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Background: Quercetin has potential value in treating cardiovascular diseases, but it is not
suitable for clinical application due to its own water solubility. The limitation of quercetin
can be distinctly ameliorated by delivering it with nanocarriers.

Objective: To determine the effect of quercetin-loaded mesoporous silica nanoparticles
(Q-MSNs) on myocardial ischemia-reperfusion injury in rats and its mechanism.

Methods: Q-MSNs were synthesized, and the morphology of Q-MSNs and MSNs was
characterized by transmission electron microscopy and dynamic light scattering techni-
que, respectively. Healthy rats were enrolled and randomly divided into a sham opera-
tion control group, an ischemia-reperfusion (IR) group, an IR+Q group, an IR+Q-MSNs
group, and an MSNs group (each n = 10). Rats in the sham operation group were not
treated with ischemia reperfusion, but given normal perfusion meantime. Rats in the
sham operation control group, IR group, and MSNs group were given normal saline for
10 days before ischemia reperfusion, and rats in the IR+Q group and IR+Q-MSNs
group were given drugs by gavage for 10 days before ischemia reperfusion. Primary
myocardial cells were sampled from SD neonatal rats to construct hypoxia/reoxygena-
tion myocardial cell models. The myocardial cells were assigned to a control group, IR
group, quercetin (Q) group, Q-MSNs group, and MSNs group. Except for the control
group, all the other groups were treated with hypoxia/reoxygenation. Cells in the
Q group were treated with quercetin (10 pM, 20 uM, 40 uM) for 24 h in advance
and then treated with measures to cause hypoxia-reoxygenation injury. Cells in the
Q-MSNs group were treated with the same concentration of loaded quercetin and the
same method used for the Q group. The myocardial apoptosis, myocardial infarction,
ventricular remodeling, hemodynamic indexes, physiological and biochemical indexes,
and JAK2/STAT3 pathway expression of each group were detected, and the apoptosis,
viability, oxidative stress, and JAK2/STAT3 pathway expression of primary myocardial
cells in each group were also detected.

Results: Quercetin significantly activated the JAK2/STAT3 pathway in vivo and in vitro,
and MSNs intensified the activation. Compared with quercetin, Q-MSNs were more effective
in inhibiting cell apoptosis and oxidative stress, reducing myocardial infarction size, improv-
ing ventricular remodeling and cardiac function-related biochemical indexes, and promoting
the recovery of cardiac blood flow.

Conclusion: Q-MSNs can significantly enhance the activation effect of quercetin on JAK2/
STAT3 pathway, thus enhancing its protection on the heart of MIRI rats.

Keywords: myocardial ischemia-reperfusion injury, quercetin-loaded mesoporous silica
nanoparticles, JAK2/STAT3 pathway, cardiovascular diseases
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Introduction

Cardiovascular diseases are the main cause of death and
disability worldwide,'? and irregular daily routine,’ long-
time lack of exercise,” obesity,5 anxiety,6 and stress’ are all
significant factors for a higher risk of cardiovascular dis-
eases. The incidence rate and mortality rate of these dis-
eases are increasing annually, posing a serious impact on
human health. Ischemia-reperfusion can effectively reduce
myocardial infarction size and improve myocardial func-
tion by quickly restoring myocardial blood supply, so it is
a preferred treatment strategy for cardiovascular
diseases.®® However, this strategy is not perfect, because
it may cause further injury or necrosis of myocardial cells
during operation, which is called myocardial ischemia-
reperfusion injury (MIRI).'® Improperly treated MIRI
may induce angina pectoris or myocardial infarction due
to its hindering of the normal energy metabolism of the
heart,'"'? so MIRI is also the main cause of poor prog-
nosis of cardiovascular diseases. How to effectively ame-
liorate MIRI has become an important issue in the
treatment of cardiovascular diseases.

Cardiovascular disease may be alleviated by diet
adjustment,”® and fruits and vegetables have potential
value in treating such diseases.'* Flavonoids are natural
compounds widely found in plant-based foods including
fruits and vegetables.'® Flavonoids have antioxidant, anti-
inflammatory and anti-cancer effects.'® One study has
revealed that a high intake of flavonoids is closely related
to a decrease in the risk of cardiovascular diseases-related
death.!” Therefore, exploring the mechanism of flavonoids
on cardiovascular diseases may help promote the develop-
ment of treatment for these diseases. Flavonoids can be
classified into flavones, flavonols, and flavanones according
to their chemical structure, oxidation degree and cyclic
pyran ring substitution mode.'® Quercetin is a typical fla-
vonoid compound,'® belonging to flavonol, with potential
value in treating cardiovascular diseases. Quercetin can
participate in regulating cell proliferation, migration, autop-
hagy and other biological functions through AMPK path-
way, Akt/PxB pathway, and MAPK/ERK pathway, thus
exerting antioxidant, anti-inflammatory and anticancer
effects.'”?® Tt has been verified that quercetin has strong
myocardial protection in MIRI by regulating inflammation,
oxidative stress and cardiomyocyte apoptosis,”' >* but its
mechanism of action and appropriate dosage still need
further exploration. In addition, with low water solubility,
short half-life, and poor transferability and bioavailability,”

quercetin is restricted in clinical application for the treat-

ment of cardiovascular diseases. Nanocarriers are

a powerful tool to improve the bioavailability and pharma-

2628

cokinetics of compounds at this point, which can effec-

tively overcome the above defects of quercetin, and thus
improve the efficacy of quercetin in disease treatment.****

Mesoporous silica nanoparticles (MSNs) are porous
materials with the advantages of a stable structure, rich
surface chemical properties, and high dispersibility.
The porous structure of MSNs (including size, mor-
phology, and surface function) is beneficial to the
drug delivery and release in vivo.’> Loading quercetin
with MSNs may help to improve the absorption and
release of quercetin in organisms.>® In this study, we
constructed ischemia-reperfusion models in rats and
a hypoxia/reoxygenation (H/R) model in primary rat
myocardial cells to explore the potential molecular
mechanism of ischemia-reperfusion. We also adopted
MSNs to load quercetin to study the protective effect
and possible application value of quercetin-loaded
mesoporous silica nanoparticles (Q-MSNs) on myocar-

dial ischemia-reperfusion.

Methods
Q-MSNs and Characterization of Their

Physicochemical Properties

Synthesis of MSNs: Ammonia solution (0.3 mL 25 wt.%
solution) and cetyltrimethylammonium bromide (CTAB)
solution (1 mL 0.15 m solution) were added into 9 mL
water, during which the water was stirred constantly. After
5-10 min, the water was mixed with 0.5-2.0 mL 3-ami-
nopropyltriethoxysilane (APTES) solution and 0.5-2.0 mL
tetracthyl orthosilicate (TEOS) solution dissolved in etha-
nol, separately. After continuous stirring for 5 h, ethanol
was added to the reaction mixture, and the precipitate was
washed with ethanol and ammonium nitrate aqueous solu-
tion, separately. Quercetin-loaded nanoparticles: MSNs
were dispersed in quercetin (20 mg/mL) solution, stirred
at 37 °C for 24 h, and then centrifuged and washed with
brine to obtain Q-MSNs. The potential and particle size-
related parameters of Q-MSNs were measured by the
dynamic light scattering (DLS) method. The drug loading
capacity and loading efficiency of Q-MSNs were calcu-
lated via a UV spectrophotometer. Drug loading capacity =
Wt/Ws and loading efficiency = Wt/Wo, where Wt is the

mass of quercetin encapsulated in nanoparticles; Wo is the
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initial dosage of quercetin; and Ws is the total mass of
MSNss after freeze-drying.

Study on Drug Release Kinetics in vitro
Phosphate buffer saline (PBS) solution supplemented with
Q-MSNs was shaken in a constant-temperature shaker at 37 ©
C in the dark. At 0.5h, 1 h,2h,4h, 6 h,9h, 12 h, and 24
h after shake, the solution was centrifuged to collect the
supernatant, and the release amount of BTZ in the supernatant
was determined. Finally, the concentration of quercetin in the
supernatant was determined by a UV spectrophotometer, on
which the in vitro release profile was drawn.

Myocardial Cell Models of H/R

A total of 15-20 Sprague-Dawley (SD) neonatal rats (1-4
days old) were enrolled and sterilized, and their hearts
were separated, cut into pieces, trypsinized, filtered by
a screen mesh, and then centrifuged to obtain primary
myocardial cells. The myocardial cells were assigned to
a control group, IR group, quercetin (Q) group, Q-MSNs
group, and MSNs group. Cells in the control group were
not treated with H/R, but incubated at 5% CO, and 37°C.
When cells in the IR group grew close to the condition of
confluence during incubation at 5% CO, and 37 °C, they
were incubated with simulated hypoxia solution saturated
with gas mixture containing 95% N, and 5% CO, in
advance in a device (37 °C) which kept the balance of
95% N, and 5% CO, for 3 h for hypoxia, followed by
incubation with simulated reperfusion solution at 95% O,,
5% CO, and 37 °C for 2 h for reoxygenation. Cells in the
Q group were treated with quercetin (10 uM, 20 uM, and
40 uM) for 24 h in advance, and then treated with mea-
sures to cause H/R injury. Cells in the Q-MSNs group
were treated with the same concentration of loaded quer-
cetin and the same method used for the Q group. The
research was carried out based on the proposals in the
Guidelines for the Care and Use of Laboratory Animals
of the National Institutes of Health. The animal study was
reviewed and approved by Cangzhou Central Hospital.

Rat Models of Myocardial Ischemia

Reperfusion

Collected healthy SD male rats (Weight: 250-300 mg; age:
8-10 weeks) were fasted for 12 h before the animal experi-
ment, and then anesthetized with pentobarbital sodium through
intraperitoneal injection. Subsequently, each rat was fixed on
an experimental board in a supine position, and then treated to

make skin preparation on the neck and chest part. Afterwards,
the rat was disinfected with iodophor, and draped with an
aseptic hole-towel, and needle-shaped electrocardiogram
(ECQ) electrodes were inserted under the skin of rat’s limbs,
which were connected with the electrocardiograph to monitor
and record the ECG changes. The skin of the rat’s neck was cut
open with sterile scissors to fully expose the trachea, and then
the rat was given tracheal intubation with an indwelling needle,
and connected with a rodent ventilator to assist the breathing of
the rat through artificial ventilation at pressure of 3 kPa and
frequency of 70 times/min. Then, the right common carotid
artery of the rat was bluntly dissected, and the distal end was
ligated. The proximal common carotid artery was clamped
with a micro-arterial clamp, and a V-shaped incision was cut.
A polyethylene catheter filled with 1% heparin solution was
inserted into the right common carotid artery incision and sent
to the left ventricle. The catheter was fixed, connected with
a pressure transducer and a multi-channel physiological signal
analytical system to record related indexes of the cardiac
function. Thorax was opened at the fifth intercostal space
beside the left sternum, and the pericardium was separated to
fully expose the heart. The left coronary artery is located
between the left atrial appendage and pulmonary artery, so
a curved needle was used for threading at a site 1-2 mm
below the left atrial appendage and upper 1/3 of the left anterior
descending coronary artery (note that the threading depth and
width should not exceed 1 mm and 3 mm, respectively). The
left anterior descending coronary artery was ligated with
a slipknot. The operation was successful if the color of the
anterior wall at the distal end of ligation turned purple and ECG
monitoring showed that the ST segment of ECG leads L, IT and
AVL was raised by 0.2 m. Ventilation and indoor air were kept
with the rodent ventilator, and the rats’ temperature was kept
steady by a heating pad.

The rats were randomly divided into a sham operation
control group, an ischemia-reperfusion (IR) group, IR+Q (40
umol/L) group, IR+Q-MSNs (40 umol/L) group, and MSNs
group (each n = 10). Rats in the sham operation control group
were not treated with ischemia reperfusion, but given normal
perfusion at the same time. Rats in the sham operation control
group, IR group, and MSNs group were given normal saline
for 10 days before ischemia reperfusion, and rats in the IR+Q
group and IR+Q-MSNs group were given drugs by gavage for
10 days before ischemia reperfusion. The rats were injected
intravenously with 5 mg/kg Q-MSNs or MSNs. Rats were
euthanized according to humanitarianism after ischemia-
reperfusion for 4 h, and myocardial tissues and blood were
sampled. The humane endpoint of animal experiment was that
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rats quickly lost 15-20% of their original weight or lost their
appetite, remained weak after anesthesia recovery, or had
persistent self-harm behavior or severe organ system failure,
and the experimental end point was that the rates were given
humanitarian euthanasia after their cardiac dynamics and LDH
activity were determined.

Determination of Apoptosis, Oxidative
Stress, and Cell Viability

Cell apoptosis was determined using annexin V/PI staining and
Tunel staining, and cell viability was detected using an MTT
assay. The annexin V/PI apoptosis detection kit was purchased
from BD Biosciences, CellQuest software (BD Biosciences)
for apoptosis rate analysis. The MTT kit was purchased from
Abcam Company, and the optical density was detected at the
peak of 570 nm. In addition, the level of reactive oxygen
species (ROS) in cells was determined by staining with a 2',7'-
dichlorodihydrofiuorescein diacetate (DCFH-DA) probe. The
final concentration of DCFH-DA was 25 uM, and the incuba-
tion time was 30 min. Fluorescence was detected by
a FLUOstarOPTIMA microplate reader with excitation wave-
length of 488 nm and an emission wavelength of 525 nm.

Western Blotting

Myocardial tissues or primary myocardial tissues were pre-
pared into homogenate, and the expression of JAK signaling
pathway (JAK2 and STAT3) and apoptosis-related proteins
(Caspase-3, Bax, Bim, Bid, and Bcl-2) were determined by
a Western blotting assay. The above protein antibodies were all
purchased from the Abcam Company.

Myocardial Infarction and Ventricular

Remodeling

The myocardial infarction of myocardial cells was measured
by the Evans Blue method. Myocardial ischemia area was
recorded as area at risk (AAR)/left ventricle (LV) and myocar-
dial infarction size was recorded as an area of necrosis (AN)/
AAR. Myocardial tissues of the rats were stained using the
hematoxylin-eosin (HE) staining and masson’s trichrome
staining.

Physiological and Biochemical Indicators

The left ventricular diastolic pressure (LVDP), left ventri-
cular end diastolic pressure (LVEDP), and the maximum
rising and falling rates of left ventricular internal pressure
(xdp/dtmax) were determined using a pressure transducer,
and the activity of lactate dehydrogenase (LDH) in

coronary effluent was determined using a kit (Nanjing
Jiancheng Bioengineering Institute). In addition, the levels
of superoxide dismutase (SOD), human catalase (CAT),
glutathione peroxidase (GPX), and glutathione reductase
(GR) were determined using an automatic biochemical
analyzer. The activities of Ca2+-ATPase and sodium (Na)-
kalium (K) pump in sarcoplasmic reticulum of myocar-
dium were measured by an enzyme coupling assay.

Statistical Analyses

In this study, measurement data were expressed as the
mean =+ standard deviation, and compared between groups
using the one-way ANOVA. Post hoc pairwise comparison
was carried out using Dunnett’s multiple comparisons test,
and 95% was adopted as the confidence interval. P<0.05
indicates a significant difference. The experiment was
repeated three times.

Results

Physicochemical Characteristics and Drug
Release Kinetics of Q-MSNs

The maximum loading capacity and loading efficiency of
Q-MSNs were (8.11+0.21)% and (89.47+1.28)%, respec-
tively. Figure 1 shows the physicochemical characteristics
and drug release kinetics of Q-MSNs. Figure 1A and
B show the potential characterization and particle size
characterization obtained using the damped-least-squares
(DLS) method. The particle size of Q-MSNs was about
100-150 nm. Figure 1C showed the drug release kinetics
of each group of Q-MSNs in vitro. The release effect of
40Q-MSNs was better. Figure 1D shows the effect of
quercetin on the cell state of myocardial cells during H/R
injury. Figure 1E shows the electron micrograph of
Q-MSNs. There was inhibition on cell death in both
Q group and Q-MSNs group. At the same concentration,
Q-MSNs had a better effect, and among different concen-
trations of Q-MSNs, 40Q-MSNs had better effect.

Effect of Q-MSNs on Apoptosis and
Oxidative Stress of H/R Myocardial Cells

This study constructed ischemia-reperfusion models by
inducing myocardial cells through H/R, and adopted annexin
V/PI staining and Tunel staining to detect cell apoptosis in
each group, Western blotting to detect apoptosis-related
proteins in cells, and staining method with DCFH-DA
probe to determine the level of ROC. Figure 2A and
B show that there was inhibition on cell apoptosis in both
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Figure | Physicochemical characterization and drug release kinetics of Q-MSNs. (A) Potential characterization of Q-MSNs. (B) Particle size characterization of Q-MSNss.
The particle size was about 100-150 nm. (C) Drug release kinetics in vitro. (D) Effect of quercetin on the cell state of myocardial cells during hypoxia/reoxygenation injury.
(E) Q-MSNis electron micrograph, with a scale of 100 nm. There was inhibition on cell death in both Q group and Q-MSNs group. At the same concentration, Q-MSNs had
a better effect, and among different concentrations of Q-MSNs, 40Q-MSNs had a better effect.

Notes: Primary myocardial cells were sampled from SD neonatal rats at 8-15 days old, and were treated with quercetin or quercetin loaded mesoporous silica nanoparticles
after hypoxia/reoxygenation treatment. Each experiment was repeated 3 times. Compared with the IR group, *p<0.05, *¥p<0.01, ***p<0.001.

Abbreviations: MSNs, mesoporous silica nanoparticles; Q-MSNs, quercetin-loaded mesoporous silica nanoparticles; Q group, quercetin group; 10Q, 10 umol/L quercetin;

20Q, 20 pmol/L quercetin; 40Q, 40 umol/L quercetin; IR, ischemia reperfusion.

the Q group and Q-MSNs group. At the same concentration,
the inhibitory effect in the 40Q-MSNs group was better, and
silica nanoparticles alone had no effect on apoptosis. Figure
2C show that there was regulation on apoptosis-related
proteins in cells in both the Q group and Q-MSNs group,
and at the same concentration, the regulation effect in the
40Q-MSNs group was better. Figure 2D shows that there
was inhibition on the production of ROS in cells in both
Q group and Q-MSNSs group, and at the same concentration,
the inhibitory effect in the 40Q-MSNs group was better.

Effect of Q-MSNs on JAK Pathway in H/R

Myocardial Cells

JAK pathway included JAK2 and STAT3 proteins. The
expression and phosphorylation levels of the two proteins
were detected. Figure 3 shows that both quercetin and
Q-MSNs exerted no effect on the total protein expression
of JAK2 and STAT3, but could promote the phosphoryla-
tion of them, and at the same concentration, the promotion
effect of 40Q-MSNs was better. These results suggest that
Q-MSNs may regulate H/R myocardial cells through the
JAK pathway.

Effect of Q-MSNs on Myocardial Tissues

of Ischemia-Reperfusion Rats

Figure 4 shows the effect of Q-MSNs on myocardial tissues
of ischemia-reperfusion rats. Figure 4A shows the cell apop-
tosis in myocardial tissues of rats determined by TUNEL
staining. Figure 4B-D shows the myocardial infarction
determined by the Evans Blue staining. Both quercetin and
Q-MSNs exerted no effect on myocardial ischemia area, but
could reduce the myocardial infarction area, and at the same
concentration, 40Q-MSNs had a better inhibitory effect.
AAR: area at risk; AN: area of necrosis: LV: left ventricle;
AAR/LV: myocardial ischemia area; AN/AAR: myocardial
infarction area. Figure 4E-G shows myocardial tissues of
the rats stained using the hematoxylin-eosin (HE) staining
and masson’s trichrome staining, and determined FS and ES.
40Q-MSNs reduced myocardial remodeling and improved
myocardial function after reperfusion.

Effect of Q-MSNs on Related Myocardial

Proteins in Ischemia-Reperfusion Rats
Figure 5 shows the effect of Q-MSNs on myocardial
proteins in ischemia-reperfusion rats. It was found that
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MSNs group was better. (D) Reactive oxygen species (ROS) in each group. There was inhibition on the production of ROS in cells in both Q group and Q-MSNs group, and
at the same concentration, the inhibitory effect in the 40Q-MSNs group was better.

Notes: Primary myocardial cells were sampled from SD neonatal rats at 8-15 days old, and their apoptosis and ROS level were determined after hypoxia/reoxygenation
treatment. Each experiment was repeated 3 times. Compared with the IR group, *p<0.05, **p<0.01, **p<0.001.

Abbreviations: MSNs, mesoporous silica nanoparticles without quercetin; 40Q-MSNs, 40 umol/L quercetin-loaded mesoporous silica nanoparticles; 40Q, 40 pmol/L
quercetin; IR, ischemia reperfusion.

both quercetin and Q-MSNs regulated apoptosis-related  changes of myocardial relaxation after ischemia-
protein, and exerted no influence on the total protein reperfusion. It was found that 40Q-MSNs had the stron-
expression of JAK2 and STAT3, but could promote the gest effect on improving the above indexes.
phosphorylation of them, and at the same concentration,

40Q-MSNs had better regulation effect. Discussion

MIRI gives rise to obvious myocardial apoptosis and harm-
Effect of Q-MSNS on Biochemical Indexes  ful oxidative stress reaction, which seriously damages the

of Ischemia-Reperfusion Rats normal function of the cardiovascular system and slows
Figure 6 shows the effect of Q-MSNs on cardiac hemody-  down the recovery of cardiac function of patients with
namics, biochemical indexes, Ca2+-ATPase and Na-K cardiovascular diseases. Therefore, it is urgent to under-
pump in ischemia-reperfusion rats. Ca2+-ATPase and stand the molecular mechanism of MIRI and develop
Na-K pump are important ATPases that regulate myocar-  appropriate interventions or treatment strategies. Previous
dial contraction and relaxation. Understanding the activ-  studies have confirmed that nanoparticles are helpful to

37,38

ities of these two ATPases is helpful to understand the promote myocardial tissue repair, so nanoparticle
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Figure 3 Effect of Q-MSNs on the JAK pathway in hypoxia/reoxygenation myocardial cells. (A) Protein bands in Western blotting. (B—E) Effect of Q-MSNs on JAK pathway
proteins (JAK2 and STAT3) in H/R myocardial cells. Both quercetin and Q-MSNs exerted no effect on the total protein expression of JAK2 and STAT3, but can promote the
phosphorylation of them, and at the same concentration, the promotion effect of 40Q-MSNs was better.

Notes: Primary myocardial cells were sampled from SD neonatal rats at 8-15 days old, and their protein level was determined using Western blot after hypoxia/
reoxygenation treatment. Each experiment was repeated 3 times. Compared with the IR group, *p<0.05, *¥p<0.01.

Abbreviations: JAK2, janus kinase 2; STAT3, signal transducer and activator of transcription 3; p-STAT3, phosphorylation of signal transducer and activator of transcription
3; MSNs, mesoporous silica nanoparticles without quercetin; 40Q-MSNs, 40 umol/L quercetin-loaded mesoporous silica nanoparticles; 40Q, 40 umol/L quercetin; IR,

ischemia reperfusion.
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DAPI|

Figure 4 Effect of Q-MSNs on myocardial tissues of ischemia-reperfusion rats. (A) Cell apoptosis in myocardial tissues of rats determined by TdT-mediated dUTP nick
labeling staining. (B—D), Myocardial infarction determined by the Evans Blue staining. Both quercetin and Q-MSNs exerted no effect on myocardial ischemia area,but can
reduce the myocardial infarction area, and at the same concentration, 40Q-MSNs had better inhibitory effect. (E-G) Myocardial tissues of the rats stained using the
hematoxylin-eosin staining and masson’s trichrome staining, and determined FS and ES. 40Q-MSNs reduced myocardial remodeling and improved myocardial function after
reperfusion.

Notes: There were 10 rats in each group. Compared with the IR group, *p<0.05, *¥p<0.01, ***p<0.001.

Abbreviations: AAR, area at risk; AN, area of necrosis; LV, left ventricle; AAR/LY, myocardial ischemia area; AN/AAR, myocardial infarction area; MSNs, mesoporous silica
nanoparticles without quercetin; 40Q-MSNs, 40 umol/L quercetin-loaded mesoporous silica nanoparticles; 40Q, 40 pmol/L quercetin; IR, ischemia reperfusion.
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therapy in MIRI has captured more and more attention.  regulation on apoptosis and oxidative stress of downstream

During the development and progression of MIRI, many

signal pathways change their activities to initiate their

myocardial cells.'®***' Therefore, MIRI can be better trea-

ted by finding crucial drugs that can be adopted to regulate
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Figure 5 Effect of Q-MSNs on myocardial proteins in ischemia-reperfusion rats. (A) Effect of Q-MSNs on apoptosis-related proteins in myocardial tissues of ischemia-reperfusion rats.
Both quercetin and Q-MSNis regulated apoptosis-related proteins, and at the same concentration, 40Q-MSNs had better regulation effect. (B) Effect of Q-MSNs on the JAK pathway in
myocardial tissues of ischemia-reperfusion rats. Both quercetin and Q-MSNs exerted no effect on the total protein expression of JAK2 and STAT3, but can promote the phosphorylation
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of them, and at the same concentration, 40Q-MSNs had a better promotion effect. There were 10 rats in each group.
Notes: Compared with the IR group, ¥p<0.05, **p<0.01, **p<0.001.

Abbreviations: JAK2, janus kinase 2; STAT3, signal transducer and activator of transcription 3; p-STAT3, phosphorylation of signal transducer and activator of transcription 3; MSNs,
mesoporous silica nanoparticles without quercetin; 40Q-MSNs, 40 umol/L quercetin-loaded mesoporous silica nanoparticles; 40Q, 40 umol/L quercetin; IR, ischemia reperfusion.
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Figure 6 Effect of Q-MSNs on cardiac hemodynamics, biochemical indexes, Ca2+-ATPase and Na-K pump in ischemia-reperfusion rats. (A-E) Effect of Q-MSNs on
biochemical indexes including LDH, SOD, CAT, GPX, and GR in ischemia-reperfusion rats. Compared with the IR group, SOD, CAT, GPX and GR in the 40Q-MSNs group
and 40Q group increased, while LDH in them decreased. (F and G) Effect of Q-MSNs on the activities of Ca2+-ATPase and Na-K pump in the myocardium of ischemia-
reperfusion rats. Compared with the IR group, the activities of Ca2+-ATPase and NA+-K+-ATPase in the 40Q-MSNs group and the 40Q group increased. (H-K) Effect of
Q-MSNs on cardiac hemodynamics in ischemia-reperfusion rats. Compared with the IR group, LVEDP, +dp/dtmax, and -dp/dtmin in the 40Q-MSNs group and the 40Q group
decreased. There were |0 rats in each group. MSNs, mesoporous silica nanoparticles without quercetin.

Notes: Compared with the IR group, ¥p<0.05, **p<0.01, and ***p<0.001.

Abbreviations: 40Q-MSNs, 40 pmol/L quercetin-loaded mesoporous silica nanoparticles; 40Q, 40 pumol/L quercetin; IR, ischemia reperfusion; LVDP, left ventricular
diastolic pressure; LVEDP, left ventricular end diastolic pressure; +dp/dtmax, the maximum rising rates of left ventricular internal pressure; -dp/dtmax, the maximum falling
rates of left ventricular internal pressure; LDH, the activity of lactate dehydrogenase; SOD, superoxide dismutase; CAT, human catalase; GPX, glutathione peroxidase; GR,

glutathione reductase.

a certain signaling pathway. The JAK2/STAT3 pathway is
an essential part in the development of MIRI. Increasing its
activity can strongly inhibit myocardial apoptosis and oxi-
dative damage, and thus promote cardiac protection.*** In
this study, we constructed ischemia-reperfusion male rats
and H/R myocardial cells, and treated the cells and rats with
Q-MSNSs to study the improvement of MSNs on the deliv-
ery of quercetin and the regulation mechanism of quercetin
and JAK2/STAT3 pathway on MIRI.

According to Figure 1, quercetin released slower when
being loaded on MSNs, which would help quercetin play

a more effective role in organisms. In addition, 40 mol/L
quercetin loaded on nanoparticles demonstrated the stron-
gest effect on improving the cell activity in MIRL
Therefore, this study would explore the effect of 40
umol/L quercetin loaded on nanoparticles on MIRI.
Apoptosis and oxidative stress are typical cell pheno-
types of MIRI. According to Figure 2, MIRI could give
rise to obvious apoptosis and oxidative stress in myocar-
dial cells, up-regulated apoptosis-related proteins includ-
ing Bax, Bim, Bid, and Caspase 3, and down-regulate
d Bcl-2. Both direct treatment with quercetin and
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treatment with quercetin loaded on nanoparticles could
alleviate the above damage, and the latter had a better
effect.
inflammatory and anti-apoptosis effects, its low water

Although quercetin has considerable anti-

solubility limits its absorption and release in
organisms.*® According to the results of this study, the
porous structure of MSNs was used to load quercetin,
which effectively promoted the absorption and release
of quercetin in myocardial cells and significantly
improved the therapeutic effect of qquercetin. These
results indicate that Q-MSNs can effectively enhance
the inhibitory effect of quercetin on apoptosis of myocar-
dial cells and oxidative stress. Some studies have
revealed that quercetin affects melanoma and glioma by
regulating JAK2/STAT3 pathway,’'=*? but the roles of
quercetin and JAK2/STAT3 pathway in MIRI are still
under investigation. Therefore, we carried out a Western
blotting assay to determine the effect of quercetin on
JAK2/STAT3 pathway in MIRI. According to Figure 3,
both direct treatment with quercetin and treatment with
quercetin loaded on nanoparticles could significantly
improve the phosphorylation of JAK2 and STAT3, and
the later had a better effect, which implies that quercetin
loaded on nanoparticles can effectively improve the acti-
vation effect of quercetin on JAK2/STAT3 pathway.
JAK2/STAT3 pathway is a signal pathway involving bio-
logical functions such as cell cycle, apoptosis, prolifera-
tion, and differentiation, etc. Absorption of quercetin
results in changes in intracellular JAK2 level, thus reg-
ulating downstream STAT3 phosphorylation level and
finally causing corresponding changes in the above
functions.*”*® In addition, JAK2/STAT3 pathway is
involved in regulating apoptosis and oxidative stress in
MIRI, so quercetin can inhibit apoptosis and oxidative
stress by activating JAK2/STAT3 pathway in H/R myo-
cardial cells, and quercetin loaded on MSNs can effec-
tively improve the myocardial protection of quercetin.

Although Q-MSNs have an amazing protective effect
on H/R myocardial cells, whether it has a similar effect in
MIRI rats is still unclear. In order to answer the question,
we studied the effect of Q-MSNs on MIRI rats. According
to Figures 4-6, Q-MSNs could significantly reduce myo-
cardial infarction area and improve ventricular remodeling
and biochemical indexes of cardiac function in MIRI rats
by activating JAK2/STAT3 pathway.

The above results indicate that quercetin can improve the
apoptosis degree and oxidative stress level of H/R myocar-

dial cells by regulating the JAK2/STAT3 pathway, and

quercetin loaded on nanoparticles can effectively improve
the utilization of quercetin by cells. It is worth mentioning
that 40 mol/L quercetin loaded on nanoparticles performed
best in therapeutic effect. These results suggest that
Q-MSNs have a therapeutic value for MIRI in vivo or
in vitro. The JAK2/STAT3 pathway is not an independent
signal pathway, and there are many regulatory factors in its
upstream. Does quercetin regulate JAK2/STAT3 pathway
via a certain medium? Quercetin can play a better role
when its loading amount is 40 mol/L, but is 40 mol/L the
best dose? These questions are worth discussing in future
research. MSNs are ideal drug carriers because of their large
surface area and adjustable pore size. However, this study
has not studied the removal of MSNs. Therefore, we hope to
carry out relevant experiments and discussions on the
removal of MSNs in vivo in future research.

To sum up, we have verified that Q-MSNs can
improve the bioavailability and therapeutic effect of
quercetin, and quercetin can inhibit myocardial apopto-
sis and oxidative stress by activating the JAK2/STAT3
pathway in MIRI, reduce myocardial infarction area,
improve ventricular remodeling and biochemical indexes
of cardiac function, and promote the recovery of cardiac
blood flow.
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