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A B S T R A C T

Background: Many neuroprotective approaches targeting neurons in animal models fail to provide benefits for
the treatment of ischemic stroke in clinic and glial cells have become the targets in some basic studies. Baicalin
has neuroprotective effects but the mechanisms related to glial cells are not revealed. This study investigated
whether and how baicalin can combat excitotoxicity via protecting the functions of astrocytes in early stage of
ischemia/reperfusion (I/R) insult by focusing on glutamine synthetase (GS).
Experimental approach: The role of baicalin was explored in primary astrocytes exposed to oxygen-glucose de-
privation/reperfusion (OGD/R) and rats subjected to middle cerebral artery occlusion/reperfusion (MCAO/R).
Key results: Mitochondrial succinate dehydrogenase (SDH) activation led to an excessive production of reactive
oxygen species (ROS) via reverse electron transport (RET) under conditions of OGD/R or I/R, which increased
the carbonylation and proteasomal degradation of GS in astrocytes. Treatment of baicalin decreased the oxi-
dative stress mediated by SDH and reduced the subsequent loss of GS. This effect increased the glutamate
disposal by astrocytes and protected neurons from excitotoxicity in response to I/R insults.
Conclusions and implications: Baicalin inactivated SDH to suppress ROS production and protected GS protein
stability against oxidative stress, contributing to the improvement of the glutamate disposal and decrease in
excitotoxicity. These results suggest that protection of GS stability in astrocytes might be an effective strategy to
prevent neuronal injury in acute ischemic stroke.

1. Introduction

Glutamate excitotoxicity is one of the facing challenges in the
management of acute ischemic stroke and is a key target for increasing
neuron survival [1]. Neuroprotection is an attractive strategy for the
treatment of cerebral ischemic stroke, and many studies are focused on
neurons to minimize the detrimental effects of brain ischemia [2].
Unfortunately, for decades, this strategy fails to provide benefits in
clinical trials although it is promising in experimental studies [1,2]. In
the brain, neurons structurally interact with glial cells and the cellular
communication is essential for the functional integrity. Thus, con-
sidering cellular interaction into neuroprotection strategy may be more
sufficient to salvage neurons and improve neurological outcome [3,4].
Astrocytes are the most abundant subtype of glial cells and maintain
brain functions in multifaceted domains via the communication with
neurons [5]. In response to neurotransmitter release from neurons,

astrocytes integrate the synapse formation and modulate the synaptic
signaling via gliotransmitter release [6]. As structural elements of gap
junctions and the blood brain barrier, astrocytes maintain brain
homeostasis [7–9]. Glutamate is the excitatory neurotransmitter re-
leased from neurons, while astrocytes take up glutamate and mediate
the conversion to glutamine, ensuring glutamate-glutamine cycle be-
tween neurons and astrocytes [10,11].

Glutamine synthetase (GS, also called glutamate-ammonia ligase) is
present primarily in astrocytes in the central nervous system (CNS) and
acts as a key player in glutamate-glutamine cycle [12]. GS synthetizes
glutamine using glutamate and ammonia in an ATP-dependent manner,
contributing to the maintenance of neurotransmitter homeostasis by
promoting glutamate clearance. For this, alterations in GS expression
and activity are associated with neurological dysfunctions such as
epilepsy and Alzheimer's disease [13]. GS activity is altered during is-
chemic stroke, but the cause and resulting consequence are poorly
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understood [14]. In Schwann cells and liver tissue GS protein is sensi-
tive to proteasomal degradation in response to oxidative stress [15–17].
Because oxidative stress is associated with ischemic brain injury, these
events suggest that reactive oxygen species (ROS) may be a cause for
impaired GS activity and subsequent glutamate accumulation im-
plicating in excitotoxicity. Reconstruction of blood supply is required to
limit brain injury. However, reperfusion induces further damage due to
excessive ROS production. Recently, it is found that the reversal suc-
cinate dehydrogenase (SDH)-mediated succinate accumulation is a
common metabolic signature of ischemia, and accumulated succinate in
turn triggers SDH activation during the early reperfusion to drive ex-
cessive mitochondrial ROS production owing to reverse electron
transport (RET) [18]. In the context, astrocyte SDH deregulation and
oxidative degradation of GS might converge in ischemic stroke, serving
as potential targets for finding alternative approaches to combating
glutamate excitotoxicity.

Baicalin is a flavonoid isolated from Scutellaria baicalensis Georgi, an
important traditional Chinese medicine widely used for thousands of
years [19]. It is also an active ingredient of several Chinese Traditional
Medicine compounds ever used for the treatment of ischemic stroke in
clinic [20,21]. A growing body of evidence has shown the beneficial
roles of baicalin in stroke management, such as the anti-oxidant and
anti-excitotoxic effects [19,20,22,23]. However, the mechanisms by
which it provides neuroprotective benefits are still needed to addressed.
In this study, we investigated the neuroprotective effects of baicalin
with focus on the regulation of GS in astrocytes in the setting of
ischemia-reperfusion insult. Our results show that protecting GS in as-
trocytes from 20S proteasomal degradation via suppression of SDH
activity contributes to the anti-excitotoxic effect of baicalin, and GS-
based neuroprotection might be a promising approach for the treatment
of acute ischemic stroke.

2. Methods

2.1. Materials

Baicalin (purity≥98%) was obtained from Nanjing Zelang
Biological Technology Co., Ltd (Nanjing, Jiangsu, China). Dimethyl
succinate (hereafter referred as to succinate) and dimethyl malonate
(hereafter referred as to malonate) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Glucose-free DMEM was purchased from Gibco
(Grand Island, NY, USA). Mito-TEMPO and MG-132 were the products
of MedChemExpress LLC (Monmouth Junction, NJ 08852, USA). N-
acetylcysteine (NAC, MB1735) was purchased from Dalian Meilun
Biotechnology (Dalian, China). Mouse monoclonal antibody anti-
PSMC4 (G-4) (a component of 19S, sc-166115) was obtained from Santa
Cruz Biotechnology, Inc (St. Paul, MN, USA). Anti-β-actin, anti-gluta-
mine synthetase, Goat anti-Rabbit IgG (H + L) HRP (BS13278) were
obtained from Bioworld Technology (St. Paul, MN, USA). Anti-
Proteasome 20S LMP2 antibody (ab243556) was purchased from
Abcam (Abcam, Shanghai, China). OxiSelect™ Protein Carbonyl
Immunoblot Kit was the product of Cell BioLabs, Inc. (San Diego, CA,
USA) and obtained from Shanghai office of Beijing XMJ Scientific Co.,
Ltd (Shanghai, China). RIPA lysis buffer (P0013), Protein A + G
agarose (Fast Flow), DCFH-DA assay kit (S0033) and BCA protein assay
kit (P0012) were purchased from Beyotime Institute of Biotechnology

(Shanghai, China). MSO (Methionine sulfoximine) was obtained from
Solarbio Biotechnology (Beijing, China).

2.2. Animals

Male Sprague-Dawley (SD) rats (250 ± 20 g), purchased from the
Laboratory Animal Center of Qinglongshan (Nanjing, China), were
housed in colony cages 12 h light/dark cycles with free access to food
and water. The animal care and experimental procedures were ap-
proved by Animal Ethics Committee of China Pharmaceutical
University.

2.3. Cell preparation and culture

The primary rat astrocytes were isolated from the cerebral cortices
of 1-day-old Sprague-Dawley (SD) rats according to previously de-
scribed procedures [24]. Briefly, cerebral cortices were removed,
cleaned of meninges, cut into 1 mm3 pieces, and digested with 0.25%
trypsin (Ameresco, USA) at 37 °C for 10 min prior to the addition of
culture media (DMEM) (31600, Gibco, USA) containing 10% fetal bo-
vine serum (FBS) (10270-106, Gibco, USA). Then, the suspension was
filtered through a 75 μm cell strainer and centrifuged at 1000 rpm for
10 min. The pellet was resuspended in complete medium (DMEM
containing 10% fetal bovine serum, 2 mmol/L L-glutamine, 100 U/ml
penicillin and 100 μg/ml streptomycin). The cells were seeded in cul-
ture flasks at a density of 3 × 104 cells/ml medium. After 9-11 days,
when the primary culture reached confluence, the culture flasks were
shaken at 250 rpm on an orbital shaker (ZQLY-180 N, Zhicu Instrument,
Shanghai, China) at 37 °C for 12 h to remove microglia and oligoden-
drocytes. The attached cells were digested with 0.25% trypsin and
transferred to new flasks at a density of 2 × 106/ml. After growing to
80% confluence, the cells were used for experiments. The astrocytes
were identified with GFAP staining to ensure purity. Cultured cells were
starved for 30 min in serum-free medium before experiments [24].

Primary cortical neurons were prepared from brains of newborn
pups on postnatal day 1. Briefly, cerebral cortices were dissected and
removed of the meninges. The tissue was minced into small pieces and
digested in 10 ml 0.125% trypsin at 37 °C for 20 min. After addition of
20% FBS, the suspension was filtered through a 70 μm cell strainer and
centrifuged at 1200 rpm for 5 min. The pellet was suspended in DMEM
containing 10% FBS and filtered again through a 70 μm cell strainer
before cells were seeded at 3 × 105/well into the upper chamber of
transwell insert of 6-well culture plates. After 24 h and every 2 days
thereafter, the medium was replaced by B27-Neurobasal medium
(Gibco, Grand Island, USA) containing 100 U/ml penicillin, 100 μg/ml
streptomycin and 2 mM glutamine. After 5-7 days, neurons were used
for the co-culture experiments [25].

2.4. Astrocytes viability assay

Cell viability was determined using the CCK-8 assay kit (Dojindo
Laboratories, Japan). In brief, astrocytes were grown in 96-well plates
(1 × 104 cells/well) overnight, then astrocytes were pretreated with
baicalin or malonate for 30 min, then subjected to OGD via incubation
in glucose-free DMEM under hypoxia (1% O2, 5% CO2 and 94% N2) at
37 °C for 6 h, with or without baicalin (1 μmol/L, 10 μmol/L) or

No-standard abbreviations

DMEM Dulbecco's modified eagle medium
FBS fetal bovine serum
GS glutamine synthetase
I/R ischemia/reperfusion
MCAO middle cerebral artery occlusion

MSO methionine sulfoximine
NAC N-acetyl-L-cysteine
OGD oxygen-glucose deprivation
OGD/R oxygen-glucose deprivation/reperfusion
ROS reactive oxygen species
SDH succinate dehydrogenase
TBST Tris Buffered Saline with Tween-20
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malonate (5 mmol/L). Cells were then reperfused (R) via incubation in
normal DMEM containing baicalin or malonate under 95% air and 5%
CO2 for 30 min prior to treatment with CCK-8 solution for 1 h at 37 °C.
The absorbance at 450 nm was measured using a microplate reader
(Thermo Varioskan LUX, MA, USA). Cell viability was expressed as
absorbance values.

2.5. Assay of cytosolic ROS production

Astrocytes were grown in the 96-well plates (1 × 104 cells/well),
then astrocytes were pretreated with baicalin or malonate for 30 min
before treated with succinate (5 mmol/L) for 2 h or subjected to OGD/R
(6 h/30 min) with or without baicalin (1 μmol/L, 10 μmol/L), malonate
(5 mmol/L) or mito-TEMPO (15 nmol/L). The intracellular ROS gen-
eration was determined by measuring the oxidative conversion of cell
permeable DCFH-DA (10 μmol/L) to fluorescent dichlorofluorescein.
The fluorescence was detected by a microplate reader (Thermo
Varioskan LUX, MA, USA) at an excitation wavelength 488 nm and an
emission wavelength 525 nm.

2.6. Assay of mitochondrial ROS production

Astrocytes were seeded in the 4-well glass plates (2 × 105 cells/
well) and pretreated with baicalin or malonate for 30 min, then exposed
to succinate for 2 h or OGD/R for 6 h/30 min with or without baicalin
(10 μmol/L), malonate (5 mmol/L) or mito-TEMPO (15 nmol/L) as
described above. Cells were rinsed with PBS for three times and in-
cubated with 5 μmol/L MitoSOX™ Red (Molecular Probes, Life
Technologies, Carlsbad, CA, USA) and 50 nmol/L Mito -Green
(Beyotime, Shanghai, China) for 30 min. The levels of mitochondrial
ROS were viewed by a confocal scanning microscopy (Zeiss LSM 700,
Jena, Germany) at an excitation wavelength 488 nm and an emission
wavelength 525 nm.

2.7. Protein quantitative detection

Pierce Bicinchoninic Acid (BCA) protein assay was used to measure
the protein levels of astrocytes and brain tissues. The absorbance was
read at 562 nm using a microplate reader (Thermo Varioskan LUX, MA,
USA).

2.8. Measurement of SDH and GS activity

Astrocytes were grown in 6-well plates (1 × 106 cells/well) and
pretreated with baicalin or malonate for 30 min, then exposed to suc-
cinate for 2 h or subjected to OGD/R for 6 h/30 min with or without
baicalin (0.1, 0.5, 1, 10, 100 μmol/L), malonate (5 mmol/L) or mito-
TEMPO (15 nmol/L). For rats subjected to MCAO (2 h), the right brain
cortices were dissected at 30 min after reperfusion. Cell or tissue pro-
teins were extracted with RIPA lysis buffer. Lysates were centrifuged
and supernatants were collected for next analysis. The activities of SDH
and GS were measured by visible spectrophotometry using the SDH
assay kit (Jiancheng Bioengineering Institute, Nanjing, China) and GS
assay kit (Solarbio, Beijing, China) respectively, according to the
manufacturer's instructions.

2.9. Measurement of succinate content

Astrocytes were grown in the 6-well plates (1 × 106 cells/well) and
pretreated with baicalin (1 μmol/L, 10 μmol/L) or malonate (5 mmol/
L) for 30 min followed by exposure to OGD in the presence of baicalin
or malonate for 6 h. In vivo, rats were subjected to MCAO/R for 2 h/
30 min and received intraperitoneal (i.p.) injection of baicalin (50 mg/
kg) or malonate (80 mg/kg) 30 min before reperfusion. Then rats were
killed and the right cerebral cortices were isolated. Cell or tissue pro-
teins were extracted with RIPA lysis buffer and the lysates were

centrifuged for collecting supernatants. Succinate contents were mea-
sured using the succinate assay kit (MB-5831A, Jiangsu Meibiao
Company) according to the manufacturer's instructions.

2.10. Measurement of glutamate, glutamine and carbonyls content

Astrocytes were pretreated with baicalin or malonate for 30 min,
then exposed to succinate for 2 h or subjected to OGD/R for 6 h/30 min
with or without baicalin, malonate or MSO. Cells were washed with PBS
and then stimulated with 2 mmol/L glutamate for 2 h. The culture
media were harvested for the measurement of glutamate using the
commercial assay kit (Jiancheng Bioengineering Institute, Nanjing,
China). Cells were washed twice, lyzed with RIPA lysis buffer, and
centrifuged at 12000 g for 10 min. Glutamine contents in the super-
natant was measured using the glutamine assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufac-
turer's instructions.

For the culture of brain tissues, the frontal cortices separated from
normal adult rats were cut into several pieces (0.4 mm) and cultured in
12-well plates. The tissues were pretreated with baicalin or malonate
for 30 min before subjected to OGD in an incubator with 1% O2, 5%
CO2 and 94% N2, at 37 °C for 2 h and re-oxygenized with baicalin or
malonate under 5% CO2 and 95% air at 37 °C for 30 min. The glutamate
level in media was measured with the glutamic acid assay kit as de-
scribed above. The tissues were homogenized with RIPA lysis buffer and
centrifuged at 12000 g for 10 min. The total carbonyls in supernatants
were measured using the commercial kits for carbonyls assay
(Jiancheng Bioengineering Institute, Nanjing, China), according to the
manufacturer's instructions.

2.11. Neuron viability assay

Cell viability was determined using the CCK-8 assay kit. Before co-
culture, astrocytes were grown in 6-well plates (5 × 106 cells/well) and
neurons cultured on the transwell insert of 6-well culture plates
(5 × 105 cells/well) independently. Astrocytes were first exposed to
OGD for 4 h with or without baicalin or MSO, and finally co-cultured
with neurons seeded on the inserts. The solo or co-cultured neurons
were subjected to OGD/R (2 h/0.5 h) or incubated in DMEM under 95%
air and 5% CO2 for 2.5 h. Neurons on inserts were then incubated with
CCK-8 solution for 1 h at 37 °C. The absorbance at 450 nm was mea-
sured using a microplate reader (Thermo Varioskan LUX, MA, USA).

To assess the role of astrocytes on glutamate-induced impairment in
neurons, astrocytes were first treated with 5 mmol/L succinate for 2 h
or exposed to OGD/R for 6 h/30 min in 6-well plates (5 × 106 cells/
well), with or without baicalin or MSO, then washed with PBS prior to
co-culture with neurons seeded on the inserts of upper chamber
(5 × 105 cells/well). All the co-cultured systems were then treated with
2 mmol/L glutamate for 2 h. The survival of neurons cultured on inserts
was measured by CCK-8 method as above.

2.12. Ischemia/reperfusion (I/R) model and drug treatment

Middle cerebral artery occlusion (MCAO) is currently the most
common stroke model [26]. The procedure was carried out as pre-
viously reported with minor modifications [27]. Briefly, rats were di-
vided into 4 groups: sham, model, model group received baicalin
(50 mg/kg) or malonate (80 mg/kg). After anaesthesia, the right
common carotid artery (CCA) was exposed and the external carotid
artery (ECA) and internal carotid artery (ICA) were isolated. A mono-
filament nylon suture (No. 2636-A4, Beijing Xinontech Co., Ltd.,
Beijing, China) was introduced into the right ICA through the ECA and
then advanced into ICA for approximately 20 mm until mild resistance
was encountered. Body temperature of rats was maintained at
37 ± 0.5 °C throughout the experiment. After 2 h, the suture was
removed from ICA for reperfusion (for 30 min or 24 h) and the ECA
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stump was tied off with a short suture kept in it. For rats in sham group,
the procedure was similar except that the monofilament nylon suture
was not inserted into ICA. 30 min before reperfusion, rats in sham and
model groups were i. p. injected with normal saline (5 ml/kg), and the
other two groups received an i. p. injection of 50 mg/kg baicalin and
80 mg/kg malonate respectively.

2.13. Longa's 5-point score

After MCAO (2 h) and reperfusion for 24 h, neurological functions
were evaluated according to Longa's 5-point scoring method [28]. The
scoring criteria were as follows: 0, no neurological deficits; 1, failure to
fully extend the contralateral forepaw; 2, circling to the opposite side;

3, falling to the opposite side; 4, failure to walk spontaneously, loss of
consciousness.

2.14. Infarct volume evaluation

2,3,5-Triphenyltetrazolium chloride (TTC, Yeasen, Shanghai, China)
was utilized to quantify the infarct volume [27]. Brains were isolated
after 24 h-reperfusion, frozen for 20 min, and carefully cut into 2-mm
coronal slices. The brain slices were immersed in 1% TTC at 37 °C for
30 min in the dark and fixed in 4% paraformaldehyde for 2 h. The TTC
staining was recorded by a blind observer using a digit camera, infarct
area fraction was quantified with Image J software.

Fig. 1. Baicalin protects astrocytes from OGD/R injury by SDH inactivation. (A) Astrocyte survival after OGD/R (n = 5 each group); (B) The fluorescence intensity of
mitochondrial ROS in astrocytes exposed to OGD/R (n = 5 each group); (C) ROS production in the cytosol in response to OGD/R (n = 5 each group); (D) SDH
inhibition by baicalin and the IC50 (n = 5 each group); (E) Succinate accumulation in astrocytes after OGD (n = 5 each group); (F) The fluorescence intensity of
mitochondrial ROS in response to combination treatment with succinate and oligomycin A (n = 5 each group). Data were showed as mean ± SD. OGD/R, oxygen
glucose deprivation/reperfusion; ROS, reactive oxygen species; SDH, succinate dehydrogenase. *p < 0.05 vs blank group (without any treatment), #p < 0.05 vs
control group (with OGD or OGD/R).
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2.15. Measurement of H2O2 content in brain tissue

Frontal brain cortical tissues were isolated after reperfusion for
30 min and the proteins were extracted with RIPA lysis buffer. Lysates
were centrifuged for the collection of supernatants. The content of H2O2

in the supernatant was measured with H2O2 assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) and normalized to the protein
level.

2.16. RNA extraction and qPCR

RNA was isolated from astrocytes using the Trizol Total (Invitrogen,
CA, USA) and transcribed into cDNA using the PrimeScript™ RT reagent
Kit (Yeasen, Shanghai, China) with gDNA Eraser. The quality and
quantity of the extracted RNA were determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). The qPCR was per-
formed using the Stratagene Mx3000P system (Agilent Technologies)
with the SYBR® Green PCR Core Reagents kit (Yeasen, Shanghai, China)
in accordance with the manufacturer's instructions. The relative mRNA
expression levels of GS were measured by qPCR and standardized to
that of β-actin. The primers for β-actin (F: 5′-GCAAGTGCTTCTAGGCG
GAC-3'; R: 5′-AAGAAAGGGTGTAAAACGCAGC-3′) and GS (F: 5′-GTTC
CCACTTGAACAAAGGCA-3'; R: 5′-ACCCAGATATACATGGCTTGGA-3′)
were used for PCR amplification by the following steps: enzyme acti-
vation at 95 °C for 5 min, 95 °C for 10 s of denaturing, annealing and
extending for 30 s at 60 °C and the last two steps were repeated 40
cycles. The 2−ΔΔCt method was used for relative quantification of the
target gene.

2.17. Western blot analysis and immunoprecipitation

Brain tissue and cell protein were extracted with RIPA lysis buffer.

The lysates were centrifuged and the supernatants were collected. After
quantification, the protein was resolved by 10-12% SDS-PAGE, trans-
ferred onto PVDF membranes. The membranes were blocked with 5%
non-fat dry milk prepared in TBST, incubated with primary antibodies
and then with the corresponding secondary antibodies. The relative
expression level of the target protein was normalized to β-actin. The
antibody reactivity was then detected by ECL (Yeasen, Shanghai, China)
and quantified with Image J software.

For immunoprecipitation, lysates of primary rat astrocytes or rat
brain tissues were centrifuged, the supernatants were collected and
incubated with the anti-GS antibody or the anti-19S antibody overnight
at 4 °C before being mixed with protein A + G agarose beads. The
mixture was incubated at 4 °C under rotary agitation for 4 h. After
washing with lysis buffer, the Ag-Ab complex was eluted from the beads
by boiling samples in loading buffer with denaturant SDS according to
the protocols. Target protein expressions of 19S, 20S, GS and β-actin
were analyzed by Western blotting as described above. The total car-
bonyls and the carbonylated GS were also measured by Western blot-
ting using 2,4-dinitrophenylhydrazine (DNPH) and anti-DNP system in
OxiSelect™Protein Carbonyl Immunoblot Kits. The values of band in-
tensities were developed with ECL enhanced chemiluminescence
(Yeasen, Shanghai, China) and quantized by Image-ProPlus 6.0 soft-
ware (Rockville, MD, USA).

2.18. Statistical analysis

Data were expressed as mean ± SD (standard deviation) of at least
five independent experiments except that having been indicated.
Statistical analysis was performed using GraphPad Prism 6.0 software.
One-way ANOVA followed by Tukey test were used to compare the
statistical significance of differences between the samples and their
respective controls. A value of p < 0.05 was considered to be

Fig. 2. Baicalin promotes glutamate disposal by astrocytes. (A) Glutamate release in cultured brain tissues exposed to OGD/R (n = 5 each group). (B) Protein
expression of GS in brain tissues (n = 5 each group); (C) Extracellular glutamate after astrocytes were exposed to OGD/R (n = 5 each group); (D) Intracellular
glutamine after astrocytes were exposed to OGD/R (n = 5 each group); (E) Extracellular glutamate after astrocytes were treated with succinate (n = 5 each group);
(F) Intracellular glutamine after astrocytes were treated with succinate (n = 5 each group). Data were showed as mean ± SD. GS, glutamine synthetase, OGD/R,
oxygen glucose deprivation/reperfusion. *p < 0.05 vs blank group (astrocytes or brain slice without any treatment), #p < 0.05 vs control group (brain slice treated
with OGD/R or astrocytes treated with OGD/R or succinate).
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statistically significant.

3. Results

3.1. Baicalin suppresses mitochondrial ROS production in astrocytes by
SDH inactivation

We first examined the potential role of baicalin in primary rat as-
trocytes and found that baicalin protected astrocyte survival from
OGD/R insult in a concentration-dependent manner (Fig. 1A). By using
Mito-SOX red probe, we found baicalin effectively suppressed mi-
tochondrial ROS production in response to reoxygenation (Fig. 1B). In
addition, intracellular ROS was also reduced by baicalin and mito-
TEMPO (Fig. 1C). SDH activation is a driving force for ROS production
upon reoxygenation owing to RET [18]. When membrane-permeable

succinate was added as a substrate to activate SDH in astrocytes, bai-
calin significantly inhibited SDH activity and the IC50 was
0.9125 μmol/L (Fig. 1D). During ischemia, SDH activation in reverse
induces succinate accumulation, which promotes ROS production upon
reperfusion owing to RET [18]. As expected, baicalin prevented succi-
nate accumulation in astrocytes subjected to OGD (Fig. 1E). To mimic
ROS production from RET, we treated astrocytes with succinate to ac-
tivate SDH when ATP synthase was inhibited by oligomycin A. We
observed that baicalin markedly suppressed the mitochondrial and in-
tracellular ROS production (Fig. 1F, Suppl. Fig. 1A). Baicalin also ef-
fectively reduced the mitochondrial and intracellular ROS levels when
cells were stimulated with succinate alone (Suppl. Fig. 1B and C). Like
baicalin, SDH inhibitor malonate protected cell survival and suppressed
ROS production. Together, these results indicate that baicalin, likely by
inactivating SDH, reduced succinate accumulation during ischemia and

Fig. 3. Baicalin preserves GS activity in astrocytes and decreases excitotoxicity. (A) Baicalin restored GS protein expression and activity in astrocytes under OGD/R
(n = 5 each group); (B) Baicalin increased GS protein expression and activity in astrocytes treated with succinate (n = 5 each group); (C) Extracellular glutamate
under OGD/R (n = 5 each group); (D) Intracellular glutamine under OGD/R (n = 5 each group); (E) Neuronal survival in co-cultured system exposed to OGD/R
(n = 5 each group); (F) Neurons survival in co-cultured system exposed to glutamate (n = 5 each group). Data were showed as mean ± SD. GS, glutamine
synthetase; MSO, methionine sulfoximine; OGD/R, oxygen glucose deprivation/reperfusion. *p < 0.05 vs blank group (astrocytes without any treatment),
#p < 0.05 vs control group (astrocytes with OGD/R or succinate).
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suppressed ROS production upon reoxygenation.

3.2. Baicalin promotes glutamate uptake by astrocytes

Intact astrocytes can attenuate excitotoxicity by taking up the re-
leased glutamate to prevent extracellular glutamate accumulation.
During cerebral ischemia, excessive glutamate is released from neurons
and even astrocytes and triggers excitotoxicity because glutamate re-
leased cannot be removed effectively [29,30]. Here, OGD/R insult in-
creased the extracellular glutamate content in the media of cultured
brain tissues, which was blunted by baicalin (Fig. 2A). The effect of
baicalin was also evidenced by the increased protein expression of GS
(Fig. 2B). To confirm the role of astrocytes, we added exogenous glu-
tamate in culture medium and observed that OGD/R impaired the
clearance of glutamate by astrocytes; however, baicalin, as well as SDH
inhibitor malonate, reduced extracellular glutamate contents with an
increased glutamine level in astrocytes (Fig. 2C and D). Similar effects
were also seen in cultured astrocytes when succinate was added to
activate SDH (Fig. 2E and F). These results suggest that baicalin fa-
cilitated glutamate uptake by astrocytes to prevent extracellular accu-
mulation of glutamate.

3.3. Baicalin improves GS activity in astrocytes and attenuates glutamate
excitotoxicity

We next examined the effect of baicalin on GS in cultured astro-
cytes. OGD/R insult attenuated GS protein expression and impaired GS
activity, but these alterations were reversed by baicalin and malonate,
respectively (Fig. 3A). Similar regulation was also observed in astro-
cytes when exposed to succinate (Fig. 3B). Intracellular ROS scavenger
N-acetylcysteine (NAC) protected GS expression and activity under
both OGD/R and succinate-stimulated conditions, indicative of the in-
volvement of ROS in the impairment of GS (Suppl. Fig. 2A and B). GS
mediates the synthesis of glutamine by using glutamate as a substrate
and thus promotes glutamate uptake. This was also demonstrated here
by using GS inhibitor methionine sulfoximine (MSO). MSO remarkedly
increased extracellular glutamate and decreased intracellular glutamine
(Fig. 3C and D), which was not relieved by baicalin. In contrast, bai-
calin showed the ability to counteract the impairment of glutamate
disposal caused by OGD/R (Fig. 3C and D). These data suggested bai-
calin promoted glutamate disposal by improving GS activity, and the
increase in GS activity was likely due to the increased expression of GS,
not the direct activation of GS by baicalin.

Given that baicalin promoted glutamate disposal by preserving GS
protein and activity in astrocytes, we examined the potential in the
protection of neuron survival when neurons were co-cultured with

Fig. 4. Baicalin protects GS protein expression by preventing protein degradation. (A) Gene expression (mRNA) for GS in astrocytes under OGD/R (n = 5 each
group); (B) GS protein expression in astrocytes under OGD/R (n = 5 each group); (C) GS protein expression in astrocytes treated with succinate (n = 5 each group).
Data were showed as mean ± SD. GS, glutamine synthetase; OGD/R, oxygen glucose deprivation/reperfusion. *p < 0.05 vs blank group (without any treatment),
#p < 0.05 vs control group (with OGD/R or succinate).
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astrocytes. Neurons were sensitive to OGD/R insult, while co-culture
with intact astrocytes protected neurons survival (Fig. 3E). However,
when astrocytes were pretreated with GS inhibitor MSO or pre-sub-
jected to OGD for 4 h, the protective effect was lost (Fig. 3E), indicating
that preserved GS activity in astrocytes was required for neuroprotec-
tion, likely due to enhanced glutamate disposal. In contrast, when as-
trocytes were pretreated with baicalin for 4 h during OGD, the lost
neuroprotective function of astrocytes in co-culture was restored
(Fig. 3E). In addition, we co-cultured primary neurons with pretreated
astrocytes before addition of exogenous glutamate to further demon-
strate the protective role of baicalin. The survival of neurons co-cul-
tured with MSO-pretreated astrocytes was decreased dramatically
compared with that co-cultured with intact astrocytes (Fig. 3F), again
demonstrating the protective role of GS. Succinate or OGD/R-pre-
treated astrocytes remarkedly decreased neuron survival, while this was
rescued by pretreatment of astrocytes with baicalin (Fig. 3F). Together,
these results demonstrate that baicalin preserved GS activity in astro-
cytes was responsible for the neuronal protection.

3.4. Baicalin protects GS by improving the protein stability

Protein levels are generally regulated at transcriptional or post-
transcriptional levels. Although OGD/R and succinate reduced GS
protein expression, these treatments did not show an obvious impact on
the gene expression (Fig. 4A). Baicalin restored GS protein expression
(Fig. 3A) without affecting gene expression (Fig. 4A), suggesting the
possibility that it protected GS protein at the post-transcriptional levels.
Proteasome inhibitor MG-132, but not lysosomal V-ATPase inhibitor
bafilomycin A1, prevented the loss of GS protein in astrocytes (Fig. 4B),
indicating that OGD/R reduced GS protein expression through protea-
somal degradation. For further confirmation, we investigated the GS
degradation in succinate-treated astrocytes when protein synthesis was
inhibited by cycloheximide. Succinate impaired the stability of GS
protein, evidenced by continuous degradation from 2 to 8 h after
treatment (Fig. 4C). In contrast, baicalin treatment improved GS sta-
bility (Fig. 4C). Because we have shown that the antioxidant NAC could
reverse the loss of GS protein, the enhanced GS protein degradation
should be a result from ROS production. Consistently, H2O2 treatment
concentration-dependently impaired GS protein stability and this was
also blocked by MG132 (Suppl. Fig. 3A and B), providing evidence to
support our speculation.

3.5. Baicalin protects GS protein from 20S proteasomal degradation

Because oxidative modification can impair protein stability [14,15],
we next examined the influence of baicalin on protein oxidation. Bai-
calin reduced carbonyl contents in brain tissues subjected to OGD/R
insult (Fig. 5A) and attenuated the total protein carbonyls and GS
carbonylation in astrocytes exposed to OGD/R (Fig. 5B and C). Mal-
onate and mito-TEMPO also decreased GS carbonylation in astrocytes
(Fig. 5B and C). Although it is well known that proteasomal degradation
is mainly mediated by the ubiquitin-26S proteasome system, 20S pro-
teasome is proposed to act as a guarder in oxidative stress owing to its
ability to degrade oxidized protein [31]. For this, we examined the
affinity of GS protein with proteasomes in the setting of oxidative stress.
When GS was immunoprecipitated and the association with protea-
somes was detected using 20S and 19S antibodies, OGD/R treatment
increased the binding of 20S to GS protein, while 19S was barely de-
tected (Fig. 5D). When 19S proteasome was immunoprecipitated, de-
spite that there was quite a few 20S coupled to 19S (Fig. 5D), less GS
was observed. Baicalin, as well as malonate and mito-TEMPO, atte-
nuated the binding of 20S to GS without affecting 19S (Fig. 5D), in-
dicating that it combated oxidative stress to keep GS protein stability
from 20S-mediated proteasomal degradation. Different from 26S pro-
teasomal degradation, 20S-mediated degradation of oxidized protein is
independent of ATP. ATP synthase inhibitor oligomycin A failed to

affect H2O2-mediated GS degradation (Suppl. Fig. 4), supporting that
20S proteasome, but not 26S proteasome, mediated GS protein de-
gradation in the context of oxidative stress. Similarly, baicalin, mal-
onate and mito-TEMPO decreased the carbonylation of GS and the
binding of 20S to GS when the astrocytes were exposed to combination
treatment of succinate and oligomycin A (Fig. 5E). These results showed
that baicalin counteracted the 20S-mediated degradation of GS in re-
sponse to OGD/R, which was likely attributed to reducing the ROS
generation via SDH inhibition.

3.6. Baicalin protects the brain from I/R injury

Finally, we confirmed the effect of baicalin in rats when baicalin
was administered by i. p. injection 1.5 h after the artery was occluded
(0.5 h before reperfusion). TTC is a proton receptor of the pyridine-
nucleoside structural enzyme system in the respiratory chain.
Dehydrogenase in normal brain tissue can reduce TTC to insoluble red
stable triphenyl formazan, while damaged brain tissue is resistant to
TTC staining. I/R insult induced cerebral infarction, indicated by a
decreased area of TTC staining (appeared white) in the brain after re-
perfusion for 24 h; however, i. p. injection of baicalin and malonate
reduced the brain infarction area by 57% and 61%, respectively, and
improved neurological function (Fig. 6A and B), demonstrating the role
in neuroprotection. Baicalin and malonate inactivated SDH with limited
succinate accumulation in the cortex during the early stage of re-
perfusion (reperfusion for 30 min) (Fig. 6C and D). In line with the SDH
inactivation, baicalin reduced the production of H2O2 (Fig. 6E). More-
over, baicalin prevented the binding of 20S proteasome to GS and re-
stored GS protein expression with improved activity in the brain of rats
suffered to I/R (Fig. 6F–H). These results provide in-vivo evidence to
support that baicalin combated oxidative stress to protect GS from 20S-
mediated proteasomal degradation via inhibiting SDH.

4. Discussion

Astrocytes are the predominant type of glial cells tightly interacting
with surrounding neurons to maintain the integrity of neuron function
[4,5,32]. Given the failure to successfully translate neuroprotective
approaches in animal models of ischemic stroke to clinical therapies,
increasing studies turn to targeting astrocytes. Here we showed that
baicalin combated excitotoxicity via protecting GS in astrocytes from
oxidative stress-induced proteasomal degradation.

4.1. The alteration and role of GS after I/R

GS is a key player in glutamate-glutamine cycle and impacts the
glutamate disposal by astrocytes. Although a series of studies have in-
dicated the different changes of GS expression and activity in brain
injury, the consequences and underlying mechanisms are not fully
elucidated [15,33,34]. Different from neurons which are sensitive to
oxygen and glucose depletion, astrocytes are more tolerant to this in-
sult, partially because they can use stored glycogen to provide glucose
to meet the need of energy via glycolysis [35–38]. Thus, in this study,
astrocytes were exposed to a 6 h-OGD before 30 min-reoxygenation
other than a 2 h period of OGD usually applied in neuronal experi-
ments. Interestingly, we found that GS protein expression dynamically
changed in cultured cells exposed to OGD/R. GS protein was decreased
sharply at the early stage of 0-60 min after reoxygenation, and then
gradually returned to normal levels from 4 h to 8 h. A more elevated
levels could be observed at the time after 12 h–24 h (Suppl. Fig. 2C).
Impaired GS protein at the early stage was also observed in MCAO/R
rats (Fig. 6G), consistent with the published study which showed that
loss of GS was obvious 1 h post 30 min-hypoxic insult in piglets [39].
These findings suggest a potential therapeutic window for pharmaco-
logical intervention to prevent glutamate accumulation, Upon ischemic
attack, extracellular glutamate accumulation is mainly due to the
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Fig. 5. Baicalin protects GS protein from 20S proteasomal degradation. (A) Carbonyl content in the brain tissues exposed to OGD/R (n = 5 each group); (B) Carbonyl
protein expression in astrocytes under OGD/R (n = 5 each group); (C) GS carbonylation in astrocytes under OGD/R (n = 5 each group); (D) GS binding to 20S or 19S
subunit in astrocytes exposed to OGD/R (n = 5 each group); (E) GS carbonylation and GS binding to 20S proteasome when astrocytes were stimulated with succinate
plus oligomycin A (n = 5 each group). Data were showed as mean ± SD. GS, glutamine synthetase; OGD/R, oxygen glucose deprivation/reperfusion. *p < 0.05 vs
blank group (astrocytes or brain slice without any treatment), #p < 0.05 vs control group (brain slice treated with OGD/R or astrocytes treated with OGD/R or
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increased release from neurons and the disruption of uptake by astro-
cytes. It is proposed that glutamate generation from glutamine has a
contribution to glutamate accumulation [40]. In this context, increased
GS activity might exacerbate the excitotoxicity. In contrast, other stu-
dies indicate that GS-mediated glutamine synthesis helps astrocytes to
normalize extracellular glutamate and protects neurons from I/R insult
[40]. Here, by using the GS inhibitor MSO and co-culture system, we
further demonstrated that restoration of GS expression and activity
provided benefits for glutamate uptake and neuronal protection. This
result was in line with those of other two studies, which revealed the
potential role of GS in ischemic conditioning [41,42]. There are several
possible explanations for neuroprotection by the glutamate-glutamine
cycle. One is that glutamine synthesis by GS consumes the extracellular
glutamate to prevent subsequent excitotoxicity. Second, when gluta-
mine is transferred in neurons, glutaminolysis-derived glutamate can
serve as an alternative energy substrate to fuel the tricarboxylic acid
cycle in the form ɑ-ketoglutarate [40]. Besides, ɑ-ketoglutarate is

reported to regulate autophagy and thus keep the metabolic integrity
[43]. Third, glutamine is a precursor of glutathione protecting neurons
from oxidative stress.

4.2. The relationship between GS and SDH in I/R and the mechanism of GS
loss

Oxidative stress mediates ischemic injury and mitochondria are the
main source of ROS production upon reperfusion [44]. Chouchani ET
and co-workers revealed that succinate accumulates during ischemia
due to reversal of SDH and serves as reducing equivalent to drive SDH
activation at the early stage of reperfusion, leading to a burst of ROS
production at complex I owing RET. This finding elucidates the critical
role of SDH activation in I/R injury [18]. Although this conclusion was
questioned by a recent study [45], we demonstrated that SDH inhibitor
malonate reduced succinate accumulation during ischemia and sup-
pressed mitochondrial ROS production in early reperfusion, providing

Fig. 6. Baicalin protects the brain from I/R injury. (A) Cerebral infarction area measured by TTC staining (appears white) in rats subjected to unilateral MCAO (2 h)
and reperfusion (24 h) (n = 5 each group); (B) Neurological score in rats subjected to I/R (2 h/24 h) (n = 5 each group); (C) SDH activity in brain cortices after I/R
(2 h/0.5 h) (n = 5 each group); (D) Succinate content in brain cortices after I/R for 2 h/0.5 h (n = 5 each group); (E) H2O2 content in brain cortices after I/R (2 h/
0.5 h) (n = 5 each group); (F) GS activity in brain cortices after I/R (2 h/0.5 h) (n = 5 each group); (G) GS protein expression in brain cortices after I/R (n = 5 each
group); (H) GS binding to 20S proteasome after I/R (2 h/24 h) (n = 5 each group). Data were showed as mean ± SD. GS, glutamine synthetase; I/R, ischemia and
reperfusion. *p < 0.05 vs blank group (rats without any treatment), #p < 0.05 vs control group (rats with ischemia or I/R).
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evidence to support the conclusion. GS is vulnerable to oxidative stress
[15–17], and SDH inhibition is shown to preserve GS activity in the
cerebral cortex and striatum and increase the tolerance against MCAO
insult [41].

In the study, we revealed that SDH was responsible for the loss of
GS, likely owing to oxidation-associated proteasomal degradation.
Protein homeostasis is tightly controlled by the balance between pro-
tein synthesis and degradation [46]. Exposure to OGD/R failed to in-
fluence gene expression of GS, proteasome inhibitor MG-132, but not
lysosomal V-ATPase inhibitor bafilomycin A1, prevented the reduction
of GS protein expression, validating that protein degradation was the
primary cause for the loss of GS. ROS scavenger NAC mitigated OGD/R-
or succinate-elicited loss of GS, and MG-132 also alleviated H2O2-in-
duced GS reduction. These events further confirmed the involvement of
ROS in GS degradation.

Oxidation and reduction occurring on amino acid residues of pro-
teins comprise of a part of redox regulation [47]. Protein carbonylation
is a common post translational modification in response to different
oxidative stresses including ROS, lipid oxidation products or advanced
glycation end products [47,48], resultantly impairing protein function
[48]. To combat this damage, cells tend to repair the slightly carbo-
nylated proteins via reduction reactions and degrade the seriously da-
maged proteins via proteasomes and/or lysosomes. In im-
munoprecipitation experiments, we observed an obvious increase in
carbonylated GS level in OGD/R group, and the molecular weight of
carbonylated GS ranged from about 30 KD to 70 KD. This change might
be due to the cleavage of the carbonylated peptides and the cross-
linking occurring between oxidized proteins, such as the formation of
disulphied bonds and Schiff base [47]. The increased total carbonyls
including carbonylated GS could impairs cellular homeostasis, having a
contribution to astrocyte injury in the setting of OGD/R insult.

One important function of proteasome system is to remove in-
correctly synthesized and oxidatively damaged proteins via degradation
[31,49]. In eukaryotic cells, 26S holoenzymes are the primary form of
proteasomes [50]. However, acute oxidative stress causes the rapid
disassembly of 26S proteasomes into 20S core and 19S regulatory
subunits, leading to the inactivation of 26S proteasomes [31,50,51].
Under the conditions, 20S proteasome is in charge of the degradation of
oxidized proteins. It is usually considered that 26S mediates protein
degradation in a manner dependent on ubiquitin and ATP, while 20S-
mediated protein degradation is independent of ubiquitin and ATP
[31,50]. Although previous studies have indicated GS is sensitive to
oxidative stress, little is known of the details. To further reveal the exact
role of proteasomes in the degradation of GS, we assessed the interac-
tion between GS and 20S or 19S proteasome. GS bound to the 20S core
but not 19S regulatory particle in early reperfusion, and H2O2-mediated
GS protein degradation was not affected by oligomycin A, further
confirming that 20S proteasome was responsible for GS degradation
under oxidative conditions.

4.3. The role of baicalin on GS in astrocytes

It is documented that baicalin is potential for the treatment of is-
chemic stroke via anti-excitotoxicity and anti-oxidative stress [3,4,22].
Given the glutamate-glutamine cycle between astrocytes and neurons,
we investigated the effect of baicalin on glutamate disposal from the
aspect of GS function in astrocytes. Because of the reported role of SDH
in I/R injury and the sensitivity of GS to oxidative stress, we speculated
that baicalin might protect GS from SDH-mediated oxidative stress in
early reperfusion. The results in this study confirmed the suppression of
SDH activity by baicalin in vivo and ex vivo, and demonstrated that the
anti-oxidant and anti-excitotoxic effects of baicalin converged in astro-
cytes during I/R. We reason that inactivation of SDH should be the
main mechanism for baicalin to protect GS activity. During the ischemic
state, anaerobic metabolism activates SDH in reverse to reduce fuma-
rate to succinate [18], and thus inactivation of SDH by baicalin should

contribute to preventing succinate accumulation. Upon reperfusion,
SDH activation is a driving force for mitochondrial ROS production, and
we demonstrated the inhibitory effects of baicalin in astrocytes when
succinate and ATP synthase inhibitor oligomycin A were added to minic
ROS production from RET (Fig. 1F, Suppl. Fig. 1A). Although we
showed that baicalin suppressed mitochondrial ROS to prevent GS de-
gradation, we cannot say with certainty that protection of GS by SDH
inactivation is the only reason. In fact, baicalin is a multifunctional
compound. Its pharmacological activities, including anti-inflammation,
mitochondrial protection and anti-apoptotic effects, should contribute
to neuroprotection from different aspects [22]. These findings reveal
the specific mechanisms of baicalin in neuroprotection and extent the
cognition of the anti-oxidant properties, which will help to prepare a
legitimate therapy for ischemic stroke with baicalin or Scutellaria bai-
calensis Georgi.

5. Conclusion

The study revealed that SDH activation is a driving force for mi-
tochondrial ROS production in brain ischemic injury, and 20S protea-
some-mediated GS protein degradation impairs glutamate disposal.
Baicalin inactivated SDH to suppress ROS production and protected GS
protein stability against oxidative stress to promote glutamate disposal,
having a contribution to combating excitotoxicity. These results suggest
that protecting astrocyte function to clear released glutamate might be
potential to prevent ischemic neuronal injury.
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