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Abstract: Acute blunt skeletal muscle injury occurs frequently in sports and traffic accidents, and even leads to mus-
cle necrosis and impaired functionality. Current treatment options for muscle injuries remain suboptimal and often 
result in delayed/incomplete recovery of damaged muscles. Tanshinone IIA is extracted from Salvia Miltiorrhizae, 
which is effective in the treatment of injury repair. But the clinical application of tanshinone IIA is limited due to its 
low water solubility, low permeability to biofilm and low bioavailability. In this study, tanshinone IIA liposomes were 
prepared to improve the bioavailability and sustained release of tanshinone IIA. The particle size, dispersion coeffi-
cient, zeta potential, encapsulation efficiency (EE) and drug loading (DL) of tanshinone IIA liposomes were 150.67 ± 
27.23 nm, 0.20 ± 0.015, -8.73 ± 2.28 mV, 70.32 ± 4.04% and 15.63%, respectively. The results of quantitative real-
time polymerase chain reaction (QRT-PCR) showed that tanshinone IIA liposome significantly promoted the expres-
sion of vimentin and reduce MHCIIB expression compared with other groups (P < 0.05). Western blotting showed 
that tanshinone IIA liposome could effectively promote the expression of autophagy-related proteins (VPS34, Beclin 
1 and CTSD) and decrease p62 expression levels to treat injured muscle. Through HE, immunohistochemistry, 
ELISA and serological tests, we found that tanshinone IIA liposome not only effectively promoted the expression of 
desmin, but also reduced the expression of collagen-I and inhibited the production of pro-inflammatory factors, such 
as tumor necrosis factor α (TNF-α) and interleukin-6 (IL-6) (P < 0.05). In addition, tanshinone IIA liposome therapy 
significantly reduced the level of malondialdehyde (MDA) and increased the activity of superoxide dismutase (SOD) 
after muscle injury compared with other groups (P < 0.05). In conclusion, tanshinone IIA liposome possesses an 
effective therapeutic effect on acute blunt muscle injury in rats by augmenting autophagy and alleviating oxidative 
stress. The continuous release of tanshinone IIA encapsulated by liposomes for disease treatment provide a new 
idea for the efficient and safe use of drugs with low lipid solubility and bioavailability for the treatment of acute blunt 
muscle injury and repair of other injuries.
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Introduction

Acute blunt injury to skeletal muscle occurs fre-
quently in sports and traffic accidents, and 
more than 90% of all sports-related injuries to 
muscle are of the contusion or strain type [1]. 
According to its severity, muscle injury may be 
accompanied by capillary rupture, infiltrative 
hemorrhage, inflammation, oxidative stress, 
and fibrosis. Muscle injury can lead to a series 
of pathophysiological changes, such as degen-

eration, inflammation, regeneration, and the 
formation of fibrotic tissue, which can occur 
simultaneously [2, 3]. Without timely and effec-
tive treatment, the injury will cause severe pain, 
and swelling and bruising of the affected mus-
cle, leading to impaired functionality. The treat-
ment of injured muscle follows the RICE princi-
ple (rest, ice compression, and elevation) [3] 
However, the efficacy of compression is contro-
versial. Baldwin et al. [4] found that short-term 
use of non-steroidal anti-inflammatory drugs 
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(NSAIDs) promotes short-term recovery of mus-
cle function. However, prolonged use of NSAIDs 
inhibits the proliferation and differentiation of 
satellite cells, delaying muscle regeneration 
[5]. Also, NSAIDs have adverse effects on the 
gastrointestinal tract, kidneys, and heart [5, 6]. 
Therefore, effective and safe treatment moda- 
lities for acute blunt injury to muscle are 
needed.

Autophagy, a lysosomal-dependent and highly 
conserved process of macromolecular material 
circulation in eukaryotic cells, is also essential 
for cell survival and maintenance under nutri-
ent-deprived conditions [7]. Autophagy induces 
angiogenesis, reactive oxygen species (ROS) 
production, and protein kinase B/Akt-mediated 
activation of bovine aortic endothelial cells, 
and may be one of the underlying mechanisms 
of injury repair [8]. In ATP7B-deficient hepato-
cytes, autophagy is induced in response to cop-
per overload to prevent copper-induced apopto-
sis [9]. Remote ischemic pretreatment allevi-
ates hepatic ischemia/reperfusion injury (IRI) 
by activating heme oxygenase-1 (HO-1)/p38 
mitogen activated protein kinase-dependent 
autophagy [10], and bone marrow mesenchy-
mal stem cells activate autophagy via the phos-
phatidylinositol 3 kinase (PI3K)/Akt signaling 
pathway, which protects against lung IRI [11]. 
Thus, injured tissues and organs can be re- 
paired by activating autophagy and reducing 
apoptosis and oxidative stress.

Tanshinone IIA, a diterpenoid quinone com-
pound, is the major active ingredient of the tra-
ditional herbal agent Salvia Miltiorrhizae [12, 
13]. Jang et al. [14] reported that tanshinone  
IIA exerts an anti-inflammatory effect by inhibit-
ing activation of the NIK-IKK and MAPK (p38, 
ERK1/2, JNK) signaling pathways, thereby sup-
pressing liposaccharide (LPS)-induced IκB-α 
degradation and nuclear factor (NF)-κB activa-
tion. Tanshinone IIA also eliminates lipid free 
radicals and blocks lipid peroxidation [15]. 
Tanshinone IIA is used for the prevention  
or treatment of cardiovascular diseases and 
ischemia-reperfusion injury, and accelerates 
peripheral nerve regeneration and regulates 
apoptosis [16, 17]. However, no study has eval-
uated tanshinone IIA in the treatment of acute 
blunt-injured muscle. Clinical application of tan-
shinone IIA is hampered by its poor water solu-
bility, first-pass effect after oral administration, 
and low bioavailability.

In recent years, liposomes are widely used in 
various biomedical applications as a targeted 
and efficient drug delivery [18, 19]. Loading 
into liposomes can prolong the half-life of a 
drug in vivo and enable its continuous release, 
thus enhancing its pharmacokinetics and bio-
compatibility [20]. Yang et al. [21] reported that 
an icariin propylene glycol-liposome suspen-
sion increased plasma and tissue icariin con-
centrations, and increased its biological half-
life. In this study, we used the thin-film disper-
sion method to prepare tanshinone IIA lipo-
some. We aimed to evaluate the therapeutic 
effects as well as the underlying mechanisms 
of tanshinone IIA liposomes on acute blunt 
skeletal muscle injury in rats. There are three 
novelties in this study. First, we fabricated tan-
shinone IIA liposomes, which improved its bio-
availability and effectively reduced the blood 
concentration peak valley phenomenon associ-
ated with direct drug injection. In turn, this 
resulted in a relatively stable tanshinone IIA 
concentration with a lasting effective range, 
ultimately improving its safety profile. Second, 
we demonstrated the therapeutic efficacy of 
tanshinone IIA liposomes in treating acute bl- 
unt muscle injury. Lastly, tanshinone IIA alone 
and tanshinone IIA liposomes were compared, 
providing insights on the efficacy and safety of 
drugs with low lipid solubility and bioavailabi- 
lity for the treatment of acute blunt muscle in- 
jury and other injuries.

Methods

Materials and reagents

Cholesterol (No. 57-88-5, Shanghai Ivet Medi- 
cal Technology Co., Ltd, China); Soy lecithin (No. 
8002-43-5, Shanghai Ivet Medical Technology 
Co., Ltd, China); Tanshinone IIA (No. 568-72-9, 
Sigma Chemical Co., USA); Ethanol (NO. E13- 
0059, Aladdin Corporation, China); Phosphate-
buffered saline (No. P196986, Aladdin Cor- 
poration, China); TRIzol reagent (No. 15596018, 
Invitrogen, USA). 

Preparation of tanshinone IIA liposome

We prepared tanshinone IIA liposome by the 
thin-film dispersion method [22-24]. Briefly, soy 
lecithin (20 mg), cholesterol (5 mg), and tanshi-
none IIA (5 mg) were dissolved in chloroform (2 
mL) in a round-bottom flask and stirred continu-
ously for 3 minutes. The mixture was evaporat-



The effects of tanshinone IIA liposome on acute blunt muscle injury

4191 Am J Transl Res 2020;12(8):4189-4203

ed at 45°C in a rotatory evaporator (RE-52AA; 
Shanghai Yarong Biochemical Instruments, Sh- 
anghai, China) until a homogeneous thin film 
was observed in the round-bottom flask. In a 
37°C water bath, 2 mL of phosphate-buffered 
saline (PBS, pH 6.4) was added to the round 
bottom flask to hydrate the tanshinone IIA lipo-
some for 30 minutes. The resulting mixture was 
homogenized using an ultrasonic cell disruptor 
(JY98-IIIDN; Ningbo Xinzhi Biotechnology Co., 
Ltd., Zhejiang, China) at 240 W for 10 minutes 
(3 s ultrasound at 3 s intervals) on ice, which 
could effectively avoid excessive temperature 
during the preparation process. Finally, tanshi-
none IIA liposome was produced by extruding 
the solution through a 0.45-μm membrane. 
Blank liposome was prepared by the same 
method.

Characterization of tanshinone IIA liposome

Transmission electron microscopy of tanshi-
none IIA liposome: The morphology of tanshi-
none IIA liposomes was observed by transmis-
sion electron microscopy (TEM; HT7800; Hi- 
tachi High Technology Co., Ltd., Tokyo, Japan). 
One drop of tanshinone IIA liposome suspen-
sion was dripped onto a 300-mesh formvar 
carbon-coated copper grid (No. BZ11033a; 
Beijing Zhongjingke Instrument Technology Co., 
Ltd., Beijing, China) for 3 minutes. Next, excess 
liquid was absorbed using filter paper and the 
sample was stained with 2% phosphotungstic 
acid for 3 minutes. Excess liquid was removed 
with filter paper and the sample was dried at 
room temperature and observed by TEM.

Particle size, polydispersity index, and zeta 
potential of tanshinone IIA liposome: A Nano-
ZS90 (Malvern Panalytical, Malvern, UK) was 
used to characterize the particle size, polydis-
persity index, and zeta potential of the tanshi-
none IIA liposome at 25°C.

Encapsulation efficiency and drug loading of 
tanshinone IIA liposome: The encapsulation 
efficiency (EE) and drug loading (DL) of tanshi-
none IIA liposome were determined by high-
performance liquid chromatography (HPLC) 
[22, 25] using an Agilent 1260 Infinity II HPLC 
system, ODS-3 column (4.6 × 150 mm, 5 μm; 
Agilent, Santa Clara, CA, USA), and C18 precol-
umn (4.6 × 20 mm; Agilent). The HPLC condi-
tions were as follows: temperature, 25°C; 
mobile phase, acetonitrile: water (30: 70, v/v); 
flow rate, 1.0 mL/min; injection volume, 10 μL; 
and detection wavelength, 270 nm.

At room temperature, the liposome structure 
was destroyed by mixing 0.5 mL of liposome 
suspension with 1.5 mL of methanol; subse-
quently, the total tanshinone IIA content was 
assayed. Liposomes and free tanshinone IIA 
were separated by 10 kDa ultrafiltration at 
3,000 rpm for 5 minutes, and the free tanshi-
none IIA content in the ultrafiltrate was deter-
mined. The samples were passed through a 
0.45-μm syringe filter, and 10 μL was subjected 
to HPLC. The EE and DL of tanshinone IIA lipo-
some were calculated as follows:

EE (%) = (WT - WF) ÷ WT × 100%

DL (%) = (WT - WF) ÷ WNP × 100%

Where WT is the total tanshinone IIA content in 
a tanshinone IIA liposome sample; WF is the 
amount of free tanshinone IIA in a tanshinone 
IIA liposome sample, and WNP is the weight of 
nanoparticles.

In vitro release rate of tanshinone IIA liposome: 
The release of tanshinone IIA from liposomes in 
vitro was determined by the dialysis method 
and HPLC [23]. Tanshinone IIA liposomes (Tan- 
shinone IIA, ~5 mg) were dissolved in PBS (pH 
7.4) and stirred at 400 rpm. After 0.5, 1, 2, 4, 6, 
8, 10, 12, and 24 hours, 2 mL of dissolution 
medium was removed a11nd extruded through 
a syringe filter (0.45 μm); to maintain the vol-
ume, 2 mL of fresh release medium was added. 
The samples were analyzed by HPLC.

Animals

The Animal Center of the Chinese Academy  
of Science (Shanghai, China) provided male 
Sprague-Dawley (SD) rats (250 ± 10 g, n =  
32). The rats were maintained in separate cag- 
es under constant environmental conditions 
(22°C, 50 ± 5% relative humidity, 12/12-hour 
light/dark cycle).

Establishment of a rat model of muscle injury

We established a rat model of skeletal muscle 
contusion (Figure 1). The protocol was approved 
by the Ethics Committee of Wenzhou Medical 
University. The rats were anesthetized by intra-
peritoneal injection of 4% chloral hydrate (0.75 
mL/100 g), and the hair of the hind limbs was 
shaved off. A skeletal muscle contusion was 
induced by striking the inner part of the right 
leg (the subcutaneous part was the middle of 
the gastrocnemius muscle) by a 400 g solid 
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metal cylinder falling from a height of 67 cm 
(kinetic energy, 2.63 J). The diameter of the 
striking surface was 1.0 cm. The rats were 
divided into four groups of eight rats each us- 
ing a random number table, as follows: blank 
model group (5 mL of normal saline injected 
into the tail vein once daily for 2 weeks), blank 
liposome group (blank liposome diluted with 
normal saline and injected into the tail vein 
once daily for 2 weeks), tanshinone IIA lipo-
some group (20 mg/kg/d; tanshinone IIA lipo-
some diluted with normal saline and injected 
into the tail vein for 2 weeks), and tanshinone 
IIA group (20 mg/kg/d; tanshinone IIA in di- 
methyl sulfoxide diluted 1,000-fold with saline 
and injected into the tail vein for 2 weeks). We 
determined the dosage of tanshinone IIA for 
injection based on a previously published study 
[25]. On days 7 and 14 after muscle injury, four 
rats per group, selected at random, were eutha-
nized and their right gastrocnemius muscle 
was harvested.

Quantitative real-time polymerase chain reac-
tion

The effect of tanshinone IIA liposome on MH- 
CIIB and vimentin expression was evaluated  
by quantitative real-time polymerase chain re- 
action (qRT-PCR) [26, 27]. The housekeeping 

using a SLAN Fluorescence Quantitative PCR 
Detection System (Shanghai Hongshi Medical 
Devices Co., Ltd., Shanghai, China). Each 25-μL 
qRT-PCR reaction comprised 12.5 μL of 2 × 
qPCR Mix, 2.0 μL of 7.5 μM primers, 2.5 μL of 
reverse transcription product, and 8.0 μL of 
ddH2O. The samples underwent 40 cycles of  
initial denaturation at 95°C for 10 min, dena-
turation at 95°C for 15 s, and annealing at 
60°C for 60 s in triplicate. The primer sequenc-
es are listed in Table 1.

Western blotting

The rats were euthanized on day 14 after mus-
cle injury. Samples (0.5 × 0.5 cm) from the mid-
dle of injured muscles (n = 4) were harvested 
and stored at -80°C. After degrading the mus-
cle tissue in lysis buffer, the protein concentra-
tion was measured by bicinchoninic acid assay. 
Sixty grams of protein were separated by elec-
trophoresis in 12% (w/v) gels and transferred  
to polyvinylidene difluoride membranes (Roche 
Applied Science, Indianapolis, IN, USA). After 
blocking with 5% (w/v) nonfat milk for 2 hours 
at room temperature, the membranes were 
incubated with the following primary antibodi- 
es at 4°C overnight: VPS34 (1:1,000 diluti- 
on), beclin 1 (1:1,000), CTSD (1:1,000), p62 
(1:1,000), and GAPDH (1:1,000). Next, the 

Figure 1. A: The hairs of the hind legs were shaved off and the gastrocnemius 
muscles were fully exposed; B: The skeletal muscle contusion was caused by 
the falling of heavy objects; C: The situation of skeletal muscle contusion. D: 
The diagram of caudal vein injection.

gene glyceraldehyde-3-phos-
phate dehydrogenase (GAP- 
DH) was used as the referen- 
ce for normalization. Briefly, 
total RNA was extracted from 
the gastrocnemius muscle us- 
ing TRIzol reagent (155960- 
18; Invitrogen, Carlsbad, CA, 
USA) according to the manu-
facturer’s instructions. The 
concentration and purity of 
the RNA were analyzed spec-
trophotometrically at 260 nm 
using a Nanodrop 2000 (Ther- 
mo, Waltham, MA, USA). The 
RNA concentration was ad- 
justed to 200 ng/μL by dilu-
tion. cDNA was synthesized 
from the RNA by reverse tran-
scription using the Thermo 
Scientific Revert-Aid RT Kit 
(WG441-K1622; Thermo) ac- 
cording to the manufactur- 
er’s instructions. Subsequent- 
ly, qRT-PCR was performed 
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membranes were incubated with horseradi- 
sh peroxidase (HRP)-conjugated secondary IgG 
(1:5,000) for 2 h at room temperature, and pro-
tein bands were visualized using the ECL Plus 
Reagent Kit (Amersham Biosciences, Little 
Chalfont, UK). Band intensity was quantified 
with Image Lab 3.0 software (Bio-Rad, Hercul- 
es, CA, USA).

Histological analysis

Muscle tissues were harvested at predeter-
mined times and fixed in 4% paraformaldehy- 
de solution for 24 hours at room temperature. 
Next, the tissue samples were dehydrated in  
an ethanol gradient (75%, 85%, 95%, and 
100%), cleared with dimethylbenzene, and em- 
bedded in paraffin blocks at 65°C. Serial trans-
verse sections (4-μm-thick) were stained with 
hematoxylin and eosin (HE) and observed and 
imaged under a microscope (Cx23; Olympus 
Corp., Tokyo, Japan) at 400 × magnification.

Immunohistochemical staining

Immunohistochemical (IHC) staining was per-
formed to determine the expression levels of 
desmin, collagen I, and tumor necrosis factor 
(TNF)-α at predetermined times after muscle 
injury. The sections were dewaxed with xylene 
and rehydrated in a series of concentrations of 
ethanol. After rinsing in pure water, the sec-
tions were placed in citrate antigen repair buf-
fer (pH 6.0). To block endogenous peroxidase 
activity, the sections were transferred to 3% 
H2O2 and incubated in darkness for 25 minutes 
at room temperature, followed by three washes 
with PBS (pH 7.4) for 5 minutes each. Next, 
bovine serum albumin (BSA; 3%) was added to 
cover the tissues, and the sections was sealed 
at room temperature for 30 minutes. The seal-
ing solution was shaken off gently. After adding 
a certain proportion of the primary antibody 
(anti-desmin rabbit pAb [GB11081], 1:200; 
anti-collagen I rabbit pAb [GB11022-3], 1:500; 
anti-TNF-α mouse mAb [GB13188-2], 1:200; all 

Servicebio, Woburn, MA, USA), the sections 
were incubated overnight in a wet box at 4°C. 
On the following day, the sections were washed 
with PBS (pH 7.4) three times for 5 minutes 
each. The sections were dried, and HRP-con- 
jugated secondary antibodies of the appropri-
ate species/genera were added, followed by 
incubation at room temperature for 50 minut- 
es.

After reaction with DAB substrate and counter-
staining with hematoxylin, the areas positive for 
desmin, collagen I, and TNF-α were visualized 
under a microscope (Cx23; Olympus Corp.). The 
integrated optical densities (IODs) and pixel 
areas of corresponding tissue (AREAs) of des-
min, collagen I, and TNF-α in injured muscle 
were analyzed using Image Pro Plus 6.0 (Media 
Cybernetics, Inc., Silver Spring, MD, USA). The 
average optical density (AOD) was calculated 
as: AOD = IOD ÷ AREA (3).

Assay of the malondialdehyde level and super-
oxide dismutase activity

Four rats per group were euthanized at 7 and 
14 days postoperatively, and the skin fascia 
was immediately cut into layers at the gastroc-
nemius. Several pieces of injured gastrocne-
mius muscle tissue were removed, washed in 
normal saline at 4°C, and dried with filter paper. 
The muscle pieces were weighed, and homo- 
genates were prepared by adding 1:10 w/v 
saline (4°C) and centrifuging at 4,000 rpm at 
4°C for 10 minutes. The content of malondial-
dehyde (MDA) and activity of superoxide dis-
mutase (SOD) in the supernatant were deter-
mined by the thiobarbituric acid method and 
enzymatic xanthine oxidase assay, respective- 
ly [28, 29].

Estimation of IL-6 and TNF-α levels

On days 7 and 14 after muscle injury, the serum 
interleukin (IL)-6 and TNF-α levels were deter-
mined using commercial enzyme-linked immu-

Table 1. Primer sequence for use in reverse transcription-quantitative polymerase chain reaction
Genes Sequence (5’-3’) Primer length (bp) Product length (bp) Annealing (°C)
MHCIIB F CTGATCACCACCAACCCATAT 20 419 58.03
MHCIIB R GTGACCATCCACAGGAACATC 21
Vimentin F CAAGAACACCCGCACCAA 17 180 58.32
Vimentin R TCCCTCATCTCCTCCTCGTA 20
GAPDH F GCAAGTTCAACGGCACAG 18 141 58.6
GAPDH R CGCCAGTAGACTCCACGAC 18
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nosorbent assay (ELISA) kits according to the 
manufacturers’ protocols.

Statistical analysis

Results are expressed as means ± SD. SPSS 
software (version 24.0; IBM Corp., Armonk, NY, 
USA) was used to conduct the statistical an- 
alysis. One-way analysis of variance was per-
formed to evaluate differences among multiple 
groups. GraphPad Prism software (version 7.0: 
GraphPad Software Inc., La Jolla, CA, USA) was 
used to construct graphs. P-values < 0.05 were 
considered significant.

Results

Characteristics of tanshinone IIA liposome

By TEM, tanshinone IIA liposomes were shown 
to be small, single-chamber spherical vesicles, 
which were relatively homogeneous in size (Fi- 
gure 2A). The particle size, dispersion coeffi-

cient, and zeta potential of the tanshinone IIA 
liposomes were 150.67 ± 27.23 nm, 0.20 ± 
0.015, and -8.73 ± 2.28 mV, respectively 
(Figure 2B and 2C). The EE of tanshinone IIA 
liposome was 70.32 ± 4.04% and the DL rate 
was 15.63%. As illustrated in Figure 2D, tanshi-
none IIA liposomes showed sustained drug 
release in vitro.

Tanshinone IIA liposome modulated the ex-
pression of MHCIIB and vimentin

By qRT-PCR, there was no significant difference 
between the blank model and blank liposome 
groups in MHCIIB or vimentin expression on 
days 7 and 14 (P > 0.05; Figure 3). Tanshinone 
IIA increased the expression of vimentin and 
reduced that of MHCIIB on days 7 and 14 (P < 
0.05; Figure 3). Compared with the tanshinone 
IIA group, the expression of vimentin (1.60 ± 
0.17 and 1.27 ± 0.06, respectively) was sig- 
nificantly increased and that of MHCIIB (0.32  
± 0.02 and 0.18 ± 0.02, respectively) was 

Figure 2. Characterization of tanshinone IIA liposome. A: The structure of tanshinone IIA liposome was observed by 
transmission electron microscope; B: The size of the tanshinone IIA liposome; C: Zeta potential of tanshinone IIA 
liposome; D: Release rate of tanshinone IIA liposome.
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decreased, in the tanshinone IIA liposome 
group on days 7 and 14 after muscle injury (P < 
0.05; Figure 3).

Tanshinone IIA liposome upregulates autopha-
gy in injured muscle

VPS34 and Beclin 1 are localized to the preau-
tophagosomal structure, CTSD is a marker of 
autolysosomes, and p62 reflects autophagic 
degradation. Hence, we performed western 
blotting of the beclin 1, VPS34, CTSD, and p62 
levels in injured muscle (Figure 4). The VPS34, 
beclin 1, and CTSD levels were highest, and the 
p62 level was lowest, in the tanshinone IIA lipo-
some group (Figure 4; P < 0.05). Tanshinone IIA 
increased the levels of vps34, beclin 1, and 
CTSD compared with the blank model and bl- 
ank liposome groups (Figure 4; P < 0.05). The 
levels of autophagy-related proteins (VPS34, 
beclin 1, CTSD and p62) were not significantly 
different between the blank model and blank 
liposome groups (P > 0.05).

Histological analysis and IHC staining

On day 7, but not on day 14, some degree of 
gastrocnemius surface edema was observed  

inflammatory cells and a small number of new 
blood vessels were observed, indicating re- 
covery from injury. The cells in the tanshinone 
IIA group were compact and some fibrosis and 
inflammatory cell infiltration were evident. How- 
ever, there was only slight improvement in the 
muscles in the blank model and blank liposo- 
me groups; moreover, muscle atrophy, inflam-
matory cell infiltration, and massive fibrosis re- 
mained evident on day 14 in those groups.

IHC staining showed that the desmin level was 
higher in the tanshinone IIA liposome group 
(2.06 ± 0.28 and 1.87 ± 0.03, respectively) 
compared with the tanshinone IIA group (1.54 
± 0.19 and 1.49 ± 0.18, respectively) on days 7 
and 14 (Figure 5B; P < 0.05). Also, the expres-
sion levels of collagen 1 (0.56 ± 0.07 and 0.63 
± 0.03, respectively) (Figure 6A) and TNF-α 
(0.66 ± 0.02 and 0.29 ± 0.02, respectively) 
(Figure 6B) were lower in the tanshinone IIA 
liposome group on days 7 and 14 after acute 
blunt muscle injury (P < 0.05). Importantly, 
there was no difference in desmin, collagen-1, 
or TNF-α expression between the blank model 
and blank liposome groups on days 7 and 14, 

Figure 3. Tanshinone IIA liposome promoted the expression of the MHCIIB 
and vimentin at 7 and 14 days after muscle injury. A: The expression of MH-
CIIB in different experimental groups at 7 and 14 days after muscle injury; 
B: The expression of vimentin in different experimental groups at 7 and 14 
days after muscle injury. Data are mean ± standard error, n = 4 per group. * 
represents a comparison with blank model group, P < 0.05; # represents a 
comparison with blank liposome group, P < 0.05; & represents a comparison 
with tanshinone IIA group, P < 0.05.

in all groups. As shown in 
Figure 5A, on day 7, a large 
number of muscle cells in the 
blank model and blank lipo-
some groups exhibited swell-
ing, necrosis, dissolution, fib- 
rosis, atrophy, and inflamma-
tory cell infiltration. Compar- 
ed with the blank model gr- 
oup, inflammatory cell infiltra-
tion and fibrosis were reduced 
in the tanshinone IIA group. 
Furthermore, in the tanshino- 
ne IIA liposome group, the 
regenerated muscle fibers we- 
re arranged in an orderly fa- 
shion, the cells had a slender 
nucleus, the number of fibro-
cytes was increased, and the 
number of infiltrating inflam-
matory cells was decreased; 
moreover, there was no swell-
ing or necrosis of muscle cells 
and no scarring. On day 14, a 
small number of regenerated 
intact muscle fibers were fo- 
und in the tanshinone IIA li- 
posome group; there were no 



The effects of tanshinone IIA liposome on acute blunt muscle injury

4196 Am J Transl Res 2020;12(8):4189-4203

indicating biocompatibility of the liposomes (P 
> 0.05, Figures 5B and 6).

Effect of tanshinone IIA liposome on oxidative 
stress

The MDA level and SOD activity are shown in 
Figure 7A and 7B. Compared with the blank 
model group and blank liposome group, the 
MDA content in the tanshinone IIA liposome 
group (3.11 ± 0.05 and 2.10 ± 0.33 nmol· 
mg-1·protein-1, respectively) and tanshinone IIA 
group (4.55 ± 0.062 and 3.51 ± 0.40 nmol· 
mg-1·protein-1, respectively) decreased signifi-
cantly on days 7 and 14 (P < 0.05), and the 
MDA content in the tanshinone IIA liposome 
group was significantly lower than that in the 
tanshinone IIA group (P < 0.05). On days 7 and 
14, the SOD activity in the tanshinone IIA lipo-
some group (72.50 ± 2.08 and 83.98 ± 0.86 
u.mg-1·protein-1, respectively) and tanshinone 

tanshinone IIA (TNF-α: 77.00 ± 2.45 and 62.88 
± 5.78 pg/mL; IL-6: 91.25 ± 2.22 and 67.00 ± 
4.24 pg/mL, respectively) on days 7 and 14 
after acute blunt muscle injury. Notably, the 
TNF-α and IL-6 levels were similar between the 
blank model and blank liposome groups (Fi- 
gure 7C and 7D; P > 0.05). Therefore, the anti-
inflammatory effect of tanshinone IIA was in- 
creased by its encapsulation in liposomes.

Discussion

Tanshinone IIA, the main ingredient of the 
Chinese medicine Salvia Miltiorrhizae, has an- 
ti-inflammatory, antifibrotic, and antioxidant ac- 
tivity, regulates apoptosis, and is used in the 
treatment of ischemia-reperfusion and other 
types of injury [30-33]. However, the clinical 
utility of tanshinone IIA is limited by its low 
water solubility, biofilm permeation, and bio-
availability. In this study, tanshinone IIA was 

Figure 4. A: Western blotting for VPS34, Beclin 1, CTSD and p62 expression 
in the muscle injury of all groups. Gels were electrophoresed under the same 
experimental conditions, and cropped blots are shown here. B: Histograms 
of optical density values for VPS34, Beclin 1, CTSD and p62 as calculated 
by Western blotting. Data are mean ± standard error, n = 4 per group. + 
stands for giving the corresponding stimulus and - stands for no interference. 
* represents a comparison with blank model group, P < 0.05; # represents a 
comparison with blank liposome group, P < 0.05; & represents a comparison 
with tanshinone IIA group, P < 0.05.

IIA group (64.25 ± 2.22 and 
71.25 ± 2.22 u.mg-1·protein-1, 
respectively) increased signif-
icantly, and the increase was 
greater in the tanshinone IIA 
liposome group (P < 0.05). 
However, there was no signi- 
ficant difference in MDA con-
tent or SOD activity between 
the blank model group and 
blank liposome group (P > 
0.05).

Effect of tanshinone IIA lipo-
some on the levels of proin-
flammatory cytokines

Next, we assayed the levels  
of the proinflammatory cyto-
kines TNF-α and IL-6. Com- 
pared with the blank model 
and blank liposome groups, 
the TNF-α and IL-6 levels we- 
re significantly decreased in 
the tanshinone IIA liposome 
and tanshinone IIA groups 
(Figure 7C and 7D; P < 0.05). 
Also, tanshinone IIA liposome 
(TNF-α: 52.25 ± 7.85 and 
35.05 ± 3.63 pg/mL; IL-6: 
65.75 ± 6.60 and 46.50 ± 
3.11 pg/mL, respectively) ex- 
erted a significantly greater 
anti-inflammatory effect than 
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transformed into tanshinone IIA liposome to 
improve its bioavailability. We evaluated the 
release and therapeutic efficacy of tanshinone 

IIA liposome, as well as the underlying mecha-
nisms, in a rat model of acute blunt-injured 
muscle. 

Figure 5. A: Hematoxylin and eosin (HE) -stained of the injured muscle in each group (original magnification ×200; 
scale bar, 50 µm); B: Immunohistochemistry (IHC) of proteins desmin in injured muscle (original magnification, 
×200; scan bar, 50 μm) and the quantification of average optical density of desmin in IHC in each group. Data are 
mean ± standard error, n = 4 per group. * represents a comparison with blank model group, P < 0.05; # represents 
a comparison with blank liposome group, P < 0.05; & represents a comparison with tanshinone IIA group, P < 0.05.
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The particle size, dispersion coefficient, and 
zeta potential of tanshinone IIA liposomes pre-
pared by the thin-film dispersion method were 
150.67 ± 27.23 nm, 0.20 ± 0.015 and -8.73 ± 

indicating that tanshinone IIA liposome has 
good sustained-release properties. Sustained 
release can reduce the peaks and valleys in 
blood concentration, i.e., can maintain the 

Figure 6. A: Collagen I level in the muscle from each group by immunohistochemistry (IHC) (original magnification 
×200; scale bar, 50 µm). And the histograms of average optical density for collagen I by IHC in each group; B: The 
TNF-α expression in the muscle from each group by immunohistochemistry (IHC) (original magnification ×200; scale 
bar, 50 µm). And the histograms of average optical density for collagen I by IHC in each group. Data are mean ± stan-
dard error, n = 4 per group. * represents a comparison with blank model group, P<0.05; # represents a comparison 
with blank liposome group, P < 0.05; & represents a comparison with tanshinone IIA group, P < 0.05.

Figure 7. Effects of tanshinone IIA liposome on proinflammatory cytokines. 
A: MDA level in each group was gauged through an approach triggered by 
a reaction with thiobarbituric acid. B: SOD activity in each group was mea-
sured by the oxidase enzymatic method. C and D: TNF-α and IL-6 expression 
was detected by ELISAs. Data are mean ± standard error, n = 4 per group. * 
represents a comparison with blank model group, P < 0.05; # represents a 
comparison with blank liposome group, P < 0.05; & represents a comparison 
with tanshinone IIA group, P < 0.05.

2.28 mV, respectively; the 
liposomes spherical in sha- 
pe. The EE of tanshinone IIA 
liposome was 70.32 ± 4.04% 
and its DL rate was 15.63%. 
However, there were differ-
ences between tanshinone 
IIA liposomes and artesunate 
liposomes [22]. Those differ-
ences likely resulted from our 
improvements to the prepa- 
ration method. We performed 
ultrasonic dispersion at 240 
W and used a 0.45-mm, rath-
er than a 0.22-mm, micropo-
rous membrane to extrude 
the liposomes, with the aim of 
preventing excessive temper-
ature and obtaining smaller 
and more uniform liposomes. 
Most of the liposomes were 
uniformly dispersed, but so- 
me aggregates were present, 
possibly because of their low 
zeta potential. A higher zeta 
potential (> 30 mV) increases 
liposomal stability and disper-
sion [24, 34] by increasing 
their electrostatic repulsion. 
Indeed, Feng et al. [27] report-
ed that the zeta potential  
of resveratrol liposomes was 
-30 mV, and the liposomes 
were dispersed uniformly and 
stably. The zeta potential of 
tanshinone IIA liposome was 
-8.73 ± 2.28 mV, suggesting 
insufficient electrostatic repu- 
lsion. Tanshinone IIA liposome 
showed burst release for 8 
hours (release rate, 64.46%); 
the cumulative release rate 
after 24 hours was 74.35%, 
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blood concentration of tanshinone IIA in the 
effective range and thus improve its safety. 
This preparation method is suitable only for 
liposoluble drugs. According to differences in 
physicochemical properties, such as solubility, 
preparation conditions can also be adjusted  
to achieve the best DL and EE.

Autophagy refers to self-catabolism of dam-
aged or dysfunctional cellular components, 
which are recycled to provide nutrients. Au- 
tophagy promotes cell survival during nutrient 
deprivation or stress, prevents neurodegenera-
tion, and degrades invading microorganisms 
and intracellular antigens [7]. Therefore, auto- 
phagy plays an important role in injury repair. 
Autophagy involves formation of the autopha-
gosome, which fuses with the lysosome and 
thus leads to digestion of the substrate. Con- 
sequently, we analyzed the levels of Beclin 1 
and VPS34 (markers of autophagosomes), CT- 
SD (marker of autolysosomes), and p62 (mark-
er of autophagic degradation). Western blotting 
showed that the expression of Beclin 1 and 
VPS34 was highest in the tanshinone IIA lipo-
some group, suggesting greater autophago-
some formation. Furthermore, CTSD and p62 
expression levels were increased and decre- 
ased respectively by tanshinone IIA liposome, 
indicating increased autophagic flux. These re- 
sults suggest that tanshinone IIA liposome re- 
pairs injured muscle by upregulating autopha-
gy, which provide strong evidence of tanshi-
none IIA liposome’s therapeutic benefit for 
acute blunt muscle injury with novel mechanis-
tic insight, highlighting tanshinone IIA liposo- 
me’s potential for clinical application.

HE staining showed that tanshinone IIA lipo-
some regenerated and maintained the struc-
ture of muscle fibers, reduced inflammatory 
cell infiltration, induced slight neovasculariza-
tion, and restored the morphology of muscle 
cells; these are all signs of recovery of the 
injured muscle. Tanshinone IIA also repaired 
injured muscle to some extent, albeit that this 
was accompanied by a degree of inflammatory 
cell infiltration and fibrosis. MHCIIB controls  
the immune response; regulates the division, 
proliferation, and interactions of lymphocytes; 
and affects the repair of injured skeletal mus-
cle [35]. In this study, both tanshinone IIA and 
tanshinone IIA liposomes reduced the expres-
sion of MHCIIB. This may have been due to 
repair of injured muscle cells and surrounding 

cells. By contrast, the expression of vimentin 
was increased by tanshinone IIA liposome and 
tanshinone IIA. Vimentin, a marker of recovery 
of injured muscle, is related to cytoskeletal  
and cellular integrity [27, 36]. The expression of 
vimentin was increased more by tanshinone IIA 
liposome compared with tanshinone IIA, sug-
gesting that the former promoted greater and 
longer-lasting recovery of acute blunt-injured 
muscle. However, further research is needed to 
determine the underlying mechanism.

Desmin is an intermediate filament protein that 
connects the Z-line with mitochondria, the cell 
membrane and the cell nucleus. Desmin also 
prevents excessive sarcomere involvement in 
muscle contraction and relaxation [37]. Loss of 
desmin is a morphological index of skeletal 
muscle injury [38]. Type I collagen is one of the 
major types of collagen in muscle tissue. Gaps 
in injured muscle are initially filled by hemato-
ma, and excessive production of collagen hin-
ders muscle repair and regeneration [39]. IHC 
staining showed that that tanshinone IIA lipo-
some facilitated muscle recovery by increasing 
the expression of desmin and reducing that of 
collagen I. Similarly, Criswell et al. reported that 
high desmin expression stabilizes organelles 
and maintains the morphology of muscle fibers, 
thereby promoting their rapid recovery [40]. 
Collagen I exerts the opposite effects in injured 
muscle [41]. Thus, we initially assumed that 
tanshinone IIA liposomes regulate the expres-
sion of desmin and collagen I to promote skel-
etal muscle repair.

Repair of injured skeletal muscle involves mul-
tiple inflammatory mediators, cytokines, and 
hormones [42]. Inflammation plays a key role in 
muscle repair because proinflammatory cyto-
kines modulate the cellular environment, which 
controls other repair processes [43]. TNF-α, a 
proinflammatory factor, plays an important role 
in the inflammatory response, injury repair, and 
cell differentiation; it also activates the inflam-
matory cascade and induces the release of IL-6 
to repair injured muscle. However, excessive 
inflammatory stimulation inhibits muscle re- 
pair. IHC staining showed that tanshinone IIA 
reduced excessive expression of TNF-α in in- 
jured skeletal muscle and prevented injury to 
fine muscle afferents, which is closely related 
to the recovery of muscle function. Also, the 
anti-inflammatory effect of tanshinone IIA lipo-
some was greater than that of tanshinone IIA. 
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The plasma TNF-α and IL-6 levels at 7 and 14 
days after injury confirmed the IHC results. The 
anti-inflammatory effect of tanshinone IIA lipo-
some prevented secondary inflammatory injury 
to muscle and accelerated muscle repair.

After muscle injury, the sarcolemma and base-
ment membrane are destroyed, leading to neu-
trophil and macrophage infiltration and activa-
tion, and the generation of reduced nicotin-
amide adenine dinucleotide phosphate oxida- 
se complex. That complex facilitates the forma-
tion of superoxide ions and oxygen free radi-
cals, causing further damage to skeletal mus-
cle [44]. MDA, a product of lipid peroxidation, is 
used to measure the intensity of free radical 
reactions. Its content reflects the rate and in- 
tensity of lipid peroxidation, and indirectly re- 
flects the degree of skeletal muscle injury and 
lipid peroxidation [45]. SOD is the main antioxi-
dant enzyme in skeletal muscle, wherein it eli- 
minates free radicals and peroxides to protect 
against oxidative stress and promote tissue 
repair [46, 47]. Thus, the level of MDA and 
activity of SOD are important biomarkers of oxi-
dative stress. In this study, tanshinone IIA lipo-
some significantly reduced the MDA level and 
increased SOD activity after skeletal muscle 
injury. Also, tanshinone IIA liposome enhanced 
the endogenous antioxidant capacity, reduced 
the levels of lipid peroxidation products and 
free radicals, and ameliorated the cell-mem-
brane damage caused by oxygen free radicals. 
Similarly, Wang et al. found that inhibition of  
oxidative stress protected normal tissues and 
cells from secondary injury [48].

Tanshinone IIA promoted the repair of acute 
blunt-injured skeletal muscle by augmenting 
autophagy, reducing inflammation and oxida-
tive stress, modulating vimentin and desmin 
expression, and repairing the damaged cyto-
skeleton. Tanshinone IIA liposome exerted a 
greater therapeutic effect than tanshinone IIA 
by maintaining the plasma tanshinone IIA con-
centration, thereby improving its safety and 
bioavailability.

Conclusion

Liposomal encapsulation of tanshinone IIA 
reduced peaks and valleys in plasma concen-
tration after direct injection, maintained the 
plasma tanshinone IIA concentration, and im- 
proved the safety and bioavailability of tanshi-
none IIA. In addition, tanshinone IIA liposome 

ameliorated acute blunt gastrocnemius injury 
in rats by augmenting autophagy, reducing in- 
flammation, alleviating oxidative stress, modu-
lating the expression of vimentin and desmin, 
and repairing the damaged cytoskeleton. The- 
refore, liposomally encapsulated tanshinone IIA 
has potential for the treatment of acute blunt-
injured muscle.
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