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Abstract

Background: Currently, no drugs can specifically improve clinical cardiac
ischemia-reperfusion injury or the prognosis of hemodialysis. Salvianolic acid B (SalB) is a
widely used cardiac protectant; however, its clinical application is limited by its low oral
bioavailability and poor intestinal absorption. The exploration of its preparation and clinical
applications has become a research hotspot in recent years. Methods: To determine whether
mesoporous silica nanoparticles (MSNs) efficiently delivered SalB to the heart and
SalB@MSNs-RhB reduced myocardial ischemia-reperfusion injury, we constructed a
myocardial ischemia-reperfusion male rat model, hypoxia/reoxygenation cardiomyocytes,
and treated them with SalB@MSNs-RhB. Results: SalB@MSNs-RhB showed improved
bioavailability, therapeutic effect, heightened JAK2/STAT3-dependent pro-survival
signaling, and antioxidant responses, thereby protecting cardiomyocytes from
ischemia-reperfusion injury-induced oxidative stress and apoptosis. Conclusion: This use of
SalB-loaded nanoparticles and investigation of their mechanism of action may provide a
new strategy for treating cardiomyocytes. Thus, hypoxia/reoxygenation promotes the
clinical application of SalB.

Keywords: salvianolic acid B; myocardial ischemia-reperfusion injury; mesoporous silica;
nanoparticles
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Highlights
1. The use of salvianolic acid B (SalB)-loaded nanoparticles and
the exploration of the mechanism of action may provide a new
strategy for the treatment of cardiomyocyte
hypoxia/reoxygenation.
2. SalB and SalB@mesoporous silica nanoparticles-rhodamine B
have defensive effects on cardiacfunction in rats with myocardial
ischemia-reperfusion injury and their mechanisms of action may
be bassociated with the reduction of oxidative stress and
inhibition of cellular regulation.
3. SalB@mesoporous silica nanoparticles-rhodamine B can
improve the bioavailability and therapeutic effects of SalB,
heighten JAK2/STAT3-dependent pro-survival signaling and
antioxidant responses.

Background

Heart is the key organ of the cardiovascular system, that ensures blood
flow in the blood vessels such that body tissues receive sufficient
nutrients, oxygen, and other components. Myocardial ischemia is a
common disease caused by an imbalance between the provisioning
and demand of arterial circulation and myocardial cells, with a
complex pathogenesis and high mortality, affecting the quality of life
in patients [1]. Treatment methods for coronary artery stenosis or
blockage, such as urokinase thrombolytic and percutaneous coronary
intervention are used to remove it and restore myocardial blood
supply [2]. Myocardial cell reperfusion after a period of ischemia
results in varying degrees of myocardial tissue damage, known as
myocardial ischemia/reperfusion injury [3-5]. In recent years, the
alleviation of myocardial ischemia-reperfusion (I/R) injury has
become a crucial challenge to be addressed. In Western medicine,
drugs are typically synthesized chemically or from natural products,
involving organic and inorganic chemistry and biology. Western
medicine plays a very important role in the treatment of diseases.
However, application of western medicine resulted in various side
effects, including gastrointestinal reactions and liver, kidney, and
vision damage. These drugs have serious impacts on patients, their
recovery, and medical expenses [6]. While Western medicine shows
sufficient curative effect in treating myocardial ischemia, its use is
limited by the side effects caused, creating a dilemma regarding its use
among patients and doctors. Many traditional Chinese medicine
prescriptions actively prevent and treat myocardial I/R injury.

The Salviae Miltiorrhizae Radix et Rhizoma (Danshen) is the most
abundant source of salvianolic acid. It has been widely used to treat
cardiovascular diseases [7]. Salvianolic acid B (SalB) is the key active
compound in the pharmacology of salvianolic acid providing
significant cardiovascular protection [7, 8]. SalB is the main effective
water-soluble component of the salvianolic base, inhibiting blood
platelet aggregation and thrombosis [9]. SalB exhibits biological
activities such as anti-lipid peroxidation, anti-liver fibrosis,
anti-atherosclerosis, free radical scavenging, calcium antagonism, and
improvement of memory dysfunction [10-12]. It also exhibits
cardio-protective effects in experimental animals with myocardial cell
injury by promoting angiogenesis [13].

Although SalB is a widely used cardioprotective agent, its clinical
application is limited due to its low oral bioavailability and poor
intestinal absorption [14].

Nanocarriers can significantly improve the bioavailability and
pharmacokinetics of compounds, thereby improving the treatment
efficacy of SalB [15-17]. Compared to traditional drugs, the size,
shape and material properties of nanomedicine, effectively improves
their therapeutic effect and reduces side effects by enhancing
pharmacokinetic and pharmacodynamic properties [18]. In this
context, mesoporous silica particles have properties that improve drug
dissolution, including high surface area, large pore volume, and
long-range ordered pore structures [19]. Mesoporous silica
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nanoparticle (MSN) are promising drug carriers, with various types of
small or large molecule drugs, such as ibuprofen, aspirin,
biotin-antibiotin protein, and alendronic acid sodium, being loaded
into it for application[20]. MSN have a large surface area, a high
drug-loading  capacity, improved thermal stability and
biocompatibility than other materials. Since silica does not
accumulate in the body, it degrades, and its degradation products are
excreted through the kidneys [21-23]. MSN can be loaded with many
drug molecules with high-quality slow-release properties, Therefore,
MSN were used in our experiments.

A is associated with rhodamine B (RhB) [24]. This fluorescent dye,

created by M. Cérésole in 1888 under the name tetraethyl rhodamine,
has been widely used in biology and biotechnology for more than a
century [25]. MSN-RhB was synthesized using RhB in this study.
In this study, mesoporous silica materials were prepared for loading
SalB, to improve its stability and bioavailability. We constructed rat
ischemia reperfusion and rat cardiomyocyte hypoxia/reoxygenation
(H/R) models to explore the underlying molecular mechanisms of
ischemic reperfusion.

The use of SalB-loaded nanoparticles and investigating their
mechanism of action may provide a new strategy for treating of
cardiomyocyte H/R, thereby promoting the clinical application of
SalB.

Materials and methods

Materials

We purchased butanol, acetic acid, and hydrochloric acid from Anedra
Co., Ltd. (Buenos Aires, Argentina), and SalB from Macklin (98.52%
purity). Results Pluronic P123 was obtained from Sigma-Aldrich
Trading Co., Ltd. (Shanghai, China), tetraethyl orthosilicate (MW =
208.33), RhB (MW = 479.01) and 3-aminopropyl-triethoxysilane
were purchased from Meryer (Shenzhen, China). Spectral grade
potassium bromide was purchased from Merck (Darmstadt, Germany).
The reagents are analytical grade and are used exactly as they are
received from the supplier.

Synthesis and characterization of
nanoparticles-rhodamine B (MSNs-RhB)
P123 was dissolved in 40 °C hydrochloric acid. Synthetic silane
coupling agents of TEOS and RhB (RhB-aminopropyl-triethoxysilane)
were added to the mixed solution at a 10,000 to 1 molar ratio and
stirred strongly for 24 hours under photoseal conditions. The red
synthetic material was collected by centrifugation. The synthesized
material was extracted several times with 150 mL mixture of ethanol
and 2 mL 36-38% hydrochloric acid to completely remove the
surfactant. The final product MSNs-RhB was vacuum dried overnight
at 80 °C and then stored in cool, dry and photosealed conditions.

The N, adsorption-desorption isotherms were determined by
brunauer-Emmet-Teller multi-point method and an analysis of the
materials' specific surface area was conducted. An Autosorb iQ Gas
adsorption analyzer (Quantachrome Instruments) was used to perform
the analysis. A seven-hour degassing and drying procedure was
performed before analysis of MSNs-RhB. The pore size distribution
was acquired using Barrett-Joyner-Halenda model. Parameters were
measured by dynamic light scattering (Malvern Zetasizer Nano-ZS) to
value MSNs-RhB particle size, polydispersion index and Zeta potential.

mesoporous  silica

Synthesis and characterization of SalB@MSNs-RhB

First, MSNS-RhB was dried in a vacuum at 100 °C for 24 hours, then
continuing to be hold on in vacuum at 25 °C for 3 hours. Then 5 mg
SalB was then completely dissolved in 10 mL anhydrous ethanol and
refrigerated at —20 °C for 30 min. The ethanol solution of SalB (2-3
drops) is added drop by drop to the dried MSN-RhB until completely
soaked. The soaked SalB@MSNs-RhB is then slowly vacuumized at
room temperature for half-hour. Repeat the mark-vacuum procedure
until 10 mL of SalB ethanol solution is used up. Finally, the prepared
SalB@MSNs-RhB was sealed in an exceedingly brown bottle and hold
on at —20 °C.
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With dynamic light scattering, we measured SalB@MSNs-RhB’s zeta
potential and particle size related parameters. The morphology of
SalB@MSNs-RhB was observed under accelerated voltage By scanning
electron microscopy (LEO1530VP, Carl Zeiss AG CO., Ltd.,,
Oberkochen, Germany), as well as transmission electron microscopy
(JEM2100, JEOL (BELJING) CO., Ltd., Beijing, China).

Pure compound (SalB), material (MSNS-RhB) and SalB loaded
nanoparticles (SalB@MSNs-RhB) were characterized by Fourier
transform infrared spectroscopy (FT-IR) (Tensor 27, Bruker, Ettlingen,
Germany). The specimen was mixed with KBr to obtain I/R spectra
between 400 and 4000 cm™'(mean scan= 64, resolution = 4 cm™).

In vitro drug release of SalB@MSNs-RhB and in vivo
biodistribution

In vitro release assays were performed using dialysis in
phosphate-buffered saline (PBS, pH 7.4) at 37 °C. The sealed dialysis
bags were put into brown bottles and shaken on a constant
temperature shaker under dark conditions. After being shaken well,
the supernatant was collected by centrifugation for 0 h, 2h, 5 h, 10 h,
15h, 20 h, 30 h, 50 h, 70 h, 100 h and 120 h. The absorbance at 284
nm was measured by UV spectrophotometer, the concentration of SalB
in supernatant was calculated according to Lambert Beer's law, and
the release curve of SalB in vitro was plotted on it.

There were two groups of 12 Sprague Dawley rats each, randomLy
divided. After SalB and SalB@MSNs-RhB were administered
respectively, the abdominal aorta was collected at 0 min, 5 min, 10
min, 20 min, 40 min, 80 min, 100 min, 120 min, 180 min, 240 min,
300 min, and 360 min for bioavailability analysis.

Myocardial cell model of I/R

Cells from Chinese Academy of Science (Shanghai, China) were used
for this study and cultured in Dulbecco’s Modified Eagle’s Medium
high glucose medium (Sigma-Aldrich, Madison, WI, USA) + 10% FBS
(Sigma-Aldrich) + 1% double antibodies (Gibco, Grand Island, NY,
USA) as the medium, in the incubator (5% CO,) (MCO-5AC, Panasonic,
Kyoto, Japan) at 37 °C.

Four groups of myocardial cells were studied: control, H/R, SalB,
and SalB@MSNs-RhB. When H/R group cells grew close to fusion state
in the incubation process of 5% CO, and 37 °C, they were placed in a
hypoxia chamber containing 95% N, and 5% CO, mixture to simulate
the hypoxia environment. The hypoxic chamber was placed at 37 °C to
maintain 95% N, equilibrium and 5% CO, hypoxia for 3 h. Then, the
cells were transferred from anoxic chamber condition to normal cell
culture condition (95% O,, 5% CO,, 37 °C) to simulate reperfusion and
reoxygenation for 2 h. Control cells were cultured at 37°C with 5%
CO2 without H/R. SalB group and SalB@MSNs-RhB group were
treated with SalB and SalB@MSNs-RhB (10 puM, 20 uM, 40 uM and 80
uM) for 24 h, and then an h/R damage step was done.

Cell viability and apoptosis

1 x 10* cells/well cells were cultured in 96-well plates. After 24 hours,
cells were washed in PBS and treated with SalB@MSNs-RhB and SalB
at different concentrations (10-80 uM) for 24 h. Cellular activity was
detected with the cell counting kit-8. Afterwards, the viability of the
cells was evaluated using the cell counting kit-8, according to the
manufacturer's instructions. We added 10 uL of CCK8 solution to each
well, and the specimens were incubated for two hours at 37 °C before
measuring the I/R absorbance at 450 nm. Following that, the
absorbance was measured at 450 nm. At least six experiments were
conducted for each sample.

Apoptosis detection is performed using flow cytometry, using an
annexin V/PI apoptosis detection kit purchased from Dalian Meilun
Biological Co., Ltd. (Dalian, China). A combination of annexin V
(AV)-fluorescein isothiocyanate and propidium iodide (PI) was used to
differentiate apoptotic cells from living or dying cells. The cells were
washed double, and also the concentration was adjusted to 1 x 10°
cells /mL with a chilly buffer. Incubated at 25 °C, room temperature,
dark for fifteen minutes with 10 pL. AV-fluorescein isothiocyanate and
10 uL PI each. Incubation with the two reagents was carried out
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separately for 15 min under dark conditions and flow analysis was
performed with the binding buffer. Finally, 400 uL binding buffer was
added to every specimen without washing and flow cytometry was
used for analysis.

First, the cover glass was placed into the 24-well cell culture plate,
and then the cells were inoculated on the cover glass of the 24-well
cell culture plate for 24 hours. After the slides were completed, each
well was fixed with 500 uL paraformaldehyde at 4 °C for 30-40 min at
room temperature. After washing with PBS, cells were incubated with
10 pg/mL Hoechst at 37 °C for 7 minutes. After cultivation with
Hoechst 33342, the cells were incubated with PI (2.5 pg/mL). Leave
the culture plate in the dark for 15 minutes. Cells were washed with
PBS after cultivation and instantly observed under an inverted
fluorescence microscope (Nikon Co., Ltd., Shanghai, China).

Animal model and drug administration

Sprague-Dawley male rats (180-200 g, SCXK-2019-0010) were
provided by Beijing HFK Biotechnology Co., Ltd. (Beijing, China). The
rats got one week to regulate to the new setting before the
experiments. All rats were fed in rat cages, 5 rats per box, placed on
laminar flow racks to ensure a well-ventilated, noise-free animal room
with an ambient temperature of 22 °C = 1 °C, relative humidity of
50% = 10%, 12 hours of light/dark cycles (8 am—-8 pm), and free food
and water. Control, I/R and drug treatment groups were randomly
assigned. For the I/R model, rats were anesthetized using isoflurane
I/R anesthesia, an open thoracotomy was performed next to the left
sternum at the fifth intercostal space, and the pericardium was
completely exposed. Left coronary artery was inserted between left
atrial appendage and pulmonary artery. With 6-0 silk thread, the
anterior descendent branch of the left coronary artery was ligated.
After 1 hour, the sutures were detached for reperfusion. The specific
operation was shown in Figure 1. The operation is successful when the
color of the distal anterior wall of the ligation turns purple and the ST
segments of leads I, Il and a high and left lateral lead increase by 0.2
m as determined by the electrocardiogram monitoring.

In the experiment, four groups of rats were randomly divided. These
were the control group, the group receiving I/R, the SalB group, and
the SalB@MSNs-RhB group. I/R was not administered to control rats.

Normal saline was administered to rats in the I/R group for 10 days
prior to I/R, and SalB (80 umol/L) and SalB@MSNs-RhB (80 umol/L)
groups were given ingastric administration for 10 days before I/R. The
rats were injected intravenously with SalB or SalB@MSNs-RhB at a
dose of 5 mg/kg. The procedures were conducted in accordance with
“Guiding Principles for the Care and Use of Animals” and approved by
Tianjin Medical University’s Institutional Animal Care and Use
Committee (SYXK-2014-0002).

Echocardiographic assessment of left ventricular function
Anesthesia was administered to the rats with pentobarbital sodium
(0.2 mL/100 g) after modeling and left-ventricular (LV) function was
assessed using Vevo 2100 (VisualSonic, Toronto, Canada) ultra-high
resolution animal ultrasound imaging system. Evaluate the following
parameters as functional indicators: Systolic ventricular septum,
diastolic ventricular septum, left ventricular systolic diameter, left
ventricular diastolic diameter, ejection fraction, shortened fraction
and so on.

Histopathological and immunofluorescence analysis of the heart
At the end of the experiment, the heart was quickly detached and
fixed in 4% paraformaldehyde solution. The heart wax block was
prepared by conventional dewatering and wax rewaxing procedure
and cut into thin slices. Routine hematoxylin-eosin staining (HE)
staining technique was accustomed to observe the morphology of
cardiac fibrosis in every group under light microscope. The
immovable heart sections were measured with the terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay kit (Roche) in step with the manufacturer’s
N-dipropylacetate/Rections.  After staining the nuclei with
4’,6-diamidino-2-phenylindole, the TUNEL assay was performed.
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Figure 1 Schematic illustration of I/R model and treatment. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB, rhodamine B;

I/R, ischemia-reperfusion.

Apoptosis in rat myocardial tissue determined by TUNEL staining.

Biochemical analysis

Rats in each group had the I/R arterial blood collected and kept at
room temperature 30 minutes before undergoing the study. Serum
separation was done via spinning at 4,000 rpm for 10 min. It was
tested using a kit (Shanghai FANKEL Industrial Co., Ltd., (Shanghai,
China) for enzyme immunoassay to measure the content changes of
creatine kinase isoenzyme-MB, superoxide dismutase,
malondialdehyde, aspartate transaminase, alanine aminotransferase
and caspase-3 in the serum according to the manufacturing scheme.

Western blot analysis

By Western blotting, we examined the expression of proteins
belonging to the JAK signaling pathway (JAK2 and STAT3) and
related to apoptosis (caspase-3, Bax, and Bcl-2). The heart tissue (100
mg) was incubated in 1 mL RIPA buffer (1% sodium deoxycholate, 1%
Triton X-100, 0.1% SDS, 15 mM HEPES NaOH (pH 7.5), 10 mM EDTA,
0.15 mM NaCl, 1 mM sodium orthovanadate, and 0.5% protease
inhibitor mixture (Sigma Chemical Co., Ltd., Louis, MO, USA)) and
centrifuged at 12,000 rpm for 5 min at less than 4 °C. The protein (100
ug) sodium dodecyl sulfate polyacrylamide gel electrophoresis was
resolved on sodium dodecyl sulfate polyacrylamide gel electrophoresis
gel 15% and transferred onto a PVDF membrane (Millipore Co., Ltd.,
Shanghai, China) Cat#ISEQ00010). Each membrane was sealed with
5% skimmed milk powder in Tris buffered saline (TBS), and detected
with anti-beta actin polyclonal (1:4000, PTG 20536-1-AP), anti-Bcl2
antibody (1:1000, BosterBA0290), anti-Bax antibody (1:1000,
Boster/BM4624), anti-Caspase3 (1:1000, Boster A01517-2), anti-JAK2
antibody (1:200, Boster/BA3379), anti-STAT3 antibody (1:1000,
Boster/BA3379).

Following this, the second antibody conjugated with horseradish
peroxidase was incubated according to the manufacture’s instructions.
The blotted proteins were examined and quantified using an Odyssey
Infrared Imaging System (LI-COR, Lincoln, NE, USA). [B-Actin was
used as an internal control.

Statistical analysis

All data are in mean * Sprague Dawley format. An analysis of
variance was conducted using the one-way analysis of variance
method, followed by a Turkeys test for post-hoc analyses. This study
was statistically significant when P < 0.05 was considered. Statistical
computations were conducted with the software GraphPad Prism 9.
Statistical computations included *P < 0.05, **P < 0.01, ***P <

Results

Synthesis and characterization of MSNs-RhB
The synthesized loading material is shown in Figure 2A as a solid pink
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powder. The particle size distribution of freshly prepared MSNs-RhB is
shown in Figure 2B. The average particle size of MSNs-RhB was 123 +
3.28 nm, and its poly-dispersion index was 0.35, indicating that the
particle size distribution was narrow and unimodal. MSNs-RhB had a
classic type IV nitrogen adsorption-desorption isotherm at a relative
pressure of 0.4-0.8 (P/PO) (Figure 2C, 2D). The average pore size of
MSNs-RhB was 8.5 nm, indicating that MSNs-RhB had a uniform
mesoporous channel and a relatively narrow pore size distribution. In
addition, zeta potentials of MSNs-RhB and SalB were 26.9 = 5.8 mV
and —9.68 = 2.8 mV, respectively (Figure 2E, 2F). This indicated that
MSNs-RhB were positively charged to a large extent by the RhB groups
covalently grafted onto the mesoporous channel. This positive charge
of MSNs-RhB was expected to pull negatively charged SalB from the
polar media into the I/R mesoporous channels via electrostatic
attraction or hydrogen bonding. Due to this electrostatic attraction,
SalB molecules (ions) were expected to be released from the
constructed SalB@MSNs-RhB in a sustained manner.

Characterization of SalB@MSNs-RhB

The physical structural parameters of SalB@MSNs-RhB nanoparticles
and their I/R release behaviors in vitro and in vivo were
characterized. The prepared SalB@MSNs-RhB are shown in Figure 3A.
The damped-least-squares method was used to characterize the
particle size (Figure 3B). The SalB@MSNs-RhB had an average
diameter of 110 nm. The scanning electron microscopy and
transmission  electron  microscopy  results showed that
SalB@MSNs-RhB had a spherical shape, with uniform particle size of
approximately 110 nm and were highly dispersed (Figure 3C, 3D). The
in vitro drug release behavior of SalB and SalB@MSNs-RhB in each
group is shown in Figure 3E. A typical cumulative release curve was
generated to compare the two releases. The results showed that the
release duration exceeded 120 h for SalB@MSNs-RhB, , and there was
no evidence of an initial burst release. In contrast, SalB exhibited
stagnating release characteristics, releasing only 30-32% of SalB at its
endpoint.

To accurately determine whether SalB was successfully loaded onto
MSN-RhB, FT-IR was performed. The FT-IR spectrum revealed
common bands of pure SalB (Figure 3F). The peak at 3,369 cm™ was
caused by the stretching vibration of the -OH group in SalB, and the
peaks at 1,113 cm’, 1,369 cm’ were attributed to the stretching
vibration of the -C = O group. The chemical properties of the
MSN-RhB carriers were confirmed by FT-IR spectroscopy. The
absorption band near 3,739 cm™ exhibited a symmetric stretching
vibration pattern of the OH bonds associated with the silanol (Si-OH)
group. The peaks at 1,093 cm™ and 962 cm™ were caused by the
antisymmetric vibration of the non-bonded oxygen atom (Si-O) of
Si-OH and symmetric stretching vibration of the Si-O-Si group,
respectively. In MSNs-RhB, an internal vibration peak was observed
near 467 cm” between the Si and O-Si tetrahedrons. In addition, a
typical band associated with the stretching vibration of the Si-OH
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group appeared at 802 cm’. After loading, FT-IR spectrum showed
typical MSNs-RhB band (at 1,080 cm™), indicating that the material's
surface chemical properties remained unchanged. In addition, FT-IR
spectra revealed the presence of SalB in the mesoporous carriers. At
the same dose, the SalB concentration in the plasma of
SalB@MSNs-RhB-treated rats was consistently higher than that in the
SalB-treated group (Figures 3G). The area under the curve [AUC (0-t)]
of SalB@MSNs-RhB (2,612 pg/mLemin) was 2.42 times higher than
that of SalB (1,080 pg/mLemin). Thus, SalB@MSNs-RhB were more
effective in improving the bioavailability of SalB.
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Determination of cell activity and apoptosis

Figures 4A shows the effect of SalB@MSNs-RhB on the cellular status
of cardiomyocytes. H9C2 cell activity decreased significantly after
H/R injury. The addition of SalB@MSNs-RhB had no significant effect
on the normal myocardial cell status.

In this study, myocardial cells were induced by H/R to construct an
I/R model, and apoptosis was observed through Annexin V/PI staining
and Hoechst/PI double staining. Both SalB and SalB@MSNs-RhB
inhibited cell apoptosis (Figures 4B, 4C). In contrast, the inhibitory
effect of SalB@MSNs-RhB was stronger than that of SalB. As well as
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Figure 3 Physical structural parameters of SalB@MSNs-RhB nanoparticles and characterization of I/R in vitro release behavior. (A)
Appearance of SalB@MSNs-RhB. (B) Particle size characterization of SalB@MSNs-RhB. The particle size was about 110 nm. (C) SEM image of
SalB@MSNs-RhB, with a scale of 500 nm. (D) TEM image of SalB@MSNs-RhB, with a scale of 200 nm. (E) In vitro SalB release kinetics of
SalB@MSNs-RhB over 120 h. (F) FT-IR spectra of SalB@MSNs-RhB and MSNs-RhB. (G) SalB@MSNs-RhB nanoparticles and SalB concentrations in

plasma (n =
transmission electron microscopy.
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to those in the normal group after SalB@MSNs-RhB (Figures 4D, 4E).
Hoechst33342 uses krypton laser to excite ultraviolet light at
excitation and emission wavelengths of 352 nm and 400-500 nm,
respectively, producing blue fluorescence. PI uses an argon-ion laser
to generate fluorescence. The excitation wavelength was 488 nm, and
the emission wavelength was greater than 630 nm, producing red
fluorescence. The normal living cells were resistant to the dye and
exhibited reduced blue and red fluorescence. Apoptotic cells showed
changes in membrane permeability, mainly due to the ingestion of
Hoechst dye, showing strong blue fluorescence. Necrotic cells showed
strong red fluorescence from strong PI staining. The blue and red
fluorescence were strong in the model group (Figure 5), with the
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Cell viability %

number of apoptotic and necrotic cells increasing significantly (P <
0.05). Compared to the model group, blue and red fluorescence
decreased in the SalB and SalB@MSNs-RhB groups, which had
inhibitory effects on cell apoptosis and necrosis. Compared to the SalB
group, the SalB@MSNs-RhB group had a stronger inhibitory effect.

Echocardiography and HE staining

As shown in Figure 6, the non-invasive method of echocardiography
was used to assess cardiac function after I/R. In the model group, EF
and FS were significantly reduced than in the control group. Based on
this result, it was concluded that the cardiac function in the model
group was significantly impaired/red. This indicated that the I/R
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Figure 4 Cell viability, apoptosis and ROS. (A) Effects of SalB@MSNs-RhB, SalB and hypoxia/reoxygenation injury on the growth and viability of
normal H9C2 cardiomyocytes. (B) Determination of apoptosis of cells in each group using Annexin V/PI staining. (C) Quantification of apoptotic
cells in each group. (D) The levels of ROS in H9C2 cardiomyocytes in each group. (E) Quantification of the levels of ROS in H9C2 cardiomyocytes in
each group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB,

rhodamine B; ROS, reactive oxygen species.
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Figure 5 Detection of the nuclei of H9C2 cardiomyocytes in every group under a fluorescence microscope after staining with two days,
Hoechst 33342 and PI. PI, propidium iodide.
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Figure 6 Effects of administration on cardiac function in rats with H/R myocardial injury. (A) Representative echocardiograms from each
group. (B) LVEF. (C) LVFS. (D) Left ventricular internal dimension. (E) Interventricular septal thickness. (F) Micrograph depicting hematoxylin and
eosin stained heart tissue. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. SalB, salvianolic acid B; MSNs, mesoporous silica
nanoparticles; RhB, rhodamine B; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening.
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model was successfully constructed. After SalB@MSNs-RhB treatment,
the EF and FS levels increased by 27% and 20%, respectively. Thus,
SalB was less effective than SalB@MSNs-RhB.

Pathological changes in the LV of H/R rats were revealed by HE
staining. In the model group, LV cardiomyocytes were hypertrophic
and disordered. Myocardial cytoplasmic swelling and intercellular
widening were also observed. The SalB and SalB-MSN-RhB groups
exhibited fewer tissue lesions.

TUNEL immunofluorescence

Figure 7 shows apoptosis in rat myocardial tissue, as measured by
TUNEL staining. Compared with the control group, the number of
TUNEL positive cells was greater in the model group. Following

Control Model

DAPI

Tunel

S0pm

Merge

SalB@MSNs-RhB treatment, the number of TUNEL-positive cells
decreased. These results confirm that SalB@MSNs-RhB play an
anti-apoptotic role in H/R rats.

Serum biomarkers

To assess the cardioprotective effect of SalB@MSNs-RhB in H/R rats,
we measured serum biomarker levels. The H/R model group exhibited
markedly elevated serum aspartate transaminase, alanine
aminotransferase, malondialdehyde, creatine kinase isoenzyme-MB,
lactate dehydrogenase and caspase-3 levels (Figure 8). However,
pretreatment with SalB@MSNs-RhB significantly reduced these levels
and increased serum superoxide dismutase levels, indicating that
SalB@MSNs-RhB attenuated H/R-induced tissue injury in vivo.

SalB

SalB@MSNs-RhB

Figure 7 Tunel immunofluorescence staining of rat heart tissue with I/R injury after SalB@MSNs-RhB treatment. Apoptotic cells appeared a
bright green under the fluorescence microscope. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB, rhodamine B; I/R,

ischemia-reperfusion.
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Figure 8 Determination of biochemical indicators. The level of SOD was significantly higher in the SalB and SalB@MSNs-RhB rats than in the
model rats. (B) Effect of SalB and SalB@MSNs-RhB on serum CK-MB levels. (C) Effects of SalB and SalB@MSNs-RhB on serum levels of MDA. (D, E)
Effects of SalB and SalB@MSNs-RhB on serum levels of ALT and AST. (G) Effect of SalB and SalB@MSNs-RhB on serum levels of caspase-3. *P <
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB, rhodamine B; SOD,
superoxide dismutase; MDA, malondialdehyde; CK-MB, creatine kinase isoenzyme-MB; ALT, alanine aminotransferase; AST, aspartate

transaminase.
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Effect of SalB@MSNs-RhB on myocardial-associated proteins in advantages as carriers in drug delivery systems. First, MSNs have a
ischemia-reperfused rats large specific surface area, such that more drugs can be loaded on the
Western blotting was used to investigate the molecular mechanisms I/R surface or inside the nanopore channel, and they are non-toxic,
underlying the cardioprotective effects of SalB@MSNs-RhB. We biocompatible, and recyclable, making them appropriate for clinical
analyzed Bax, Bcl-2, and caspase-3 expression in cardiomyocytes using diagnostic and therapeutic applications [33, 34].
western blotting and investigated the cardiac JAK2/STAT3 signaling We developed an ischemia-reperfusion male rat model and H/R
pathway. In contrast to the control group, the model group’s Bax and cardiomyocytes to study myocardial I/R in this study [35, 36].
caspase-3 protein expression was significantly upregulated (P < SalB@MSNs-RhB were administered to cells and rats to study the
0.0001), and its Bcl-2 expression was substantially downregulated improvement of SalB delivery by MSNs and the regulatory mechanism
(Figure 9A, 9E). A significant reduction in caspase-3 and Bax levels of SalB@MSNs-RhB in affecting I/R on myocardial injury in rats. This,
and an increase in Bcl-2 levels were observed during combined with the analysis of in vitro drug release results, we
SalB@MSNs-RhB-induced apoptosis (Figure 9C, 9G and 9F). identified that the slower release of SalB loaded into MSNs-RhB
Additionally, the expression of JAK2 and STAT3 substantially contributed to enhanced effective action of SalB in the organism. In
increased after SalB@MSNs-RhB administration (Figure 9B, 9D). addition, according to the cellular activity assay results, 80 pmol of
These results confirmed that SalB@MSNs-RhB inhibited apoptosis by SalB-loaded nanoparticles showed the strongest effect on cellular
activating the JAK2/STAT3 signaling pathway. activity. Therefore, this study investigated the effect of 80 pmol
SalB@MSNs-RhB on I/R.
Discussion The Bcl-2 family is a vital regulator of endogenous mitochondrial
pathway of apoptosis [37, 38]. Bcl-2 and Bax are the main
The high clinical morbidity and mortality of acute myocardial constituents of the Bcl-2 family, the proteins involved in apoptosis and
infarction is a risk to human life and health. Hemodynamic important indicators of myocardial viability [39-41]. Bcl-2 is an
reconstitution therapy (such as, pharmacological thrombolysis, apoptosis-inhibiting protein. Bax is a pro-apoptotic protein. Caspase-3
intervention, and bypass) is the primary treatment for acute is the executor of apoptosis. Under normal conditions, caspase-3
infarction, effectively reducing patient mortality [26, 27]. However, occurs in the cytoplasm in the form of zymogen and is inactive, getting
hemodynamic reconstruction inevitably causes I/R injury, leading to activated in the early stages of apoptosis onset to cleave cytoplasmic
severe myocardial cell death, increased tissue damage, acute and and cytosolic substrates, and initiate apoptosis [42-45]. Results of the
chronic heart failure, and death. The pathogenesis of cardiac I/R present study showed that rat myocardial tissues expressed caspase-3,
injury is complex, and its source-initiating factors and underlying Bcl-2, and Bax proteins relative to each other within the model group
pathogenesis remain unclear [28, 29]. This limits the development of and beyond the control group (P < 0.05), confirming that all these
specific targeted therapeutic agents. Currently, no drugs specifically apoptotic proteins were abnormally expressed in H/R. After treatment
attenuate clinical cardiac I/R injury or the prognosis of hemodialysis. with SalB and SalB@MSNs-RhB, myocardial tissues showed increased
Salviae Miltiorrhizae Radix et Rhizoma, a herbal medicine extensively Bcl-2 levels and decreased caspase-3 and Bax levels, suggesting that
used in the treatment of CVD, contains a variety of chemical SalB and SalB@MSNs-RhB inhibited apoptosis by inhibiting caspase-3
complexes with a wide range of biological activities, and is a research and Bax and upregulating Bcl-2 to inhibit apoptosis. Although SalB
hotspot in Chinese medicine both within and outside the country [30]. has potent anti-apoptotic effects, its poor stability and low
SalB is one of its main active components, which exhibits protective bioavailability limit its uptake and release in living organisms. This
effects on various organs such as the heart, brain, liver, lung, and study determined that the porous structure of MSNs effectively loaded
kidney [31]. However, it has poor stability and low bioavailability SalB for uptake and released it into cardiomyocytes by influencing
[32]. Hence, its preparation and clinical application have become a SalB uptake and release.
research hotspot in recent years. Translating theoretical research into This study showed that MSNs loaded with SalB resulted in enhanced
practical clinical applications is a common problem that needs to be uptake and release of SalB by cardiomyocytes due to the porous shape
addressed. The above-mentioned disadvantages of SalB need to be of I/R. A significant improvement in the therapeutic effect of SalB was
resolved from a formulation point of view, and a suitable carrier for also observed (Figure 10) [46-54].
drug delivery systems needs to be identified. MSNs have many unique
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Figure 9 JAK2/STAT3 signaling pathway related proteins. The amount of JAK2, Bcl-2 and STAT3 from heart lysate as examined by western blot
analysis. (B-D) Relative protein levels measured by densitometry for JAK2, Bcl-2, and STAT3. (E) The amount of Bax and Caspase 3 from heart
lysate examined by western blot analysis. (F, G) Relative protein levels measured by densitometry for Bax and Caspase 3. *P < 0.05, ** P < 0.01,
*¥*% p < 0.001, **** P < 0.0001. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB, rhodamine B.
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Figure 10 Ischemia-reperfusion mechanism. Increased oxidative stress in vivo aggravates myocardial injury, and increased intracellular ROS
accumulation causes mitochondrial dysfunction, further aggravating myocardial apoptosis . ROS generated during oxidative stress may attack
polyunsaturated fatty acids within the cell membrane and release lipid peroxides such as MDA. MDA is a biomarker of oxidative stress. LDH release
is a common marker of cardiomyocyte injury. Cardiomyocyte injury was assessed by measuring LDH released into the culture medium. In our
study, ROS, MDA, and LDH production increased in cardiomyocytes undergoing H/R injury, and SalB@MSNs-RhB treatment reversed these
changes. JAK2/STAT3 signaling is a significant transduction pathway involved in various pathological processes, such as oxidative stress,
apoptosis, inflammation, and immunity. Upon activation of JAK2/STAT3 signaling, first cells activated JAK2, further phosphorylating STAT3 and
transducing extracellular signals to the nucleus, regulating the expression of target genes and exerting biological effects. In our study, the
expressions of JAK2 and STAT3 were significantly downregulated in cardiomyocytes subjected to H/R injury, and SalB@MSNs-RhB treatment
reversed these changes. SalB, salvianolic acid B; MSNs, mesoporous silica nanoparticles; RhB, rhodamine B; ROS, reactive oxygen species; MDA,

malondialdehyde; LDH, lactate dehydrogenase.
Conclusion

Taken together, SalB and SalB@MSNs-RhB have protective effects on
cardiac function in rats with myocardial I/R injury. The I/R
mechanisms of action may be associated with the reduction of
oxidative stress and inhibition of cellular regulation. Our results
demonstrated that SalB@MSNs-RhB improved the bioavailability and
therapeutic effects of SalB, enhancing JAK2/STAT3-dependent
pro-survival signaling and antioxidant responses, thereby protecting
cardiomyocytes from I/R injury-induced oxidative stress and
apoptosis. These results provide foundational information for
accelerating the development of SalB as a clinical therapeutic agent
for CVD and offer new insights into therapeutic strategies for
myocardial I/R injury.
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