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Abstract. The multidrug resistance of glioma impedes 
chemo‑radiotherapy and leads to adverse outcomes. In 
the present study, the doxorubicin (DOX)‑resistant glioma 
SHG44/DOX cell line was established to investigate the 
effects and mechanisms of Salvia miltiorrhiza ligustrazine 
(SML), a traditional Chinese medicine, on the reversal of 
DOX‑resistance. The SHG44/DOX cells grew continually in 
0.1 µg/ml DOX and expressed increased levels of mRNA of 
multidrug resistance genes [multidrug resistance 1 (MDR1), 
multidrug resistance‑associated protein 1 (MRP1) and lung 
resistance protein (LRP)] compared with the parental SHG44 
cells. Treatment with DOX plus SML suppressed prolife
ration and promoted early apoptotic rates in SHG44/DOX 
cells, although treatment with DOX alone failed to inhibit 
SHG44/DOX cells. In addition, the levels of MDR1, MRP1 
and LRP were downregulated by this traditional Chinese 
medicine, coupled with increased intracellular DOX concen-
trations. Tumor‑bearing nude mouse models were also 
established using SHG44/DOX cells, and it was demonstrated 
that the tumor volumes and proliferation indexes were lower 
in the DOX plus SML group compared with the DOX alone 
group. The present data demonstrated that treatment with 
SML was able to reverse the DOX resistance of SHG44/DOX 
cells, which suggests that SML may be a potential adjuvant 
agent for glioma chemo‑radiotherapy.

Introduction

Glioma is the most common type of malignant tumor in the 
central nervous system, and the annual incidence reaches 
~7.2/100,000  (1). Owing to invasive growth and intraop-
erative protection of the functional areas of the brain, it is 
difficult to remove the tumor completely by surgery, and 

therefore postoperative chemo‑radiotherapy becomes an 
important strategy for glioma (2). However, glioma cells are 
not sensitive to clinical radiotherapy and chemotherapy due to 
multidrug resistance, resulting in recurrence even if surgery 
and postoperative chemo‑radiotherapy are combined, with a 
mean survival time of <14 months (3). Increasing evidence 
has indicated that high expression of ATP‑binding cassette 
transporter is one of the important factors involved in toler-
ance to chemo‑radiotherapy in glioma (4‑6). Furthermore, 
drug‑resistance of glioma cells may be abolished by decreasing 
the expression and function of the ATP‑binding cassette trans-
porter family members in the cell membranes (7). Therefore, 
this may be a potential clinical strategy for the treatment 
of glioma (8). In the present study, the traditional Chinese 
medicine Salvia miltiorrhiza ligustrazine (SML) was revealed 
to inhibit the expression of multidrug resistance 1 (MDR1), 
multidrug resistance‑associated protein 1 (MRP1) and lung 
resistance protein (LRP) and promote the antitumor effect of 
doxorubicin (DOX) in the DOX‑resistant glioma SHG44/DOX 
cell line. Data from the present study confirmed the novel 
function of this drug in tumor treatment. Therefore, SML may 
be a potential adjuvant agent for glioma chemo‑radiotherapy.

Materials and methods

Reagents. Fetal bovine serum (FBS), RPMI‑1640 medium 
and penicillin/streptomycin were purchased from HyClone 
(GE Healthcare Life Sciences, Logan, UT, USA). LRP, 
phosphorylated‑glycoprotein (p‑gp), MRP1, GAPDH, 
Ki‑67 nuclear antigen and proliferating cell nuclear antigen 
(PCNA) primary antibodies were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). Horseradish peroxi-
dase‑conjugated secondary antibodies were purchased from 
OriGene Technologies, Inc. (Beijing, China). DOX and SML 
were obtained from the Department of Neurosurgery at The 
Second Affiliated Hospital of Chongqing Medical University 
(Chongqing, China).

Cell culture. The human glioma SHG44 cell line was 
purchased from Shanghai Life Academy of Sciences Cell 
Library (Shanghai, China). The SHG44 cells were main-
tained in RPMI‑1640 supplemented with 100 U/ml penicillin, 
100 mg/ml streptomycin and 10% FBS at 37˚C. To establish the 
DOX‑resistant SHG44 (SHG44/DOX) cell line, concentrations 
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of DOX treatment were increased gradually between 0.01 and 
1 µg/ml. Finally, the SHG44/DOX cells were able to grow 
continually in medium with 0.1 µg/ml DOX.

Semi‑quantitative reverse transcription polymerase chain 
reaction (RT‑PCR). Total RNA was extracted from cells 
using RNAiso Plus (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). The concentrations of these RNA 
samples were measured using a spectrophotometer, and the 
RNA samples were reverse‑transcribed into cDNA using the 
Primescript RT reagent kit according to the manufacturer's 
protocol (Takara Biotechnology Co., Ltd., Dalian, China). 
The primer sequences and product sizes were as follows: 
LRP (221  bp) forward, 5'‑GTC​TTC​GGG​CCT​GAG​CTG​
GTG​TCG‑3' and reverse, 5'‑CTT​GGC​CGT​CTC​TTG​GGG​
GTC​CTT‑3'; MRP1 (326 bp) forward, 5'‑CCG​TGT​ACT​CCA​
ACG​CTGC‑3' and reverse, 5'‑CTG​GAC​CGC​TGA​CGC​CGT​
GAC‑3'; MDR1 (310 bp) forward, 5'‑CAT​GCT​CAG​ACA​GGA​
TGT​GAGT‑3' and reverse, 5'‑AGT​AGC​GAT​CTT​CCC​AGA​
ACCT‑3' and GAPDH (598 bp) forward, 5'‑CCA​CCC​ATG​
GCA​AAT​TCC​ATG​GCA‑3' and reverse, 5'‑TCT​AGA​CGG​
CAG​GTC​AGG​TCCAC‑3'. The amplification conditions were 
as follows: 95˚C for 5 min, 95˚C for 30 sec, 54.5˚C for 30 sec 
and 72˚C for 40 sec. The PCR program was administered for 

30 cycles, followed by a 5 min extension at 72˚C. The experi-
ment was repeated five times. Following gel electrophoresis 
in 2% agarose gel, ethidium bromide was used to observe the 
bands using Quantity One 4.6 computer software at 590 nm 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The relative 
levels of target genes were normalized to GAPDH expression.

Western blot analysis. The cells were lysed using radioim-
munoprecipitation assay lysis buffer (Beyotime Institute of 
Biotechnology, Beijing, China) containing 1% phenylmeth-
ylsulfonyl fluoride. The BCA method was used to determine 
protein concentrations. An equal amount (25  µg) of each 
sample was separated by 6‑10% SDS‑PAGE and transferred 
to polyvinylidene fluoride (PVDF) membranes. Following 
blocking with 5% goat serum at 37˚C for 30 min (Beijing 
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing 
China) and incubating with primary antibodies against p‑gp 
(dilution, 1:300; cat. no.  sc71557), MRP1 (dilution, 1:300; 
cat. no.  sc7773), LRP (dilution, 1:300; cat. no.  sc135975) 
and GAPDH (dilution, 1:1,000; cat. no. sc47724) overnight 
at 4˚C, the PVDF membranes were washed three times with 
PBS and Tween‑20 (PBST) buffer and incubated with horse-
radish peroxidase‑conjugated goat anti‑rabbit or anti‑mouse 
secondary antibody (dilution, 1:5,000; cat. nos. TA130003 and 

Figure 1. Characteristics of the DOX‑resistant glioma SHG44/DOX cell line. (A) Reverse transcription‑polymerase chain reaction analysis of mRNA levels of 
MDR1, MRP1 and LRP in SHG44 and SHG44/DOX cells (n=5). (B) Western blot analysis was used to determine the expression of three resistance proteins 
in SHG44 and SHG44/DOX cells (n=5). (C) Following incubation with 0.1 µg/ml DOX for 1, 2, 3, 4 days, cell viability was detected using cell counting kit‑8 
solution (n=9). *P<0.05, **P<0.01, ***P<0.001 vs. SHG44 cells. DOX, doxorubicin; MDR1, multidrug resistance 1; MRP1, multidrug resistance‑associated 
protein 1; LRP, lung resistance protein; p‑gp, phosphorylated‑glycoprotein; OD, optical density; SHG44/DOX, DOX‑resistant SHG44 cell line.
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TA130023) for 1 h at 37˚C. The membranes were then washed 
three times with PBST buffer and the amount of protein in 
each band was observed using enhanced chemiluminescence 
reagents (Beyotime Institute of Biotechnology) and quantified 
using Quantity One 4.6 computer software. GAPDH was used 
as a loading control. The experiment was repeated five times.

Cell viability. The cells were seeded onto 96‑well plates at 
a density of 2,000 cells/well. Following treatment with 1, 
0.1  µg/ml DOX for 1, 2, 3 and 4  days; 2, 25, 50, 75 and 
100 µg/ml SML for 1, 2, 3 and 4 days; 3, DOX alone or SML 
plus DOX for 1, 2, 3 and 4 days, the cells were washed with 
PBS. RPMI‑1640 medium (100 µl) and 10 µl cell counting kit‑8 
solution (Beyotime Institute of Biotechnology) were added to 
each well for another 2 h at 37˚C. The optical density value 
was read at 450 nm using an ultraviolet spectrophotometer.

Cell apoptosis. The 2x105 cells were plated on a 6‑well plate. 
The SHG44/DOX cells were incubated at 37˚C with 0.1 µg/ml 
DOX or 0.1 µg/ml DOX plus 50 µg/ml SML for 96 h, and the 
early apoptotic rate was analyzed by flow cytometry using the 
annexin V‑phycoerythrin/7‑aminoactinomycin D apoptosis 
reagent kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China) according to a previous study (9).

DOX uptake. The SHG44/DOX cells were exposed to 
0.1 µg/ml DOX or 0.1 µg/ml DOX plus 50 µg/ml SML for 2 h 
at 37˚C. Subsequent to cell lysis and supernatant collection, 
the intracellular concentrations of DOX were tested using an 
ultraviolet spectrophotometer (absorbance, 490 nm). In addi-
tion, the protein concentrations were analyzed to standardize 
the uptake of DOX.

Xenograft tumor model. The male nude mice (n=9, 4 weeks 
old, weight 15 g, maintained under specific pathogen free 

conditions at 20‑26˚C, atmosphere 20‑50 Pa, 12 h light/dark 
cycle, fed optionally) used in the present study were provided 
by the experimental Animal Center of Chongqing Medical 
University (Chongqing, China). All animal studies were 
approved by the Ethics Committee of Chongqing Medical 
University. The SHG44/DOX cells were resuspended in 
RPMI‑1640 medium at a density of 2x106 cells per 80 µl and 
injected subcutaneously. The 5 mg/kg DOX or 5 mg/kg DOX 
and 5 mg/kg SML was injected into tumor tissues every 7 days 
through the tail vein. Tumor volumes were recorded according 
to the formula described previously (10) at 7, 14, 21 and 28 days 
post‑inoculation.

Immunohistochemistry (IHC). The mice were sacrificed at 
28 days, and the xenograft tumors were dissected at 4 µm 
and embedded in paraffin. IHC was performed according to 
previous methods (9) in order to evaluate the expression of 
Ki‑67 (dilution, 1:100; cat. no. sc7844) and PCNA (dilution, 
1:100; cat. no. sc25280) in the tumor tissues. Briefly, sections 
(4  mm) were deparaffinized in xylene and rehydrated in 
ethanol with a descending concentration (90, 80, 70, 50% 
for 10 min, respectively). Subsequently, these sections were 
treated with 3% hydrogen peroxide, the antigen was retrieved 
in citrate buffer, and nonspecific binding was blocked using 
5% goat serum for 40 min at 37˚C. Following washing with 
PBS, the sections were incubated overnight at 4˚C with the 
Ki‑67 (1:100) and PCNA (1:100), followed by incubation with 
the HRP goat anti‑rabbit secondary antibody (1:2,000) at 37˚C 
for 35 min. Following staining with 3,3'‑diaminobenzidine 
and counterstaining with hematoxylin (room temperature for 
5 min), the sections were observed using a light microscope 
(DM6000 B; Leica Microsystems GmbH, Wetzlar, Germany). 
The proliferation index (Ki‑67 and PCNA index) was defined 
as the percentage of positive cells from five randomly selected 
fields under magnification, x400. Negative controls (samples 
incubated with PBS instead of primary antibody) were 
processed along with the samples. There was no apparent 
immunoreactivity observed in negative controls.

Statistical analysis. One‑way analysis of variance (SML 
toxicity, drug combination experiments in vitro and in vivo) 
and Tukey's post‑hoc test or a paired t‑test (western blot, 
RT‑PCR, DOX toxicity) were performed using SPSS 20.0 
(IBM SPSS, Armonk, NJ, USA). All data are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Establishment and identification of SHG44/DOX cells. The 
glioma SHG44 cells were exposed to DOX with incremental 
concentrations, finally resulting in stable growth in 0.1 µg/ml 
DOX. RT‑PCR analysis revealed that the mRNA levels of drug 
resistance genes (MDR1, MRP1 and LRP) in SHG44/DOX 
cells were significantly increased compared with SHG44 
cells (Fig. 1A). Western blot analysis demonstrated that p‑gp, 
MRP1 and LRP protein were also significantly elevated in 
SHG44/DOX cells compared with SHG44 cells (Fig. 1B). The 
IC50 values of DOX in SHG44 and SHG44/DOX cells were 
1.64±0.27 and 17.58±0.31 mg/ml, respectively. Following 

Figure 2. Viabi l ity of doxorubicin‑resistant SHG44 cel ls was 
analyzed following persistent treatment with 25, 50, 75 and 100 µg/ml 
Salvia miltiorrhiza ligustrazine for 1, 2, 3 and 4 days (n=9; *P<0.05, **P<0.01, 
***P<0.001 vs. control at the same time point). OD, optical density.
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treatment with 0.1 µg/ml DOX for 1, 2, 3 and 4 days, the 
viability of SHG44/DOX cells was higher compared with 
SHG44 cells (Fig.  1C). These results indicated that the 
SHG44/DOX cells successfully exhibited the DOX‑resistant 
phenotype.

Cytotoxicity of SML in SHG44/DOX cells. In order to avoid 
the toxicity of SML, the non‑toxic concentrations of this 
traditional Chinese medicine were selected. Following treat-
ment with a concentration of 50 µg/ml or below for 1, 2, 3 
and 4  days, SML did not inhibit growth of SHG44/DOX 
cells. However, the traditional Chinese medicine was able to 
reduce proliferation of SHG44/DOX cells at a concentration 
of 75 µg/ml and above (Fig. 2). Therefore, 50 µg/ml SML was 
used as a non‑toxic concentration for subsequent study.

SML inhibits DOX‑resistance of SHG44/DOX cells. Although 
little cytotoxicity was observed in the 0.1 µg/ml DOX alone 
treatment group, 50 µg/ml SML plus 0.1 µg/ml DOX was 
able to suppress growth of SHG44/DOX cells after 1, 2, 3 and 
4 days (Fig. 3A). Flow cytometry demonstrated that the rates of 
early apoptosis were lower in the control and 0.1 µg/ml DOX 
alone groups compared with the 50 µg/ml SML plus 0.1 µg/ml 
DOX group after 96 h (P<0.05; Fig. 3B).

DOX‑resistance of SHG44/DOX is attenuated by SML 
in vivo. Subcutaneous injections of SHG44/DOX cells were 
administered in nude mice to develop xenograft tumors. As 

shown in Fig. 4A, 5 mg/kg DOX was able to slightly inhibit 
SHG44/DOX growth in vivo compared with the control group 
after 21 days. However, the tumor suppression was stronger in 
the 5 mg/kg DOX plus 5 mg/kg SML group compared with the 
5 mg/kg DOX alone group. Furthermore, the Ki‑67 and PCNA 
proliferation indexes were significantly lower in the 5 mg/kg 
DOX plus 5 mg/kg SML group compared with the 5 mg/kg 
DOX alone group (Fig. 4B). The present data affirmed that 
SML reduced DOX‑resistance in SHG44/DOX cells and 
improved the antitumor function of DOX.

SML downregulates multidrug resistance genes and facili‑
tates DOX uptake in SHG44/DOX cells. Following treatment 
with 0.1 µg/ml DOX for 2 h, the intracellular concentration 
of DOX was determined using spectrophotometry. It was 
demonstrated that concentration of DOX was higher in SHG44 
cells compared with SHG44/DOX cells (Fig. 5A). Notably, 
treatment with 50 µg/ml SML significantly increased the 
intracellular concentrations of DOX in SHG44/DOX cells 
(Fig. 5A). RT‑qPCR and western blot analysis demonstrated 
that the mRNA and protein levels of MDR1, MRP1 and 
LRP were significantly downregulated by 50 µg/ml SML in 
SHG44/DOX cells (Fig. 5B and C).

Discussion

SML improves circulatory disturbance by vasodilation, 
and is also able to reduce blood viscosity by promoting 

Figure 3. SML restored the anticancer effects of DOX on SHG44/DOX cells in vitro. (A) Cell counting kit‑8 was used to determine the growth of SHG44/DOX 
cells following incubation with DOX alone or SML plus DOX for 1, 2, 3 and 4 days (n=9; **P<0.01, ***P<0.001 vs. control group). (B) The rates of cells under-
going early apoptosis were detected in the control, DOX alone and SML plus DOX groups using flow cytometry (n=5). SML, Salvia miltiorrhiza ligustrazine; 
DOX, doxorubicin; SHG44/DOX, DOX‑resistant SHG44; OD, optical density; PE, phycoerythrin.
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fibrinolysis (11,12). Additionally, ligustrazine is able to increase 
the surface charge of erythrocytes and platelet to inhibit blood 
viscosity (13). Therefore, SML has played an important role in 
the treatment of cardiovascular and cerebrovascular diseases in 
China, having been widely used for the treatment of a number 
of conditions, including cerebral infarction, coronary disease, 
diabetic nephropathy and pulmonary heart disease (14‑17). In 
previous years, with continuous research and clinical observa-
tion of the pharmacological effects of SML, SML has been 
indicated to have anticancer characteristics (18). Lin et al (19) 
demonstrated that SML was able to inhibit glucose metabolism 
of gastric cancer cells, prevent proliferation and promote apop-
tosis of cancer cells by increasing levels of p53 mRNA. This 
contributed to the inactivation of AKT signaling pathways and 
cell arrest in the G2/M phase. Gong et al (20) reported that 
SML blocked the growth of prostate cancer by inhibiting tumor 
angiogenesis in mice. Wang et al (21) confirmed that ligustra-
zine affected the translocation of nuclear factor‑κB p65 from 
the nucleus to cytoplasm, and subsequently was able to alter its 

transcriptional activity and the expression of target genes. This 
led to the reduction in growth of osteosarcoma cells in vitro and 
in vivo. In addition, a previous study revealed that ligustrazine 
suppressed cyclooxygenase 2 and reduced the ability of lung 
cancer cells to migrate and invade (22). These data suggested 
that SML may be a potent agent for clinical therapy of tumors.

Multidrug resistance was indicated to be an important 
factor that hindered the complete elimination of glioma 
cells during radiotherapy and chemotherapy, resulting in 
poor prognosis for patients with glioma  (23). The mecha-
nisms of resistance may be associated with the expression 
of ATP‑binding cassette transporter (ABC transporter) on 
the glioma cell membranes, which represents a group of 
transporters, including 49 genes and 7 different functional 
subfamilies (24). A number of studies have reported that the 
expression of LRP, MRP1 and p‑gp in these subfamilies was 
upregulated in glioma cells  (4,25). These drug resistance 
genes caused failure in chemotherapy treatment of glioma by 
a number of mechanisms, including efflux of drugs, increasing 

Figure 4. SML inhibited DOX‑resistance in DOX‑resistant SHG44 cells in vivo. (A) The xenograft tumors were divided into 1, control; 2, DOX alone; and 3, 
DOX plus SML groups. The tumor volumes were calculated at day 7, 14, 21 and 28 (n=3). (B) Immunohistochemical analysis was performed to analyze the 
percentage of cells positive for PCNA and Ki‑67 in these tumor samples 28 days post‑inoculation. Magnification, x400. *P<0.05, **P<0.01, ***P<0.001 vs. control 
group; ##P<0.01, ###P<0.001 vs. DOX alone group. SML, Salvia miltiorrhiza ligustrazine; DOX, doxorubicin; PCNA, proliferating cell nuclear antigen.
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intracellular alkaline, changing membrane lipid structure and 
intracellular ionic environment, and accelerating glutathione 
to form the GST‑X pump (26,27). These data suggested that 
downregulation of these genes may be helpful for increasing 
the intracellular concentrations of chemotherapy drugs and 
inducing antitumor effects. Therefore, these genes may be 
potential targets for gene therapy in glioma.

To date, a number of studies have shown that SML 
inhibits the proliferation of glioma (28,29). However, to the 
best of our knowledge, there was no study reporting whether 
SML reduced resistance to chemotherapy. In the present 
study, a DOX‑resistant glioma SHG44/DOX cell line was 
established, and it was revealed that the SHG44/DOX cells 
were more sensitive to DOX following exposure to SML. 
The combination of SML with DOX reversed the drug resis-
tance of SHG44/DOX by inhibiting proliferation and tumor 
growth, and promoting early apoptosis. In studies on breast 
and colon cancer, the potential mechanisms of reversal of 

chemotherapeutic resistance were associated with inhibiting 
the levels of ABC transporter in tumor cells (30,31). In the 
present study, it was also demonstrated that SML increased 
the intercellular concentration of DOX by reducing the expres-
sion of drug resistance genes in SHG44/DOX cells, which 
increased the antitumor ability of DOX.

In summary, the present study provides the experimental 
basis for clinical application of SML to reverse glioma 
chemotherapy resistance and improve the efficacy of chemo-
therapy drugs on the disease. The antitumor effects of SML 
may be a novel strategy for brain tumor chemotherapy, which 
may enable the development of Chinese medicine in cancer 
therapy.
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