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Huperzine A alleviates neuroinflammation, oxidative stress
and improves cognitive function after repetitive traumatic
brain injury
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Abstract Traumatic brain injury (TBI) may trigger secondary
injury cascades including endoplasmic reticulum stress, oxi-
dative stress, and neuroinflammation. Unfortunately, there are
no effective treatments targeting either primary or secondary
injuries that result in long-term detrimental consequences.
Huperzine A (HupA) is a potent acetylcholinesterase inhibitor
(AChEI) that has been used treatment of Alzheimer’s disease
(AD). This study aimed to explore the neuroprotective effects
of HupA in TBI and its possible mechanisms. Repetitive mild
closed head injury (CHI) model was used tomimic concussive
TBI. Mice were randomly assigned into three groups includ-
ing sham, vehicle-treated and HupA-treated injured mice. The
HupA was given at dose of 1.0 mg/kg/day and was initiated
30 min after the first injury, then administered daily for a total
of 30 days. The neuronal functions including motor functions,
emotion-like behaviors, learning and memory were tested.
Axonal injury, reactive oxygen species (ROS), and neuroin-
flammation were examined as well. The results showed that
injured mice treated with HupA had significant improvement
in Morris water maze performance compared with vehicle-
treated injured mice. HupA treatment significantly attenuated
markers of neuroinflammation and oxidative stress in the in-
jured mice. Taken together, HupA was effective in reducing
neuroinflammation, oxidative stress and behavioral recovery
after TBI. HupA is a promising candidate for treatment of
TBI.
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Introduction

Traumatic brain injury (TBI) is a major public health issue and
a leading cause of death and disability worldwide, especially
for those under 45 years old. TBI can lead to acute and poten-
tially long-lasting neurological dysfunction, including the de-
velopment of chronic traumatic encephalopathy or even
Alzheimer’s disease(AD) (Hayes et al. 2017). Both primary
and secondary injuries may result in devastating conse-
quences. The primary injury may precede multiple down-
stream events contributing to secondary injury cascade of cel-
lular, molecular, and metabolic pathological events (Smith
et al. 2013). TBI animal model led to significant alterations
in the hippocampal excitatory synaptic transmission and plas-
ticity, associated with greater neurodegeneration, neuroin-
flammation, and cognitive impairments (Schumann et al.
2008). Some of important secondary injury mechanisms in-
volve activation of neuronal cell death pathways, microglial
and astrocytic activation, and neurotoxicity. Cholinergic defi-
cits contribute to cognitive impairment after TBI (Kobeissy
et al. 2016). TBI may cause hypercholinergic activity early
and develops into a chronic hypocholinergic state later.
Multiple pharmacological agents for treatment of TBI, to date,
fail to show a therapeutic benefits, and some even worsen the
outcomes (Kochanek et al. 2016). Therefore, it is urgent to
continue searching for effective and safe approaches for TBI
treatment. Timing of treatment is a key factor for the efficacy.
It is also important to start treatment earlier to prevent activa-
tion of downstream cascades after injury (Mei et al. 2017). It is
reported that early intervention after TBI, especially the
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treatment in the early minutes after injury, profoundly influ-
ences the outcome of TBI patients (Yang et al. 2017).

The secondary injury is the therapeutic target for TBI.
However, the injury mechanisms that have been identified
are multifactorial, time dependent, and highly complex
(Wheaton et al. 2011). Few therapies have been shown to be
successful. Huperzine A (HupA) is an alkaloid isolated from
the Chinese herb Huperzia serrata (Qian CengTa), which is
now widely used in China to ameliorate mild-to-moderate AD
(Zhu et al. 2015). HupA exerts its pharmacological effects
primarily by increasing synaptic ACh levels through inhibi-
tion of acetylcholinesterase (AChE) activity and has been re-
ported to be an effective cognition enhancer in a broad range
of animal models of cognitive impairment in AD and stroke
(Scherer et al. 2013). Notably, in addition to its anti-AChE
activity, HupA has been shown to possess diverse biological
activities such as anti-inflammation, anti-oxidation and anti-
apoptosis (Mao et al. 2015). HupA has also been demonstrat-
ed to be neuroprotective against glutamate, hydrogen peroxide
and amyloid (Wang et al. 2012). These studies suggest the
potential therapeutic benefits of HupA in TBI.

To explore the neuroprotective effects of HupA and its
possible mechanism of action under TBI condition, repetitive
mild closed head injury (CHI) models were established. The
effects of HupA on motor and learning function, spatial mem-
ory, inflammatory response and oxidative stress after the inju-
ry were assessed. The present results show that HupA could
be an ideal candidate drug in the treatment of TBI.

Material and methods

All experiments were approved by the third Affiliated
Hospital of Guangzhou Medical University Institutional
Animal Care and Use Committee, and complied with the
National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals.

Mouse model of closed head injury (CHI)

The mouse repetitive mild closed head injury (CHI) model
was used as previously described (Mannix et al. 2017).
Briefly, C57BL/6 male mice (8 weeks old) were anesthetized
for 45 s using 3% isoflurane in a 70:30 nitrous oxide/oxygen
mixture. Anesthetized mice were placed on a delicate task
wiper and positioned such that the head was placed directly

under a hollow guide tube 28 in. in length. The mice were
grasped by the tail. A 54 g metal bolt was used to deliver an
impact to the dorsal aspect of the skull. Injured mice
underwent 7 concussive injuries over 9 days. Sham operated
mice underwent anesthesia without trauma. After injury, mice
were returned to their cages, with food and water.

Treatment protocol with HupA

Mice were randomized divided into 3 group: sham (n = 10),
vehicle (n = 10) and HupA group (n = 10). Sham group mice
underwent anesthesia but no concussive injury. HupA and
vehicle group mice were underwent 7 concussive injuries over
9 days and were administered daily intraperitoneally injection
of HupA or normal saline. HupA dose was selected by
targeting clinically significant concentrations as described pre-
viously (Wang et al. 2011). HupA (98% pure; Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in normal saline solution
to a concentration of 1.0 ml/kg. HupA (1.0 mg/kg) or an equal
volume of saline was injected intraperitoneally (IP) 30 min
after TBI for up to 30 days. Animals were sacrificed 30 days
after the first injury and the brains were removed from the
skull for further experiments.

mRNA extraction and quantitative real-time polymerase
chain reaction analysis

Total RNA were extracted from hippocampus or cortex and
purified using iScript™ RT-qPCR Kit (BIO-RAD, Hercules,
CA). One microgram of total RNA was reverse-transcribed
using the Applied Biosystems High-Capacity cDNA reverse
transcription kit. Quantitative real-time polymerase chain re-
action analysis was performed on an Applied Biosystems
Prism 7900 System using Power SYBR Green PCR Master
Mix. The thermal cycler conditions were as follows: hold for
10 min at 95 °C, followed by 45 cycles of a 2-step PCR
consisting of a 95 °C step for 15 s followed by a 60 °C step
for 25 s. Sequences of primer used are given in Table 1.
Amplifications were carried out in triplicates and the relative
expression of target genes was determined by the ΔΔCT
method.

Western blotting

Western blotting was performed to determine the expres-
sion of APP, NF-κB(p65), and β-actin. Proteins (30-

Table 1 Primer description and
sequences Name Primer Forward Primer Reverse Amplicon size

IL-1β GGTCAAAGGTTTGGAAGCAG TGTGAAATGCCACCTTTTGA 94

TNF-α GGTCTGGGCCATAGAACTGA CAGCCTCTTCTCATTCCTGC 133

GAPDH TTGAGGTCAATGAAGGGGTC TCGTCCCGTAGACAAAATGG 132
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40 μg) from each sample supernatant were separated by
electrophoresis on 4–12% SDS polyacrylamide gels
(Invitrogen, Carlsbad, CA), then transferred to a nitrocellu-
lose membrane. The membranes were blocked with 5% fat
free milk for 1 h and incubated overnight at 4 °C with
antibodies against APP (Abcam, Cambridge, MA, USA,
1:1000), NF-κB(Abcam, Cambridge, MA, USA,1:2500),
or a mouse anti-β-actin monoclonal antibody (1:5000;
Abcam, Cambridge, MA, USA,). The blots were washed
in TBS-Tween and further incubated for 1 h at room tem-
perature with horseradish peroxidase-conjugated secondary
antibodies (Abcam, Cambridge, MA, USA,1:5000).
Immunoreactivity was detected using a chemiluminescence
system according to the manufacturer’s protocol. Band sig-
nal intensity was quantified using Image J software. The
density of each sample was normalized to its own density
of β-actin.

Immunohistochemistry

Animals were anesthetized and then transcardially perfused
with phosphate buffered saline (PBS) followed by 4% form-
aldehyde for 15 min at 30 days after the first injury. Brains
were removed and fixed in 4% formaldehyde for 48 h, and
incubated in 30% sucrose for an additional 48 h at 4 °C.
Coronal sections (20 μm) were cut on a cryostat and mounted
onto glass slides. To assess inflammation after injury, coronal
sections were first blocked with 3% normal goat serum, then
incubated overnight at 4 °C with anti-Iba1(Novus Biologicals,
Littleton, CO, USA, 1:100) antibody. The sections were then
reacted for 1 h at room temperature with a biotinylated sec-
ondary antibody, followed byABC elite kit (Vector, USA) and
diaminobenzydine (DAB) reaction (Vector, USA). The posi-
tive staining cell was counted in hippocampus area. Cell
counts were performed with ImageTool software.

Measurement of malondialdehyde (MDA) level

The level of MDA was measured according to the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The level of MDA was expressed
as nmol/mg protein.

Measurement of superoxide dismutase (SOD) activities

The enzymatic activities of SOD in the cortex tissue homog-
enates were measured by the commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) accord-
ing to the manufacturers’ instructions. The enzymatic activity
of the protein were expressed as U/mg protein.

Measurement of TNF-α and IL-1β levels

The levels of TNF-α and IL-1β on the cerebral hippocampus
were quantified using specific ELISA kits according to the
manufacturers’ instructions (Biosource Europe SA, Nivelles,
Belgium). Brain tissues were harvested and frozen 3 days after
last injury. Tissues were then homogenized in a lysis buffer.
Tissue homogenates were centrifuged at 13,000 rpm for
20 min at 4 °C. Supernatants were transferred to new tubes
and used for analysis. Values were expressed as pg/mg
protein.

Behavioral analysis

Morris water maze test

The cognitive function of the mice was assessed using Morris
water maze test, as previously described (Mannix et al. 2013).
During training, the platform was placed in one quadrant of
the pool. The animal was gently and randomly placed in the
water facing the wall at one of the remaining quadrants, and
allowed to swim to find the platform. Mice were underwent
four training trials per day from day 14 to day 18 after the first
injury. Each animal was given 60 s to find the platform, and
could remain on the platform for 15 s to become familiar with
visual cues from the surroundings before being removed from
the platform. One hour after the last training session on day
18, the platform was removed and animals were tested in a
probe trial to measure quadrant preference and platform local-
ization. On the sixth day, the hidden platform was removed,
and the mice were released in the quadrant opposite the target
quadrant (original platform quadrant).The time spent in the
target quadrant and the percentage of swimming distance
spent within the target quadrant within a 30s period were used
to evaluate the spatial memory ability of the mice.

Elevated plus maze

The elevated plus maze is used to test anxiety-like behavior in
rodents. The test was performed on day 24 after the first injury.
Mice were placed on the center platform of the maze, facing a
closed arm, and were allowed to explore the apparatus for
5 min. Basic locomotor activity and percent of time spent in
open versus closed arms were recorded as described.

Rotarod test

Motor ability and function were assessed on Days 8–10 and
after the first injury using a rotarod. The rotarod test has been
described previously(Tu et al. 2017). The time between place-
ment on the rotarod and fall off from the rotarod was recorded
as a measure of motor function. The first day of rotarod
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comprised training. During training mice learned to walk on
the rotating rod for 5 min. The 2nd and 3rd days comprised
testing. On testing days, mice were placed on the rod at 4 rpm
for 10 s to acclimate to the rod speed. After the 10-s acclima-
tion period, the rod accelerated at 0.1 rpm/s. Each mouse
completed 4 trials on the testing days with a minimum of
5 min rest between each trial.

Statistical analyses

Data are presented as mean ± standard error of the mean.
Continuous variables were compared between injured and
sham injured mice and HupA treated using analysis of vari-
ance (ANOVA) or Kruskal-Wallis for univariate testing as
appropriate. To account for repeated measures over time,
MWM and rotorod latencies were analyzed by linear regres-
sion with clustered robust standard errors. Statistical signifi-
cance was considered p < 0.05. All analyses were performed
using Stata 11.2.

Results

HupA decreased TBI-induced cognitive deficits

Persistent deficits in memory and learning are a commonality
among TBI survivors. To determine whether HupA could im-
prove learning and memory, Morris water maze test was used
to evaluate spatial learning impairment. The less time it takes
for animals to find the platform, the better the spatial learning

function. Mice were tested on day 14 after the first injury.
Compared with sham group, TBI animals took more time to
find the platform. However, relative to the vehicle treatment
group, HupA treatment spent significantly less time to find the
platform (Fig. 1). There were no statistically significant differ-
ence of performance in elevated plus maze and rotarod test
between vehicle treated and HupA treated injury groups.

HupA attenuated TBI-induced axonal damage

Amyloid precursor protein (APP) is a membrane spanning
glycoprotein of nerve cells which is transported by fast axo-
plasmic flow and accumulates after axonal damage. The up-
regulation of APP has been shown a marker for axonal dam-
age. We examined APP expression in acute time point after
injury. The brain cortex tissues were collected 3 days after the
last injury and analyzed by western blot. The result showed
that after injury APP expression was increased and HupA
significantly attenuated the expression of APP compared with
vehicle-treated group (Fig. 2).

HupA reduced oxidative stress in TBI animals

Oxidative stress has been associated with secondary injury
after TBI. To determine whether the neuroprotective effect
of HupAwas derived from its ability to alleviate the oxidative
stress caused by TBI, MDA and SOD were analyzed in brain
tissue. Mice subjected to TBI exhibited a marked increase in
MDA levels, compared with sham group (P < 0.05). The
administration of HupA to CHI animal significantly reduced

Fig. 1 Effects of HupA treatment
on CHI-induced spatial memory
performance. a Morris water
maze test were performed on day
14 after the first injury. Mean
daily latencies to escape from start
point to the hidden platform were
measured. Animals received
HupA exhibited less escape la-
tencies compare to vehicle ani-
mals. b Elevated plus maze test. c
Rotarod task demonstrated defi-
cits of motor balance in injured
compare to sham, *P<0.05 com-
pare to sham
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TBI-mediated lipid peroxidation in comparison with the
vehicle-treated group (P < 0.05). Furthermore, the activity of
antioxidative enzymes were measured in the cortex homoge-
nates from the animals. The activity of SOD were reduced in
vehicle-treated group compared with sham group, and HupA
increased activity of SOD in cortex (Fig. 3, P < 0.05).

HupA reduced neuroinflammation in TBI animals

To determine the effect of HupA on inflammation, we per-
formed immunohistochemical staining of Iba-1 for detection
of microglia. There was a significant difference in the number
of Iba-1-positive cells in cortex among different group. As
shown in Fig.4, a significantly reduced Iba-1 immunolabeling
cells were observed in HupA-treated group compared to ve-
hicle treated group (p < 0.05). These findings suggest that
HupA treatment attenuated CHI-induced inflammation.

HupA attenuates the elevated level of inflammatory
factors in TBI animals

IL-1β is released by activated microglia after stimulation.
Following the injury, there was a significant increase of ex-
pression of both TNF-α and IL-1β in hippocampus on day 3
after TBI in comparison with sham-operated animals. This
elevation of TNF-α and IL-1β expression in hippocampus
was significantly attenuated in HupA-treated mice in compar-
ison with the vehicle group (Fig. 5a, b). Figure 5c, d showed
that TNF-α and IL-1β mRNA levels were increased in the
hippocampus 1 d after TBI and expression of these markers
was attenuated by HupA intervention after TBI.

To further explore the molecular mechanisms underlying
the inhibitory effect of HupA on expressions of IL-1β and
TNF-α after injury, the expressions of NFκB p65 were deter-
mined by western blot analysis. The well-established, classic
activation pattern of NFκB is translocation of p65 from the
cytoplasm to the nucleus. We investigated the expression of
cytoplasmic NFκB p65 and nuclear NFκB p65. There was a
significant difference in the NF-κB p65 expression of the hip-
pocampus among different group. Nuclear NFκB p65 was
significantly enhanced in TBI group. Furthermore, treatment
with HupA caused a significant decrease in the expression of
nuclear NF-κB p65 (Fig. 6) compared to vehicle treated
group.

Discussion

TBI is a leading cause of mortality and morbidity around the
world. Repetitive mild brain injuries can result in cumulative
brain damage and neurodegeneration that have been linked to
neuroinflammation and oxidative stress. To date, there is no
approved drug for treatment of TBI, despite a broad number of
drug classes may potentially target a range of different mech-
anisms pertinent to TBI (Wheaton et al. 2011). In this study,
we determined HupA reduced neuroinflammation, oxidative
stress and neurological impairments in experimental rmTBI.
The results demonstrate that HupA is neuroprotective in TBI

Fig. 2 HupA ameliorated APP overexpression. a The expression of APP
in cortex from sham and rmTBI mice treated with HupA or normal saline
was assessed by western blots. β-actin was used as a loading control. b
Quantification of immunoblot bands from three independent experiments
for APP. Data are presented as mean ± SEM. *P < 0.05 by Student’s t-test
compared to sham group. #P < 0.05 by Student’s t-test compare to vehicle
group

Fig. 3 HupA alleviated oxidative
stress caused by TBI. a
Measurement of
malondialdehyde (MDA) levels.
b The activities of SOD.
*P < 0.05 by Student’s t-test
compared to sham group.
#P < 0.05 by Student’s t-test
compare to vehicle group
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mice. The main findings in the present study were as follow-
ing: 1) TBI caused spatial cognitive impairment and HupA

treatment improved cognitive functional outcomes; 2)
TNF-α and IL-1β were increased remarkably following

Fig. 4 HupA attenuated increase
of microglial cell after TBI.
Representative immunostaining
images of Iba-1 in cortex of 3
group mice on day 30 post first
injury

Fig. 5 HupA inhibited the
increase of TNF-α and IL-1β af-
ter TBI. The relative protein con-
tent of TNF-α and IL-1β in per
milligram of total protein was
assessed. TNF-α and IL-1β ex-
pressions examined by real time
PCR. a The TNF-α concentra-
tion. b The IL-1β concentration. c
The mRNA expression of TNF-
α. d ThemRNA expression of IL-
1β. The data are expressed as
means ± SEM. * p < 0.05 com-
pare to sham group; # p < 0.05
compare to vehicle group
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TBI; 3) TBI induced lipid peroxidation and 4) HupA treat-
ment significantly ameliorated neuroinflammation, oxidative
stress and axonal injury.

Cognitive impairment is one of the most prevalent chronic
TBI symptoms (Lee et al. 2015). Spatial cognition, as assessed
in the water maze, was shown to be impaired in rmTBI mice
through the measure of time spending in finding platform,
consistent with previous reports (Velosky et al. 2017). HupA
treated mice spent less time finding the platform compared to
vehicle group, suggesting that HupA was able to preserve
memory after TBI. There was also a significant improvement
of hidden trail in HupA treated mice compared to vehicle-
treated mice, which further supporting the notion that HupA
preserved cognitive function in the water maze. Motor func-
tion was assessed by rotarod test and the results showed that
HupA did not improve motor function in TBI mice.
Nonetheless, these findings indicate that HupA treatment is
able to attenuate cognitive dysfunction after TBI.

Accumulation of APP in axons has been described in trau-
ma. APP upregulation is a universally accepted marker of
traumatic axonal injury (Johnson et al. 2011). APP immuno-
staining was performed to detect axonal injury in the traumatic
injured brain (Johnson et al. 2013). An anti-inflammatory
therapy may decrease inflammation and APP upregulation in
TBI whereby primary and secondary damage are followed by
neuroinflammatory responses (Acosta et al. 2017). Our study
suggested that HupA markedly reduced post-traumatic APP
accumulation in the cortex and prevented TBI- induced cog-
nitive impairment. This indicates that axonal number and
function are protected, which also prevents cognitive
impairments.

The pathogenesis of TBI likely involves a number of sec-
ondary injury processes. Growing evidence, supported by our
findings here, implicates neuroinflammation and oxidative
stress as a key factors (Ding et al. 2014). Significantly in-
creased free radical production is one of the main causes of
secondary injury in TBI, leading to further damage to neuro-
nal tissue. After brain injury, infiltrating neutrophils produce

oxidative stress, which contributes to neurodegeneration (Shu
et al. 2016). TBI models demonstrated a rapid increase in
brain reactive oxygen species (ROS) levels. Several oxidants
and their derivatives are generated after TBI, including super-
oxide anions and hydroxylradicals. This enhanced production
of ROS along with exhausted antioxidant defense enzymes,
such as superoxide dismutase, catalases, and GPx, causes ox-
idative stress. MDA formation in the brain tissue is widely
used as the index of lipid peroxidation and it increased after
TBI(Cheng et al. 2016). SOD is a well-known intracellular
antioxidant enzyme, We found that its activity was decreased
after TBI. The level of MDA in brain of TBI mice was con-
sistently increased compared with sham group in our study.
Furthermore, HupA inhibited lipid peroxidation (MDA pro-
duction) and increased the activities of endogenous antioxi-
dant enzymes (SOD). Neuroprotective effects of HupA
against traumatic brain injury are associated with its antioxi-
dant properties. In agreement with our findings, HupA has
been reported to reduce oxidative damage in D-galactose-
treated rats (Ruan et al. 2014). These results suggest that
HupA can keep balance between oxidants and antioxidants
in different brain injurymodel. Some pathways including lipid
peroxidation is changed after TBI by gene expression micro-
array analysis (Kobeissy et al. 2016). The neuroprotective
mechanisms of HupA might be associated with signaling
pathways involved in lipid peroxidation. Further studies are
required to define HupA mediated which pathways involved
in lipid peroxidation.

Neuroinflammation has been shown to be responsible for
many of cognitive deficits after injury (Tabas and Glass 2013).
Excessive neuroinflammation can exacerbate the functional
deficits, and moderate inhibition to the inflammatory response
may be neuroprotective. Post-traumatic neuroinflammation is
characterized by glial cell activation, leukocyte recruitment,
and upregulation of inflammatory mediators (Aungst et al.
2014). Microglial cells are the master regulators of the
neuroinflammatory response associated with brain disease
and the activated microglia has been demonstrated in models

Fig. 6 HupA inhibited NFκB
activation. The hippocampus
from sham, injured vehicle or
injured HupA treated mice were
lysed in RIPA buffer. Nuclear
NFκB p65 and cytoplasmic
NFκB p65 expressions were
examined by western blot. a
Western blots of nuclear NFκB
p65. b Western blots of
cytoplasmic NFκB p65. *
p < 0.05 compare to sham group;
# p < 0.05 compared to vehicle
group
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of TBI (Lin et al. 2017). Activated microglia release a number
of pro-inflammatory mediators including TNF-α and IL-1β
that contribute to secondary damage (Perry et al. 2010). The
current study found that TBI induced abundant microglia ac-
cumulation in hippocampus, and HupA administration signif-
icantly inhibited this accumulation.

Previous studies have suggested that the inflammatory re-
sponse participates in the pathogenesis of TBI, and NF-κB is
regarded as an important factor. The activation of NF-κB leads
to the release of pro-inflammatory cytokines, such as TNF-α
and IL-1β (Kumar and Loane 2012). We therefore evaluated
the possible impact of the HupA treatment on TNF-α and IL-
1β. We found that both TNF-α and IL-1β levels were signif-
icantly reduced in the brains of TBI mice treated with HupA
compared to sham animals, further illustrating the mitigation
of neuroinflammation by HupA. Our study revealed that
HupA inhibited the excessive activation of NF-κB p65 and
reduced the release of TNF-α and IL-1β in mice closed head
injury model. Preventing the inflammatory response is con-
sidered a high potential target for neuroprotection after TBI. In
addition, accumulating evidence indicated that HupA could
inhibit neuroinfalmmation. HupA has been reported to sup-
press D-gal-induced neurovascular damage and BBB dys-
function, partly by preventing NF-κB nuclear translocation
(Ruan et al. 2014). HupA blocked D-gal-induced chronic ster-
ile inflammation by inhibiting cytoplasmic IκBα degradation
and NF-κB activation(Ruan et al. 2013). The finding sug-
gested that HupA has central anti-inflammatory effects plau-
sibly via suppressing NF-κB pathway and interleukin release
from neurons and microglial cells. Overall, we found that
HupA attenuated neuroinflammation and oxidative stress
and that these changes were associated with improved long-
term cognitive outcomes in mice with TBI. The neuroprotec-
tive effects of HupA may involve multiple mechanisms.

However, there are also several limitations of this study.
First, only one dose was attempted. Second, the neuroprotec-
tive effects of HupA need to be affirmed in other TBI models.
Third, the time windows for treatment after TBI need to be
further determined.

In conclusion, our data show that treatment with HupA can
inhibit oxidative stress, reduce inflammation and alleviate some
behavioral impairments in a TBI animal model. This findings
suggest that HupA may be an effective neuroprotectant as an
early pharmacological intervention for TBI.
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