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Abstract. Recent studies have demonstrated that Buyang 
Huanwu Decoction (BYHWD) decreased glutamate levels 
subsequent to cerebral ischemia. Glutamate transporter-1 
(GLT-1) and glutamine synthetase (GS), which are located in 
astrocytes, mainly contribute to glutamate transportation, thus 
reducing glutamate concentration. BYHWD has previously 
been demonstrated to upregulate GLT-1 and GS following isch-
emia in vivo. However, whether BYHWD can directly influence 
astrocytic GLT-1/GS levels remains unknown. In the present 
study, the effect of BYHWD containing serum (BYHWD-CS) 
on GLT-1/GS levels in astrocytes following oxygen-glucose 
deprivation/reoxygenation (OGD/R) was investigated. The 
results revealed that BYHWD-CS enhanced the expression 
levels of GLT-1 and GS in cultured astrocytes, which reduced 
glutamate concentration in the culture medium. Meanwhile, 
increased p38 mitogen-activated protein kinase (p38 MAPK) 
was phosphorylated (activation form) by BYHWD-CS in 
cultured astrocytes, and the specific p38 inhibitor SB203580 
blocked the increase of GLT-1/GS accompanied by decreased 

cell viability. Furthermore, SB203580 suppressed the effect of 
BYHWD‑CS on the level of glial fibrillary acidic protein (an 
astrocytic marker), thus confirming that astrocytes are directly 
involved in the protective role of BYHWD after OGD/R. 
These findings suggest that BYHWD upregulates GLT‑1 and 
GS via p38 MAPK activation, and protects cultured astrocytes 
from death caused by OGD/R (typical in vitro model), which 
complemented the role of astrocytes in the protective effect of 
BYHWD.

Introduction

Buyang Huanwu Decoction (BYHWD), originating from 
‘Yi Lin Gai Cuo’, is a traditional Chinese herbal prescription 
that has been applied in the treatment of cerebral ischemia 
in China for hundreds of years (1). Systematic reviews and 
meta-analyses of BYHWD have demonstrated that BYHWD is 
generally safe and possesses substantial neuroprotective action 
in patients and various animal models of focal ischemia (2,3). 
The protective effect of BYHWD against focal ischemia 
involves multiple mechanisms, for instance, reducing calcium 
overload injury, attenuating reactive oxygen stress (ROS) (4), 
inhibiting the inflammatory response and apoptosis (5), and 
promoting nerve regeneration and synapse formation (6).

Increasing evidence has demonstrated that BYHWD 
decreases the glutamate concentration in animal models 
following focal cerebral ischemia/reperfusion (7,8). Glutamate 
is a pivotal cause for ischemia injury, as it can induce high 
levels of intracellular calcium, which induces mitochondrial 
dysfunction, ROS accumulation and nitric oxide release (9). 
Previous studies have demonstrated that glutamate transpor-
tation is the predominant way for clearance of extracellular 
glutamate and limiting excitotoxicity (10). Notably, gene 
deletion, gene knockdown, and pharmacological studies have 
indicated that the glutamate transporter-1 (GLT-1) subtype 
may contribute up to 90% of total transport in the forebrain, 
while inhibition of GLT‑1 leads to severe neurological deficits 
and larger infarction volume (10,11). Furthermore, the intra-
cellular glutamate is degraded by glutamine synthetase (GS), 
which accelerates glutamate transportation (12). Inhibition 

Upregulation of glutamate metabolism by BYHWD in cultured 
astrocytes following oxygen‑glucose deprivation/reoxygenation 

in part depends on the activation of p38 MAPK
PENG YU1,  LI GUAN1,  LEQUAN ZHOU1,  JIANCHAO GUO1,  RUIXIAN GUO2,  

RUISHAN LIN1,  WENTING DING1,  XIAOYING LI1  and  WEI LIU1

1Department of Physiology, College of Fundamental Medical Science, Guangzhou University of Chinese Medicine, 
Guangzhou, Guangdong 510006; 2Department of Physiology, Zhongshan Medical College, 

Sun Yat‑sen University, Guangzhou, Guangdong 510080, P.R. China

Received January 28, 2016;  Accepted January 26, 2017

DOI: 10.3892/etm.2017.4330

Correspondence to: Dr Wei Liu, Department of Physiology, 
College of Fundamental Medical Science, Guangzhou University 
of Chinese Medicine, 232 Waihuan East Road, Panyu, Guangzhou, 
Guangdong 510006, P.R. China
E-mail: weiliu1980@yahoo.com

Abbreviations: BYHWD, buyang huanwu decoction; GLT‑1, 
glutamate transporter‑1; GS, glutamine synthetase; CS, containing 
serum; OGD/R, oxygen‑glucose deprivation/reoxygenation; GFAP, 
glial fibrillary acidic protein; MAPKs, mitogen‑activated protein 
kinases; ERK, extracellular signal‑regulated kinase; JNK, c‑Jun 
amino‑terminal kinase; ROS, reactive oxygen stress

Key words: Buyang Huanwu Decoction, oxygen-glucose 
deprivation/reoxygenation, glutamate transporter-1, glutamine 
synthetase, p38 mitogen-activated protein kinase, glutamate, glial 
fibrillary acidic protein



YU et al:  BYHWD UPREGULATES GLT-1 AND GS FOLLOWING OGD/R3090

of GS significantly impaired glutamate uptake and resulted 
in increased excitotoxicity to neurons (13). Therefore, GLT-1 
and GS contribute to glutamate metabolism collectively. 
Our previous study observed that BYHWD upregulated the 
expression levels of GLT-1 and GS following focal isch-
emia (14). Notably, these two proteins are mainly located in 
astrocytes (14,15); therefore, astrocytes are the major cells 
for degrading glutamate. Whether BYHWD directly influ-
ences the astrocytic GLT-1/GS levels (through neurons or 
other types of cells) is not fully understood, and the potential 
mechanisms remain unknown.

Nine bioactive components (including astragaloside I, 
astragaloside II, astragaloside IV, formononetin, ononin, 
calycosin, calycosin-7-O-β-d-glucoside, ligustilide and 
paeoniflorin) have been identified in the plasma subsequent to 
BYHWD treatment (16). Therefore, it is difficult to use only 
specific components of the formula to investigate the protec-
tive role of BYHWD. However, BYHWD-containing serum 
(BYHWD-CS) has been developed and is generally accepted 
for use in traditional Chinese medicine studies (1).

One of the most important mechanisms underlying gluta-
mate metabolism is the activation of mitogen-activated protein 
kinases (MAPKs), which include extracellular signal-regu-
lated kinase (ERK), p38 MAPK and c-Jun amino-terminal 
kinase (JNK) (17). There are numerous studies demonstrating 
that these signaling molecules are activated following focal 
cerebral ischemia (18,19).

In the present study, primary cultured astrocytes were 
treated with oxygen-glucose deprivation/reoxygenation 
(OGD/R). The current study also investigated whether 
BYHWD-CS directly enhanced the glutamate metabolism 
by affecting the GLT-1 and GS levels in cultured astrocytes 
following OGD/R. Furthermore, the study examined whether 
phosphorylation of MAPKs mediated the upregulation 
of astrocytic GLT-1/GS levels induced by BYHWD-CS 
treatment.

Materials and methods

Preparation of BYHWD‑CS. BYHWD was obtained from 
Guangdong Provincial Traditional Chinese Medical Hospital, 
which is the second affiliated hospital of Guangzhou University 
of Chinese Medicine (Guangzhou, China). The decoction is 
composed of Radix Astragali (Gansu, China), Radix Angelicae 
sinensis (Gansu, China), Radix Paeonia Rubra (Sichuan, 
China), Rhizoma Chuanxiong (Sichuan, China), Semen 
Persicae (Hebei, China), Flos Carthami (Sichuan, China) and 
Lumbricus (Guangxi, China). These herbs were mixed at 
proportions of 120:6:4.5:3:3:3:3 (20). The components were 
immersed in distilled water, decocted twice (each time for 
30 min), and then the filtered liquid was condensed into the 
crude drug concentration of 2 g/ml.

Animals and treatment. Adult male Sprague-Dawley (SD) rats 
(weight, 220‑250 g) were purchased from the Experimental 
Animal Center of the Guangzhou University of Chinese 
Medicine (Guangzhou, China). All the experimental procedures 
were conducted in accordance with the National Institutes of 
Health guidelines for the Care and Use of Laboratory Animals 
and approved by the Animal Care and Use Committee of the 

Guangzhou University of Chinese Medicine (Guangdong, 
China; ds20130001). A total of 42 rats were housed individu-
ally with ad libitum access to water and food in a temperature 
(22±2˚C) and light controlled (12 h light/dark cycle) quiet room 
at a humidity of 65‑75%. The rats were randomized into two 
groups (Control and BYHWD treatment, n=20 for Control, 
n=22 for BYHWD). Rats in one group were intragastrically 
administered with BYHWD 18 g/kg twice a day for consecu-
tive 3 days (13), while the other group was treated with distilled 
water as the vehicle. At 1 h after the last administration, blood 
was obtained via cardiac puncture from each group, and 
defined as the BYHWD‑containing serum (BYHWD‑CS) and 
vehicle containing serum (vehicle-CS) samples, respectively. 
All samples were heated at 56˚C for 30 min to be inactivated, 
then filtered and kept at ‑20˚C until further use (16).

Primary culture of cortical astrocytes. Primary astrocytes 
were prepared from newborn (1-2 days) SD rats as described 
previously (21). In brief, newborn rats were sacrificed by 
cervical dislocation, and whole brains were extracted. 
Cerebral cortices were separated, minced, and trypsinized. 
The cell pellet was suspended in Dulbecco's modified Eagle's 
medium (DMEM)/F12 (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) containing 10% fetal bovine serum 
(FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, 
USA) and plated in Nunc flasks. Cultures were maintained in 
a 37˚C incubator with 5% CO2, and the culture medium was 
replaced every 3 days. When the cells reached confluence 
(75‑80%), the flasks were shaken vigorously for further purifi-
cation. The third passage of astrocytes was generally used for 
experiments. Astrocytes were assessed by glial fibrillary acid 
protein (GFAP; 1:800, cat. no. ab7260; Abcam, Cambridge, 
MA, USA) immunocytochemistry and samples with a purity 
of >95% were used in subsequent experiments.

OGD/R and BYHWD‑CS treatment. A model of OGD/R was 
established in astrocytes according to the following procedure. 
Briefly, astrocytes were initially rinsed and incubated with an 
isotonic OGD/R solution (containing 0 mM glucose, 21 mM 
NaHCO3, 120 mM NaCl, 5.36 mM KCl, 0.33 mM Na2HPO4, 
0.44 mM KH2PO4, 1.27 mM CaCl2 and 0.81 mM MgSO4, pH 
7.4) in a hypoxic instrument (Billups-Rothenberg, Inc., San 
Diego, CA, USA) for 2 h in an atmosphere with 94% N2, 1% O2 
and 5% CO2 (22). Astrocytes were treated for 12, 24 and 48 h in 
the following groups: Control group, treated with DMEM/F12 
with 10% FBS only; OGD/R group, treated with OGD/R and 
DMEM/F12 supplemented with 10% FBS; BYHWD‑CS 
group, treated with OGD/R and DMEM/F12 with 10% 
BYHWD‑CS; vehicle‑CS group, treated with OGD/R and 
DMEM/F12 with 10% vehicle-CS. For signaling pathway 
investigation, in order to confirm the role of p38 MAPK in the 
upregulation of GLT-1/GS, a specific inhibitor of p38 MAPK 
(SB203580, 10 µM; Selleck Chemicals, Houston, TX, USA) was 
added into culture medium during reperfusion.

Western blot analysis. Subsequent to the OGD/R experi-
ments, the cells were collected and lysed to extract the 
protein content. Next, the protein concentration was 
quantified with a BCA assay kit (cat. no. 23225, Pierce; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
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Protein samples were fractionated by 10% sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis and then elec-
trotransferred to polyvinylidene difluoride membranes. The 
membranes were blocked for 1 h with 0.1% Tween-20 in 
Tris‑buffered saline (TBS‑T) containing 5% fat‑free milk 
and incubated overnight at 4˚C with primary antibodies. 
The antibodies used were as follows: Anti-β‑actin (1:20,000; 
cat. no. A2668) obtained from Sigma-Aldrich (St. Louis, 
MO, USA); anti‑GLT‑1 (1:1,000; cat. no. ab41621), anti‑GS 
(1:2,000; cat. no. ab73593) and anti‑GFAP (1:2,000; 
cat. no. MAB360), which were purchased from Abcam; 
anti‑p38 MAPK (1:1,000; cat. no. 8690), anti‑p‑p38 MAPK 
(1:1,000; cat. no. 4511), anti‑JNK (1:1,000; cat. no. 9258), 
anti‑p‑JNK (1:1,000; cat. no. 4668), anti‑ERK (1:2,000; 
cat. no. 4695) and anti‑p‑ERK (1:2,000; cat. no. 4370), 
purchased from Cell Signaling Technology, Inc. (Boston, 
MA, USA). Subsequently, the membranes were probed with 
horseradish peroxidase-conjugated goat anti-rabbit (or goat 
anti‑mouse) secondary antibody (1:1,000; cat. nos. HAF008 
and HAF007; R&D Systems, Boston, MA, USA) in TBS‑T 
with 3% fat-free milk. Finally, the membranes were devel-
oped in an enhanced chemiluminescence solution (EMD 
Millipore, Billerica, MA, USA) and exposed onto an X-ray 
film. For quantification, the gray values of each group were 
measured and normalized with the control band by Image J 
software (version 1.46r; National Institutes of Health, 
Bethesda, MD, USA).

Glutamate concentration measurement. The glutamate level 
in the culture media was measured with the Glutamate Assay 
kit (Abnova, Taipei, Taiwan) (23). Briefly, 0.2 ml culture media 
was collected after the indicated treatments, and corresponding 
reagents were added in accordance with the manufacture's 
protocol. The absorbance was measured at 565 nm with a 
microplate reader (PerkinElmer, Inc., Fremont, CA, USA). 
Glutamate level was calculated on the basis of the standard 
curve in each experiment.

Cell viability assay. Cell counting kit-8 assay (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) was used 
to estimate the cell viability of cultured astrocytes. Following 
different treatments, astrocytes were incubated for 4 h with 
10 µl CCK‑8 solution. The absorbance at 450 nm was deter-
mined by a microplate reader. The percentage of cell viability 
was calculated according to the optical density (OD) as 
follows: Cell viability (%)=(OD treatment group/OD control 
group) x100%.

Statistical analysis. Values are presented as the mean ± stan-
dard error. Significant differences between groups were 
analyzed by one-way analysis of variance. The Student's 
t-test was used to compare the means of samples in the two 
groups. All analyses were performed with SPSS version 16.0 
for Windows (SPSS, Inc., Chicago, IL, USA). Differences were 
considered as statistically significant when P<0.05.

Results

BYHWD treatment enhances the expression of GLT‑1 and 
GS. GLT-1 and GS expression levels were evaluated at 

12, 24 and 48 h after OGD/R. Fig. 1A shows that treatment 
with OGD/R at the aforementioned time points markedly 
reduced GLT-1 expression compared with the control group 
(P<0.05). However, BYHWD‑CS significantly upregulated 
GLT-1 expression at 24 h after OGD/R (P<0.05), while 
vehicle‑CS did not have a significant effect, indicating that 
BYHWD-CS treatment increased the expression of GLT-1. 
By contrast, there was no significant difference between the 
BYHWD-CS and vehicle-CS groups at 12 and 48 h after 
OGD/R, suggesting that the influence of BYHWD-CS on 
GLT-1 was only evident after ~24 h, but could not be sustained 
for 48 h.

Similar with the GLT‑1 expression findings, GS expression 
was decreased at 12, 24 and 48 h after OGD/R compared with 
that in the control group (P<0.05; Fig. 1B). However, GS expres-
sion was upregulated by BYHWD-CS at 12 h, peaked at 24 h 
and decreased gradually thereafter. There was a significant 
difference between the BYHWD-CS and vehicle-CS groups 
only at 24 h after OGD/R, but not at 12 or 48 h (Fig. 1B). 
Based on these results, OGD/R at 24 h was selected for the 
subsequent experiments.

Upregulation of GLT‑1 and GS by BYHWD‑CS contributes 
to the decreased glutamate concentration. In order to deter-
mine whether the upregulated GLT-1 and GS as a result of 
BYHWD-CS treatment contribute to decreased glutamate 
concentration, the glutamate level in culture media was 
measured. As shown in Fig. 1C, OGD/R induced glutamate 
release compared with the control group (P<0.05). However, 
BYHWD‑CS suppressed this effect (P<0.05), whereas 
vehicle-CS did not have a significant effect on glutamate 
compared with the OGD/R model group, indicating that 
BYHWD-CS can indeed decrease glutamate concentration 
via GLT-1/GS upregulation.

p38 MAPK activation is involved in the upregulation of GLT‑1 
and GS after BYHWD treatment. To investigate the involvement 
of the MAPK family of proteins in the effect of BYHWD-CS 
treatment after OGD/R, the levels of three members (p-ERK, 
p-p38 MAPK and p-JNK) were initially detected, with the 
phosphorylated form of the proteins indicating activation. As 
shown in Fig. 2, the expression levels of p-ERK, p-p38 MAPK 
and p-JNK were increased in the OGD/R group (P<0.05); 
however, no evident difference was observed in the p-ERK and 
p-JNK levels between the BYHWD-CS and vehicle-CS groups. 
Notably, BYHWD-CS treatment significantly upregulated 
p‑p38 MAPK (P<0.05), while vehicle‑CS did not have a signifi-
cant effect, suggesting that BYHWD-CS was able to increase 
the expression of p-p38 MAPK.

To confirm the role of p38 MAPK in the upregulation 
of GLT‑1/GS, SB203580, a specific inhibitor of p38 MAPK 
was used. Fig. 3 shows that GLT-1 and GS expression levels 
were inhibited following OGD/R (P<0.05). Treatment with 
vehicle-CS alone did not produce any effect compared with 
the OGD/R group; however, BYHWD‑CS upregulated their 
expression (P<0.05). Coadministration of SB203580 and 
BYHWD‑CS significantly reduced the levels of GLT‑1 and GS 
compared with the BYHWD‑CS group (P<0.05), indicating 
that SB203580 downregulated the expression of GLT‑1/GS, 
which suggested that the p38 MAPK signaling pathway may 
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Figure 1. BYHWD‑CS decreased glutamate level by increasing the expression of GLT‑1 and GS in the rat cortical astrocytes. Western blots and quantified 
levels of (A) GLT-1 expression and (B) GS expression are shown. After OGD/R, GLT-1 and GS levels were upregulated by BYHWD-CS at 24 h compared with 
the vehicle‑CS group. (C) Glutamate assay confirmed that the upregulated GLT‑1/GS contributed to lower glutamate in the culture supernatant. n=5. #P<0.05 
vs. control group; *P<0.05 vs. vehicle‑CS group. BYHWD‑CS, Buyang Huanwu Decoction‑containing serum; GLT‑1, glutamate transporter‑1; GS, glutamine 
synthetase; OGD/R, oxygen‑glucose deprivation/reoxygenation.
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serve a role in upregulating GLT-1/GS levels through the 
BYHWD-CS treatment following OGD/R.

Cell viability following OGD/R. As shown in Fig. 4, OGD/R 
resulted in significantly decreased cell viability compared with 
the control group (P<0.05); however, this influence of OGD/R 
was significantly inhibited by BYHWD‑CS treatment (Fig. 4; 
P<0.05), suggesting the protective effect of BYHWD‑CS. 
Furthermore, coadministration with SB203580, a p38 MAPK 

inhibitor, markedly blocked the effect of BYHWD-CS (Fig. 4; 
P<0.05), while vehicle‑CS alone had no significant effect 
compared with the OGD/R model group.

SB203580 affected astrocytic marker GFAP expression. As 
shown in Fig. 5, GFAP expression was upregulated by OGD/R 
(P<0.05), which was significantly attenuated subsequent to 
BYHWD‑CS treatment (P<0.05). In addition, co‑administra-
tion of SB203580 blocked this effect of BYHWD‑CS (P<0.05), 

Figure 2. Effect of BYHWD-CS on the phosphorylation of the MAPKs (A) ERK, (B) JNK and (C) p38 MAPK in cultured astrocytes. BYHWD-CS did not 
have a significant effect on the phosphorylation of ERK or JNK in astrocytes following OGD/R, when compared with the vehicle‑CS group. By contrast, 
BYHWD-CS markedly upregulated p-p38 MAPK in astrocytes following OGD/R compared with the vehicle-CS group. n=4. #P<0.05 vs. control group; 
*P<0.05 vs. vehicle‑CS group. BYHWD‑CS, Buyang Huanwu Decoction‑containing serum; OGD/R, oxygen‑glucose deprivation/reoxygenation; MAPKs, 
mitogen‑activated protein kinases; ERK, extracellular signal‑regulated kinase; JNK, c‑Jun amino‑terminal kinase.

Figure 3. Effect of SB203580 (a p38 MAPK specific inhibitor) combined with BYHWD‑CS on the level of (A) GLT‑1 and (B) GS in cultured astrocytes 
following OGD/R. Coadministration of SB203580 with BYHWD‑CS significantly inhibited the upregulation of GLT‑1 and GS induced by BYHWD‑CS. n=5. 
#P<0.05 vs. control group; *P<0.05 vs. vehicle‑CS group; oP<0.05 vs. BYHWD‑CS group. BYHWD‑CS, Buyang Huanwu Decoction‑containing serum; GLT‑1, 
glutamate transporter‑1; GS, glutamine synthetase; OGD/R, oxygen‑glucose deprivation/reoxygenation.
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while vehicle-CS treatment alone did not have a marked effect 
on GFAP expression compared with the OGD/R model group.

Discussion

The present study demonstrated that BYHWD-CS contributed 
to the increased glutamate metabolism by upregulating GLT-1 
and GS. Similarly to the current results, numerous other drugs 
or treatments, including beta-lactam antibiotics or ischemic 
preconditioning, were also reported to have a protective effect 
by upregulation of glutamate transportation (24-26). The 
present in vitro experiments further illustrated that BYHWD 
directly affected astrocytic GLT-1 and GS regardless of the 
neuron existence.

Although the p38 MAPK pathway is widely considered to 
be involved in cerebral ischemia, its exact role is controver-
sial. Various studies have demonstrated that activation of the 
p38 MAPK signaling pathway contributed to the inflamma-
tory response, which accelerated cellular apoptosis (27,28), 
therefore having a harmful role in stroke. However, there are 
also certain experiments documenting the beneficial role of 
the p38 MAPK signaling pathway, such as a study reporting 
that pretreatment with p38 inhibitor SB203580 aggravated 
ischemic injury and vascular leakage (29). Furthermore, 
activation of p38 MAPK was reported to be associated with 
the protective action of isoflurane preconditioning, sevoflu-
rane and ischemic tolerance (30-32). Further studies have 
demonstrated that phosphorylation of p38 MAPK exhibited 
a protective role against cerebral ischemic injury via mito-
chondria translocation of Bcl-xL (33). Thus, the p38 MAPK 
pathway potentially contributed not only to inflammation, but 
also to other signaling transduction, such as the Bcl-xL (33). 
The findings of the present study demonstrated that phos-
phorylation of p38 MAPK participated in the upregulation of 
GLT-1 and GS, thus leading to decreased glutamate, which 

provided new evidence for the protective role of p38 MAPK 
activation.

Another important finding in the current study was that 
BYHWD attenuated the cytotoxicity induced by OGD/R 
injury. It was speculated that one of the mechanisms may 
be associated with upregulated GLT‑1/GS, since SB203580, 
which blocked upregulation of GLT-1/GS, inhibited this 
effect of BYHWD on astrocytic viability and activation. 
Notably, it is well documented that astrocytes serve critical 
roles in cerebral ischemia, such as in the regulation of water 
and ion homeostasis, cerebral blood flow, maintenance of the 
blood-brain barrier, control of extracellular glutamate level, 
as well as being a source of neuroprotectants (34). Therefore, 
astrocytes have become the focus of ischemia research (35). 
Although certain studies have reported that astrocytes were 
involved in the protective role of BYHWD in cerebral isch-
emia (13), to the best of our knowledge, no previous studies 
have investigated whether BYHWD directly influences 
astrocytes and potential pathways. The present in vitro study 
illustrated that astrocytic GLT-1/GS were closely associated 
with the protective action of BYHWD after cerebral ischemia, 
suggesting that astrocytes may also be the target of BYHWD 
besides neurons. Furthermore, it was observed that BYHWD 
inhibited astrocytic activation indicated by GFAP expression 
and the opposite association existing between GLT-1/GS and 
GFAP. The current study results were similar with the find-
ings of previous studies, which indicated that upregulation of 
GLT-1 by ceftriaxone blocked the elevated GFAP expression, 
while downregulation occurred in activated astrocytes with 
high levels of GFAP (36,37).

Figure 4. Effect of BYHWD‑CS alone or combined with SB203580 on the 
viability of cultured astrocytes following OGD/R was determined by cell 
counting kit‑8 assay. OGD/R evidently decreased the astrocytic viability; 
however, treatment with BYHWD-CS significantly attenuated the cyto-
toxicity induced by OGD/R. By contrast, SB203580 blocked the protective 
effect of BYHWD‑CS in cultured astrocytes. n=5. #P<0.05 vs. control group; 
*P<0.05 vs. vehicle‑CS group; oP<0.05 vs. BYHWD‑CS group. BYHWD‑CS, 
Buyang Huanwu Decoction‑containing serum; OGD/R, oxygen‑glucose 
deprivation/reoxygenation.

Figure 5. Effect of SB203580 on the expression of GFAP (an astrocytic marker) 
in the culture following OGD/R, as determined by western blot analysis. 
OGD/R markedly upregulated GFAP expression compared with the control 
group. BYHWD‑CS significantly inhibited the increase of GFAP compared 
with the vehicle‑CS group, whereas SB203580 significantly inhibited the 
effect of BYHWD‑CS in cultured astrocytes following OGD/R. n=5. #P<0.05 
vs. control group; *P<0.05 vs. vehicle‑CS group; oP<0.05 vs. BYHWD‑CS 
group. BYHWD‑CS, Buyang Huanwu Decoction‑containing serum; 
OGD/R, oxygen‑glucose deprivation/reoxygenation; GFAP, glial fibrillary 
acidic protein.
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In conclusion, the present study was the first to demon-
strate that BYHWD served a protective role against OGD/R 
through upregulation of the p38 MAPK-activated GLT-1/GS 
signaling pathway in cultured astrocytes. These findings not 
only provided further evidence that astrocytes are involved 
in the protection of BYHWD after ischemic injury, but also 
revealed that BYHWD can directly affect astrocytes rather 
than through neurons, which may provide novel insight into 
the mechanisms of BYHWD.
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