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Abstract

Myocardial ischemia-reperfusion injury (MIRI) is a serious threat to the health and lives of
patients without any effective therapy. Excessive production of reactive oxygen species (ROS) is
considered a principal cause of MIRI. Some natural products, including ginsenoside Rg3 (Rg3),
exhibit robust antioxidant activity. However, the lack of an effective delivery strategy for this
hydrophobic compound hinders its clinical application. In addition, therapeutic targets and
molecular mechanisms of Rg3 require further elucidation to establish its mode of action. This
study aimed to generate ROS-responsive nanoparticles (PEG-b-PPS) v/a the self-assembly of
diblock copolymers of poly (ethylene glycol) (PEG) and poly (propylene sulfide) (PPS) and use
them for Rg3 encapsulation and delivery. We identified FoxO3a as the therapeutic target of Rg3
using molecular docking and gene silencing. In rat ischemia-reperfusion model, an
intramyocardial injection of Rg3~loaded PEG-b-PPS nanoparticles improved the cardiac function
and reduced the infarct size. The mechanism of action was established as Rg3 targeting of
FoxO3a, which inhibited the promotion of oxidative stress, inflammation, and fibrosis via
downstream signaling pathways. In conclusion, this approach, involving ROS-responsive drug
release, together with the identification of the target and mechanism of action of Rg3, provided an
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effective strategy for treating ischemic diseases and oxidative stress and could accelerate the
implementation of hydrophobic natural products in clinical applications.
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FoxO3a; Ginsenoside Rg3; Myocardial ischemia-reperfusion injury; ROS-responsive
nanoparticles

1. Introduction

Acute myocardial infarction (AMI) is the leading cause of morbidity and mortality
worldwide. Reperfusion following thrombolytic or primary percutaneous coronary
intervention is considered to be the most effective treatment [1,2]. However, an incidence of
10%-25% of recurrent AMI and a hospital mortality rate of 6%-14% in patients with
myocardial ischemia-reperfusion injury (MIRI) has been reported [3,4]. Potential
mechanisms for MIRI include inflammation, energy metabolism disorder, oxidative stress,
and apoptosis [5]. Oxidative stress is considered a primary contributory factor in the
pathogenesis of MIRI. Accumulation of reactive oxygen species (ROS) causes a variety of
injuries, including mitochondrial damage and myocardial apoptosis [6]. Therefore,
designing an ROS-responsive release system would be beneficial in improving the
therapeutic efficacy of drugs [7,8]. In addition, finding an appropriate drug target and
defining the therapeutic mechanisms of action of drugs used to treat MIRI has important
value for clinical and scientific research. However, the development of an effective,
mechanism-targeted approach to treat MIRI remains to be solved.

Large numbers of natural products exhibit anti-oxidative effects /n vitroand /n vivo [9].
Ginsenoside Rg3 (Rg3), the main active ingredient of ginseng, has a range of
pharmacological effects, including antioxidant, anti-inflammatory, and anti-aging activities
[10-13]. Our previous studies confirmed that Rg3-loaded Pluronic F127 micelles alleviated
doxorubicin-induced oxidative stress by reversing mitochondrial dysfunction [14]. In
addition, Rg3 enhanced the effect of MIRI treatment by regulating the AKT/nitric oxide
synthase pathway [15,16]. However, the specific target and the molecular mechanism of
action of Rg3 in treating MIRI remain unclear. In addition, the mode of loading hydrophobic
Rg3 can affect its targeting and the responsiveness of injured tissues, thus inhibiting its
therapeutic effect on MIRI.

The micelles formed from amphiphilic block copolymers have shown promise as carriers for
the delivery of hydrophobic drugs [17,18]. Poly (ethylene glycol) (PEG) is usually used as
the hydrophilic block due to its resistance to protein adsorption and low toxicity. Poly
(propylene sulfide) (PPS) can be chosen as the hydrophobic block owing to its extreme
hydrophobicity [19]. In response to ROS, PPS is oxidatively converted from a hydrophobe
into a hydrophile [19,20]. Such a PEG-b-PPS amphiphilic block copolymer can be used as
an ROS-responsive nanovesicle for drug delivery [21,22]. Melatonin (Mel) released from
ROS-responsive Mel-loaded PEG-b-PPS reduces sepsis-induced acute liver injury [23],
suggesting that the use of PEG-b-PPS to encapsulate Rg3 may facilitate the release of Rg3 at
ROS-generating sites, thus improving the treatment of MIRI.
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In the present study, self-assembled ROS-responsive polymers of PEG and PPS diblock
copolymers were prepared for the encapsulation of Rg3. The physical structural parameters
of Rg3-loaded nanoparticles and their ROS-responsive release behavior in vitroand in vivo
were investigated. The administration of intramyocardial injections of the Rg3-loaded, ROS-
responsive polymeric nanoparticles (PEG-b-PPS-Rg3) into rats with MIRI showed an
improved myocardial therapeutic effect. Furthermore, by molecular docking and gene
silencing, FoxO3a was identified as a specific and effective target for Rg3. The released Rg3
activated FoxO3a, which had anti-oxidative, anti-inflammatory, and anti-fibrotic functions.
In short, the use of ROS-responsive nanoparticles and the exploration of therapeutic targets
and mechanisms of Rg3 may provide a new strategy for treating MIRI, leading to the
clinical application of Rg3.

Materials and methods

2.1 Materials

2.2.

Poly (ethylene glycol) (MPEG, Mn = 2.0 x 103 g/mol), propylene sulfide, hydrogen peroxide
(H205), thioacetic acid, methacryloyl chloride, polyvinyl alcohol, and trimethylamine were
obtained from GL Biochem Co., Ltd. (Shanghai, China). All the solvents were obtained
from Sigma-Aldrich China Inc. (Shanghai, China). 3,3’ -Dioctadecyloxacarbocyanine
perchlorate (DiO), 1,1’ -dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine perchlorate
(Dil), dihydroethidium (DHE), 2,7’ -dichlorofluorescin diacetate (DCFH-DA), tetrechloro-
tetraethylbenzimidazol carbocyanine iodide (JC-1), MitoTracker Green fluorescent probe
(MitoTracker), and 4”,6-diami-dino-2-phenylindole (DAPI) were obtained from Beyotime
Biotechnology Co., Ltd. (Beijing, China). Rg3 was obtained from Shanghai Winherb
Medical Technology Co., Ltd. (Shanghai, China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) and 2,3,5-triphenyl-2H-tetrazolium chloride (TTC)
were obtained from Solarbio life sciences Co., Ltd. (Beijing, China). The enzyme-linked
immunosorbent assay (ELISA) kits, including dismutase (SOD), malondialdehyde (MDA),
interleukin (IL)-6 and IL-1pB, tumor necrosis factor-a (TNF-a), and C-reactive protein
(CRP), were obtained from Wuhan Cloud-Clone Inc. (Wuhan, China). Terminal dUTP nick
end-labeling (TUNEL) assays kit was obtained from Roche Life Science (USA). ROS Elisa
Kit was obtained from DuMa biological Co., Ltd. (Shanghai, China). Caspase-Glo 3/7 assay
kit was obtained from Thermo Scientific China Inc. (Shanghai, China). All the antibodies
were obtained from Abcam China Inc. (Shanghai, China). Male Sprague-Dawley (SD) rats
(8 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China).

Preparation and characterization of PEG-b-PPS

PEG-b-PPS was prepared as described in a previous study [23]: (1) First, 0.5 mmol of
mPEG, 0.6 mmol of methacryloyl chloride and 0.6 mL of trimethylamine were added to
dichloromethane. The preparation was stirred for 24 h, and the solution was filtered and
concentrated, and the solids were precipitated twice using cold diethyl ether. (2) Next, 0.5
mmol of the obtained preparation, 0.187 mmol of 2, 2-azobisisobutyronitrile, and 7.6 mmol
of thioacetic acid were dissolved in 8 mL of tetrahydrofuran (THF) with stirring. The
reaction mixture was cooled with liquid nitrogen, degassed by applying vacuum, and then
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returned to room temperature. The degassing procedure was repeated three times. After
stirring at 60 °C for 24 h, the reaction mixture was filtered, concentrated, and precipitated
twice using cold diethyl ether. (3) Further, 0.5 mmol of the solution obtained from step 2 and
0.6 mmol of sodium methylate were dissolved in 8 mL of THF with stirring for 30 min at 25
°C. Then, 30 mmol of propylene sulfide was added to the mixture, and the solution was
maintained at 60 °C overnight with constant stirring. The solvent was then removed, and the
viscous liquid was extracted twice with methanol and characterized by *H nuclear magnetic
resonance (NMR) spectroscopy (Agilent, USA). The average molecular weight of PEG-b-
PPS was characterized by gel permeation chromatography (GPC).

2.3. Rg3-loaded PEG-b-PPS nanoparticles (PEG-b-PPS-Rg3) preparation and
characterization

Rg3 (10 mg) was dissolved into 200 L of 0.9% saline (0.1538 mol/L)/ethanol (1:1, v;v) and
PEG-b-PPS (16 mg) in 1 mL of chloroform. The solution was emulsified by sonication for 3
min (70 W). Then, 4 mL of saline with 0.5% (/1) of polyvinyl alcohol was slowly added,
and the preparation was further emulsified by sonication for 60 s (200 W). Ethanol and
chloroform were removed from the final emulsion using a rotary evaporator at 40 °C. The
particle sizes of PEG-b-PPS-Rg3 and blank PEG-b-PPS were detected by dynamic light
scattering after diluting them to a final concentration of 1 mg/mL with deionized water. The
mean size and polydispersity index for three replicates were measured. The morphology of
PEG-b-PPS-Rg3 was characterized by transmission electron microscopy (TEM, EM-200CX,
JEOL Ltd., Tokyo, Japan). Encapsulation ratios (ER %) and drug-loading efficiency (DL %)
was calculated using the following equations:

Weight of the drug in micelles

Weight of the feeding drug x 100%

ER% =

Weight of the drug in micelles

Weight of the feeding polymer and drug x 100%

DL% =

2.4. MIRI model preparation and drug administration

The SD rats were fasted for 12 h before use in experiments but were allowed free access to
water. The experimental procedures conformed to the Directive 2010/63/EU of the European
Parliament, and all animals were handled according to the guidelines of the TCM Animal
Research Committee (TCM-LAEC2014005) of Tianjin University. All rats were randomly
divided into four groups: (1) sham (n = 10, 100 puL PBS), (2) model (n= 10, 100 uL PBS),
(3) PEG-b-PPS (n=10, 100 L PEG-b-PPS), and (4) PEG-b-PPS-Rg3 (n= 10, 100 pL
PEG-b-PPS-Rg3 containing 0.5 mg Rg3). For an ischemia-reperfusion (I/R) model [24], the
rats were anesthetized with an intraperitoneal injection of 5% chloral hydrate (30 mg/kg),
and thoracotomies were performed at the fourth intercostal space to expose the heart. A 6-0
silk suture was used to ligate the left anterior descending coronary artery. After 30 min, the
suture was removed to allow for reperfusion. The sham group underwent the same procedure
without ligation. For the PEG-b-PPS-Rg3 group, PEG-b-PPS-Rg3 was administered v/iaa
single intramyocardial injection at the time of ligation. For the PEG-b-PPS group, equal
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amounts of PEG-b-PPS were administered. The rats in the sham and model groups were
intramyocardially injected with 100 uL of PBS.

2.5. Stability and ROS-responsive studies

We evaluated ROS-responsive studies using 0, 0.01, 0.05, 0.1, and 1 mM H,05 to assess the
in vitro release behavior. Dialysis tube (MWCO = 1000 Da) was used to collect free Rg3.
Dialysis tube containing 1 mL of freshly prepared PEG-b-PPS-Rg3 was dispersed into 50
mL 0.2 M phosphate buffer (pH 7.4) with 0, 0.01, 0.05, 0.1, and 1 mM H,0,, at 37 °C.
Subsequently, 2 mL of the solutions was withdrawn at 0, 1, 2, 3, 4, 6, 12, 24, 36, 48, and 72
h. Then, 2 mL fresh PBS was added. The collected samples were diluted with methanol
(volume ratio, 1:1) and quantified by high-performance liquid chromatography (HPLC).
Briefly, the concentrations of Rg3 were determined by HPLC with detection at the A max
(203 nm) and a retention time of 9.23 min.

2.6. Fluorescence resonance energy transfer used for detecting ROS response in vivo

2.7.

Fluorescence resonance energy transfer (FRET) was used to investigate the disassembly of
the PEG-b-PPS in response to ROS [23,25-27]. DiO and Dil were loaded based on the
procedure used for Rg3 loading described earlier, which served as the FRET donor and
acceptor, respectively, to test the on-demand release of PEG-b-PPS. DiO (1 mg/kg rat
weight) and Dil (1 mg/kg rat weight)-loaded PEG-b-PPS were dissolved in 100 pL of PBS
and then administered v7a a single intramyocardial injection before MIRI. After 2 h of
reperfusion, fluorescence images of the hearts were acquired using VIS Kinetic.

Echocardiographic assessment of left ventricular function

A Vevo 2100 (VisualSonic, Canada) ultra-high-resolution animal ultrasound imaging system
was used to evaluate the left ventricular function, asdescribed [14]. The following
parameters were measured as the indicators of function: systolic interventricular septum
(IVSy), diastolic interventricular septum (IVSy), systolic left ventricular posterior wall
(LVPW,), diastolic left ventricular posterior wall (LVPWy), left ventricular systolic diameter
(IVIDy), left ventricular diastolic diameter (IVIDy), left ventricular systolic volume
(LVVoly), left ventricular diastolic volume (LVVoly), ejection fraction (EF%), fractional
shortening (FS%), aortic valve peak velocity, and aortic valve peak pressure.

2.8. 2,3,5-Triphenyltetrazolium chloride staining (TTC staining) analysis

After 2 h reperfusion, the rats were euthanized. The hearts were harvested, cut into six
transverse slices on average, and incubated with TTC (1% solution in PBS) for 30 min at 37
°C in the dark. Then, the transverse slices were washed with PBS three times and
subsequently imaged. The infarcted myocardium was stained in white, and the viable tissue
was stained in red color, and then analyzed using ImageJ software (MD, USA) as reported in
a previous study [24].

percentage of Infarct size = (Infarct size/Viable size) x 100%
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2.9 Plasma biochemistry and enzyme-linked immunosorbent assay

Plasma biochemistry, including creatine kinase (CK), creatine kinase-MB (CK-MB), and
lactate dehydrogenase (LDH), was assessed using an auto-analyzer (Multiskan MK3;
Thermo Fisher Scientific, USA). The plasma levels of SOD, MDA, IL-6, IL-Ip, TNF-a, and
CRP were determined using the ELISA Kits according to the manufacturer’s protocol as
reported in a previous study [14].

2.10. Histological analysis

The heart tissues were fixed using 4% paraformaldehyde for 48 h. The tissues were
embedded in paraffin, cut into 4 pM sections, and subjected to hematoxylin/eosin staining
(H&E) and Sirius red (SR). TUNEL assays were performed in accordance with the
manufacturer’s protocol. The Sections in 5 mM DHE or 10 uM DCFH-DA were incubated
for 15-25 min in the dark. After washing with PBS, they were stained using 0.5 ug/mL
DAPI. For immunofluorescence (IF) analysis, sections were incubated with TNF-a (1:200
dilution) at 4 °C for 12 h and subsequently incubated with anti-rat HRP(Alexa Fluor 647) at
37 °C for 1 h. After washing with PBS, the sections were counterstained with the DAPI. The
sections were examined using a fluorescence microscope and a digital camera (Carl Zeiss,
AXxio Observer Al).

2.11. Measurement of ROS content in the heart

The hearts from rats were homogenized in 1 mL of PBS at 4 °C. Then, 100 pL of heart
homogenate was used for determining the ROS content. The ROS content was measured
using ROS Elisa Kit in accordance with the manufacturer’s protocol.

2.12. Cell transfection

Viruses carrying FoxO3a shRNA or their vector controls were produced by transfecting
HEK?293T cells with viral packaging vectors (psPAX2, pMD2G), using a standard calcium
phosphate transfection method. The viruses were harvested from the supernatant of
HEK?293T cells 48 h after transfection before being used to infect HIC2 cells.

2.13. Hypoxia/reoxygenation injury analysis

Hypoxia/reoxygenation (H/R) was performed with HIC2 cells to simulate I/R injury. After
treatment with 10 nM Rg3 for 24 h, H/R was simulated as described in a previous study
[28]. Briefly, the cultured H9C2 cells were placed in a hypoxia chamber (StemCell
Technologies, CA, USA) with glucose-free DMEM (pH 6.8). The chamber was flushed with
95% (/) N, and 5% (v/1) CO, with a flow rate of 15 L/min for 10 min at 37 °C. After 6 h
of hypoxia, reoxygenation was accomplished by replacing the medium with DMEM
containing 4.5 mM glucose (pH 7.4) and subsequent incubation in a CO, incubator [5%
(v/V) CO2-95% (v/V) O] for 18 h. The cell viability was assessed with MTT according to
the manufacturer’s protocol. For the Caspase-Glo 3/7 assay, the cells were seeded in opaque
96-well plates, and luminescence was measured following the manufacturer’s protocol. The
ROS levels were measured using DCFH-DA, and the fluorescence was excited at 488 nm
and collected at 525 nm. Mitochondrial inner membrane potential (AY,) was checked using
JC-1 and MitoTracker. The cells displayed red fluorescence when the mitochondrial
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membrane retained integrity. Moreover, the cells showed green fluorescence when the
mitochondrial membrane was damaged. Fluorescent images of ROS and JC-1 were observed
using a fluorescence microscope and a digital camera as described previously (Carl Zeiss,
Axio Observer Al) [29,30].

2.14. Automated Western blot analysis

2.15.

The Western blot analysis was performed on a Peggy Sue automated system (ProteinSimple,
USA) according to the manufacturer’s protocol using a Size Separation Master Kit with split
buffer (12-230 kDa). The primary antibodies used were FoxO3a, Sirtl, PGC-1a, Nrfl,
Nrf2, HO-1, SOD1, P65-NF«xB, P-IKBa, TGF-B, Smad2, P-Smad2, Smad3, P-Smad3,
MMP2, MMP9, BAX, and Bcl-2. The quantification of Western blots was accomplished
using the ProteinSimple software, version 2.7.1.

Molecular docking

Molecular docking was performed using Autodock Vina 1.1.2 to investigate the binding
between ginsenoside Rg3 and human FoxO3a [31]. The three-dimensional (3D) structure of
FoxO3a (PDB ID: 2UZK) was downloaded from the RCSB Protein Data Bank (http://
www.resh.org/). The 2D structure of Rg3, drawn using ChemBioDraw Ultra 14.0, was
converted into a 3D structure using the ChemBio3D Ultra 14.0 software. The
AutoDockTools 1.5.6 package [32,33] was employed to generate the docking input files.
The ligand was prepared for docking by merging nonpolar hydrogen atoms and defining
rotatable bonds. The value of exhaustiveness was set to 20 to increase the docking accuracy.
For Vina docking, the default parameters were used. The best-scoring pose, as assessed
using the Vina docking score, was chosen and visually analyzed using the PyMoL 1.7.6
software (http://www.pymol.org/).

2.16. Statistical analyses

The data were presented as means + standard deviation. Statistical analyses were performed
using SAS statistical software (SAS Institute Inc., NC, USA). Differences between groups
were compared using analysis of variance with Student—Newman-Keuls post hoc test for
multiple comparisons when the normality and homogeneity of the variance assumptions
were satisfied. A Pvalue < .05 was considered statistically significant.

3. Results

3.1. Characterization and responsive release of PEG-b-PPS-Rg3 nanoparticles

The physical structural parameters of PEG-b-PPS-Rg3 nanoparticles and their release
behavior /in vitroand in vivo were characterized to prove encapsulation efficiency. GPC were
used to detect the average molecular weights (MW) of the block copolymers PEG-b-PPS,
which is approximate 7.6 KD. ER% and DL% of PEG-b-PPS-Rg3 were 87.29% + 3.12%
and 31.33% + 1.72%, respectively. The peaks in the IH NMR spectrum showed the
effectiveness of the PEG-b-PPS diblock polymerization (Fig. 1A). The average
hydrodynamic diameter of the PEG-b-PPS-Rg3 was close to that of PEG-b-PPS, and both
showed a uniform size distribution (Fig. 1B). The appearance of PEG-b-PPS-Rg3 did not
differ appreciably compared with that for PEG-b-PPS (Fig. 1C). TEM results showed that
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the morphology changes from a smooth to a rough surface after loading Rg3 (PEG-b-PPS-
Rg3) (Fig. 1D). A large amount of ROS composed of superoxide anion (O, — -). hydroxyl
radicals (OH -), and H,05 [34], was generated during MIRI. Since O, — - and OH- are
chemically unstable, H,O, of different concentrations was used to simulate the disassembly
of the PEG-b-PPS in response to ROS in vitro (Fig. 1E). The Rg3 release rate for PEG-b-
PPS-Rg3 was enhanced in the presence of H,O, (Fig. 1E). In 72 h, 32.63% + 1.25%,
42.61% + 2.22%, 61.70% + 3.32%, and 80.44% + 2.27% of Rg3 was released in the
presence of 0.01, 0.05, 0.1, and 1 mM H,0,, respectively, which were significantly higher
than that in the absence of H,0, (18.99% + 1.28%). This result also verified that PEG-b-
PPS-Rg3 had respectable stability in PBS (Fig. 1E). The /n vivo release behavior of PEG-b-
PPS was measured using FRET after administering PEG-b-PPS co-loaded with DiO and Dil
to sham or model rats (Fig. 1F, G). FRET signal (emission Dil, upon excitation of DiO)
appeared only when DiO and Dil were co-loaded into PEG-b-PPS. £x vivo fluorescence
imaging indicated a significant reduction in the FRET signal in the heart of model rats
compared to the Sham rats, representing that release of DiO and Dil from the PEG-b-PPS
was dependent on generation of excess ROS in heart by I/R (Fig. 1F and Fig. S1A). FRET
signal quantified using total radiation efficiency further confirmed this tendency (Fig. 1G).
These results displayed that the PEG-b-PPS-Rg3 encapsulation system was appropriately
prepared and it responded to ROS /n vivoand in vitro.

Rg3 exerted anti-oxidative stress effects by binding to FoxO3a

Molecular docking was used to screen for the therapeutic targets of Rg3, and the results
were verified using gene knockdown at the cellular level. Rg3 docked into the binding site of
FoxO3a (Fig. 2A, B). The maximum binding affinity between Rg3 and FoxO3a was
predicted to be —6.0 kcal/mol. Rg3 adopted a compact conformation to bind to FoxO3a (Fig.
2A). The aglucone of Rg3 was located at the hydrophobic pocket, surrounded by the
residues Pro-174, Leu-178, Trp-186, and Cys-190, forming a strong hydrophobic bond (Fig.
2B). Four key hydrogen bond interactions were evident between Rg3 and the residues
Thr-179 (bond length: 2.7 A), GIn-182 (bond length: 2.2 A), and Lys-230 (bond lengths: 1.9
A and 2.4 A), which provided the main interaction between Rg3 and FoxO3a (Fig. 2B).
FoxO3a shRNA adenovirus was used to knockdown FoxO3a in HIC2 cells to verify this
hypothesis, and the intervention effect of Rg3 was evaluated. The activity of HIC2 cells
decreased after H/R injury and increased when Rg3 was added. However, the activity of
HIC2 cells in the H/R injury was not elevated by adding Rg3 after the knockdown of
FoxO3a, indicating a direct interaction between Rg3 and FoxO3a (Fig. 2C). The activity of
caspase 3/7 was used to evaluate the effect of Rg3 on H/R-induced apoptosis. The activity of
caspase 3/7 in H/R group was elevated compared with that in the control group, and
decreased after Rg3 treatment, but it exhibited no obvious change after the knockdown
FoxO3a (Fig. 2D). H/R injury was associated with ROS generation and mitochondrial
depolarization (the AY¥, decrease) [35]. The ROS fluorescence staining showed that Rg3
significantly reduced the ROS level in HIC2 cells induced by H/R, but the effect
disappeared after the knockdown of FoxO3a (Fig. 2E, F). A¥,, was checked using JC-1 and
MitoTracker. The JC-1 accumulates in healthy mitochondria as aggregates displaying red
fluorescence, while in depolarized or damaged mitochondria, JC-1 transforms into
monomers exhibiting green fluorescence. JC-1 fluorescence staining exhibited that the AY,
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of HI9C2 cells in H/R group was decreased compared with that in the control group and
recovered after Rg3 treatment but showed no apparent variation after the knockdown of
FoxO3a (Fig. 2G). The quantitative results (red fluorescence/green fluorescence) were
consistent with the results of JC-1 staining (Fig. 2H). MitoTracker showed the same trend
(Fig. 21). The Western blot analysis results showed that the expression of FoxO3a could not
be detected after FoxO3a knockdown (Fig. 2J); the expression of oxidative stress-related
proteins, including Sirtl, PGC-1a, and SOD1 decreased after H/R injury; Rg3 enhanced the
expression of these proteins compared with that in the H/R group. However, the expression
of oxidative stress-relate proteins was not increased by Rg3 treatment after the knockdown
of FoxO3a (Fig. 2J and Fig. S2A-S2D). Subsequently, the protective effect of PEG-b-PPS-
Rg3 on H/R injury was evaluated. PEG-b-PPS-Rg3 also reduced ROS production (Fig. 2K,
and Fig. S2E) and increased H9C2 cell viability (Fig. 2L) compared with the H/R group, and
protective effect disappeared after the knockdown of FoxO3a. PEG-b-PPS has no
therapeutic effect (Fig. 2 L). The aforementioned results showed that Rg3 released from
PEG-b-PPS-Rg3 targeted FoxO3a to inhibit oxidative stress damage caused by H/R.

3.3. ROS-responsive PEG-b-PPS-Rg3 nanoparticles attenuated myocardial infarction

The I/R rat model was used to evaluate the response of PEG-b-PPS-Rg3 to ROS and their
therapeutic effect on MIRI. PEG-b-PPS-Rg3 (2.5 mg/kg Rg3 of rat weight) was injected
directly into the heart of rats (Fig. 3). High mortality caused by the direct intramyocardial
injection of free Rg3 demonstrated that Rg3 could not be used for direct intramyocardial
injection (Fig. S1B). This result also confirmed that the application of PEG-b-PPS-Rg3 for
intramyocardial injection will be necessary. The myocardial infarct size was assessed by
TTC staining. The model group exhibited severe myocardial infarction (Fig. 3A, B). The
myocardial infarction area reduced after the intramyocardial injection of PEG-b-PPS-Rg3,
while the PEG-b-PPS group showed no appreciable reduction (Fig. 3A, B). Intensity of DHE
fluorescence and DCFH-DA fluorescence was stronger in tissues of model group compared
with those of sham group, indicating that the myocardium was exposed to high levels of
ROS during I/R (Fig. 3C, D, and Fig. S3A, S3B). The fluorescence intensity in the PEG-b-
PPS-Rg3 group was lower than that in the model and PEG-b-PPS group, indicating that
PEG-b-PPS-Rg3 was able to decrease the generation of ROS. Indeed, the intensity of
fluorescence also tended to decrease in PEG-b-PPS group but with no statistical difference.

3.4. PEG-b-PPS-Rg3 nanoparticles improved cardiac function against MIRI

The effects of PEG-b-PPS-Rg3 on cardiac functions were assessed by echocardiography. As
shown by the M-mode echocardiograms (Fig. 4A), the left ventricular contraction movement
was attenuated in the model group. Compared with the model group, the amplitude of the
left ventricular wall motion was stronger after the intramyocardial injection of PEG-b-PPS-
Rg3 but showed no apparent improvement in the PEG-b-PPS group. EF% and FS% were
enhanced in the PEG-b-PPS-Rg3 group compared with the model group, indicating that
PEG-b-PPS-Rg3 could improve cardiac function after I/R (Fig. 4B, C). Moreover, IVS;,
IVSy, LVPW;, and LVPW decreased (Fig. S4A, S4C, S2E, and S4G) and IVID;, IVIDg,
LV\olg, and LVVoly (Fig. S4B, S4D, S4F, and S4H) increased in the model group,
indicating ventricular dilation after I/R. After the intramyocardial injection of PEG-b-PPS-
Rg3, ventricular dilation of I/R rats was inhibited. Aortic blood flow was assessed using
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color Doppler ultrasound. As the diameter of the aortic outflow tract showing no obvious
difference among four groups, PEG-b-PPS-Rg3 enhanced the velocity and pressure of aortic
blood flow compared with the model group (Fig. 4D, E, and Fig. S41, S4J). H&E staining
revealed that the degrees of inflammatory cell infiltration, edema, and architecture disruption
were enhanced in the model (Fig. 4F). After the intramyocardial injection of PEG-b-PPS-
Rg3, the degree of myocardium injury was less extensive (Fig. 4F). The levels of CK, CK-
MB, and LDH negatively correlated with cardiac functions [36]. The serum levels of these
factors were higher in the model group compared with the sham group. And these levels
decreased after PEG-b-PPS-Rg3 injections (Fig. 4G-1). In this study, the PEG-b-PPS group
showed no obvious effect in improving cardiac function. These results indicated that PEG-b-
PPS-Rg3 protected cardiac functions against MIRI.

3.5. PEG-b-PPS-Rg3 nanoparticles exerted an anti-oxidative effect in rats with MIRI

The anti-oxidative effect of PEG-b-PPS-Rg3 was also evaluated. Oxidative stress plays a
remarkable role in the MIRI, and can be reflected by the levels of SOD and MDA [37]. The
levels of SOD reduced after I/R, and this decrease was greatly blocked by treatment of PEG-
b-PPS-Rg3 (Fig. 5A). The levels of MDA decreased after the intramyocardial injection of
PEG-b-PPS-Rg3 compared with the model group (Fig. 5B). HO-1/Nrf2 signal pathway,
which was regulated by activation of Sirtl and PGC-a, is an important cellular defense
process against oxidative stress caused by MIRI [38,39]. In the model group, the expression
of proteins regulating oxidative stress, including Sirtl, PGC-1a, Nrf1/2, HO-1, and SOD1,
was downregulated, but upregulated after the intramyocardial injection of PEG-b-PPS-Rg3
(Fig. 5C, D). The PEG-b-PPS showed no obvious effect in increasing the expression of
proteins related to the oxidative stress (Fig. 5C, D). These results indicated that PEG-b-PPS-
Rg3 reduced the heart injury caused by the oxidative stress.

3.6. PEG-b-PPS-Rg3 nanoparticles exerted anti-inflammatory effects in rats with MIRI

3.7.

The anti-inflammatory effects of PEG-b-PPS-Rg3 was further assessed. The expression of
TNF-a was obviously increased in the model and PEG-b-PPS group, but was abated after
administration of PEG-b-PPS-Rg3 (Fig. 6A). Moreover, the expression of inflammatory
factors and their corresponding signal pathways were evaluated. ELISA analysis displayed
that after the injection of PEG-b-PPS-Rg3, the expression of IL-6, IL-13, TNF-a, and CRP
in plasma was noticeably decreased compared with that in model and PEG-b-PPS group
(Fig. 6B). Phosphorylation of IxBa induced NF-xB translocation from the cytosol to the
nucleus and increased the expression of many inflammatory factors [40]. The
phosphorylation of NF-xB (transfer from the cytoplasm to the nucleus) was suppressed in
the PEG-b-PPS-Rg3 group compared with the model group (Fig. 6C, D). The expression of
phosphorylation of IxBa was lower compared to the model group after the injection of
PEG-b-PPS-Rg3 (Fig. 6C, D). These results demonstrated that PEG-b-PPS-Rg3 exerted
anti-inflammatory effects by inhibiting NF-xB activation.

PEG-b-PPS-Rg3 nanoparticles exerted anti-fibrotic effects in rats with MIRI

The activation of TGF-p/Smad signaling is considered to be a key event in the progression
of tissue fibrosis [41]. Sirius red staining was used to evaluate collagen deposition to verify
the anti-fibrotic effects of PEG-PPS-Rg3 in rats with MIRI. As shown in Fig. 7A, compared
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with model and PEG-b-PPS group, collagen deposition was markedly decreased after the
treatment of PEG-b-PPS-Rg3. However, PEG-b-PPS had no inhibitory effect on collagen
deposition. Meanwhile, the blocking of TGF-p/Smad signaling effects of PEG-b-PPS-Rg3
was evaluated using Western blots. Activated TGF-f induced the phosphorylation of Smad2
and Smad3 in the model group more effectively than in the healthy heart (Fig. 7B, C).
Compared with the model group, the expression of TGF-B, P-Smad2/Smad2, and P-Smad3/
Smad3 exhibited a significant decrease in PEG-b-PPS-Rg3 group (Fig. 7B, C). Moreover,
the expression of MMP2 and MMP9 were downregulated after treatment with PEG-b-PPS-
Rg3. These results confirmed that PEG-b-PPS-Rg3 decreased myocardial fibrosis by
inhibiting the TGF-p-Smad signaling pathway.

PEG-b-PPS-Rg3 nanoparticles exerted anti-apoptosis effects in rats with MIRI

Finally, the anti-apoptotic activity of PEG-b-PPS-Rg3 was determined by TUNEL staining
and Western blot analysis. There was a higher number of TUNEL-positive cells in the model
group than in the sham group; numbers of TUNEL-stained cells decreased in the PEG-b-
PPS-Rg3 treatment group (Fig. 8A). Western blot analysis showed that the expression of
Bax (a promoter of apoptosis) was attenuated, and the expression of Bcl-2 (an inhibitor of
apoptosis) was increased in the PEG-b-PPS-Rg3 group, compared with the model group
(Fig. 8B, C). These results established that PEG-b-PPS-Rg3 exerted an anti-apoptotic effect
in rats with MIRI.

4. Discussion

The high incidence and mortality of acute myocardial infarction have long threatened human
health and longevity [1,4]. Treatments such as thrombolysis or percutaneous coronary
intervention can result in severe MIRI [3,5]. As MIRI is predominantly caused by excessive
production of ROS [42], an ROS-responsive drug delivery system would be an appropriate
treatment strategy method to release drugs at the injury site and reduce drug accumulation.
Furthermore, the elucidation of targets and mechanisms of drug action is necessary for drug
development. This study showed that intramyocardial injection of PEG-b-PPS-Rg3 released
Rg3 in response to ROS at the injury site. Rg3 then targeted FoxO3a, activated its
downstream signaling pathways and led to the inhibition of oxidative stress, inflammation,
apoptosis and fibrosis; achieving effective treatment of MIRI.

Rg3 is a hydrophobic compound with various pharmacological activities. However, its poor
bioavailability leads to a low therapeutic effect [14,43]. Therefore, the development of an
appropriate drug loading and delivery approach for Rg3 to achieve stimuli-responsive
release of Rg3 to the local tissue microenvironment can help improve its efficacy. Previous
studies used Pluronics FI 27 encapsulated Rg3 to enhance its solubility and antioxidant
effects in a doxorubicin-induced heart injury model [14]. Pluronics F127 copolymer is
homologous to PEG-b-PPS; differing in an oxygen atom and a sulfur atom in the
hydrophobic domain, which results in PEG-b-PPS having more hydrophobicity than
Pluronics F127. The release rate of Rg3 from PEG-b-PPS-Rg3 was slower over time with
the release rate reaching 18.99% in 37 °C PBS by 72 h. The rate of release reached
approximately 80% at the same time point, when encapsulated in Pluronics F127 [14].
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Therefore, the stability of PEG-b-PPS-loaded hydrophobic drug vesicles was an
improvement over those loaded into Pluronics F127. In addition, the release rate of Rg3 in
H,0, (1 mM) was significantly higher than that in PBS (80.44% vs. 18.99%), indicating that
the stability of PEG-b-PPS-Rg3 in H,0, was much lower than that of PBS; thus generating
a successful ROS-responsive release system. Furthermore, PEG-b-PPS-Rg3 released Rg3 at
ROS-generating sites and was subsequently transformed into hydrophilic fragments,
allowing for its removal and elimination. These results indicated that PEG-b-PPS-Rg3 had
potential for use in clinical applications for treating diseases related to oxidative damage.

In the design and development of new drugs, identification of therapeutic targets is an
imperative step. Exploring the pharmacophore model and the quantitative structure-activity
relationship between a drug of known biological activity and its target is important in the
optimization of drug structure; to enhance activity and reduce its toxic side effects. The
target and mechanism of action of Rg3 have yet to be clarified, a fact that hinders the
development of Rg3 as an effective drug for the treatment of cardiovascular diseases. In the
present study, molecular docking was used to screen putative protein molecule interactions
with Rg3. The results showed that Rg3 and FoxO3a had a tight conformational coupling; the
maximum binding affinity between Rg3 and FoxO3a was —6.0 kcal/mol. The binding
affinity of most natural products targeting proteins is estimated to be approximately —2.0
kcal/mol [44-46], suggesting that Rg3 would have highly specific targeting and a better
development potential, compared to other natural protein products. FoxQ3a is a key protein
involved in regulating antioxidant reactions. Activated FoxO3a reduces oxidative stress
injury in I/R models by enhancing SOD activity [47,48]. In rat I/R models, FoxO3a
enhanced mitochondrial autophagy by activating the Sirt-1 pathway, resulting in lower ROS
production [49]. In this study, FoxO3a shRNA adenovirus was used to knockdown FoxO3a
in HIC2 cells, to verify that FoxO3a was a key target for Rg3. Rg3 had no effect on viability
and apoptosis when FoxO3a was knocked-down in H/R-injured HI9C2 cells. Furthermore,
Rg3 did not protect mitochondrial homeostasis or show an anti-oxidative stress effect when
FoxO3a was knocked-down. The process of organ fibrosis is classically promoted by
activation of the TGF-p/Smad signaling pathway [41,50], which has been shown to be
regulated by FoxO3a [51]. In addition, FoxO3a inhibited the release of inflammatory factors
by regulating the nr-kp/ IKK-induced inflammatory cascades [52]. Here, we showed that in
rat models of MIRI, Rg3 regulated FoxO3a and inhibited its downstream signaling
pathways, including those for oxidative stress, inflammation, fibrosis and apoptosis.
Therefore, FoxO3a was confirmed to be a key target of Rg3 in the treatment of MIRI. This
discovery might facilitate the development of Rg3 as a therapeutic drug for cardiovascular
diseases and serve as reference for the screening of targets and exploring mechanisms of
action for natural products.

A new treatment strategy of catheter-based endocardial or intramyocardial injections has
shown improvements in therapeutic effects compared with traditional treatments, including
intravenous and abdominal injections. This strategy has been applied in clinical trials for the
treatment of cardiovascular diseases [53-55]. In the present study, I/R rat models received
intramyocardial injection of PEG-b-PPS-Rg3, which reduced mortality compared with that
for the injection of free Rg3 (10% vs 60%, 7= 10, Fig. S1B) and exhibited excellent
histocompatibility. We showed that the accumulation of free Rg3, due to its low solubility,
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led to cardiac microvascular obstruction. This result suggested that PEG-b-PPS-Rg3 could
be effectively used in the clinic for catheter-based myocardial /n7 situ injections. In future
studies, FoxO3a conditional knockdown rats should be used to demonstrate the effect of Rg3
on the regulation of FoxO3a, especially in treating MIRI. Moreover, designing drug-loaded
nanoparticles with targeting modifications may help achieve non-invasive systematic
delivery for tissue-specific drug release.

In conclusion, Rg3-loaded PEG-b-PPS nanoparticles responded to ROS, and the released
Rg3 alleviated MIRI by interacting with the target protein, FoxO3a; inhibited its
downstream signaling pathways, including those for oxidative stress, inflammation and
fibrosis. This study also identified the therapeutic target and mechanism of action of Rg3 in
treating MIRI. In addition, we showed the effective treatment of local damage to the tissue
microenvironment through the use of ROS-responsive polymer vesicles. These results serve
as a platform to help accelerate the development of Rg3 as a clinical treatment for
cardiovascular diseases, as well as providing a reference for the exploration of therapeutic
targets and the optimization of formulations for other natural drug products (Fig. 9).
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Characterization and release profile of PEG-b-PPS-Rg3 nanoparticles. (A) 1H NMR
spectrum of PEG-b-PPS. 1H NMR (CDC13): 6= 1.30-1.40 ppm (—CHg3 in PPS chain), 2.6—
2.7 ppm (-CH in PPS chain), 2.80-3.0 ppm (-CH,, in PPS chain), 3.25-3.35 ppm (-OCHy3),
3.5-3.75 ppm (PEG chain protons). (B) Size distribution of PEG-b-PPS and PEG-b-PPS-
Rg3 as determined by DLS. (C) Appearance of PEG-b-PPS and PEG-b-PPS-Rg3. (D) TEM
image showing the morphology of PEG-b-PPS and PEG-b-PPS-Rg3. (left: scale bar = 200
nm; right: scale bar = 50 nm). (E) Release profiles of PEG-b-PPS-Rg3 in the presence of 0,
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0.01, 0.05, 0.1, and 1 mM H,05 (n = 3 per group). (F) Representative FRET images of DiO
and Dil co-loaded PEG-b-PPS release in rat hearts. (G) Total radiant efficiency according to
FRET in the sham and model groups (n = 3 per group). Data are presented as means + SD,
**p < .01 compared with the sham group.
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Fig. 2.
Rg3 exerts anti-oxidative activity by binding to FoxO3a. (A) Molecular docking showing

Rg3 in the binding site of FoxO3a (total view). (B) Detailed view of the binding between the
Rg3 and FoxO3a. FoxO3a is represented by a cartoon, and the representative binding
residues are shown as lines; Rg3 is represented with red lines; hydrogen bonds are shown as
yellow dotted lines. (C) Activity of HIC2 cells, measured by MTT, with or without
knockdown of FoxO3a after administration Rg3 (17 = 3 per group). (D) Cell apoptosis was
measured by a caspase3/7 fluorescent probe with or without knockdown of FoxO3a. (E)
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Representative ROS staining (DCFH-DA fluorescent probe) with or without knockdown of
FoxO3a after administration Rg3 (scale bar = 20 um). (F) The levels of ROS in H9C2 cells
were determined by a DCFH-DA fluorescent probe with or without knockdown of FoxO3a
(n= 3 per group). (G) Mitochondrial membrane potential (A'¥'m) staining (JC-1 fluorescent
probe) with or without knockdown of FoxO3a (scale bar = 20 um). (H) Quantification of
fluorescence density of JC-1 (red fluorescence/green fluorescence, n = 3 per group). (1)
A'¥Y'm was measured with a MitoTracker fluorescent probe with or without knockdown of
FoxO3a (n = 3 per group). (J) Representative digital western blots for FoxO3a, Sirtl,
PGC-1a, SOD1, and GAPDH with or without knockdown of FoxO3a. (K) Representative
ROS staining (DCFH-DA fluorescent probe) with or without knockdown of FoxO3a after
administration PEG-b-PPS-Rg3 (scale bar = 20 um). (L) Activity of HIC2 cells, measured
by MTT, with or without knockdown of FoxO3a after administration PEG-b-PPS-Rg3 (n =3
per group). Data are presented as means + SD from three independent experiments, **p

< .01 compared with the control group; #p < .05, #p < .01 compared with the H/R group.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3.
PEG-b-PPS-Rg3 in response to ROS and attenuation of myocardial infarction. (A)

Representative TTC-stained heart images after 30 min of ischemia and a subsequent 2 h
reperfusion treatment. (B) Quantification of infarct sizes in A Percentage Infarct size =
(Infarct size /Viable size) x 100%, (n= 3 per group). (C) Representative DHE staining of
transverse sections of hearts (scale bar = 50 um). (D) Quantification of fluorescence density
in C (n = 3 per group). Data are presented as means + SD, **p < .01 compared with the

sham group; #p < .01 compared with the model group.
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Fig. 4.
PEG-b-PPS-Rg3 nanoparticles improve cardiac functions against MIRI. (A) Representative

M-mode echocardiograms for each group. (B-E) Quantification of EF %, FS%, Peak Vel,
and peak pressure (/7= 6 per group). (F) Representative H&E staining of heart transverse
sections (scale bar = top, 100 pm; bottom, 50 pm). (G-I) Levels of CK, CK-MB, and LDH in
rat serum (n = 6 per group). Data are presented as means + SD, **p < .01 compared with the
sham group; #p < .01 compared with the model group.
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PEG-b-PPS-Rg3 exerts anti-oxidative activity in rats. (A, B) The serum levels of SOD and
MDA in rats (16 per group). (C, D) Representative digital western blots of FoxO3a, Sirtl,
PGC-1a, Nrfl, Nrf2, HO-1, SOD1 and GAPDH, and corresponding quantitative data (n=3
per group). Data are presented as means + SD, **p < .01 compared with the sham group; *p
<.05, **p < .01 compared with the model group.
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Fig. 6.

PEgG-b-PPS-Rg3 exerts anti-inflammatory activity in rats. (A) Representative IF staining of
TNF-a (scale bar = 100 um). (B) The levels of IL6, IL1-B, TNF-a, and CRP in rat serum (n
= 6 per group). (C, D) Representative digital western blots for P65 (nucleus), P65 (cytosol),
P-IKBa, and GAPDH, and corresponding quantitative data (7= 3 per group). Data are
presented as means + SD, **p < .01 compared with the sham group; #p < .05, #p< .01
compared with the model group.
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PEG-b-PPS-Rg3 exerts anti-fibrotic activity in rats. (A) Collagen deposition was measured
by SR staining (scale bar = top, 100 um; bottom, 50 pm). (B, C) Representative digital
western blots of TGF-B, Smad2, P-Smad2, Smad3, P-Smad3, MMP2, MMP9, and GAPDH,
and corresponding quantitative data (/7= 3 per group). Data are presented as means + SD
from three independent experiments, *p < .01 compared with the sham group; #p < .05, #p

< .01 compared with the model group.
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Fig. 8.

PEG-b-PPS-Rg3 exerts anti-apoptotic activity in rats. (A) Representative TUNEL staining of
heart transverse sections (scale bar = 100 pm). Apoptotic nuclei were visualized by green
fluorescence. Nuclei stained with DAPI are blue. (B, C) Representative digital western blots
of BAX, Bcl-2, and GAPDH, and corresponding quantitative data (n = 3 per group). Data
are presented as means + SD from three independent experiments, *p < .01 compared with
the sham group; #p < .05, #p < .01 compared with the model group. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 9.
A schematic illustration showing that Rg3-loaded PEG-b-PPS nanoparticles responded to

ROS, and the released Rg3 alleviated MIRI by interacting with FoxO3a, which had anti-
oxidative, anti-inflammatory, and anti-fibrotic functions.
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