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ARTICLE INFO ABSTRACT
Keywords: Notoginsenoside R1 (NGR1) is the main monomeric component extracted from the dried roots and rhizomes of
Myocardial infarction Panax notoginseng, and exerts pharmacological action against myocardial infarction (MI). Owing to the differ-

Notoginsenoside R1
Mesoporous silica nanoparticles
PI3K/AKT signaling pathway

ences in compound distribution, absorption, and metabolism in vivo, exploring a more effective drug delivery
system with a high therapeutic targeting effect is crucial. In the early stages of MI, CD11b-expressing monocytes
MAPK signali and neutrophils accumulate at infarct sites. Thus, we designed a mesoporous silica nanoparticle-conjugated
gnaling pathway

Hippo signaling pathway CD11b antibody with loaded NGR1 (MSN-NGR1-CD11b antibody), which allowed NGR1 precise targeted de-
Targeting livery to the heart in a noninvasively manner. By increasing targeting to the injured myocardium, intravenous
injection of MSN-NGR1-CD11b antibody nanoparticle in MI mice improved cardiac function and angiogenesis,
reduced cell apoptosis, and regulate macrophage phenotype and inflammatory factors and chemokines. In order
to further explore the mechanism of NGR1 protecting myocardium, cell oxidative stress model and oxygen-
glucose deprivation (OGD) model were established. NGR1 protected H9C2 cells and primary cardiomyocytes
against oxidative injury induced by H202 and OGD treatment. Further network pharmacology and molecular
docking analyses suggested that the AKT, MAPK and Hippo signaling pathways were involved in the regulation of
NGR1 in myocardial protection. Indeed, NGR1 could elevate the levels of p-Akt and p-ERK, and promote the
nuclear translocation of YAP. Furthermore, LY294002 (AKT inhibitor), U0126 (ERK1/2 inhibitor) and Verte-
porfin (YAP inhibitor) administration in H9C2 cells indicated the involvement of AKT, MAPK and Hippo
signaling pathways in NGR1 effects. Meanwhile, MSN-NGR1-CD11b antibody nanoparticles enhanced the acti-
vation of AKT and MAPK signaling pathways and the nuclear translocation of YAP at the infarcted site. Our
research demonstrated that MSN-NGR1-CD11b antibody nanoparticle injection after MI enhanced the targeting
of NGR1 to the infarcted myocardium and improved cardiac function. More importantly, our pioneering research
provides a new strategy for targeting drug delivery systems to the ischemic niche.
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1. Introduction

Myocardial infarction (MI) is myocardial necrosis caused by acute
and persistent ischemia and hypoxia of the coronary artery. To date,
cardiovascular disease has accounted for more than one-third of global
deaths, making MI a pressing issue in medicine today [1]. Most of the
first-line MI pharmacological treatments in clinics are focused on
delaying the disease process, but have little effect on rebuilding
myocardial cell injury. Therefore, it is important to develop effective
strategies for MI treatment.

Myocardial cell apoptosis, in which an imbalance in oxidative stress
is a significant contributor, is the primary form of myocardial damage
during MI [2]. Internal oxidative damage resulting from the production
and accumulation of large amounts of reactive oxygen species (ROS)
enhances myocardial impairment. ROS alter the properties of the cell
membrane, leading to the infiltration of cardiac enzymes into the
cytoplasm, which further aggravates damage to the myocardium [3].
Therefore, oxidative stress control is essential for improving cardiac
function in MI.

Some herbal compounds can inhibit apoptosis and inflammatory
responses in cardiomyocytes, promote myocardial angiogenesis, reduce
cardiac dysfunction, and attenuate cardiac remodeling [4-7]. Noto-
ginsenoside R1 (NGR1, chemical formula is shown in Fig. S1) has sig-
nificant therapeutic effects on cardiovascular diseases; however, its oral
utilization is extremely low [8], which is accounted for by its poor
membrane permeability and rapid bile excretion [9].

Recently, nanomaterials have received increasing attention in the
fields of drug delivery, diagnostics, therapy, medical imaging, and en-
gineering. Nanoparticle systems are used to improve the physicochem-
ical properties and enhance the bioavailability of drugs [10-14].
Mesoporous silica nanoparticle (MSN) drug delivery is a safe candidate
for targeted treatment. Notably, MSNs can effectively load drugs as a
result of their large specific surface area and pore volume [15]. MSNs
also have a mesoporous structure and adjustable pore size, making it
possible to load and release drugs flexibly [16]. Specifically, the surface
of MSNs can be easily modified. In addition, MSNs have excellent ad-
vantages in terms of cytotoxicity [17-19], biodegradation, and excretion
[20,21]. In the early stages of MI, both cell death and tissue damage
appear at the infarct site. Numerous immune cells infiltrate to the infarct
site and induce a solid inflammatory response, which further prompts
the accumulation of CD11b-expressing monocytes and neutrophils to
the infarct site [22]. In our research, coupling CD11b antibodies to
NGR1-equipped MSNs allowed NGR1 to target the infarcted heart area
for effective therapeutic action.

We loaded NGR1 into MSNs, which had a modified CD11b antibody
on their surface, and injected them into MI mice to evaluate their effects
on ML The network pharmacology and molecular docking analyses was
performed to explore the underlying mechanisms. The cardiomyocyte
injury model with H,O, or oxygen-glucose deprivation (OGD) to simu-
late the ischemic-hypoxic microenvironment after MI was established in
vitro.

2. Materials and methods
2.1. Preparation of the nanoprobe

Carboxyl-modified mesoporous silica with an indocyanine green
(ICG) mixture was diluted with phosphate buffered saline (PBS) solution
(0.02 M, pH = 7.4) and centrifuged. The supernatant was collected, and
100 pg of 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and 1
mg of NGR1 were added to make a solution, which was then shaken
overnight. On the second day, the supernatant was collected from the
shaken solution after centrifugation. Next, 50 pg EDC and 50 pg CD11b
monoclonal antibody (Functional grade, Invitrogen) were added before
shaking overnight. On the third day, the supernatant was collected after
centrifugation and stored at 4 °C.
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2.2. Drug loading rate and antibody coupling rate

The concentration of NGR1 in the supernatant was measured using
an ultraviolet visible spectrophotometer (UV-1780, Shimadzu, Japan),
and the ultraviolet spectrum and concentration standard curve were
obtained. The entrapment efficiency and drug loading rate of NGR1
were calculated. The concentration of CD11b antibody in the superna-
tant was measured using a microspectrophotometer (Nano-300, Aosh-
eng Instrument, China), and the antibody coupling rate was measured.

2.3. Dynamic laser light scattering detection of hydrodynamic size and
zeta potential distribution before and after coupling CD11b antibody on
the surface of mesoporous silicon

Unconjugated CD11b antibody and CD11b antibody-conjugated
mesoporous silica solutions were prepared for dynamic laser light
scattering (DLS; Zeta Plus, Brookhaven Instruments). DLS was used to
observe the hydrodynamic size and zeta potential distribution, from
which, we could determine whether the CD11b antibody was coupled to
the mesoporous silicon surface. This experiment was repeated thrice.

2.4. Transmission electron microscopy detection of mesoporous silicon
carrying NGR1 and ICG and morphological changes before and after
coupling with CD11b antibody on the surface

To perform transmission electron microscopy (TEM), 1 mL of NGR1
loaded and CD11b antibody-coupled MSN (MSN-NGR1-CD11b anti-
body) nanoparticles was dropped onto a copper mesh and dried natu-
rally. The morphological changes of MSN before and after coupling with
CD11b antibody and loading with NGR1 were observed and photo-
graphed under a TCM (JEM-2100, JEOL, Japan).

2.5. Maximum ultraviolet absorption and fluorescence spectroscopy
detection of ICG

The maximum ultraviolet absorption and fluorescence spectrum of
ICG were detected using an ultraviolet visible spectrophotometer and a
fluorescence spectrometer (FLuoroMax-4, HORIBA, France), respec-
tively, to verify whether the sample contained the fluorescent molecule
ICG.

2.6. Animals

BALB/c nude mice (6 w), C57BL/6 mice (6 w), and Zsgreen trans-
genic mice (Gempharmatech, China) were bred at the Experimental
Animal Center of Shanghai University of Traditional Chinese Medicine.
The CAG promoter was used to drive the overexpression of the Zsgreen
coding sequence in mice. The living environment of the mice was
maintained under a 12-h light/dark cycle, with free access to water and
food. The protocol was approved by the Animal Ethics Committee of the
Shanghai University of Traditional Chinese Medicine and the Shanghai
Animal Research Committee. We attempted to minimize animal
suffering and the number of rats used during the experimental
procedure.

2.7. Generation of MI model

After anesthesia with 0.4 L/min isoflurane gas, the chest of each
mouse was opened laterally with its heart exposed under sterile condi-
tions. The left anterior descending coronary artery, 2-3 mm below the
starting point, was ligated. Finally, the chest cavity was closed, air was
extruded from the chest cavity, and the skin incision was sutured. After
spontaneous breathing restoration, the cannula of each mouse was
removed and machine-assisted breathing was stopped.

After MI surgery, C57BL-6 mice were randomly divided into the
Sham, MI, MSN-NGR1, and MSN-NGR1-CD11b antibody groups. Mice in
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the MSN-NGR1 and MSN-NGR1-CD11b antibody groups were adminis-
tered MSN-NGR1 or MSN-NGR1-CD11b antibodies, respectively, at a
single dose of 267 ng/kg via the caudal vein 24 h after MI. Mice in the
Sham group and MI group were injected with MSN-NGR1-CD11b anti-
bodies nanoparticles and normal saline, respectively. To compare the
cardioprotective effects between MSN-NGR1-CD11b nanoparticles and
regular NGR1 treatment without nanoparticles, NGR1 without nano-
particles was administrated by two ways: intragastric administration
and intravenous injection. The dosage of intravenous injection was the
same as MSN-NGR1 nanoparticles, while the dosage of intragastric
administration was 40 mg/kg according to the literatures. To be
consistent with MSN-NGR1-CD11b nanoparticles injection, NGR1
without nanoparticles was intragastric administrated and intravenous
injected only once, respectively.

2.8. In vivo imaging detection

For in vivo imaging, MSN-NGR1-CD11b antibody was injected into
BALB/c nude mice with or without MI. The fluorescent ICG molecule
was observed and photographed at 3, 6, 12, 24, and 48 h after injection
using a small animal live imager (PerkinElmer, PE IVIS, USA).

2.9. Extraction of CD11b positive cells from the peripheral blood of
zsgreen mice

Blood was collected from the heart of Zsgreen mice after MI surgery.
Blood was incubated on ice for 15 min with ammonium chloride solu-
tion (STEMCELL Technologies, 07800, Canada). After centrifugation,
the supernatant was discarded and the cells were washed with Robo-
Sep™ Buffer (STEMCELL Technologies, 20104, Canada) and resus-
pended. Subsequently, the sample was transferred to a polystyrene
round-bottom tube with 25 pL normal rat serum (Abcam, ab13551,
USA) and 25 pL selection cocktail (STEMCELL Technologies, 14766,
Canada) in each well, and the sample was incubated at room tempera-
ture for 5 min. RapidSpheres™ (40 pL/1 mL) and RoboSep™ buffer were
added to the sample and the tube was placed in an EasySep™ magnet
(STEMCELL Technologies, 18000, Canada) at room temperature for 3
min. After removing the supernatant from the tube in the magnet, the
cells were resuspended in sterile PBS. The harvested cells were injected
into BALB/c nude mice with or without MI.

2.10. Echocardiography

Transthoracic echocardiography was performed using a Vevo 2100
Imaging System (VisualSonics, USA) after 4 weeks of treatment. An M-
mode image of the left ventricle in the parasternal long-axis view was
captured.

2.11. Masson’s trichrome staining

To assess collagen deposition and the size of the infarct area, 10-ym
myocardial tissue sections were stained with modified Masson’s tri-
chrome staining solution (BP-DL022, Sbjbio, China) and observed under
a microscope (IX53, Olympus).

2.12. Network pharmacological analysis of possible mechanisms of NGR1
against MI

Different format structure files of NGR1 were obtained from Pub-
Chem. Then, their bioinformatic targets were collected in a dataset after
searching the websites of ETCM, BATMAN-TCM, PharmMapper,
ChemMapper, and Swiss Target Prediction. The MI-related gene dataset
was prepared from TTD, CTD, DisGeNET, Phenopedia, and PHARMGKB.
The intersecting genes of these two datasets were considered potential
targets for NGR1 treatment in MI. These intersecting genes were opti-
mized using STRING and Cytoscape software to generate a drug-target-
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disease network.

Then, a protein-protein (PPI) network of the intersection genes
mentioned above was successively screened according to degree cen-
trality (DC) or betweenness centrality (BC) using the Cytoscape plug-in
BisoGenet. The regulation of genes in the core PPI network is considered
the main agent for the therapeutic effect of NGR1. Gene ontology (GO)
function analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the core network genes were performed
using R software.

2.13. Molecular docking of drugs with key proteins in signaling pathways
of interest

Molecular docking was used to further explore the possibility of drug
regulation of key proteins in the signaling pathway of interest. The
structure file of the protein (receptor) was downloaded from RCSB PDB,
and AutoDock Vina 1.1.2 was used to evaluate the binding energy of the
ligand and receptor. A binding energy < —7.0 kcal/mol was considered
to indicate strong binding ability [23]. The PYMOL software was used to
visualize the optimal binding mode.

2.14. Cell culture

HOC2 cells were cultured in Gibco Dulbecco’s Modified Eagle Me-
dium (DMEM) medium (iCell-128-0001, iCell, Shanghai, China) sup-
plemented with 10% fetal bovine serum (FBS; 16140071, Thermo
Fisher, USA), and 1% penicillin streptomycin solution (30-002-Cia,
Corning Cellgro, China) at 37 °C in a humidified incubator containing
5% COy and 95% air. Primary cultured neonatal cardiomyocyte was
reserved from P O rats. Briefly, all apex of heart were separated from the
sacrificial rats, and washed in HBSS. The tissue was digested succes-
sively for 5 times by 0.1% II collagenase (abs47048001, absin, Shanghai,
China) and maintained in a DMEM medium with 10% FBS until assay.
Adult C57BL/6 mice (six weeks old) were used for adult cardiomyocytes
isolation. Briefly, mice were euthanized and their hearts were harvested.
Then the hearts were perfused with Tyrode’s solution until the color of
hearts turns pale, followed by digestion solution (Collagenase Type II)
for 30 min. Single cell suspension was transferred to a culture plate for
30 min and supernatant containing non-myocytes were separated. Then,
the cells were resuspended with compound calcium solution for three
times. After that, the cells were seeded in laminin pre-coated plates and
the culture medium was replaced into MEM containing 2 mM 1-gluta-
mine, 1.26 mM CaCL2, 10% FBS, 1% penicillin/streptomyocin and 10
mM 2,3-Butanedione 2-monoxime after 2 h for further assay.

2.15. H302 damage and OGD model

After 24 h of culture, H9C2 cells were induced with a 0-1000 pM
gradient of HyO, (323381, Sigma-Aldrich, USA) for 2 h, of which 350
uM (mortality rate ~50%) was used to establish the cardiomyocyte
injury model for the following cell experiments.

To create an OGD environment, H9C2 cells or primary cultured
cardiomyocytes were refreshed with glucose-free DMEM in an anaerobic
chamber filled with 95% N3 and 5% CO;. To explore the mechanisms,
HOC2 cells were treated with 25 pM LY294002 (AKT inhibitor, Selleck,
USA), 10 pM U0126 (ERK1/2 inhibitor, Selleck, USA) or 5 pM Verte-
porfin (VP; YAP inhibitor, Selleck, USA) at 30 min before NGR1
treatment.

2.16. CCK-8 assay

Cell viability of H9C2 cells and primary cardiomyocytes was
measured using a Cell Counting kit-8 (CCK-8) assay (40203ES88, YEA-
SEN, Shanghai, China). Briefly, 10 pL of detection reagent was added to
each well of the culture plate. After 1.5 h incubation, the optical density
(OD) at 450 nm was measured using a microplate reader (Synergy 2, Bio-
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Tek, USA).
2.17. Annexin V-PI double staining assay

Apoptosis of H9C2 cells and primary cardiomyocytes was detected
using the Annexin V-PI double staining assay (FITC Annexin V Apoptosis
Detection Kit I, 556547, BD, USA). Briefly, cells were resuspended in
binding buffer and incubated with 5 pL FITC Annexin V and 5 pL PI for
15 min. Finally, the binding buffer was added to each flow tube, and the
cell suspension was analyzed by flow cytometry (CytoFlex S, USA)
within 1 h.

2.18. Evaluation of oxidative stress

2.18.1. ROS assay

ROS concentrations were measured using a ROS kit (S003S, Beyo-
time, Suzhou, China). DCFH-DA dilution (1:1000) was added to each
well of the culture plate after cell treatment, and incubated for a further
20 min. The cells were observed under a fluorescence microscope
(3J10254; Olympus, Tokyo, Japan).

2.19. Mitochondrial superoxide measurement

Mitochondrial ROS expression was measured with MitoSOX Red
(M36008, Thermo, USA) following instruction. Briefly, HOC2 cells were
seeded in 96-well plates with a density of 5 x 10*/ml or adult primary
cardiomyocytes (with physiologic stimuli by10 nmol/L isoproterenol)
were seeded in 35 mm culture dishes with a density of 1 x 10%/ml. After
H30, administration, cells were incubated with 5 mmol/L MitoSOX Red
probe for 10 min at 37 °C. Then the cells were washed twice with HBSS,
and red fluorescence was observed under a microscope (IX53, Olympus).

2.20. Oxidative DNA damage

HOC2 cells were incubated with 8-0xoG antibody (sc-130914, 1:50,
Santacruz, USA), followed by Donkey anti-mouse IgG (H + L) high cross-
adsorbed secondary antibody (A-31570, 1:800, Thermo, USA) and the
positive cells were observed through fluorescence microscope (IX53,
Olympus).

2.21. JC-1 staining

The H9C2 cells were inoculated in 6-well plates, and used for
measuring mitochondrial membrane potential. The mitochondrial
membrane potential was measured by a JC-1 Mitochondrial Membrane
Potential kit (40706ES60, Yeasen, Shanghai, China). The cells were
washed with 0.01 M PBS and incubated with JC-1 buffer for 20 min at
room temperature followed by JC-1 washing solution. Then, a fluores-
cence microscope was used to capture the pictures and calculate the
ratio of the red-green fluorescence.

2.22. Western blot

The total protein concentrations of cell or tissue proteins were
measured using the BCA protein assay (P0010S, Beyotime, Shanghai,
China). Cytoplasmic and nuclear proteins were isolated using the Nu-
clear and Cytoplasmic Protein Extraction Kit (Boster, Beijing, China)
according to the manufacturer’s instructions. After electrophoresis and
transmembrane electrophoresis, the proteins were blocked with 5%
skim milk for 1 h. Then, the proteins were incubated with GAPDH
(1:1000, CST, USA), p-AKT (1:1000, CST, USA), AKT (1:2000, CST,
USA), p-ERK1/2 (1:2000, CST, USA), ERK1/2 (1:2000, CST, USA),
FoxO4 (1:1000, Proteintech, USA), YAP (1:2000, CST, USA), LC3B
(1:1000, Abcam, Cambridge, UK), and Beclin-1 (1:1000, Abcam, Cam-
bridge, UK) antibody separately overnight at 4 °C. The next day, proteins
were incubated with the corresponding horseradish peroxidase (HRP)-
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conjugated secondary antibody (7074S; CST, USA) and observed using
enhanced chemiluminescence (WBKLS0100; Merck Millipore, USA).
The OD of the reaction zone was quantified using ImageJ image analysis
software (NIH, Bethesda, MD, USA).

3. TUNEL

Cell apoptosis was observed using terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) staining (C1086,
Beyotime, China). After washing with PBS, the cells or frozen sections
were incubated with 0.3% Triton-X100 at room temperature for 5 min.
Subsequently, the reagents of the TUNEL detection kit were mixed and
incubated with samples at 37 °C for 1 h according to construction.

3.1. Immunofluorescence staining

Sections were blocked with normal goat serum for 30 min and
incubated with the following primary antibodies overnight at 4 °C: anti-
CD11b (ab8878, Abcam, Cambridge, UK), anti-CD31 (ab222783,
Abcam, Cambridge, UK), anti-cTnT (ab8295, Abcam, Cambridge, UK),
anti-CD86 (ab119857, Abcam, Cambridge, UK), anti-Arg-1 (16001-1-
AP, Proteintech, USA), anti-p-AKT (4060S, CST, USA), anti-p-ERK1/2
(8544S, CST, USA), anti-YAP (4912S, CST, USA), anti-SERCA2a
(ab3625, Abcam, Cambridge, UK), anti-p-Phospholamban (p-PLB;
ab15000, Abcam, Cambridge, UK) and anti-CD206 (18704-1-AP, Pro-
teintech, USA). The next day, the sections were incubated with goat anti-
rabbit IgG Alexa Fluor 488 or goat anti-rat IgG Alexa Fluor 555 (CST,
USA) for 1 h at 37 °C. After incubation, the sections were sealed with
VECTASHIELD® Antifade Mounting Medium with DAPI (H-1200-10,
Vector Laboratories, Burlingame, CA, USA) and observed under a mi-
croscope (IX53, Olympus).

3.2. Enzyme-linked immunosorbent assay

The levels of IL-6, IL-10, IL-1B, tumor necrosis factor-a (TNF-o),
vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), monocyte chemoattractant protein-1 (MCP-1), stem cell
factor (SCF) and stromal cell derived factor-1 (SDF-1) were assessed by
specific enzyme-linked immunosorbent assay kits (ml063159,
ml002285, ml063132, ml002095, m1002076, m1037702, m1037840,
m1063287, m1037712; Shanghai Enzyme Linkage Biotech, Shanghai,
China) using extracted myocardial tissue proteins.

3.3. Statistical analysis

Data were statistically analyzed using GraphPad Prism 9 and are
expressed as the mean + standard deviation. Statistical tests were per-
formed among the groups using one-way ANOVA followed by Scheffe’s
post hoc multiple-comparison or a Student’s t-test was used for 2-groups.
Statistical significance was set at P < 0.05.

4. Results

4.1. Successful construction of MSN-NGR1-CD11b antibody
nanoparticles

MSNs coupled to CD11b antibody on the surface, and loaded with
fluorescent ICG and NGR1, were designed and prepared. The entrap-
ment efficiency and drug-loading rate of NGR1 in MSN-NGR1-CD11b
antibody nanoparticles were 50.25% and 12.56%, respectively
(Fig. S2). After modification by the CD11b antibody, the hydrated par-
ticle size increased from 57 nm to 83 nm (average of three measure-
ments), while the Zeta potential increased from —46.1 mV to —32.5 mV
(Fig. 1A and B). These results proved that the CD11b antibodies were
successfully modified in the MSNs.

MSNs have a highly ordered mesoporous structure with well-
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Fig. 1. Characterization of mesoporous silica
nanoparticle-conjugated CD11b antibody with loaded
NGR1 (MSN-NGR1-CD11b) and their recruitment to
1 the infarct site. Hydrodynamic size distribution
before and after coupling CD11b antibody on the
mesoporous silicon surface (A). Zeta potential distri-
bution before and after coupling CD11b antibody on
the mesoporous silicon surface (B). Transmission
electron microscopy (TEM) images of MSN before and
after loading NGR1 and ICG and coupling CD11b
antibody on the surface (C). The maximum ultraviolet
absorption (D) and fluorescence spectra (E) of MSN
before and after loading NGR1 and ICG and coupling
CD11b antibody on the surface. Microspectropho-
tometer measurements for CD11b antibody coupling
rate (F).
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was at 816 nm (Fig. 1D and E). According to microspectrophotometer
measurements, there was 15 pg antibody in the supernatant. As the total
antibody given was 50 pg, so the CD11b antibody coupling rate was 70%
(Fig. 1F). The results showed that the sample contained the fluorescent
ICG molecule. NGR1, ICG, and CD11b antibodies were successfully
loaded into the pores or on the surface of the mesoporous silica.

Fig. 2. Aggregation of CD11b + cells at the site of
injury after myocardial infarction and target of MSN-
NGR1-CD11b antibody nanoparticles to the MI site.
Single nucleated cells isolated from the peripheral
blood of Zsgreen mice (A). Isolated cells from the
peripheral blood of Zsgreen mice expressing CD11b
(B). Some CD11b + cells at the infarcted site were
overlapped with intravenously injected Zsgreen-
positive cells (arrowhead, C). Arrows showing an
absence of injected Zsgreen-positive cells. Scale bar:
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4.2. Target of MSN-NGR1-CD11b antibody nanoparticles to the MI site

Next, we firstly verify the targeting of MSN-NGR1-CD11b antibody
nanoparticles to the site of myocardial injury. During the early stages of
MI, neutrophils and monocytes infiltrate and accumulate at the site of
injury. To define the derivation of inflammatory cells, CD11b" cells
were harvested from Zsgreen transgenic mice (Fig. 2A and B) and
injected into MI mice. The hearts of MI mice were obtained 12 h after
injection, and CD11b" cells were observed. We found a prominent
infiltration of CD11b™ cells at the infarct site, and most of the positive
cells were injected with Zsgreen-positive cells (Fig. 2C). This result in-
dicates that most of the cells infiltrating and aggregating at the injury
site of the heart after MI were from the peripheral blood. Thus, CD11b™"
cells may be an effective means for targeting the delivery of substances
to the site of the injured myocardium.

The in vivo imaging indicated that more MSN-NGR1-CD11b antibody
nanoparticles aggregated at the heart site from 3 to 12 h compared to the
control group. Indeed, MSN-NGR1-CD11b antibody nanoparticles could
not target the heart without myocardial injury, and the fluorescence was
quenched from 24 h after injection (Fig. 2D and E). These results
demonstrated the targeting effect at the site of the injured myocardium.

4.3. Intravenous injection of MSN-NGR1-CD11b antibody nanoparticles
improve cardiac function of mice after MI

As the MSN-NGR1-CD11b antibody nanoparticles can effectively
target the site of myocardial injury after intravenous injection, the small
animal echocardiography was used 4 weeks later to evaluate the
changes of heart function. MI mice were divided into Sham, MI, MSN-
NGR1, and MSN-NGR1-CD11b antibody groups. Compared to the MI
and MSN-NGR1 groups, the ejection fraction (EF) and fractional short-
ening (FS) values of MI mice from the MSN-NGR1-CD11b antibody
group were increased (Fig. 3A-C), as were the left ventricular end-
diastolic dimension (LVEDA), left ventricular end-systolic dimension
(LVEDs), left ventricular end-diastolic volume (LVEDV), and left ven-
tricular end-diastolic volume (LVESV) values (Fig. S3, Table S1).

The infarct area, collagen deposition and ventricular wall thickness
of infarcted area were determined by Masson’s trichrome staining. The
ventricular wall thickness of MI mice in the MSN-NGR1 and MSN-NGR1-
CD11b groups was higher than that in the MI group, and was higher in
the MSN-NGR1-CD11b group than in the MSN-NGR1 group. In addition,
compared to the MI and MSN-NGR1 groups, the infarct area and
collagen deposition in MI mice from the MSN-NGR1-CD11b antibody
nanoparticle group were lower (Fig. 3D-H). Compared with MI group, a
single administration of NGR1 without nanoparticles, both intragastric
administration and intravenous injection, cannot increase the EF value.
Indeed, the EF value in the group of MSN-NGR1-CD11b nanoparticles
was much higher than that in the two groups of regular NGR1 treatment
without nanoparticles (Fig. 3I). In addition, the expression of calcium
handling proteins was detected as they are fundamental in heart repair
after MI. MSN-NGR1-CD11b nanoparticles treatment significantly pro-
moted the expression of SERCA2a (Fig. S4A), the major regulator of
calcium concentration in cardiac muscles. However, as shown in
Fig. S4B, no significant alterations of p-PLN protein levels were observed
after the treatment of MSN-NGR1-CD11b antibody nanoparticles.

4.4. Injection of MSN-NGR1-CD11b antibody nanoparticles decrease
myocardial tissue apoptosis

Cardiomyocyte apoptosis is associated with decreased cardiac func-
tion after MI. Therefore, the number of apoptotic cells in the infarct area
was determined using TUNEL staining. The number of apoptotic cells
was significantly lower in the MI + MSN-NGR1-CD11b antibody nano-
particle group than in the MI and MSN-NGR1 groups (Fig. 4A and B). To
evaluate the type of apoptotic cells, cardiomyocytes or vascular endo-
thelial cells were detected through immunofluorescence staining of

Redox Biology 54 (2022) 102384

MSN-NGR1-

Sham MI MI+MSN-NGR1 CD11b antibody

=]
Q

FS (%)

- + + + M - 4+ + + M
- - + - MSN-NGRI - - + — MSN-NGRI
- — =+ MSN-NGRI-CDIlb antibody - - - 4+ MSN-NGRI-CD11b antibody
D MI+MSN-NGR1-
Sham MI CD11b antibody

MI+MSN-NGR1

MI+MSN-NGR1-
CDI11b antibody
Y

b

E Sham MI

Fg
£
g
&
o
L
5
&
.8
o
5}
2
8
g
S
]
;" + o+ +M + + +M
— + — MSN-NGR1 — 4+ — MSN-NGR1
— — + MSN-NGRI-CD11b - -+ MSN-NGRI-CD11b
antibody antibody
H I
100 80 *x

)

©
S

Collagen content(%)
4 @
3 3

@
3

g
= 401+
=

20

a
S

+ o+ +M

N
-+ - MSN-NGRI ‘\69\" ‘98‘“ é,éf'v@‘
-~ + MSN-NGRI-CD11b SR S &

antibody Y
ﬁ‘;&“

Fig. 3. MSN-NGR1-CD11b antibody nanoparticles administered intravenously
improve cardiac function in the mouse after MI. Mouse echocardiography re-
sults (A-C). **P < 0.01 versus the Sham group; ##p < 0.01 versus the MI group;
4p < 0.05 and ““P < 0.01 versus the MI + MSN-NGR1 group. Statistical
analysis of Masson’s trichrome staining (D-H). Scale bar: 200 ym (E, upper
panel) or 100 pm (E, lower panel). *P < 0.05 and **P < 0.01 versus the MI
group; *#P < 0.01 versus the MI + MSN-NGR1 group. Comparation of the
cardioprotective effects between MSN-NGR1-CD11b nanoparticles and regular
NGR1 treatment without nanoparticles (I). i.v. Indicates intravenous injection,
p.o. Indicates intragastric administration. **P < 0.01.
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cTnT or CD31. The apoptosis could be seen in cardiomyocytes, vascular
endothelial cells and other cells. However, the number of apoptotic
cardiomyocytes and vascular endothelial cells in MI mice from the MSN-
NGR1-CD11b antibody nanoparticle group were lower than that in the
MI and MSN-NGR1 groups (Fig. 4C-F).

4.5. Injection of MSN-NGR1-CD11b antibody nanoparticles regulate
macrophage phenotype and inflammatory factors and chemokines

NGR1 exhibits several pharmacological properties, including inhib-
iting inflammatory responses and oxidative stress. Considering this, we
next detected whether NGR1 could change the macrophage phenotype
and secretion of inflammatory factors after targeted delivery. The
number of Arg-1 and CD206 positive cells was higher in the MI 4+ MSN-
NGR1-CD11b antibody nanoparticle group than in the MI and MSN-
NGR1 groups at 3 days after injection (Fig. 5A-D). Besides, compared
to the MI and MSN-NGR1 groups, MSN-NGE1-CD11b antibody nano-
particle injection decreased the number of CD86 positive cells (Fig. SE
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Fig. 4. MSN-NGR1-CD11b antibody nanoparticles
injected intravenously reduce myocardial tissue
apoptosis. The number of apoptotic cells in each
group of infarct area was detected using the TUNEL
assay approach (A, B). Scale bar: 100 pm **P < 0.01
versus the MI group; **P < 0.01 versus the MI +
MSN-NGR1 group. TUNEL staining with immunoflu-
orescence staining of ¢TnT or CD31 to evaluate the
type of apoptotic cells (C-F). Scale bar: 25 pm. The
cell apoptosis could be occurred in cardiomyocytes
(arrows, C), vascular endothelial cells (E) or other cell
types (arrowhead, C). *P < 0.05 and **P < 0.01
versus the MI group; #P < 0.05 and *#P < 0.01 versus
the MI + MSN-NGR1 group.
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and F), which indicating that the treatment of MSN-NGE1-CD11b anti-
body nanoparticle not only elevated the number of M2 macrophage, but
also reduced the number of M1 macrophage. In addition, IL-10 expres-
sion in injured myocardium of MI + MSN-NGR1-CD11b antibody
nanoparticle group was higher than that in the MI and MSN-NGR1
groups (Fig. 5G), while the IL-1f, TNF-a, and IL-6 levels were lower
than those in the other two groups (Fig. SH-J). Moreover, besides the
inflammatory factors, compared to the MI and MSN-NGR1 groups, MSN-
NGE1-CD11b antibody nanoparticle injection down-regulated the level
of chemokine MCP-1 and up-regulated the levels of chemokines SCF and
SDF-1 (Fig. 5K-M). SCF and SDF-1 not only were benefit to the survival
of cardiomyocytes, but also may play an important role in the stem cell
migration and recruitment after MI.

4.6. Injection of MSN-NGR1-CD11b antibody nanoparticles promote
angiogenesis

To further illustrate the beneficial therapeutic effects of the prepared
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Fig. 5. Tail vein injection of MSN-NGR1-CD11b antibody nanoparticles induce polarization of myocardial M2 macrophages and reduce inflammation. Immuno-
fluorescence detection of the number of Arg-1 or CD206-positive cells at the infarct site (A-D). Scale bar: 25 pm (A) or 100 pm (C). **P < 0.01 versus the MI group;
#P < 0.05, ##P < 0.01 versus the MI + MSN-NGR1 group. Immunofluorescence detection of the number of CD86-positive cells at the infarct site (E, F). Scale bar: 25
pm. The expression of inflammatory factors and chemokines at the site of myocardial infarction was detected by ELISA (G-M). *P < 0.05 and **P < 0.01 versus the

MI group; #P < 0.05, #*P < 0.01 versus the MI + MSN-NGR1 group.
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D). *P < 0.05, **P < 0.01 versus the MI group; ##p <
0.01 versus the MSN-NGR1 group.
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nanoparticles after MI, the number of CD31 positive cells in the infarct
area in the MSN-NGR1 and MSN-NGR1-CD11b groups was increased
compared to that in the MI group. There was a significant difference in
the number of CD31 positive cells number between the MSN-NGR1 and
MSN-NGR1-CD11b antibody groups (Fig. 6A and B). Moreover, cardiac
VEGF expression was higher in the MSN-NGR1-CD11b antibody group
than in the MSN-NGR1 group (Fig. 6C). Compared to the MI group,
cardiac bFGF levels were increased in the MSN-NGR1 and MSN-NGR1-
CD11b groups. In addition, the expression of bFGF was higher in the
MSN-NGR1-CD11b group than that in the MSN-NGR1 group (Fig. 6D).
The elevated level of VEGF and bFGF might explain the angiogenesis
enhanced by MSN-NGE1-CD11b antibody nanoparticle.

4.7. The NGR1-target-MI network construction

In order to further explore the mechanism of NGR1 protecting
myocardium, the network pharmacology and molecular docking ana-
lyses were performed. A total of 326 non-repeating NGR1 targets and
2347 MI related genes were retrieved from the online databases. We
found that 98 overlapping genes were potential targets of NGR1 against
MI. These genes were imported into the STRING and then Cytoscape
with nodes of NGR1 and MI to construct the NGR1-Target-MI network,
which consisted of 96 nodes and 1548 edges (Fig. 7 A-a). All detailed
information mentioned above were in Supplementary File S1-S4.

4.8. The PPI network and core PPI network of NGR1 against MI

The primary PPI network of NGR1 against MI contained 4072 nodes
and 95,527 edges (Fig. 7 A-b). The detailed topology parameters of the
network were shown in Supplementary File S5 Table 1. Then DC > 81
was selected as the filter criteria to generate the secondary PPI network
that included 676 nodes and 29,092 edges (Fig. 7 A-c and Supplemen-
tary File S5 Table 2). Finally, according to BC > 600 filter criteria,
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resulting in a core PPI network with 162 nodes and 4174 edges (Fig. 7 A-
d). Genes in the core PPI network (Supplementary File S5 Table 3) were
considered to be the main genes directly or indirectly affected by NGR1
and mediate its antagonistic effect against ML

4.9. The GO and KEGG analysis results of the core PPI network genes

GO analysis and KEGG enrichment were used for further revealing
the possible mechanisms of therapeutic effects of NGR1. A total of 2447
significance items (P < 0.05) were obtained from GO functional analysis
(Supplementary File S6), including 2064 biological process (BP) items,
184 cellular component (CC) items and 199 molecular function (MF)
items. Wherein, BP items of cellular response to oxidative stress,
response to oxidative stress, cellular response to reactive oxygen species,
Stress-activated MAPK cascade, activation of MAPK activity were
significantly enriched. A total of 132 signaling pathways were signifi-
cantly enriched by KEGG analysis (P < 0.05). These signaling pathways
(Supplementary File S7) included PI3K-Akt signaling pathway, MAPK
signaling pathway, Hippo signaling pathway, FoxO signaling pathway,
HIF-1 signaling pathway, Apoptosis, Signaling pathways regulating
pluripotency of stem cells, Mitophagy - animal, Wnt signaling pathway
and Notch signaling pathway, etc. These significantly enriched BP items
and signaling pathways mentioned above were visualized, and the
biological processes or pathways of interest in this study were written
big red letters (Fig. 7 B). As oxidative stress is an important cause of
myocardial ischemic injury, studies have shown that PI3K-Akt signaling
Pathway and MAPK signaling Pathway played an important role in
regulating cellular oxidative stress and maintaining cell survival. Among
these items, genes AKT1 and MAPK1 (ERK2) had higher enrichment
frequency, so we hypothesized that NGR1 could regulate oxidative stress
through the AKT-ERK signaling pathway to alleviate myocardial cell
death induced by MI.
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Fig. 7. Possible mechanism analysis and virtual validation of NGR1 against MI. A. Identification of core candidate targets of NGR1 against MI. (a) The NGR1-target-
MI network construction. (b) The primary PPI network of NGR1 against MI. (c) The secondary PPI network of NGR1 against MI. (d) The core PPI network of NGR1
against MIL. BC, betweenness centrality; DC, degree centrality. B. Gene ontology and KEGG enrichment of core PPI candidate targets of NGR1 against MI. Part of the
items with P Value < 0.05 were visualized. Terms written in red were items of interest in this study. C. Molecular docking of the NGR1 with AKT1, ERK1, ERK2,
MST1, MST2, YAP1 and FoxO4. The NGR1 was shown in stick mode. The receptor was shown in surface model. (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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4.10. Molecular docking of NGR1 with the key protein of AKT-ERK
signaling pathway

The AKT1 (3QKK), ERK1 (2Z0Q), ERK2 (60PH), MST1 (3COM),
MST2 (4LG4), YAP1 (1JMQ) and the DNA binding domain of FOX0O4
(1E17) structures files were downloaded from RCSB PDB. Binding to
receptors is a prerequisite for the biological function of ligands [24]. The
results of molecular docking showed that except the YAP1 (—6.4
kcal/mol) and FOX04(—6.3 kcal/mol) the binding energies of NGR1 and
AKT1, ERK1/2 and MST1/2 were all < -7.0 kcal/mol, indicated that
NGR1 had strong binding ability with them (Fig. 7 C). Combined with
the above GO and KEGG analysis results, it was suggested that the
regulation of oxidative stress mediated by AKT-ERK1/2 signaling
pathway or Hippo signaling pathway may be the important mechanisms
of NGR1 against MI.

4.11. NGR1 promotes H9C2 cell proliferation and protects H9C2 cells
from H20z-induced oxidative stress damage

After the network pharmacology and molecular docking analyses,
the mechanisms of NGR1 protecting myocardium were elucidated in
vitro. Therefore, we first pretreated different concentrations of NGR1 in
HIC2 cell culture and found that NGR1 at a concentration of 100 pmol/L
had the best proliferative effect (Fig. 8A-C, Fig. S5). To simulate the
ischemic-hypoxic microenvironment after MI, an in vitro cellular
oxidative stress injury model was established in H9C2 cells using 350
pmol/L Hy02 (Fig. 8D). We found that 100 pmol/L NGR1 protected
HIC2 cells from Hy0,-induced oxidative stress injury according to the
results of the CCK8 assay (Fig. 8E). Thus, NGR1 at a concentration of
100 pmol/L and Hp02 at 350 pmol/L was chosen for subsequent cell
experiments.

The number of apoptotic cells in the HyO2 intervention group
increased by approximately 50%; however, the number of apoptotic
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HO9C2 cells was significantly reduced (by approximately 16%) after
pretreatment with 100 pmol/L NGR1 for 30 min. These results further
validated the protective effect of NGR1 (Fig. 8F and G).

In addition, the intensity of the ROS fluorescence signal increased
after HyO, treatment in H9C2 cells, while the intensity of the ROS
fluorescence signal decreased after NGR1 treatment (Fig. 8H and I). At
the same time, compared to HyO; intervention alone, the global cellular
superoxide dismutase (SOD) values in the NGR1 group were signifi-
cantly increased (Fig. 8J). To provide further evidence in evaluating
effects of NGR1 against oxidative stress, mitochondrial ROS and
oxidative DNA damage were assessed as well. After being treated by
H,0,, mitochondrial ROS was extensively accumulated and oxidative
damage to DNA was obvious. However, NGR1 significantly reduced
mitochondrial ROS accumulation and oxidative DNA damage (Fig. 8K-
N). JC-1 staining was used to detect the mitochondrial membrane po-
tential (Fig. 80). When the mitochondrial membrane potential is high,
JC-1 aggregates in the matrix of mitochondria to form J-aggregates,
which can produce red fluorescence. When the mitochondrial mem-
brane potential is low, JC-1 cannot aggregate in the mitochondrial
matrix. At this time, JC-1 is a monomer, which can produce green
fluorescence. The ratio of red to green fluorescence is often used to
measure the ratio of mitochondrial depolarization. After NGR1 treat-
ment, the ratio was much higher than that in the HyO5 group (Fig. 8P),
indicating that NGR1 can resistant the decrease of mitochondrial
membrane potential.

In addition, we observed the proliferative effect of OGD within 12 h
in H9C2 cells and found that NGR1 protected H9C2 cells from OGD-
induced injury according to the results of CCK8 assay (Fig. S6,
Fig. S7A). TUNEL assay further confirmed that NGR1 decreased OGD-
induced cell apoptosis of HOC2 (Figs. S7B and C). Moreover, the VEGF
and bFGF levels were higher after NGR1 treatment than HyO3 inter-
vention only (Fig. S8). This result demonstrated that although the main
effect of NGR1 on H9C2 in the presence of HyO, was anti-apoptosis,

=1

Fig. 8. NGR1 promotes the proliferation of H9C2

cells and protects H9C2 cells from oxidative stress

induced by H,0,. Proliferation effect of NGR1 at

different concentrations on H9C2 cells at 24 h, 48 h
o, and 72 h after NGR1treatment (A-C). *P < 0.05 and
A **P < 0,01 versus the control group; P < 0.05 and
##p < 0.01 versus the 0.01 pM NGR1 group; “P <
0.05, ““P < 0.01 versus the 0.1 pM NGR1 group.
Damage to H9C2 cells induced by different concen-
trations of H,O5 (D). *P < 0.05, **P < 0.01 versus the
control group; *#P < 0.01 versus the 100 pM NGR1
group; &&p < 0.01 versus the 200 uM NGR1 group.
Protective effect of NGR1 against different HpOo-
induced oxidative stress (E). *P < 0.05, **P < 0.01
versus the control group; #P < 0.05, *#P < 0.01
versus the 0.01 pM NGR1 group; ““P < 0.01 versus
the 0.1 pM NGR1 group. Annexin-PI assay for the
protective effect of NGR1 on H9C2 cells (F, G). **P <
0.01 versus the control group; **P < 0.01 versus the
H,0, group. ROS assay for the protective effect of
NGR1 on H9C2 cells (H, I). Scale bar: 100 pm **P <
0.01 versus the control group; *#P < 0.01 versus the
H20, group. SOD assay for the protective effect of
NGR1 on H9C2 cells (J). **P < 0.01 versus the HyO,
group. The mitochondrial ROS and oxidative DNA
damage were assessed by MitoSOX Red and 8-OxoG
staining (K-N). Scale bar: 50 pm **P < 0.01 versus
the control group; *#P < 0.01 versus the H,0, group.
The mitochondrial membrane potential was detected
by JC-1 staining (O, P). Scale bar: 100 pm **P < 0.01
versus the H,O5 group.
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NGR1 treatment also could enhance angiogenesis through paracrine
pathway, which was consistent with the results in vivo.

The above results showed that NGR1 significantly reduced H,O,-
induced oxidative stress damage in H9C2 cells. Insulin-like growth
factor (IGF-1) affects cardiovascular function in many ways, including
anti-inflammatory, anti-apoptotic, and angiogenesis-stimulating.
Therefore, we compared the effects of IGF-1 with those of NGR1. The
CCK8 assay and TUNEL test results showed that, compared to IGF-1,
H,02-induced oxidative stress injury was reduced more significantly
after NGR1 pretreatment (Figs. S9A-C). Apoptotic cells decreased by
19.72% with IGF-1, whereas the number of apoptosis in H9C2 cells was
reduced by 14.80% with the addition of NGR1 (Figs. S9D and E).

4.12. NGR1 protects neonatal primary cardiomyocytes from H202 and
OGD induced oxidative stress damage

As H9C2 cells are myoblasts, protective effects of NGR1 were further
confirmed using neonatal primary cardiomyocytes. We found that 100
pmol/L NGR1 protected primary cardiomyocytes cells from Hy0, and
OGD induced oxidative stress injury according to the results of the CCK8
assay (Fig. 9A and B). Extensive cell apoptosis was found in both H,0,
and OGD in vitro models. However, cell apoptosis was obviously
decreased in NGR1 treatment group in the two models (Fig. 9C-F).

4.13. NGR1 protects adult cardiomyocytes from H202 induced oxidative
stress damage

We further examined the cardioprotective effects of NGR1 on adult
primary cardiomyocytes. According to TUNEL staining, HyO treatment
caused plenty of apoptotic adult cardiomyocytes. However, cell
apoptosis was obviously reduced in NGR1 treatment group (Fig. 10A
and B). We also found that 100 pmol/L NGR1 could enhance cell
viability of adult primary cardiomyocytes under H,0, induced oxidative
stress injury (Fig. 10C). The representative curves of MitoSOX Red in
response to physiologic isoproterenol stimuli in adult primary car-
diomyocytes were shown in Fig. 10D. The content of mitochondrial ROS
was increased gradually with HyO, treatment under isoproterenol
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stimuli. However, the increase in NGR1 treatment group was lower than
that of HyO, group, especially at 2 h after HyO9 treatment (Fig. 10E).

4.14. AKT and ERK signaling pathways were involved in protective effects
of NGR1

Then, the involvement of AKT and ERK signaling pathways in car-
dioprotective effects of NGR1 were verified. The levels of p-ERK and p-
AKT were increased following HyO5 treatment. However, NGR1 treat-
ment further elevated the levels of p-ERK and p-AKT (Fig. 11A-C).
Interestingly, NGR1 was transient (15 min) in activating the PI3K/AKT
and MAPK/ERK signaling pathways (Fig. 11D-G). We performed reverse
validation by pretreatment with PI3K/AKT and MAPK/ERK signaling
pathway inhibitors. Cell viability was obviously decreased after
LY294002 or U0126 treatment compared to that in the NGR1 group
(Fig. 11H and I). TUNEL staining showed that LY294002 or U0126
treatment attenuated the protective effect of NGR1 on H9C2 against
H20; (Fig. 11J and K), which was confirmed by flow cytometry analysis
(Fig. 11L, M).

4.15. YAP signaling pathways were related to protective effects of NGR1

According to the network pharmacology and molecular docking
analyses, not only AKT and MAPK signaling pathways were involved in
the myocardial protection of NGR1, but also Hippo signaling pathway.
The levels of FoxO4, p-YAP, YAP, cytoplasmic YAP and nuclear YAP
were then detected. Compared with H,O5 group, NGR1 treatment
decreased the expression of FoxO4 and the level of p-YAP, while
increased the expression of YAP (Fig. 12A-D). The lower cytoplasmic
YAP expression and higher nuclear YAP expression indicated that NGR1
could enhance YAP nuclear translocation (Fig. 12E and F). Using the
immunofluorescence approach, we observed that YAP expression was
dispersed in the cytoplasm of HyO,-treated cells with a faint nuclear
signal, while upon NGR1 treatment, YAP signal increasingly colocalized
with DAPI (Fig. 12G). In addition, whether inhibition of YAP counteracts
the protective effect of NGR1 on H0»-induced myocardial cell injury
were determined. We found that inhibiting of YAP by VP, an inhibitor of
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YAP-TEAD binding, could abrogate the protective effect of NGR1 on
H205-induced inhibition of HOC2 cell viability (Fig. 12H). Furthermore,
the results of TUNEL assay revealed that the protective effect of NGR1 on
Hy02-induced H9C2 cell apoptosis was hindered following VP treat-
ment, as indicated by the increase in number of TUNEL-positive cells
(Fig. 12I and J). However, NGR1 treatment did not affect the autophagy
signaling pathway (Fig. S10).

12

Redox Biology 54 (2022) 102384

4.16. Intravenously injected MSN-NGR1-CD11b antibody nanoparticles
activate PI3K/AKT, MAPK/ERK and YAP signaling pathways

Finally, these mechanisms were verified in MI animals received
MSN-NGR1-CD11b antibody nanoparticles. Compared to the MI and
MSN-NGR1 groups, p-AKT and p-ERK protein levels in the injured
myocardium of the MSN-NGE1-CD11b group were increased at 3 days
after injection (Fig. 13A-D). Moreover, we found that most of p-AKT or
p-AKT1/2 fluorescence signal overlapped with the cardiomyocyte
marker c¢TnT, showing AKT and ERK1/2 pathway could be obviously
activated in cardiomyocytes, which play key roles in the car-
dioprotective effects of MSN-NGR1-CD11b antibody nanoparticle on MI
(Fig. 13E and F). After being targeted to the site of myocardial injury
through MSN-NGR1-CD11b antibody nanoparticles, NGR1 obviously
enhanced YAP nuclear translocation, which was conducive to the sur-
vival of cardiomyocytes (Fig. 13G). Consistent with the immunofluo-
rescence staining, MSN-NGR1-CD11b antibody nanoparticles obviously
promoted the expression of nuclear YAP and decreased the expression of
cytoplasmic YAP (Fig. 13H), which further confirmed that YAP nuclear
translocation was involved in the cardioprotective effects of NGR1 after
being injected via the modified MSN nanoparticles. We also detected the
expression of autophagy-related proteins, including Beclin-1 and LC3B.
However, the injection of MSN-NGR1-CD11b antibody nanoparticles did
not significantly affect the autophagy signaling pathway in the injured
myocardium (Fig. S11).

5. Discussion

Panax ginseng has been widely used to treat cardiovascular disease
because of its vasodilatory and blood pressure-lowering effects [25].
NGR1 is the main monomeric component extracted from the dried roots
and rhizomes of Panax ginseng. RCT data showed that Panax ginseng
administration reduced the risk of cardiovascular disease [26]. NGR1
has been approved by the Food and Drug Administration of China to
conduct clinical arthritis prevention and treatment trials. However, a
higher quality of evidence on clinical trial studies is highly recom-
mended to confirm the protective effect of NGR1 on cardiac ischemia
reperfusion injury in the future. NGR1 has been reported to have car-
diovascular  protection, neuroprotection, anti-diabetes, hep-
atoprotection, gastrointestinal protection, lung protection, bone
metabolism regulation, renal protection, anti-cancer, and other effects
[27]. The NGR1’s cardiovascular protection was summarized, especially
anti-apoptosis ability via MAPK, NF-kB, PI3k-AKT signaling pathways
[27]. Its cardiovascular protective effects are related to oxidative stress
regulation, and NGR1 can inhibit cellular oxidative stress and inflam-
matory response by inhibiting VEGF [28-31]. NGR1 is capable of
scavenging free radicals, increasing the activity of antioxidant enzymes
[32], and reducing LDH and MDA expression in the OGD environment
[33,34]. Moreover, NGR1 prevents cerebral ischemia-reperfusion injury
by inhibiting NADPH oxidase and mitochondria-derived superoxide and
activating the AKT/Nrf2 pathway [35]. In a study on diabetic cardio-
myopathy, NGR1 pretreatment significantly reduced AGE-induced
mitochondrial damage, restricted ROS increase, and reduced apoptosis
in H9C2 cells [36]. In oxidative stress induced osteoporpsis, NGR1
relieve oxidative stress through JNK signalling pathway [37]. Oxidized
low-density lipoprotein induced oxidative stress could be alleviated by
NGR1 via Inc RNA X-inactive specific transcript/miR-221 regulation
[38]. NGR1 at 100 pmol/L attenuated apoptosis induced by oxygen and
glucose deprivation/reoxidation [39], and also reduces MDA content
and increases SOD activity in cardiomyocytes. Our research found that
NGR1 pretreatment could attenuate both Hy0,- and OGD-induced
oxidative damage of H9C2 cells. As H9C2 cells are myoblasts, protec-
tive effects of NGR1 were further confirmed using primary car-
diomyocytes. We found that NGR1 effectively protected primary
cardiomyocytes cells from H,05 and OGD induced oxidative stress
injury, although the underlying mechanisms were not fully clarified.
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Despite the remarkable effects of NGR1 in vitro, previous studies have
also shown that NGR1 has low bioavailability and poor permeability in
the gastrointestinal tract [9,40,41], particularly in the intestinal
epithelium [40]. Some researchers have used sodium N-[8-(2-hydroxy
benzoyl) amino]octanoate (SNAC, a novel absorption enhancer) to
improve the oral bioavailability of NGR [42]. Novel total
saponin-loaded core-shell mixed liposome vesicles (PNS-HLV) of Panax
ginseng have also been developed, and can significantly improve drug
utilization and reduce brain ischemia/reperfusion (I/R)-induced cere-
bral infarction and brain edema [43]. Poly(d,l-propanediol) (PLGA)
nanoparticles loaded with NGR1 also significantly improved pharma-
cokinetic activity and bioavailability [44]. Besides, sodium glycocholate
(SGC)-mediated liposomes, as a nanoscale drug delivery system, were
capable of significantly higher utilization of NGR1 compared to NGR1
treatment alone [45]. Therefore, it is crucial to develop a nanomaterial
capable of targeting the injured heart.
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Silica is widely distributed in nature and exhibits good compatibility
with other materials, and has been recognized by the Food and Drug
Administration as “Recognized as Safe (GRAS)” [46]. Silica nano-
particles are nanomaterials commonly used in biomedicine. It has been
proven that the chemical and physical properties of nanomaterials
(including particle structure, particle size, pore size and geometric
shape, surface properties, and particle shape) have effects on cell uptake
and intracellular translocation. In animal models, MSNs demonstrate a
high degree of biocompatibility under circumstances without toxicity
[47]. Owing to the unique structural properties of mesoporous particles,
including their uniform pore size and pore structure, MSNs are suitable
for catalysis, adsorption, separation, sensing, biomedicine, especially
drug carriers [47]. Through physical or chemical modification, MSNs
can reach the injured site accurately without affecting drug properties.

In the early stages of MI, myocardial tissue damage and necrosis
trigger a robust inflammatory response and infiltration of immune cells
such as monocytes [22]. Integral proteins distributed on the surface of
these cells play an essential role in cell adhesion, migration, and signal
transfer [48]. The integral protein CD11b/CD18 (also known as Mac-1,
CR3, and aMp2) is the major B2 integral protein in neutrophils, mac-
rophages, and monocytes, which mediates the pro-inflammatory func-
tion of these cells [49,50]. In the early stages of MI, CD11b™ cells are
significantly increased, making CD11b a promising molecular target for
the infarcted region of the heart after MI. We firstly directly adminis-
trated NGR1 into the local injured myocardium through inflammatory
cells (especially the CD11b-expressing monocytes and neutrophils) with
the help of its migration to the infarct area after MI. Therefore, we
innovatively designed a MSN-conjugated CD11b antibody with loaded
NGR1 (MSN-NGR1-CD11b), which allowed NGR1 precise targeted de-
livery to the local injured site in a noninvasively manner. Our results
showed that tail vein injection of NGR1-loaded MSNs targeting
CD11b-coupled antibodies in mice with MI was able to target the drug to
the infarct site for release, thereby better utilizing the therapeutic effects
of NGR1. We found that MSN-NGR1-CD11b antibody nanoparticle in-
jection treatment significantly improved post-MI cardiac function,
reduced post-MI infarct size and collagen deposition, prompted
angiogenesis.

Increased tissue damage and a poor prognosis after MI are associated
with inflammatory responses. The inflammatory response is rapidly
activated within hours of MI. Macrophages can be polarized into M1 and
M2 macrophages after MI, which play detrimental and beneficial roles,
respectively, in wound healing. Modulation of specific macrophage
phenotypes can be used therapeutically to promote myocardial repair
[51,52]. In the early pro-inflammatory phase, M1 macrophages pre-
dominate in the LV, whereas M2 macrophages are predominantly
increased in the infarcted area after MI. M2 macrophages play a crucial
role in tissue remodeling and angiogenic response, and we found that
MSN-NGR1-CD11b antibody nanoparticle injection significantly
decreased the number of M1 macrophages and increased the number of
M2 macrophages at the infarct site.

IL-1B, a pro-inflammatory factor, is also involved in various auto-
immune inflammatory responses and multiple cellular activities [53,
54]. TNF-a and IL-6 play essential regulatory roles in the myocardium of
MI as major pro-inflammatory factors. TNF-a is an inflammatory cyto-
kine produced by macrophages/monocytes during acute inflammation,
and TNF-a accumulates in the heart after MI. IL-6 has multiple effects on
inflammation, the immune response, and hematopoiesis [55]. IL-6 reg-
ulates the growth and differentiation of various cells, and has roles in the
immune regulatory and anti-infective response [56]. Like TNF-a, the
expression of IL-6 is significantly elevated during the inflammatory
response phase. IL-10 is an anti-inflammatory cytokine produced by T
and NK cells. Our results showed that MSN-NGR1-CD11b antibody
nanoparticle injection significantly increased IL-10 secretion and
significantly reduced the expression of TNF-a, IL-1p, and IL-6 at the
infarction site, thus serving to balance the inflammatory response. In
addition, MSN-NGE1-CD11b antibody nanoparticle injection
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up-regulated the levels of chemokines SCF and SDF-1, which not only
were benefit to the survival of cardiomyocytes, but also may play an
important role in the stem cell migration and recruitment after MI.
Owing to the development of network pharmacology and molecular
docking technology, the PI3K/AKT, MAPK and Hippo signaling path-
ways were focused on further elucidation of the myocardial protection
mechanisms of NGR1. Cell proliferation and apoptosis are closely
related to the PI3K/AKT and MAPK/ERK signaling pathways [57,58]. A
previous study demonstrated that NGR1 pretreatment inhibited
LPS-induced inflammatory and apoptotic responses in H9C2 cells [31],
consistent with their experimental results, and found that 100 pM NGR1
administration attenuated HOp-induced apoptosis in H9C2 cells by
activating the PI3K/AKT, ERK1/2 and YAP signaling pathways. The
PI3K/AKT and MAPK/ERK signaling pathways play crucial roles in MI
repair. Studies have shown that AKT signaling is a potential therapeutic
target for reconstituting lost mammalian cardiomyocytes [59]. Activa-
tion of the PI3K/AKT signaling pathway is also beneficial in inhibiting
myocardial fibrosis after MI [60]. It has also been demonstrated that
activating the MAPK/ERK signaling pathway increases angiogenesis
after MI [61], while activation of the ERK signaling pathway also fa-
cilitates the maturation of reparative macrophages after MI [62]. The
classic Hippo pathway plays an important role in cell proliferation,
apoptosis, and differentiation. It was reported that neurofibromin 2

GAPDH [ S S S W W S S =] 37KD

- MSN-NGRI
+ MSN-NGRI-CDI1b antibody

&

nuclear YAP/Histone H3

-+ MSN-NGRI-CDI1b antibody

Redox Biology 54 (2022) 102384

Fig. 13. Effect of MSN-NGR1-CD11b antibody nano-
particles injected intravenously on PI3K/AKT, ERK1/
2 and YAP signaling pathways. The levels of p-AKT
and p-ERK1/2 were detected by WB (A-D). *P < 0.05,
**P < 0.01 versus the MI group; *”P < 0.01 versus
the MI + MSN-NGR1 group. AKT and ERK pathway
could be obviously activated in cardiomyocytes ac-
cording to immunofluorescence double labeling of
c¢TnT + p-AKT or c¢TnT + p-ERK1/2 (E, F). Immuno-
fluorescence staining to detect the YAP nuclear
translocation (G). Scale bar: 25 pm. The levels of
cytoplasmic and nuclear YAP were detected by WB
(H). *P < 0.05 versus the MI group; #p < 0.05 versus
the MI + MSN-NGR1 group.
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promoted ischemia/reperfusion injury of heart through activation of
Mstl and inhibition of YAP [63]. We also found that YAP activates
phosphoinositol-3-kinase-AKT pathway through Pik3cb and regulates
cardiomyocyte proliferation and survival [64], and acetylation of VGLL4
regulates Hippo-YAP signaling and postnatal cardiac growth [65]. In
this study, we found that NGR1 could enhance YAP nuclear trans-
location in the presence of HyO5 and inhibition of YAP by VP abrogated
the protective effect of NGR1. Moreover, we demonstrated that
MSN-NGR1-CD11b antibody nanoparticle injection therapy also signif-
icantly activated the PI3K/AKT, MAPK/ERK and YAP signaling path-
ways after MI. Interestingly, these signaling pathways are all related to
the redox signaling. It has been reported that calcitonin gene-related
peptide regulated cardiomyocyte survival through regulation of oxida-
tive stress by PI3K/Akt and MAPK signaling pathways [66]. Hippo/YAP
is one of the crucial mediators in oxidative stress and apoptosis after MI
[67]. It was reported that Hippo-YAP signaling modulated the
FoxO1-mediated antioxidant response in the setting of I/R in the heart
[68]. Although we found that AKT, ERK and YAP signaling pathway
were involved in the cardioprotective effects of NGR1 both in vivo and in
vitro, it is necessary to clarify which pathway is most important through
more groupings and interventions in the future. In addition, focusing on
one pathway and further investigating the NGR-1 interactions with
essential factors is more helpful to demonstrate NGR-1 effects.
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There were several limitations in this study. First, the interaction of
MSN-CD11b antibody nanoparticles with CD11b" cells is very inter-
esting, which should be investigated in both in vitro and in vivo settings
in future study. Second, considering the pathological change after MI,
we speculate that the treatment window for this strategy can be within 7
days after MI, which is a relative limited time window. Third, although
we focused on AKT, ERK and YAP pathways in this study, it is interesting
to further confirm other target genes from online databases. Fourth,
HO9C2 cardiomyoblasts show many skeletal muscle characteristics and
do not have the beating function. Therefore, the cardioprotective effects
of NGR1 on adult primary cardiomyocytes should be further investi-
gated in the future. At last, taking into account sources of potential bias
or imprecision because of the small sample size of this experiment, the
findings in our study should be confirmed in a well-controlled study with
a larger sample size and in larger animals.

In this study, MSNs coupled with CD11b antibody and loaded with
NGR1 were successfully prepared, and MSN-NGR1-CD11b antibody
nanoparticles improved the targeting of NGR1 to the site of MI after
injection. NGR1 effectively protected H9C2 and primary car-
diomyocytes cells from Hy0, and OGD induced oxidative stress injury.
MSN-NGR1-CD11b antibody nanoparticles ameliorated local inflam-
mation and promoted angiogenesis in the injured myocardium, leading
to improved cardiac function after MI through enhancing the activation
of AKT and MAPK signaling pathways and the nuclear translocation of
YAP. This study provides a novel method for a myocardial-targeting
drug delivery system with MSNs and the development of new research
strategies for other biomaterials targeting the myocardium.
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