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Abstract Previous studies have indicated oxidative
stress and inflammatory injury as significant contributors
to the secondary damage associated with traumatic brain
injury (TBI). Ursolic acid (UA) has been demonstrated to
exert anti-oxidative and anti-inflammatory effects on cere-
bral ischemia by activating the nuclear factor-erythroid
2-related factor 2 (Nrf2) pathway. However, the effects
of UA on TBI remain unclear. The aim of this study is
to evaluate the potential roles of UA in the activation of
the Nrf2 pathway using an experimental TBI model and
the underlying mechanism. Wild-type (WT) and Nrf2(-'-)
mice were divided into eight groups: (1) sham; (2) TBI; (3)
TBI+ vehicle; (4) TBI+50 mg/kg UA; (5) TBI+ 100 mg/
kg UA; (6) TBI+ 150 mg/kg UA; (7) TBI + Nrf2~'7) + vehi-
cle; (8) TBI+Nrf2/)+ UA. All mice underwent the TBI
with the exception of the sham group. The neurologic out-
comes of the mice were evaluated at 24 h after TBI, as
well as the expression of Nrf2, NQO1, HO1,SOD, GPx,
and MDA. Treatment of UA significantly ameliorated brain
edema and the neurological insufficiencies after TBI. In
addition, UA treatment markedly strengthened the nuclear
translocation of Nrf2 protein and increased the expression
of NQO1 and HO!1. Moreover, UA significantly increased
the expression of AKT, an Nrf2 upstream factor, suggest-
ing that UA play a neuroprotective role through the activa-
tion of the Nrf2-ARE signal pathway. On the contrary, UA
showed no neuroprotective effect on the Nrf2=') mice.
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These data indicated that UA increases the activity of
antioxidant enzymes and attenuated brain injury via Nrf2
factor.
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Introduction

Traumatic brain injury (TBI) is deleterious brain condi-
tion that features high disability and mortality rates, and is
a threat to human health in modern society [1]. Neuronal
dysfunction and death occurs after a TBI, alongside a vari-
ety of pathological mechanisms that are involved with this
condition. Currently, the research findings for TBI regard
increased excitatory amino acids, calcium overload, oxida-
tive stress and inflammatory response [2, 3]. Therefore, it is
critically important to identify the primary mediator in the
cascade of pathological reactions that surround TBI.
Nuclear factor-erythroid 2-related factor 2 (Nrf2) is an
important nuclear factor that has been of primary focus in
recent years [4]. Reports show that Nrf2 is involved in a
several pathological processes to include reperfusion injury,
pulmonary fibrosis. And also play an important role in the
nervous system [5, 6]. Nrf2 resides in the cytoplasm under
basal conditions and is bound to the Kelch-like ECH-asso-
ciated protein 1 (Keapl), which promotes Nrf2 to the pro-
teasomal degradation. However, in the presence of various
endogenous or exogenous inducing agents, the cysteine
residues of Keap! are modified, and promotes the release of
Nrf2. Furthermore, as Nrf2 is released and enabled promot-
ing to move within the nucleus, and cellular nuclear Nrf2
immediately binds to antioxidant response element (ARE)
and activates an array of downstream protective factors [7,
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8]. Heme oxygenase 1 (HO1) and NADPH: quinine oxido-
reductase 1 (NQO1) are the most well-known downstream
genes of Nrf2, regulating the intracellular redox balance [9].
Many studies have shown that Nrf2 activity could be modi-
fied by several upstream signaling pathway, and PI3K/AKT
have been currently researched more, and phosphorylation
of AKT is considered paly an ultimate role [10-12]. For
example, Lee and his colleagues found that sulforaphane,
a putative neuroprotective agent, activated Nrf2 through
activating PI3K-Akt signaling, and in addition also found
Akt-Nrf2 signaling in many other disease models [13-16].

Ursolic acid (UA) is a pentacyclic triterpenoid compound
that widely exists in herbal medicines and many other edible
foods including apple peels [17]. The protective effects of
UA have received extensive attention as a significant anti-
inflammatory, anti-oxidative and anti-tumor agent. More-
over, the protective effects of UA have been demonstrated
in many diseases, such as myocardial, gastric cancer, and
type 2 diabetes [18-20]. The potential benefits of UA have
yet to been investigated. The goals of the current study
are to examine UA treatment following ameliorated brain
injury, investigate the neurological insufficiencies following
deficits after TBI in mice and, determine the neuroprotec-
tive effects that are possibly associated with the activation
of Nrf2.

Materials and Methods
Animals

In this study, male Imprinting Control Region (ICR) mice
(28-32 g) were purchased from the Animal Center of Nan-
jing Medical University, Nanjing China, and Nrf2 knock-
out (Nrf2~'7) mice were a gift from Dr. Thomas W.Kensler
(Johns Hopkins University, Baltimore, MD, USA). All
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Fig. 1 UA protectes against secondary brain injury in the model of
TBI. a Display of the position of the TBI in mice model. b Neurobe-
havioral function was evaluated by the NSS scores at day 1 and 3 fol-
lowing TBI. Data represent mean+SD (n=6). **P<0.01, P> 0.05
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experimental procedures were conformed to the Guide for
the Care and Use of Laboratory Animals by the National
Institutes of Health (NIH) and were approved by the Animal
Care and Use Committee of Nanjing University. Mice used
in the experiment were housed in a room, and were main-
tained on a 12:12-h light/dark cycle with free access to food
and water.

Traumatic Brain Injury Model

The TBI model was induced utilizing a modified weight-
drop device [21]. Firstly mice were anesthetized with chlo-
ral hydrate (1%, 5 ml/kg, i.p.) and then placed on a platform
directly under a weight-drop device. A 1.5-cm longitudinal
incision was made at the midline of the scalp exposing the
skull. The left anterior frontal area (1.5 mm lateral to the
midline on the midcoronal plane) was selected as the impact
area (Fig. la), then a 200-g weight was dropped onto the
skull from a height of 2.5 cm. Early respiratory support
was provided to the mice to reduce apnea-related mortality.
Lastly, the scalps of the mice were sutured scalp and then,
the mice were returned to their home cages. Sham animals
received the same operation as mentioned above with the
exception the weight drop.

Mouse Groups and Drug Administration

All mice were randomly distributed into the follow-
ing groups: Sham, TBI, TBI+ vehicle, TBI+UA (three
subgroups were administrated UA at: 50, 100, and
150 mg/kg), Nrf2"7) TBI+Nrf27) 4+ vehicle and
TBI+Nrf2/7) + UA. Six mice in each group were used
for the determination of brain edema, six for NSS, two for
TUNEL, two for immunohistochemistry, three for western
blot of nuclear protein and plasma protein, and three for
western blot of total protein.
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The dose applied in this study was based on previously
conducted neuroprotection studies of UA in a cerebral isch-
emia model and a subarachnoid hemorrhage model [22, 23].
The dose of the TBI+Nrf2(-"~) + UA group was determined
based on results of the neurobehavioral evaluation and
brain water content in previous experiments. Ursolic acid
(Sigma, MO, USA) was dissolved in 1% dimethylsufoxide
(DMSO)- phosphate-buffered saline (PBS) and injected into
the mice intraperitoneally immediately following TBI. An
equal volume of 0.1 % DMSO in PBS served as the vehicle
control (vehicle).

Neurobehavioral Evaluation

The neurologic status of the mice was evaluated at days 1
and 3 following TBI using a 10-point neurological severity
score (NSS) [24]. Neurological tests are based on the ability
of the mice to perform ten different tasks in order to evalu-
ate motor ability, balance, and alertness. The tasks consist
of an exit circle, monoparesis/hemiparesis, straight walk,
startle reflex, seeking behavior, beam balancing, round
stick balancing, and beam walk at 1, 2, 3 cm. One point is
assigned for failing to perform each of the tasks (Table 1).
All neurobehavioral tests were performed by two investiga-
tors who were blinded to the experimental groups.

Brain Water Content

Brain water content was determined by utilizing a wet/dry
weight ratio method as previously described [25]. The brain
tissues were removed from the mice 24 h following TBI and
placed on a pre-cooled operating table. Next the right and
left cortical tissue was harvested after removal of the brain-
stem and cerebellum. Each sample was then immediately
weighed to determine the wet weight (ww), and then dried

Table 1 Neurological severity scoring

at 80°C in an oven. After drying for 72 h, the brain tissues
were weighed again to obtain the dry weight (dw). The brain
water content was estimated as a percentage utilizing the
following formula: (ww — dw)/ww x 100 %.

Western Blot Analysis

The animals were decapitated 24 h post-injury and brain
tissues were collected for western blot analysis as previ-
ously described [26, 27]. Decapitation occurred immedi-
ately following anesthetization with chloral hydrate (1%,
10 ml/kg, i.p.) and the left brains were rapidly separated
within 5 min. The specimens were immediately frozen, and
stored at —80°C until the initiation of protein extraction.
Protein extraction was carried out utilizing a Total Protein
Extraction Kit and Nuclear-Cytosol Extraction Kit (Beyo-
time Biotech, Nantong, China) according to the protocol
provided by the manufacturer. Equal amounts (50 pg) of
protein was separated by 10 or 15% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Bedford, MA, USA). The membranes were
blocked in the blocking buffer [5 % nonfat dry milk in Tris-
buffered saline/0.05% Tween 20 (TBST)] for 2 h at room
temperature. The membranes were then incubated with pri-
mary antibodies at 4 °C overnight respectively according to
the following dilution ratio: Nrf2 (1:1000, Abcam), NQO1
(1:1000, Abcam), HO1 (1:1000, Abcam), p-AKT (1:1000,
Cell Signaling Technology), B-actin (1:5000, Bioworld) and
H3 (1:1000, Bioworld). After incubation with the primary
antibody, the membranes were washed three times with
Tris-buffered saline with 0.1 % Tween 20 (TBST), and then
blotted with secondary antibody (1:5000, Bioworld) for 2 h.
Next the membrane was washed with TBST, and then pre-
pared for exposure., The immunoreactive bands were then

Items Description

Points

Success/failure

Exit circle
Mono-/hemiparesis
Straight walk

Startle reflex

Seeking behavior
Beam balancing
Round stick balancing
Beam walk: 3 cm
Beam walk: 2 cm
Beam walk: 1 cm

Maximum score

Ability and initiative to exit a circle of 30 cm diameter (time limit: 3 min)
Paresis of upper and/or lower limb of contralateral side

Alertness, initiative, and motor ability to walk straight, when placed on the floor
Innate reflex (flinching in response to a loud hand clap)

Physiological behavior as a sign of "interest" in the environment

Ability to balance on a beam 7 mm in width for at least 10 s

Ability to balance on a round stick 5 mm in diameter for at least 10 s

Ability to cross a beam (length X width, 30X 3 cm)

Same task but with increased difficulty (beam width=2 cm)

Same task but with increased difficulty(beam width=1 cm)
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detected using chemiluminescence (ECL kit, Millipore)
upon exposure to X-ray films. The quantification of band
intensity was performed using the UN-Scan-It 6.1 software
(Silk Scientific, Orem, UT, USA). The data was normalized
to B-actin and H3 and expressed as a percentage of the pro-
tein level as expressed in the sham group.

Immunohistochemical Staining

Consecutive coronal sections were cut at 4-um intervals
from approximately bregma-1.0-3.0 mm in order to collect
the lesioned cortex for immunohistochemistry. Endogenous
peroxidase was blocked using 3 % H,0,/methanol follow-
ing routine deparaffinization. The sections were then incu-
bated in blocking buffer (10 % normal goat serum in PBS)
for 30 min to prevent nonspecific binding. After blocking,
the sections were then incubated with primary antibodies
against Nrf2 (1:100, Abcam) overnight at 4 °C. After being
washed three times in PBS for 5 min respectively the sections
were incubated with horseradish peroxidase-conjugated IgG
(1:500; Santa Cruz Biotechnology) for 60 min. Nrf2 was
visualized by utilizing 3,3'-diaminobenzidine (DAB)/H,0,
solution. Cell nuclei were counterstained with hematoxylin.
In the process of cell counting, six random fields in each
coronal section were chosen using the high power magnifi-
cation (x400). The experiment was performed by two inves-
tigators who were blinded to the grouping.

Nissl Staining

The detection method was carried out according to the speci-
fication of the Nissl Staining Solution (Beyotime Biotech).
Four micrometer sections were hydrated in 1% toluidine blue
for Nissl staining at 50°C for 20 min, and rinsed with double
distilled water. The sections were then dehydrated and mounted
with Permount. A large cell body, with abundant cytoplasm, and
with substantially significant levels of Nissl body represents
a normal neuron. However some other cell forms such as a
shrunken cell body, condensed nuclei, reduced or disappearance
Nissl body represents a damaged cell. Cell counting was con-
ducted as described above. A total of six sections (x400) from
each group were used for quantification. The experiment was
performed by two investigators who blinded to the grouping.

Determination of Glutathione Peroxidase (GPx),
Superoxide Dismutase (SOD) and Malondialdehyde
(MDA)

Protein was extracted from the lesioned hemisphere accord-
ing to the instructions provided by the manufacturer (Nan-
jing Jiancheng Biochemistry Co., Nanjing, China). GPx,
SOD, and MDA content in the total protein were measured
using commercial kits (Nanjing Jiancheng Biochemistry
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Co.) and conducted according to the instructions provided
by the manufacturer. Absorbance values were collected
using a spectrophotometer. Protein concentrations were
determined by applying the Bradford method. The activity
of GPx, SOD, and MDA was expressed as U/mg protein, U/
mg protein, and nmol/mg protein, respectively.

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick End Labeling (TUNEL) Analysis

Apoptotic cells were determined using a TUNEL detection
kit (Roche, Indianapolis, IN, USA) according to the instruc-
tions provided by the manufacturer. The sections underwent
deparaffinization with Xylene first, followed by dehydration
with Gradient ethanol (100, 95, 90, 80, 70% respectively).
Next, the sections were digested for 15 min in proteinase
K, and then washed with PBS twice. The sections were
then incubated at 37°C with labeling solution that contains
TUNEL reaction fluid for 1 h. After being washed with PBS
(3% 10 min), the sections were then blocked with 10% goat
serum in 0.1 M Tris for 15 min. DNA was visualized by treat-
ing the tissue with a 1:40 dilution of streptavidin peroxidase
(HRP), and then stained with DAB. The presence of dis-
tinctive morphological features of apoptosis, to include cell
shrinkage with condensed nuclei, classified cells as apoptotic.
Apoptotic cells were observed using an optical microscope by
an investigator blinded to the grouping process. The apoptotic
index was used to denote the extent of brain damage, which
was defined as the average percentage of TUNEL-positive
cells in six cortical microscopic fields (x400) in each sec-
tion. The final average percentage of TUNEL-positive cells
of the six sections was regarded as the sample data. All of the
observation and counting processes were performed by two
investigators who were blinded to the grouping.

Statistical Analysis

All data was reported as the mean + SD. The SPSS 19.0 software
package was used to perform all statistical analyses. Compari-
sons between two groups were performed using the Student’s
¢ test, comparisons between multiple groups was performed
using analysis of variance (ANOVA). A P value less than 0.05
(P<0.05) was considered to be statistically significant. Each
experiment was repeated at a minimum of three times.

Results

UA Improved the Neurobehavioral Function and
Alleviated Cerebral Edema in the Brain Following TBI

To determine in the effectiveness of UA in neuroprotec-
tion, Neurological Severity Scores (NSS) were obtained to
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Fig. 2 Ursolic acid suppresses neural apoptosis induced by TBI.
a—d, i Nissl staining of cortical tissue sections display neuronal dam-
age in mice subjected to TBI, including sparse cell arrangement and
shrunken cytoplasm and swollen cell bodies, which were allevi-
ated by UA treatment (100 mg/kg). e-h, j Apoptosis of neural cells
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Fig. 3 Ursolic acid (100 mg/kg) reduced oxidative stress in the brain
following TBI. Oxidative stress was assessed by a SOD activity, b GPx
activity and ¢ MDA level. Data represent mean+ SD (n= 6 per group).

evaluate the neurobehavioral function in the mice follow-
ing TBI to determine UA effectiveness in neuroprotection.
The ability of each mouse to perform ten different tasks was
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surrounding the injury site was evaluated by TUNEL staining. Data
represent mean+SD (n=6 per group). ***P<0.001 versus sham
group; ™P>0.05 versus TBI group; *P<0.05 and **P <0.001 versus
TBI+ vehicle group. Scale bar 50 pm
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**P<0.01 and ***P<0.001 versus sham group; P> 0.05 versus TBI
group; #*P <0.001 and #P < 0.05 versus TBI + vehicle group

evaluated to determine motor function, balance, and alert-
ness. Each mouse was trained for all tasks 1 day period with
all mice trained for all tasks 1 day prior to administering
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«Fig. 4 Effects of UA (100 mg/kg) on Nrf2, NQO1, and HO1 protein
expression after TBI. Mice brain tissues were collected 1 day after TBI
in different groups. a The expression of cytoplasmic Nrf2 and nuclear
Nrf2 in the ipsilateral cortex was evaluated by western blotting at 24 h
after injury. b Nrf2 expression was assessed by immunohistochemistry.
As compared with sham group, the TBI group presented a morphology
with Nrf2 concentrated in the nucleus, and after treatment with UA,
this concentration, as evident by the morphology, was more apparent. ¢
The expression of NQO1 and HO1proteins was upregulated after TBI.
Ursolic acid further increased their expression in brain tissue. Data
represent mean + SD (n=3 per group). *P <0.05 and **P <0.01 versus
sham group; ™P>0.05 versus TBI group; *P<0.01 and P <0.001
versus TBI+ vehicle group. Scale bar 50 pm

TBI. One point was allocated for failing to perform each
task. Here something special needed to be point out that we
did not showed the NSS results of sham group. We found
the NSS scores in the sham group were almost zero in the
experiment, and moreover considering that we only wanted
to compare improvement of the animals treated with the dif-
ferent doses of UA to the TBI controls.

The group of mice that were administrated TBI+ 50 mg/
kg UA exhibited a declining trend for improving neurobe-
havioral performance, however, there was no statistically
significant difference compared to the TBI+ vehicle group
of mice (P> 0.05 versus TBI + vehicle group) (Fig. 1b). The
mice induced with TBI+ 100 mg/kg UA had NSS that were
significantly improved compared to the NSS of the vehicle-
treated mice on days 1 and 3 (P <0.05 versus TBI+ vehicle
group). Improved neuroprotection was not indicated by
larger doses of UA, for example, there was no obvious dif-
ference between mice treated with 100 mg/kg of UA com-
pared with the other groups.
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Fig. 5 Effects of UA (100 mg/kg) on p-AKT expression. Data rep-
resent mean+SD (n=3 per group). *P<0.05 versus sham group;
P> (.05 versus TBI group; "P < 0.05 versus TBI + vehicle group

The brain water content was examined as an indicator
of brain edema and was measured at 24 h following TBI
to confirm the role of UA post-TBI. As shown in Fig. Ic,
the brain water content was increased in the TBI group as
compared to the sham group (P<0.01). There was no sig-
nificant difference appeared between the TBI group and
TBI+ 50 mg/kg UA group (P> 0.05). Mice treated with 100
and 150 mg/kg UA exhibited reduced brain edema com-
pared to the TBI+vehicle group (P<0.01 and P<0.05).
These results are consistent with the NSS of the mice
administered 100 mg/kg UA that featured superior neuro-
protection, and was thus applied as the treatment dose in the
following experiments.

UA Inhibits Neuronal Apoptosis After TBI

To further investigate the protective effects of UA, neuron
morphology was examined using Nissl staining to investi-
gate the protective effects of UA. Neurons in the sham group
were clear and intact (Fig. 2a), however, many neurons in
the TBI and TBI+ vehicle group were damaged, and exhib-
ited extensive changes, to include sparse cell arrangement,
oval or triangular nuclei, shrunken cytoplasm, and swollen
cell bodies (Fig. 2b, c). We also observed an improvement
in the neuronal morphology and cytoarchitecture in the
TBI+ UA group (Fig. 2d).

To examine the neural cells of injured brain tissue and
investigate the mechanistic basis for the effects of UA,
TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling) staining was utilized. TUNEL-positive cells
were detected at a low frequency in the brains of mice in the
sham group (Fig. 2e). The apoptotic index was significantly
increased in the TBI group (P<0.001 versus sham group)
and there was no significant difference between the TBI
group and TBI + vehicle group (P> 0.05) (Fig. 2f, g). How-
ever, neuronal degeneration was significantly decreased
in the UA injected groups at all doses (P<0.001 versus
TBI+ vehicle group) (Fig. 2h).

UA Attenuated Oxidative Stress After TBI

The activity of superoxide dismutase (SOD) as well as glu-
tathione peroxidase (GPx) and malondialdehyde (MDA),
which are indicators of lipid peroxidation and antioxidant
activity, respectively, were examined in the brain tissue to
determine whether the neuroprotective effect of UA was
associated with an ability to attenuate the oxidative stress
caused by TBI. SOD and GPx were significantly lower in
the TBI and TBI+ vehicle groups compared with the sham
group (P<0.01 and P<0.01, respectively), while the SOD
and GPx levels nearly returned to normal following the
administration of UA (P<0.001 and P <0.05, respectively)
(Fig. 3a, b). MDA levels increased following TBI (P < 0.001

@ Springer
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Fig. 6 Knockout of Nrf2 partly reversed neuroprotection of UA
(100 mg/kg) after TBI. a, ¢ Nissl staining and b, d TUNEL stain-
ing displays enhanced cell damage in Nrf2 gene knockout mice,
and indicates the partially reversed neuroprotective aspects of
UA. Data represent mean+SD (n=6 per group). $55p <0.0001,
$P<0.01,TBI+ N2+ UA versus TBI+Nrf2*"+UA; and

versus sham group). Conversely, the administration of UA
reduced the elevation of MDA significantly (P<0.001 ver-
sus TBI + vehicle group; Fig. 3c¢).

UA Promoted Translocation of Nrf2 from Cytoplasm to
Nucleus and Enhanced Nrf2-ARE Binding

To investigate the activation of Nrf2 following UA treat-
ment, we conducted western blot analysis. The results
indicated that UA treatment significantly increased the
expression of nuclear Nrf2 while decreasing the expression
of cytoplasmic Nrf2, as compared with the vehicle treat-
ment. These results suggest that the administration of UA
promoted the translocation of Nrf2 from the cytoplasm to
the nucleus (Fig. 4a). These results were also confirmed by
the immunohistochemistry (Fig. 4b).

The expression of the downstream factors in the Nrf2
pathway, NQO1 and HO1, were also investigated (Fig. 4c).
Western blot results indicated that NQO1 and HO1 pro-
teins were upregulated following TBI (P<0.05 versus
sham group). Moreover, the administration of UA further
enhanced NQOI and HOI1 protein expression compared
with the vehicle group (P<0.001 versus TBI+ vehicle
group). These results indicated that UA induced expression
of Nrf2 downstream factors through the activation of the
Nrf2-ARE signal pathway.
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UA Activated the AKT Signaling After TBI

To investigate the mechanism of Nrf2 activatied by UA,
we further studied the upstream factor of Nrf2, AKT. It has
been well documented that the AKT signaling was involved
in TBI-induced apoptosis, and activated form of phosphory-
lated AKT (p-AKT) played an important neuroprotection.
The results indicated that the contents of AKT increased
significantly after TBI (P<0.05) (Fig. 5). However, there
was no significant difference between TBI group and
TBI+ vehicle group (P> 0.05) (Fig. 5). After administration
of UA, p-AKT expression increased significantly compared
with TBI+ vehicle group (P<0.05) (Fig. 5). These results
indicated that UA activated the Nrf2 pathway may be by
activating the upstream factor AKT.

Knockout of Nrf2 Partly Reversed Neuroprotection of
UA After TBI

The presence of oxidative stress and neuronal apoptosis
in Nrf2”'~) mice was evaluated to confirm the enhance-
ment of antioxidant enzyme activities and the reduction of
oxidative stress by UA via the Nrf2-ARE signaling path-
way. The experimental results revealed that knockout of
Nrf2 partly reversed the neuroprotective aspects of UA
(Fig. 6a—d, P<0.0001, P<0.01 versus TBI+Nrf2+H) + UA
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group) and these effects were accompanied by the decrease
of oxidation factors such as SOD, GPX and the increase
of oxidation products such as MDA (Fig. 6e-g, P<0.001,
P<0.0001, P<0.001 versus TBI+Nrf2*+ +UA group).
However the administration of UA in Nrf2 knockout mice
did not appear to be significantly important in modulat-
ing neurological function nor oxidation (P>0.05 versus
TBI+Nrf22) + UA).

Discussion

In the present study, we investigated the neuroprotective of
UA following TBI in mice. Ursolic acid treatment improved
neurological function, alleviated cerebral edema, sup-
pressed neuronal apoptosis and reversed the oxidative stress
state induced by the TBI.

Previous studies have demostrated the significance of
oxidative stress that is associated with the pathological
processes of the secondary brain injury [2, 3, 28]. Mecha-
nisms that govern endogenous antioxidants were damaged
following TBI, and caused lipid peroxidation, protein nitra-
tion, and DNA damage and immediately produced high
levels of reactive oxygen species (ROS) [29, 30]. With the
continuous production of ROS, antioxidant enzymes will
gradually exhausted such as superoxide dismutase, cata-
lase, and GPx gradually become exhausted [3, 31]. The
oxidative degradation of lipids, referred to as lipid peroxi-
dation, will increase the permeability of membranes, and
lead to cell damage. Ursolic acid treatment following TBI
reduced MDA levels in this study and increased antioxi-
dant enzymes including SOD and GPx activity compared to
vehicle-treated mice. These results suggest that UA exhib-
its antioxidant effects.

Previous studies have demonstrated the roles of the Nrf2
in neuroprotection by limiting inflammation and oxidative
stress following TBI [26, 27]. Ursolic acid treatment acti-
vated and promoted the nuclear translocation of Nrf2 in this
study, and increased Phase (II) enzymes, to include NQOI,
following TBI. These results provide evidences of UA neu-
roprotective effects. Conversely, Nrf2~) mice exhibited
greater neuronal degeneration and oxidative stress, even in
the presence of UA, suggesting that UA dose exhibit a neu-
roprotective role in the Nr/2~'~) mice.

Fewer literatures have mentioned the relationship
between UA and Nrf2 [32, 33]. The present study demon-
strated the effect of UA on activating Nrf2 is clear, the spe-
cific mechanisms have never been reported. In the present
study, we preliminary detected the expression of AKT, an
Nrf2 upstream factor, founding that UA can activate AKT,
suggesting a possible activation mechanism.

For the present study, we selected 24 h as the observa-
tion time based on our previous studies [34], which showed

that the expression of Nrf2 was the highest at 24 h after
TBI. Miller and colleagues believed that Nrf2 had the high-
est expression at 48 and 72 h [35]. We considered that the
reason for this difference may be related to the experimental
model and detection methods, thus we conducted the exper-
iments herein to validate these findings.

In summary, the present study demonstrated that UA
attenuated the oxidative stress by enhancing the expression
and activity of antioxidant enzymes in a TBI model. The
administration of UA resulted in further activation of the
Nrf2-ARE pathway, with the Nrf2 knockout mice having
exacerbated oxidative stress compared with wild-type mice.
Our results revealed that UA exerts neuroprotection effects
by activating Nrf2 and downstream proteins against oxida-
tive stress.
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