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We hypothesize that eRNA released from ischemic cardiomyocytes amplifies I/R injury via TNF-a/TNF-receptor-
1 (TNF-R1) signaling, and that hydrolysis of eRNA by RNasel can attenuate I/R injury by disrupting this
pathway. Here, we investigated the mechanistic role of eRNA and its interplay with TNF-a signaling in cardiac I/
R injury, and evaluated the therapeutic potential of RNasel and cyclosporine-A (CsA). In ST-segment elevation
myocardial infarction patients, plasma eRNA levels were significantly elevated 2 h post-percutaneous coronary
intervention (PCI), correlating positively with Creatine Kinase (CK). In murine I/R and hypoxia/reoxygenation
models, eRNA released from stressed cardiomyocytes acted as a damage-associated molecular pattern, triggering
TNF-o shedding via TACE/ADAM17 and activating TNF-R1-mediated inflammation, mPTP opening, and cell
death. Genetic deletion of TNF-« or TNF-R1 abrogated eRNA-induced cytotoxicity, while TNF-receptor- 2 (TNF-
R2) deficiency exacerbated injury. Pharmacological inhibition of TACE with TAPI suppressed TNF-a release and
preserved cell viability. RNasel effectively degraded eRNA, blocking upstream pro-inflammatory signaling,
whereas CsA preserved mitochondrial integrity by preventing mPTP opening. Notably, RNasel and CsA showed
synergistic protection in vivo when administered at reperfusion, significantly reducing myocardial infarct size.
These findings identify eRNA as both a biomarker and pathogenic mediator of myocardial I/R injury, and support
a dual-targeted strategy using RNasel and CsA to interrupt the TNF-o/TNF-R1-driven inflammatory and mito-
chondrial death pathways. Targeting both upstream inflammatory and downstream mitochondrial mechanisms

represents a promising cardioprotective intervention for acute myocardial infarction.

1. Introduction

Cardiomyocyte death during acute myocardial infarction signifi-
cantly impacts the quality of life and survival of patients with coronary
artery disease, one of the leading causes of morbidity and mortality in
industrialized countries [1-4]. Following the rupture of atherosclerotic
plaques and subsequent wound repair, coronary vessels often become
occluded by thrombus material, leading to stenotic blood flow, reduced
oxygen supply to the myocardium (ischemia), and oedema formation
[5]. Although interventional coronary recanalization can reopen
occluded arteries, it fails to prevent cell death occurring in the initial
phase of reperfusion. This paradoxical phenomenon, known as
“myocardial ischemia/reperfusion (I/R) injury,” has been extensively
studied in experimental animal models [6]. The mechanisms involved
are intricate and multifaceted, involving Ca* overload [7]1, mitochon-
drial permeabilization through the opening of the mitochondrial
permeability transition pore (mPTP) [8-10], ATP-dependent hyper--
contraction [11,12], neutrophil infiltration and “Neutrophil extracel-
lular traps” (NETs) formation [13], making it challenging to develop
effective treatments. Additionally, the variability in individual re-
sponses and the difficulty in targeting specific pathways, without
affecting others, further complicate the development of a cure. Thus,
extensive experimental studies are performed on this phenomenon to
gain a deeper understanding and identify potential therapeutic strate-
gies [14].

Although preclinical studies have convincingly demonstrated that
infarct size can be markedly reduced by interventions applied at the time
of reperfusion [15], such as contractile blockers [16], inhibitors of
Na*/Ca?t [17] or Na'/H" exchange [18], exosomes derived from
mesenchymal stromal cells (MSC-Exo) [13], acidified malonate [19,20],
or particulate guanylate cyclase agonists [21,22], none of them have
been successfully translated into clinical practice [23-25]. Experimental
studies have largely overlooked the contribution of factors from irre-
versibly damaged cardiac tissue to I/R injury. Nevertheless, disrupted
cells release cytosolic proteins such as Creatine Kinase (CK) and cardiac
troponins during reperfusion, which serve as diagnostic markers
[26-29].

Additionally, other intracellular components, including mitochon-
drial deoxyribonucleic acid (DNA) [30,31] and ribonucleic acids (RNA),
denoted here as extracellular RNA (eRNA), are detectable in the extra-
cellular space after several types of tissue damage, including hypoxia
[32,33]. The majority of eRNA consists of ribosomal RNA [34-36],
which binds to various basic proteins in blood plasma or on cell surfaces,
thereby promoting numerous extracellular functions, particularly in the
context of vascular diseases [37-39]. These functions include the acti-
vation of blood coagulation/thrombosis, the release of tumor necrosis
factor (TNF)-a and other cytokines, and the promotion of inflammatory

processes, including macrophage polarization and vasculogenesi-
s/angiogenesis [40-42]. Thus, besides its function as a “Danger--
associated molecular pattern” (DAMP) signal, eRNA acts as a potent
cofactor in cardiovascular inflammation and thrombosis, especially
under tissue-damaging or pathological conditions [43,44].

Recently, we demonstrated an essential role for eRNA and TNF-a as
early alarm signals in cardiac tissue damage that determine the cell-
destructive outcomes during cardiac I/R. TNF-a converting enzyme
(TACE/ADAM17), a member of the ADAM (a disintegrin and metal-
loprotease domain) family of proteinases, regulates inflammatory pro-
cesses by cleaving transmembrane proteins like TNF-a and its receptors,
and is implicated in various inflammatory diseases [45,46]. Our previ-
ous work demonstrated that administering ribonuclease 1 (RNasel) or
TAPI, an inhibitor of TACE, at the onset of ischemia successfully reduced
pathological parameters characteristic of I/R injury and significantly
improved early post-ischemic functional myocardial recovery [35].

Therefore, we hypothesized that eRNA, released from ischemic car-
diomyocytes, amplifies myocardial I/R injury by inducing TNF-a shed-
ding via TACE/ADAM17, thereby activating TNFR1-dependent
inflammatory and mitochondrial death signaling. We further hypothe-
sized that therapeutic hydrolysis of eRNA by RNasel, administered at
the onset of reperfusion, would attenuate myocardial injury by dis-
rupting the upstream eRNA-TACE/ADAM17-TNF-a/TNFR1 inflamma-
tory axis. Moreover, in combination with CsA, RNasel would provide
synergistic cardioprotection by simultaneously targeting upstream in-
flammatory and downstream mitochondrial pathways.

In the current study, using in vitro, ex vivo, and in vivo models of
cardiac I/R injury, we uncover a novel mechanistic link between eRNA
and TNF-a-receptor-mediated signaling pathways contributing to mito-
chondrial failure and cardiomyocyte death. Our findings highlight
mitochondria as a downstream target of eRNA/TNF-a signaling, sup-
porting a combined therapeutic approach as a novel cardioprotective
strategy in the context of ischemic heart disease.

2. Results

2.1. eRNA levels positively correlate with CKy,q, serum concentration in
STEMI patients

To identify the eRNA changes secondary to cardiac I/R injury, two
groups of patients were studied: (a) eleven matched-control patients
(63 % males, mean age 75 + 5 years) and (b) twelve ST-segment eleva-
tion myocardial infarction (STEMI) patients (67 % males, mean age
75 + 6 years). The groups did not differ in age (difference —0.16 years,
95 % confidence interval [CI] —4.70 to 4.38; p = 0.9422, unpaired two-
tailed t-test) (Fig. 1A). As shown in Fig. 1B, plasma eRNA levels were
significantly higher 2 h post-percutaneous coronary intervention (PCI)
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in STEMI patients compared to control-matched patients (595 + 150 vs.
273 £38ng/ml; p=0.0004; 95% CI 219-427 ng/ml; p=0.0004,
Welch’s t-test). Likewise, peak serum CK levels (CKp,ax) were markedly
elevated in STEMI patients compared with control subjects, showing an
over 20-fold increase at 2 h post-PCI (2248 1023 vs. 91 + 30 U/L; 95 %
CI 1507-2807 U/L; p < 0.0001, Welch’s t-test) (Fig. 1C). Across all
participants (n = 23), plasma eRNA levels were strongly correlated with
CKpax (r=0.9383; 95% CI 0.86-0.97; P < 0.0001, Pearson’s correla-
tion) (Fig. 1D), indicating that higher eRNA levels were associated with
larger infarct size.

2.2. Hypoxia-induced eRNA release enhances I/R injury

To elucidate the mechanisms of action of eRNA-induced cardiac
injury, we first quantified eRNA released from cardiomyocytes exposed

A ns
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to hypoxia or normoxia. In murine cardiomyocytes exposed to 1h
hypoxia, the concentration of eRNA detected in the supernatant was
significantly higher than the eRNA detected at 3 h of normoxia (155
+23ng/mg protein vs. 72+ 11ng/mg protein, respectively;
p = 0.0019) (Fig. 2A). The addition of TNF-a significantly enhanced the
release of eRNA by at least 1.5-fold, both under normoxic (Control 72
+11 vys. TNF-a 140 + 12 ng/mg protein; p = 0.0061) and hypoxic
conditions (Control 155 + 23 vs. TNF-a 212 + 19; ng/mg protein;
p =0.016) (Fig. 2A). Exposure of cardiomyocytes to eRNA led to a
significant sensitization of cardiomyocytes towards mPTP opening
(Fig. 2B) as detected by the time at which sudden decrease of mito-
chondrial tetramethyl-rhodamine-ethylester (TMRE) occurred in
response to oxidative stress (laser illumination). Such decay in mito-
chondrial fluorescence is followed by an abrupt increase in the cytosolic
fluorescence due to the redistribution of TMRE and the occurrence of

p=0.9422 p=0.0004 p<0.0001
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Fig. 1. Association between circulating eRNA and serum creatinine kinase (CK) in matched-control and in STEMI-patients. (A) Age of participants in matched-control
(n = 11) and STEMI patients (n = 12) 2 h post-percutaneous coronary intervention (PCI). No significant difference was observed (74.9 + 4.7 vs. 74.8 + 5.7 years;
difference —0.16 years, 95 % CI: —4.70 to 4.38; p = 0.9422, unpaired two-tailed t-test). (B) Plasma eRNA concentrations in both groups. Data are mean + SD of
triplicate measurements per individual. Levels were significantly elevated in STEMI patients compared with controls (595 + 150 vs. 273 + 38 ng/ml; 95 % CI:
219-427 ng/ml; p = 0.0004, Welch’s t-test). (C) Peak serum creatine kinase levels (CKpay) in both groups. Data are mean + SD of triplicate measurements per
individual. CKax was markedly higher in STEMI patients compared with controls (2248 + 1023 vs. 91 + 30 U/L; 95 % CI: 1507-2807; p < 0.0001, Welch’s t-test).
(D) Correlation between plasma eRNA and CKy,.x levels in all participants (n = 23) assessed using Pearson’s correlation coefficient. A strong positive correlation was

observed (r = 0.9383; 95 % CI: 0.86-0.97; p < 0.0001).
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Fig. 2. eRNA enhances hypoxia-induced cell death. Experimental Scheme: Cardiomyocytes were incubated under normoxic conditions (21 % Oz) at 37°C for 3 h,
with pharmacological treatments administered at the start of incubation. For hypoxia/reoxygenation (H/R) experiments, cardiomyocytes were exposed to 1 h of
hypoxia followed by 2 h of reoxygenation at 37°C. Treatments were applied at the onset of reoxygenation without medium exchange to simulate reperfusion
conditions. (A) Extracellular RNA (eRNA) was quantified under normoxia (3 h) or hypoxia (1 h) in supernatant of untreated (-) or TNF-a-treated cardiomyocytes.
Values represent mean + SD (n = 4 independent experiments per group). (B) Changes in the intensity of fluorescence, induced by intermittent laser illumination in
TMRE-loaded cardiomyocytes, were registered under control conditions or in the presence of eRNA (10 pg/ml) or RNasel (10 pg/ml). (C) Changes in the intensity of
fluorescence induced by intermittent laser illumination in TMRE-loaded cardiomyocytes were registered and the time of maximal cell shortening, reflecting mPTP
opening secondary to oxidative damage, was quantified in the absence (control) or presence of eRNA, RNasel or cyclosporine-A (CsA, 1 pmol/L), respectively. Values
represent mean + SEM (n = 4 independent experiments per group) (D) Following treatment of cardiomyocytes with eRNA (10 pg/ml), hydrolyzed RNA (10 pg/ml),
RNasel (10 pg/ml), RNase-inhibitor (RI, 40 mU/ml) or DNA (10 pg/ml) under normoxia (3 h) or hypoxia (1 h) as indicated, the released lactate dehydrogenase
(LDH) was quantified in each cell supernatant as an index of sarcolemmal rupture. Values represent mean + SD (n = 4 independent experiments per group). (E)
Following the induction of the in vivo acute cardiac I/R mice model, infarct size in mice hearts was quantified after coronary occlusion followed by 2 h reperfusion in
the absence (Buffer solution) or presence of eRNA (15 pg/mouse). Buffer solution or eRNA was administrated intravenously (i. v.) 5 min before reperfusion.
Representative pictures show myocardial infarct size in heart sections indicated by dual staining with 2,3,5-triphenyltetrazolium chloride (TTC) / Evans blue. Scale
bar, 5 mm. Data represent mean + SD (n = 8 mice per group). For all panels: *p < 0.05, **p < 0.01, ***p < 0.001, ns= not significant; or exact p-value shown.
Statistical significance was determined by one-way ANOVA with Bonferroni’s post hoc test or unpaired Student’s t-test, as appropriate.
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cell shortening (secondary to ATP depletion). Indeed, the time at which to that obtained in control cells (Control 9 + 0.8 vs. RNasel 9.5
rigor contracture occurred was significantly shortened in car- + 0.5 min; p = 0.9464). Addition of CsA resulted in a similar delaying
diomyocytes exposed to eRNA (Control 9 + 0.8 vs. RNA 6.4 & 1 min; effect on mPTP-mediated cell contracture (CsA 12.4 + 1.7 min;
p = 0.024) (Fig. 2C). The addition of RNasel abolished the sensitizing p = 0.0059), as previously reported [8,47] (Fig. 2C). Dysregulated
effect of eRNA (p = 0.0122) on mPTP opening, as reflected by a delay in mPTP opening uncouples oxidative phosphorylation eventually leading
the time necessary to induce rigor contracture to a value that was similar to energy collapse and cell death [7,48-50]. Under normoxia, addition
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Fig. 3. Extracellular RNA potentiates the release of TNF-o from cardiomyocytes under hypoxia. (A) TNF-a was quantified in cardiomyocyte supernatants previously
treated for 3 h under normoxia with eRNA (1 or 10 pg/ml), with hydrolyzed RNA or RNasel (10 pg/ml), respectively. (B) Cardiomyocytes were treated under
normoxia (3 h) or hypoxia (1 h) with eRNA, hydrolyzed RNA or RNasel (10 pg/ml), respectively, followed by analysis of TNF-a in corresponding cell supernatants.
Values represent mean + SD (n = 3 independent experiments per group). (C) TNF-a levels were quantified by enzyme-linked immune- sorbent assay (ELISA),
demonstrating a significant increase following eRNA treatment under normoxic and hypoxic conditions. (D) The mRNA level of peroxiredoxin-3 (Prdx3) and
superoxide-dismutases (Sod) 1-3 in cardiomyocytes treated with TNF-a (20 ng/ml) for 3 h under normoxia, were quantified by quantitative real time PCR analysis
(qRT-PCR), and compared to non-treated cells (control). Data represent changes in the ratio between target and hprt mRNA (n = 3 independent experiments per
group, each in duplicate). (E) Changes in cellular mRNA levels of inducible NO-synthase (iNos) and monocyte chemotactic protein-1 (Mcp1) in cardiomyocytes,
untreated (control) or treated with TNF-a (20 ng/ml) for 3 h under normoxia, were quantified by RT-PCR (n = 3 independent experiments per group, each in
duplicate). (F) Following intermittent laser illumination, the time span at maximal cell shortening of cardiomyocytes secondary to mPTP opening was analysed in the
absence (control) or presence of increasing concentrations of TNF-a in isolated TMRE-loaded cardiomyocytes. In a subset of experiments, anti-TNF-« (25 pg/ml; in
the absence (-) or presence of TNF-o, 50 ng/ml) as well as CsA, 1 pmol/L were included. Data represent mean + SEM of n > 20 cells per group. For all panels:
*p < 0.05, **p < 0.01, ***p < 0.001, ns= not significant. Statistical significance was determined by one-way ANOVA with Bonferroni’s post hoc test or unpaired
Student’s t-test, as appropriate.
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of eRNA, RNasel, RNase inhibitor (RI) or DNA did not induce the LDH
release in cardiomyocytes. By contrast, exposure to 1 h hypoxia fol-
lowed by 2 h reoxygenation induced a substantial increase of LDH
release, indicative of sarcolemmal rupture (Normoxia 0.96 + 3 vs.
Hypoxia 17.6 £ 2.3 %; p < 0.0001). Additional exposure to eRNA (37
+ 6 %; p < 0.0001), but not to hydrolyzed RNA, DNA or R, resulted in a
further elevation of LDH release that was almost completely prevented
by treatment with RNasel (2.1 + 1.5 %; p = 0.0002), independent of
the presence of exogenous eRNA (Hydrolyzed RNA 3.8 + 1.7 %;
p = 0.0011) (Fig. 2D). The cytotoxic effect of eRNA was further vali-
dated in an in vivo murine cardiac I/R injury model. In this model, infarct
size (expressed as the percentage of the area of risk) was significantly
larger in those hearts exposed to total cellular RNA (15 pg/mouse, ob-
tained from freshly isolated cardiomyocytes) for 5 min prior to reper-
fusion with respect to control hearts (Control 47 + 7 vs. RNA 64 + 6 %j;
p = 0.0039). These results indicate the role of eRNA in exacerbating
cardiac necrosis during I/R injury (Fig. 2E).

2.3. Hypoxia and eRNA promote cardiac I/R-induced TNF-a release

We have previously demonstrated that exposure of human mono-
cytes to eRNA resulted in the induction of TNF-a release, which largely
relied on the sheddase TNF-a-converting enzyme (TACE/ADAM17) [40,
41]. Likewise, cardiomyocytes stimulated with eRNA (10 pg/ml) dis-
played a significant increase in TNF-a release (Control 159 + 13 vs. RNA
272 + 22 pg/mg protein; p < 0.0001) that could be effectively pre-
vented by the addition of RNasel (89 + 3 pg/mg protein; p = 0.0028)
(Fig. 3A). Importantly, incubation of cardiomyocytes with eRNA for 1 h
under hypoxia led to a significantly elevated TNF-a release (312
+ 19 pg/mg protein; p = 0.0004) which was completely prevented by
RNasel treatment (83 + 23 pg/mg protein; p < 0.0001) (Fig. 3B). Even
under control conditions in which RNasel kept the level of TNF-a at a
minimum, eRNA induced a significant increase in TNF-« levels under
both normoxic and hypoxic conditions, as confirmed by ELISA (Fig. 3C).
Exposure of isolated cardiomyocytes to TNF-a for 3 h under normoxia
significantly reduced mRNA levels of antioxidant enzymes such as
peroxiredoxin-3 (prdx3) and all three isoforms of superoxide dismutase
(sod), namely the cytoplasmic sod1, the mitochondrial sod2 and the
extracellular sod3 (Fig. 3D). Also, TNF-a stimulation of cardiomyocytes
markedly increased the expression of the pro-inflammatory cytokine
mcpl as well as iNos (Fig. 3E). Furthermore, TNF-« sensitized the car-
diomyocytes towards mPTP opening and induced cardiomyocyte
contracture in a dose-responsive manner, showing maximal significant
effect at 50 ng/ml of TNF-a (Control 9.5 £+ 3 vs. TNF-a 4.9 + 2 min;
p = 0.0004), whereas anti-TNF-a (8.9 &+ 2 min; p = 0.9996) reversed
this effect (Fig. 3F). As an established protective agent, CsA (12.97
+ 1.5 min; p = 0.0242) markedly prolonged the time to cardiomyocyte
contracture.

2.4. Cytoprotective effects of TACE-inhibition

To elucidate the mechanism underlying eRNA-induced release of
TNF-a, we investigated the role of the metalloproteinase TACE/
ADAM17, a key sheddase responsible for converting membrane-bound
pro-TNF-a into its soluble, active form [41]. In murine isolated car-
diomyocytes, stimulation with eRNA (10 ug/ml) under normoxic con-
ditions for 3 h significantly increased TNF-a release compared to
controls (272.1 £ 22 vs. 167.2 + 20.7 pg/mg protein; p < 0.001;
Fig. 4A). eRNA-induced TNF-a release was significantly prevented in the
presence of the metalloproteinase inhibitors GM6001 (10 pmol/L) or by
the specific TACE inhibitor TAPI (10 pg/ml), which reduced TNF-a
concentrations to 77.8 + 8.7 1 pg/mg protein and 85.0 + 6.9 1 pg/mg
protein, respectively, in the presence of eRNA (p < 0.001 vs. eRNA
alone). Likewise, both inhibitors significantly reduced baseline TNF-o
levels when administered alone (GM6001: 86.5 + 12.4 pg/mg protein;
TAPI: 86.8 + 14.1 pg/mg protein; p < 0.001 vs. control). Notably, no
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significant differences were observed between inhibitor-treated car-
diomyocytes with or without eRNA stimulation, indicating effective
suppression of eRNA-induced TNF-a release. Moreover, TNF-a levels did
not differ significantly between GM6001 and TAP]I, in either condition.
These findings confirm a pivotal role for metalloproteinase activity in
eRNA-induced TNF-a release. (Fig. 4A).

To further delineate the role of intracellular signaling, inhibition of
NF-kB activation with the IkB phosphorylation inhibitor Bay11-7082
(10 umol/L) significantly attenuated TNF-« release both when applied
alone (66.5 + 9.1 pg/mg protein; p < 0.001 vs. control) and in combi-
nation with eRNA (115.4 + 9.9 pg/mg protein; p < 0.0038 vs. control),
implicating canonical NF-kB signaling in the eRNA-induced response.
However, TNF-a levels remained significantly higher with eRNA plus
Bay11-7082 compared to Bayl11-7082 alone (p = 0.0071), indicating a
partial but meaningful contribution of NF-kB. These findings underscore
the predominant role of metalloproteinases - particularly TACE - in
mediating eRNA-induced TNF-a shedding. Finally, neutralization of
TNF-a using a monoclonal antibody (25 pg/ml) fully suppressed cyto-
kine levels, irrespective of eRNA exposure (14.3 + 8.6 and 20.6 =+ 4.
9 pg/mg protein, respectively; p < 0.0001 vs. control), thereby con-
firming the specificity of the assay and the central role of TNF-a in this
model (Fig. 4A).

The concentrations for GM6001, TAPI, Bayl1, and anti-TNF-a were
selected based on previous studies demonstrating that eRNA-induced
TACE activation and TNF-a shedding are effectively inhibited in vitro
under these conditions [51]. Moreover, under normoxic conditions
(3 h), treatment with eRNA, TNF-a, or TAPI alone did not significantly
increase LDH release in murine cardiomyocytes compared to control,
indicating preserved sarcolemmal integrity. In contrast, exposure to H/R
significantly increased LDH release (Normoxia: 16 + 4 % vs. H/R: 40 +
8 %; p < 0.0001), consistent with sarcolemmal disruption (Fig. 4B).
Addition of exogenous TNF-a during reoxygenation further exacerbated
cardiomyocyte injury (63.6 + 5 %; p < 0.0001 vs. H/R), while TAPI
treatment did not significantly alter LDH release compared to H/R alone
(43.3 + 6 %; p > 0.99). Co-administration of TNF-o and eRNA (66.6 +
6 %) did not significantly amplify cytotoxicity beyond TNF-a alone,
indicating a potential saturation of the TNF-a-induced cytotoxic
response. Notably, TAPI significantly attenuated TNF-a-induced
(p = 0.0262) and TNF-a + eRNA-induced (p = 0.0037) LDH release, but
had no effect on hypoxia-induced injury alone (p > 0.99), in contrast to
the protective profile observed with RNasel (Fig. 2D). These findings
suggest that, while inhibition of TACE/TNF-a shedding confers signifi-
cant protection, upstream targeting of eRNA with RNasel offers superior
cytoprotection by mitigating the initiating trigger of the TNF-a axis.

Furthermore, the effect of TAPI was investigated in the isolated
perfused heart model exposed to I/R. TAPI was administered 30 min
prior to the ischemic phase. TNF-a release (pre-ischemic values 12 + 5
ys. maximal peak 85 =+ 10 pg/min; p = 0.0032) was significantly
reduced upon treatment with TAPI (22 + 8 pg/min; p = 0.0273)
(Fig. 4C). TAPI-treatment also decreased LDH release (Fig. 4D) in
comparison to the untreated I/R group. The cumulative LDH release was
also markedly reduced (I/R 143 + 25 vs. I/R+TAPI 53 + 13 Ul/g tissue;
p = 0.0249) along with a significant reduction in infarct size by 14 % (I/
R 45 £ 7 vs. I/R+TAPI 31 + 8 %, p = 0.0249) (Fig. 4E). Administration
of TAPI preserved cardiac tissue architecture and prevented reperfusion-
induced reactive oxygen species (ROS) burst from 211 + 17 AU/um? in
I/R hearts to 91 & 10 AU/um? in TAPI treated group (p < 0.0001), as
detected by confocal microscopy using a previously described approach
[35] (Fig. 4F-G). These data indicate that the TACE-inhibitor TAPI exerts
a similar protective role as that previously documented for RNasel [34,
35].

2.5. eRNA-induced cell death under hypoxic conditions requires TNF-
receptor-1 activation

The role of TNF signaling in eRNA-induced cardiomyocyte death was
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Fig. 4. Inhibition of metalloproteinases prevents TNF-« shedding and cell death. Experimental Scheme: Cardiomyocytes were incubated under normoxic conditions
(21 % O2) at 37°C for 3 h, with pharmacological treatments administered at the start of incubation. For hypoxia/reoxygenation (H/R) experiments, cardiomyocytes
were exposed to 1 h of hypoxia followed by 2 h of reoxygenation at 37°C. Treatments were applied at the onset of reoxygenation without medium exchange to
simulate reperfusion conditions. (A) Cardiomyocytes were treated for 3 h under normoxia in the absence (-) or presence of eRNA (10 pg/ml, grey zones) with
GM6001 (10 pmol/L), TAPI (10 pg/ml), Bayll (10 pmol/L) or anti-TNF-a (25 pg/ml) followed by quantification of TNF-a protein in the corresponding cell su-
pernatants. Values represent mean + SD (n = 3 independent experiments per group); *p < 0.05, ***p < 0.001; by one-way ANOVA followed by Bonferroni’s test. (B)
Following treatment of cardiomyocytes with eRNA (10 pg/ml) or TNF-a (20 ng/ml) in the absence (-) or presence of TAPI (10 pg/ml) under normoxia (3 h) or
hypoxia (1 h, grey zone), the released LDH was quantified in the respective cell supernatants. Values represent mean + SD (n = 3, independent experiments per
group), *p < 0.05, **p < 0.01, ***p < 0.001, ns=non-significant; by one-way ANOVA followed by Bonferroni’s test. (C) Isolated rat hearts (Langendorff-model) were
submitted to I/R (45 min/120 min) in the absence (Buffer solution) or presence of TAPI (1 pmol/L). TAPI (1 pmol/L) was continuously administrated starting 30 min
prior ischemic phase, for both set of experiments the stabilization phase was of 40 min. Release of TNF-a was quantified in the perfusate fractions throughout the
40 min stabilization and the first 15 min reperfusion period in Langendorff hearts submitted to I/R protocol alone or after administration (arrow) of TAPI (1 pmol/L).
TNF-a values are corrected for respective flow rate and normalized to the effluent protein concentration; they represent mean + SD (n = 3 hearts per group);
#p < 0.001 (I/R vs. pre-ischemic values); *p < 0.001 (I/R+RNasel vs. I/R) at the determined time points; statistical significance was assessed using Student’s t-test
for comparisons between two groups. (D) In Langendorff hearts submitted to I/R protocol alone or after administration (arrow) of TAPI (1 pmol/L), LDH release was
quantified in the perfusate fractions throughout the 40-min stabilization and the first 15 min reperfusion period. LDH values are normalized to tissue weight and are
expressed as mean + SD (n = 3 hearts per group); *p < 0.05, **p < 0.01 vs. I/R at the determined time points; statistical significance was assessed using Student’s t-
test for comparisons between two groups. (E) Infarct size was quantified by the TTC reaction in heart sections and expressed as the percentage of necrotic tissue with
respect to total ventricular mass in the different treatment groups indicated. Values represent mean + SD (n = 6 hearts per group); p = 0.0249; by Student’s t test. (F)
Microslices obtained from the isolated Langendorff-perfused hearts submitted to 30 min stabilization followed by 45 min ischemia and 120 min reperfusion (I/R)
alone or in the presence of TAPI (1 pmol/L) were analyzed by immunofluorescent staining. (G) Quantitative analysis of ROS (dihydroethidium) production described
in (G) was performed; values represent mean + SD (n = 3 hearts per group); p < 0.0001; by Student’s t test. ROS (dihydroethidium, red) production together with
dAetection of F-actin (green) and nuclear DNA (DAPI, blue) was analyzed by confocal microscopy. Representative images of multiple experiments are shown.

further investigated by quantifying LDH release as a marker of cell
membrane damage. Primary cardiomyocytes were isolated from WT,
TNF-a knockout (TNF-a-/-), TNF receptor 1-knockout (TNF-R1-/-), and
TNF receptor 2 knockout (TNF-R2-/-) mice, and exposed to normoxic or
H/R conditions in the presence or absence of eRNA. TNF-R1, known for
its death domain, is primarily associated with pro-apoptotic and pro-
inflammatory signaling, while TNF-R2 (lacking an intracellular death
domain) generally promotes cell survival and tissue repair, highlighting
the importance of their distinct roles crucial in the context of car-
diomyocyte death and survival [52,53].

In WT cardiomyocytes, LDH release was minimal under normoxia
(15.7 £ 4 % of control), increased significantly upon H/R (40.7 + 13 %
of control; p = 0.001 vs. normoxia), and was further elevated in the
presence of eRNA (59.5 + 8 % of control; p < 0.0001 vs. normoxia;
p =0.0096 vs H/R alone), indicating that eRNA exacerbates H/R-

induced cell death in a statistically significant manner (Fig. 5A).

In TNF-a-/- cardiomyocytes, LDH release was also low under nor-
moxia (24.4 + 5 % of control) and significantly increased after H/R
(43.2 + 9 % of control; p = 0.0048 vs. normoxia). However, unlike WT
cells, the addition of eRNA did not significantly enhance LDH release
(43.2 + 10 % of control vs. H/R; p > 0.9999), although it remained
significantly higher than under normoxia (p = 0.0049), suggesting that
TNF-a is necessary for the eRNA-mediated amplification of cell death
(Fig. 5B). TNF-R1-/- cardiomyocytes showed low LDH levels under
normoxia (23 + 9 % of control), with a significant increase upon H/R
(51.9 + 11.2 % of control; p = 0.0024 vs. normoxia). Similar to TNF-
a-/- cardiomyocytes, the addition of eRNA did not significantly enhance
LDH release (48 + 14.9 % of control vs. H/R; p > 0.99), although levels
remained significantly higher than under normoxia (p = 0.0125)
(Fig. 5C). In contrast, TNF-R2-/- cardiomyocytes exhibited a response

In vitro Hypoxia / Reoxygenation (H/R)

Normoxia 3h | 2h |
A WT B  TNF-o- C TNF-R14- D TNF-R2--
p<0.0001 p=0.0049 p=0.0125 p<0.0001
= 80 = 80y m——— g0, —m————— 80, ————
= =0.0096 -
o p=0.001 F—— e L p=0.0207
£ =0.0048 ' 4 p=0.0024 T 3 =0.0103
§ 60 60{ P=0. o 60{PT .'|'. 60 P,-__|.
) T I:
°
L 4 40 $ a0{ o 40 )
2 ¢ |1 T |*
= :I: ? I
= 20 20 20
g 20 b $ &
T
9 0 0 0 _
Normoxia  — RNA Normoxia — RNA Normoxia, — RNA Normoxia — RNA
HIR HIR HR HIR

Fig. 5. TNF signaling is involved in eRNA-induced cell death. Release of LDH from cardiomyocytes was quantified in the supernatant from (A) wild-type (WT), (B)
TNF-a-/- mice, (C) TNF-receptor-1 (TNF-R1)-/- mice, or (D) TNF-receptor-2 (TNF-R2)-/- mice under normoxia for 3 h or subjected to hypoxia/reoxygenation (H/R -
grey zone) in the absence (-) or presence of eRNA. For all panels: Data represent mean + SD (n = 6, independent experiments per group); exact p-value is shown or
ns= not significant. Statistical significance was determined by one-way ANOVA with Bonferroni’s post hoc test, as appropriate.
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pattern similar to wild-type cells: LDH release increased from 27.8
+ 10.1 % of control under normoxia to 46.2 + 9.3 % following H/R (vs.
normoxia; p = 0.0103), and was further elevated upon eRNA treatment
(62.7 £ 8.0 % of control; p < 0.0001 vs. normoxia, p = 0.0207 vs. H/R)
(Fig. 5D). Accordingly, TNF-R2 likely does not play a critical role in
eRNA-mediated cell death. Moreover, the consistent increase in LDH
release following H/R across all genotypes highlights the presence of
TNF-independent mechanisms - likely involving oxidative stress and
mitochondrial dysfunction - that significantly contribute to car-
diomyocyte injury.

2.6. Invitro RNasel-induced cardioprotection is linked to TNF-receptor-1
activation, while CsA induces cardioprotection independently of TNF-

signaling

To investigate the cytoprotective effects of RNasel and CsA on
reoxygenation-induced cell death in cardiomyocytes, we measured LDH
release into the supernatant following the induction of hypoxia/reox-
ygenation (H/R) in cardiomyocytes derived from WT, TNF-a-/-, TNF-
R1-/-, and TNF-R2-/- mice. In WT cardiomyocytes (Fig. 6A), H/R
significantly increased LDH release (43.8 + 9.5 % of control), and this
was significantly reduced by RNasel (22.0 +£6.6% of control;
p = 0.0003 vs. H/R), CsA (23.8 + 7.6 % of control; p = 0.0009), or their
combination (9.3 + 5.2 % of control; p < 0.0001). Notably, combined
RNasel +CsA treatment led to a further significant reduction compared
to RNasel (p = 0.0459) or CsA alone (p = 0.0173), indicating a syner-
gistic protective effect. No significant difference was observed between
RNasel and CsA treatments alone (p > 0.99).

In TNF-a-/- cardiomyocytes (Fig. 6B), LDH release increased after H/
R (45.2 + 9 % of control). CsA (29.5 4+ 7.8 % of control) and RNa-
sel +CsA (25.17 £ 7.9 % of control) significantly reduced LDH release
compared to H/R alone (p =0.0222 and p = 0.0027, respectively),
whereas RNasel alone had no significant effect (45.5 + 8.3 % of control,
p > 0.99). Compared to RNasel, CsA conferred significantly greater
protection (p =0.0189), and importantly, the combination RNa-
sel +CsA provided a significantly enhanced protection compared to

In vitro
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RNasel alone (p = 0.0023). However, no additional reduction was
observed when comparing co-treatment with CsA (p > 0.99), suggesting
that while CsA drives the major protective effect, RNasel contributes
only partially, with its synergistic potential constrained by the absence
of TNF-a.

In TNF-R1-/- cardiomyocytes (Fig. 6C), H/R-induced LDH release
(40 £ 12 % of control) was significantly reduced by CsA (24.5 £ 7.9 %
of control; p = 0.0459), but not by RNasel (45.5 + 8.3 %; p > 0.99).
RNasel +CsA (26 + 9 % of control) significantly reduced LDH release
compared to H/R (p = 0.0106). Interestingly, CsA alone was signifi-
cantly more effective than RNasel (p = 0.0054), and co-treatment was
also superior to RNasel alone (p = 0.0104), while no significant dif-
ference was found compared to CsA alone (p > 0.99), indicating a
possible role of TNF-R1 in mediating the synergistic effects observed in
WT cells.

In TNF-R2-/- cardiomyocytes (Fig. 6D), H/R-induced LDH release
(41 £14 % of control) was significantly reduced by RNasel (20
+6.2% of control; p=0.0039), CsA (23.3 £8% of control;
p = 0.0174), and RNasel +CsA (12.3 + 4 % of control; p = 0.0001).
Notably, co-treatment with RNasel +CsA led to a further significant
reduction compared to RNasel alone (p =0.0364) or CsA alone
(p = 0.0156), indicating a synergistic protective effect. No significant
difference was observed between RNasel and CsA monotherapies
(p > 0.99), suggesting that TNF-R2 is not essential for the observed
synergy between RNasel and CsA.

2.7. RNasel administration at the onset of reperfusion prevents eRNA-
induced myocardial damage in vivo

The protective effect of RNasel, CsA, and their combination
(RNasel +CsA) against eRNA-induced myocardial damage was tested
in an in vivo acute cardiac I/R model. WT mice were subjected to
45 min of coronary occlusion followed by 2 h of reperfusion[35,54].
Intravenous boluses of RNasel (100 pg/mouse), CsA (10 mg/kg), a
combination of RNasel and CsA, or buffer control (NaCl) were
administered 5 min prior to the reperfusion period [55]. Myocardial
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Fig. 6. Cytoprotective influence of RNasel and CsA on reoxygenation-induced cell death. Following the induction of the cardiomyocyte hypoxia/reoxygenation
model, the release of LDH from cardiomyocytes was quantified in the supernatant from (A) wild-type (WT), (B) TNF-a-/- mice, (C) TNF-R1-/- mice, or (D) TNF-R2-/-
mice in the absence (-) or presence of RNase1(10 pg/ml) and/or CsA (1 pmol/L). Where indicated, RNasel and/or CsA were introduced into the medium at the onset
of reoxygenation and were present throughout reoxygenation phase. For clarity, treatment groups are represented as follows: Control (grey bar), RNasel (blue bar),
CsA (orange bar), and RNasel +CsA combination (yellow bar). For all panels: Data represent mean + SD (n = 6, independent experiments per group); exact p-value
is shown or ns= not significant. Statistical significance was determined by one-way ANOVA with Bonferroni’s post hoc test, as appropriate.
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infarct size was determined after 2 h reperfusion by dual staining with
2,3,5-TTC / Evans blue to delineate viable myocardium and marking of
non-at-risk regions of the heart, respectively. Infarct size, expressed as
a percentage of the area at risk (IS/AAR, %), was significantly reduced
in the RNasel-treated group compared to the buffer control (NaCl)
group (32.3 +6 vs. Control = 50.9 &+ 6 %; p = 0.0039). Similarly,
CsA-treated mice showed a significant reduction compared to controls
(27.8 + 8; p < 0.0001), while RNasel +CsA (19.2 + 7 %; p < 0.0001)
combination therapy further reduced infarct size slightly, showing a
possible synergistic effect compared to controls. This combination also
resulted in significantly smaller infarcts compared to RNasel alone
(p = 0.0006) and to CsA alone (p = 0.0416). There was no statistically
significant difference between RNasel and CsA monotherapies
(p = 0.8537), suggesting that both are similarly effective as single
agents. Representative images (scale bar = 5 mm) clearly illustrate the
infarct size differences among treatment groups. It is important to note
that the area at risk was similar among all groups, indicating that the
initial extent of myocardial ischemia was comparable (p > 0.99; ns
between groups) (Fig. 7 A-C). Moreover, the ROS content in I/R hearts
(200 + 37 AU/um?) was significantly reduced upon treatment with
RNasel (145 + 22 AU/pmz; p =0.0015) CsA (146 + 23 AU/pmz;
p < 0.0001) or a combination of both (106 + 36 AU/me; p < 0.0001),
highlighting their important role in attenuating oxidative stress in the
injured heart (Fig. 7D). Overall, these results indicate that both RNasel
and CsA independently protect the heart from I/R-induced damage,
and their combination offers an enhanced protective effect.

3. Discussion

In the present study, we provide novel mechanistic insights into the
early phase of cardiac I/R injury, driven by the endogenous eRNA/
RNase system. The eRNA-dependent, TNF-a-related pathways identified
here may not be restricted to ischemic heart disease but could also
extend to ischemia-induced damage in other organs or tissues.
Furthermore, interventions with TACE inhibitors (such as TAPI) or
RNasel may offer promising new strategies for general cytoprotection.
Our data support a previously unrecognized, reciprocal and deleterious
interaction between eRNA and TNF-a in myocardial I/R injury. The
rationale for studying the role of eRNA as an early alarm signal in
ischemic heart disease was based upon our previous findings that these
poly-anionic compounds promoted arterial thrombosis [56], and
induced the release of cytokines that led to increased vascular perme-
ability, I/R injury [34,35] and oedema formation in vivo[57]. Clinical
validation from our previous study further supported this concept: in a
cohort of patients undergoing cardiac surgery, we observed a parallel
and significant increase in circulating eRNA and TNF-« levels after aortic
declamping, particularly in coronary sinus blood [26,34]. Under
ischemic conditions, eRNA significantly downregulated the expression
of antioxidant enzymes, strongly suggesting that it contributes to the
impairment of the endogenous protective mechanisms under stress
conditions [35]. The effects of eRNA were largely inhibited by RNasel,
placing RNasel as a prominent vessel-protective agent[58]. The signif-
icant increase in RNasel following remote ischemia preconditioning in
patients, without affecting normal cardiac function parameters or
inflammation [26,34], further supports the relevance of this molecular
system under investigation.

Acute elevation of eRNA levels, both free and associated with
microvesicles [36], was observed at the onset of reperfusion in the iso-
lated rat heart model and in hypoxia-exposed cardiomyocytes. This
finding aligns with a recent report showing the release of tissue
factor-bearing microvesicles from cardiomyocytes under inflammatory
conditions [59]. Likewise, increased plasma concentrations of eRNA
were noted in acute models of vessel stenosis and chronic atherosclerosis
in mice [60]. Upon induction of I/R, an initial reperfusion-dependent
washout of eRNA, along with cardiomyocyte-specific markers like CK
and troponins, was followed by a second peak of eRNA, likely
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Fig. 7. RNasel administration at the onset of reperfusion prevented eRNA-
induced myocardial damage in vivo. Study protocol. Following the induction
of the in vivo acute cardiac I/R model in WT mice, infarct size (expressed as
percentage of area at risk) was quantified after coronary occlusion (45 min)
followed by 2 h reperfusion. As indicated by the arrow, 5 min prior to the
reperfusion period, treated mice received an intravenous bolus of buffer control
(NaCl), RNasel (100 pg/mouse), CsA (10 mg/kg) or a combination of RNasel
and CsA respectively; values represent mean + SD (n = 10 mice per group).
Scale bar, 5 mm. (A) Representative pictures show myocardial infarct size in the
heart sections indicated by dual staining with 2,3,5-TTC (1 %) and Evans blue
(1 %). (B) Myocardial infarct size quantification, measured by Infarct Size /
Area at Risk (%) when compared to buffer control (NaCl) in adult WT mice
subjected to in vivo IRI. (D) Microslices obtained from mice hearts of the groups
described were analyzed by immunofluorescent staining. Quantitative analysis
of ROS (dihydroethidium) production was performed; values represent mean +
SD (n = 3 hearts). For clarity, treatment groups are represented as follows:
Control (grey bar), RNasel (blue bar), CsA (orange bar), and RNasel +CsA
combination (yellow bar). For all panels: Data represent mean + SD (n =6,
independent experiments per group); exact p-value is shown or ns= not sig-
nificant. Statistical significance was determined by one-way ANOVA with
Bonferroni’s post hoc test, as appropriate.
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originating from cardiomyocytes and/or fibroblasts [35], the two major
cell types in the heart. Unlike CK, troponins, or LDH, eRNA continued to
be released into the perfusate over a prolonged period, potentially acting
as a cell-damaging factor through direct or indirect effects on cell
functions. To block the direct or indirect effects of eRNA, RNasel was
applied in experimental models in vitro in comparisons made to RNase
inhibitor treatment, which effectively and immediately inhibited any
residual endogenous RNasel. Collectively, these results from three
distinct experimental I/R injury models, coupled with the positive cor-
relation between circulating eRNA and serum CK in STEMI patients,
provide strong evidence for the significant role of the eRNA/RNase
system in ischemic cardiac disease and highlight the tissue-protective
effects of RNasel.

Recent findings have also identified the DAMP “extracellular RIPK3”
as a significant contributor to cardiac I/R injury [28], suggesting that
inflammatory mediators may interact with the eRNA/TNF-a signaling
pathways, potentially exacerbating tissue damage during ischemic
events. Since eRNA, as a DAMP, in association with inflammatory pro-
cesses, may provoke the release of TNF-a via a proteolytic shedding
reaction involving the metalloproteinase TACE [41], we tested whether
this mechanism would apply to the model of I/R injury as well. While a
significant elevation of TNF-o was induced under I/R in the isolated
heart model as well as under hypoxic conditions in cardiomyocytes, the
presence of RNasel mitigated TNF-a shedding [61].

In this context, recent data demonstrate that ribosomal eRNA can
synergize with Toll-Like Receptor 2 (TLR2) ligands to amplify inflam-
matory cytokine release via TLR2/NF-xB signaling [62], although the
potential involvement of cytosolic RNA sensors such as PKR, MDAS5, or
RIG-I in recognizing endogenous eRNA remains to be determined. This
supports a broader role for eRNA in sterile inflammation and aligns with
our current findings in the I/R setting, where eRNA functions not only as
a DAMP but also as a key amplifier of cytokine signaling. Although our
study provides important insights into the role of eRNA in TNF-a
shedding via TACE activation, the underlying intracellular signaling
mechanisms remain to be fully elucidated. As we have demonstrated,
eRNA induces TACE-dependent TNF-a release from cardiomyocytes in a
manner dependent on intact RNA, which can be prevented by RNasel
(Fig. 8A). However, the precise pathways leading to TACE activation,
particularly involving MAPK, Akt, and NF-kB signaling, warrant further
investigation. In our previous work, we identified these signaling cas-
cades as critical mediators of eRNA-induced TACE activation in other
cell types [51]. Given the potential relevance of these pathways in
cardiomyocytes and infiltrating immune cells during myocardial I/R
injury, we propose that future cardiac-specific studies should investigate
the role of MAPK, Akt, and NF-kB signaling in eRNA-mediated TACE
activation to further understand the mechanisms underlying this
process.

Since TNF-a largely recapitulates the adverse effects of eRNA during
I/R in the isolated rat heart and in hypoxic cardiomyocytes (particularly
with respect to mPTP opening, cardiomyocyte contracture and cytokine
release), it seems likely that these factors influence each other in their
detrimental effects. Indeed, TNF-a directly promoted eRNA release,
specially under hypoxic conditions, further enhancing TNF-a release and
establishing a vicious cycle that leads to cardiomyocyte death. Impor-
tantly, inhibiting TACE with protease inhibitors prevented TNF-o
shedding and mitigated subsequent pathological outcomes, such as LDH
release. Thus, TACE inhibitors closely mimic the protective effect of
RNasel in cardiac I/R injury, and both strategies appear to offer
promising approaches for tissue protection in ischemic heart disease.
These therapies could be applied during acute percutaneous coronary
intervention in STEMI patients to prevent or reduce cardiac tissue
injury. Consistent with this protective profile, administration of RNasel
prevented LDH release during I/R as a general marker for necrotic cell
death. In addition to its protective role against mPTP opening RNasel
significantly reduced ROS levels in cardiomyocytes (both ex vivo and in
vivo) and, most importantly, led to a marked reduction in infarct size and
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preservation of tissue architecture. These findings provide conclusive
evidence that RNasel protects multiple physiological parameters,
underscoring its causative relation in RNA-hydrolysis. We demonstrate
that eRNA stimulates TNF-a shedding from cardiomyocytes under nor-
moxic and hypoxic conditions, a response that is abrogated by RNasel.
In turn, TNF-o promotes eRNA release, establishing a functionally
reinforcing feedback loop (Figs. 2A, 3A-C). Although we did not
perform time-resolved or sequential blockade experiments, the func-
tional interdependence between eRNA and TNF-« is clear: both sensitize
cardiomyocytes to mPTP opening, and these effects are reversed by
RNasel or anti-TNF-a (Figs. 2B, 2C, 3F). This loop appears pathophy-
siologically relevant.

While the primary focus of this study was on the direct
cardiomyocyte-mediated mechanisms of eRNA and TNF-a toxicity, it is
important to consider that TNF-a can also influence coronary vascular
tone, potentially contributing to no-reflow phenomenon or microvas-
cular dysfunction during reperfusion [6,63,64]. Although our Langen-
dorff data showed no significant change in coronary flow with TAPI
treatment, suggesting that improved perfusion was not the primary
driver of protection in that model, a potential vascular component of the
eRNA/TNF-a axis in the intact organism represents an interesting
avenue for future research.

Exogenous eRNA administration significantly increased infarct size
(Fig. 2E), and our previous clinical study showed that both eRNA and
TNF-a are markedly elevated in coronary sinus blood during cardiac
surgery. Notably, remote ischemic preconditioning (RIPC) increased
endogenous RNasel and reduced both mediators, highlighting the
therapeutic potential of modulating this axis [34]. These findings pro-
vide strong functional evidence for a self-reinforcing eRNA-TNF-a cir-
cuit that drives myocardial damage and support the therapeutic
targeting of this pathway with RNasel.

To investigate whether additional cardioprotective effects could be
achieved by targeting distinct cell death pathways, we also evaluated
CsA, a well-characterized inhibitor of the mPTP - a key contributor of
reperfusion-induced cardiomyocyte death. CsA has demonstrated
consistent efficacy in preclinical models by reducing infarct size and
preserving cardiac function through stabilization of mitochondrial
integrity during reperfusion [65]. However, its failure to show clinical
benefit in large randomized trials, such as CIRCUS, has raised concerns
about its translational potential [66]. Possible contributing factors
include inadequate delivery to ischemic myocardium, variability in
CYP3A4-mediated metabolism, and off-target effects such as calcineurin
inhibition [67]. Despite these limitations, CsA remains a
well-established experimental tool to confirm the contribution of mito-
chondrial permeabilization to I/R injury, with recent studies reinforcing
its protective effects when administered at the onset of reperfusion, even
in settings such as heart transplantation after circulatory death heart
models [68]. We acknowledge that Fig. 2C does not include a combined
eRNA + RNasel + CsA group, which limits conclusions regarding po-
tential additivity at the level of mPTP opening. This limitation is
important to note; however, additivity was directly assessed in subse-
quent in vitro and in vivo experiments, where RNasel and CsA
co-treatment consistently provided enhanced cardioprotection
compared to either agent alone.

Our data also demonstrate that RNasel and CsA provide significant
cytoprotection against reoxygenation-induced cell death in -car-
diomyocytes. While both agents are effective individually across all
tested genotypes, their combined effect is most pronounced in WT cells.
The absence of TNF-a or TNF-R1, but not TNF-R2, appears to diminish
the synergistic benefits of RNasel and CsA co-treatment. However, CsA
retained its protective effect, suggesting that TNF signaling pathways
may play a role in mediating their combined cytoprotective effects. In an
in vivo I/R murine model, the administration of RNasel, CsA, or their
combination at the time of reperfusion significantly reduced myocardial
infarct size. Notably, the combination of RNasel and CsA suggest a
possible synergistic protective effect, highlighting their potential for
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Fig. 8. Proposed mechanism of eRNA-TNF-« interplay mediating cardiomyocyte injury during ischemia/reperfusion (I/R) and the protective effects of RNasel or
TACE inhibition. (A) During ischemia, hypoxic stress triggers the release of extracellular RNA (eRNA) from injured cardiomyocytes. Upon reperfusion, eRNA levels
markedly increase and act as danger-associated molecular patterns (DAMPs), promoting monocyte activation, macrophage-mediated cytokine release, and neutrophil
recruitment. These responses further enhance inflammation and TNF-a production, creating a positive feedback loop. (B) Mechanistically, eRNA [1] induces the
activation of TNF-a converting enzyme (TACE/ADAM17) [2], which cleaves membrane-bound pro-TNF-« into its soluble, active form. TNF-a then binds to TNF-R1
[3], activating NF-xB signaling, inflammatory gene expression, and inducible nitric oxide synthase (iNOS). Simultaneously, this signaling cascade contributes to
mitochondrial calcium overload, ROS accumulation, and mitochondrial permeability transition pore (mPTP) opening, culminating in cytochrome c release and cell
death [4]. eRNA induces TNF-«a release, which in turn triggers further eRNA release, forming a self-amplifying inflammatory feedback loop [5]. RNasel-mediated
hydrolysis of eRNA and TAPI (a TACE inhibitor) interrupts this cascade, representing a promising strategy to reduce acute inflammation and cardiomyocyte death.
Combined administration of RNasel and CsA yields synergistic cardioprotection, effectively interrupting both upstream inflammatory signaling and downstream

mitochondrial death pathways.

mitigating myocardial damage following I/R injury.

These findings support the view that CsA and RNasel act via distinct
mechanisms: CsA stabilizes mitochondria by inhibiting mPTP opening,
whereas RNasel neutralizes eRNA and reduces TNF-mediated inflam-
matory signaling. The enhanced protection observed with RNasel +CsA
in TNF-a-/- and TNF-R1-/- cardiomyocytes likely reflects a shift in
mechanism. While RNasel alone is ineffective in these genotypes -
where TNF-dependent inflammatory injury is absent - CsA’s inhibition
of mPTP may unmask a secondary benefit of RNasel. Specifically, eERNA
hydrolysis by RNasel generates nucleotides such as adenosine, which
may activate purinergic signaling pathways (e.g., Al receptor [69]) that
reduce mitochondrial injury independently of TNF-a. Although a prior
study showed that the non-selective adenosine receptor antagonist 8-sul-
fophenyltheophylline (8SPT) did not alter RNasel-mediated infarct size
reduction in the Langendorff model [35], this does not exclude
context-dependent, TNF-independent purinergic contributions under
conditions of preserved mitochondrial integrity. Thus, RNasel may
exert dual, inflammation- and mitochondria-modulating effects, and this
novel mechanism warrants further investigation. Their combined
benefit suggests that mitochondrial dysfunction and sterile inflamma-
tion are parallel and additive contributors to I/R injury. Moreover,
RNasel administration during ischemia reduces ROS production and
preserves myocardial architecture in both in vivo and ex vivo models of
cardiac I/R injury [35]. This effect was associated with decreased nu-
clear ROS accumulation and increased expression of antioxidant en-
zymes such as peroxiredoxin 3 and mitochondrial superoxide dismutase
(SOD2). In the present study, we expand these findings by showing that
RNasel administration at reperfusion significantly reduces ROS gener-
ation in vivo (Fig. 8B). Further studies are warranted to explore the
underlying mechanisms and potential clinical applications of these
treatments in cardiovascular diseases.

In summary, while further work is needed to characterize the ki-
netics and regulation of this circuit, our findings establish a mechanistic
rationale for targeting the eRNA-TNF-a axis in myocardial injury, with
RNasel as a promising intervention point. The paradoxical increase in
cytotoxicity in the TNF-R2-/- model in response to eRNA exposure
presents intriguing insights into the complex roles of TNF-a receptors in
I/R injury. Previous studies have highlighted the dual nature of TNF-«
signaling, where TNF-R1 is typically associated with pro-inflammatory
and pro-apoptotic responses, while TNF-R2 has been implicated in
anti-inflammatory and tissue-protective roles [70-72]. Our findings
suggest that the balance between these receptors may be more intricate
than previously recognized, with TNF-R2 potentially serving as a regu-
lator of TNF-R1 signaling in the context of eRNA exposure. The dysre-
gulated inflammatory response observed in the absence of TNF-R2
underscores the potential for therapeutic targeting of this balance in
clinical settings, such as myocardial infarction or other ischemic dis-
eases. Moreover, the role of eRNA in modulating TACE activation and
subsequent TNF-o release further complicates the interpretation of
TNF-a signaling. While TNF-a signaling via TNF-R1 alone may suffice to
drive injury under ischemic conditions, eRNA exposure may enhance
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this response by promoting TACE-mediated cleavage of
membrane-bound TNF-a. This suggests that eRNA, a key DAMP, may act
as an amplifier of ischemic injury, particularly in tissues with an
imbalanced TNF-a receptor signaling pathway (Fig. 8). Future studies
exploring the mechanistic underpinnings of eRNA-TACE-TNF-a in-
teractions, as well as the specific roles of TNF-R1 and TNF-R2, are
crucial for identifying novel therapeutic targets to mitigate I/R injury.
Integrating these novel strategies into clinical practice can potentially
improve the prognosis and quality of life for patients suffering from
acute myocardial infarction and other related cardiovascular disease
conditions.

4. Limitations of the study

In this study, we primarily focused on the roles of eRNA and TNF-a in
myocardial I/R injury, specifically in myocardial and vascular endo-
thelial cells. However, this approach does not encompass other critical
factors involved in STEMI, such as the contributions of platelets, leu-
kocytes [73], arachidonate 12-lipoxygenase [74] and the local forma-
tion of NETs [75]. These elements, which also play a significant role in
cardiac injury, can be modulated through the TRAIL-DR5 signaling
pathway [76]. Additionally, while our data focus on TNF-a release,
future studies should broaden cytokine profiling to include IL-6, IL-1f,
and chemokines released by cardiomyocytes during H/R and in vivo I/R.
Prior work has shown that eRNA induces a robust pro-inflammatory
response, including M1 macrophage polarization and upregulation of
TNF-a, IL-6, IL-1p, and IFN-y, underscoring its role as a potent DAMP
[40,60].This study did not include additional in vivo cardiac functional
parameters beyond infarct size and LDH release. However, cardiac
function following RNasel treatment during the ischemic phase has
been previously reported by our group, demonstrating preserved ven-
tricular contractility and relaxation [35]. Importantly, infarct size re-
mains a robust and translational endpoint, as underscored by the recent
IMPACT multicenter study, which reaffirmed TTC/Evans Blue staining
—primarily indicative of necrosis [77]— as the gold standard in pre-
clinical models [78]. However, myocardial I/R injury involves other
regulated cell death pathways—such as ferroptosis, necroptosis, and
pyroptosis—that were not assessed here [79]. Future studies should
include these pathways to better understand the full scope of
eRNA-induced cardiomyocyte death in myocardial infarction. Addi-
tionally, further preclinical studies are required to evaluate the combi-
nation of RNasel with other cardioprotective agents, particularly those
targeting pro-inflammatory pathways independently of TNF-R1, such as
NLRP3 inflammasome inhibitors [80,81], sirtuins [82], and cat
/calmodulin-dependent protein kinase II (CaMKII) [28,83], as well as
pathways related to succinate metabolism [19,20].

Moreover, an unexplored but potentially critical mechanism involves
the generation of nucleotide byproducts from RNasel-mediated eRNA
degradation. The lack of direct quantification of such byproducts -
adenosine, ATP, or AMP - limits our ability to assess the contribution of
purinergic signaling to the observed cardioprotective effects. Since
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adenosine is known to activate A1 receptors and mitigate mitochondrial
injury and mPTP opening, future studies should include nucleotide
profiling and Al [69] receptor blockade to clarify whether
adenosine-mediated mechanisms contribute to RNasel’s protection,
particularly in TNF-deficient contexts.

Another important limitation of our study is the use of supra-
physiological concentrations of eRNA in vitro (10 ug/ml) and in vivo
(15 pg/mouse). While these doses are based on previous work showing
their ability to robustly activate inflammatory signaling without cyto-
toxicity [40,51], they exceed typical systemic levels found in STEMI
patients. Nevertheless, they were intended to mimic localized micro-
environments - such as ischemic myocardium - where transient eRNA
accumulation may be significantly higher, particularly under conditions
that promote the release of DAMPs. Previous studies have shown that
coronary sinus eRNA levels during cardiac surgery can exceed
200-600 ng/ml [26,34], supporting this rationale. Nevertheless, future
studies should assess the bioactivity of eRNA under more physiological
conditions, such as by testing the effects of plasma from STEMI patients
collected post-PCI on cardiomyocyte inflammation and viability.

Although this study focused exclusively on males, the mechanistic
pathways investigated—particularly the eRNA-TNF-a signaling
axis—are not inherently sex-specific, based on existing evidence.
Moreover, our study aims to focus exclusively on eRNA-TNF-« signaling
axis in cardioprotection, excluding the effect of estrogen, which is a
well-known protective of myocardium during ischemia [84]. By un-
derstanding the role of each protective mechanism, we will be able to
evaluate in future research the sex-specific differences in the therapeutic
efficacy of RNasel and to confirm the broader applicability of these
findings. Investigating these interactions will enhance our understand-
ing of recovery from myocardial injury and may lead to more effective
therapeutic strategies.

While this study presents significant findings on the correlation be-
tween eRNA levels and CKyax serum concentration in STEMI patients, it
is important to acknowledge the limitations of the current data.
Although functional outcome data such as left ventricular ejection
fraction (LVEF) was not collected in this study, eRNA levels were posi-
tively correlated with CKp,ay, which serves as a surrogate marker for
infarct size. This correlation suggests that eRNA may provide valuable
insights into cardiac injury severity, although further investigation is
needed to better understand the full spectrum of clinical implications.

A key limitation of this study is the absence of detailed clinical data,
such as LVEF, from the STEMI patient cohort. Functional outcome
measures like LVEF would have strengthened the interpretation of how
molecular alterations relate to cardiac performance following myocar-
dial I/R injury. Although this study centers on the acute phase of I/R
injury, future investigations should incorporate comprehensive clinical
metrics, including LVEF and relevant biomarkers, to enable a more
robust correlation between molecular mechanisms and long-term car-
diac function in affected patients. Despite this limitation, the therapeutic
potential of RNasel remains promising. Notably, the IgG-Fc-fusion
protein of RNasel (RSLV-132), which has a prolonged half-life (19
days), has been tested safely in phase II clinical trials. These advances
support the feasibility of testing RNasel-based therapies in cardiovas-
cular patients, particularly in the context of I/R injury [85]. Based on
these promising studies it is expected that this product will be tested in
cardiovascular patients, particularly in situations of myocardial infarc-
tion and prevention of I/R injury as well.

5. Conclusion

Our study highlights the critical roles of eRNA and TNF-a in
myocardial I/R injury. eRNA acts as a DAMP, serving as a robust
biomarker and mediating cardiomyocyte death through TNF-o/TNF-R1
signaling. We also demonstrate that RNasel and CsA offer significant
cytoprotection against reoxygenation-induced cell death in -car-
diomyocytes, with their combined effect being most pronounced in wild-
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type cells. The synergistic benefits of RNasel and CsA are diminished in
the absence of TNF-a or TNF-R1, indicating the involvement of TNF
signaling pathways. In vivo, the combination of RNasel and CsA pro-
vided significantly greater cardioprotection than either agent alone,
despite the comparable levels of protection observed with each mono-
therapy. These findings support the development of novel therapeutic
strategies that simultaneously target intracellular (mitochondrial) and
extracellular (inflammatory) pathways to mitigate myocardial I/R
injury. Such multi-target approaches may be particularly beneficial in
clinical contexts marked by heightened inflammation or extracellular
nucleic acid accumulation. Incorporating agents like RNasel or TACE
inhibitors into clinical protocols could potentially enhance patient out-
comes by reducing infarct size and preserving myocardial function.
Future clinical trials will be essential to evaluate the safety, efficacy, and
translational relevance of these combinatorial therapies.

6. Methods
6.1. Statistical analysis

Statistical analyses were conducted using GraphPad Prism version
10.3.1 for macOS (GraphPad Software, La Jolla, CA, USA; www.graphpa
d.com). Data are presented as mean + standard deviation (SD or mean +
SEM, as specified in each figure panel. Statistical significance is shown
as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns=not
statistically significant. In some cases, exact p-values are shown directly
on the graphs. For comparisons between two groups, two-tailed Statis-
tical significance was determined using one-way ANOVA followed by
Bonferroni’s post hoc test for comparisons among multiple groups, or
unpaired Student’s t-test for comparisons between two groups, as
appropriate. For specific comparisons, the Mann-Whitney U test was
applied. Sample size was calculated based on preliminary experiments,
assuming an o of 0.05 and a power (1-f) of 0.8. Data were not excluded
from the analysis. Animals were randomly assigned to experimental
groups, and investigators were blinded to group allocation. The number
of biological replicates (n) is indicated in the respective figure panels or
legends.

6.2. Sex as a biological variable

This study exclusively involved male subjects in both the human and
animal models. Biological sex significantly influences cardiac outcomes,
with extensive evidence showing that females consistently exhibit
smaller infarct sizes compared to males across various species [86]. In
the human cohort, male STEMI patients were selected to minimize
variability introduced by hormonal fluctuations, as estrogen and other
sex hormones are known to modulate inflammatory and
reperfusion-related processes in myocardial I/R injury [87-89]. Simi-
larly, in the rodent models, male mice and rats were chosen supported
by prior research demonstrating sex-based differences in the acute in-
flammatory response and myocardial injury, with males exhibiting more
consistent and reproducible responses in these contexts [90,91].

6.3. Study population

A total of 23 male patients aged 18 years or older were included in
the study and categorized into two groups: a) Patients: Twelve patients
with STEMI treated with PCI with stipulations that they presented
within 12 h after the onset of chest pain, exhibited ST-segment elevation
of more than 0.1 mV in two contiguous leads, and for whom the clinical
decision was made to treat with PCI [66]. b) Matched-Control Patients:
Eleven patients who did not have STEMI but presented with chest pain,
without a prior chest pain consultation or IHD diagnosis before 2010 or
within 2 weeks after the index date, were selected from our database,
using inclusion and exclusion criteria similar to those applied in previ-
ous work with the General Practice Research Database [92]. Data were
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anonymized prior to analysis. Plasma eRNA levels were measured using
a quantitative assay. The mean eRNA levels for control and STEMI pa-
tients were recorded [34]. Serum CKp,.x levels were quantified using an
enzymatic assay at the study centre. The highest CK levels recorded 2 hr
post-PCI were used for analysis [93]. All patients provided written
informed consent. Samples were used exclusively for research purposes.
All protocols involving human material were approved by the Ethics
Committee of the Medical Faculty of Justus Liebig University Giessen,
Germany (Ref. No. 74/08), and conducted in accordance with the
principles of the Declaration of Helsinki.

6.4. Ethics and animal housing

This study utilized in vitro, ex vivo, and in vivo models of I/R injury.
For in vitro or ex vivo experiments, C57BL/6 J, TNF-a knockout (TNF-
a-/-), TNF receptor 1-knockout (TNF-R1-/-), and TNF receptor 2
knockout (TNF-R2-/-) mice or Wistar rats were used. Both the mice and
rats were housed at the animal care facility of Justus-Liebig-University
in Giessen, Germany, under standardized conditions. For in vivo
studies, male C57BL/6J mice (aged 8-14 weeks, body weight
~24-30 g) were used in compliance with ethical guidelines approved by
the Singapore Health Services (SingHealth) Institutional Animal Care
and Use Committee (IACUC) (#2020/SHS/1563). A limitation to the
generalisability of the study is that it did not consider gender/sex issues.
All animals were housed in pathogen-free environments and treated in
accordance with the Guide for Care and Use of Laboratory Animals
(Eighth Edition), published by the US National Institute of Health Pub-
lications (NIH publication no. 85-23, revised 1996). All animals were
treated in accordance with Animal Research: Reporting of in vivo Ex-
periments (ARRIVE) guidelines, ensuring humane care and minimizing
pain, distress, and any potential misuse [94]. Experimental conditions
are outlined in the corresponding legends to Figures.

6.5. Murine model of myocardial I/R

The established in vivo experimentation was carried out exactly as
previously described [54,78,95]. Briefly, eight to ten-week-old male
C57Bl/6 J mice were anesthetized by intraperitoneal injection with a
combination of ketamine, xylazine and atropine (0.01 ml/g, final con-
centration of ketamine, xylazine and atropine were 10 mg/ml, 2 mg/ml
and 0.06 mg/ml, respectively) and body temperature was maintained at
37°C. Mice underwent 1 h coronary occlusion followed by 2 h reperfu-
sion. Animals were treated with eRNA (15 pg/mouse), RNasel (Fer-
mentas, 100 pg/mouse), RNase Inhibitor (RiboLock, Fermentas, 80
U/mouse) or Cyclosporine-A (CsA, Calbiochem, 10 mg/kg [96]). Suc-
cessful LAD coronary artery occlusion was confirmed by the presence of
ST elevation and decreases in arterial blood pressure. At the end of the
reperfusion, the heart was isolated and the aortic root was cannulated
and used to inject 2,3,5-triphenyltetrazolium chloride (TTC, 5 ml of
1 %) in order to demarcate the infarcted tissue. The LAD coronary artery
was then re-ligated and Evans blue dye (2 ml of 0.5 %) was perfused to
delineate the area at risk. The heart was frozen and sectioned perpen-
dicularly to the long axis (1-2 mm thick). The slices were then trans-
ferred to 10 % neutral buffer formalin for 2 hr at room temperature to
stabilize the staining. Area at risk and infarct size were determined by
computerized planimetry using the NIH software Image, following in-
cubation with 10 % formaldehyde for 2 hr at room temperature. Area at
risk was expressed as a percentage of the left ventricle and infarct size
was expressed as a percentage of the area at risk. Quantification of the
infarcted area were done as previously described [35,78].

6.6. Isolated Langendorff-perfused heart model
Experiments were performed on isolated hearts from Wistar rats

(10-12 weeks old; weighing 225-300 g) as previously described [35,
971].
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6.7. Isolation of adult mouse and rat cardiomyocytes

Ventricular heart muscle cells were isolated from 10 to 12-weeks old
Wistar rats or C57BL/6 J, TNF-«a-/-, TNF-R1-/-, and TNF-R2-/- mice as
previously described [98,99]. Cardiomyocytes were seeded onto steril-
ized, laminin-coated coverslips and incubated in minimum essential
medium (MEM - Gibco™) supplemented with 10 U/ml penicillin,
10 pg/ml streptomycin, and 5 % fetal calf serum, for use on the same day
of isolation (n > 200 cells per group, pooled from 3-6 independent
animals). Detailed group descriptions are indicated in the respective
figure legends.

The following agents were used for stimulating cells: TNF-a from
R&D, recombinant bovine RNasel from Fermentas, RNase inhibitor
(RiboLock) from Fermentas, Bay11-7082 (Bay) from ENZO Life Sci-
ences, GM6001 from Millipore, TAPI from ENZO Life Sciences, CsA from
Calbiochem or antibodies against TNF-a from Biozol at the indicated
concentrations.

6.8. Preparation and characterization of eRNA

Total RNA was isolated from freshly isolated mouse cardiomyocytes
using the MasterPure™ RNA Purification Kit (Epicentre Bio-
technologies) following manufacturer instructions. Quantification was
performed with a NanoDrop ND-2000 spectrophotometer (peqLab Bio-
technologie GmbH). Based on our previously published work and as
mentioned above, the eRNA extracted under these conditions is pre-
dominantly composed of ribosomal RNA (rRNA), particularly intact
28S and 18S subunits, as shown via capillary electrophoresis and
bioanalyzer analysis [34,36,60]. These eRNA species have been func-
tionally validated in prior studies as bioactive DAMPs capable of
endothelial barrier disruption, inflammatory cytokine induction, and
myocardial injury during I/R. Additionally, RT-PCR-based profiling of
cell-type-specific transcripts confirmed the cardiomyocyte origin of
eRNA in comparable models [35,40]. Given the reproducible biological
activity and compositional stability of this RNA preparation in ischemic
settings, it was used to mimic extracellular RNA exposure in vitro and in
vivo. RNA was hydrolyzed by incubation with RNasel (Fermentas®) for
1 hr at 37°C. Hydrolyzed RNA was always used in parallel assays at the
same concentration as untreated RNA. The quality control of the total
and hydrolyzed RNA was done using the 2100 Bioanalyzer with
“Eukaryote total RNA Nano Assay” (Agilent Technologies). All chips
were analyzed in duplicates.

6.9. Isolation of DNA for cardiomyocyte treatment

DNA was isolated with GenElute Mammalian Genomica DNA Mini-
prep Kit (Sigma-Aldrich) from confluent cultures of smooth muscle cells.
Quality of total DNA was confirmed by electrophoresis on a 1 % agarose
gel followed by ethidium bromide staining [100].

6.10. Quantification of cell death

Lactate dehydrogenase (LDH) activity in the Langendorff-perfusate
was measured spectro-photo-metrically during the entire reperfusion
period of 2h [101]. LDH release into the cardiomyocyte-conditioned
medium was assessed by a detection kit (Roche Diagnostics) [100,102].

6.11. TNF-a quantitation

Langendorff-heart perfusate and cardiomyocyte conditioned me-
dium were collected and filtered through 0.2 pm filter to remove any
residual debris. TNF-a production by heart tissue submitted to I/R or
released from cardiomyocytes was assessed by enzyme-linked immune-
sorbent assay (ELISA) (Quantikine®, R&D Systems) according to man-
ufacturer’s protocol. Absorbance values for individual reactions were
determined by VersaMax™ Microplate Reader (SoftmaxPro 3.0
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processing).
6.12. Exposure of cardiomyocytes to hypoxia and reoxygenation (H/R)

Cardiomyocytes were subjected to hypoxia by placing the culture
plates in a sealed hypoxic chamber (BBL™ GasPak™, BD Biosciences)
within a standard cell incubator at 37 °C for 1 h [103]. After the hypoxic
phase, the GasPak™ system was removed, and cells were reoxygenated
under normoxic conditions (21 % O2) in the same incubator for an
additional 2 h. Pharmacological treatments were administered directly
to the culture plates at the onset of reoxygenation - without changing the
culture medium - to simulate reperfusion. At the conclusion of the
reoxygenation period, both cells and supernatants were harvested for
downstream analyses, as specified in the figure legends. For experiments
conducted exclusively under normoxic conditions, cardiomyocytes were
incubated for 3 h in identical environmental settings. In contrast, for
experiments involving hypoxia, cells were incubated for 1 h under
hypoxic conditions (BBL™ GasPak™, BD Biosciences) and then imme-
diately collected for further analyses.

6.13. Induction of mitochondrial membrane permeabilization

Rat cardiomyocytes were loaded with 100 nmol/L tetramethyl-
rhodamine-ethylester (TMRE) for 10 min, washed and maintained at
37°C in a control solution containing 140 nmol/L NaCl, 3.6 mM KCl,
1.2 mM MgSO4, 1 mM CaCl,, 20 mM HEPES, 5 mM glucose, at pH 7.4.
To induce oxidative damage resulting in mPTP opening, TMRE-loaded
cardiomyocytes were exposed to intermittent laser illumination at
560 nm (2s every 3s, 30 % laser intensity) using an Ar/Kr confocal
system (Yokogawa CSU10, Nipkow spinning disk, Visitech, UK). Mito-
chondrial permeabilization was detected as a CsA-sensitive decrease in
590 nm fluorescence emission that progressed as a wave throughout the
cell and eventually induced rigor contracture secondary to ATP deple-
tion, as previously described [7]. Changes in fluorescent intensity were
quantified with a commercial software (Voxcell Scan, Visitech, UK) and
expressed as percentage of change throughout time with respect to the
value obtained at baseline conditions. After loading with TMRE and
prior to confocal laser illumination, cardiomyocytes were randomly
assigned to different treatment groups as indicated in the figure legends
(n > 20 cells per group from three to six different mice = 1 independent
experiment).

6.14. ROS immuno-labelling and fluorescent microscopy

Hearts from the different experimental groups were removed from
the Langendorff system and in vivo mice model, weighed and rapidly
frozen in liquid nitrogen. In situ reactive oxygen species (ROS) were
determined using labelling with dihydroethidium as described [35,104].
Tissue sections were examined by laser scanning confocal microscopy
(Leica TCS SP2, Mannheim, Germany). A series of confocal optical sec-
tions were obtained using a Leica Planapo x40/1.00 or x63/1.32
objective lens. Each recorded image was obtained using dual-channel
scanning and consisted of 1024 x 1024 pixels. To improve image
quality and to obtain a high signal to noise ratio, each image from the
series was signal-averaged. After data acquisition, the images were
transferred to a workstation (Silicon Graphics, Fremont, CA) for resto-
ration and three-dimensional reconstruction using Imaris 4.5 multi-
channel image processing software (Bitplane, Zurich, Switzerland). For
each heart at least 10 random fields of vision were analysed with a
fluorescent microscope (Leica-Microsystems) using a x40 Planapo
objective. Immuno-labeled cryosections were studied using image
analysis (Leica) and Image J software. Cardiomyocyte area and diameter
were determined by delineating the p-actin-labeled myocytes. The
fluorescence intensity was measured as AU/pm?. For each quantification
procedure a specific setting was established and kept constant in all
measurements. Quantification of ROS was performed by measuring the
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fluorescence intensity using a range of 0-255 gray values. Arbitrary
units of the fluorescence intensity were calculated per unit myocardial
area (AU/ pmz).

6.15. RNA isolation and quantitative real time PCR analysis (qQRT-PCR)

DNA-free total RNA was extracted from cardiomyocytes treated
under different conditions and qRT-PCR was performed. The gene
products for analysis of damage markers in cardiomyocytes were
quantified using SYBR Green assays (Applied Biosystems). Results were
expressed as fold-change compared to the control [105].The mRNA
signal from hypoxanthine-guanine phosphoribosyl transferase (hprt)
was used for normalization. Primers for the following genes were
designed as described in references [35,40,60]: hprt, prdx3 (peroxir-
edoxin 3), sod (superoxide dismutase), including sod1 (cytoplasmic),
sod2 (mitochondrial), and sod3 (extracellular), iNos (inducible nitric
oxide synthase), and mcpl (monocyte chemoattractant protein-1). For
each primer, 50 pmol of the sample was used.
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Cytoprotective Role of RNasel

Our findings show that RNasel administration significantly attenu-
ates I/R injury by degrading extracellular RNA and thereby disrupting
the eRNA-TACE-TNF-« signaling cascade. Treatment with RNasel re-
sults in a marked reduction in infarct size and preserves cellular energy
homeostasis during reperfusion. By neutralizing eRNA, RNasel prevents
downstream inflammatory signaling, positioning it as a promising
therapeutic agent to limit myocardial damage and to preserve cardiac
function following ischemic insult.

Comparative Efficacy and Synergism of RNasel and CsA

Both RNasel and CsA exhibit significant cardioprotective properties
in our experimental models. However, the combination of RNasel with
CsA during reperfusion results in a more pronounced reduction in
myocardial injurycompared to either agent alone. This synergistic effect
likely arises from the dual targeting of distinct pathological pathways -
eRNA-mediated inflammation and mitochondrial permeability transi-
tion pore opening - suggesting that combination therapy may offer an
optimized strategy for clinical management of myocardial I/R injury.

Mechanistic and Translational Implications

This study provides novel mechanistic insights into the role of eRNA
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as an upstream trigger of TNF-a release via TACE activation in the
context of myocardial I/R injury. Our results identify eRNA as a central
mediator of sterile inflammation and cardiomyocyte death, contributing
to the amplification of tissue damage. The data support the therapeutic
targeting of extracellular nucleic acids using RNasel as a strategy to
disrupt this pathologic signaling loop. Future studies should focus on
translating these findings into clinical contexts by determining optimal
dosing regimens, evaluating long-term cardiac outcomes, and assessing
the efficacy of RNasel in large-animal and human models of myocardial
infarction.

Data availability
Data will be made available on request.
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