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Doxorubicin (Dox)-induced cardiotoxicity presents a significant challenge to fully harnessing its chemothera-
peutic potential. Crocetin (Cro), a dicarboxylic acid found in the crocus flower and gardenia fruit, has shown
remarkable antioxidant and anti-inflammatory activities. However, its poor aqueous solubility and limited
cellular uptake severely constrain its further application in treating diseases. In this study, we developed Arg-Gly-
Asp (RGD) peptide-decorated nanomicelles delivering Cro to alleviate Dox-induced cardiac injury. The RGD@M

(Cro) nanomicelles exhibited excellent aqueous solubility and a drug-loading efficiency of 93.3 %. RGD-
decorated micelles could enhance the cellular uptake of Cro in cardiomyocytes and inhibit approximately 60
% of HL-1 cell apoptosis through efficient reactive oxygen species (ROS) scavenging. In a cardiomyopathy mouse
model, RGD@M(Cro) substantially reduced cardiac damage and improved cardiac indicators. This study high-
lights the great potential of RGD-decorated micelles in treating cardiac injury and other diseases.

1. Introduction

Doxorubicin (Dox), a well-known anthracycline, has been widely
used as a chemotherapeutic drug due to its excellent cytotoxicity against
cancer cells (Kciuk et al., 2023; van der Zanden et al., 2021). Despite its
potent tumor-killing effect, Dox treatment always brings severe car-
diotoxicity, such as diastolic dysfunction and heart failure, which
greatly limits its further application in cancer therapy (Rawat et al.,
2021; Wu et al., 2016). Oxidative stress, free radical generation, and cell
apoptosis represent the main causes of cardiotoxicity (Robert Li et al.,
2024; Sheibani et al., 2022). Alleviating Dox-induced cardiotoxicity
remains a critical challenge to fully harnessing the therapeutic potential
of Dox in clinical applications (Singh et al., 2023; Zhang et al., 2012;
Zhao et al., 2023).

Recently, many natural products have been reported to alleviate
cardiotoxicity with different mechanisms (Szponar et al., 2024; Yar-
mohammadi et al., 2021). Crocetin (Cro), a 20-carbon dicarboxylic acid
found in the crocus flower and gardenia fruit, has demonstrated

remarkable antioxidant, anti-inflammatory, and anticancer activities
(Boozari and Hosseinzadeh, 2022; Guo et al., 2022). Cro can ameliorate
cardiotoxicity by inhibiting reactive oxygen species (ROS) production
and oxidative stress in cardiomyocytes (Bastani et al., 2022; Hashemi
and Hosseinzadeh, 2019). Furthermore, by suppressing the expression of
pro-inflammatory factors (such as TNF-a and IL-6) and apoptosis-related
genes (including Bcl-2, Bax, and caspase-3), crocetin effectively protects
cardiomyocytes from damage (You-Ling et al., 2023; Zhang et al., 2022).
Therefore, the ameliorated cardiomyocyte damages of Cro make it a
promising candidate for improving the cardiotoxicity induced by Dox or
other drugs (Ahmed et al., 2020; Cerda-Bernad et al., 2022; Dong et al.,
2020). Hence, Cro has been widely used to treat inflammatory diseases,
neurological disorders and other diseases (Dong et al., 2020; Mehrabani
et al., 2020; Zhang et al., 2022). However, the poor aqueous solubility
and low internalization greatly limits its further clinical application.
Developing novel Cro formulations with good bioavailability holds great
promise to improve their therapeutic efficacy (Liu et al., 2023).

Drug delivery systems can improve the delivery efficiency and
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bioavailability of drugs (Hu et al., 2024; Wang et al., 2022; Wang et al.,
2023). Wong K et al. prepared a Cro-y-cyclodextrin complex and intra-
venously injected it into mice models to treat Alzheimer’s Disease. The
complex significantly prevented neuroblastoma cell death from Hy0»-
induced toxicity and promoted Cro crossing the blood-brain barrier to
enter the brain (Wong et al., 2020). Nanotechnology opens a new
avenue to address the limitations of Cro for improving bioavailability
(Mohammadi et al., 2022; Tavasoli et al., 2023). Liu C and his colleagues
developed a chitosan nanoparticle delivery system to prevent radio
damage. The Cro-crosslinked nanoparticles with good loading efficiency
and biocompatibility could extend the blood half-life of Cro in vivo from
10 min to 5 h and significantly alleviate the radiation damage in major
organs (Liu et al., 2024). Li H designed a cyclodextrin-based nanosponge
to improve the bioavailability of Cro. The Cro-loaded nanosponge
showed increased aqueous solubility and enhanced cytotoxicity against
tumor cells (Lin et al., 2021). Magnetic nanoparticles delivering Cro
demonstrated good release kinetics and enhanced cytotoxicity toward
cancer cells compared with free drugs (Ibrahim et al., 2023; Saravani
et al., 2020).

Despite the reported advancements in delivery systems, most studies
on Cro delivery have primarily focused on improving drug-loading ef-
ficiency and validating functions in vitro (Soltani et al., 2024; Taghi-
zadeh et al., 2023). There are limited reports on enhancing the cellular
uptake of Cro in cardiomyocytes and demonstrating the protective ef-
fects in vivo. Given the increased cellular uptake by integrin stimulation
in cardiomyocytes (Schussler et al., 2022), in this study, we fabricated
Cro-loaded micelles decorated with Arg-Gly-Asp (RGD) peptide to alle-
viate Dox-induced cardiotoxicity in heart failure (Scheme 1). The
cellular uptake of Cro-loaded micelles as well as their protective effect,
reactive oxygen species (ROS) scavenging ability, and cardiomyocyte
apoptosis-inhibiting effect were investigated in detail.
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2. Materials and methods
2.1. Materials

Cro was obtained from MCE (Shanghai, China). The 4',6-diamidino-
2-phenylindole (DAPI), TUNEL apoptosis assay kit, and reactive oxygen
species (ROS) assay kit with CM-H2DCFDA were obtained from Beyo-
time.  Distearoylphosphatidylethanolamine-Poly(ethylene  glycol)
(DSPE-PEG2000, molecular weight: 2800), DSPE-PEG2000-RGD (mo-
lecular weight: 3250), and DSPE-PEG2000-Cy3 (molecular weight:
3383) were purchased from Xian Qiyue. Brain natriuretic peptide (BNP)
assay kit was bought from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China), and creatine kinase (CK), lactate dehydrogenase
(LDH) Zhejiang Century Kangda Medical Technology Co., Ltd. (Hang-
zhou, China). HL-1 Cardiac Muscle Cell Line was obtained from Haixing
Biosciences (Suzhou, China).

2.2. Preparation of Cro-loaded micelles

Cro-loaded micelles M(Cro) were prepared using DSPE-PEG. 5 mg of
Cro and 50 mg of DSPE-PEG were dissolved in a 5 mL DMSO. The so-
lution was added dropwise to 10 mL of deionized water. The solution
was stirred using a magnetic stirrer at a speed of 200 rpm (rpm). After
stirring for 12 h, the solution containing M(Cro) was dialyzed against
deionized water to remove DMSO. The dialysis process was carried out
for 48 h at room temperature, with the external solution replaced with
fresh deionized water every 6 h.The drug loading of Cro in micelles was
analyzed by a high-performance liquid chromatography (HPLC) system
(Waters e2695) and a Phenomenex Gemini C18 column. The mobile
phase consists of methanol-water-glacial acetic acid (75:24.5:0.5, v/v/
v), with a flow rate of 1.0 mL/min. The column temperature was
maintained at 30 °C, and the detection wavelength was set at 423 nm.
The injection volume was 20 pL. RGD@M(Cro) micelles were prepared
using DSPE-PEG and DSPE-PEG-RGD polymers (molar ratio = 9:1). Cy3-
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Scheme 1. Schematic illustration of RGD@M(Cro) nanoparticles to alleviate Dox-induced cardiotoxicity.
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labeled micelles were acquired using the above protocols.
2.3. Characterization of Cro-loaded micelles

The size analysis of M(Cro) and RGD@M(Cro) were analyzed by
dynamic light scattering (DLS). The surface charge of Cro-loaded mi-
celles was determined using a size and zeta potential meter (Microtrac,
Nanotrac Wave II). For morphology analysis, nanoparticles were drop-
ped on glow-discharged carbon-coated copper grids and then negatively
stained with 2 % uranyl acetate. The morphology of Cro-loaded micelles
was analyzed with a JEM 1011 microscope (JEOL, Japan).

2.4. Cultivation of HL-1 Cells

The HL-1 cell line, derived from mouse cardiomyocytes, was ac-
quired from Haixing Biosciences located in Suzhou, China. These cells
were maintained in a growth-promoting environment consisting of
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS) at a temperature of 37 °C and under a 5 %
carbon dioxide (CO3) atmosphere. To ensure optimal growth conditions,
the cells were passaged when they reached 70 to 80 % confluence. The
HL-1 cells underwent a pretreatment regimen involving exposure to 5
pM of Dox and different Cro formulations (Cro, M(Cro), or RGD@M
(Cro)) for 24 h.

2.5. In vitro studies

2.5.1. Cellular uptake

The cellular uptake of Cro-loaded micelles was analyzed using
confocal laser scanning microscopy (CLSM) imaging and flow cytometry
analysis. Cy3-labeled M(Cro) and RGD@M(Cro) micelles, incorporating
20 pM Cro, were prepared and added to the HL-1 cells for 2 h at 37 °C.
After washing with PBS, HL-1 cells were stained with DAPI for 15 min.
The uptaken micelles by HL-1 cells were analyzed by CLSM (Zeiss,
LSM710). As for the flow cytometry assay, HL-1 cells treated with Cro
micelles were digested with trypsin and washed with PBS. The suspen-
sion was subjected to flow cytometry analysis (gated at the PI channel).

2.5.2. CCKS8 assay

The protective effect of Cro-loaded micelles was examined in HL-1
cells by CCK8 assay. HL-1 cells were seeded into 96-well plates at a
density of 5 x 10° per well and cultured at 37 °C for 24 h. On the second
day, the medium was replaced with fresh medium containing Dox + Cro,
Dox + M(Cro), or Dox + RGD@M(Cro) with different Cro concentrations
(0, 2.5, 5, 10, 20, 40 uM). After two days of incubation, CCK-8 solution
was added and incubated for 2 h. The solution absorbance was measured
on a microplate reader (TECAN, M200) at 450 nm. Experiments were
repeated three times.

2.5.3. Reactive oxygen species (ROS) analysis

The generation of intracellular ROS was quantitatively determined
using the fluorescent probe 2/,7'-dichlorofluorescein diacetate (DCFH-
DA) kits (Beyotime, China). Cells were seeded in 12-well plates and
subsequently incubated with DCFH-DA for 30 min to allow for its
permeation and conversion into the fluorescent product by ROS within
the cells. Following incubation, the cells were thoroughly rinsed to
remove any excess probe and then examined under a confocal micro-
scope (Olympus BX53) to capture fluorescent images. The level of
apoptosis, indirectly indicated by the intensity of green fluorescence
(representing ROS levels), was quantitatively evaluated as the ratio of
green fluorescent areas to the total number of nuclei stained with DAPI,
providing a direct visualization and quantification of ROS-mediated
cellular stress.

2.5.4. TUNEL analysis
HL-1 Cells were seeded in 12-well plates and treated with PBS, Dox,
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Dox + Cro, Dox + M(Cro), or Dox + RGD@M(Cro) containing equal Cro
(40 pM). After 24 h of incubation, the cells were washed with PBS and
treated with Terminal deoxynucleotidyl transferase-mediated dUTP
Nick-End Labeling (TUNEL) (Beyotime, China). After washing, the
stained cells were imaged using fluorescent microscopy. As for the tissue
staining of TUNEL, the heart tissues of mice were excised and preserved
in 10 % phosphate-buffered formalin solution for a duration of 24 h to
ensure proper fixation. Following this, the samples were embedded in
paraffin wax and sectioned into thin slices of approximately 4 to 5 pm in
thickness. The slices were then subjected to the TUNEL staining pro-
cedure, utilizing the TUNEL BrightGreen Apoptosis Detection Kit in
strict adherence to the manufacturer’s guidelines. During this process,
apoptotic nuclei were fluorescently labeled with a bright green stain,
while all cardiomyocyte nuclei were counterstained with DAPI for
visualization. The prepared heart tissue sections were subsequently
examined under a confocal microscope (Olympus, BX53) to capture
images. The extent of apoptosis was quantitatively assessed as the pro-
portion of TUNEL-positive nuclei relative to the total number of DAPI-
stained nuclei.

2.6. In vivo studies

All the mice were acclimatized to the environment for a week before
the commencement of the experiment. The study was conducted in full
compliance with ethical standards for research animals and was
approved by the Animal Ethics Committee at the Experimental Animal
Institute of Taizhou University (TZXY-2023-20231053).

2.6.1. Echocardiography analysis in vivo

18-20 g male C57BL/6 mice were bought from Zhejiang Vital River
Company in Hangzhou, China. They were housed under 12-h light/dark
cycles and provided with unlimited access to food and water. Group 1
(Normal Group): Received saline treatment. Group 2 (Model Group):
Administered Dox (15 mg/kg, ip) on the seventh day. Group 3 (Dox +
Cro Group): Treated with Dox (15 mg/kg) and Cro (20 mg/kg, ip) daily
for one week. Group 4 (Dox + M(Cro) Group): Administered Dox (15
mg/kg) and M(Cro) (20 mg/kg, ip) daily for one week. Group 5 (Dox +
RGD@M(Cro) Group): Treated with Dox (15 mg/kg) and RGD@M(Cro)
(20 mg/kg, ip) daily for one week. In the Cardiovascular Assessment
Facility, transthoracic echocardiography was conducted on six mice
from each group using the advanced Mylab SigmaVet ultrasound system
equipped with the SL3116 probe manufactured by Esaote in Genoa,
Italy. This non-invasive procedure allowed for the acquisition of stan-
dard views to precisely measure the left ventricular (LV) end-diastolic
diameter (LVEDD) and end-systolic diameter (LVESD). These measure-
ments served as the basis for deriving key cardiac functional parameters,
including LV stroke volume, ejection fraction, and cardiac output, which
were calculated from the end-diastolic and end-systolic LV volumes.

Furthermore, Doppler echocardiography was employed to record the
mitral valve’s E-wave and A-wave from an apical four-chamber view of
the LV. This analysis provided insights into mitral valve function.
Additionally, tissue Doppler imaging was utilized to measure the lateral
annulus velocity of the mitral valve (lateral E0), offering a detailed
assessment of myocardial tissue dynamics. Throughout the echocar-
diographic procedure, the mice were maintained under mild anesthesia,
achieved through the administration of 1-1.5 % Isoflurane, ensuring
their comfort and minimizing any potential stress on the cardiovascular
system during the examination.

2.6.2. H&E and Masson staining

Subsequently, mouse serum and heart were collected after the mice
were anesthetized. The hearts were taken out and were fixed in 4 %
tissue cell fixative (4 % paraformaldehyde) for 24 h, dehydrated by an
automatic dehydrator for 16 h, and then routinely embedded in a
paraffin embedding machine for preparation of heart tissue sections.
H&E and Masson staining were performed according to the reported
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methods.

2.6.3. Detection of BNP, CK, and LDH

Serum brain natriuretic peptide (BNP) was detected by Assay Kits
according to the standard procedure of Assay Kit (Nanjing Jiancheng
Bioengineering Institute), Serum creatine kinase (CK) and lactate de-
hydrogenase (LDH) were detected by a fully automated biochemical
analyzer Toshiba FR40 according to the procedure, and quality control
was performed on the biochemical analyzer before use.

2.7. Statistical analysis

All the reported data are shown as the mean + standard deviation.
Statistical analysis was performed using SPSS software. One-way or two-
way analysis of variance (ANOVA) and Tukey post hoc tests were used to
calculate the statistical significance. The log-rank test was used to
determine the survival of mice. Statistical significance is indicated as
follows: *P < 0.05, **P < 0.01.

3. Results and discussions
3.1. Preparation of Cro-loaded micelles

To address the issue of poor aqueous solubility of Cro, we selected
FDA-approved PEG-DSPE material to prepare micelles as the nano-
carrier. It has been reported that integrin stimulation can enhance the
cellular uptake of macromolecules by cardiomyocytes (Kumar et al.,
2023; Swildens et al., 2011). It is reported that RGD peptides could
selectively bind with integrin to enhance the internalization of macro-
molecules and nanoparticles (Alipour et al., 2020; Swildens et al., 2011).
Therefore, in this study, we decorated the Cro micelles with RGD pep-
tides to promote cellular uptake (Fig. 1A). TEM results indicated that
RGD@M(Cro) had a solid spherical nanostructure (Fig. 1B). RGD-
functioned micelles (RGD@M(Cro)) have a mean diameter of 203.9
nm, a little bigger than that of Cro micelles without RGD (179.9 nm)
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(Fig. 1C). The surface charge of RGD@M(Cro) and M(Cro) was deter-
mined to be —18.7 and — 12.2 mV, respectively (Fig. 1D). M(Cro) and
RGD@M(Cro) nanomicelles exhibit drug loading efficiencies of 94.7 %
and 93.3 %, respectively.

3.2. RGD decoration enhanced cellular uptake of Cro-loaded micelles

To enhance the cellular uptake of Cro micelles, we decorated the Cro
nanoparticles with RGD peptides on their surface. The uptake of Cro
micelles in HL-1 cardiomyocytes was analyzed using confocal laser
scanning microscopy (CLSM). The micelles were labeled with a Cy3
fluorescent dye to track their internalization. As shown in Fig. 2A, M
(Cro) nanoparticles were successfully taken up by cardiomyocytes, dis-
playing cytoplasmic fluorescent spots. In contrast to the slight fluores-
cence observed in the M(Cro) group, the increased fluorescence was
observed in HL-1 cells treated with the RGD@M(Cro) group. Enhanced
cellular uptake of RGD-decorated micelles can be attributed to the
specific binding of the RGD peptide to integrin receptors that are
expressed on the surface of cardiomyocytes. This receptor-mediated
endocytosis facilitates a more efficient internalization of RGD-
decorated nanomicelles compared to non-targeted micelles (Swildens
et al., 2011). Additionally, we performed flow cytometry analysis to
further assess micelle internalization (Fig. 2B). RGD@M(Cro) demon-
strated superior internalization in HL-1 cells compared to M(Cro)-
treated cells, suggesting enhanced uptake of RGD-decorated micelles
by cardiomyocytes.

3.3. RGD@M(Cro) nanoparticles significantly alleviated Dox-induced
cardiotoxicity

In light of the antioxidant activity of Cro, we investigated whether
Cro micelles have a protective effect in alleviating Dox-induced cyto-
toxicity. HL-1 cells were treated with Dox to simulate in vitro car-
diotoxicity. Dox at a concentration of 5 pM can kill half of the cells, so it
subsequent

was selected for time-course experiments. The
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Fig. 1. Preparation and characterization of RGD@M(Cro). A: Schematic illustration of RGD@M(Cro) preparation. B: Morphology analysis of RGD@M(Cro) nano-
micelles detected by TEM. Scale bar: 100 nm. C: Size distribution of RGD@M(Cro) determined by dynamic light scattering (DLS). D: Zeta potential analysis of

RGD@M(Cro) micelles.



T. Wang et al.

A B
M(Cro)
250
200
150
RGD@M(Cro) 100
509 L |
0 = B
o 4 T o T3 Y
10 10 10 10° 10

International Journal of Pharmaceutics: X 9 (2025) 100326

[1 Control
M(Cro)
[ RGD@M(Cro)

PR EETEFErE BT

PEFEEE PR |

Fig. 2. Cellular uptake of RGD@M(Cro) nanoparticles in HL-1 cells. A: The internalization of RGD@M(Cro) nanoparticles in HL-1 cells by CLSM imaging. Cy3-
labeled M(Cro) or RGD@M(Cro) nanoparticles containing equal Cro (20 pM) were incubated with HL-1 cells for 2 h. Scale bar: 10 pm. B: Flow cytometric anal-
ysis of HL-1 cells treated with M(Cro) or RGD@M(Cro) nanomicelles containing 20 pM Cro for 2 h at 37 °C.

cytoprotective effects of Cro micelles were analyzed using the CCK-8
assay. The results indicated that Cro, M(Cro), and RGD@M(Cro)
enhanced cell viability at all tested concentrations (Fig. 3A). As a small
molecule drug, Cro could penetrate into cardiomyocytes and exert
protecting effect in vitro. RGD@M(Cro) micelles treatment protected
more HL-1 cells from cytotoxicity compared to the M(Cro) micelle
group. Given induced regulated cell death by Dox (Christidi and Brun-
ham, 2021), we further examined whether RGD@M(Cro) micelles alle-
viated cardiotoxicity by inhibiting cell apoptosis of cardiomyocytes. The
TUNEL assay was employed to assess cell apoptosis in cardiomyocytes.
CLSM imaging demonstrated that free Cro and Cro micelles inhibited
Dox-induced apoptosis with different degrees of protection (Fig. 3B).
Compared to the bright fluorescence observed in the Dox and Cro group,
significantly reduced green fluorescence was detected in the RGD@M
(Cro) micelles group (Fig. 3C). These results demonstrated that RGD@M
(Cro) exhibited a more potent apoptosis-inhibiting effect than the M
(Cro) group. This superior efficacy of RGD@M(Cro) can be attributed to
the enhanced internalization of Cro in cardiomyocytes, facilitated by
RGD decoration. The increased uptake of RGD-decorated Cro micelles
ultimately contributed to the enhanced apoptosis inhibitory effect. To
elucidate the mechanisms underlying the suppression of cell apoptosis,
we further evaluated the ROS scavenging ability of RGD@M(Cro) mi-
celles in HL-1 cells. Dox treatment induced significant ROS production
in HL-1 cells, while RGD@M(Cro) micelles markedly decreased ROS
accumulation in cardiomyocytes, ultimately leading to reduced
apoptosis (Fig. 3D).

3.4. RGD@M(Cro) nanoparticles significantly improved heart tissue
damages in vivo

To determine whether RGD@M(Cro) plays a similar protective role
in reducing cardiotoxicity, we developed a cardiomyopathy mouse
model by administering a single 15 mg/kg dose of doxorubicin. Cardiac
performance was assessed using echocardiography. The echocardio-
graphic results revealed severe cardiac damage following Dox treat-
ment, whereas Cro, M(Cro), and RGD@M(Cro) significantly mitigated
cardiac injuries in the mice (Fig. 4A). Notably, both M(Cro) and RGD@M
(Cro) effectively reversed the Dox-mediated reductions in ejection
fraction (EF) (Fig. 4B) and fractional shortening (FS) (Fig. 4C), while
also improving left ventricular end-diastolic diameter (LVEDA) (Fig. 4D)
and left ventricular end-systolic diameter (LVESd) (Fig. 4E). The results
of the echocardiography (depicted in Fig. 1) showed that administering
Dox caused cardiac dysfunction in mice. Compared with M(Cro) mi-
celles, RGD@M(Cro) led to a notable in their cardiac function.

Additionally, the indices (EF%, FS%, LVEDd, and LVESd) in RGD@M
(Cro) group demonstrated potent therapeutic efficacy in alleviating
heart tissue damages.

We further evaluated the protective effect of RGD@M(Cro) using
histological staining. Dox treatment led to significant changes in heart
structure, including increased intercellular spaces and the formation of
vacuoles (indicated by arrows), indicating induced toxicity (Fig. 5A and
B). Notably, treatment with RGD@M(Cro) effectively mitigated these
structural alterations in cardiomyocytes (Fig. SA and B). Additionally,
RGD@M(Cro) treatment significantly reduced the occurrence of fibrosis,
as demonstrated by Masson’s staining analysis (Fig. 5C). Furthermore,
the preemptive administration of RGD@M(Cro) markedly decreased
both pathological damage and cardiac fibrosis caused by Dox. TUNEL
staining results revealed a higher incidence of cardiac cell apoptosis in
the Dox group, whereas RGD@M(Cro) substantially attenuated the
severity of myocardial cell apoptosis (Fig. 5D). To further assess cardiac
injuries, we analyzed some pivotal indicators of cardiac function,
including brain natriuretic peptide (BNP), creatine kinase (CK), and
lactate dehydrogenase (LDH). BNP is a hormone secreted by the heart
that plays a crucial role in fluid balance and blood pressure regulation.
Elevated CK levels in the blood can indicate tissue damage, particularly
in myocardial infarction. Compared to the increased levels of BNP
(Fig. 5E), CK (Fig. 5F), and LDH (Fig. 5G) observed in the Dox group, Cro
or Cro-loaded micelles significantly decreased these values, suggesting a
clear protective effect against Dox-induced injuries. Specifically,
RGD@M(Cro) and M(Cro) demonstrated superior performance
compared to the crocetin group. In summary, this compelling evidence
collectively indicates that RGD@M(Cro) possesses the capability to
mitigate Dox-induced myocardial injury in vivo.

4. Discussions

Crocetin, a natural compound derived from crocin or other plant
sources, exhibits a wide range of multifunctional properties, including
cardioprotective, neuroprotective, and anticancer effects (Guo et al.,
2022). It has been shown to improve outcomes in various cardiovascular
diseases, such as hypertension, myocardial ischemia, and atheroscle-
rosis. For example, crocetin reduces oxidative stress induced by reactive
oxygen species (ROS), thereby contributing to the management of hy-
pertension (Yoshino et al., 2011). In the context of myocardial ischemia,
crocetin has been demonstrated to suppress intracellular ROS produc-
tion, attenuate cardiomyocyte apoptosis, and lower plasma levels of
inflammatory mediators, including tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and IL-1p (Liu et al., 2020). Furthermore, crocetin
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Fig. 4. RGD@M(Cro) nanoparticles alleviated Dox-induced cardiac damage in vivo. The mice were administered Cro, M(Cro), or RGD@M(Cro) (20 mg/kg) for one
week, followed by a single intraperitoneal injection of Dox (15 mg/kg) on the seventh day. A: Representative echocardiographic images in mice treated with G1
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%) analysis in different groups; D: Left ventricular end-diastolic diameter (LVEDA) analysis; E: Left ventricular end-systolic diameter (LVESd) analysis. All data are
reported as mean + standard deviation (SD), with n = 6 mice per group. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01 compared to the Dox

group; *#P < 0.01 compared to the Normal Group.

plays a pivotal role in the prevention and treatment of other cardio-
vascular conditions, such as arrhythmia, myocardial infarction, cardiac
insufficiency, myocarditis, and atherosclerosis, through diverse molec-
ular mechanisms (Guo et al., 2022).

Despite its promising cardioprotective properties, the clinical applica-
tion of crocetin is significantly limited by its poor oral bioavailability and
suboptimal pharmacokinetic profile (Liu and Qian, 2002; Xi et al., 2007).
To address these challenges, the development of advanced drug delivery
systems—such as nanoparticles, liposomes, or prodrug formulations—has
emerged as a promising strategy to enhance the therapeutic efficacy of
crocetin in treating cardiovascular and other diseases (Huang et al., 2019;
Prielozna et al., 2024). In this study, we utilized FDA-approved poly
(ethylene glycol)-distearoylphosphatidylethanolamine (PEG-DSPE) block
copolymers to design nanomicelles for the safe and effective delivery of
crocetin (Cro). Additionally, we functionalized the nanocarrier with the
RGD (Arg-Gly-Asp) peptide, which exhibits high affinity for integrin re-
ceptors, to facilitate the targeted delivery of crocetin to cardiomyocytes
(Schussler et al., 2022). Given the abundant expression of integrin re-
ceptors on cardiomyocyte surfaces (Zhang et al., 2024), RGD-decorated
nanomicelles are expected to selectively bind to these receptors,
enhancing cellular internalization and increasing intracellular crocetin
concentrations. Notably, RGD@M(Cro) nanoparticles demonstrated su-
perior anti-apoptotic activity compared to the non-targeted M(Cro) group,
ultimately contributing to the mitigation of cardiac damage in vivo. While
this study demonstrates the potential of RGD-decorated nanomicelles for
the targeted delivery of crocetin to cardiomyocytes, there are several
limitations to be addressed. First, although RGD-decoration enhances
targeting efficiency through integrin receptor binding, the potential off-
target effects of RGD@M(Cro) nanoparticles on other cell types were not
investigated in this study. This could impact the specificity and safety
profile of the nanocarrier. Second, despite the anti-apoptotic effects of
RGD@M(Cro) nanoparticles, the underlying molecular mechanisms were
not explored in depth. A more detailed mechanistic investigation would
provide deeper insights into the therapeutic potential of this delivery
system. Addressing these limitations in future studies will be essential to
advance the development of crocetin-based nanomedicines for cardio-
vascular diseases.

5. Conclusion

In this study, we developed RGD-decorated Cro micelles to alleviate
Dox-induced cardiotoxicity. In addition to excellent aqueous solubility
and drug-loading efficiency, RGD@M(Cro) nanomicelles demonstrated
good cellular uptake and efficiently inhibited cell apoptosis in HL-1 cells
through ROS scavenging. In a cardiomyopathy mouse model, RGD@M
(Cro) treatment significantly mitigated cardiac damage, demonstrating
its promising potential for clinical applications.
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Fig. 5. RGD@M(Cro) nanoparticles on cardiac tissue staining and detection of cardiac injury indicators. The mice were administered Cro, M(Cro), or RGD@M(Cro)
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