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A B S T R A C T

Superparamagnetic iron oxide nanoparticles (SPION) are widely used in cardiovascular appli
cations. However, their potential to induce ferroptosis in myocardial cells post-ischemia- 
reperfusion hinders clinical adoption. We investigated the mechanisms behind SPION-induced 
cytotoxicity in myocardial cells and explored whether co-loading SPION with SS-31 (a kind of 
mitochondrial-targeted antioxidant peptide) could counteract this toxicity.

To create SPION@SS-31, SS-31 was physically adsorbed onto SPION. To study the dose- and 
time-dependent cytotoxic effects and assess the influence of SS-31 on reducing SPION-induced 
damage, hypoxia/reoxygenation(H/R) H9C2 cells were treated with either SPION or 
SPION@SS-31. We examined the relationship between SPION and ferroptosis by measuring 
mitochondrial ROS, mitochondrial membrane potential (MMP), lipid peroxidation products, ATP, 
GSH, GPX4, mitochondrial structure, nonheme iron content, cellular iron regulation, and typical 
ferroptosis markers.

The findings showed that SPION induced concentration- and time-dependent toxicity, marked 
by a significant cell viability loss and an increase in LDH levels. In contrast, SPION@SS-31 pro
duced results comparable to the H/R group, implying that SS-31 can notably reduce cell damage 
induced by SPION. SPION disrupted cellular iron homeostasis, with FtH and FtMt expression 
increased and reduced levels of FPN1 and ABCB8, which led to the overload of mitochondrial 
iron. This iron dysregulation damaged mitochondrial function and integrity, causing ATP 
depletion, MMP loss, and decreased GPX4 and GSH levels, accompanied by a burst of mito
chondrial lipid peroxidation, ultimately resulting in ferroptosis in H/R cardiomyocytes. Notably, 
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SS-31 significantly alleviated SPION-induced ferroptosis by decreasing mitochondrial MDA pro
duction and maintaining GSH and GPX4 levels, indicating its possibility to reverse SPION-induced 
cytotoxicity. The viability of H/R cells and cells treated with SPION and Fer-1 did not differ 
statistically, whereas cells exposed to SPION along with inhibitors like 3-MA, zVAD, or Nec-1 
showed a substantial loss in viability, implying that ferroptosis is the primary mechanism 
behind SPION-induced myocardial toxicity.

SPION triggers mitochondrial lipid peroxidation by causing overload of iron, leading to fer
roptosis in H/R H9C2 cells. Mitochondria appear to be the primary target of SPION-induced toxic 
effects. SS-31 demonstrates potential in inhibiting this ferroptosis by acting as a mitochondria- 
targeted antioxidant, suggesting that the modification of mitochondria-targeted antioxidant 
peptides represents an innovative and practical approach to attenuate the myocardial toxicity 
associated with SPION.

1. Introduction

Cardiomyopathy iron-overload is one of the primary factor in morbidity and mortality in primary hemochromatosis patients and 
plays a crucial part in the survival of patients with secondary overload of iron [1], indicating that metabolically active cardiomyocytes 
are quite sensitive to the toxicity of iron overload. In two decades, SPION have been widely used in cardiovascular diagnostics and 
therapies, serving as MR contrast agents [2], cell tracers [3], and carriers for magnetic-targeted therapy [4,5] implying that super
paramagnetic iron oxide nanoparticles have a lot of potentials in the cardiovascular field. However, SPION have been found to induce 
toxicity to normal myocardium after intravenous injection [6], and myocardial injury is more serious following repeated intraperi
toneal injection [7]. Our previous study revealed that the oxidative stress damage of SPION-induced cardiomyocytes after the 
hypoxia/reoxygenation (H/R) procedure was significantly greater than that of normal cardiomyocytes [8], suggesting that ischemic 
myocardium may be more vulnerable than normal myocardium. The myocardial toxicity of SPIONs poses a challenge to their clinical 
application. Despite this, the molecular mechanisms underlying SPION-induced ischemic myocardial toxicity remain unclear. 
Therefore, elucidating these mechanisms is crucial to enhancing the safety of SPION.

Recently, growing evidence has suggested that the Ferroptosis is related to I/R injury closely [9]; subsequently, Ferroptosis is 
regarded as a new target treating I/R injury [10]. Ferroptosis was found to be involved in ventricular remodeling and fibrosis following 
myocardial ischemia-reperfusion in mice, in which mitochondria are important organelles determining myocardial Ferroptosis [11]. 

Fig. 1. Characterization of SPION@SS-31. (A) Schematic diagram of SPION@SS-31 synthesis. (B) Representative TEM images of SPION and 
SPION@SS-31. (C) Hydrodynamic diameter distribution of SPION@SS-31 in PBS. (D) Zeta potential distribution of SPION@SS-31. (E) Profile of SS- 
31 release from the SPION@SS-31 dissolved in PBS (pH = 7.4) at 37 ◦C. Data were collected from three independent experiments. 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; TEM, transmission elec
tron microscopy.
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SPION have been proven to facilitate Ferroptosis of tumor cells by accelerating the Fenton reaction to produce lots of reactive oxygen 
species (ROS) [12,13], which is expected to be a crucial strategy in the treatment of carcinoma [14]. We speculated that SPION, when 
applied in ischemia-reperfusion myocardium, may aggravate Ferroptosis in ischemic cardiomyocytes by increasing the cardiomyocyte 
iron load [15]. As mitochondria are not only areas of reactive oxygen species (ROS) production but also the main organelles targeted 
by ROS, it is plausible that mitochondria are the key targets of SPION [15,16]. Previous research have demonstrated that the 
mitochondrial-targeted antioxidant peptides could effectively offer protection to mitochondria to rescue ischemia-reperfusion injury 
[17–19]. Based on the above, we make assumptions that SPION modified with mitochondrial-targeted antioxidant peptides could 
alleviate SPION-induced myocardial toxicity significantly. In this study, we employed SS-31, a potent mitochondrial targeting peptide 
[18,20], to modify SPION and assess its ability to alleviate SPION-induced adverse effects in vitro.

2. Materials and methods

2.1. SPION and SPION@SS-31 synthesis and preparation

A schematic representation is provided in Fig. 1A. SPION were synthesized via a microwave-assisted polyol process [21]. The 
collected SPION underwent washing, sterilization by filtration, and were suspended in sterile water (20 mg/mL). Next, 10 mg PEI 1600 
(Adamas-beta) and 5 mg SS-31 (All Peptide) were added to sterile water (1 mL) and stirred for 60 min to form the SS-31@ PEI 1600 
mixture. The SPION and SS-31@ PEI 1600 were then mixed and reacted for 120 min. Following washing and removal of unbound 
SS-31 through ultrafiltration (Millipore), the final product, SPION@SS-31, was obtained.

2.2. SPION@SS-31 characterization

The zeta potential and hydrodynamic diameters of SPION@SS-31 were measured using dynamic light scattering (DLS) at 298 K 
with the Zeta Sizer Nano (Malvern). Morphological analysis of SPION@SS-31 was performed using transmission electron microscopy 
(TEM) with a 200-kV acceleration voltage. 10 mg SPION@SS-31 placed inside a 10-kDa dialysis bag, and SS-31 concentrations were 
measured at 37 ◦C at different time intervals using the bicinchoninic acid assay on a spectrophotometer (NanoDrop1000, Thermo 
Scientific). The release of SS-31 was calculated, and cumulative release profiles were plotted against time.

2.3. Culture and the H/R procedure of primary rat cardiomyocytes and H9C2 cells

The primary cardiomyocytes from rats (obtained from the Shanghai Animal Administration Center) aged 1–3 days were isolated 
and cultured based on established methods [22]. Before the H/R procedure, cells were cultured for at least 3 days. All animal ex
periments adhered to the guidelines of the Animal Care and Use Committee of Tongji University.

H9C2 cells (Cell Bank, the Chinese Academy of Sciences, Shanghai Cat.No. GNR 5; RRID: CVCL_0286) from embryonic rat heart 
were cultured in DMEM containing FBS (10 %), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37 ◦C in a humidified 
incubator (Thermo Fisher Scientific, USA) with 95 % air and 5 % CO2. To simulate cardiomyocytes H/R injury, when cells reached 
70–80 % confluence, they were placed at 37 ◦C with 5 % CO2 and 95 % N2 environment for 3 h in a hypoxic chamber (STEMCELL 
Technologies), succeeded by reoxygenation with 5 % CO2 and 95 % normal air for 3 h as described earlier [8]. All assays were 
conducted using low cell passage (2–5 passages) cells.

2.4. Different nanoparticle treatments

To evaluate the effect of SPION or SPION@SS-31 concentrations on cell viability, H/R cardiomyocytes were treated with various 
concentrations of SPION (Fe3O4 range from 25 to 200 μg/mL) or SPION@SS-31 (Fe3O4 range from 25 to 200 μg/mL and SS-31 range 
from 7.91 to 31.64 μg/mL) for 1 day. To evaluate the effect of exposure duration on cytotoxicity, H/R cardiomyocytes were exposed to 
SPION (Fe₃O₄, 50 μg/mL) or SPION@SS-31 (Fe₃O₄, 50 μg/mL; SS-31, 15.82 μg/mL) for 24, 48, and 72 h post-H/R. To determine 
whether ferroptosis was the primary mode of SPION-induced cell death, H/R cardiomyocytes in 96-well plates were treated with 
SPION, SPION@SS-31, SPION+3-MA (Cat# S2767, Selleck Chemicals, 5 μM), SPION + Nec-1 (Cat# S8037, Selleck Chemicals, 5 μM), 
SPION + zVAD (Cat# 627610, Sigma-Aldrich, 5 μM) and SPION + Fer-1 (Cat# S7243, Selleck Chemicals, 5 μM) for 24 h.

2.5. Measurement of mitochondrial ROS and MMP

MitoSOX staining (Invitrogen, China) was performed to measure mitochondrial ROS after H9C2 cells were coincubated with SPION 
(Fe3O4 50 μg/mL) or SPION@SS-31 (including Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) for 24 h. Cells were incubated with 5 μM 
MitoSOX at 37 ◦C for 10 min, and the fluorescence images were immediately captured using red channels. The mitochondrial 
membrane potential (MMP) in H9C2 cells co-incubated with SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (including Fe3O4 50 μg/mL 
and SS-31 15.82 μg/mL) was evaluated using the JC-1 dye. After staining with 5 mmol/L JC-1 for 30 min at 37 ◦C, cells were 
resuspended and taken fluorescence images. Red/green fluorescence intensity ratios were calculated using Image J (V. 1.45).
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2.6. Morphology of mitochondria

TEM (JEM 2010, JEOL) was used to observe morphological changes in mitochondria in H/R cardiomyocytes following incubation 
with SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (including Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) for 24 h.

2.7. Determination of cytotoxicity

LDH activity and Cell viability were evaluated using LDH assay kits and CCK-8 kit (Nanjing Jiancheng Bioengineering Institute) as 
described previously [8]. The H9C2 cells were used in LDH activity test while H9C2 cells and primary rat cardiomyocytes in cell 
viability test. The assays were performed according to the manufacturers’ protocols, and optical densities were measured at 450 nm.

2.8. Detection of iron metabolism-related proteins and ferroptosis markers by western blot

After 24 h of SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (including Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) treatment, Western 
blotting (WB) was conducted based on previously described methods [23] with some modifications. Protein samples (30 mg) were 
transferred onto a nitrocellulose membrane after being resolved by 10–12 % SDS-PAGE, blocked with BSA (5 %) and subsequently 
incubated with primary antibodies, including anti-ferritin H (FTH) (Cat#GTX10173, GeneTex), anti-transferrin receptor 1 (TfR1) 
(Abcam), anti-ferroportin1 (FPN1) (Abcam), anti-ATP binding cassette protein B8 (ABCB8) (GeneTex), anti-nuclear erythroid Factor 2 
(NRF2) (GeneTex), anti-glutathione peroxidase 4 (GPX4) (GeneTex), and anti-long-chain acyl-CoA synthetase (ACSL4) (Abcam), at a 
1,000 dilution. Anti-β-actin (Millipore) was used at a 1:10,000 dilution. Visualization of protein bands was carried out using a Versa 
Doc Imaging System (Bio-Rad), and the densitometric analysis was performed using UN-SCAN-IT (Silk Scientific Corporation) 
software.

2.9. Detection of cytoplasmic and mitochondrial nonheme iron

Mitochondria were isolated from H9C2 cells treated with SPION (Fe₃O₄ 50 μg/mL) or SPION@SS-31 (comprising Fe₃O₄ 50 μg/mL 
and SS-31 15.82 μg/mL). The nonheme iron content in the cytoplasm and mitochondria was measured using the inductively coupled 
plasma mass spectrometry (ICP-MS), following previously published protocols [24].

2.10. Measurement of MDA, GPX4, GSH, ATP and FtMt

The malonaldehyde (MDA), glutathione peroxidase 4 (GPX4), glutathione (GSH), and adenosine triphosphate (ATP) levels in H/R 
cardiomyocytes treated with SPION (Fe₃O₄ 50 μg/mL) or SPION@SS-31 (comprising Fe₃O₄ 50 μg/mL and SS-31 15.82 μg/mL) were 
determined using ELISA kits (Cayman Chemicals) according to the manufacturer’s instructions. Mitochondrial ferritin (FtMt) was 
measured using an ELISA kit from Shanghai BIOESN Biotechnology.

2.11. QPCR

After treatment with SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (including Fe3O4 50 μg/mL and SS-31 15.82 μg/mL), RNA was 
extracted from H9C2 cells using TRIzol reagent (Ambion, USA). cDNA was synthesized with the Verso™ cDNA Kit (Thermo) from of 
total RNA (3 μg). QPCR was conducted with the LightCycler 480 System (Roche, Switzerland), and gene expression was analyzed 
according to the 2− ΔΔCt method relative to the Gapdh levels, as described previously [25].

2.12. Statistical analysis

Data were presented as means ± SD and analyzed using one-way ANOVA followed by the least significant difference (LSD) test. 
Statistical significance was set at p < 0.05, and analysis was performed using SPSS version 24.0 (SPSS, Chicago).

3. Results

3.1. SPION@SS-31 characterization

Both SPION and SPION@SS-31 exhibited a Fe3O4 single-crystal structure under TEM (Fig. 1B). The particle size of synthesized 
SPION@SS-31 was approximately 35.51 ± 0.07 nm (Fig. 1C), which is very close to that of SPION (34.85 ± 1.53 nm). The average zeta 
potential of SPION@SS-31 was − 31.20 ± 3.08 mV (Fig. 1D), a necessary factor in determining the stability of these particles. The 
differences in physical properties between the SPION and SPION@SS-31 are relatively small which does not affect the application of 
clinical applications. The above data indicated that SPION@SS-31 exhibits a relatively uniform particle size and good dispersion and 
stability. The results showed that SS-31 was successfully loaded on SPION to subsequently develop SPION@SS-31. Relative to SPION, 
the synthesized SPION@SS-31 exhibited similar physical and chemical properties. The course of time showed that SS-31 rapidly 
released 70 % from SPION@SS-31 at 12 h and almost 90 % at 48 h and continue to 120 h (Fig. 1E).
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Fig. 2. The internalization and effect of SPION or SPION@SS-31 on the H/R cardiomyocytes viability and injury. (A) TEM images showed the 
accumulation of iron-containing nanoparticles in cardiomyocytes following incubation with SPION or SPION@SS-31 for 24 h. Red arrows denote the 
SPION, SPION@SS-31 or particulate matter. (B) Concentration dependent cytotoxic effects of SPION or SPION@SS-31 evaluated after 24 h of in
cubation by CCK-8 using H9C2 cell line. (C) Time dependent cytotoxic effects of SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS- 
31 15.82 μg/mL) evaluated after 24 h, 48 h and 72 h of incubation by CCK-8 using H9C2 cell line. (D) Concentration dependent cytotoxic effects of 
SPION or SPION@SS-31 evaluated after 24 h of incubation by CCK-8 using primary cardiomyocytes. (E) Time dependent cytotoxic effects of SPION 
(Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) evaluated after 24 h, 48 h and 72 h of incubation by CCK-8 using 
primary cardiomyocytes. (F) Concentration dependent cell damage of SPION or SPION@SS-31 evaluated after 24 h of incubation by LDH leakage. 
(G) Time dependent cell damage of SPION or SPION@SS-31 evaluated after 24 h of incubation by LDH leakage. Data were collected from six in
dependent experiments. 
(*P < 0.05; **P < 0.01; ***P < 0.001, statistically significant compared to H/R group. △P < 0.05, △△P < 0.01; △△△P < 0.001, statistically 
significant compared to SPION groups with the same concentration.). 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; TEM, 
transmission electron microscopy; LDH, lactate dehydrogenase.
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3.2. SS-31 modification reverses the cytotoxicity induced by SPION

After 24 h of incubation with SPION@SS-31, TEM images revealed the internalization of Fe3O4 nanoparticles by H/R car
diomyocytes (Fig. 2A). CCK-8 results demonstrated that H/R cardiomyocytes exposed to SPION exhibited time-dependent as well as 
concentration-dependent cytotoxicity (Fig. 2B and C). Cell viability tests with primary rat cardiomyocytes also show same trends. With 
increasing concentrations of SPION (25, 50, 100, 200 μg/mL), the percent viability was decreased from 77.7 % to 16.5 % after 24 h 
(Fig. 2D). At a 50 μg/mL concentration, the viability of cells at 24, 48 and 72 h was 63.7 %, 37.8 % and 17.7 %, respectively (Fig. 2E). 
Interestingly, SS-31 significantly mitigated the time- and concentration-dependent cytotoxicity of SPION, as evidenced by the com
parable cell viability between H/R and SPION@SS-31 groups (all p > 0.05). Additionally, compared to H/R H9C2 cells, the group 
treated with SPION exhibited markedly increased LDH release in concentration-dependent and time-dependent manner, while LDH 
activities did not exhibit a considerable difference between the H/R groups and the SPION@SS-31 group (Fig. 2F and G). These results 
indicated SS-31 modification may remarkably inhibit SPION-induced cell damage by releasing SS-31 from SPION@SS-31.

3.3. SS-31 modification alleviates oxidative stress induced by SPION

The generation of mitochondrial ROS from SPION was detected using MitoSOX staining. As indicated in Fig. 3A-3B, SPION 
demonstrated dramatically higher levels of mitochondrial ROS than SPION@SS-31. Notably, in the SPION@SS-31 group, generation of 
mitochondrial ROS levels were similar to the H/R group (p > 0.05), suggesting that SS-31 modification effectively reverses SPION- 
induced cellular oxidative stress. We further detected the levels of GSH and GPX4, which not only reflect the antioxidant capacity 
of cells but are also Ferroptosis markers. The SPION group showed a notable reduction in both GSH and GPX4 activity compared to the 
SPION@SS-31 group (Fig. 3C–D). Again, no remarkable differences were found between SPION@SS-31 and H/R groups, suggesting 
that the SS-31 modification could effectively correct the imbalance of oxidation and antioxidation caused by SPION.

3.4. SS-31 modification rescues mitochondrial function and structure damaged by SPION

We next investigated the function and morphology of mitochondria among the three groups. As illustrated in Fig. 4, the SPION 

Fig. 3. Effects on mitochondrial ROS and antioxidant capacity in H/R cardiomyocytes treated with SPION (Fe3O4 50 μg/mL) or SPION@SS-31 
(Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) for 24 h. (A) Representative photomicrographs of mitochondrial ROS in H/R cardiomyocytes visual
ized by fluorescent microscopy. Red fluorescent intensity indicated ROS accumulation. (B) Quantitative analysis of red fluorescent intensity in 
individual group. (C–D) The concentrations of GSH and GPX4 were measured by ELISA. Data were collected from six independent experiments. 
(**P < 0.01; ***P < 0.001.). 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; ROS, 
reactive oxygen species; GSH, glutathione; GPX4, glutathione peroxidase 4; ELISA, enzyme-linked immunosorbent assay.
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group showed a marked loss of MMP (Fig. 4A–B) and severe ATP depletion (Fig. 4C) when compared to the H/R group. Interestingly, in 
the SPION@SS-31 group, both MMP and ATP levels were comparable to the H/R group (p > 0.05), indicating that SS-31 modification 
could maintain relatively stable mitochondrial function. TEM images revealed severely distorted and enlarged mitochondria in the 
SPION group, whereas the changes in mitochondria between SPION@SS-31 and H/R group were similar, characterized by mildly 
swollen mitochondria and relatively intact mitochondrial cristae (Fig. 4D). Furthermore, mitochondrial damage, as assessed using the 
Flameng score [26], the score in the SPION group was 1.76 times higher than in the SPION@SS-31 group (Fig. 4E). This lack of 
difference between the SPION@SS-31 and H/R groups implie that SS-31 modification can effectively protect mitochondria from 
SPION-induced oxidative attack. Taken together, the above results suggested that SPION could seriously damage mitochondria, but the 
detrimental effects could be alleviated by SS-31 release from SPION@SS-31.

3.5. SS-31 modification inhibits ferroptosis driven by SPION by protecting mitochondria

To explore the effects of Fe3O4 nanoparticles (SPION or SPION@SS-31) on cell iron metabolism, we detected a series of iron 

Fig. 4. Effects on structure and function changes of mitochondria of H/R cardiomyocytes treated with SPION (Fe3O4 50 μg/mL) or SPION@SS-31 
(Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) for 24 h. (A) MMP was assessed by fluorescence microscopy with JC-1 staining. (B) Quantitative analysis 
of MMP by plate reader. (C) The level of ATP was measured by ELISA. (D–E) Representative TEM images and corresponding relative Flameng scores 
obtained from H/R cardiomyocytes treated with SPION or SPION@SS-31. Data were collected from six independent experiments. (**P < 0.01; ***P 
< 0.001.) 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; 
MMP, Mitochondrial membrane potential; ATP, adenosine-triphosphate; ELISA, enzyme-linked immunosorbent assay; TEM, transmission elec
tron microscopy.
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metabolism-related proteins and the level of nonheme iron. WB analysis demonstrated that the expression of ferritin H was signifi
cantly upregulated in both the SPION and SPION@SS-31 groups compared to the H/R group (Fig. 5A–B), accompanied by marked 
downregulation of TfR1 in the SPION and SPION@SS-31 groups (Fig. 5C–D). Notably, the expression of cellular iron export protein 
(FPN1) and mitochondrial iron export protein (ABCB8) also dramatically decreased both in the SPION and SPION@SS-31 groups 
(Fig. 6A–D). These results indicated that both SPION and SPION@SS-31 induce an imbalance in cellular iron metabolism, as evidenced 
by the increase in stored iron and the decrease in iron efflux. Nonheme iron levels were also significantly elevated in both the cyto
plasm and mitochondria of the SPION and SPION@SS-31 groups, especially in the mitochondria (Fig. 7A–B), especially in mito
chondria, suggesting that both SPION and SPION@SS-31 induced mitochondrial iron overload. ELISA detection showed that FtMt in 
the SPION@SS-31 and SPION groups was at least 4 times higher than the H/R group, supporting the notion that both SPION and 
SPION@SS-31 mainly induced iron overload in mitochondria in H/R cardiomyocytes (Fig. 7C).

Next, we tested the lipid peroxidation product MDA in the cytoplasm and mitochondria. The SPION and SPION@SS-31 groups 
exhibited higher cytosolic MDA levels compared to the H/R group (Fig. 7D). Interestingly, mitochondrial MDA levels were lower in the 
SPION@SS-31 group than in the SPION group (Fig. 7E), with no remarkable difference between the SPION@SS-31 and H/R groups, 
indicating that SS-31 may protect mitochondria from oxidative stress through its targeted antioxidant action.

To further assess whether SPION could lead to ferroptotic cell death by inducing mitochondrial iron overload, we detected mo
lecular markers of Ferroptosis. The SPION group displayed higher levels of NRF2, GPX4, and ACSL4 compared to the H/R group 
(Fig. 8A–F), while the SPION@SS-31 group had similar expression levels to the H/R group (p > 0.05). Additionally, the mRNA levels of 
ACSL4 and Ptgs2 were significantly elevated in the SPION group compared to the H/R group, but not in the SPION@SS-31 group 
(Fig. 8G–H). Notably, the SPION@SS-31 group exhibited similar mRNA levels of ACSL4 and Ptgs2 in H/R group (both p > 0.05). These 
results clearly suggest that SPION could cause Ferroptosis by aggravating the iron load of mitochondria to promote a lipid peroxidation 
burst in H/R cardiomyocytes.

To determine whether ferroptosis is the primary cause of SPION-induced cell death, we treated H/R cardiomyocytes with SPION, 
SPION@SS-31, and various cell death inhibitors, including Fer-1 (ferroptosis inhibitor), 3-MA (autophagy inhibitor), Nec-1 (nec
roptosis inhibitor), and zVAD (apoptosis inhibitor) for 24 h. As shown in Fig. 8I, SPION-induced cell viability loss was reversed by Fer-1 
but could not be inhibited by 3-MA, Nec-1, or zVAD, indicating that Ferroptosis is probably the main death form of cardiomyocytes 
mediated by SPION. Interestingly, cardiomyocytes treated with SPION@SS-31 exhibited cell viability similar to that of cardiomyocytes 
treated with Fer-1 (p > 0.05), suggesting that SS-31 significantly inhibits SPION-induced ferroptosis.

Taken together, these results suggest that SPION promotes ferroptosis in H/R cardiomyocytes by inducing mitochondrial iron 
overload, which lead to lipid peroxidation burst. However, SS-31 effectively mitigates these adverse effects by preventing mito
chondrial oxidative damage triggered by SPION.

4. Limitation

The findings of this study have some limitations. First, different iron oxide nanoparticles types and coatings may exhibit varying 
toxicities, requiring further detailed investigation. Second, our research was limited to in vitro cellular experiments, and the protective 
effects of SS-31 in vivo remain uncertain. In vivo validation is necessary for the findings from in vitro assays. Third, we observed a 

Fig. 5. Expression of iron storage related proteins induced by SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS-31 15.82 μg/mL). 
(A and C) FTH and TfR1 determined by WB in H/R cardiomyocytes exposed to SPION or SPION@SS-31 for 24 h. (B and D) Quantitative analysis of 
FTH and TfR1 using data from six independent experiments. (**P < 0.01; ***P < 0.001.) Full WB image can be found in Supplementary Material. 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; FTH, 
ferritin H; TfR1, transferrin receptor 1; WB, western blotting.
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trend suggesting that SPION may contribute to increased cell viability loss in H/R cardiomyocytes after 24 h of exposure. Given that 
previous studies have confirmed the concentration- and time-dependent cytotoxicity of iron oxide, our findings could be influenced by 
the short observation period (24 h) and the relatively low concentration of SPION (50 μg Fe₃O₄). Higher concentrations and longer 
exposure times are necessary to further elucidate the toxicity of SPION and the antioxidant effects of SS-31. Therefore, future studies 
should explore the chronic toxic effects and determine if SPION@SS-31 can provide long-term protection in vivo.

5. Discussion

This study is the first to reveal that SPIONs significantly increase mitochondrial iron load in H/R cardiomyocytes, triggering 
ferroptosis by inducing lipid peroxidation, which damages mitochondria. The SS-31 was found to significantly mitigate SPION-induced 
Ferroptosis in cardiomyocytes by protecting mitochondria. The results suggest that modifying SPION with SS-31 could be a promising 
approach to mitigate myocardial toxicity caused by SPION.

A thorough understanding of the cytotoxic mechanisms of SPION is crucial to enhance their safety. Recent studies have revealed 
that Fe3O4 nanoparticles can promote Ferroptosis in tumor cells by accelerating the Fenton reaction [27,28], or enhancing 
autophagy-dependent Ferroptosis pathway [29], which has been used to inhibit tumor growth. Our previous work revealed that SPION 
exacerbates oxidative stress in H/R cardio myocardium in vitro [8]. The present study showed that SPION can drive Ferroptosis by 
inducing mitochondrial iron overload in H/R cardiomyocytes. Ferroptosis is a new form of regulated the death of cell, driven by 
iron-dependent lipid peroxidation, and differs from apoptosis, necroptosis, and autophagy in its morphology, biochemistry, and ge
netics [30]. It has been recognized as a key contributor to the injury of I/R in organs such as the heart, brain, and kidneys [31,32].

Recent studies have reported that doxorubicin (DOX) and cardiac I/R can lead to mitochondrial iron overload in cardiomyocytes 
[11,33], promoting mitochondrial membrane lipid peroxidation to cause Ferroptosis of cardiomyocytes [11]. Additionally, increased 
cardiac non-heme iron, along with reduced levels of mt-Cytb and mt-Atp6 mRNA, facilitate the Ferroptosis of cardiomyocytes to result 
in left ventricular negative remodeling in mouse myocardial I/R model. Treatments with Fer-1 or the iron chelator dexrazoxane could 
significantly improve the detrimental outcome [11], not only implying Ferroptosis is a critical part of the pathological process of 
myocardial I/R injury but also suggesting that mitochondria may be important organelles affecting Ferroptosis in cardiomyocytes.

Our previous study demonstrated that co-loading the antioxidant N-acetylcysteine (NAC) can mitigate the SPION-induced toxicity 
in H/R cardiomyocytes [8]. However, NAC was ineffective in preventing negative left ventricular remodeling after myocardial I/R in 
rats, likely due to mitochondrial iron overload, decrease in GSH and GPX4 activity, and lipid peroxidation (unpublished data). We 
speculate that mitochondria may be the primary organelle targeted by SPION, with SPION exacerbating Ferroptosis in I/R car
diomyocytes by inducing iron overload and lipid peroxidation in mitochondria. As NAC is an untargeted antioxidant, it did not provide 
the targeted antioxidant protection needed for mitochondria. For this reason, we hypothesized that mitochondrial-targeted antioxi
dant peptides could potentially alleviate the myocardial toxicity of SPION.

Among the SS polypeptides, SS-31 has emerged as the most effective agent for protecting against I/R injury [17,34]. Upon entering 
the mitochondria, SS-31 scavenges reactive oxygen species by forming inactive tyrosyl groups, reducing lipid peroxidation and car
diomyocyte death, and limiting myocardial infarct size [35,36]. Additionally, a phase 2a trial assessing the efficacy and safety of 
Elamipretide (SS-31) in primary percutaneous coronary intervention patients, confirmed SS-31’s safety and tolerability [37]. Based on 
these findings, we modified SPION with SS-31 by a physical adsorption method to develop SPION@SS-31. Compared with the SPION 
group, SPION@SS-31 remarkably decreased the level of mitochondrial MDA and preserved the levels of GSH and GPX4, while there 
was no significant difference between the SPION@SS-31 and H/R groups. Moreover, the SPION@SS-31 group exhibited notably lower 

Fig. 6. Expression of iron efflux related proteins induced by SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS-31 15.82 μg/mL). 
(A and C) FPN1 and ABCB8 determined by WB in H/R cardiomyocytes exposed to SPION or SPION@SS-31 for 24 h. (B and D) Quantitative analysis 
of FPN1 and ABCB8 using data from six independent experiments. (**P < 0.01; ***P < 0.001.) Full WB image can be found in Supplementary 
Material. 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; 
FPN1, ferroportin1; ABCB8, ATP binding cassette protein B8; WB, western blotting.
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expression of NRF2 and ACSL4 and higher GPX4 levels compared to the SPION group. While mRNA levels of Ptgs2 and ACSL4 were 
also remarkably reduced in the SPION@SS-31 group. Furthermore, there was no remarkably difference between the SPION@SS-31 and 
H/R groups, suggesting that SS-31 can effectively rescue mitochondrial lipid peroxidation and subsequent Ferroptosis mediated by 
SPION.

Both SPION and SPION@SS-31 induced an imbalance in iron metabolism in H/R cardiomyocytes, characterized by an excessive 
iron load in mitochondria. SS-31, as a mitochondrial targeted antioxidant peptide, has no significant effect on iron metabolism in cells, 
which is consistent with its inability to chelate iron. Notably, the cells in SPION@SS-31 group express higher ABCB8 than in the SPION 
group, implying the cardiomyocytes exposed to SPION@SS-31 may have the potential to maintain mitochondrial iron homeostasis to 
some extent. This result may be attributed to the possibility that SS-31 effectively protected mitochondria from ROS attack to maintain 
iron metabolic homeostasis.

To confirm Ferroptosis as the primary mode of SPION-induced cardiomyocyte death, we treated H/R cardiomyocytes with 3-MA, 
Nec-1, zVAD, or Fer-1. Only Fer-1 rescued cell viability, indicating that Ferroptosis is likely the primary mechanism of SPION-induced 
cardiotoxicity. Interestingly, SS-31 demonstrated similar protective effects to Fer-1, implying that SS-31 modification could signifi
cantly inhibit SPION-induced Ferroptosis by protecting the mitochondria. The results need to be further verified by animal 
experiments.

What should be considered is that animal experiments are inherently more complex than in vitro studies. First, in vitro, car
diomyocytes have a limited capacity to phagocytize and degrade SPION, resulting in relatively low concentrations of free iron released 
from SPION. However, in the ischemic myocardium, SPION application leads to the recruitment of a significant number of macro
phages to the peri-infarct zones. These macrophages engulf and degrade SPION, which likely becomes the primary degradation 

Fig. 7. Effects on cellular iron load and lipid peroxidation induced by SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS-31 15.82 
μg/mL). (A–B) Cytosolic and mitochondrial nonheme iron were measured in H/R cardiomyocytes treated with SPION or SPION@SS-31 for 24 h. (C) 
The levels of FtMt were detected in H/R cardiomyocytes treated with SPION or SPION@SS-31 for 24 h. (D–E) Cytosolic and mitochondrial MDA 
levels were measured in H/R cardiomyocytes treated with SPION or SPION@SS-31 for 24 h. Data were collected from six independent experiments. 
(*P < 0.05; **P < 0.01; ***P < 0.001.) 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; FtMt, 
mitochondrial ferritin; MDA, malonaldehyde.
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pathway in myocardial tissue, potentially causing more severe mitochondrial iron overload and Ferroptosis. Second, iron oxide 
nanoparticles have been shown to promote pro-inflammatory macrophage polarization, which may pose an additional risk in ischemic 
myocardium following myocardial infarction [38,39]. These suggest that SPION application in ischemic myocardium may increase the 
risk of inflammatory reactions following myocardial infarction. Our in vitro study demonstrated that SS-31 modification inhibits 
SPION-induced pro-inflammatory effects in macrophages [40]. Further research is aimed to determine whether the anti-inflammatory 
effects of SS-31 on SPION can be further confirmed in vivo. Third, since ultra-small SPION has been shown to induce Ferroptosis in a 
time-dependent manner in human breast cancer cells [41], indicating that the sustained release of SPION@SS-31 is crucial for 
maintaining a continuously sufficient concentration of SS-31 in vivo studies. In our future research, we aim to elucidate the in
teractions between macrophages and SPION when applied to ischemic myocardium. The exploration of SPION-related Ferroptosis 
mechanisms will involve an increased utilization of primary cardiomyocytes and animal experiments in our future studies.

Fig. 8. Effects of SPION (Fe3O4 50 μg/mL) or SPION@SS-31 (Fe3O4 50 μg/mL and SS-31 15.82 μg/mL) on ferroptosis in H/R cardiomyocytes. (A, B 
and C) NFR2, GPX4 and ACSL4 determined by WB in H/R cardiomyocytes exposed to SPION or SPION@SS-31 for 24 h. Full WB image can be found 
in Supplementary Material. (D, E and F) Quantitative analysis of NFR2, GPX4 and ACSL4 by WB. (G and H) Relative levels of ACSL4 mRNA and 
Ptgs2 mRNA were measured in H/R cardiomyocytes exposed to SPION or SPION@SS-31 for 24 h. (I) Effects of different cell death inhibitors on 
viability of H/R cardiomyocytes exposed to SPION. Data were collected from six independent experiments. 
(**P < 0.01; ***P < 0.001.). 
Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; SPION@SS-31, SPION modified with SS-31; H/R, hypoxia/reoxygenation; 
NFR2, nuclear erythroid factor 2; GPX4, glutathione peroxidase 4; ACSL4, long-chain acyl-CoA synthetase; Ptgs2, prostaglandin-endoperoxide 
synthase 2; WB, western blotting.
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6. Conclusions

SS-31 modification could significantly reduce SPION-induced H/R cardiomyocytes Ferroptosis by preventing mitochondrial 
oxidative damage in vitro, suggesting a hopeful approach to decrease the myocardial toxicity of SPION.
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