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Abstract
Stroke is partial or complete brain dysfunction combined with acute cerebral circulatory disorders, and it affects
millions of individuals around the world each year. A total of 70-80% of patients experience ischaemic stroke caused
by disturbances in cerebral circulation, leading to cerebral ischaemia, neuronal apoptosis, and necrosis. Tanshinone
IIA is a natural compound extracted from Salvia miltiorrhiza and has been proven to assist in recovery from cerebral ischaemia reperfusion injury. GLUT1 is ubiquitously expressed in all types of tissues in the human body and
has important physiological functions due to its glucose uptake ability. This experiment was performed to detect
the effect of GLUT1 in promoting the therapeutic effect of tanshinone IIA. Here, we found that tanshinone IIA treatment increased the viability of neurons and promoted the recovery of brain function, and that the concentration
of glucose in serum and cultured medium was also increased. We noticed that these effects might be mediated by
an increased glucose uptake ability. In addition, we further found that the PI3K/mTOR/HER3 signalling pathway
played an important role in regulating these effects. Thus, we thought that overexpression of GLUT1 might be
an important target in the treatment of cerebral ischaemia-reperfusion.
Key words: tanshinone IIA, GLUT1, ischaemia reperfusion, PI3K/mTOR signalling pathway, mitochondrial function.

Introduction
Cerebral ischaemia-reperfusion (I/R) is one of
the major health problems around the world. It
often causes irreversible damage to brain tissues
and leads to functional impairment and the death
of neurons [1,39]. Previous studies have shown that
approximately 10% of patients suffer from pre-stroke
dementia, 10% suffer from post-stroke dementia
after their first stroke, and more than 30% of patients
suffer from dementia after recurrent strokes [26,35].

However, the treatments of I/R are still limited. Tanshinone IIA is a fat-soluble component of Salvia miltiorrhiza. A previous study found that tanshinone IIA
increased the blood flow in the heart and improved
myocardial metabolic disorders by improving the
tolerance of cardiomyocytes to hypoxia [46]. In addition, tanshinone IIA also reduced the area of infarction, improved myocardial contractility, and promoted myocardial regeneration [9]; it has also been
considered as a treatment for cardiovascular events
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[13]. GLUT1 was first identified in a foetal skeletal
muscle cell line by using a cDNA probe [23] and is
commonly regarded as the “neuronal glucose transporter” [32]. Recently, a study showed that GLUT1
has important functions in cell processes [27,30].
Thus, we speculated that overexpression of GLUT1
might enhance the therapeutic effect of tanshinone
IIA for the treatment of middle cerebral artery occlusion (MCAO). In this study, we found that tanshinone
IIA could increase the viability of neurons and help
recover the function of the mouse brain. It increased
the concentration of glucose in serum samples of
mice and culture medium from cells, and we further
noticed that these effects might be mediated by an
increase in glucose uptake ability. In addition, we
found that increased activation of the PI3K/mTOR/
HER-3 signalling pathway played an important role
in the regulation of these effects, and overexpression of GLUT1 enhanced the effect of tanshinone IIA.
We thought that GLUT1 might be a therapeutic target for cerebral ischaemia-reperfusion.

Material and methods
Ethical statement
This study was carried out in strict accordance
with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health (USA). All experiments were conducted in accordance with the Declaration of Helsinki and
were approved by the Ethics Committee of the Shanxi
Bethune Hospital Shanxi Academy of Medical Science.

Animal model and grouping
6-8-week-old GLUT1 knockdown mice, GLUT1
overexpression mice and C57BL mice were purchased from Cyagen Biosciences Company (No.
SCXK2016-0002). The 10 C57BL mice, five GLUT1
knockdown mice, and five GLUT1 overexpression
mice were housed at 25°C under a 12-h light-dark
cycle with food and water freely available. The mice
were then divided into four groups: operation group
(NC), tanshinone IIA treatment group (TT), tanshinone IIA treatment combined with GLUT1 overexpression group (TO), and tanshinone IIA treatment
combined with GLUT1 inhibition group (TI). The mice
were first anaesthetised with 100 mg/kg ketamine
and 10 mg/kg xylazine and placed on a stereotaxic
device. Then, the middle cerebral artery (MCA) was
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exposed and occluded with a soldering iron placed
directly on the dura [16]. After surgery, the soft tissues were replaced and the skin was closed using
5-0 nylon suture. Buprenorphine was used to prevent post-operative pain and was given every 6 h at
a dose of 0.3 mg/kg. After the model was constructed in mice, the mice were treated with 15 mg/kg
tanshinone IIA (T4952, Sigma) for seven days
through tail intravenous injection, and the mice in
the sham group received the same volume of normal
saline through tail intravenous injection (n = 5).

Morris water maze test
The Morris water maze (MWM) test was performed in order to evaluate the spatial learning
and memory ability of the mice and was performed
according to previous protocols [42]. All of the experimental steps were performed in a quiet environment. The swimming pool used was a circular tank
(diameter: 122 cm, divided into four quadrants). The
water temperature was kept at approximately 20°C.
A 10 cm2 hidden circular platform was located in the
quadrant of NE, and spatial acquisition trials were
performed on five continuous days with four trials on
each day, starting in the SE, S, NW, and W (Table I).
If the mice were unable to reach the platform in
1 min, the mice were guided to the platform. Before
performing the following experiments, the mice were
kept on the platform for 15 s. Escape latency was
set as the time the mice used to reach the escape
platform, and the escape test was performed on the
sixth day. The time travel distance that mice spent
in the target quadrant and the number of times the
mice crossed the zone was recorded after removing
the escape platform and the mice swam for 60 s.
All of the steps were monitored using image detectors and analysed using the ANY-maze software
(ANY-maze). After the MWM test, brain tissues and
serum samples of mice were collected to perform
the following experiments.
Table I. Starting positions for the spatial and probe
tests of Morris water maze
Day

Trial 1

Trial 2

Trial 3

Trial 4

1

S

W

NW

SE

2

NW

S

SE

W

3

SE

NW

W

S

4

W

SE

S

NW

5

S

NW

W

SE

NW – Northwest, S – South, SE – Southeast, W – West.
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TTC staining
After brain tissue was collected, tissues were
stored at –20°C for 30 min. Then the tissues were
cut into 2 mm slices and stained with 2% TTC solution for 30 min at 37°C away from light. After washing with phosphate-buffered saline (PBS), images of
the slices were acquired.

Vector construction
Full-length GLUT1 cDNA was cloned using
a polymerase chain reaction (PCR) method with
the following primers: Forward: 5’-GGGAGCTAACATCTCCAAGTCT-3’, Reverse: 5’-CTGGCATCAACGCTGTCTTC-3’. The PCR product of GLUT1 and pCDNA3.1-3×Flag was digested with BamHI (R3136S,
NEB) and XhoI (R0146S, NEB), and then the PCR product and the digested vector was linked to construct
the pCDNA3.1-3×Flag-GLUT1 overexpression vector.
Then, the GLUT1 overexpression vector was transfected into Neuro-2a cells using Lipo 3000 transfection reagent (L3000015, Thermo) for 48 h, and the
stable expressing cells were screened using G418
(11811031, Thermo). The GLUT1 knockdown vector
was constructed as described in a previous study
[48]. The pair of oligos were acquired using the following primers: Forward: 5’-CACCGTCTCTTTCAGATGTGCCGTT-3’, Reverse: 5’-AAACAACGGCACATCTGAAAGAGAC-3’. The CRISPR vector and the pair of
oligos were digested with BsmBI (R0580S, NEB) at
37°C for 30 min. The oligos were phosphorylated
with T4 PNK (M0202S, NEB) and incubated at 37°C
for 30 min followed by incubation at 95°C for 5 min.
The digested vector and oligos were linked with
Quick Ligase and then transfected into 293T cells
to construct the GLUT1-knockdown lentiviral vector.
The stably expressed cells were screened using 2 μg/
ml puromycin (A1113802, Thermo).

Cell culture and grouping
Neuro-2a cells were purchased from ATCC (CCL131). The cells were cultured in Dulbecco’s modified
Eagle’s medium (11995065, Thermo) supplemented with 10% foetal bovine serum (FBS, 16140071,
Thermo) at 37°C and humidified in a 5% CO2 atmosphere. Then, the cells were divided into four groups:
the normal group (NC), tanshinone IIA treatment
group (TT), tanshinone IIA treatment combined with
GLUT1 overexpression group (TO), and the tanshi-
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none IIA treatment combined with GLUT1 inhibition
group (TI). Before performing the following experiments, cells in the tanshinone IIA treatment group
were treated with 1 μM tanshinone IIA for 1 h.

Glucose uptake assays
Glucose uptake assays were performed according
to the manufacturer’s protocol (ab136955, Abcam).
Cells and brain tissues were lysed with extraction
buffer, and then the samples were incubated with
neutralising buffer and assay buffer. Then, the samples and standard were incubated with reaction
buffer A for 1 h at 37°C followed by incubation with
extraction buffer for 40 min at 90°C. After cooling on
ice and incubating with reaction buffer B, the absorbance value at 412 nm was measured using a microplate reader (Multiskan FC, Thermo).

Measurement of cellular and serum
glucose concentration
Measurement of the glucose concentration in
the cells and brain tissues was performed according
to the manufacturer’s protocol (ab65333, Abcam).
Briefly, cells and brain tissues were first lysed with
assay buffer. After the samples were added into each
well, they were mixed with reaction buffer and incubated at 37°C for 30 min. The absorbance value at
570 nm was measured using a microplate reader
(Multiskan FC, Thermo).

MTT assay
Cells were first seeded into a 96-well plate at
a concentration of 1 × 105/well. The cells were grouped
and treated as previously described. Then, the cells
were incubated with MTT reagent (M6494, Thermo)
at a final concentration of 5 mg/ml. After incubation with MTT for 4 h, the cells were incubated with
150 μl DMSO for 10 min at room temperature with
gentle shaking. The absorbance value at 570 nm was
measured using a microplate reader (Multiskan FC,
Thermo). The viability rate was calculated using the
following equation: viability rate = [1 – (Absorbance
valueExperiment – Absorbance valueBlank)/(Absorbance
valueNC – Absorbance valueBlank)] × 100%.

RNA extraction
RNA extraction was performed according to
the protocol of the total RNA extraction kit (R1200,
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Solarbio). Briefly, cells and mice were divided into
four groups as previously described, and then cells
and brain tissues were lysed with lysis buffer and
incubated at room temperature for 5 min. After that,
the lysates were incubated with chloroform, and the
water phase was collected in an absorption tube.
After washing with washing buffer, the RNA was
eluted using elution buffer. The concentration of the
RNA was determined using a NanoDrop Lite (Thermo). The RNA was stored at –80°C until performing
the following experiments.

Reverse transcription and real-time
quantitative polymerase chain reaction
Reverse transcription and real-time quantitative
polymerase chain reaction (qPCR) were performed
according to the manufacturer’s protocol (T2210,
Solarbio). Briefly, the reaction mixture was prepared
as recommended, and the primers used were as follows: COX-2: Forward: 5’-GTTTGGTCTGGTGCCTGGTT-3’,
Reverse: 5’- AGCACATCGCACACTCTGTTATGT-3’; IL-1β:
5’-GGCACGTATGAGCTGAAAGCT-3’, Reverse: 5’-TGCACAAAACTCATGGAGAACAC-3’; PGE2: Forward: 5’-CGGGCATCGATCGATAAGCTAC-3’, Reverse: 5’-CGGCGCATGCTACGATCGACTCG-3’; MCP-1: Forward: 5’-TCTGTGCTGACCCCAAGCA-3’, Reverse: 5’-GTCTGCATTTTCTTGTCCAGGTT-3’. The PCR consisted of: reverse transcribe at 50°C
for 20 min and denaturation at 95°C for 3 min, and
these steps were repeated for 45 cycles: denaturation
at 95°C for 15 s, annealing at 60°C for 30 s, and extend
at 72°C for 60 s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.
The expression of each target gene was determined
using the 2-ΔΔCq method [29].

Western blotting analysis
Cells were divided into four groups and cultured
as previously described. Then, the cells were lysed
with lysis buffer (4% SDS, 10 mM IAA, 50 mM DTT,
and protease inhibitor cocktail). The concentrations
of the protein samples were determined using a BCA
assay. Then, 60 μg of each protein sample was used
to perform 10% SDS-PAGE. After electrophoresis, the
proteins were transferred onto a PVDF membrane.
The membranes were blocked with 5% skimmed
milk and incubated with the primary anti-bodies
(1:1000,anti-GLUT1[ab115730],anti-ACO2[ab129069],
anti-Hexokinase II [ab104836], anti-LDHA [ab84716],
anti-MDH2 [ab181857], anti-HIF-1α [ab1], anti-AKT
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[ab179463], anti-p-AKT [ab38449], anti-mTOR [ab2732],
anti-p-mTOR [ab109268], anti-HER3 [ab32121], antip-HER3 [ab101407], Abcam) overnight at 4°C followed
by incubation with the secondary antibody for 1 h at
room temperature. The expression of each target protein was detected using a chemiluminescent immunoassay. GAPDH was used as an internal control.

ELISA
The ELISA assay was performed according to the
manufacturer’s protocol (Neurotrophin-3 ELISA kit
[ab213882], Calprotectin ELISA kit [ab263885], GFAP
ELISA kit [ab233621], ROS Assay kit [ab186029], Nitric
Oxide Assay kit [ab65328], and GSH/GSSG Ratio Detection Assay kit [ab138881], Abcam). Briefly, cells and
serum were added into each well of a 96-well plate and
incubated at 37°C for 90 min, followed by incubation
with target antibodies at 37°C for 60 min. After washing with washing buffer, samples were incubated with
ABC working solution at 37°C for 30 min. Samples were
incubated with TMB agent for 25 min at 37°C followed
by incubation with stop solution. The absorbance value at 450 nm was measured using a microplate reader
(Multiskan FC, Thermo).

Statistical analysis
The data of each experiment are presented as the
mean ± S.E.M. Each experiment was repeated three
times independently. One-way ANOVA was used to
analyse the differences among groups using SPSS
22.0 software. P value < 0.05 was set as a statistically
significant difference.

Results
The expression of GLUT1 in each group
of mice and cells without tanshinone IIA
treatment
As shown in Figure 1A and B, the expression levels of GLUT1 in the cells and mouse model not treated
with tanshinone IIA were detected using western blotting analysis. The expression level of GLUT1 in the NC,
GO (GLUT1 overexpression), and GI (GLUT1 inhibition)
groups of cells were 1.34 ± 0.10, 1.71 ± 0.13, and 0.35
± 0.03, respectively. The expression level of GLUT1 in
the NC, GO, and GI groups of the mouse model were
0.50 ± 0.04, 0.78 ± 0.06, and 0.20 ± 0.02, respectively.
The area of ischaemia was significantly reduced after
overexpression of GLUT1. These results indicated the
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Fig. 1. Evaluation of GLUT1 overexpression and inhibition model in cell and mice. A) Expression of GLUT1 in
cells without treatment of tanshinone IIA. B) Expression of GLUT1 in mice without treatment of tanshinone IIA.
C) The viability rate of cells in NC, TT, TO, and TI groups. Data presented as mean ± SD. Each experiment
was repeated three times independently. *p < 0.05 compared with NC group. #p < 0.05 compared with TT
group. GO – GLUT1 overexpression group without treatment of tanshinone IIA. GI – GLUT1 inhibition group
without treatment of tanshinone IIA.

successful establishment of GLUT1 overexpression and
inhibition models in cells and mice.

The effect of tanshinone IIA on
cognitive performance of mice in the
acquisition trial and probe test of MWM
The performance of mice on the MWM test is presented in Figure 2. The escape latency of the mice
was detected for five continuous days, and the aver-
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age escape times were 72.3 ± 6.2, 68.5 ± 6.1, 60.2 ± 5.6,
51.3 ± 5.0 and 44.7 ± 4.2 in the NC group, 65.3 ± 6.2,
56.2 ± 5.7, 48.2 ± 4.1, 41.0 ± 3.4 and 35.2 ± 3.1 in the
TT group, 62.1 ± 5.5, 51.3 ± 4.8, 40.2 ± 3.6, 33.5 ± 3.1
and 27.1 ± 2.5 in the TO group, and 70.2 ± 6.9, 61.3 ± 5.9,
52.4 ± 5.2, 47.3 ± 4.3 and 41.0 ± 3.5 in the TI group.
The average number of platform crossings in these
groups were 2.8 ± 0.4, 3.3 ± 0.6, 4.9 ± 0.7, and 2.9 ± 0.5,
respectively. The times spent in the target quadrant
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Fig. 2. Detection of memory function using MWM. A) The escape latency of mice in each group in 5 consecutive days. B) The average number of crossing platform of mice in each group. C) The time in target
quadrant of mice in each group. Data presented as mean ± SD. Each experiment was repeated three times
independently. *p < 0.05 compared with NC group. #p < 0.05 compared with TT group.

in these groups were 18.5 ± 3.5, 19.6 ± 4.1, 25.1 ± 5.0,
and 18.8 ± 3.7 s, respectively. These results indicated
that tanshinone IIA treatment enhanced the function
of memory and that the overexpression of GLUT1
enhanced this trend.

The effect of tanshinone IIA on cellular
viability
As shown in Figure 1C, the viability rate in the
TT, TO, and TI groups under tanshinone IIA treatment were 123.1 ± 13.4, 161.2 ± 17.1, and 96.4 ± 9.1,
respectively. The viability was significantly increased
in the TT and TO groups compared with the NC group
(p < 0.05) and was significantly increased in the TO
group (p < 0.05) and significantly decreased in the
TI group (p < 0.05) compared with the TT group.
These results indicate that overexpression of GLUT1
increased the viability rate of the cells.
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The effect of tanshinone IIA
on the detection of glucose
concentration and glucose intake
ability in the mouse and cell models
As shown in Figure 3, the relative concentration of
glucose in the NC, TT, TO, and TI groups of the mouse
model were 1.00 ± 0.13, 0.85 ± 0.11, 0.61 ± 0.07, and
0.94 ± 0.13, respectively. The relative concentration
of glucose in the NC, TT, TO, and TI groups of the cell
model were 1.00 ± 0.16, 0.81 ± 0.12, 0.57 ± 0.08, and
0.99 ± 0.13, respectively. The glucose uptake changing
fold in the NC, TT, TO, and TI groups of the mouse model
were 1.00 ± 0.13, 1.31 ± 0.19, 1.88 ± 0.27, and 1.08 ± 0.16,
respectively. The glucose changing fold in the NC, TT,
TO, and TI groups of the cell model were 1.00 ± 0.15,
1.26 ± 0.17, 1.74 ± 0.22, and 1.09 ± 0.17, respectively. These
results showed that tanshinone IIA treatment decreased
the concentration of glucose in the serum samples and
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Fig. 3. Detection of glucose concentration and glucose uptake ability in cultured medium of cells and serum
sample of mouse model. A) The relative concentration of glucose in cultured medium of cells. B) The relative
concentration of glucose in serum sample of mouse model. C) The changing fold in glucose uptake ability
in cells. D) The changing fold in glucose uptake ability in brain tissue of mouse model. Data presented as
mean ± SD. Each experiment was repeated three times independently. *p < 0.05 compared with NC group.
#p < 0.05 compared with TT group.

increased the glucose uptake ability in brain tissues and
cells but not significantly, but after overexpression of
GLUT1, the changes became significant.

The effect of tanshinone IIA
on the expression of target genes
in the mouse and cell models
As shown in Figure 4, the expression level of COX-2
in the brain tissue of mice from the NC, TT, TO, and TI
groups were 1.6 ± 0.2, 1.1 ± 0.1, 0.7 ± 0.1, and 1.4 ± 0.2,
respectively. The expression of COX-2 was significantly decreased in the TT and TO groups (p < 0.05)
compared with the NC group and was significantly
decreased in the TO group (p < 0.05) compared with
the TT group. The expression levels of IL-1β in these
groups were 2.1 ± 0.4, 1.7 ± 0.3, 1.1 ± 0.1, and 1.9 ± 0.2,
respectively. The expression of IL-1β was significantly
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decreased in the TO group (p < 0.05) compared with
the NC and TT groups. The expression levels of PGE2
in these groups were 1.3 ± 0.3, 1.0 ± 0.2, 0.6 ± 0.1,
and 1.2 ± 0.2, respectively. The expression of PGE2
was significantly decreased in the TO group (p < 0.05)
compared with the NC and TT groups. The expression levels of MCP-1 in these groups were 1.8 ± 0.3,
1.3 ± 0.2, 0.7 ± 0.1, and 1.6 ± 0.3, respectively.
The expression of MCP-1 presented a similar trend to
PGE2. As shown in Figure 5, the expression levels of
COX-2 in the NC, TT, TO, and TI groups of cells were 1.3
± 0.2, 1.0 ± 0.2, 0.6 ± 0.1, and 1.2 ± 0.3, respectively.
The expression of COX-2 was significantly decreased
in the TO group (p < 0.05) compared with the NC and
TT groups. The expression levels of IL-1β in these
groups were 1.6 ± 0.3, 1.2 ± 0.2, 0.8 ± 0.1, and 1.4 ± 0.3,
respectively. The expression levels of PGE2 in these
groups were 1.5 ± 0.3, 1.2 ± 0.2, 0.7 ± 0.1, and 1.3 ± 0.2,
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Fig. 4. The expression level of COX-2, IL-1β, PGE2, and MCP-1 in cells. A) The expression level of COX-2 in
cells. B) The expression level of IL-1β in cells. C) The expression level of PGE2 in cells. D) The expression level
of MCP-1 in cells. Data presented as mean ± SD. Each experiment was repeated three times independently.
*p < 0.05 compared with NC group. #p < 0.05 compared with TT group.

respectively. The expression levels of MCP-1 in these
groups were 1.5 ± 0.3, 1.1 ± 0.2, 0.6 ± 0.1, and 1.2 ± 0.2,
respectively. The expression of IL-1β, PGE2, and MCP-1
presented similar trends as COX-2.

The effect of tanshinone IIA
on expression of target proteins
in the mouse and cell models
As shown in Figure 6A, the expression levels of
ACO2, hexokinase 2, LDHA, and MDH2 in each group
of the cell model were detected using western blotting analysis. Respectively, the expression was: ACO2
0.21 ± 0.02, 0.77 ± 0.06, 1.22 ± 0.10, and 0.45 ± 0.04;
hexokinase 2 0.35 ± 0.0, 0.82 ± 0.07, 1.30 ± 0.11, and
0.70 ± 0.06; LDHA 1.36 ± 0.11, 1.26 ± 0.10, 0.76 ± 0.06,
and 1.39 ± 0.12; and MDH2 0.50 ± 0.04, 1.15 ± 0.10,
1.46 ± 0.12, and 1.04 ± 0.09. As shown in Figure 6B,
the expression levels of ACO2, hexokinase 2, LDHA,
and MDH2 in each group of the mouse model were
detected using western blotting analysis. Respective-
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ly, the expression was: ACO2 0.01 ± 0.00, 0.25 ± 0.02,
0.89 ± 0.07, and 0.41 ± 0.03; and hexokinase 2
0.15 ± 0.01, 0.62 ± 0.05, 0.86 ± 0.07, and 0.01 ± 0.00.
These results show that the expression of aerobic
oxidation of glucose-related enzymes was increased
after tanshinone IIA treatment, and it was even higher after overexpression of GLUT1, indicating that tanshinone IIA activates the aerobic oxidation of glucose,
and overexpression enhances this process.

The effect of tanshinone IIA on
activation of the PI3K/AKT/mTOR
signalling pathway in the mouse
and cell models
As shown in Figure 7A, the expression of GLUT1
and HIF-1α and the ratio of p-AKT/AKT, p-mTOR/
mTOR, and p-HER3/HER3 in each group of the cell
model were detected using western blotting analysis. Respectively, the expression was: GLUT1 0.52
± 0.04, 1.38 ± 0.11, 2.06 ± 0.17, and 0.84 ± 0.07; and
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HIF-1α 1.00 ± 0.08, 1.02 ± 0.09, 0.80 ± 0.07, and
1.17 ± 0.10. Respectively, the ratio of p-AKT/AKT was
0.47 ± 0.04, 1.01 ± 0.08, 1.26 ± 0.10, and 0.49 ± 0.04.
The ratio of p-mTOR/mTOR was 0.30 ± 0.02, 0.62 ± 0.05,
1.17 ± 0.10, and 0.30 ± 0.03, respectively. The ratio of
p-HER3/HER3 was 0.67 ± 0.06, 1.01 ± 0.08, 1.26 ± 0.10,
and 0.42 ± 0.04, respectively. As shown in Figure 7B,
the expression of GLUT1 and HIF-1α and the ratio of
p-AKT/AKT, p-mTOR/mTOR, and p-HER3/HER3 in each
group of the mouse model were detected using western blotting analysis. Respectively, the expression
was: GLUT1 0.33 ± 0.03, 0.80 ± 0.07, 0.99 ± 0.08, and
0.48 ± 0.04; and HIF-1α 1.12 ± 0.09, 0.95 ± 0.08,
0.73 ± 0.06, and 1.26 ± 0.10. Respectively, the ratio of
p-AKT/AKT was 0.52 ± 0.04, 0.91 ± 0.08, 1.55 ± 0.13,
and 0.95 ± 0.08. The ratio of p-mTOR/mTOR was
0.71 ± 0.06, 1.17 ± 0.10, 1.56 ± 0.13, and 0.64 ± 0.05,
respectively. The ratio of p-HER3/HER3 was 0.54 ± 0.04,
1.06 ± 0.09, 1.08 ± 0.09, and 0.82 ± 0.07, respectively.
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The results show that the PI3K/mTOR signalling pathway was activated after treatment with tanshinone IIA, and the effect was more significant after overexpression of GLUT1. These results indicate that the
effect of increasing the expression of aerobic oxidation of glucose related enzymes might be mediated
by the PI3K/AKT/mTOR signalling pathway.

The effect of tanshinone IIA on
the expression of neuronal protective
factors in the mouse and cell models
As shown in Figure 8, the concentration of neuronal protective factors in the serum samples and
cellular medium were detected using ELISA. Respectively, in the serum samples of mice from the NC, TT,
TO, and TI groups, the concentration was: neurotrophin-3 241.2 ± 18.6, 292.3 ± 21.3, 354.2 ± 27.1, and 250.7
± 19.4 pg/ml; calprotectin 806.1 ± 35.2, 874.5 ± 40.3,
985.6 ± 47.1, and 810.2 ± 33.6 pg/ml; GFAP 202.1 ± 16.4,
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Fig. 6. The expression of ACO2, hexokinase 2, LDHA, and MDH2. A) The expression and quantitative analysis of these enzymes in each group of cell model.

245.3 ± 20.6, 321.4 ± 26.6, and 210.5 ± 19.4 pg/ml; and
nitric oxide 48.6 ± 9.6, 60.2 ± 12.3, 78.1 ± 14.1, and
52.3 ± 10.7 μmol/l. The respective ratios of GSH/GSSG
in these groups were 1.2 ± 0.1, 1.9 ± 0.2, 2.7 ± 0.4, and
1.6 ± 0.1. The respective relative intensity of ROS in
the TT, TO, and TI groups was 0.72 ± 0.07, 0.51 ± 0.04,
and 0.94 ± 0.08. As shown in Figure 9, the concentration in the culture medium of each respective group
of cells was: neurotrophin-3 107.2 ± 13.5, 142.4 ± 16.4,
213.6 ± 19.7, and 116.2 ± 17.7 pg/ml; calprotectin 520.3
± 23.2, 578.1 ± 26.1, 654.4 ± 33.5, and 540.3 ± 24.5 pg/ml;
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GFAP 137.2 ± 13.7, 154.1 ± 17.4, 198.7 ± 20.5, and
145.2 ± 16.2 pg/ml; and nitric oxide 26.5 ± 3.6,
31.2 ± 4.5, 46.3 ± 5.3, and 25.4 ± 4.0 μmol/l. The res
pective ratios of GSH/GSSG in these groups were
0.8 ± 0.1, 1.1 ± 0.2, 1.8 ± 0.3, and 1.0 ± 0.2, respectively. The respective relative intensity of ROS was 0.81
± 0.07, 0.60 ± 0.04, and 1.12 ± 0.11.

Discussion
Stroke is one of the major health problems around
the world and is the third leading cause of death [11].
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Among affected patients, nearly 87% of them suffer
an ischaemic stroke caused by interruption of the
blood supply to the brain. Tanshinone IIA is a traditional Chinese medicine extracted from the roots
of Salvia miltiorrhiza (Bunge) and has been widely
used in the treatment of cardiovascular and cerebrovascular disorders [34]. Glucose is transported into
brain cells via members of the GLUT family, including
GLUT1 in the endothelium and glial cells and GLUT3
in neurons [4,38]. Under normal and pathological
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conditions, the concentration of glucose in neurons
is strictly controlled and thus changes in the expression of GLUT1 might severely affect the function of
neurons. Thus, we thought overexpression of GLUT1
might be helpful in enhancing the recovery of neurons via increasing the flux of glucose [3].
The MTT assay indicated that the viability rate
of the cells was increased after tanshinone IIA treatment and was even higher after overexpression of
GLUT1. In addition, using in vivo experiments, we
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Fig. 7. The activation of PI3K/AKT/mTOR signalling pathway. A) The activation and quantitative analysis of
PI3K/AKT/mTOR in each group of cell model.

noticed that the time of escape latency, average
number of platform crossings, and time in the target
quadrant were significantly improved after treatment with tanshinone IIA combined with overexpression of GLUT1. In addition, we also noticed that
the concentration of glucose and glucose uptake
ability were also increased, indicating that the
recovery of cell viability and brain function might
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be mediated by increased glucose uptake and energy supplies. However, the detailed mechanism was
not clear. A previous study found that tanshinone
IIA could delay the development of atherosclerosis
via inhibition of inflammatory responses [28]. Thus,
we also detected the expression of inflammatory response-related genes, including COX-2, IL-1β,
PGE2, and MCP-1.
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Cyclooxygenase enzymes are critical for the
synthesis of prostaglandins and participate in the
inflammatory response process [24]. A previous
study found that COX-2 directly affects the function
of the CNS serotonergic system via the inflammatory process, and a higher level of serotonin in the
frontal and temporoparietal cortices was observed
after administration of rofecoxib, a selective inhibi
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tor of COX-2 [37], restoring the basic function of
the CNS system. IL-1β is one of the most important pro-inflammatory factors, and its expression is
generally increased after experimental and human
TBI. It is mainly produced by microglia, endothelial
cells, and astrocytes [20,22]. High expression of IL-1β
often occurs in the early and delayed phase after
TBI in humans [18]. In addition, the production of
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IL-1β is closely related to the severity of the injury
[25]. PGE2 is a subtype of the prostanoid family and
presents a wide range of biological effects related
to inflammation and cancer. PGE2 can increase the
response of neurons to pain and promote a pyrogenic effect in the preoptic area [43]. The role of PGE2
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in inflammation has been detected in a number of
disease models and could be facilitated by mPGES-1
knockout [41]. The expression of PGE2 is highly regulated by microsomal PGE synthase-1 (mPGES-1),
mPGES-2, and cytosolic PGE synthase (cPGES) [21],
while the expression of mPGES-1 is expressed in the
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same pattern as COX-2 under various stimulations,
further inducing the expression of PGE2 [31]. Monocyte chemoattractant protein-1 (MCP-1) belongs to
the family of CC chemokines and is expressed in glial
cells and neurons under normal and inflammatory
stimulation [5,6]. In addition to participating in the
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attraction of monocytes and macrophages to the
site of inflammation, MCP-1 also mediates the transendothelial migration of inflammation cells across
the blood-brain barrier into the CNS [17]. The results
of our present study indicated that tanshinone IIA
treatment decreased the expression of these inflam-
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mation-related factors, and overexpression of GLUT1
enhanced this trend. The inhibition of the inflammatory process in neurons was observed in both in vivo
and in vitro experiments.
Aco2, located in the mitochondrial matrix, is an
iron-sulphur protein that requires a 4Fe-4S cluster
for its enzymatic activity. Its function is to catalyse
the conversion of citrate to isocitrate in the tricarboxylic acid (TCA) cycle, an important step involved
in ATP generation. Aco2 is susceptible to increased
oxidative stress that can inactivate Aco2 activity [40]. Hexokinase2 (HK2) is involved in high-glucose-induced cellular apoptosis and is critical in
triggering aerobic glycolysis, further improving cell
survival and proliferation [44]. A previous study
demonstrated that expression of lactate is increased
under oxidative stress along with a reduction of
LDHA expression, leading to the consumption of glucose [36], and these processes might be mediated
by the MAPK signalling pathway [14]. A recent study
also found that overexpression of HK2 might reduce
the apoptosis of cells induced by high glucose with
a reduction in Bax expression [45]. MDH2 is essential for the conversion of malate to oxaloacetate as
part of the proper functioning of the Krebs cycle
[7]. MDH2 is activated in the mitochondria, peroxisomes, glyoxysomes, and cytosol, and interacts with
the malate-aspartate shuttle (MAS), further contributing to the transfer of reducing equivalents from
the cytosol into the mitochondria for oxidation [15].
The present study found that the TCA cycle was activated after treatment with tanshinone IIA, and this
trend was increased after overexpression of GLUT1,
indicating that overexpression of GLUT1 might contribute to the recovery effect of tanshinone IIA via
enhancement of the energy supply in neurons.
The PI3K/AKT signalling pathway regulates the
cellular activation, inflammatory response, and apoptosis [19], and plays an important role in protection
against I/R injury. Activation of AKT contributes to
the reduction of infarction and dysfunction after I/R
injury [33]. mTOR is a downstream molecule in the
PI3K/AKT signalling pathway, and a previous study
also found that activation of mTOR contributes to
protection against I/R injury [12]. Using an in vitro
model, researchers found that overexpression of
mTOR inhibits the inflammatory response after I/R
[2]. A previous study found that ERBB3 (HER3) was
mainly localised in the outer areas of T-tubules [8];
however, the function of ERBB3 is not fully under-
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stood. A recent study found that the neuregulin
receptor degradation protein-1 (Nrdp1), an E3 ligase
that targets ERBB3 [10], is upregulated after I/R injury. Using a mouse model, researchers found that mice
with overexpression of NRDP1 had a higher infarct
size and increases in inflammatory cells [47].
Here, we noticed that overexpression of GLUT1
might enhance the effect of tanshinone IIA in the
treatment of cerebral ischaemia-reperfusion through
increasing the glucose uptake ability and cellular glucose concentration, along with a reduction in inflammatory response-related factors. We further noticed
that these effects might be mediated by activation
of the PI3K/mTOR/HER3 signalling pathway.
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