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Abstract

Background/Objectives: Clinical application of Doxorubicin (Doxo) is limited by cardiotox-
icity, a process strongly associated with an interplay between oxidative stress and inflam-
matory signaling, particularly Nuclear Factor kappa-light-chain-enhancer of activated B
cells (NF-kB) activation and Nucleotide oligomerization domain-like receptor family, pyrin
domain containing 3 (NLRP3) inflammasome engagement. Identifying strategies capable
of mitigating these interconnected pathways is of critical importance in cardio-oncology.
Simvastatin (SIM) is a promising option since it modulates oxidative stress, inflammation,
and cell death through its pleiotropic effects, so this study aimed to evaluate whether
SIM attenuates Doxo-induced inflammatory responses. Methods: Human Cardiomyocyte
(HCM) cells were pre-treated with SIM (10 uM) for 4 h and then co-exposed to SIM and
Doxo (1 uM) for 20 h. Cytofluorimetric analysis was used to evaluate inducible nitric oxide
synthase (iNOS), Connexin 43 (Cx43), and Cx43 phosphorylated at Serine 368 (p5368Cx43)
levels. Real-time qPCR was performed to evaluate iNOS gene expression, while Nitric
oxide (NO) release was evaluated by spectrophotometric analysis. Interleukin (IL)-1f3,
IL-18, IL-6, tumor necrosis factor alpha (TNF-«) production, and NLRP3 levels were eval-
uated by means of ELISA assay. Expression levels of inhibitor of nuclear factor kappa B
alpha (IkB-«), Caspase-1, and Gasdermin D (GSDMD) were evaluated by Western Blot
analysis. Nuclear translocation of NF-kB was evaluated by immunofluorescence assay.
Results: In our experimental model, SIM significantly (p < 0.01) reduced Doxo-induced
nitrite release, as well as iNOS gene expression (p < 0.05) and protein levels (p < 0.01). SIM
also markedly attenuated Doxo-induced NF-kB signaling, pro-inflammatory cytokines
production (TNF-« and IL-6, p < 0.01), and inflammosome-related responses (cleaved
caspase-1, IL-13, N-terminal domain of GSDMD), and NLRP3 expression p < 0.05). Addi-
tionally, SIM significantly attenuated the overexpression of Cx43 and its phosphorylated
form (p53%8Cx43), which are responsible for impairing intercellular communication and
electrical coupling in cardiomyocytes and contribute to arrhythmias and conduction ab-
normalities characteristic of acute Doxo-induced cardiotoxicity. Conclusions: Overall,
these findings demonstrate that SIM exerts a multifaceted cardioprotective effect against
Doxo-induced injury, thereby targeting interconnected inflammatory and pro-arrhythmic
pathways implicated in Doxo cardiotoxicity.
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1. Introduction

Doxorubicin (Doxo) is a potent anthracycline chemotherapeutic agent extensively
used in treating a broad spectrum of malignancies, including hematologic cancers and solid
tumors [1]. Despite its efficacy, its clinical utility is substantially limited by cardiotoxicity,
which can present as either acute or chronic forms [2]. Acute cardiotoxicity usually occurs
within days of Doxo administration [3] and clinically manifests as transient arrhythmias
and QT-interval prolongation. Occasionally, it can manifest as myopericarditis or peri-
cardial involvement [4]. While these changes are usually mild and reversible, residual
damage to cardiomyocytes may persist, leading to latent remodeling and potentially overt
cardiomyopathy [2,5]. The mechanisms underlying acute cardiotoxicity are multifaceted
and include oxidative stress, mitochondrial dysfunction, DNA damage (including that
caused by topoisomerase IIB), disturbances in calcium handling, and apoptotic cell death.
However, growing evidence suggests that inflammation is a central and potentially mod-
ifiable contributor to cardiac injury [6]. Several studies suggest that inflammation is not
merely a bystander in Doxo-induced cardiac injury, but a critical driver that is closely
related to and interdependent with oxidative stress [7]. Indeed, innate immune signaling,
involving pattern recognition receptors and downstream effectors, is activated in response
to Doxo-induced damage. Endogenous molecules related to Doxo-induced mitochondrial
damage are released as damage-associated molecular patterns (DAMPs) and are recognized
via Toll-like receptor (TLR)-4, subsequently upregulating the Nuclear Factor kappa B (INF-
kB) pathway [8]. Furthermore, Doxo activates the TLR2-Myeloid Differentiation Primary
Response 88 (MyD88) complex, leading to the activation of NF-kB and the release of Tumor
necrosis factor & (TNF-«), Interleukin-IL1{, IL-6, and IL-8, thereby contributing to the
cardiac inflammatory process [9]. Sustained activation of these pathways amplifies inflam-
matory responses, promotes fibrotic remodeling, and contributes to progressive cardiac
impairment [5]. Conversely, oxidative and nitrosative stress further reinforce inflammatory
signaling. Elevated Reactive oxygen species (ROS), sarcoplasmic reticulum (ER) stress, and
increased mitochondrial inducible Nitric oxide synthase (iNOS) levels, induced by Doxo ad-
ministration, activate the NF-«B pathway, resulting in the production of pro-inflammatory
cytokines, such as IL-6 and IL-1 [9]. These cytokines can impair mitochondrial function
and reduce the activity of antioxidant enzymes, thereby increasing ROS production [10].
Furthermore, Doxo induces over-expression of iNOS, resulting in increased levels of nitric
oxide (NO) that can react with superoxide (O, ) to form peroxynitrite (ONOO™). This
highly reactive and damaging molecule can cause lipid peroxidation and DNA damage,
as well as increasing oxidative/nitrosative stress in a destructive feedback loop. These
effects further contribute to mitochondrial dysfunction, apoptosis, and ultimately car-
diomyocyte death [11]. Given the interdependence of oxidative stress and inflammation in
Doxo-induced cardiotoxicity (DIC), targeting both processes simultaneously could provide
cardioprotective benefits. Based on their pleiotropic effects operating through multiple
pathways implicated in the pathogenesis of chemotherapy-induced cardiotoxicity, Statins
could be a valuable therapeutic strategy in the setting of DIC [12]. Furthermore, growing
evidence indicates that the pleiotropic effects of Statins also include antiproliferative effects,
inhibition of cell proliferation, and reduction of cancer progression [13,14], supporting their
use as adjuvants in chemotherapy. Recently, our group showed that Simvastatin (Sim)
significantly prevents Doxo-induced oxidative damage in a cellular model of Doxo-induced
short-term cardiotoxicity [15]. Building upon these findings, the present study aimed to in-
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vestigate whether SIM can also modulate Doxo-induced inflammatory and inflammasome
activation under the same experimental conditions.

2. Materials and Methods
2.1. Cell Line and Treatment

Human Cardiomyocyte (HCM) cell line was obtained from Celprogen (Huissen,
The Netherlands; Benelux) and was maintained in 100 mm Corning dishes in the presence
of Human Cardiomyocyte Cell Culture Complete Growth medium (M36044-15S, Celpro-
gen) in a humidified incubator at 37 °C with 5% CO;. Cells were seeded at a density
required for each experimental analysis and, after 24 h of adhesion, were pre-treated with
Simvastatin (SIM 10 uM, #56196 Sigma, Milan, Italy) for 4 h, followed by co-exposure to
SIM and Doxorubicin (Doxo 1 uM, #5-5040420001 Sigma-Italy) for 20 h.

2.2. Intracellular Pro-Inflammatory Cytokines and NLRP3 Quantification

The enzyme-linked immunosorbent assay (ELISA) method was used to evaluate the
expression of pro-inflammatory cytokines and of Nucleotide oligomerization domain-
like receptor family, pyrin domain containing 3(NLRP3). After treatment, HCM cells
(5 x 10° cells/well into a 12-well plate) were lysed according to the protocol provided with
the ELISA kits for IL-6 (E-EL-H6156), IL-18 (E-EL-H0253), IL-1§3 (E-EL-H0149), TNF-o (E-
EL-HO0109), and NLRP3 (E-EL-H2557). Briefly, freeze/thawing processes were performed
in PBS containing protease inhibitors (E-EL-SR002, Elabscience, Houston, TX, USA). After
centrifugation for 10 min at 1500x g at 4 °C, the resulting supernatant was collected for the
assay. The levels of IL-1$3, IL-6, IL-18, TNF-«, and NLRP3 were measured using a microplate
spectrophotometer (Multiskan FC; Thermoscientific, Segrate (MI), Italy) equipped with a
450 nm filter. Total protein concentration (mg/mL) was estimated according to Bio-Rad
Protein Assay (Bio-Rad, Milan, Italy), and ELISA results were normalized to protein content.
Data are expressed as pg/mg or ng/mg of protein.

2.3. Western Blotting Assay

HCM (5 x 10° cells/well) were seeded into 12-well plates and treated as previously
described. Proteins were extracted from the cells by freeze/thawing in RIPA buffer (1%
Triton X, 0,25% Na-deoxycholate, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 0.2 mM Na3VOy,
protease inhibitor, 50 mM Tris-HCI, pH 7.4). Protein content was estimated using the Bio-
Rad Protein Assay (Bio-Rad, Milan, Italy) with bovine serum albumin as the standard.
Then, 30 pg protein/lane were loaded onto an acrylamide gel and separated by SDS-PAGE
in denaturing conditions. Blots were incubated overnight with primary antibody anti-
IkB-o (sc-1643, Santa Cruz Biotechnologies, Dallas, TX, USA; diluted 1:250), anti-GSDMD
(PA5-115330, Invitrogen, Segrate (MI), Italy; diluted 1:500) or anti-caspase-1 (sc-56036,
Santa Cruz; diluted 1:250). Primary antibody anti-GAPDH (sc-137179, Santa Cruz; diluted
1:250) or anti-pB-actin (E-AB-20031, Elabscience, Houston, TX, USA; diluted 1:2000) was
used as a loading control. After incubation with the primary antibodies and washing in
PBS/0.1% Tween, the appropriate secondary antibody, either anti-mouse (diluted 1:25,000)
or anti-rabbit (diluted 1:5000), was added for 1 h at room temperature. Immunoreactive
protein bands were detected using enhanced chemiluminescence reagents (ECL) in a LAS
4000 (GE Healthcare, Milan, Italy) system.

2.4. Immunofluorescence Analysis with Confocal Microscopy

For immunofluorescence analysis, HCM cells (5 x 10* cells/well) were plated on cover-
slips in a 24-well plate and treated as previously described. After treatment, cells were fixed
in 4% of formaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 5% BSA
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(all from Sigma, Milan, Italy). Cells were then incubated overnight at 4 °C with a mouse
monoclonal antibody against NF-kB p65 (sc-8008, Santa Cruz; diluted 1:250). FITC anti-mouse
(1:250) was used for 1 h 30 min at room temperature (RT) in the dark. Dapi (1:3000) was
used for counterstaining of nuclei. The coverslips were vertically scanned from the bottom by
using a 40x Plan-Apochromat oil immersion objective. The images, which are shown as a
single stack, and the scale bars were generated using Zeiss LSM 510 META Confocal Software
(Release version 4.0 SP1, Carl Zeiss Microlmaging GmbH, Jena, Germany).

2.5. Flow Cytometry Analysis

To assess the membrane levels of Connexin 43 (Cx43), HCM cells (1 x 10* cells/well
into 96-well plate) were treated as previously reported and then incubated with Fixing
Buffer (PBS containing 1% BSA, 1% Formaldehyde) at 4 °C for 20 min. Thereafter, anti-
Cx43 antibody (sc-9059, Santa Cruz; 1:250) was added along with the anti-rabbit FITC
secondary antibody (1:250) for 30 min at 4 °C. Instead, to assess intracellular levels of Cx43
phosphorylated on Ser368 (p3%8Cx43) and of inducible nitric oxide synthase (iNOS) after
the incubation period at 4 °C for 20 min with Fixing buffer a permeabilization buffer (Fixing
buffer containing 0.1% TritonX-100) was added and cells were incubated for further 30 min
at 4 °C. Thereafter, anti- p53¢8Cx43 (CAT 48-3000, Invitrogen, Segrate (MI), Italy; 1:250) and
anti-iNOS (sc-7271, Santa Cruz; 1:250), and anti-mouse FITC secondary antibody (1:250)
were added at 4 °C for 30 min. The cells were then collected with Fixing buffer, and the
fluorescence was evaluated using a fluorescence-activated cell sorting device (FACSscan;
Beckton Dickinson, Milan, Italy) and processed using Cell Quest software (version number
5.2.1). The results are shown as the % of positive cells.

2.6. Measurement of Nitrite/Nitrate (NOx) Concentration

Nitrite (NO; ™) levels, index of NO release, by Griess reaction [16]. Briefly, HCM cells
(1 x 10* cells/well into 96-well plate) were treated as previously described and then 100 pL
of cell culture medium were mixed with 100 puL of Griess reagent (equal volumes of 1%
(w:v) sulphanilamide in 5% (v:v) phosphoric acid and 0.1% (w:v) naphtylethylenediamine-
hydrogen chloride) and incubated at room temperature for 10 min. The optical densities
at 550 nm were then measured using a microplate spectrophotometer (Multiskan FC,
Thermoscientific, Segrate (MI), Italy). Total NO,~ concentrations (uM) were calculated
from the standard curve with sodium nitrate.

2.7. RNA Extraction and Real-Time qPCR of iNOS

Total RNA was extracted from cells treated as previously reported, using Trifast Reagent
(EuroClone S.p.A., Pero, M, Italy) in agreement with the manufacturer’s protocol. RNA
concentration and purity were determined using the Nanodrop 1000 Spectrophotometer
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), and complementary
DNA (cDNA) was synthesized using the GoTaq® 2-Step RT-qPCR System (Promega, Milan,
Italy), following the manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR) was
performed using SYBR Green chemistry on a StepOne™ 2.0 Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA) and each reaction (10 pL) containing 1 pL template cDNA,
0.2 uL of primer mixture, and 5 pL of GoTaq® 2-Step RT-qgPCR System (Promega).

The thermal cycling conditions were performed as follows: initial denaturation at
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min, and final
elongation at 95 °C for 15 s. Relative gene expression levels were calculated using the
comparative Ct method (2-22¢t) and are presented as mean =+ standard deviation (SD).
Target gene expression, iNOS, was normalized by the ratio of the median value of the
endogenous housekeeping, GAPDH, obtained in each treated cell vs. untreated cell. All
experiments were performed in triplicate and repeated at least three times independently.
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2.8. Statistical Analysis

Data are reported as the mean + S.E.M. for at least three independent experiments,
each performed in triplicate. The Shapiro-Wilk test was performed to verify data normality.
Statistical analysis was performed by One-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparisons test, with the aid of the commercially available software
GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). Tukey’s multiple com-
parisons test was used for the qRT-PCR analysis. A p-value less than 0.05 was considered

statistically significant.

3. Results
3.1. Effects of SIM Co-Treatment on Doxo-Induced NO Production and iNOS Expression

In the heart, Doxo promotes nitric oxide (NO) production by increasing the expression of
iNOS protein and mRNA levels. This subsequently leads to the formation of reactive nitrogen
species, contributing to nitrosative stress and amplification of the inflammatory process [11,17].
We therefore analyzed NO production, as well as iNOS gene expression and protein levels, to
determine whether SIM co-treatment could mitigate Doxo-induced effects in our experimental
model. Spectrophotometric analysis showed that SIM co-treatment significantly (p < 0.01)
reduced nitrite release in the cell medium, an indirect parameter of NO production, induced
by Doxo (Figure 1A). Moreover, data from real-time qPCR and cytofluorimetric analysis
revealed that SIM co-treatment significantly decreased the overexpression of both the iNOS
gene (p < 0.05, Figure 1B) and protein levels (p < 0.01, Figure 1C) induced by Doxo.
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Figure 1. SIM co-treatment reduces Doxo-induced NO production and iNOS gene expression and
protein levels. HCM were treated with SIM (10 uM) for 4 h and co-treated with Doxo (1 uM) for
20 h. A spectrophotometric assay was performed to evaluate NO release. Values are expressed as
mean + SEM of uM nitrite release (A). Real-time qPCR was used to evaluate iNOS gene expression.
Data were calculated using the 2—8ACt hethod, normalized to GAPDH cDNA levels, and then ex-
pressed relative to control (calibrator sample, defined as 1.00) (B). Data are expressed as means + SD
and were analyzed by analysis of variance (ANOVA) followed by Tukey’s multiple comparisons
test. Cytofluorimetric analysis was performed to evaluate iNOS levels. Values are expressed as
mean £ SEM of % of iNOS positive cells (C). Statistical analysis was performed using One-Way
ANOVA followed by the Bonferroni multiple comparisons test. Representative histograms for the
flow cytometry analysis are reported in Panel (D). * p < 0.05, ** p < 0.01.
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3.2. Effects of SIM Co-Treatment on Doxo-Induced NF-xB Signaling and Pro-Inflammatory
Cytokines Production

Oxidative stress induced by Doxo triggers an inflammatory response characterized by
activation of the NF-«B pathway and subsequent release of pro-inflammatory cytokines,
including TNF-« and IL-6 [18-20]. Under resting conditions, the NF-kB p65 subunit binds
to its inhibitory counterpart, IkBe, and other IkB proteins to form an inactive cytoplas-
mic complex. Upon activation, IkBx is phosphorylated, leading to the activation and
translocation of NF-kB into the nucleus, where it regulates the expression of inflammatory
genes [21]. To evaluate the effects of SIM co-treatment on Doxo-induced activation of the
NF-«B pathway, Western blot analysis was performed, and our data showed that Doxo
treatment significantly reduced (p < 0.05 vs. untreated cells) IkBox expression, while SIM
co-treatment significantly (p < 0.05) reverted Doxo-induced effects (Figure 2C). Consistent
with these findings, immunofluorescence analysis showed that SIM co-treatment mitigated
Doxo-induced NF-kB nuclear translocation (Figure 2B, Panels i and 1). Furthermore, an
ELISA assay performed on cellular lysates showed that SIM co-treatment significantly
reduced the overproduction of TNF-« (p < 0.01) and IL-6 (p < 0.01) induced by Doxo
(Figure 2D,E).
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Figure 2. SIM co-treatment attenuates Doxo-induced NF-«B pathway activation and pro-
inflammatory cytokine production. HCM were treated with SIM (10 uM) for 4 h and co-treated with
Doxo (1 uM) for 20 h. IkB-« expression was detected by Western blot analysis, and GAPDH expres-
sion was used as the loading control (A,C). Values are expressed as mean £ SEM of optical density in
at least three independent experiments. Cells were stained with NF-kB (green) (panels a,d,g,j) and
nucleus with DAPI (blue) (panels b,e h k), and were determined by immunofluorescence analysis
(merge in panels c,£,i,1). Scale bar, 20 um (B). Intracellular TNF-ox and IL-6 levels were evaluated
by means of ELISA assay (D,E). Values are expressed as mean + SEM of pg/mg of TNF-oc and IL-6
produced. Statistical analysis was performed using One-Way ANOVA followed by the Bonferroni
multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Effects of SIM Co-Treatment on Doxo-Induced Inflammasome-Related Responses

Consistent findings across multiple studies support an association between DIC and
the activation of NLRP3 inflammasomes. This leads to the activation of caspase-1, which
promotes the maturation of pro-IL-13 and pro-IL-18 as well as the cleavage of Gasdemin-
D [22]. Western blot analysis showed that SIM co-treatment significantly (p < 0.05) reduced
cleaved caspase-1 expression, which was significantly (p < 0.05 versus untreated cells)
increased in Doxo-treated cells (Figure 3A,B). Data from the ELISA assay, conducted to
assess the intracellular concentration of IL-1f3 and IL-18 in our experimental model, showed
that SIM co-treatment significantly reduced the overproduction of IL-1f3 (p < 0.05) induced
by Doxo (Figure 3C). Regarding IL-18, we observed an increase in Doxo-treated cells and a
decrease in SIM co-treated cells, even if no statistically significant differences were observed
(Figure 3D). Furthermore, N-terminal GSDMD (GSDMD-NT) expression was evaluated
by Western blot analysis, and our results showed that SIM co-treatment significantly
(p < 0.05) reduced its overexpression induced by Doxo (Figure 3E,F). Finally, ELISA assay
results showed that SIM co-treatment significantly reduced (p < 0.05) Doxo-induced NLRP3
expression (Figure 3G).
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Figure 3. SIM co-treatment attenuates Doxo-induced inflammasome-related responses. HCM were
treated with SIM (10 uM) for 4 h and co-treated with Doxo (1 uM) for 20 h. Cleaved Caspase-1 expression
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was detected by Western blot analysis, and GAPDH expression was used as the loading control.
Values are expressed as mean £ SEM of optical density in at least three independent experiments (A,B).
Intracellular IL-13 and IL-18 levels were evaluated by means of an ELISA assay. Values are expressed
as mean + SEM of pg/mg of IL-1f3 and IL-18 production (C,D). GSDMD and GSDMD-NT expression
was detected by Western blot analysis, and 3-actin expression was used as the loading control. Values
are expressed as mean + SEM of optical density in at least three independent experiments (E,F).
Intracellular levels of NLRP3 were evaluated by means of an ELISA assay. Values are expressed as
mean + SEM of ng/mg of NLRP3 produced in at least three independent experiments (G). Statistical
analysis was performed using One-Way ANOVA followed by the Bonferroni multiple comparisons
test. * p < 0.05, ** p < 0.01, and *** p < 0.005.

3.4. Effects of SIM Co-Treatment on Cx43 Levels

The cytokine hypothesis, formulated by Bozkurt in 2000, proposed that the over-
production of pro-inflammatory cytokines in the heart is associated with heart failure
progression, initially characterised by cardiac arrhythmias [23]. As electrical coupling and
intercellular communication in cardiac cells are regulated by Cx43-formed gap junctions,
we used cytofluorimetric analysis to evaluate Cx43 levels in our experimental model. Our
results showed that SIM co-treatment significantly (p < 0.05) reduced Doxo-induced Cx43
overexpression (p < 0.001 versus untreated cells) (Figure 4A). We also evaluated the levels
of Cx43 phosphorylated on Ser368 (p>3¢8Cx43), which is known to regulate the permeability
of gap junctions formed by Cx43 [24]. As shown in Figure 4C, SIM co-treatment signifi-
cantly (p < 0.05) attenuated the Doxo-induced increase in pS38Cx43 levels (p < 0.001 versus
untreated cells).
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Figure 4. SIM co-treatment attenuates Doxo-induced Cx43 and pS3%8Cx43 overexpression. HCM
were treated with SIM (10 uM) for 4 h and co-treated with Doxo (1 uM) for 20 h. To evaluate Cx43
and p38Cx43 levels, flow cytometry analysis was used. The results are reported as the mean + SEM
of the percentage Cx43 and pS3%8Cx43 positive cells (A,C). Statistical analysis was performed using
one-way ANOVA followed by the Bonferroni multiple comparisons test. Representative histograms
for the flow cytometry analysis are reported in Panels (B,D). * p < 0.05, ** p < 0.01, and **** p < 0.001.

4. Discussion

Cardiotoxicity is one of the most severe side effects of DOXO, significantly impacting
the morbidity and mortality of cancer survivors. Currently, aside from Dexrazoxane, whose
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benefits remain controversial [25], there are no specific therapies for cardiotoxicity. There-
fore, identifying pharmacological approaches capable of interfering with the early molec-
ular events underlying Doxo-induced cardiac injury is a key translational objective [26].
In recent years, research has focused on the molecular mechanisms involved in the early
stages of Doxo-mediated cardiotoxicity, since damage to cardiomyocytes during this phase
leads to cardiac dysfunction that manifests clinically years after drug discontinuation [27].
There is growing evidence that Doxo-induced cardiotoxicity is closely associated with
nitrosative and oxidative stress, which exacerbate inflammatory signaling and ultimately
contribute to cardiac dysfunction. In a previous study, we demonstrated that SIM can
prevent oxidative stress and subsequent apoptosis in Doxo-exposed cardiomyocytes [15].
Given statins’ numerous pleiotropic effects, including anti-inflammatory activity, this study
aimed to evaluate whether SIM could also reduce Doxo-induced inflammation in a short-
term cellular model. It is widely accepted that Doxo can upregulate nitric oxide (NO)
synthesis in cardiac cells by increasing NOS expression [28]. Increased NO bioavailability
promotes the formation of reactive oxygen species and amplifies nitrosative stress, thereby
exacerbating inflammatory responses and contributing to contractile dysfunction and car-
diomyocyte death [10]. Consistent with previous reports, we observed an increased nitrite
accumulation (a stable NO metabolite) in the culture medium of Doxo-treated cells. Impor-
tantly, our data showed that SIM co-treatment significantly attenuates Doxo-induced NO
production, suggesting a protective role for SIM against nitrosative stress. The reduction
in NO levels observed in SIM co-treated cells is mechanistically supported by the signifi-
cant downregulation of Doxo-induced iNOS overexpression at both mRNA and protein
levels. As iNOS-derived NO is a major contributor to sustained inflammatory signaling
under pathological conditions, the ability of SIM to suppress iNOS overexpression is a
critical mechanism by which it mitigates Doxo-induced cellular stress. These findings are
consistent with previous studies that have implicated iNOS inhibition as a key strategy for
reducing inflammatory and nitrosative damage in cardiovascular models [29,30]. Oxidative
and nitrosative stress induced by Doxo are known to activate the NF-«kB signaling pathway,
which plays a pivotal role in orchestrating inflammatory responses in the heart [31]. Under
basal conditions, NF-kB is retained in the cytoplasm through its interaction with inhibitory
IkB proteins. Upon activation, the phosphorylation and subsequent degradation of IkBx
permit the nuclear translocation of NF-kB and the transcription of pro-inflammatory cy-
tokines, including TNF-oc and IL-6 [21]. In line with this paradigm, in our experimental
model, Doxo-treatment resulted in a marked reduction of cytoplasmic IkB levels and
enhanced NF-kB p65 nuclear localization, indicating pathway activation. Interestingly,
SIM co-treatment restored IkBo levels and markedly reduced NF-«B nuclear translocation,
suggesting that SIM effectively suppresses Doxo-induced NF-«kB activation, as previously
reported for other statins [32]. The functional relevance of NF-«B inhibition by SIM is
further supported by the pronounced reduction in TNF-oc and IL-6 overproduction, both of
which are key mediators of cardiac inflammation and remodelling. These results highlight
the capacity of SIM to blunt the downstream inflammatory signaling triggered by NF-xB
activation, thereby limiting the inflammatory burden associated with Doxo exposure [33].
Emerging evidence suggests that Doxo-induced cardiotoxicity involves activation of the
NLRP3 inflammasome, leading to caspase-1 activation, cytokine maturation, and pyrop-
totic cell death. Consistent with this paradigm, our data demonstrate that Doxo increases
IL-1f and IL-18 production, as well as the expression of NLRP3, cleaved caspase-1, and the
N-terminal fragment of Gasdermin D (GSDMD-NT), indicative of inflammasome activation
and pyroptosis [34]. Importantly, SIM co-treatment significantly attenuated these effects,
reducing caspase-1 activation, IL-1 overproduction, and NLRP3 expression. Although
IL-18 levels exhibited a decreasing trend without reaching statistical significance, the over-
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all suppression of inflammasome components suggests that SIM interferes with both the
priming and activation phases of NLRP3 signaling. Furthermore, the observed reduction
in GSDMD-NT expression further supports the notion that SIM limits inflammasome-
mediated pyroptotic cell death, thereby preserving cardiomyocyte viability [35]. Elevated
levels of pro-inflammatory cytokines have been shown to alter Cx43 expression [36,37].
Cx43 is the main gap junction protein in cardiac cells and is involved in synchronizing
rhythmic contractions and maintaining cardiac homeostasis [38]. Phosphorylation of Cx43,
particularly at serine 368, significantly impacts the behavior of gap junctions by reducing
the open probability of Cx43 channels and limiting direct electrical and metabolic spread
between cells. While increased expression of Cx43 and of its phosphorylated form is part
of a compensatory response to maintain cellular function, the so-called “Good Samari-
tan effect”, prolonged Cx43 phosphorylation disrupts intercellular communication and
predisposes the myocardium to transient arrhythmias and conduction abnormalities that
clinically characterize Doxo-induced acute cardiotoxicity [39,40]. Here, we demonstrate
that SIM co-treatment reduces the overexpression of both Cx43 and p>3®Cx43 induced
by Doxo, suggesting a restoration of gap junction homeostasis. These findings align with
prior evidence indicating that SIM modulates Cx43 and p>3®8Cx43 in cardiomyocytes [38],
thereby exerting anti-arrhythmic effects independently of its cholesterol-lowering activity.
Indeed, it has been shown that the inhibitory effect of statins on Cx43 is associated with the
suppression of pro-inflammatory cytokines [41], especially TNF-«, IL-1(3, and IL-6 [42].

5. Conclusions

Overall, our study provides compelling evidence that SIM exerts a multifaceted car-
dioprotective effect against Doxo-induced cardiotoxicity. By simultaneously suppressing
iNOS-dependent NO overproduction, inhibiting NF-kB-driven inflammatory signaling,
restraining NLRP3 inflammasome activation, and normalizing Cx43 expression and phos-
phorylation, SIM targets key pathological processes that collectively contribute to Doxo-
mediated cardiac dysfunction. This integrated mechanism of action is particularly relevant
given the complex and interconnected nature of cardiotoxic signaling pathways. How-
ever, this study was conducted in a short-term in vitro model and did not directly assess
functional contractility, electrophysiological properties, or long-term remodeling. Further-
more, it failed to consider the physiological complexity of the heart (e.g., interaction with
fibroblasts or the extracellular matrix). Therefore, future studies are needed to further
elucidate the upstream molecular targets of SIM and to validate these protective effects in
in vivo models, thereby strengthening its potential translational relevance. Despite these
limitations, our data provide mechanistic evidence supporting Simvastatin as a potential
adjunctive strategy to mitigate Doxo-induced inflammatory cardiotoxicity.
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Abbreviations

The following abbreviations are used in this manuscript:

HCM Human Cardiomyocytes

DOXO Doxorubicin

SIM Simvastatin

IL-6 Interleukin 6

IL-18 Interleukin 18

IL-13 Interleukin 1 beta

TNF-a Tumor necrosis factor alpha

IkB-a Inhibitor of nuclear factor kappa B alpha

NF-«B Nuclear Factor kappa-light-chain-enhancer of activated B cells
NLRP3 Nucleotide oligomerization domain-like receptor family, pyrin domain containing 3
GSDMD Gasdermin D

NT-GSDMD  N-terminal domain of Gasdermin D

TLR-4 Tool-like receptor 4

TLR-2 Tool-like receptor 2

MyD88 Myeloid Differentiation Primary Response 88

Cx43 Connexin 43

pS38Cx43 Connexin43 phosphorylated at Serine 368

iNOS Inducible nitric oxide synthase

NO Nitric oxide
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