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Protective role of wogonin following traumatic brain
injury by reducing oxidative stress and apoptosis
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Abstract. Traumatic brain injury (TBI) is usually caused
by accidental injuries and traffic accidents, with a very
high mortality rate. Treatment and management following
TBI are essential to reduce patient injury and help improve
long-term prognosis. Wogonin is a flavonoid compound with
an antioxidant effect extracted from Scutellaria baicalensis
Georgi. However, the function and mechanism of wogonin
in protecting brain injury remain to be elucidated. The
present study established a TBI model of Sprague-Dawley
rats and treated them with wogonin following trauma. The
results showed that wogonin treatment significantly reduced
neurobehavioral disorders, brain edema and hippocampal
neuron damage caused by TBI. It was found that in TBI rats,
administration of wogonin increased the levels of antioxidant
factors glutathione, superoxide dismutase and catalase in the
CALl region of the hippocampus and significantly inhibited the
production of malondialdehyde and reactive oxygen species.
western blotting data showed that wogonin exerted antioxidant
activity by downregulating the level of NOX? protein. In
inhibiting cell apoptosis, wogonin upregulated the expres-
sion of Bcl-2 protein in the hippocampal CA1 region of TBI
rats and inhibited caspase-3 and Bax proteins. Additionally,
wogonin inhibited the progression of injury following TBI
through the PI3K/Akt/nuclear factor-erythroid factor 2-related
factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway.
Wogonin increased the expression of phosphorylated Akt,
Nrf2 and HO-1 in the hippocampus of TBI rats. Following the
administration of PI3K inhibitor LY294002, the upregulation
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of these proteins by wogonin was partly reversed. In addition,
LY294002 partially reversed the regulation of wogonin on
NOX?, caspase-3, Bax and Bcl-2 proteins. Therefore, wogonin
exerts antioxidant and anti-apoptotic properties to prevent
hippocampal damage following TBI, which is accomplished
through the PI3K/Akt/Nrf2/HO-1 pathway.

Introduction

Traumatic brain injury (TBI) has the highest mortality and
disability rate of all types of body trauma. It is usually caused
by accidental injuries and traffic accidents and 10 million new
patients are affected each year worldwide (1). According to the
pathogenic mechanism, TBI can be divided into primary isch-
emic brain injury and secondary injury. Primary brain tissue
injury and intracranial hemorrhage are irreversible, in which
inflammation, brain edema and neuronal apoptosis usually
begin to appear several h after the injury. However, secondary
damage is a pathological process that gradually develops
following TBI and subsequent damage can be reduced by
effective therapy (2,3). Therefore, exploring the mechanism of
secondary injury following TBI and finding clinically effective
interventions following TBI will help the prognosis of patients.

Apoptosis, inflammatory storm, mitochondrial dysfunction
and destruction of the blood-brain barrier, which ultimately
leads to further brain tissue necrosis, are several aspects of the
secondary injury that occurs following TBI (4). Mitochondrial
dysfunction results in a large number of reactive oxygen
species (ROS), free radicals and malondialdehyde (MDA)
released in large enough quantities that the local expression
of antioxidants such as superoxide dismutase (SOD) is not
enough to completely counterbalance their damage (5,6).
ROS and MDA destroy nerve cell membranes, promote lipid
peroxidation and chromatin damage and aggravate oxida-
tive stress. For example, nicotinamide adenine dinucleotide
phosphate (NADP) oxidase NOX? causes oxidative damage to
neurons following brain trauma by increasing the production
of ROS (7). In addition, nuclear factor-erythroid 2 related
factor 2 (Nrf2) mediates tissue resistance to oxidative stress.
Combined antioxidant therapy to inhibit NOX? and activate
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Nrf2 decreases secondary brain damage and improves func-
tional recovery following TBI (8). The use of pramipexole
(D2-like receptor agonist) to activate the transcription process
of Nrf2 and its downstream detoxification enzyme heme
oxygenase-1 (HO-1) has a significant neuroprotective effect
following TBI (9). Therefore, it is important to determine if
compounds with antioxidant properties, such as wogonin,
a flavonoid compound extracted from the plant Scutellaria
baicalensis Georgi and used in traditional Chinese medicine,
are effective treatments for reducing secondary TBI injury.

Wogonin has a variety of biological activities
including anti-inflammatory, antioxidant and anti-tumor
properties (10-12). For example, wogonin alleviates tubu-
lointerstitial fibrosis and kidney tubular epithelial injury
through the PI3K/Akt/NF-«kB signaling pathway that mediates
autophagy and inflammation in diabetic nephropathy (13). In
a cell model of lung injury, wogonin prevents apoptosis of
injured lung cells by inhibiting the expression of the Bcl-2
antagonist of cell death (BAD) gene and subsequent activation
of cleaved caspase-3 through the PI3K/AKT pathway (14). In
the prevention of TBI, wogonin attenuates the symptoms of
TBI in Wistar rats caused by fluid shock injury (15). In addi-
tion, wogonin treatment improves long-term functional and
histological outcomes, reduces brain edema and attenuates
the Toll-like receptor (TLR)4/NF-kB-mediated inflammatory
response in mouse TBI (16). Despite evidence indicating the
benefits of wogonin treatment to neurological recovery in
stroke models, the precise mechanisms of these protective
effects remain to be elucidated. In particular, it is unclear
whether wogonin exerts cognitive enhancing or preservation
effects by attenuating oxidative stress and apoptosis in TBI and
whether it regulates PI3K/Nrf2/HO-1 signaling in the brain.

The present study revealed that wogonin exhibited
neuroprotective effects in a rat model of TBI. In terms of
mechanism, wogonin activated Nrf2/HO-1 signaling in a
PI3K/Akt-dependent manner and attenuated oxidative stress
and apoptosis in the hippocampus of rats following TBI. The
present study provided a new basis for drug treatment and
neuroprotection following TBI.

Materials and methods

Establishment of TBI model. A total of 120 adult male SD rats
(body weight 300-330 g; aged 10-12 weeks; purchased from
animal Experiment Center of Hebei Medical University) were
provided with food and water ad libitum and kept in a specific
pathogen-free (SPF) animal room under controlled conditions
(12-h light/dark cycle and 22+3°C temperature; humidity
40-70%). The TBI model is induced by the controlled cortical
impingement (CCI) method, as described previously (17). In
short, rats anesthetized with 10% chloral hydrate (300 mg/kg,
intraperitoneally) were fixed in a stereotactic frame. Rats were
anesthetized ~3 min following injection and all animals exhib-
ited no side effects, such as peritonitis, pain, or discomfort.
A midline incision was made to expose the skull and then a
6.0 mm diameter right-hand hole was made through a surgical
electric skull grinder. The opening was centered on the coronal
suture and 2.5 mm outside the sagittal suture. An electro-
magnetic impactor (round tip diameter 4 mm; speed 5 m/sec;
residence time 100 msec) was used to inflict CCI injury on rats

with an impact depth of 2.0 mm. Finally, the bone flap was
sealed and sutured. For the sham operation group, the animals
received the same anesthesia and surgical scalp incision, but
no impact injury. All animal experiments were approved by
the Ethics Committee of Hebei Medical University (permit
no. 20201086). Humane endpoints were established following
the guideline of assessment for humane endpoints in animal
experiment [People's Republic of China: RB/T 173-2018;
bingdian001.com (lascn.net)] in order to minimize pain or
distress to experimental animals. After the breathing of the rat
became slow and weak and it did not respond to stimulation,
the rats was sacrificed by euthanasia under anesthesia (sodium
pentobarbital 40 mg/kg, intraperitoneally). Cervical vertebra
dislocation was used for euthanasia and death was confirmed
by cessation of the heartbeat.

Groups and drug administration. The rats were randomly
assigned into three groups: sham operation group, TBI model
group and wogonin treatment group following TBI. Each
sub-group was composed of five rats, testing after injury was
as follows: i) Neurological severity scores at days 1, 3,5, 7
and 14; ii) determination of brain water content at days 3;
iii) Morris Water Maze (MWM) test at days 3-7; and iv) histo-
logical analysis, TUNEL, ROS and antioxidant enzymes
activity and western blot analysis at day 1, 3, 7. Wogonin
(MilliporeSigma) was prepared by dissolving in 25% dimethyl
sulfoxide (DMSO). According to the dose provided in a
previous study (16), wogonin solution (40 mg/kg) was injected
intraperitoneally at 10 min, 24 and 48 h after the surgery. The
sham group and TBI group were both intraperitoneally injected
with the same amount of normal saline. Sham-operated rats
underwent procedures identical to those of the TBI animals,
including anesthesia and craniotomy surgery, but without TBI.
It should be noted that no adverse effects or mortality were
observed in rats treated with wogonin during the experiments.
Therefore, from the perspective of animal welfare, a blank
control group was not established.

For the study of the mechanism of wogonin affecting
the hippocampus, rats were randomly divided into 5 groups:
Sham operation group, TBI model group, wogonin treatment
group following TBI, wogonin and LY294002 treatment group
following TBI and DMSO administration control following
TBI. PI3K inhibitor LY294002 was dissolved in 25% DMSO
in PBS at the time of administration. Rats were infused with
50 mM LY294002 in one side of the cerebral ventricle 30 min
before TBI. Specifically, according to the previous study (18),
rats under anesthesia were provided with stepping electric
micro-injectors (Stoelting) to inject LY294002 or DMSO
into the left cerebral ventricle at a rate of 1 yl/min. A total of
120 rats were used in the present study, of which 2 rats that
received CCI died of brain damage.

Neurological severity score. The neurological severity score
(NSS) is a composite of motor, sensory, reflex and balance
tests before and after treatment in rats, as described previ-
ously (19). All rats were assessed for NSS on days 1, 3, 5,7
and 14 following TBI. Scores are evaluated by researchers
who are unaware of the grouping, with 1 point for inability to
perform each test or lack of test reflexes. Normal rats have a
score of 2-3, while the maximum injury score is 18.
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Evaluation of cerebral edema. The degree of cerebral edema is
assessed by relative brain water content analysis, as described
previously (20). Rats were sacrificed by decapitation under
anesthesia (2% sodium pentobarbital, 40 mg/kg, i.p. injected)
on the 3rd day following TBI or sham operation. The rat brain
was harvested and immediately weighed as wet weight (WW).
The brain tissue was then dried at 100°C for 24 h to obtain a
dry weight (DW). The relative brain water content is calculated
as follows: (WW-DW)/WW x100%.

Morris water maze (MWM). According to previous
research (21), the spatial learning and memory ability of
rats was evaluated in the MWM test 3-7 days following TBI.
Prior to the test, the rats swam freely in the circular pool for
5 min. In the central area of the target quadrant, a 2 cm opaque
hidden platform (12 cm in diameter and 28 cm in height) was
set up. Prior to the operation, all the rats were guided to the
target platform. In each test, 60 sec were set aside for the rat
to find the platform. The camera hanging above the maze
was connected to a video tracking system (HVS Imaging)
and the escape delay time was recorded. The average escape
latency of four repeated trials was calculated. On the last day
of the experiments, the hidden platform was removed and the
percentage of time the rat stayed in the target quadrant tested.
The average swimming speed of rats in each group was also
recorded.

Hematoxylin and eosin staining (H&E). The brain tissues
were fixed in 4% paraformaldehyde solution for 24 h at
room temperature, washed with running water for 4 h, then
dehydrated with graded alcohol and embedded in paraffin
following standard histological procedures. The paraffin
tissue was sectioned at 4 ym. Sample sections were stained
with H&E according to the usual protocol (hematoxylin for
2 min and eosin for 30 secs at room temperature). Images
of the staining results of the hippocampal brain slices
were captured under a light microscope (BX51; Olympus
Corporation; magnification x50 and x200) and the pyramidal
cell density (number/mm?) in the CA1 area was calculated.
Cell counts from hippocampus CA1 on each of the four
sections were averaged to provide a single value (number of
neurons/mm?) for each animal. Image Pro Plus 6.0 software
(Media Cybernetics) was used for analysis.

Cell apoptosis assay. According to the manufacturer's
instruction, the TdT-mediated dUTP nick-end labeling
(TUNEL) apoptosis detection kit (cat. no. C1088, Beyotime
Institute of Biotechnology) was used to detect neuronal
apoptosis in the hippocampus. Briefly, the hippocampal
tissue sections of each group of rats were deparaffinized and
rehydrated. Then the sections were incubated with 10 ug/ml
proteinase K solution at 37°C for 15 min. The sections were
stained with green fluorescein-labeled dUTP solution for
10 min at room temperature. Finally, the section was sealed
in a mounting medium containing DAPI. The number of
TUNEL-DAPI positive cells was counted using a fluores-
cence microscope (Olympus Fluoview FV1000; Olympus
Corporation; magnification x200) according to a previous
study (22). Image Pro Plus 6.0 software (Media Cybernetics)
was used for analysis.
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Immunohistochemistry IHC. The brain tissue sections of TBI
rats and wogonin treatment rats were used for IHC detec-
tion. The paraffin sections were incubated with 3% H,0,
for 20 min at room temperature and then blocked with goat
serum (cat. no. C0265; Beyotime Institute of Biotechnology)
for 1 h at room temperature. Then the sections were incu-
bated with NOX? primary antibody (1:200 dilution; Abcam;
cat. no. ab80508) at 4°C overnight. Following washing with
PBS, the sections were incubated with goat anti-rabbit IgG-HRP
secondary antibody (1:500 dilution; cat. no. sc-2030; Santa
Cruz Biotechnology, Inc.) for 1 h at room temperature. After
counterstaining with hematoxylin, images of the sections were
captured using the AxioVision4Ac microscope system (Carl
Zeiss AG). THC images were analyzed with optical density
(OD) value by ImagelJ software v1.41 (National Institutes of
Health). The deeper the DAB staining, the greater the OD
value and protein expression.

NOX activity determination. NOX activity analysis was
carried out according to previous research (23). The hippo-
campal tissue samples were homogenized and lysed and then
centrifuged at 1,000 x g for 10 min at 4°C to collect the super-
natant. The supernatant was centrifuged in an ultracentrifuge
at 13,000 x g at 4°C for 20 min to separate the membrane
components and 50 g membrane fraction was used to deter-
mine NOX enzyme activity. Relative light units (RLU) were
recorded every 1 min continuously for 5 min by a standard
luminometer, as the indicator of NOX activity (RLU/ug/min).

The activities of SOD, catalase (CAT), glutathione (GSH) and
the levels of MDA and ROS measurement. The hippocampal
tissue following TBI or administration was mechanically
homogenized and then 0.5-10% of the tissue homogenate was
used to detect oxidative stress-related indicators. The measure-
ment of SOD activity was carried out in accordance with the
manufacturer's instructions (cat. no. AOO1; Nanjing Jiancheng
Bioengineering Institute). The SOD level was measured
by the absorbance of the sample at 550 nm, expressed as a
unit/g protein. CAT activity was measured by ammonium
molybdate spectrophotometry according to the manufacturer's
instructions (cat. no. AOO7; Nanjing Jiancheng Bioengineering
Institute). CAT decomposed the hydrogen peroxide in the
tissue and then the remaining hydrogen peroxide reacted with
ammonium molybdate to form a yellow complex. The activity
of CAT was evaluated by measuring the content of the yellow
complex. Tissue MDA was determined by using the thiobarbi-
turic acid (TBA) reaction method as described previously (7).
MDA reacted with TBA to form a pink chromogen and its
absorbance at 532 nm could represent the MDA content (nmol
MDA /g tissue). For the measurement of GSH, the principle is
that 5,5'-dithiobis-2-nitrobenzoic acid oxidizes GSH in tissues
to produce 5-thio-2-nitrobenzoic acid. The GSH measurement
was performed according to the instructions of the manufac-
turer of the kit (cat. no. 703002; Cayman Chemical Company).
The level of ROS was carried out in accordance with the
manufacturer's instructions (cat. no. E004 Nanjing Jiancheng
Bioengineering Institute). The hippocampal tissue homogenate
was centrifuged at 500 x g for 10 min at 4°C and then 1 ml of
0.01 M PBS solution was used to resuspend the cell pellet. 10 ul
1 mM 2,7-dichlorodihydrofluorescein diacetate was added to
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the cells. After incubating for 30 min at 37°C, the fluorescence
intensity was quantified using a spectrofluorometer (excitation,
500 nm; emission, 525 nm).

Immunofluorescence. Briefly, after intracardially perfused
with 4% paraformaldehyde solution for 30 min at 4°C, brains
tissues were removed, post-fixed in the same fixative for 1 day
at room temperature and subsequently soaked in 30% sucrose
for 2-3 days at 4°C. Tissues were embedded in an optimal
cutting temperature compound (OCT, Sakura Finetek Europe
B.V) and frozen sections cut at 15 ym. The frozen sections
were permeabilized with 0.4% Triton X-100 for 10 min and
then blocked with 10% donkey serum (cat. no. ab138579;
Abcam) for 30 min at room temperature. Sections with NeuN
antibody (dilution 1:100; cat. no. MAB377; MilliporeSigma),
phosphorylated (p-)Akt antibody (dilution 1:100;
cat. no. PA5-104867; Invitrogen; Thermo Fisher Scientific,
Inc.) or Nrf2 antibody (dilution 1:100; cat. no. sc-722; Santa
Cruz Biotechnology, Inc.) were incubated overnight at 4°C. The
sections were incubated with fluorescently-labeled secondary
antibody Alexa-Fluor594 or Alexa-Fluor 488 (diluted 1:200;
cat. no. sc-362281 and sc-362257; Santa Cruz Biotechnology,
Inc.) for 2 h in the dark. Finally, the slices were observed and
images captured under a fluorescence microscope (Olympus
Fluoview FV1000; Olympus Corporation; magnification,
x200). The counting area was located in the same position in
all groups, and the number of p-Akt-positive or Nrf2-positive
NeuN in the hippocampus CA1 was counted for each section.
For each group, quantification was performed in sections from
five different rats.

Western blotting. The hippocampus tissue of the rats in the
TBI group or the administration group was lysed in RIPA
lysis buffer (Thermo Fisher Scientific, Inc.) and the protein
concentration was quantified by BCA reagent (Beijing Solarbio
Science & Technology Co., Ltd. ). Protein (30 ug) was used for
12% SDS-PAGE electrophoresis and then transferred to PVDF
membrane (Bio-Rad Laboratories, Inc.). The membrane was
blocked with 5% skimmed milk for 2 h at room temperature
and then incubated with the primary antibodies overnight
at 4°C. The primary antibodies used included: NOX? antibody
(dilution 1:500; cat. no. ab80508; Abcam), Nrf2 antibody
(dilution 1:500; cat. no. sc-722; Santa Cruz Biotechnology,
Inc.), p-Akt antibody (dilution 1:500; PAS -104867; Invitrogen),
Akt antibody (dilution 1:500; cat. no. MA5-14898; Invitrogen),
caspase-3 antibody (dilution 1:500; cat. no. sc-56053; Santa
Cruz Biotechnology, Inc.), Bax antibody (dilution 1:500; cat.
no. sc-65532; Santa Cruz Biotechnology, Inc.), Bcl-2 antibody
(dilution 1:500; cat. no. sc-7382; Santa Cruz Biotechnology,
Inc.), HO-1 antibody (dilution 1:500; cat. no. sc-136960;
Santa Cruz Biotechnology, Inc.) and B-actin antibody (dilu-
tion 1:1,000; cat. no. AF7018; Affinity Biosciences). The
membrane was then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody [goat anti-rabbit
IgG-HRP (cat. no. sc-2030); goat anti-mouse IgG-HRP
(cat. no. sc-2005). 1:2,000 dilution; Santa Cruz Biotechnology,
Inc ] for 2 h. The western blotting signal on the membrane was
obtained by an enhanced chemiluminescence (ECL) detection
system. ImagelJ software v 4.1 (National Institutes of Health)
was used to quantify the optical density signal.

Statistical analysis. SPSS 16.0 software (SPSS, Inc.) was
used for data analysis, and all data were expressed as
mean + standard deviation (SD). Data comparison among
multiple groups was conducted with one-way analysis of
variance (ANOVA), statistical analysis between two groups
were performed with the Newman-Keuls test and between
multiple groups with one-way ANOVA followed by Tukey test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Wogonin attenuates neurological damage following traumatic
brain injury. The present study established a rat TBI model
and verified if wogonin alleviated the neurological damage
and cognitive function caused by TBI. First, the NSS assess-
ment and the degree of cerebral edema were used to evaluate
the neurological deficit. Compared with sham-operated
animals, TBI at 1-14 days significantly increased the NSS
score of rats ("P<0.05). After treatment with wogonin in TBI
rats, wogonin significantly reduced the NSS score on days 3, 5,
7 and 14 (*P<0.05, Fig. 1A). Brain water content analysis was
used to evaluate the therapeutic effect of wogonin on brain
edema in TBI model. TBI induced a significant increase in
brain water content (‘P<0.05), which could be alleviated by
wogonin treatment (*P<0.05, Fig. 1B). Next, the MWM test
was used to evaluate whether wogonin helps to alleviate the
spatial memory impairment induced following TBI. As shown
in Fig. 1C, TBI caused a significant spatial learning deficit
compared with the rats in the sham group and TBI rats spent
a longer time searching for the hidden platform at 3-7 days
post-surgery ("P<0.05). However, rats in the wogonin group
displayed a profoundly shorter latency time at 4-7 days as
compared to those in the TBI group (*P<0.05). After removing
the hidden platform, TBI caused the rat to spend an extended
time in finding the target quadrant that previously contained
the platform. The administration of wogonin significantly
shortened the time for TBI model mice to navigate to the
target quadrant (Fig. 1D). During this period, there was no
significant difference in the swimming speed of the rats in
each group (Fig. 1E), which proved that the time they searched
for the target was not affected by their swimming speed.
These results prove that wogonin slows down the neurological
damage and reduces brain edema following TBI in rats and
helps to improve the learning and memory ability.

H&E staining was used to measure hippocampal neurons
densities to determine if the behavior in the water maze
correlated with brain recovery of rats treated with wogonin
following TBI. The H&E staining results showed that there
was significant neuronal damage in the hippocampus of
rats with TBI, which was manifested as nuclear pyknosis,
decreased number of neurons and neuron atrophy. However,
wogonin treatment reduced neuronal loss caused by TBI
(Fig. 2A). The statistical results of the number of neurons in
the stained visual field showed that TBI significantly induced
the death of pyramidal cells in the hippocampus 24 h after
injury, while wogonin prevented the loss of neurons induced by
TBI ("P<0.05 vs. sham group; “P<0.05 vs. TBI group; Fig. 2B).
These results proved that wogonin reduces the damage of
hippocampal neurons induced by TBI.
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Figure 1. Wogonin treatment following TBI improved neurobehavioral function and reduced cerebral edema. (A) The neurological severity scores of rats in the
sham operation group (sham), TBI model group (TBI) and wogonin administration group (Wog) were recorded on the 1,3, 5,7 and 14 days after the operation.
(B) The brain water content of the three groups of rats on the 3rd day was tested. (C) In the Morris water maze test, the latency time of the three groups of rats
looking for a hidden platform was recorded. (D) On the 7th day, the three groups of rats were tested in the quadrant time of the target quadrant of the removal
platform. (E) The swimming speed of the three groups of rats was tested. Data are expressed as mean + standard deviation (n=5/group; ‘P<0.05 vs. sham group;

7P<0.05 vs. TBI group). TBI, traumatic brain injury.
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Figure 2. Wogonin reduces hippocampal neuron damage following TBI.
(A) Representative hematoxylin and eosin staining images of the hippocampal
CALl area showed sham operation group (sham), TBI model group (TBI) and
wogonin administration group (Wog) within 24 h. Scale bars: 200 and 50 ym.
(B) The number of viable neurons (mm?) in the hippocampus of each group
was counted (n=5/group; “P<0.05 vs. sham group; “P<0.05 vs. TBI group). TBI,
traumatic brain injury.

Wogonin promotes anti-oxidation following TBI. In order
to explore the mechanism of wogonin in alleviating the

neurological damage caused by TBI, its role in anti-oxidation
was first tested. The levels of GSH, SOD, CAT, MDA and
ROS in hippocampal tissues 1,3 and 7 days after the operation
were used as detection indicators. The results showed that TBI
caused a significant decrease in the levels of GSH, SOD and
CAT in the hippocampus. However, administration of wogonin
following TBI increased the amount of these antioxidant factors
("P<0.05 vs. TBI group; Fig. 3A-C). In addition, compared with
the TBI model group, the administration of wogonin signifi-
cantly reduced the levels of oxidative stress products MDA and
ROS ("P<0.05 vs. TBI group; Fig. 3D-E). These results proved
that wogonin had a repairing effect through anti-oxidation in
the hippocampus damaged following TBI.

Since NADPH oxidase mediates oxidative stress-related
damage, the expression of NOX?, the main type of NADPH
oxidase, was examined by IHC and western blotting. As shown
in Fig. 4A, occasional NOX? positive cells were detected on
day 3 in the sham group. By contrast, NOX? positive cells were
significantly increased 3 days following TBI as indicated with
an intense color due to enhanced immune reactivity. However,
the immune reactivity of NOX? in the wogonin group was
significantly weaker than that in the TBI group (Fig. 4B).
Compared with the TBI model group, the administration of
wogonin significantly reduced the enzyme activity of NOX in
the hippocampal CA1 region on days 1, 3 and 7 ("P<0.05 vs.
sham group; “P<0.05 vs. TBI group; Fig. 4C). western blotting
was used to detect protein expression in hippocampal CA1l
area on day 1, 3 and 7 after the operation (Fig. 4D). The results
of blotting optical density analysis showed that, compared
with the sham group, the NOX? protein expression in the TBI
group was significantly upregulated at 1, 3 and 7 days after the
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Figure 3. Wogonin regulates the levels of oxidative stress-related factors. The levels of (A) GSH, (B) SOD, (C) CAT, (D) MDA and (E) ROS in the hippocampus
of rats in the sham operation group (sham), TBI model group (TBI) and wogonin administration group (Wog) were detected on the 1, 3 and 7 days after the
operation. Data are expressed as mean + standard deviation (n=5/group; "P<0.05 vs. sham group; “P<0.05 vs. TBI group). GSH, glutathione; SOD, superoxide
dismutase; CAT, catalase; MDA, malondialdehyde; ROS, reactive oxygen species; TBI, traumatic brain injury.
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operation. Compared with the TBI group, the administration of
wogonin significantly reduced the expression of NOX? protein
("P<0.05 vs. sham group; “P<0.05 vs. TBI group; Fig. 4E-G).
Therefore, wogonin exercised its antioxidant function by
decreasing the expression of NOX? protein.

Wogonin inhibits apoptosis of hippocampal cells induced by
TBI. TUNEL assay was used to evaluate the apoptosis in the
CALl area of the hippocampus following surgery (Fig. 5A).
The statistical results showed that TBI significantly increased
the number of TUNEL-positive cells in the CA1 region of the
hippocampus. However, compared with the TBI group, the
apoptotic cells in the wogonin group were significantly reduced
("P<0.05 vs. sham group; “P<0.05 vs. TBI group; Fig. 5B). Then
the expression of apoptosis-related proteins were detected by
western blotting, including caspase-3, Bax and Bcl-2 (Fig. 6A).
The results of blotting density analysis showed that TBI
increased the expression of caspase-3 and Bax, but decreased
the expression of Bcl-2 on days 1, 3 and 7 after the operation
("P<0.05 vs. sham group; Fig. 6B-J). However, compared with
the TBI group, wogonin administration significantly reduced
the expression of caspase-3 and Bax and promoted the protein
expression of Bel-2 (*P<0.05 vs. TBI group; Fig. 6B-J). This
suggested that wogonin effectively inhibited the apoptosis of
hippocampal CA1 area following TBI.

Wogonin promotes PI3K/Akt signaling in the hippocampus
following TBI. By administering the PI3K inhibitor LY294002,
the PI3K/Akt signal in the hippocampal CA1 area was checked
at 24 h following TBI. The results showed that TBI significantly
increased the expression of p-Akt and the administration of
wogonin further increased the expression of p-Akt following TBI
("P<0.05 vs. sham group; “P<0.05, vs. TBI group; Fig. 7A and B).
However, compared with the administration of wogonin, the
additional application of LY294002 reduced the level of p-Akt
(*P<0.05 vs. TBI + wogonin group; Fig. 7A and B). This showed
that the regulation of wogonin on the expression of p-Akt is
through the action of PI3K. Immunofluorescence experiments
have proved that p-Akt-positive cells colocalized mainly with
NeuN-positive neurons in the hippocampus of the TBI rats,
suggesting that p-Akt was induced mainly in neurons (24). The
results mirror the western blot results observed in Fig. 7A and B,
with a robust increase of p-Akt immunofluorescence observed
in the wogonin group, suggesting that the level of p-Akt
was increased in hippocampal area, which was reduced by
LY294002 pre-treatment (Fig. 7C and D). It was hypothesized
that wogonin serve a key role in the repair of damage following
TBI by inducing PI3K/Akt signaling.

Wogonin promotes the expression of Nrf2 and HO-1 proteins
through the PI3K/Akt pathway. It was considered whether
wogonin regulated the expression of Nrf2 and HO-1, which are
considered to be involved in anti-oxidation, through PI3K/Akt
signal following TBI. Western blotting results showed that the
administration of wogonin increased the expression of Nrf2
and HO-1 following TBI ("P<0.05 vs. sham group; "P<0.05, vs.
TBI group; Fig. 8A-C). Compared with the use of wogonin,
the additional administration of LY294002 inhibited the
expression of Nrf2 and HO-1 induced by wogonin (*P<0.05 vs.
TBI + wogonin group; Fig. 8A-C). Furthermore, the western
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Figure 5. Wogonin inhibits hippocampal cell apoptosis induced by TBI.
(A) Representative confocal images of TUNEL staining were used to assess
apoptosis in the sham operation group (sham), TBI model group (TBI) and
wogonin administration group (Wog). TUNEL (green) and DAPI (blue),
scale bar 50 pm. (B) Statistical analysis of apoptotic cells. Data are presented
as the mean + standard deviation (n=5/group). "P<0.05 vs. sham group;
#P<0.05 vs. TBI group. TBI, traumatic brain injury.

blot results were supported by double immunofluorescence for
Nrf2 and NeuN, showing augmented neuronal Nrf2 immu-
noreactivity in the wogonin group, as compared to TBI or
LY294002-treated groups at 24 h (Fig. 8D and E). These data
proved that wogonin upregulates the antioxidant proteins Nrf2
and HO-1 by inducing PI3K/Akt signaling.

Wogonin reduces oxidative damage and cell apoptosis
by regulating PI3SK/Nrf2/HO-1 pathway. Since wogonin
promotes PI3K/Nrf2/HO-1 signaling following TBI, whether
wogonin could reduce oxidative stress and apoptosis through
this pathway was verified. Western blotting results showed that
the administration of wogonin inhibited the protein expression
of NOX?2, caspase-3 and Bax following TBI ("P<0.05 vs. sham
group; “P<0.05, vs. TBI group; Fig. 9A). Compared with the
use of wogonin, the additional administration of LY294002
restored the levels of NOX?, caspase-3 and Bax (*P<0.05 vs.
TBI + wogonin group; Fig. 9B-D). For Bcl-2, the additional
administration of LY294002 abolished the upregulation effect
of wogonin on Bcl-2 protein expression (Fig. 9E). Therefore,
the antioxidant and anti-apoptotic properties of wogonin
after the occurrence of TBI are achieved by upregulating the
PI3K/Akt/Nrf2/HO-1 signal.

Discussion

As a serious global public health problem, TBI has causes
great pain and an economic burden on patients and society.
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Figure 6. Wogonin regulates the level of apoptosis-related proteins in hippocampal cells. (A) Western blotting was performed on the protein levels of caspase-3,
Bax and Bcl-2 in the CALl region of the rat hippocampus of the sham operation group (sham), TBI model group (TBI) and wogonin administration group (Wog)
on 1,3 and 7 days after surgery. The optical density of (B-D) caspase-3, (E-G) Bax and (H-J) Bcl-2 bands relative to 3-actin on days 1, 3 and 7 were analyzed.
Data are presented as the mean =+ standard deviation (n=5/group). "P<0.05 vs. sham group; “P<0.05 vs. TBI group. TBI, traumatic brain injury.

The secondary chronic diseases that appear after the occur-
rence of TBI are mainly manifested as nerve cell death and
nervous system disorders, accompanied by cerebral ischemia
and even neurodegenerative diseases (25,26). Although some
supportive therapies have been used clinically, including
anti-inflammatory, preventing thrombosis and reducing intra-
cranial pressure, they remain insufficient to restore normal
brain function in patients following TBI (27,28). Therefore, it
is necessary to explore the pathogenesis of TBI and the means
to protect the brain tissue from damage.

Flavonoids isolated from the traditional Chinese medicine
Scutellaria baicalensis, including baicalin, baicalein and
wogonin, serve anti-oxidant, anti-apoptosis and tissue repair
effects in a variety of diseases (29). The direct cause of
tissue damage following TBI is the increase of local oxygen
free radicals and the occurrence of stress oxidation reaction.
Among them, ROS and MDA are directly involved in brain
damage and excessive release of excitatory neurotransmit-
ters (30). Following TBI, the levels of ROS and MDA rise
sharply, while the activities of biological enzymes that
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Figure 7. Wogonin promotes the expression of p-Akt following TBI in the hippocampus through PI3K. (A) western blotting was performed on the levels of
p-Akt and Akt in the hippocampal CA1 region of the sham group, TBI group, wogonin administration group (TBI + Wog), wogonin and LY294002 admin-
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was analyzed. (C) Representative immunofluorescence confocal images were shown to evaluate the colocalization of p-Akt (green) and NeuN (red). (D) The
quantitative analysis of p-Akt-positive NeuN in the hippocampus. Scale bar, 50 gm. "P<0.05 vs. sham group; “P<0.05 vs. TBI group; *P<0.05 vs. TBI + Wog
group; “P< vs. TBI + Wog + LY group. p-, phosphorylated; TBI, traumatic brain injury.

scavenger oxygen free radicals, such as SOD and CAT,
remain basically unchanged (31,32). Excessive oxygen free
radicals act on tight junction proteins, destroy the blood-brain
barrier and cause brain tissue edema (33). The present study
showed that TBI promoted the levels of ROS and MDA in
rat hippocampus and induced cerebral edema. The main
physiological functions of GSH are scavenging free radicals,
anti-oxidation and anti-aging. The present study also found
that plasma levels of GSH was decreased significantly in ICH
patients from days 1-7, however, this trend was not statistically
significant (34). The results of the present study also showed
that GSH levels declined gradually over time in the TBI group;
notably, there was no statistically significant comparison
between the groups. Wogonin exerted an anti-oxidative stress
effect here. It increased the activity of GSH, SOD and CAT
and removed excess oxygen free radicals in the hippocampus
to protect neurological damage following TBI.

Oxidative stress factors further activates the caspase
family following TBI to initiate programmed death (apop-
tosis). After TBI, the expression of pro-apoptosis-related
proteins in the injured brain tissue increases (35). In fact, there
is an imbalance between anti-apoptosis and pro-apoptosis in
the occurrence of apoptosis following TBI. Anti-apoptotic
proteins, such as the P53 and Bcl-2 family, have been found to

increase their expression following TBI (36,37). Pro-apoptotic
factors, mainly Bax, Bad and Caspase family proteins, whose
expression increased in the lesion and surrounding brain
tissues can inhibit apoptosis following TBI (38). Data from the
present study confirmed that wogonin act as a neuroprotective
drug to increase Bcl-2 and decrease the expression of caspase 3
and Bax. NADPH oxidase NOX? is highly expressed in hippo-
campal neurons following TBI and anti-NOX? strategies help
alleviate the damage following TBI (39,40). Therefore, the level
of NOX? protein in the rat TBI model was used as an indicator
of oxidative stress. The present study revealed that NOX? was
increased in hippocampus neurons following TBI by both
THC staining and western blot analysis of NOX? protein levels
of NOX? protein between 1-7 days following TBI. Wogonin
treatment markedly attenuated NOX activity and protein levels
that would normally be induced by TBI. These results support
the use of specific NADPH oxidase inhibitors in the treatment
of TBI. Mitochondrial pathways including oxidative stress,
apoptosis and NOX? may be the targets of wogonin to inhibit
neurological damage.

The PI3K/Akt signaling pathway inhibits cell apoptosis by
influencing multiple downstream effector molecules (41). The
neuroprotective mechanism of PI3K/Akt involves a variety of
intracellular signals and effector proteins, which mainly act on
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Figure 8. Wogonin increases the protein levels of Nrf2 and HO-1 following TBI in the hippocampus through the PI3K/Akt pathway. (A) Western blotting assays
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Figure 9. Wogonin reduces oxidative damage and cell apoptosis by regulating the PI3K/Nrf2/HO-1 pathway. (A) Western blotting analysis showed NOX?, caspase-3,
Bax and Bcl-2 protein levels in the rat hippocampus at 24 h from the sham group, TBI group, TBI + Wog group, TBI + Wog + LY group and TBI + DMSO group.
(B-E) The optical density of NOX?, caspase-3, Bax and Bcl-2 bands relative to f-actin was analyzed. "P<0.05 vs. sham group; “P<0.05 vs. TBI group; *P<0.05 vs. TBI
+ Wog group; “P< vs. TBI + Wog + LY group. Nrf2, nuclear factor-erythroid factor 2-related factor 2; HO-1, heme oxygenase-1; TBI, traumatic brain injury.
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Figure 10. Schematic diagram of the neuroprotective mechanism of wogonin
after the occurrence of TBI. Wogonin increases the level of phosphorylated
AKT and activates Nrf2, which translocates into the nucleus to increase
HO-1 production. The high expression of HO-1 is responsible for anti-apop-
tosis and anti-oxidative stress, realizing the repair of TBI. TBI, traumatic
brain injury; Nrf2, nuclear factor-erythroid factor 2-related factor 2; HO-1,
heme oxygenase-1; Keapl, Kelch-like ECH-associated protein; ROS, reactive
oxygen species.

downstream targets through activated phosphorylated Akt to
exert anti-apoptotic effects. PI3K/Akt signaling pathway can be
activated by drugs and non-drug means, including wogonin, to
promote the survival of neurons and the protection of TBI (24).
For example, atorvastatin inhibits the expression of miR-126
and then upregulates the PI3K/AKT signaling pathway to
promote angiogenesis in the brain tissue of TBI rats (42). In
addition, scriptaid, a deacetylase HDAC inhibitor, enhances
PTEN/PI3K/Akt signaling and restores microglia function
after severe TBI (43). The adrenergic receptor agonist dexme-
detomidine activates the PI3K/Akt/mTOR signaling pathway
and exerts neuroprotective effects in TBI rats (44). The present
study revealed that the activation of PI3K/Akt signaling path-
ways was beneficial for wogonin to exert anti-oxidative effects
and to consequently protect against brain injury. The adminis-
tration of wogonin significantly promoted the phosphorylation
of Akt and contributed to the anti-oxidation of hippocampus
following TBI. In fact, the effect of wogonin on the PI3K/Akt
pathway has been previously implied in some other diseases.
The mechanism of wogonin in the treatment of lung cancer
involves the PI3K/Akt signaling pathway (45). Wogonin reduces
renal tubular damage by regulating autophagy and inflamma-
tion mediated by PI3K/Akt/NF-kB signaling pathway (13). For
nervous system and brain diseases, wogonin has been found to
inhibit the phosphorylation of Akt and NF-kB and delay the
growth of gliomas (46). The present study is the first, to the
best of the authors' knowledge, to reveal the role of wogonin in
promoting neurological function following TBI by regulating
the PI3K/Akt pathway. Following the administration of PI3K
inhibitor LY294002, the antioxidant and anti-apoptotic effects
of wogonin on the hippocampus of rats following TBI were
greatly reduced. This inhibitory effect by LY294002 indicated
that the function of wogonin depended on the PI3K/Akt
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pathway.L.Y294002 has also been used in other studies to reveal
the role of wogonin. For example, LY294002 in breast cancer
MCEF-7 cells increased wogonin-induced apoptosis through
PI3K/Akt/survivin signaling pathway blockade (47). Studies
have also proved that L'Y294002 destroys the blood-brain
barrier and causes neurological dysfunction and cognitive
impairment following TBI (48,49). Therefore, in the follow-up
routine or drug treatment of TBI patients, it is necessary to
avoid mixing the inhibitory components of PI3K/Akt.

Nrf2 plays an important role in the endogenous antioxidant
mechanism following TBI. In the physiological state, Nrf2 in
the cytoplasm binds to the actin binding protein Kelch-like
ECH-associated protein 1 (Keapl) and the activity of Nrf2
is inhibited. Under TBI pathological stimulation, Nrf2 is
phosphorylated and uncoupled from Keapl (50). The active
Nrf2 is transferred into the nucleus and the ARE/MAF
response element is combined to initiate the expression of
ARE-regulated antioxidant enzyme genes, such as HO-1 (51).
HO-1 is regulated by Nrf2 and exerts anti-oxidant, anti-inflam-
matory and anti-apoptotic effects in different in vitro and
in vivo models (52). A study showed that in Nrf2 gene-deficient
mice, brain damage following TBI increases, manifesting
as neuroinflammation and apoptosis (53). There have been
some drugs or methods used to alleviate TBI-related neuro-
logical disorders by targeting Nrf2 and HO-1. For example, the
D2-like receptor agonist pramipexole activates the Nrf2/HO-1
signaling pathway to serve a neuroprotective effect following
TBI (9). The behavioral changes and reduction of oxidative
stress in Wistar rats treated with tannin following TBI were
attributed to the activation of PGC-10/Nrf-2/HO-1 signaling
pathway (54). Some natural compound monomers, including
wogonin, also regulate Nrf2/HO-1 signaling to relieve TBI
symptoms. Astaxanthin, a carotenoid pigment, upregulates
the expression of Nrf2 and HO-1 following TBI and provides
neurological protection (55). Breviscapine treatment from
Erigeron breviscapus upregulates the expression of Nrf2
and HO-1, reducing TBI-induced neuronal cell apoptosis and
improving neurobehavioral function (56). The present study
revealed that wogonin participated in neuroprotection in the
hippocampus by increasing Nrf2/HO-1 signaling. Wogonin's
regulation of Nrf2/HO-1 expression in the hippocampus
following TBI was dependent on PI3K/Akt, because the
administration of LY294002 rescued the biological phenom-
enon. Although some previous studies have proved that the
PI3K/Akt-mediated Nrf2/HO-1 signaling pathway directly
protects a number of types of cells from oxidative stress and
apoptosis (57-59), the mechanism following TBI is not fully
understood. The present study revealed the molecular mecha-
nism of Nrf2/HO-1 activated by PI3K/Akt on neurological
dysfunction following TBI and proposed the therapeutic effect
of wogonin in it.

In summary, the present study proposed a neuroprotective
effect and mechanism for wogonin in TBI (Fig. 10). Wogonin
improved neurological deficits and learning and memory
abilities and relieved cerebral edema following TBI. In mecha-
nism, administration of wogonin reduced the oxidative stress
and apoptosis of nerve tissues, which was attributed to the
activation of PI3K/Akt/Nrf2/HO-1 pathway. The present study
revealed the role and mechanism of wogonin in protecting
secondary damage following TBI.
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