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Background: Doxorubicin-induced cardiotoxicity (DIC) is a major clinical limitation of doxorubicin therapy, driven by mitochondrial
dysfunction and apoptosis. Tetrahedral framework nucleic acids (tFNAs), as novel 3D DNA nanostructures, exhibit antioxidative and
anti-apoptotic properties, suggesting therapeutic potential for DIC.

Methods: The therapeutic efficacy of tFNAs was evaluated through in vivo (mouse model) and in vitro (cardiac cell lines)
experiments. Apoptotic pathways were analyzed via AKT/p53 signaling inhibition assays, while cardiac function was assessed by
histological examination and biochemical analysis.

Results: In vitro results demonstrated that tFNAs significantly attenuated DIC by suppressing AKT/p53-mediated apoptosis. In vivo
studies confirmed functional improvement in cardiac tissue, validated by reduced biomarkers of cardiotoxicity and enhanced
histological integrity.

Conclusion: tFNAs effectively mitigated DIC pathogenesis through dual mechanisms of mitochondrial protection and apoptosis
inhibition. These findings position tFNAs as a promising therapeutic strategy for clinical DIC management, warranting further
translational studies.
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Background
Doxorubicin (DOX), a powerful anthracycline antibiotic, is administered in a wide range of cancers." However, the
application of DOX is limited due to its life-threatening cardiotoxicity.” DOX causes bioenergetic failure and cell death
in the heart and ultimately leads to cardiomyopathy.® Emerging evidence highlights that the pathophysiological progres-
sion of doxorubicin-induced cardiotoxicity (DIC) is multifactorial, encompassing aberrations in genomic stability
maintenance, perturbations in autophagic flux, and maladaptive alterations in cytosolic calcium dynamics.*® Although
the underlying mechanism of DIC has been intensively studied,”® and our lack of feasible and useful methods still exists.
Mitochondrial dysfunction is one of the first events of cardiac injury upon DOX challenge.’ Beyond their primary role in
adenosine triphosphate (ATP) generation, mitochondria critically regulate diverse cellular functions such as maintaining
calcium ion balance, modulating inflammatory responses, and generating reactive oxygen species (ROS).''? Excessive
reactive oxygen species induce oxidative damage to mitochondrial membrane integrity and function and ultimately cause
cardiomyocyte fibrosis and apoptosis in DIC.%*'* DOX-induced oxidative stress directly elicits extensive cardiomyocyte
apoptosis followed by severe cardiac dysfunction.'® Thus, it is worth investigating changes in mitochondrial function because

of the pivotal role of mitochondria in DOX-induced cardiotoxicity.
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Current preventative and therapeutic approaches for doxorubicin-induced cardiac injury, such as dexrazoxane,
provide only limited cardioprotection and merely stabilize patients at a suboptimal level of cardiac function.'*'> This
constraint is compounded by two critical clinical dilemmas: the absence of viable therapeutic alternatives to replace
doxorubicin in chemotherapy regimens, which impedes actionable responses to cardiac injury biomarkers, and the
inherent risk of compromising anticancer efficacy when individualizing dose reductions to mitigate cardiotoxicity.
Consequently, the development of novel and effective strategies to prevent doxorubicin-induced cardiac injury represents
an urgent unmet need in oncology and cardiology research.

Tetrahedral framework nucleic acids (tFNAs), self-assembled three-dimensional DNA nanostructures composed of four
stoichiometrically equivalent single-stranded DNA (ssDNA) strands, demonstrate therapeutic potential in mitigating oxida-
tive damage and inhibiting apoptosis across diverse pathological conditions.'®!” A previous study demonstrated the high
stability, good biocompatibility and tunable physicochemical properties of tFNAs, indicating their potential as therapeutic
biomaterials.'® tFNAs exhibit smooth endocytosis via the caveolin-mediated pathway and could inhibit Toll-like Receptor 2
signaling Pathway in acute ischemic stroke.'” While tFNAs have been applied in neural regeneration, osteoarthritis and acute

82021 their cardioprotective efficacy against DOX-induced toxicity remains unexplored since mitochondrial

kidney injury,
dysfunction and oxidative stress contribute greatly to DIC pathogenesis.'”***' No prior studies have investigated tFNA-
mediated modulation of oxidative damage and apoptosis in cardiomyocytes under doxorubicin stress. Therefore, it is
reasonable to consider the application of tFNAs to fight doxorubicin-induced cardiotoxicity. In this study, we established an

in vitro DOX-treated AC16 model and an in vivo DOX insult mouse model to verify the therapeutic potential of tFNAs.

Materials and Methods

Materials, Cells and Animals

PCR sets were purchased from Abclonal, China. Doxorubicin were purchased from Selleck Chemicals. Single-stranded
oligonucleotides were synthesized by Tsingke Biotech, China. Human AC16 cardiomyocyte cell line was purchased from
PROCELL, China and was cultured in DMEM/F12 medium (Gibco, USA) supplemented with 1% penicillin-
streptomycin (Gibco, USA) and 10% fetal bovine serum (FBS) (Gibco, USA), and maintained at 37°C in a 5% CO,
humidified incubator under standard aseptic protocols. C57BL/6J- mice were obtained from the Experimental Animal
Center of Zhejiang University School of Medicine, the First Affiliated Hospital. All animal experiments were conducted
in accordance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health (NIH). The experimental protocols were approved by the Institutional Animal Care and Use
Committee of Zhejiang University School of Medicine, the First Affiliated Hospital.

Fabrication and Characterization of tFNAs

The tetrahedral DNA nanostructures (tFNAs) were programmatically assembled through a magnesium ion-dependent
annealing process, wherein four sequence-engineered single-stranded oligonucleotides (Table 1) were stoichiometrically
combined (1 pM each) in a 200 pL TM buffer system (10 mM Tris-HCI, 50 mM MgCl,, pH 8.0) to stabilize Holliday
junction formation. Mg?, neutralizes the negative charges on the DNA phosphate backbone, reducing electrostatic
repulsion between double-stranded DNA and thereby promoting tighter binding between the DNA strands.?
Following thermal denaturation at 95°C for 10 minutes to dissociate secondary structures, the mixture underwent
controlled cooling to 4°C over 20 minutes, enabling stepwise hybridization.'”'® Agarose gel electrophoresis (AGE)

Table | Sequence of Each ssDNA

ssDNA Direction Sequence

| 5to3 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACAT TCCTAAGTCTGAA

S2 5t 3 ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGAC TTAGGAATGTTCG

S3 5to3 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAG AGCATGCCCATCC
S4 5to3 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGG CATGCTCTTCCCG
Cy5-S1 5t 3 Cy5-ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
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was performed to assess the synthesis of tFNAs. The structural morphology and dimensional characteristics of tFNAs
were analyzed using atomic force microscopy (AFM) (Bruker Dimension Icon system, Germany), while their hydro-
dynamic diameter and zeta potential distribution were quantified via dynamic light scattering (DLS) (Zetasizer Nano ZS
90, Malvern Instruments, UK). To evaluate biostability, tFNAs were subjected to serum incubation (2% or 10% fetal
bovine serum contained medium) across a physiological-relevant time course (0-12 h), followed by agarose gel
electrophoresis (AGE) to monitor structural integrity. Electrophoretic banding patterns were documented using a Bio-
Rad Gel Doc XR imaging system (USA), enabling temporal stability profiling under simulated in vivo conditions.

Cell Treatment
Before being treated with DOX (1uM) for 8/12 h, AC16 cells were preincubated with tFNAs (250 nM) or PBS for 12 h.

Cellular Uptake of tFNAs

The S1 ssDNA in the tFNAs was replaced with the Cy-5 fluorescent molecule-conjugated S1 ssDNA to verify the
delivery of the tFNAs. Cultured AC16 cells were coincubated with Cy5-tFNA (250 nM) and incubated for 4 h, 8 h or
12 h. Following PBS rinsing (pH 7.4), cells underwent fixation in 4% paraformaldehyde (PFA)(Sigma-Aldrich) for
15 min at room temperature and subsequent nuclear counterstaining with 4’,6-diamidino-2-phenylindole (DAPI)
(Beyotime Biotechnology, China; 1 pg/mL in PBS) for 10 min, with three PBS washes interspersed between each step
to ensure removal of unbound reagents. Fluorescent imaging was performed using a confocal microscope (Olympus
FV3000) equipped with a 405 nm excitation laser to visualize DAPI-stained nuclei.

Detection of Oxidative Stress

Cellular reactive oxygen species (ROS) levels were quantified using a fluorescent ROS Assay Kit (Beyotime, China) and
MitoSOX™ Red Mitochondrial Superoxide Indicator (Thermo Fisher Scientific, USA), while mitochondrial membrane
potential dynamics were assessed via a JC-1-based assay (Beyotime, China). Following staining protocols, fluorescence
signals were captured by a confocal laser scanning microscope (Olympus FV-3000, Japan). Concurrently, oxidative stress
biomarkers including malondialdehyde (MDA), glutathione (GSH), total superoxide dismutase (SOD), and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity were measured using assay kits (Nanjing Jiancheng, China),
adhering to manufacturer-specified spectrophotometric protocols.

RT—PCR Analysis

Gene expression analysis was conducted through quantitative real-time PCR (qPCR). Total RNA isolating from cell
lysates was performed using TRIzol® Reagent (Thermo Fisher Scientific, USA; Cat. No. 15596018), followed by cDNA
synthesis with the PrimeScript™ RT Reagent Kit (Takara, Japan; Cat. No. RR047Q). qPCR amplification was performed
on a QuantStudio™ 5DX System (Thermo Fisher Scientific, USA) using PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific; Cat. No. A25742, USA). Relative gene expression levels were normalized to B-actin (internal
control) and calculated via the comparative AACt method. Primer sequences targeting specific genes are listed in Table 2,

Table 2 Primer Sequence

Gene Sequence (5'-3)
COLIAI | F | GAGGGCCAAGACGAAGACATC
R | CAGATCACGTCATCGCACAAC
TGFBI F | GGCCAGATCCTGTCCAAGC
R | GCAACCGATCTAGCTCACAGAG
MMP9 F | TGTACCGCTATGGTTACACTCG
R | GGCAGGGACAGTTGCTTCT
GAPDH | F | GGAGCGAGATCCCTCCAAAAT
R | GGCTGTTGTCATACTTCTCATGG
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with annealing temperatures optimized to ensure amplification efficiency (90-110%) and specificity, as validated by melt

curve analysis.

In vitro |IF Staining

Immunofluorescence staining was performed on AC16 cells to visualize the target proteins. Cells were fixed in 4%
paraformaldehyde (PFA) for 15 minutes, followed by permeabilization and blocking using QuickBlock™ Blocking
Buffer for Immunolstaining (Beyotime, Shanghai, China). Subsequently, the cells underwent overnight incubation at 4°C
with primary antibodies specific to collagen I (1:200 dilution; Proteintech, 14695-1-AP), TGF-B1 (1:200 dilution;
Proteintech, 21898-1-AP), and MMP9 (1:200 dilution; Affinity, AF5228). On the following day, the cells were incubated
in diluted Alexa Fluor™ 488 fluorescent secondary antibodies (1:500 dilution; Thermo Fisher Scientific, USA) at 37°C
for 1 hour. Each incubation step was followed by washing with phosphate-buffered saline (PBS) (5 min for 3 times).
Finally, nuclear staining was performed using DAPI (37°C, 10 minutes). Confocal laser scanning microscopy (Olympus
FV-3000, Japan) was employed to acquire the images.

Cell Viability Detection and TdT-Mediated dUTP Nick End-Labeling (TUNEL) Staining
Cell viability was evaluated using a Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime, Shanghai, China). In

this assay, live cells are labeled with Calcein AM, which emits green fluorescence, while dead cells are stained with
propidium iodide (PI), emitting red fluorescence. Additionally, cell apoptosis was assessed in vitro using a TUNEL
staining kit (Beyotime, Shanghai, China).

Establishment of DIC Model in Mice

Male C57BL/6J mice aged 8 weeks were obtained from the Experimental Animal Center of Zhejiang University School
of Medicine, the First Affiliated Hospital, and were allowed a 1-week adaptation period prior to the commencement of
the study. Throughout the experiment, all mice were housed in individually ventilated cages under specific pathogen-free
(SPF) conditions in an environmentally controlled facility. The animals received sterile food and water ad libitum, with
environmental parameters maintained at a temperature of 20-25°C and humidity of 50 + 5%.

The mice were allocated randomly into three experimental groups: Control group, DOX-treated group, and DOX and
tFNA-treated group. Mice in DOX-treated group, and DOX and tFNA-treated group received DOX treatment to induce
a model of DIC. Specifically, these mice were administered DOX (15 mg/kg, intraperitoneally) in three weekly doses,
resulting in a cumulative total dose of 15 mg/kg. For those in DOX and tFNA-treated group, 100 puL of tFNA solution
(250 nM) was administered via tail vein injection 12 hours prior to each DOX administration, over a 3-week period.

Echocardiographic Assessment

Following DOX challenge, M-mode echocardiographic assessments were conducted on the mice under isoflurane
anesthesia (1-2%). Two-dimensional (2D)-guided M-mode echocardiography was performed using a 22-55 MHz
FUJIFILM VisualSonics transducer (Toronto, ON, Canada) to evaluate cardiac function. Measurements were taken
using a Vevo 2100 echocardiography system (FUJIFILM VisualSonics, Toronto, ON, Canada) according to established
protocols. Echocardiographic parameters were calculated as the average of three to five consecutive cardiac cycles.”

Histological Analysis

After echocardiographic assessment, the mice were sacrificed. The hearts and other four organs, including the lungs,
spleens, livers, and kidneys, were harvested from the mice. Hearts were cut in half, and half of the hearts with other
organs were fixed with PFA. All the samples were subsequently dehydrated in a graded alcohol series, embedded in
paraffin, and sheared into slices. Finally, all the samples were stained with H&E (hearts and other major organs) or
Masson (hearts), scanned, and imaged for further analysis.
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Transmission Electron Microscopy (TEM)

Some of the hearts collected from the previous step were sectioned into cubic fragments. These cubic heart tissue
samples were fixed in 0.1 M PBS (pH 7.4) containing 2.5% glutaraldehyde for a minimum of 24 hours at 4°C. Following
this, the samples underwent dehydration through a graded series of ethanol solutions before being embedded in Epon
Araldite resin. Prior to fixation with 1% osmium tetroxide (OsO,) for 1 hour, the dehydration process was completed.
Ultrathin sections, ranging in thickness from 75 to 80 nm, were prepared using a Leica ultramicrotome (Wetzlar,
Germany) fitted with a Diatome diamond knife. The sections were then sequentially stained with uranyl acetate for
10 minutes and lead citrate for an additional 5 minutes. Morphological examination of the sections was conducted using
a Hitachi H600 transmission electron microscope (Hitachi, Japan) operated at an accelerating voltage of 40—120 kV.
Digital images of the samples were captured and recorded using Digital Micrograph software.

Western Blot Analysis

Protein extraction and Western blotting analyses were conducted on both AC16 cells and heart tissue samples. After
washing and harvesting, the samples were lysed using RIPA buffer (Beyotime, Shanghai, China). Protein concentrations
of the lysates were quantified using a BCA protein assay kit (Beyotime, Shanghai, China).

For Western blot, the protein samples were diluted with NuPAGE™ LDS sample buffer (4x) (Invitrogen, USA),
thoroughly mixed, and denatured by heating in a metal bath at 70°C for 10 minutes. The denatured proteins were then
separated by SDS-PAGE according to their molecular weights. The separated proteins were transferred onto a 0.22nm or
0.45nm PVDF membrane, which was subsequently blocked using skim milk for 1 hour to reduce nonspecific binding.
The PVDF membrane was then incubated at 4°C overnight in the following diluted primary antibodies, each diluted at
a 1:1000 ratio:

Rabbit anti-cleaved-caspase-3 (Cell Signaling Technology, 9664)

Rabbit anti-caspase-3 (Cell Signaling Technology, 9662)

Rabbit anti-cleaved-PARP (Cell Signaling Technology, 94885)

Rabbit anti-PARP (Cell Signaling Technology, 9532)

Mouse anti-collagen I (Proteintech, 67288-1-Ig)

Rabbit anti-phospho-Akt (Ser473) (Cell Signaling Technology, 9271)

Rabbit anti-ANP (Proteintech, 27426-1-AP)

Rabbit anti-P53 (Proteintech, 10442-1-AP)

Mouse anti-GAPDH (Proteintech, 60004-1-Ig)

Following primary antibody incubation, the PVDF membrane was then given 1-hour incubation at room temperature
in diluted HRP-conjugated goat anti-mouse IgG (H+L) or HRP-conjugated goat anti-rabbit IgG (H+L) secondary
antibodies (ABclonal, Wuhan, China) (1:10,000). Immunoreactivity was subsequently visualized by Bio-Rad
ChemiDoc MP detection system (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Every experimental analysis in this study was performed in triplicate, with data represented as the mean + standard
deviation. Statistical analysis was conducted using GraphPad Prism 9.5.0 software. Comparisons between two groups

were analyzed using two-tailed Student’s t-tests. Results were considered statistically significant at *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

Results

Synthesis and Characterization of the tFNAs

As previously described, tFNAs quickly self-assemble into four ssDNAs (S1, S2, S3, and S4, as shown in Table 1)
according to the complementary base pairing principle (Figure 1A).'® The formation of tFNAs was validated through
agarose gel electrophoresis analysis, as evidenced by the characteristic banding profile in Figure 1B. The atomic force
microscopy (AFM) image revealed the uniform dispersion, uniform size, and tetrahedral structure of the tFNAs
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(Figure 1C). Physicochemical characterization via DLS indicated a particle size distribution of 11.08 + 0.892 nm for
tFNAs, while zeta potential analysis confirmed their electronegative surface charge (—6.997 + 1.036 mV), as shown in
Figure 1D. The stability of tFNAs in serum was then tested. tFNAs did not significantly degrade in 2% or 10% serum
after 6 hours (Figure 1E). The cellular uptake of tFNAs in AC16 cells was subsequently observed via confocal
microscopy. Twelve hours after being added to the cell culture medium, the tFNAs were still satisfactorily taken up
by the AC16 cells (Figure 1F). All these results were consistent with those from previous studies.

tFNAs Alleviated DOX-Induced Oxidative Stress in vitro

As established in prior studies, heightened oxidative stress constitutes a hallmark pathological mechanism underlying the
progression of DIC.? Therefore, preventing oxidative stress injury by scavenging ROS has become a priority in the
treatment of DIC. To model oxidative stress, AC16 cells were first pretreated with tFNAs for 12 hours prior to 12-hour
DOX challenge. Parallel control groups received either PBS (negative control) or DOX alone (positive control). We used
DCFH-DA and MITOSOX fluorescent probes to test the ROS levels in vitro. The results revealed that pretreatment with
tFNAs significantly reduced ROS levels in response to DOX insult (Figure 2A—D). The mitochondrial membrane is the
target of oxidative stress, and JC-1 staining reflects the extent of damage to the integrity of the mitochondrial membrane.
The change from aggregates (red) to monomers (green) in JC-1 staining indicates a significant decrease in the
mitochondrial membrane potential, which is a marker of an impaired mitochondrial membrane. As shown in
Figure 2E, tFNAs exerted marked effects against DOX insult in AC16 cells. Moreover, the production levels of several
oxidative markers were measured. tFNAs had a profound effect against DOX stimulation, as evidenced by decreased
MDA levels and NADPH oxidase activity, with preserved GSH levels and SOD activity (Figure 2F-I).

Effects of tFNAs on DOX-Induced Fibrosis in vitro

Fibrosis a common feature of heart failure triggered by DOX insult.>* To explore whether tFNAs affect DOX-induced
fibrosis, we tested the expression of fibrosis-related genes (COLIAI, TGFBI, and MMPY) in AC16 cells. Fibrotic
remodeling, manifested through pathological accumulation of extracellular matrix components—most prominently type
I collagen—serves as a conserved pathological signature across nearly all myocardial disorders.”> Fibrotic processes are
driven by a complex interplay of mechanisms. For example, following myocardial infarction, the ischemic myocardium
undergoes a marked upregulation of pro-inflammatory mediators and regenerative signaling molecules, notably including
transforming growth factor-f1 (TGF-B1). TGF-B1 upregulation induces fibroblast activation through the canonical
SMAD3-dependent pathway, which governs extracellular matrix (ECM) protein synthesis and pathological accumulation,
thereby driving fibrotic progression.’®*” MMP9 exerts its proteolytic activity to disrupt extracellular matrix (ECM)
homeostasis by skewing the equilibrium between matrix synthesis and degradation, thereby driving concurrent cardiac
fibrotic remodeling and hypertrophic pathology.”®**° As shown in Figure 3A and B, COLIAI and TGFBI were
upregulated, whereas MMP9 was downregulated in response to DOX challenge, and tFNA administration reversed
these changes. Additionally, the protein expression of Collagen I, TGF-betal and MMP9 in AC16 cells was detected via
IF staining. These results were consistent with the qPCR results (Figure 3C-E).

AKT/p53 Signaling May Be Responsible for the tFNA-Mediated Protective Effect on
Cardiomyocyte Apoptosis Against DOX Insult

Apoptosis, a regulated cell death process, is usually triggered by DOX in cardiomyocytes.***' Live/dead dual fluores-
cence assays demonstrated marked cytotoxicity of DOX, evidenced by compromised cellular viability and substantial cell
population depletion, whereas tFNA pretreatment effectively attenuated these detrimental effects (Figure 4A and B).
TUNEL staining revealed that apoptosis was the main type of regulated cell death after DOX insult, and tFNAs had
strong antiapoptotic effects on DIC (Figure 4C). Elevated cleaved caspase3 and cleaved PARP are the two typical
hallmarks of enhanced activation of apoptosis.®>*> Activated caspase3 catalyzes the specific cleavage of PARP, causing it
to lose its enzyme activity and ultimately leading to the apoptosis of cells. Western blot was performed to examine the
expression of apoptosis-related signaling pathway proteins. Apparently, tFNAs reduced apoptosis in the context of DOX
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caspase-3, cleaved-PARP, PARP, phospho-AKT (Ser473), p53, and GAPDH detected by Western blot and their quantitative evaluation, n=3. ACI6 cells were preincubated with
tFNAs (250 nM) or PBS for 12 h before being treated with DOX (I M) for 8/12 h. The data are presented as the mean * SD, *p < 0.05, **p < 0.0/, ¥***p < 0.001, ****p < 0.0001.
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insult, as indicated by decreased cleaved caspase3 and cleaved PARP in 12-hour DOX insult (1uM) (Figure 4D and E).
AKT itself can be activated under oxidative stress conditions.** Acting as upstream of p53, phosphorylated AKT
phosphorylates MDM?2 at Serine 183 (Ser183), thereby stabilizing MDM?2 in the nucleus and accelerating p53 degrada-
tion, which promotes cell survival.®>> But after 12 hours of DOX treatment, we did not observe elevated pAKT or
decreased p53 in the DOX+tFNAs group. We speculate that tFNAs treatment rapidly suppressed oxidative stress.
Therefore, we reduced the DOX treatment duration to 8 hours and did another Western blot analysis, and we found
that pAKT levels in the DOX+tFNAs group after 8-hour DOX treatment increased significantly compared to the DOX
group, while p53 levels decreased significantly (Figure 4F and G). These results suggest that tFNAs may exert their
effects by strongly activating the AKT/p53 pathway.

tFNAs Exerted Cardioprotective Effects on Mouse Hearts in Response to DOX Insult
We next used C57BL/6J mice aged 8 weeks to establish a DOX-induced murine model of cardiac injury. Before further
experiments, we tested the in vivo biosafety of tFNAs in mice. Age-matched 8-week-old C57BL/6J mice (n=6/group)
were allocated to: the control group, the DOX-treated group, and the DOX- and tFNA-treated groups. After the four-
week experiment, echocardiographic analysis was carried out to measure mouse heart function. DOX challenge severely
decreased the ejection fraction, fraction shortening, and heart rate, whereas tFNA treatment rescued the hearts from DOX
insult, as indicated by increases in the ejection fraction, heart rate, and fraction shortening (Figure SA-D). Additionally,
Western blot analysis of heart tissue revealed elevated ANP levels in the DOX group and decreased ANP expression in
the DOX + tFNAs group (Figure 5E). Also, DOX challenge t reduced mouse body weight and the ratio of heart weight
(HW) to tibia length (TL), while tFNAs pretreatment partially rescued this phenotype (Figure 5F and G). These findings
suggest that tFNAs protect mice from heart failure caused by DOX insult.

Next, we aimed to explore the underlying mechanism by which tFNA treatment affects DOX-induced cardiac injury.
The increase in the collagen I level in response to DOX insult was alleviated after tFNA treatment (Figure SH).
Compared with that in the DOX group, Masson staining revealed a decreased fibrotic area in the DOX + tFNA group
(Figure 5I). TEM images of the myocardium revealed ultrastructural alterations inside the mitochondria. Ultrastructural
analysis revealed extensive myocardial injury characterized by mitochondrial cristae fragmentation and sarcomeric
disarray with myofilament dissolution. Furthermore, the tFNA treatment group presented an intact mitochondrial
membrane and a regular mitochondrial ultrastructure (Figure 5J). The ELISA results for the myocardium shown in
Figure 5I-L verified the protective effects of tFNAs against oxidative damage to mitochondria following DOX challenge.

Discussion

This study revealed for the first time the cardioprotective effects of tFNAs in a DIC model. Through both in vivo and in vitro
experiments, we confirmed that tFNAs significantly alleviated myocardial injury through inhibiting mitochondrial oxidative
stress and regulating apoptosis, and these effects may be achieved by activating AKT/p53 pathway (Figure 6).

Multiple factors are substantiated in the pathogenesis of DIC, encompassing inhibition of DNA/RNA/protein
synthesis, dysregulation of autophagy, and disruption of intracellular calcium homeostasis.”'**® However, emerging
evidence highlights the indispensable roles of ROS overproduction and cardiomyocyte apoptosis in DOX-induced
myocardial damage. DOX-elicited oxidative stress activates both extrinsic and intrinsic apoptotic cascades, provoking
extensive cardiomyocyte death and consequent severe impairment of cardiac function."* The heart constitutes the
primary target organ for DOX-induced toxicity. Under physiological conditions, the quinone group within the DOX
molecule undergoes enzymatic reduction via NADH-dependent reductases, forming a semiquinone radical intermediate.
This semiquinone moiety rapidly reacts with molecular oxygen (O;), generating superoxide anion radicals (O, ) while
concurrently regenerating DOX’s original quinone structure. This cyclic redox reaction perpetuates continuous produc-
tion of superoxide radicals, culminating in a massive “supernova” of ROS.?” Therefore, maintaining redox homeostasis
may represent an effective strategy for ameliorating doxorubicin-induced cardiotoxicity.*®

Current preventative and therapeutic approaches for doxorubicin-induced cardiac injury, such as dexrazoxane or dose-
limiting strategies, provide only limited cardioprotection in DIC or significantly reduces anti-cancer efficacy.
Dexrazoxane, as a catalytic inhibitor of topoisomerase II, protects cardiac cells by binding to the ATPase domain of
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Figure 5 tFNAs exerted cardioprotective effects to mice hearts in response to DOX insult. (A) Representative echocardiographic images of cardiac function. (B-D)
Quantitative analysis of fraction shortening, ejection fraction and heart rate, n=6. (E) Protein levels of ANP and GAPDH detected by Western blot and their quantitative
evaluation, n=3. (F) Quantitative analysis of mouse body weight, n=6. (G) Quantitative analysis of HW/TL. HW, heart weight; TL, tibia length. (H) Protein levels of collagen
I and GAPDH detected by Western blot and their quantitative evaluation, n=3. (I) Representative images of Masson staining. (J) Representative TEM images of mice hearts in
different groups. (K-N) MDA, NADPH, GSH, SOD contents in mice hearts, n=6. Mice were administrated with DOX (15 mg/kg, intraperitoneally) in three weekly doses,
resulting in a cumulative total dose of |5 mg/kg. For those in DOX and tFNA-treated group, 100 uL of tFNA solution (250 nM) was administered via tail vein injection
12 hours prior to each DOX administration, over a 3-week period. The data are presented as the mean * SD, *p < 0.05, **p < 0.0/, ***p < 0.001, ****p < 0.0001.
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Figure 6 Schematic illustration of the antioxidant, anti-fibrosis, anti-apoptosis and cardioprotective effects of tFNAs in DOX-stimulated cardiomyocyte and mice model of
DIC.

TOP2B, stabilizing its closed conformation and thereby preventing DNA unwinding and religation.** The mechanism by
which dexrazoxane prevents DNA damage through degradation of TOP2B protein may compromise the antitumor
efficacy of doxorubicin and potentially increase the risk of secondary tumors.*® Despite these limitations, emerging
therapeutic strategies aim to circumvent the cardioprotection-chemotherapy efficacy trade-off by targeting downstream
pathways of oxidative stress and mitochondrial dysfunction.

In sarcopenia, tFNAs were found to inhibit Drpl-mediated excessive mitochondrial fission, upregulate the expression of
the mitochondrial fusion protein Mfn1, restore mitochondrial network integrity, and reduce ROS production. By balancing the
expression of the pro-apoptotic protein BIM and the anti-apoptotic protein BCL, tFNAs block the mitochondrial apoptosis
pathway and decrease myotube apoptosis.'® tFNAs restore mitochondrial membrane potential, reduce cytochrome ¢ (Cyto C)
release and caspase activation, and decrease the apoptosis rate of renal tubular epithelial cells in acute kidney injury.”' In our
research, we demonstrate that tFNAs not only counteract oxidative stress and reduce cell apoptosis, but also alleviate fibrosis
and suppress the expression of related genes, thereby partially restoring cardiac function in DIC. These results position tFNAs
as a multi-organ protective agent targeting the mitochondrial-ROS-apoptosis-fibrosis axis.

Conclusion

This study revealed that tFNAs efficiently penetrate myocardial cells, exhibiting significant therapeutic benefits for DIC. Both
in vitro and in vivo experiments demonstrated that tFNA administration effectively mitigated oxidative stress-induced damage
and resultant apoptosis, mediated through suppression of the p53/AKT signaling pathway. These findings highlight tFNAs as
a potential nanotherapeutic strategy for managing DIC through targeted modulation of critical cellular stress-response
mechanisms.
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