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A B S T R A C T

Aims: Prevention and treatment of myocardial ischemia-reperfusion (I/R) injury has for many years been a hot
topic in treating ischemic heart disease. As one of the most well-known methods of complementary and alter-
native medicine, acupuncture has attracted increasing interest in preventing myocardial I/R injury due to its
remarkable effectiveness and minimal side effect. However, traditional acupuncture approaches are limited by
cumbersome execution, high labor costs and inevitable pain caused by frequent stimulation. Therefore, in this
work, we aimed to develop a novel acupoint gel embedding approach and investigated its role in protecting
against myocardial I/R injury in rats.
Main methods: Gels were embedded at bilateral Neiguan (PC6) points of rats and their protective effects against
myocardial I/R injury evaluated in terms of changes in histomorphology, myocardial enzymology, antioxidant
capacity, anti-inflammatory response, and anti-apoptosis of cells.
Key findings: We found that the approach of acupoint gel embedding could significantly reduce myocardial
infarcted size, repair pathological changes, mitigate oxidative stress damage and inflammatory response, as well
as inhibit apoptosis of cardiomyocytes. Such cardioprotective effects were found to be associated with Notch-1/
Jagged-1 signaling pathway.
Significance: The proposed approach of acupoint gel embedding has advantages in continuous acupoint stimu-
lation, dosing controls, and no side effects in the course of treatment, as well as in reducing the pain caused by
frequent acupuncture. It can form an alternative therapy to not only protect against myocardial I/R injury but
also hold great potential in treating other diseases in the future.

1. Introduction

Ischemic heart disease (IHD) is the leading cause of life-threatening
diseases and has been a worldwide health problem for many years [1].
The key to successful treatment of IHD is to restore blood supply to the
myocardium in time [2]. However, myocardial tissue reperfusion in the
ischemic area may generate a large number of reactive oxygen species

(ROS) and inflammatory factors and induce over-aggregation of in-
flammatory cells in the myocardial tissue, which can lead to reperfusion
injury and further cause heart damage, arrhythmia and a series of
serious clinical consequences [3]. Therefore, prevention and treatment
of myocardial ischemia-reperfusion (I/R) injury has been a hot topic in
treating IHD [4]. Various approaches have been developed to prevent
myocardial I/R injury, such as pharmacological preconditioning [5,6]
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and acupuncture pretreatment [7]. Among these, acupuncture, one of
the most famous complementary and alternative medical therapies that
has been applied to treat diseases for> 3000 years [8–10], has at-
tracted increasing interest due to its remarkable effectiveness and
minimal side effect [11–13]. However, at present, most reported acu-
puncture studies employ stainless steel needle, which is limited by
cumbersome execution, high labor costs and inevitable pain caused by
frequent stimulation [14]. To optimize the way of acupuncture stimu-
lation and improve the special performance of needle tools, much ex-
ploration has been attempted [15,16]. For instance, acupoint embed-
ding therapy has been proposed [17,18], with surgical catgut
commonly adopted. However, such approach suffers from serious in-
flammatory response and limited control over the chemophysical
properties of surgical catgut that are associated with acupoint stimu-
lation ability. Therefore, there is still an unmet need for new ap-
proaches to facilitate the development and applications of acupuncture
pretreatment in preventing myocardial I/R injury.

Recently, injectable gels have emerged as attractive embedding
materials, enjoying widespread biomedical applications [19,20]. While
injectable gels can maintain liquid sol form before injection, they ra-
pidly transit to solid gel form at physiological environment after in-
jection, thus ideal for in vivo application since they can be used in a
minimal invasive manner. Moreover, the chemophysical properties of
injectable gels can be easily adjusted to fulfill specific requirements for
maximizing their outcomes. To date, numerous injectable gels, in-
cluding biodegradable polymers (e.g., poly(glycolic acid) (PGA), poly
(lactic acid) (PLA), polycaprolactone (PCL) and poly(lactic‑co‑glycolic
acid) (PLGA)) and hydrogels (e.g., collagen, gelatin, alginate and chit-
osan, as well as their derivatives) have been developed and widely used
as carriers for delivering therapeutic agents or as in situ forming three-
dimensional (3D) scaffolds for supporting the ingrowth of cells and the
deposition of new extracellular matrix (ECM) [20–22]. However, the
use of these injectable gels for acupoint embedding therapy in pre-
venting myocardial I/R injury is not yet explored.

In this work, we investigated the protective effects of acupoint gel
embedding against myocardial I/R injury in rats (Fig. 1). As for acu-
point stimulation, the degradation rate and mechanical properties of
gels are quite important in addition to biocompatibility. Among the US
Food and Drug Administration (FDA)-approved degradable polymers,
PLGA, as a type of copolymers of PGA and PLA, can be readily tuned
with well-controlled degradation rates and mechanical properties by
integrating the advantages of both PGA and PLA [23]. In addition,
PLGA dissolved in N‑methy‑2‑pyrrolidinone can form insoluble PLGA
gels rapidly at mild body conditions after injection, making it well-
suited to be used as acupoint injectable gel [24]. Therefore, we used
PLGA as the injectable gel. As for acupoints, it has been well established
that the Neiguan (PC6) points play important roles in treating cardio-
vascular diseases, e.g., prevention and treatment of myocardial I/R in-
jury [25–28]. We used the injected PLGA gels to stimulate the PC6
points of rats and explored the protective effects from various aspects,
including myocardial lesion area, histomorphology, myocardial en-
zymology, antioxidant capacity, anti-inflammatory effects, and anti-
apoptosis of cells. The mechanism underlying the protective effects was
discussed. This acupoint gel embedding method can not only become an
alternative approach of traditional acupuncture to reduce myocardial I/
R injury, but also provide a platform to develop new therapies that
integrate modern technologies with Traditional Chinese Medicine.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley (SD) rats (220 ± 20 g) were purchased from
the Experimental Animal Research Center of the Fourth Military
Medical University, Xi'an, China. The animals were maintained in a
temperature controlled room (20.1–23.1 °C; 40–50% humidity), under

a 12-h:12-h light–dark cycle, with free access to water. All the experi-
mental protocols were approved by the Laboratory Animal
Administration Committee of Xi'an Jiaotong University and performed
according to the Guidelines for Animal Experimentation of Xi'an
Jiaotong University.

2.2. Injectable gel preparation

PLGA (Shandong Province Medical Devices Research Institute,
Jinan, China) was crushed into fine flour and mixed with
N‑methy‑2‑pyrrolidinone (Nanjing SPC Scientific Co. Ltd., Nanjing,
China) and poly(ethylene glycol) 400 (Aladdin Industrial Inc.,
Shanghai, China) at the mass ratio of 25:65:10. The mixture was vor-
texed at room temperature for 1 h to completely dissolve PLGA. The
dissolved solution of PLGA was then stored at room temperature and
protected from light before using.

2.3. Acupoint gel embedding

Acupoints positioning in SD rats were referenced to internationally
recognized standards, i.e., the China Acupuncture Society of
Experimental Acupuncture Branch to develop the “animal moxibustion
acupuncture points map.” Rat PC6 point located in the front of the two
forelimbs is designated the point at 1/6 of the anterior forearm length
above the rasceta between the ulna and the radius [29]. A micro-
injection pump was used to quantitatively inject 10 μL dissolved solu-
tion of PLGA into each rat PC6 point at a rate of 2 μL/s. After injection,
the solvent in PLGA solution was quickly replaced by surrounding in-
terstitial fluid, leading to the formation of insoluble PLGA gel form.

2.4. Gel characterization

To characterize gel mechanical property, the PLGA gel balls were
compressed by Bose biomechanical testing machine (BOSE ELF 3220,
ElectroForce System Group, Minnesota, USA). Flat head was used to
loading the PLGA gel ball under the displacement control of 2mm, with
a fixed loading rate of 0.1mm/s. PLGA gel balls in PBS solution at 37 °C
were tested respectively, and the displacement-load curve was ob-
tained. Secondly, we developed a finite element (FE) model to simulate
the testing process of PLGA gel balls having different Young's moduli
but constant Poisson ratio (0.33). The diameters of the PLGA gel balls
were measured and the average value of the measurement was 4.4mm.
The loading plate was assumed rigid, and the contact with the loaded
ball was non-friction hard contact. The geometric model was axisym-
metric, and the element type was CAX4R with the size of 0.2mm.

To quantify and predict the mechanical stimulation intensity to the
acupoint, the injection of gel ball into the tissue was modeled as in-
dentation in an infinite body. An axisymmetric FE model was developed
to simulate such indentation. The geometry was meshed with triangle
elements with the size of 0.2mm for the gel ball and near the region of
contact, but the other part with the size of 0.4mm (Supplementary
Fig. 1A). The stress along the direction of indentation is presented in
Supplementary Fig. 1B. The Young's modulus of tissue was set at
0.01MPa. We present the strain energy of the model for different
Young's moduli (0.01–100MPa) and diameters (d=2–5mm) of gel
ball. To characterize in vivo gel degradation, the embedded PLGA gels
were taken out per week and their dry weights were measured.

2.5. Rat myocardial I/R model

The model was established following our previous study [30–32].
We choose to ligating the left anterior descending (LAD) coronary ar-
tery by utilizing polypropylene suture to establish an ischemic model,
monitored by electrocardiogram (ECG, BL-420S Biological Function
Experiment System, Chengdu Thaimeng Technology Co. Ltd., Shanghai,
China). MI model success is based on the change of ECG: A few minutes
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after the onset of an acute myocardial infarction (AMI), a short-term
subendocardial ischemic insult was initiated, resulting in an abnormally
high T-wave on the ECG, followed by an upward ST-segment elevation
or arch-back elevation, connected to the upright T wave. In addition,
the amplitude of QRS increased and slightly widened with/without
abnormal Q wave. Therefore, ST segment elevation is the main criterion
for judging the early stage of AMI (Supplementary Fig. 2). After 30min
of ischemia, the ligature line was open and the myocardium was re-
perfused for 3 h. In the control group, ten rats were through LAD, but
not ligated. Different groups received different treatments.

2.6. Experimental groups

Rats were randomly divided into four groups (n=10): (I) CON:
Rats received no acupunctural pre-stimulation, and were through LAD,
but not ligated; (II) I/R: Rats received no acupunctural pre-stimulation,
but were constructed by LAD ligation for 30min, and then the LAD was
allowed 3 h reperfusion; (III) PC6+CON: Rats received acupunctural
pre-stimulation at PC6 points (7 days before I/R operation), but not
ligated; (IV) PC6+ I/R: Rats received acupunctural pre-stimulation at
PC6 points (7 days before I/R operation), and were constructed by LAD
ligation for 30min, followed by 3h reperfusion of LAD.

2.7. Determination of myocardial infarct size

After 3 h for reperfusion, we re-occluded the LAD artery. Upon re-
versing the infused Evans blue (1%) via aorta, the non-ischemic area
was turning to blue but the area at risk (AAR) was not. After frozen at
−20 °C for 2–3 h, the heart was cut into six transverse slices (2 mm for

each) from apex to base. The slices were then allowed to react with 1%
triphenylterazolium chloride (TTC) for 15min at 37 °C, finally fixed in
4% paraformaldehyde. After Evans blue/TTC staining, images of the
heart slices were measured via ImageJ software. Evans blue staining
was used to determine the consistency of ligation sites. TTC staining
enables marking the viable tissue in the AAR, which can react with
dehydrogenase and turn tissue into red, while the ischemic tissue
usually shows decreased dehydrogenase activity and therefore cannot
react with Evans blue/TTC, thus showing pale color. The infarct area
was represented as a percentage.

2.8. Histopathological changes of left ventricular specimens

Heart cavity was rinsed rapidly with cold phosphate buffer saline
(PBS) when the rat was sacrificed, with 10% formalin solution used for
fixing. Paraffin sections (5 μm sections, Leica RM 2125, Germany) were
collected from the left ventricle (LV), and then stained with hematox-
ylin and eosin (H&E) and examined by light microscopy (Nikon, Tokyo,
Japan) at 200× magnification.

2.9. Serological detection of secreted proteins and cytokines

All rats were drugged at the end of the experiment. We collected
blood (3mL) from the abdominal aorta. After centrifugation, serum was
taken for determining the concentrations of creatine kinase (CK),
creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH) and aspar-
tate aminotransferase (AST), anti-oxidation capacity of malonaldehyde
(MDA), superoxide dismutase (SOD) and glutathione peroxidase (GSH-
PX). The activity of NO was evaluated by using the nitrate reduction

Fig. 1. Schematics on acupoint gel embedding for preventing myocardial I/R injury in rats. (A) A microinjection pump is used to quantitatively inject dissolved
solution of PLGA into each PC6 point of rats. After injection, the solvent in PLGA solution is quickly replaced by surrounding interstitial fluid, leading to the
formation of insoluble PLGA gel form. (B) After 7 days' treatment, myocardial ischemia is induced by ligating the left anterior descending (LAD) coronary artery 2mm
from the tip of the left auricle, utilizing polypropylene suture. After 30min of ischemia, the slipknot is released, and the myocardium is reperfused for 3 h. In the
control group, rats are subjected to surgery using the same protocol, except that the coronary artery is not ligated. (C) Experimental progress of the timeline and the
main evaluation indicators.
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method, which sums the total amount of nitric oxide (NOx), like nitrate
(NO3 ̄) and nitrite (NO2 ̄). All kits were purchased from Nanjing
JianCheng Biological Engineering Research Institute, Nanjing, China.
The measurement was performed by using an RT-9600 Semi-automatic
Biochemical Analyzer (ShenZhen LeiDu Life Sciences, LLC, Guangxi,
Nanning, China). Tumor necrosis factor-α (TNF-α) and interleukin-6
(IL-6) activities were measured by enzyme linked immunosorbent assay
(ELISA, Wuhan Boshide Biological Technology Company, Wuhan,
China).

2.10. Determination of apoptosis

Tissue paraffin section for terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay (situ cell death de-
tection kit, Roche Molecular Biochemicals, Mannheim, Germany) [33].
The index of apoptosis refers to the ratio of the number of apoptotic
myocytes to the total number of myocytes counted× 100%.

2.11. Western-blotting assays of left ventricular specimens

Expressions of caspase-3, cleaved caspase-3 (c-caspase-3), Bax, Bcl-
2, Notch-1 and Jagged-1 were measured using Western blot as de-
scribed previously [30,33]. Equal amounts (30 μg) of heart tissue from
the left ventricular myocardium were homogenized in RIPA lysis buffer
at 4 °C for 5min to get 10% homogenates. After protein quantification,
proteins were loaded and separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The membranes were
blocked by Tris-buffered saline/Tween 20 (TBS-T) containing 5% BSA,
then incubated with the primary antibodies: caspase-3, c-caspase-3,
Bax, Bcl-2 (1:1000 Santa Cruz Biotechnology, USA), Notch-1, Jagged-1
(1:1000, Cell Signaling, Danvers, MA, USA), and glyceraldehyde
3‑phosphate dehydrogenase (GAPDH) (1:1000, Abcam, Cambridge,
UK) for 12 h at 4 °C. After repeated washing, the membranes were in-
cubated with horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:5000 for
2 h at room temperature. Finally, proteins were visualized using an
enhanced chemiluminescence detection system (ECL, Amersham,
Buckinghamshire, UK). Quantity One (BioRad, Hercules, CA, USA) was
used to carry out densitometry analysis on protein bands of interest.

2.12. Statistical analyses

Statistical analyses were performed with analysis software SPSS
21.0 (IBM Corp., Armonk, NY, USA). All data were presented in the
form of mean ± SD. Comparisons among more than two experimental
groups were determined by two-way ANOVA. Statistical significance
between two groups was evaluated with LSD-t-test. Significant differ-
ences were indicated by *P < 0.05 or **P < 0.01.

3. Results

3.1. Evaluation of degradation and mechanical properties of PLGA gels

Since the intensity of acupoint stimulation is associated with the
size and stiffness of the embedded gels, both of which closely related to
gel degradation, we anticipated that it could be easy to estimate the
intensity from gel degradation kinetics. The embedded PLGA gels in
rats were found to degrade almost linearly with time, with nearly 62%
original mass remaining post 1 week and 15% remaining post 4 weeks
(Fig. 2A). The size of PLGA gel balls (~4mm) is too small to compress
directly by using a regular shape of PLGA gel. Therefore, we com-
pressed the PLGA gel ball directly and then inversely calculated the
Young's modulus based on the force-displacement curve. To measure
the Young's modulus of PLGA gel balls, the FE method was used to
model the process of mechanical testing above. The displacement-load
curve was used to simulate PLGA gel balls having different Young's

moduli (Fig. 2B). The von Mises stress in a 200MPa gel ball is presented
in Supplementary Fig. 3. In the small deformation regime, it was found
that the displacement-load curve obtained in the experiment fell within
the range of the simulated displacement-load curve for Young's mod-
ulus varying between 100MPa and 200MPa. Therefore, we estimated
that the Young's modulus range of PLGA gel balls is 100–200MPa.

To quantify and predict the intensity of mechanical stimulation to
the acupoint, the injection of gel balls into the tissue was modeled as an
indentation in an infinite body (Supplementary Fig. 1A). With the
Young's modulus of tissue given by 0.01MPa (typical for muscle and
skin tissues), we presented the strain energy of the model for different
Young's moduli (0.01–100MPa) and diameters (d=2–5mm) of gel
balls (Fig. 2C). The results showed that the stimulation intensity in-
creases with both the Young's modulus and diameter of the injected gel
balls, indicating that the mechanical stimulation intensity to the acu-
point decreases with the degradation of PLGA gels. It is thus effective to
control the intensity and duration of mechanical stimulation through
tuning the initial properties (e.g., size and Young's modulus) and de-
gradation of injected gels.

3.2. Acupoint gel embedding reduced the myocardial infarcted size

Since infarct size is a typical feature of myocardial I/R injury, we
characterized the effect of acupoint gel embedding on the myocardial
infarcted size using Evans blue/TTC staining (Fig. 3). Evans blue is a
kind of high affinity of dyes in blood and plasma albumin and the co-
lored area indicates non-ischemia anoxic area. TTC staining can react
with the succinate dehydrogenase of mitochondria in living cells, then
turn the tissue to red, which is used to indicate the cell's vitality. In our
study, the red areas were referred to as area at risk (AAR). The pro-
portion of left ventricle (LV) area occupied by AAR was used to express
the consistency of ligation sites in each experimental group. As results,
there is no statistical difference between the groups (Fig. 3A). The I/R
group showed a large TTC-negative area (pale), which was the infarcted
myocardium (INF) area. But the INF of PC6+ I/R group was obviously
smaller than the I/R group and closer to the CON+I/R group. To fur-
ther analyze the effect, we quantified the area of INF as a percentage of
the AAR (INF/AAR) and found that INF/AAR was significantly higher in
the I/R group (41.7 ± 7.2%) compared with the PC6+ I/R group
(20.9 ± 6.4%) (Fig. 3B). These results indicated that acupoint gel
embedding could reduce I/R-induced myocardial infarction.

3.3. Acupoint gel embedding remitted pathological changes in myocardial
tissue

Since inflammation induces infiltration of inflammatory cells in
muscle fibers, causing vascular occlusion and ischemia in severe cases
[34], we characterized the effect of acupoint gel embedding on pa-
thological changes in myocardial tissue sections using light microscopy
(Fig. 4). We observed that normal myocardial tissue has clear transverse
striations, with no cell swelling and structure distortion, and no in-
flammatory cell infiltration in both the CON and the PC6+CON groups
(Fig. 4A and C). In contrast, we observed obvious amount of myocardial
cell swelling, break and degeneration of striated muscles, and numerous
infiltrating inflammatory cells in the untreated I/R group (Fig. 4B).
However, tissue from the PC6+ I/R group exhibited almost normal
myocardial tissue histology, possessing an area of normal myocardial
arrangement, clear striated muscles, and fewer massive inflammatory
cells infiltrated in Fig. 4D than the I/R group. These results indicated
that acupoint gel embedding could remit pathological changes in
myocardial tissue.

3.4. Acupoint gel embedding reduced the activities of diagnostic marker
enzymes

Increase of cell membrane permeability and myocardial ischemic
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necrosis usually causes various enzymes released into the blood after
the occurrence of I/R, and thus variation of serum enzyme concentra-
tions are commonly used to reflect the severity of cardiomyopathy
[26,35–38]. Therefore, we characterized the activities of following
enzymes: AST, CK, CK-MB and LDH, in different group. As results, a
significant increase in these enzyme activities in the serum of I/R group
rats was observed (Fig. 5). However, we did not observe any significant
difference between the CON and PC6+CON groups, but the activities
of all serum diagnostic marker enzymes in the CON and the PC6+ I/R
groups significantly decreased compared to the untreated I/R group.
The results indicated that the acupoint gel embedding could maintain
the integrity of the cell membrane, internal and external osmotic
pressure and regulate cell membrane permeability, thereby limiting the
leakage of these indicative enzymes.

3.5. Acupoint gel embedding attenuated oxidative stress of I/R rats in the
serum

GSH-Px and SOD are antioxidants produced by the body's own
system for counteracting ROS abnormalities [39,40]. MDA is a type of

lipid peroxidation product that is a key factor for maintaining the
fluidity and permeability of cell membranes, and determining the
changes in cell structure and function. It is an important indicator for
resisting the ROS abnormalities and maintaining the physiological
balance of the cells [41]. To further investigate the antioxidant effect of
acupoint gel embedding, serum active expression of SOD, MDA and
GHS-PX was tested (Fig. 6A–C). We observed that the SOD and GSH-PX
activities in the untreated I/R group decreased significantly compared
with those in the CON group. Pretreatment at PC6 points increased the
activities compared with the I/R group rats (Fig. 6A,C). Compared with
the CON group, the activity of MDA in I/R group increased sig-
nificantly. Pretreatment at PC6 points (PC6+ I/R, PC6+CON) de-
creased MDA activity compared with the I/R group rats (Fig. 6B). The
results clearly indicated that acupoint gel embedding treatment could
reduce I/R oxidative stress by decreasing the activity expressions of
MDA, and increasing the activity expressions of SOD and GSH-PX.

Fig. 2. Gel degradation and mechanical properties. (A) The embedded PLGA gels in rats were found to degrade almost linearly with time, with nearly 62% original
mass remaining post 1 week and 15% remaining post 4 weeks; (B) measured and simulated load vs. displacement curves when compressing a PLGA gel ball within
two planes; (C) the injection of PLGA gel into the tissue is modeled as the indentation of a PLGA gel ball into an infinite body. The strain energy of the model for
different Young's modulus (0.01–100MPa) and the diameter (d=2–5mm) of PLGA gel ball. Data are shown as mean ± SD, n=6.

Fig. 3. Acupoint gel embedding reduced the myocardial infarcted size. (A) Myocardial infarct size was measured with Evans blue/TTC staining. The blue area
represents the remote area, the area at risk (AAR) is stained red and the infarcted size (INF) is pale (the tissue slices were cut from the same location of the heart). (B)
The AAR was quantified as a percentage of the total left ventricle (LV; AAR/LV) and INF as a percentage of the AAR (INF/AAR). Data are shown as mean ± SD,
n=3, **P < 0.01. (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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3.6. Acupoint gel embedding attenuated inflammatory response in I/R
hearts

To investigate the effect of acupoint gel embedding on in-
flammatory response in I/R hearts, we characterized the activities of
serum TNF-α and IL-6 and observed that they increased significantly in
the I/R group compared with those in the CON group (Fig. 7A,B).
However, the serum TNF-α and IL-6 activities decreased in the
PC6+ I/R group compared with those in the untreated I/R group rats.
Due to the active chemical nature of NO, it quickly metabolizes to ni-
trite and nitrate (NOx) in the body, and nitrite is further converted to
nitrate. Thus, the total amount of NOx can be used to evaluate the NO
level. We found that the occurrence of I/R causes a dramatic down-
regulation of NOx level (Fig. 7C). After acupoint gel embedding treat-
ment, the NOx level is significantly up-regulated and there is a sig-
nificant difference between the NG+ I/R group and the I/R group.
These results indicated that acupoint gel embedding could attenuate
inflammatory response in I/R hearts.

3.7. Acupoint gel embedding inhibited cell apoptosis in myocardial tissue

To investigate the effect of acupoint gel embedding on cell apoptosis
in myocardial tissue, we did TUNEL staining. Apoptotic nuclei were
labeled by TUNEL staining (red) while all cell nuclei were labeled by
DAPI (blue) (Fig. 8A). We observed a significant increase of apoptotic
nuclei in the I/R group compared to that in the CON group, and a re-
duction in the percentage of TUNEL-positive cells in the PC6+CON

group (Fig. 8B). To study the anti-apoptotic ability of acupoint gel
embedding at the molecular level, we also investigated the protein
expression of apoptosis signaling molecules, including Bax, Bcl-2, cas-
pase-3, and c-caspase-3 in myocardial tissue (Fig. 9). We observed that,
compared with the I/R group, the expression of caspase-3, c-caspase-3
and Bax in other groups all decreased, but the expression of Bcl-2 in-
creased. We also found significant difference in the expression of these
proteins between the PC6+ I/R group and the I/R group. The results
indicated that administration of I/R produced death of cardiomyocytes
in the heart by inducing apoptosis, while acupoint gel embedding could
reduce cell apoptosis induced by I/R injury.

3.8. Cardioprotective effect of acupoint gel embedding is associated with
enhanced Notch-1 signaling

To investigate the potential mechanisms underlying the cardiopro-
tective effect induced by acupoint gel embedding, the protein levels of
Notch-1 and Jagged-1 in myocardial tissues were evaluated by Western
blotting analysis (Fig. 10). Compared with the I/R group, the expression
levels of Notch-1 and Jagged-1 both increase in the PC6+CON and
PC6+ I/R groups. We observed prominent differences between the I/R
group and the PC6+ I/R group, as well as between the CON group and
the PC6+CON group.

4. Discussion

Long-time ischemia can cause myocardial tissue necrosis, leading to

Fig. 4. Acupoint gel embedding remitted pathological changes in myocardial tissue. (A) The CON group showed normal myocardial histology, clear transverse
striations, and no inflammatory cell infiltration. (B) The I/R group showed swelling of obvious myocardial cells, degeneration, loss of transverse striations, and large
numbers of invasive inflammatory cells. (C) The PC6+CON group showed normal myocardial histology, clear transverse striations, and no inflammatory cell
infiltration. (D) The PC6+ I/R group showed an area of normal myocardial arrangement, clear transverse striations, and few invasive inflammatory cells, as
indicated by the arrows.
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decreased heart function. For treatment purpose, it is key to timely and
effectively recover blood perfusion (i.e., reperfusion), which however
often induces secondary and aggravate myocardial tissue injury (i.e., I/
R injury). Therefore, it is necessary to use protective drugs or ther-
apeutic means at the beginning of reperfusion to reduce the I/R injury.
This treatment idea is consistent with the theory of “treating before
illness” in traditional Chinese medicine (TCM). “Treating before illness”
is the basic principle of prevention and treatment of diseases by TCM,
and “preventive acupuncture” is one of the most important pretreat-
ment measures. As one of the most well-known complementary and
alternative medical approach, acupuncture has attracted increasing
interest in treating many diseases in modern world due to its minimal
side effect.

Various materials and corresponding approaches have been devel-
oped to stimulate acupoints, including widely used needle-based

acupuncture, moxibustion, electro-acupuncture and acupoint catgut
embedding [16,42,43]. Although effective, these approaches either
suffer from short-term stimulation, cumbersome to perform and long-
term pain, or involve the issues of serious inflammatory response and
limited stimulation control [14]. The acupoint gel embedding approach
we developed here may address these issues. A significant advantage of
acupoint gel embedding is that the degradation rate, the mechanical
properties and the volume of the embedded gels can be easily adjusted
by choosing the type, the concentration and the injected amount of the
injectable materials [44,45]. Therefore, the duration and strength of
acupoint stimulus can be easily controlled according to specific re-
quirement. Another advantage of acupoint gel embedding is that it is
readily to incorporate other materials into injectable gels to achieve
multi-mode stimulation. For example, heat producing nanoparticles can
be employed to generate heat at local acupoints to achieve thermal

Fig. 5. Acupoint gel embedding reduced the activities of diagnostic marker enzymes. (A) The activity expressions of AST. (B) The activity expressions of CK. (C) The
activity expression of CK-MB. (D) The activity expressions of LDH. Data are shown as mean ± SD, n=10, **P < 0.01.

Fig. 6. Acupoint gel embedding attenuated oxidative stress in the serum. (A) The activity expressions of SOD. (B) The activity expressions of MDA. (C) The activity
expressions of GSH-PX. Data are shown as mean ± SD, n=10, *P < 0.05, **P < 0.01.
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stimulation as experienced in moxibustion. In addition, magnetic na-
noparticles can be used to apply active mechanical stimulation by
generating forces under non-uniform magnetic field [46–48]. More-
over, drugs can be incorporated to provide additional benefits by con-
trolling their delivery and release at acupoints with injectable gels
[20,49].

Myocardial injury caused by I/R is often accompanied by changes in
myocardial enzymes and cardiac function, causing the appearance of
inflammatory reactions, oxidative stress damage, and myocardial
apoptosis. In our study, the diagnostic and detection techniques com-
monly used in western medicine were combined to evaluate the effects
of acupoint gel embedding pretreatment on reducing myocardial da-
mage after I/R injury. The heart is known to be one of the most active
organs in humans. It contains a large number of enzymes. When the
myocardium is damaged by ischemia, the permeability of the cell
membrane increases, and the protease in the myocardium is released
into the blood. Among them, the detection of AST, CKMB and LDH
contents in serum is a commonly used diagnosis method in clinic [50].
In our study, we observed that acupoint gel embedding at PC6 points
reduced the activities of AST, CKMB and LDH enzymes caused by I/R,
which means the acupoint gel embedding can maintain the integrity
and permeability of the structure and function of the heart membrane,
thereby limiting the leakage of myocardial enzymes.

IL-6 is the major cytokine involved in the inflammatory response
during the immune response. TNF-α is a monocyte factor that is mainly
produced by activated mononuclear macrophages. They are not only a
primary proinflammatory mediator, but also an important initiation
factor that stimulates the cascade effect of inflammation in vivo
[51–53]. NO is an important component of the relaxing factor secreted
by vascular endothelial cells, which has the functions of relaxing blood
vessels, inhibiting platelet aggregation and blood cell aggregation and
adhesion [54–56]. Because of coronary artery spasm and infarction
caused by ischemia and hypoxia, NO synthesis and secretion of vascular
endothelial cells drastically decreased, resulting in the oxidation of low
density lipoprotein (oxidation low density lipoprotein, ox-LDL); Then
leading to endothelial cell dysfunction and promoted inflammatory cell
infiltration; Finally, resulting in the further development of athero-
sclerotic plaque and increased myocardial ischemia [57,58]. Therefore,
NO is closely related to the production of inflammation. In our study,
acupoint gel embedding limited the release of related inflammatory
factors (IL-6, TNF-α), recovered NO release to relieve atheromatous
plaque formation and reduce ischemia, predicting its anti-inflammatory
response. By explaining from another aspect, acupoint gel embedding
plays a prominent role in maintaining the integrity of tissue mor-
phology, reducing inflammatory cell infiltration, and repairing cell
pathological changes such as swelling and degeneration.

Myocardial I/R injury can enhance oxidative stress during the acute
reperfusion phase [59–61] by increasing the activities of superoxide
anion, hydrogen peroxide, and hydroxyl radical [62]. In our research,
SOD and GSH-Px are antioxidizes, which are greatly reduced by I/R

injury, causing decline in myocardial function. The higher their activ-
ities are, the stronger the ability to scavenge free radicals. Therefore,
their increased level of activity in the PC6+ I/R group reflects the
ability of the acupoint gel embedding to scavenge free radicals. MDA is
a product of lipid peroxidation, which affects the fluidity and perme-
ability of cell membrane and ultimately leads to changes in cell struc-
ture and function. Therefore, the level of MDA further confirms that
acupoint gel embedding has strong resistance to oxidative stress.

Existing studies have shown that the cardiomyocyte apoptosis is a
main pathological feature of myocardial I/R injury [38,63,64]. In our
research, we first confirmed that acupoint gel embedding effectively
reduced the rate of apoptosis and the expression of apoptosis-related
proteins (C-caspase 3, caspase 3, Bax), but increased the expression of
Bcl-2. As is well-known, Bcl-2 and Bax belong to the same family, and
they both regulate apoptosis activators by controlling the permeability
of mitochondrial membranes. The Bax dimer opens the channel on cell
membrane to increase the permeability; while Bcl-2 forms a hetero-
polymer with Bax, thus reducing the permeability. Increased Bcl-2 le-
vels and decreased Bax suggest that cells are more resistant to apop-
tosis, which should be the hallmark of protective action, and vice versa.

To further explore the possible mechanisms of anti-apoptosis, we
embarked on the study of Notch pathway. Notch signaling is an im-
portant regulator of cell migration, differentiation, angiogenesis, pro-
liferation and apoptosis, maintaining the intracellular stability [65–69].
It has four receptors (Notch 1–4) and five structurally similar ligands
(Delta-like1, Delta-like3, Delta-like4, Jagged-1, Jagged-2) [70,71], of
which Notch-1 can be used in a variety of cells. One research has shown
that Notch-1 is activated in the early stages of proliferation and dif-
ferentiation, and down-regulated towards the end of development [72].
Studies by Li et al. [30,73,74] revealed that the expression of Notch-1 is
transiently up-regulated in the presence of myocardial injury, sug-
gesting that Notch signaling itself may contribute to cardiac repair. By
exogenously stimulating the expression of Notch-1 signaling, the se-
verity of myocardial damage can be improved. The appearance of I/R
injury will increase Notch-1 expression, so as to achieve the purpose of
self-repair. However, such self-repair is not enough for the damage of
the myocardium. In our study, after acupoint gel embedding, the ex-
pression of Notch-1 and its ligand (Jagged-1) significantly increases,
indicating that acupoint gel embedding might induce cardioprotective
effects via the Notch-1/Jagged-1 pathway. It is speculated that acupoint
gel embedding can activate the Notch signal pathway, improve cardiac
function, reduce myocardial fibrosis, shrank the size of infarct, and
inhibit cardiomyocyte apoptosis. The in-depth mechanism and the ac-
curate function of the Notch-1/Jagged-1 pathway in the effects of
acupoint gel embedding on I/R injury need to be systematically in-
vestigated in the future work.

Although in this work we only investigated the protective effects of
acupoint gel embedding against myocardial I/R injury in rats, we be-
lieve the proposed acupoint gel embedding approach could find wide
applications in many disease treatments. More research should be

Fig. 7. Acupoint gel embedding attenuated inflammatory response in I/R hearts. (A) The activity expressions of TNF-α. (B) The activity expressions of IL-6. (C) The
activity expressions of NOx. Data are shown as mean ± SD, n=10, **P < 0.01.
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Fig. 8. Acupoint gel embedding inhibited cell apoptosis in myocardial tissue. (A) Representative photomicrographs of in situ detection of apoptotic myocytes by
TUNEL staining. Total nuclei were labeled with DAPI (blue), and apoptotic nuclei were detected by TUNEL staining (red). (B) Quantitative analysis of TUNEL positive
cells. The percentage of TUNEL positive cells was expressed as percent DAPI stained cells. Data are shown as mean ± SD, n=6, **P < 0.01. (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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performed to optimize acupoint gel embedding to maximize its effec-
tiveness, and to uncover the underlying mechanisms in treating dif-
ferent types of diseases.

5. Conclusion

We explored the protective effects of acupoint gel embedding at PC6
points against myocardial I/R injury in rats. Our results showed that
acupoint gel embedding could have cardioprotective effects in many

Fig. 9. The protein expression of apoptosis-related protein in myocardial Tissue. (A) The protein levels of c-caspase3, caspase-3, Bax and Bcl-2 in myocardial tissues
were evaluated by western blotting analysis. Original blots are shown in Supplementary Fig. 4A. (B–E) The expression levels of c-caspase-3, caspase-3, Bax and Bcl-2,
respectively. Data are shown as mean ± SD, n=3, *P < 0.05, **P < 0.01.

Fig. 10. The cardioprotective effect of acupoint gel embedding is associated with enhanced Notch-1 signaling. (A) The protein levels of Notch-1 and Jagged-1 in
myocardial tissues were evaluated by western blotting analysis. Original blots are shown in Supplementary Fig. 4B. (B) The expression of Notch-1. (C) The expression
of Jagged-1. Data are shown as mean ± SD, n=3, *P < 0.05, **P < 0.01.
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aspects, such as reducing myocardial infarcted size, remitting patho-
logical changes in myocardial tissue, reducing diagnostic marker en-
zyme activities, attenuating oxidative stress and inflammatory response
in I/R hearts, as well as inhibiting cell apoptosis in myocardial tissue.
Such cardioprotective effects were found to be associated with Notch-1/
Jagged-1 pathway. The developed approach could achieve long-term,
well-controlled acupoint stimulation of acupoints with reduced in-
flammatory response and pain of patient, thus holding great promises in
many disease treatments.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2018.09.010.
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