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Abstract

Background: Diabetic cardiomyopathy (DCM) is a common complication in diabetic patients and often leads to the onset of heart failure
(HF). Nanoparticle (NP) drug delivery systems are a therapeutic approach that have a potential therapeutic value for improving diabetic
HEF. This study aims to evaluate the therapeutic effects of NP-loaded sodium-glucose cotransporter-2 (SGLT-2) inhibitors, such as da-
pagliflozin (DAPA), on HF induced by DCM and elucidate the underlying mechanisms of action. Methods: DAPA nanoscale formulation
was prepared. DCM model mice and AC16 cells were treated with different formulations of DAPA (free DAPA, DAPA@poly(lactic-
co-glycolic acid) (PLGA), DAPA@PLGA-thioketal (TK)-polyethylene glycol (PEG)). The extent of myocardial damage in mice was
assessed through staining with hematoxylin-eosin, Masson, and Sirius red. Levels of superoxide dismutase (SOD), catalase (CAT),
glutathione (GSH), malondialdehyde (MDA), protein carbonyl (PCO), total iron, and Fe?>" were determined through enzyme-linked
immunosorbent assay (ELISA) and UV spectrophotometry. Expression levels of transferrin receptor protein 1 (TfR1) and ferroportin
(FPN) proteins in the DCM mouse and high-glucose cell models were measured through Western blot. Reactive oxygen species (ROS)
levels in AC16 cells were assessed using fluorescent probes. Changes in mitochondrial damage and membrane potential were evaluated
by transmission electron microscopy and 5,5',6,6'-tetrachloro-1,1,3,3'-tetracthyl-imidacarbocyanine (JC-1) fluorescent dye. Results:
DAPA@NPs have an average diameter of 66.1 nm and a zeta potential of 16.5 mV. At 2.5 mg DAPA, the best encapsulation efficiency
(86.11 £ 0.49 %) and load capacity (3.82 + 2.11 %) were obtained. In the DCM model, DAPA@NPs significantly up-regulated the levels
of SOD and CAT in oxidative stress indices, and significantly down-regulated the levels of PCO and MDA (p < 0.001). In addition,
DAPA@NPs significantly up-regulate adenosine triphosphate (ATP) levels (p < 0.001) and alleviate mitochondrial damage. Finally,
DAPA@NPs inhibit iron death by down-regulating total iron and Fe?>" levels, inhibiting TfR1 expression, up-regulating GSH level, and
promoting FPN expression (p < 0.001). Conclusions: DAPA@NPs may treat diabetic HF by inhibiting myocardial fibrosis, reducing
oxidative stress, preserving mitochondrial function, and regulating cardiac iron metabolism.
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Introduction risk. A large observational study conducted in Scotland be-
tween 2005 and 2007 in T1D patients aged 20 years or older
showed that the age-adjusted incidence ratio for a first car-
diovascular disease event was 2.34 for men and 3.02 for
women compared with the non-diabetic population. In ad-
dition, the degree of cardiac fibrosis assessed by cardiac
magnetic resonance imaging (MRI) was associated with in-
creased mortality and heart failure-related hospitalizations
in patients with diabetes mellitus type 2 (T2DM) [6]. To
date, there is no consensus on the best management strategy
to prevent or treat diabetes-related cardiovascular compli-

Diabetic cardiomyopathy (DCM) represents a signif-
icant cardiovascular complication in patients with diabetes
mellitus and is characterized by structural and functional
abnormalities in the myocardium independent of coronary
artery disease or hypertension [1,2]. Among various patho-
physiological mechanisms implicated in DCM, myocardial
fibrosis plays a pivotal role and contributes to myocardial
stiffness, diastolic dysfunction, and ultimately heart failure
[3,4]. According to Verges [5], patients with type 1 dia-
betes (T1D) have a significantly increased cardiovascular
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Table 1. EE % and LC % of DAPA within the NPs.

Encapsulation efficiency (EE %) Load capacity (LC %)
DAPA@NP (2.5 mg) 86.11 4= 0.49 3.82 +£2.11
DAPA@NP (5 mg) 52.18 £ 0.65 3.41 £1.82
DAPA@NP (7.5 mg) 49.52 + 0.56 3.04 £1.93
DAPA@NP (10 mg) 19.21 +£0.39 1.38 £ 0.96

DAPA, dapagliflozin; NP, nanoparticle.

cations. Current treatment options for patients with type 1
diabetes mellitus or type 2 diabetes mellitus aim to treat in-
sulin resistance, reduce inflammation, and reduce oxidative
stress [7].

Sodium-glucose cotransporter-2 (SGLT-2) inhibitors
have emerged as a promising class of drugs for the man-
agement of diabetes primarily by promoting glycosuria
and reducing hyperglycemia [8,9]. In addition to their
glycemic control effects, SGLT-2 inhibitors have demon-
strated pleiotropic cardiovascular benefits, including im-
provements in myocardial metabolism, oxidative stress, in-
flammation, and fibrosis [10,11]. However, the direct ef-
fects of SGLT-2 inhibitors on myocardial fibrosis in the con-
text of DCM and the underlying mechanisms remain incom-
pletely understood.

In recent years, nanotechnology-based drug delivery
systems have garnered increasing attention for their poten-
tial to enhance drug efficacy, improve tissue targeting, and
minimize adverse effects [12,13]. Encapsulation of phar-
macological agents within nanocarriers offers a promising
approach to overcome limitations associated with conven-
tional drug delivery methods and enhance therapeutic out-
comes [14,15]. Poly(lactic-co-glycolic acid) nanoparticles
(PLGA NPs), as a drug delivery vehicle, have many ad-
vantages: continuous and controlled delivery of treatment
and minimization of concentration fluctuations in the sys-
temic circulation, continuous release of the drug by using
low levels of the required drug dose, and reduced frequency
of administration and fluctuations in the responses of the
immune system to the drug [16].

This study aims to investigate the protective effects
of a novel nanocarrier encapsulating SGLT-2 inhibitor da-
pagliflozin (DAPA) against myocardial fibrosis in DCM.
The nanocarrier, designed using state-of-the-art nanotech-
nology, facilitates the targeted delivery of DAPA to the my-
ocardium, thereby maximizing its therapeutic effects while
minimizing systemic side effects. The molecular mecha-
nisms underlying the reduction of myocardial fibrosis by
nanoencapsulated DAPA were elucidated. This study aims
to provide novel insights into the treatment of DCM and
potentially identify new therapeutic targets.

Materials and Methods
Design, Preparation, and Characterization of DAPA@NP

Poly(lactic-co-glycolic acid) (PLGA) or PLGA-
thioketal (TK)-polyethylene glycol (PEG) and DAPA were
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dissolved in dimethyl sulfoxide (DMSO)/deionized water
in a 1:2 ratio [17]. The drug-polymer solution was added
to an aqueous phase containing the emulsifier polyvinyl
alcohol (PVA), and ultrasonic processing was conducted to
form an oil-in-water (O/W) emulsion. The emulsion was
stirred under reduced pressure to evaporate the organic
solvent and form a nanoparticle (NP) suspension. The
nanoparticles were isolated from the suspension through
high-speed centrifugation and rinsed with deionized water
to eliminate any remaining emulsifier and free drug. The
nanoparticles were freeze dried to ensure their stability
for extended storage. The size and morphology of the
nanoparticles were characterized by transmission electron
microscopy (TEM, spectra 300, Thermo Fisher Scientific,
Waltham, MA, USA) and dynamic light scattering (DLS,
7590, Malvern Instrument, Great Malvern, UK) analyses.
High performance liquid chromatography-ultraviolet
(HPLC-UV) method (detection wavelength 260 nm, mo-
bile phase A: ddH20, mobile phase B: acetonitrile 30-70
%) was used to detect the encapsulation efficiency (EE %)
and load capacity (LC %).

EE % = (Actual amount of encapsulated drug/Initial
amount of drug loaded) x 100 %.

LC % = (Total weight of nanoparticles/Actual amount
of encapsulated drug) x 100 %.

A laser particle size analyzer (3000+ Ultra, Master-
sizer, Malvern Panalytical, Malvern, UK) was employed to
determine the particle size, polydispersity index, and zeta
potential of DAPA@NPs. The shape and structure of the
nanoparticles were examined using a transmission electron
microscope (JEM-2100, JEOL, Tokyo, Japan).

DAPA@PLGA and DAPA@PLGA-TK-PEG were
placed into membranes with a molecular weight cutoff of
10 kDa and dialyzed in phosphate buffer saline (PBS) so-
lution (pH 6.5 and pH 7.4, which represent the pH of blood
and the tumor microenvironment) [18] at 37 °C with ag-
itation. In addition, 100 uM H50, was administered to
simulate the tumor microenvironment [19]. Dialysis was
conducted at a certain speed. Nanoparticles in the dialysis
bag had a concentration of 1 mg/mL, with a total volume
of 5 mL. The surrounding release medium had a volume of
50 mL. At specified intervals, 3 mL of the release medium
was sampled, and an equal volume of fresh dialysis buffer
was added. The concentration of DAPA in the collected
release medium was then analyzed using a UV-2600 UV-
visible spectrophotometer (Shimadzu, Kyoto, Japan).
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DCM Animal Model

Male C57BL/6J mice (6—8 weeks old, weighing 18-20
g) were obtained from Shanghai MODEL ORGANISMS
(Shanghai, China). The mice were kept in a pathogen-
free environment with an ambient temperature of 23 + 2
°C, humidity of 55 £ 5 %, and a 12-hour light/dark cy-
cle. They had free access to food and water. The mice
received a single intraperitoneal injection of 1 % strepto-
zotocin (STZ, 150 mg/kg, HY-13753, MedChemExpress,
South Brunswick, NJ, USA). Blood samples were taken
from the tail veins on days 3, 5, and 7 after injection, and
blood glucose levels were measured using a glucometer.
Mice with blood glucose levels >16.7 mmol/L were se-
lected as diabetic models and were maintained for 4 weeks
to develop DCM. The mice were then randomly assigned to
five groups:

Control group: Healthy mice received oral saline.

Model group: DCM mice were treated with saline for
6 weeks.

Free DAPA group: DCM mice received 20 mg/kg/day
of DAPA for 6 weeks.

DAPA@PLGA group: DCM mice received 20
mg/kg/day of DAPA@PLGA for 6 weeks.

DAPA@PLGA-TK-PEG group: DCM mice received
20 mg/kg/day of DAPA@PLGA-TK-PEG for 6 weeks.

At the end of the treatment period, all mice were eu-
thanized with an intraperitoneal injection of pentobarbital
sodium (3 mg/mL, 110 mg/kg). Fresh sterile heart tissues
were collected for analysis, and blood was drawn through
pericardiocentesis. The blood samples were centrifuged at
4500 g (4 °C) for 15 minutes to separate the serum.

Cell Culture

Human cardiomyocytes (AC16 cells) (iCell-h323)
were purchased from iCell Inc. (Shanghai, China) and cul-
tured in specialized AC16 cell culture medium (iCell-h323-
001b) at37 °C with 5 % COz. In this study, AC16 cells were
subjected to a high glucose concentration of 35 mmol/L for
24 hours to establish an in vitro model of DCM. The AC16
cells were subjected to short tandem repeat (STR) identifi-
cation and tested negative for mycoplasma contamination.

Histopathology

Tissue specimens were fixed and dehydrated. For
hematoxylin-eosin (HE) staining (G1120, Solarbio, Bei-
jing, China), the specimens were immersed in hematoxylin
to stain the nuclei, followed by washing in acidic alco-
hol to remove excess dye. The specimens were stained
with eosin to color the cytoplasm. After dehydration and
clearing steps, the specimens were mounted in a transpar-
ent medium for microscopic examination. For Masson’s
trichrome staining (G1340, Solarbio, Beijing, China), the
specimens were treated similarly with hematoxylin for nu-
clear staining, followed by acid alcohol washing. The
specimens were stained with acidic fuchsin to color colla-
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gen fibers red, followed by aniline blue to stain cytoplasm
green. Following washing, dehydration, and clearing, the
specimens were mounted for microscopy. For Sirius red
staining, the specimens were immersed in Sirius red dye
(G1472, Solarbio, Beijing, China) to stain collagen fibers
red, followed by washing, dehydration, and clearing. The
specimens were then mounted for microscopic observation
(BX53, Olympus, Tokyo, Japan). These staining methods
are commonly employed in pathology and biological re-
search to assess tissue structure, histology, and fibrosis lev-
els.

Transmission Electron Microscopy

The left ventricular tissue specimens were fixed in
2.5 % glutaraldehyde solution (P1126, Solarbio, Beijing,
China). The fixed tissue specimens were embedded in
epoxy resin and acrylic resin and then sliced into ultra-
thin sections (approximately 1| mm) by using an ultramicro-
tome. The morphology, structure, and distribution of mus-
cle fibers and mitochondria were observed using a trans-
mission electron microscope (JEM-1400, JEOL, Tokyo,
Japan).

CCK-8 Assay

AC16 cells were seeded into culture dishes and cul-
tured under conditions of 37 °C and 5 % COs until reach-
ing the logarithmic growth phase. The cells were then ex-
posed to different forms of DAPA for 24 hours (Free DAPA,
DAPA@PLGA, DAPA@PLGA-TK-PEG) (10 mM). Sub-
sequently, cell counting kit-8 (CCK-8) solution (CA1210,
Solarbio, Beijing, China) was added to each group of cell
cultures. The culture dishes were placed in a CO5 incubator
at 37 °C for 2 hours. After the incubation, the absorbance of
each group of cell cultures was measured using a microplate
reader (EnVision, PerkinElmer, Wellesley, MA, USA) at a
wavelength of 450 nm. Cell viability was calculated based
on the absorbance values of each group.

Biochemical Analysis

Malondialdehyde (MDA) (S0131S), protein carbonyl
(PCO) (VTO000038), glutathione (GSH) (S0073), and
adenosine triphosphate (ATP, S0026) assay kits were ac-
quired from Beyotime (Shanghai, China). Acquired Fe?"
(BC5415) and total iron (BC2865) assay kits were pur-
chased from Solarbio (Beijing, China). All experiments
were conducted according to the manufacturer’s instruc-
tions, and measurements were performed using a UV-
visible spectrophotometer (UV-2600, Shimadzu, Kyoto,
Japan).

Measurement of Enzyme Activities

The procedures for assessing the activities of lay-
ered double hydroxides (LDH) (BC0685), catalase (CAT)
(BCO0205), superoxide dismutase (SOD) (BC5165), and
glutathione peroxidase (GSH-Px) (BC1195) were carried
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out using specific assay kits (Solarbio, Beijing, China).
Each experiment adhered to the protocols provided by the
manufacturer, with measurements obtained using an En-
Vision microplate reader (PerkinElmer, Wellesley, MA,
USA).

Fluorescent Staining

Cells were stained with 2.7'-
dichlorodihydrofluorescein diacetate (DCFH-DA,
D6470, Solarbio, Beijing, China), boron-dipyrromethene
(BODIPY)™ 581/591 C11 (D3861, Invitrogen, Carlsbad,
CA, USA), and 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthyl-
imidacarbocyanine (JC-1, J8030, Invitrogen, Carlsbad,
CA, USA) fluorescent dyes. Working solutions of each dye
were prepared according to the manufacturer’s instructions
typically by diluting the stock solution in an appropriate
buffer or culture medium. The cells were incubated with
the respective dye working solutions for a certain duration
at an optimal temperature to allow the uptake of the
fluorescent dyes by the cells in a dark environment. After
incubation, the cells were washed with buffer or medium to
remove any excess dye and impurities. Finally, the stained
cells were analyzed using fluorescence microscopy (IX83,
Olympus, Tokyo, Japan) to observe the fluorescence sig-
nals indicative of cellular characteristics, such as reactive
oxygen species (ROS) levels (DCFH-DA staining), lipid
peroxidation (BODIPY 581/591 Cl1 staining), or mito-
chondrial membrane potential (JC-1 staining). Staining
conditions, including dye concentration, incubation time,
and temperature, should be optimized for each specific
experiment to ensure reliable results.

Western Blot Analysis

A lysis buffer (R0010, Solarbio, Beijing, China) was
used to extract proteins from the cell cultures or tissue
samples. The concentration of the extracted proteins was
determined using bicinchoninic acid assay (BCA) method
(PC0020, Solarbio, Beijing, China). The protein sam-
ples were loaded into wells of a polyacrylamide gel (SDS-
PAGE gel) and subjected to electrophoresis for separa-
tion. The separated proteins were transferred from the
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel onto a polyvinylidene fluoride membrane
(PVDF) (YA1701, Solarbio, Beijing, China). Bovine serum
albumin was added to the proteins on the membrane to pre-
vent nonspecific binding. Primary antibodies transferrin re-
ceptor protein 1 (TfR1, 1:1000, ab214039, Abcam, Cam-
bridge, MA, USA), ferroportin (FPN, 1:1000, ab78066,
Abcam, Cambridge, MA, USA), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:1000, ab8245, Ab-
cam, Cambridge, MA, USA) were added to the membrane
to bind to the target protein. Secondary antibodies conju-
gated to a detectable marker were added onto the mem-
brane to bind to the primary antibodies. The membrane was
washed to remove unbound secondary antibody (1:1000,
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ab6721, Abcam, Cambridge, MA, USA). Target proteins
on the membrane were detected using an imaging system
(Chemidoc MP Imaging System, Bio-Rad Laboratories,
Helsinger, CA, USA). The protein bands were analyzed and
quantified using Image J software (version 1.53e, National
Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

Data are expressed as mean + SD. Differences be-
tween two groups were analyzed using 7-test, while com-
parisons among multiple groups were made using one-way
analysis of variance (ANOVA). Tukey’s test was applied
for post-hoc analysis. Statistical evaluations were con-
ducted with GraphPad Prism software (version 9.0, Graph-
Pad Software, San Diego, CA, USA). A p-value of less than
0.05 was considered statistically significant.

Results
Characterization of DAPA@NPs

The TEM images (Fig. 1A) reveal that DAPA@NPs
are regularly spherical with smooth surfaces, indicat-
ing successful synthesis. The average diameter of the
nanoparticles is 66.1 nm (Fig. 1B). The zeta potential of
DAPA@NPs is 16.5 mV (Fig. 1C). Table 1 presents the
drug load capacity (LC %) and encapsulation efficiency
(EE %) of DAPA within the nanoparticles. Optimal encap-
sulation efficiency (86.11 £ 0.49 %) and loading capacity
(3.82 + 2.11 %) were obtained by adjusting the polymer
to DAPA ratio, with 2.5 mg of DAPA. We compared the
drug release rates of nanoparticles based on thioketal (TK)
(DAPA@PLGA-TK-PEG) and PLGA (DAPA@PLGA) at
different pH levels (6.5 and 7.4) in solution (Fig. 1D,E). In
pH 6.5 solution, DAPA@PLGA-TK-PEG exhibited a cu-
mulative release of 83.21 % within 48 hours, compared with
73.56 % for DAPA@PLGA. At pH 7.4, the release rates
were 85.23 % for DAPA@PLGA-TK-PEG and 59.31 %
for DAPA@PLGA. In addition, H,O5 was administered to
simulate the tumor high-ROS microenvironment (Fig. 1F).
The release rates of DAPA@PLGA and DAPA@PLGA-
TK-PEG are 66.47 and 83.47, respectively. These results
indicate that DAPA@PLGA-TK-PEG has superior drug re-
lease capabilities.

DAPA@NP Alleviates Fibrosis and Oxidative Stress in
Diabetic Myocardial Tissue

A dilated cardiomyopathy (DCM) mouse model
was established to evaluate the therapeutic efficacy of
DAPA@NPs in diabetic heart failure. Pathological stain-
ing was employed to assess myocardial injury severity.
Hematoxylin-eosin (HE) staining (Fig. 2A) revealed that
myocardial fibers were intact and organized in the con-
trol group. In the model group, myocardial fibers ap-
peared disordered or ruptured, accompanied by increased
necrosis and inflammatory cell infiltration, resulting in
blurred myocardial patterns. However, treatment with dif-

Com
CELDR maczziaLy


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a02

European Cells and Materials Vol.50 2025 (pages 20-32) DOI: 10.22203/eCM.v050a02

B C
100000
100 Mean Diam.: 66.1 nm 1 Zeta: -16.5 mV
PDI: 0.165
g 2
> 3 ]
o
s © 50000
2 50+ =
Q -~ h
s (o]
£ I
0 I 4+
55 60 65 70 75 -100 -50 0 50
Diameter (nm) Zeta potenial (mV)
D E - DAPA@PLGA F ~¢- DAPA@PLGA
N @
=100  DAPA@PLGA 3 1007 - = 1000 & DAPA@PLGA-TK-PEG
S = DAPA@PLGA-TK-PEG s -+ DAPA@PLGA-TK-PEG 2
2 Z 80+ 2 504
ES E E
] [ 2
s 60 o 60 s 60
= = =
] =] 1=
= = =
v 40 o 40 o 40
z = .z
3w R E
g 6.5 = 20 43 207
E pH=6.5 £ pH=7.4 E H,0,
o} 5 o]
oF T T T T T 1 O 0 T T T T 1 0 T T T T T T T 1
0 020 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80

Time(h)

Time(h)

Time(h)

Fig. 1. Analysis of the characteristics and in vitro drug release properties of DAPA@NPs. (A) TEM image depicting the morphology
of DAPA@NPs. Scale bar: 100 nm. (B) Size distribution profile of DAPA@NPs. (C) Zeta potential measurement of DAPA@NPs. (D)
Release profiles of DAPA from PLGA and PLGA-TK-PEG in pH 6.5 solution. (E) Release profiles of DAPA from PLGA and PLGA-
TK-PEG in pH 7.4 solution. (F) Release profiles of DAPA from PLGA and PLGA-TK-PEG after HoO> treatment (n = 3). TEM,
transmission electron microscopy; DAPA, dapagliflozin; NP, nanoparticle; TK, thioketal, PLGA, poly(lactic-co-glycolic acid); PEG,

polyethylene glycol; PDI, polydispersity index.

ferent forms of DAPA improved myocardial fiber orga-
nization and reduced necrosis and inflammatory cell in-
filtration. DAPA@PLGA-TK-PEG demonstrated supe-
rior therapeutic effects compared with DAPA@PLGA, and
DAPA@PLGA showed better efficacy than free DAPA.
Masson’s trichrome staining and Sirius red staining indi-
cated increased collagen fiber deposition in the myocardial
tissues (Fig. 2B,C). Compared with the control group, the
model group exhibited elevated collagen fiber deposition,
which was significantly attenuated following treatment
with DAPA@NPs, with DAPA@PLGA-TK-PEG showing
the most pronounced therapeutic effect.

We also assessed oxidative stress levels in the my-
ocardial tissues of each mouse group. Compared with
the control group, the model group showed significantly
elevated levels of malondialdehyde (MDA) and protein
carbonyl (PCO) as well as reduced activities of the an-
tioxidant enzymes superoxide dismutase (SOD) and cata-
lase (CAT) (p < 0.001, Fig. 2D-G). Treatment with free
DAPA, DAPA@PLGA, and DAPA@PLGA-TK-PEG im-
proved these oxidative stress biomarkers in DCM mice,
with DAPA@PLGA-TK-PEG demonstrating the most sig-
nificant improvements (p < 0.01, and p < 0.001) (Fig. 2D—
G). These findings highlight the antioxidative stress effects
of DAPA@NP.

o
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DAPA@NP Alleviates Mitochondrial Damage and Iron
Death in DCM Mice

Changes in mitochondrial morphology and structure
in myocardial tissue were observed using TEM. The ul-
trastructure of myocardial tissue in the model group mice
showed significant alterations, including myofibril frag-
mentation, mitochondrial swelling, partial outer membrane
rupture, and disappearance or fragmentation of mitochon-
drial cristac (Fig. 3A). However, after treatment with
DAPA@NPs, the disarrayed mitochondrial structure in
DCM mice was effectively improved, with few swollen
mitochondria, intact inner and outer membranes, and in-
creased mitochondrial cristae. The improvement effect of
DAPA@PLGA-TK-PEG was the most pronounced (Fig.
3A). Correspondingly, the inadequate ATP levels in the my-
ocardial tissue of DCM mice were partially improved af-
ter treatment with different forms of DAPA (p < 0.05, p
< 0.01, and p < 0.001; Fig. 3B). Hence, to some extent,
DAPA can reduce mitochondrial damage and protect mito-
chondrial function.

Given the close association between cardiac iron
homeostasis and heart disease, we investigated key factors
related to iron metabolism and ferroptosis. In mice in the
model group, we observed significant increases in total iron
and Fe?* levels and elevated expression of the TfR1 protein

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a02

European Cells and Materials Vol.50 2025 (pages 20-32) DOI: 10.22203/eCM.v050a02

DAPA@PLGA DAPA@PLGA-TK-PEG

Control Model Free DAPA DAPA@PLGA DAPA@PLGA-TK-PEG

Control Free DAPA DAPA@PLGA DAPA@PLGA-TK-PEG
(bt i | : : T "\: :
: ! 1
1 oo B e el Rad o e 1
pm= === L X
/’ ‘\ N
% S N
.7 ~ X N
H\ |
4 ?,‘\_/\; X
X \ X X ‘/
ol \ SN / 50 pm
D E *k K F G
%k
k% o 254 kkk %%k k k% %k %k
= 2 0.4 o I T 1 o5 /1
S 807 kkk ns £ 04 £ 504 * ns g % %
& e g £ e e R S —
£ 604 3 0.3 £ % .
§60 : 215— I — 2 3 « M
£ ns = o =
o 40 — é 0.2 % 10 (| § ) (|
E = z} ;'
g Tu ]
E g 5 Z
3 <@ < <
g 0 & o0 0= <
o U7 > © Ll N ) > &
¥ [, OO & &
d & > > & & S \LEPE S & QA <
o@é ) @é’ QVS Q\)G «Q@ R @9 @Q ;ka & N S @\’ &
(@ ‘2.@ Y’© S < vgv' ey. Qv. QV"
N ?s o O ¥ QV' Y
F & G ¢
?@ = S
st 9 Q

Fig. 2. DAPA@NP attenuates oxidative stress and fibrosis in diabetic myocardial tissue. (A) HE staining outcomes of myocardial
tissue. Scale bar: 50 um or 100 um. (B) Masson staining outcomes of myocardial tissue. Scale bar: 50 pm or 100 pm. (C) Sirius red
staining outcomes of myocardial tissue. Scale bar: 50 um or 100 um. (D-G) Quantification of PCO, MDA, SOD, and CAT levels in
myocardial tissue. N = 3. ns, no statistical difference, *p < 0.05, **p < 0.01, ***p < 0.001. HE, hematoxylin-eosin; PCO, protein
carbonyl; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase.

(» < 0.001) (Fig. 3C-H). The GSH levels and FPN protein lowing treatment with various forms of DAPA@NPs, total
expression significantly decreased in the model group than  iron and Fe?* levels as well as TfR1 protein expression de-
in normal mice (p < 0.01 and p < 0.001; Fig. 3C-H). Fol-  creased, whereas GSH levels and FPN protein expression
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increased (p < 0.05, p < 0.01, and p < 0.001; Fig. 3C-H,
Supplementary file). Notably, DAPA@PLGA-TK-PEG
exhibited the most significant therapeutic effects. These
findings indicate the presence of ferroptosis in DCM mice.
Hence, DAPA@NPs can mitigate ferroptosis by regulating
iron homeostasis.
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DAPA@NPs Alleviate High Glucose-Induced Oxidative
Stress and Mitochondrial Damage in Myocardial Cells

Building upon animal experiments, we further ex-
plored how DAPA@NP protects AC16 cells from high
glucose-induced damage. Initially, AC16 cells were ex-
posed to different formulations of DAPA (free DAPA,
DAPA@PLGA, DAPA@PLGA-TK-PEG) in high-glucose
culture medium for 24 hours, and cell viability was as-
sessed using a CCK-8 assay kit. The results revealed
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that under high glucose conditions, cell viability in the group (p < 0.001). Specifically, cell viability was the
HG group decreased by approximately 40 % compared  highest in the DAPA@PLGA-TK-PEG group, followed by
to the control group. Moreover, treatment with various DAPA@PLGA and Free DAPA (p < 0.05,p < 0.01, and p
forms of DAPA significantly enhanced ACI16 cell via- < 0.001) (Fig. 4A).

bility in a dose-dependent manner compared to the HG
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As depicted in Fig. 4B-D, the levels of reactive oxy-
gen species (ROS) and protein carbonyl (PCO) were signif-
icantly elevated in HG-treated cells compared with those in
the control group. By contrast, the activities of antioxidant
enzymes superoxide dismutase (SOD) and catalase (CAT)
were notably decreased (p < 0.001). Consistent with the an-
imal model findings, different forms of DAPA@NP effec-
tively mitigated high glucose-induced oxidative stress by
reducing intracellular ROS and PCO levels and enhancing
intracellular SOD and CAT activities (p < 0.05, p < 0.01,
and p < 0.001) (Fig. 4B-F).

Mitochondria, crucial for energy metabolism and ROS
regulation in myocardial cells, were adversely affected by
high glucose in AC16 cells, leading to reduced ATP pro-
duction and mitochondrial damage. Importantly, treatment
with DAPA@NP formulations ameliorated the decrease in
ATP production induced by high glucose (p < 0.05, p <
0.01, and p < 0.001) (Fig. 4G-I).

These findings underscore the antioxidant and mito-
chondrial protective effects of DAPA and highlight its po-
tential therapeutic benefits in diabetic cardiomyopathy.

DAPA@NP Alleviates Iron Death in Myocardial Cells
Induced by High Glucose

DAPA helps regulate myocardial iron balance in DCM
mice, so we proceeded to investigate iron metabolism in
ACI16 cells. After exposure to high glucose, we observed
increased iron accumulation in AC16 cells, as indicated
by the elevated levels of total iron, Fe?*, and MDA (p
< 0.001) (Fig. 5A-C). After intervention with DAPA
nanoformulations, the levels of high glucose-induced iron
deposition and MDA significantly decreased, with the most
significant reduction observed in the DAPA@PLGA-TK-
PEG group (p < 0.05, p < 0.01, and p < 0.001) (Fig.
5A-C). Excessive intracellular lipid peroxidation often ac-
companies iron overload. C11-BODIPY staining revealed
that 0xC11-BODIPY levels were markedly elevated in the
HG group compared with that in the control group (p <
0.001, Fig. 5D,E). However, treatment with free DAPA,
DAPA@PLGA, or DAPA@PLGA-TK-PEG significantly
reduced oxC11-BODIPY levels, with the most pronounced
decrease observed in the DAPA@PLGA-TK-PEG group (p
< 0.05,p < 0.01, and p < 0.001; Fig. 5D,E). Additionally,
GSH levels in AC16 cells were suppressed in the HG group,
but intervention with DAPA@NPs effectively restored the
level (p < 0.05, p < 0.01, and p < 0.001; Fig. 5F).

Analysis from Fig. 5G-I (Supplementary file)
demonstrated that HG exposure significantly upregulated
TfR1 protein expression and downregulated FPN protein
expression. Conversely, treatment with DAPA@NP for-
mulations significantly decreased TfR1 expression and in-
creased FPN expression (p < 0.05, p < 0.01, and p <
0.001). These findings highlight the role of DAPA@NP in
mitigating iron overload and improving iron metabolism-
associated cellular damage.

www.ecmjournal.org

Discussion

This study aimed to evaluate the efficacy of DAPA
loaded in NPs in treating DCM and assess its potential
value by comparing it with relevant research findings.
We successfully synthesized DAPA@NPs, which exhib-
ited regular morphology, spherical shape, smooth surface,
high encapsulation efficiency, and superior performance.
This finding is consistent with previous research that in-
dicated the crucial importance of the morphology and size
of NPs for their drug loading and release properties [20—
22]. Furthermore, the drug release rate of TK-modified
PLGA nanoparticles (DAPA@PLGA-TK-PEG) was signif-
icantly higher than that of unmodified PLGA nanoparticles
(DAPA@PLGA) in solutions with pH values of 6.5 and 7.4.
In previous works, the morphology and size of NPs are criti-
cal to their drug loading and release properties, resulting in
increased drug release through the formation of synthetic
nanoparticles through PLGA and PLGA-TK-PEG [23,24].

In vivo experiments, we observed the superiority of
DAPA@PLGA-TK-PEG in improving myocardial injury
in DCM mice, manifested by alleviating myocardial fiber
disarray, reducing the number of necrotic or inflamma-
tory cells, and decreasing collagen deposition. This study
supports the potential of surface-modified nanocarriers in
improving myocardial lesions. Further biological evalua-
tions showed that treatment with DAPA@PLGA-TK-PEG
significantly reduced the levels of oxidative stress in the
myocardium of DCM mice and improved mitochondrial
structure and function. Oxidative stress secondary to tran-
sient or sustained increases in steady-state reactive oxygen
species (ROS) levels in the heart leads to disruption of sig-
naling pathways and oxidative modification of cell com-
ponents, which can subsequently lead to cell dysfunction
and even induced cell death through necrosis or apopto-
sis [25,26]. Treatment with DAPA@PLGA-TK-PEG could
regulate iron metabolism and reduce the occurrence of iron
death. Combined with previous reports supporting the po-
tential of surface modified nanocarriers to improve car-
diomyopathy, the present study demonstrated the role of
nanocoated drugs in DCM. In addition, high blood sugar is
not the only cause of diabetic heart complications. Lipo-
toxicity [27] and increased oxidation of free fatty acids
[28] also lead to oxidative stress, mitochondrial and en-
doplasmic reticulum (ER) stress, and activation of pro-
inflammatory signals [29-3 1]. Mitochondrial damage leads
to ROS production and enhanced activation of nucleotide-
binding oligomerization domain, leucine rich repeat and
pvrin domain containing protein (NLRP) 3 inflammasome
[32], which in turn may promote or exacerbate cardiac fi-
brosis.

Significant progress has been made in the application
of nanocarriers in the treatment of heart diseases. Zhang et
al. [33] reported a nanocarrier similar to DAPA@PLGA-
TK-PEG, which successfully alleviated myocardial injury
in vivo experiments and demonstrated superior drug release

Com
CELDR maczziaLy


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a02

European Cells and Materials Vol.50 2025 (pages 20-32) DOI: 10.22203/eCM.v050a02

kinetics. When polyethylene glycol (PEG) is exposed to
elevated ROS levels, these joints undergo degradation or
solubility changes that trigger the controlled release of the
encapsulated drug [34]. Thioketal (TK) is unstable under
O3~ and H204 conditions. This degradation mechanism
has been widely used to develop ROS-responsive materi-
als for diseases characterized by high ROS microenviron-
ments [35,36]. These findings further validate the potential
value of nanocarriers in the treatment of heart diseases. Fur-
thermore, research on the regulation of iron metabolism by
nanocarriers is also relevant to our findings. Iron cell apop-
tosis is a specific type of cell death characterized by iron
dependence and lipid peroxidation; it can lead to elevated
intracellular ROS levels and may promote the occurrence
and development of DCM [37]. Another study showed that
mice fed with high-iron diet resulted in severe heart mus-
cle damage and had typical iron apoptotic molecular fea-
tures, including increased lipid peroxidation and reduced
GSH levels [38]. The results of this study demonstrate the
role of nanocarriers in regulating iron homeostasis. In ad-
dition, PLGA is currently the most safe vehicle for drug
delivery [39].

This study conducted a preliminary evaluation of the
potential value of DAPA@PLGA-TK-PEG in the treatment
of diabetic cardiomyopathy as well as compared and ana-
lyzed the findings with relevant research. However, this
work still has some limitations.

First, this study mainly focused on evaluating the ther-
apeutic effects of DAPA@PLGA-TK-PEG in animal mod-
els but lacked sufficient clinical data to support its effec-
tiveness and safety in humans. In addition, the sample size
of this study is currently small. Therefore, future research
needs to conduct clinical trials to validate the feasibility and
efficacy of its clinical application. The sample size should
also be expanded, as too small a sample size may cause
large errors or inaccuracies in the current research results.

Second, although we observed the positive effects of
DAPA@PLGA-TK-PEG on alleviating myocardial injury,
regulating oxidative stress, and iron metabolism, the spe-
cific mechanism of action remains unclear. Future re-
search could delve deeper into the molecular mechanisms of
DAPA@PLGA-TK-PEG in the treatment of diabetic heart
disease to reveal the detailed mechanisms of its therapeutic
effect.

Additionally, this study only considered the single ap-
plication of DAPA@PLGA-TK-PEG in the treatment of
DCM. Future research could explore its combined appli-
cation with other drugs or treatment modalities to enhance
treatment effectiveness.

Finally, although we optimized the preparation pro-
cess of DAPA@PLGA-TK-PEG, some technical chal-
lenges persist, such as feasibility and stability issues in bulk
production. Therefore, future research should optimize the
preparation process to improve preparation efficiency and
product stability.

Cpm
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Conclusions

Through comparison and analysis with previous
relevant studies, we validate the potential value of
DAPA@PLGA-TK-PEG as a treatment for DCM and pro-
vide strong support for its clinical application. However,
despite some encouraging results, more clinical research is
still needed to confirm its clinical efficacy and explore its
mechanisms of action.
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