogen-activated protein kinase
MicroRNA

Matrix metalloproteinase
Microplastics /nanoplastics
Myeloperoxidase

Mitochondrial DNA

Nuclear factor kappa-B

Nerve growth factor

Nitric oxide

Nitric oxide synthase
Neuropeptide Y
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NT-proBNP N-terminal pro-B-type natriuretic peptide

OR Odds ratio
PCSK9 Proprotein convertase subtilisin/kexin type 9
PITX2 Paired-like homeodomain transcription factor 2
PMNs Polymorphonuclear neutrophils
POAF Postoperative atrial fibrillation
PsAF Persistent atrial fibrillation
PUFAs Polyunsaturated fatty acids
PVI Pulmonary vein isolation
PW-TDI Pulsed-wave tissue Doppler imaging
RAAS Renin-angiotensin—aldosterone system
RECK ReV?rsion—inducing cysteine-rich protein with Kazal
motifs
RFCA Radiofrequency catheter ablation
ROS Reactive oxygen species
RR Relative risk
sST2 Soluble suppression of tumorigenicity-2
SNP Single-nucleotide polymorphism
SP Substance P
SV Sacubitril-valsartan
TASK1 Twik-related acid-sensitive potassium channel 1
TGF-p1 Transforming growth factor-beta 1
TIMP Tissue inhibitor of metalloproteinase
TLR Toll-like receptor
TNF-« Tumor necrosis factor-alpha
TTN Titin
TTNtv Titin-truncating variant
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