Am J Transl Res 2021;13(3):1483-1493
www.ajtr.org /ISSN:1943-8141/AJTR0115809

Original Article

Astaxanthin provides neuroprotection in an
experimental model of traumatic brain
injury via the Nrf2/HO-1 pathway
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Abstract: Background: Astaxanthin (ATX) is a carotenoid pigment with effective antioxidant, anti-inflammatory, an-
titumor and immunomodulatory actions. ATX has been proposed to exert neuroprotective effects and attenuate
oxidative stress in mice after traumatic brain injury (TBI). The nuclear factor erythroid 2-related factor 2 (Nrf2)-heme
oxygenase 1 (HO-1) signaling pathway is stimulated after TBI and activates a compensatory mechanism against
TBI. Nevertheless, the effect of ATX on the pathophysiology of TBI in mice is limited. Our present study evaluated
the neuroprotection afforded by ATX and the possible role of the Nrf2/HO-1 pathway in experimental TBI. Materi-
als and methods: Mice were casually separated into 3 groups: the sham, TBI + vehicle, and TBI + ATX (100 mg/kg,
intraperitoneally administered) groups. Neurobehaviors of the mice were assessed using the neurological severity
scores (NSSs), the forced swimming test (FST) and the rotarod test. Levels of the Nrf2, HO-1, NAD(P)H: quinine oxi-
doreductase-1 (NQO1), cleaved caspase3 (C-caspase3d), and superoxide dismutasel (SOD1) proteins and levels of
the Nrf2 and HO-1 mRNAs were assessed. In addition, Nrf2 nuclear import and apoptosis were measured after TBI.
Results: The ATX treatment significantly improved the neurological status, promoted Nrf2 activation, and upregu-
lated the expression of the Nrf2 and HO-1 mRNAs and the levels of the Nrf2, HO-1, and NQO1 proteins after TBI. The
level of the SOD1 protein was decreased after TBI and increased after ATX treatment; however, the difference was
not significant. ATX markedly reduced the level of the C-caspase3 protein and the number of TUNEL-positive cells,
indicating that it exerted an antiapoptotic effect. Immunofluorescence staining confirmed that ATX promoted Nrf2
nuclear import. Conclusions: Based on our study, ATX possibly affords neuroprotection by activating the Nrf2/HO-1
signaling pathway in mice after TBI.
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Introduction accidents, falls from heights, and other falls,

and few interventions are available for primary

Traumatic brain injury (TBI) is currently main
cause of neurological dysfunction and death in
developed and developing countries. It caus-
es long-term and short-term complications,
leads to large economic losses worldwide and
imposes a substantial social burden [1, 2].
The mechanisms underlying neural injury ca-
used by TBI mainly include the complex patho-
logical mechanisms of primary injury and sec-
ondary injury [3, 4]. Primary injury is generally
caused by accidents such as explosions, car

injury. Secondary injury is a more complicated
and long-term process that is based on the
primary injury [5]. Its main pathological mecha-
nisms include oxidative stress, the response
to inflammation, and cell death, which eventu-
ally lead to neuronal dysfunction and death
[6-8]. Based on accumulating evidence, oxida-
tive stress and inflammatory responses are
the keys to secondary injury after TBI [9-12].
Therefore, many researchers have explored the
underlying mechanisms of oxidative stress and
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the response to inflammation after TBI to iden-
tify targets for neuroprotection.

Nuclear factor erythroid 2-related factor 2
(Nrf2) is a transcription factor that plays an
important role in upregulating the expression of
antioxidant genes in response to oxidative
stress [13]. In the absence of stress, Nrf2 is
bound to Kelch-like ECH-associated protein 1
(Keapl) in the cytoplasm and is transported
to the ubiquitin-proteasome system for degra-
dation [14, 15]. Upon exposure to stress, Nfr2
is transported to the nucleus, heterodimerizes
with small Maf proteins, and activates the tran-
scription of antioxidant genes such as heme
oxygenase 1 (HO-1) and quinine oxidoreduc-
tase 1 (NQO1) to increase the cellular antioxi-
dant and anti-inflammatory capabilities [16-
18]. The Nrf2 signaling pathway exerts neuro-
protective effects by playing a key role in anti-
oxidant and anti-inflammatory responses after
TBI [19-21]. Moreover, the loss of Nrf2 aggra-
vates oxidative stress after TBI in mice [22].
Therefore, the Nrf2 signaling pathway is a new
therapeutic target for TBI.

Astaxanthin (ATX), which is naturally present in
many organisms, particularly organisms living
in the marine environment, is a red carotenoid
pigment common found in many types of sea-
food (such as salmon, shrimp, lobster and cray-
fish) that functions as a powerful biological
antioxidant [23]. The use of ATX in food color-
ing, natural feed additives to natural feed
applied in the poultry industry and aquaculture,
particularly as a feed supplement for salmon,
trout and shrimp farming, is increasing. ATX
exhibits high bioavailability and safety, and lit-
tle data on the toxicity or harmful effects of ATX
have been reported. A clinical study showed
that high-dose ATX (40 mg daily) does not exert
any harmful effects when administered for 4
weeks as a treatment for Helicobacter pylori
[24]. ATX is converted into a more stable prod-
uct in the body and terminates free radical
chain reactions to function as a strong antioxi-
dant [25]. ATX has the potential to promote
health by preventing and treating various dis-
eases, such as oxidative stress-related disor-
ders, inflammatory diseases, cancer, and dia-
betes, and by protecting the cardiovascular
system, gastrointestinal system, liver, nerves,
eyes and skin [26]. Therefore, ATX has consid-
erable prospective applications in the areas of
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human health and nutrition and is considered
to have great potential to protect organisms
from various diseases [25, 27, 28].

ATX, a red carotenoid, has various biological
functions, such as antioxidant, anti-inflamma-
tory, antitumor, and immunomodulatory activi-
ties [29, 30]. ATX has been shown to alleviate
brain damage in a rat model of subarachnoid
hemorrhage through the Nrf2 signaling path-
way [31]. In addition, other studies have found
that ATX improves cognition and alleviates
brain edema in mouse models of TBI [32, 33].
However, the neuroprotective mechanism of
ATX in TBIl is unclear. In this study, we assessed
the neuroprotective properties of ATX and the
possible role of the Nrf2/HO-1 pathway in a
mouse model of TBI.

Materials and methods
Animals

We purchased male C57BL/6N mice (18-22 g)
from Charles River Company (Beijing, China).
The animals were provided free access to water
and food for 2-3 days before testing.

Models of TBI

A mouse model of moderate controlled cortical
impact (CCI) TBI was constructed with a cortical
impactor (PCI3000, USA) as described previ-
ously [34, 35]. First, isoflurane was used to
anesthetize the mice that were fixed on a ste-
reotactic instrument. Isoflurane was continu-
ously administered to maintain the anesthetic
plane, 75% alcohol was used to disinfect the
skin on the head of each mouse, the hair on the
head was shaved, and a 1-cm incision was
made along the midline of the scalp. Finally, the
skin and periosteum were retracted from the
skull surface; a 4-mm? craniotomy was per-
formed on the right parietal bone, with the
medial edge located 2 mm lateral to the mid-
line, without disrupting the dura. A single impact
was delivered by contacting the surface of the
mouse brain with a 2.5-mm impact head (bear-
ing speed: 3.0 m/s, injury penetration: 1.0 mm,
dwell time: 150 ms), resulting in moderate
brain injury. The mouse skull was returned and
glued, the skin on the head was sutured, and
anesthesia was terminated after the impact.
After the mice awoke, they were returned to the
breeding room and provided free access to
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water and food. The same procedure, including
anesthesia and craniotomy, but without the
impact was performed on the sham-operated
mice.

Drugs and experimental groups

The assignment of mice into groups and the
usage, dosage and administration of the drug
(ATX) were performed in accordance with a pre-
viously published report. Mice used as controls
were injected intraperitoneally with an equal
amount of corn oil 30 minutes after CCI.

Behavioral evaluation

Neurological severity scores (NSSs): The NSSs
of the mice from the sham, TBI + vehicle and
TBI + ATX groups were assessed on post-trau-
ma days (PTDs) 1, 3, and 7 (days 1, 3, and 7
after TBI) to evaluate behavioral changes. NSSs
were assigned based on a scale ranging from
0-10 points (0 = minimum deficit and 10 = max-
imum deficit) [36] to evaluate the motor, sen-
sory, reflex, and balance functions of mice.
Higher scores indicated a more severe injury.
The behavioral tests were conducted by two
independent researchers who were blinded to
the experimental groups.

Rotarod test: The rotarod test was used to
assess the sensorimotor coordination and
motor learning in the rodent models of central
nervous system diseases. The test involves the
coordination of the forelimbs and hindlimbs.
Each mouse was placed on a rod rotating at a
constant speed, and the latency to fall was
recorded. During the preinjury training phase,
the mice were subjected to five consecutive
training trials in which the rod rotated at 10 rpm
(rom) for 5 minutes. After 24 hours, the mice
were exposed to TBI and then tested on PTDs
1, 3, and 7. Each mouse was placed on the rod
three times on each testing day, and the aver-
age latency to fall was recorded. If the mouse
did not fall off the rod within a time span of 5
minutes, it was manually removed, and its
latency to fall was recorded as 5 minutes.

Forced swim test (FST): The FST assesses the
tendency of mice to surrender their efforts to
escape from a hostile environment; fewer
efforts to escape are viewed as indicating
behavioral despair. The mice were subjected to
the FST on PTD 7. The instrument was a trans-
parent plastic bucket (15.7 cm in diameter and
23-cm high) filled with water (24-26°C) to a
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depth of 18 cm. The time each mouse spent
floating in the water within a 6-minute period
(immobility time, in seconds) and the latency
(seconds) to when the mouse first exhibited
immobility were recorded. The mice were con-
sidered immobile when they stopped struggling
and floated in the water, making only the neces-
sary movements to keep their heads above the
water. Swimming was defined as strenuous
exercise during which the front paws disrupted
the surface of the water.

Brain tissue processing

On PTD 1, animals from the different groups
were deeply anesthetized with chloral hydrate
(4%, 10 ml/kg) and intracardially perfused with
cold heparinized saline to collect tissues used
for real-time quantitative PCR (RT-qPCR) and
Western Blot. The area of the ipsilateral cortex
located 3 mm from the edge of the contusion
was collected and frozen immediately in liquid
nitrogen; the specimen was then transferred to
a -80°C freezer until use. The same tissue pro-
cessing protocol was used for immunofluores-
cence and TUNEL staining, except that whole-
brain tissues were placed in cold 4% parafor-
maldehyde immediately after perfusion with
cold heparinized saline and stored in a 4°C
refrigerator until use.

RT-gPCR

After TBI, total RNA was extracted from brain
tissues collected 24 hours using TRIzol reagent
(15596026, Invitrogen, USA). Reverse tran-
scription was performed using the Prime-Script
RT Reagent Kit (K1622, Thermo, USA). The fol-
lowing primers were used to amplify the target
genes: Nrf2: F, 5-TGAAGCTCAGCTCGCATTGA-3’,
R, 5-TGCTCCAGCTCGACAATGTT-3’; HO-1: F, 5™-
AAGCTTTTGGGGTCCCTAGC-3’, R, 5'-GGCTGGA-
TGTGCTTTTGGTG-3; and GAPDH: F, 5-TATG-
TCGTGGAGTCTACTGGT-3', R, 5-GAGTTGTCATA-
TTTCTCGTGG-3'. Primers were synthesized by
General Biotechnology (Shanghai, China). The
Quant Studio™ 5 System and SYBR™ Select
Master Mix (4472908, Life Technologies, USA)
were used for amplification, and expression lev-
els were standardized to GAPDH.

Western blot

Proteins were extracted from brain tissues col-
lected 24 hours after TBI using complete RIPA
buffer (G2002, Servicebio, Wuhan, China) con-
taining protease inhibitors (ab201115, Abcam,
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USA) and an electric tissue homogenizer, fol-
lowed by centrifugation for 30 minutes at
14,000 g at 4°C. After collecting the superna-
tants, a BCA kit (G2026, Servicebio, Wuhan,
China) was used to determine protein concen-
trations. Thirty micrograms of protein from
each sample were diluted with distilled water
and 5x loading buffer, and the mixtures were
heated in a bath at 100°C for 10 minutes.
Then, the 30-pg protein samples were loaded
onto a 10% or 12% polyacrylamide gel, electro-
phoretically separated, and electro-transferr-
ed onto polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with 5%
milk/Tris-buffered saline/0.05% Tween 20 (TB-
ST) for 2 hours and then incubated at 4°C
overnight with rabbit anti-Nrf2 (1:1,000, ab13-
7550, Abcam, USA), rabbit anti-HO-1 (1:1,000,
ab68477, Abcam, USA), rabbit anti-NQO1 (1:
1,000, abh80588, Abcam, USA), rabbit anti-cle-
aved caspase3 (C-caspase3) (1:1,000, 9661,
Cell Signaling Technology, USA), rabbit anti-su-
peroxide dismutase 1 (S0OD1) (1:1,000, 10269-
1-AP, Proteintech Group, Inc., Wuhan, China,)
and mouse anti-actin (1:1,000, GB12001,
Servicebio, Wuhan, China) primary antibodies.
The membranes were incubated with the appro-
priate secondary antibody for 1.5 hours at ro-
om temperature and then reacted with a hyper-
sensitive luminescent liquid (G2014, Service-
bio, Wuhan, China) after washes with TBST.
Chemiluminescence was performed in a dark
room, and the densitometry analysis was per-
formed using ImageJ software.

Immunofluorescence staining

For immunofluorescence staining, three ran-
domly selected fields were analyzed from
stained 4-um-thick coronal sections from each
mouse at a maghnification of 400x. First, paraf-
fin sections were dewaxed and rehydrated, and
antigen repair was performed with an EDTA (pH
8.0) antigen repair solution. Then, the sections
were treated with an autofluorescence quench-
ing agent, blocked with serum and incubated
with a rabbit monoclonal anti-Nrf2 antibody
(1: 200, ab137550, Abcam, USA) at 4°C over-
night. On the next day, the sections were incu-
bated with a fluorescent dye-conjugated sec-
ondary antibody (CY3-labeled goat anti-rabbit,
1:300, GB21303, Servicebio, Wuhan, China)
for 1 hour at room temperature and counter-
stained with DAPI (G1012, Servicebio, Wuhan).
The sections were washed with PBS between
each incubation. A NIKON DS-U3 upright mi-
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croscope (NIKON, Japan) was used to capture
images that were subsequently evaluated with
Image-Pro Plus 6.0 software (Media Cyber-
netics, USA) as previously reported.

TUNEL staining

After brain specimens were routinely embed-
ded in paraffin, they were sliced into 4-um-thick
sections. Apoptotic cells were analyzed using
the TUNEL Detection Kit (11684817910, Ro-
che, USA). Using standard procedures, paraf-
fin sections were first deparaffinized in water
and then incubated with proteinase K working
solution for repair. Afterwards, the sections
were incubated with a permeabilization solu-
tion to permeabilize the membrane followed by
a mixture of reagent 1 (TdT) and reagent 2
(dUTP) from the TUNEL staining kit. Finally, DAPI
was used to counterstain the nuclei, and the
sections were mounted with antifluorescence
quenching agent. The sections were observed
and images were captured using a fluorescen-
ce microscope (Nikon Eclipse C1). DAPI-stained
nuclei appeared blue upon excitation with ultra-
violet light, and TUNEL-stained cells were
labeled with FITC and appeared green. Two
researchers who were blinded to the groups
analyzed the cells and calculated the mean
percentage of TUNEL-positive cells in high-pow-
er fields. The number of cells in three random
high-power fields from each section were
calculated.

Statistical analysis

Data are displayed as the means + SD and
were evaluated using GraphPad Prism software
(version 7.00, GraphPad Software, San Diego,
CA, USA). Because of the size of the groups,
nonparametrical tests were used for further
analysis. The Mann-Whitney rank sum test
was used for comparisons between two gro-
ups, and the Kruskal-Wallis test with Student-
Newman-Keuls post hoc test was used for
multigroup comparisons. Differences between
groups were considered statistically significant
at P<0.05.

Results

ATX improves the neural function of mice after
TBI

All mice exhibited neurological dysfunction

after TBI (Figure 1A-D). As shown in Figure 1A,
the TBI + vehicle group showed a higher NSS
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Figure 1. Astaxanthin improves neural function in mice after TBI. The NSS score (A) of the TBI + ATX group was lower
than the TBI + vehicle group at PTDs 1 (P<0.01), 3 (P<0.01) and 7 (P<0.05) after TBI. In the rotarod test (B), signifi-
cant improvements were detected in the TBI + ATX group at PTDs 3 (P<0.05) and 7 (P<0.05) after TBI. In the forced
swim test (C, D), the time spent immobile within 6 minutes (C) was longer in the TBI + vehicle group than in the sham
group at PTD 7 (P<0.001), and the TBI + ATX group recorded a reduced immobility time within 6 minutes compared
with the TBI + vehicle group on PTD 7 (P<0.05). The latency to immobility (D) in the TBI + vehicle group was shorter
than in the sham group on PTD 7 (P<0.001); however, the latency to immobility in the TBI + ATX group was longer
than in the TBI + vehicle group on PTD 7 (P<0.05); n = 8 animals per group. *P<0.05, **P<0.01, and ***P<0.001

compared with the TBI + vehicle or sham group; #P<0.05 compared with the TBI + vehicle group.

score than the sham group; however, the TBI +
ATX group showed a lower NSS score than the
TBI + vehicle group on PTDs 1 (P<0.01), 3
(P<0.01) and 7 (P<0.05). The score of the sham
group was approximately zero and did not
change throughout the study. Similarly, as
shown in Figure 1B, significant improvements
in performance on the rotarod test were detect-
ed in the TBI + ATX group compared to the TBI
+ vehicle group on PTDs 3 (P<0.05) and 7
(P<0.05). As shown in Figure 1C and 1D, the
TBI + vehicle group exhibited a longer period of
immobility within a 6-minute period in the FST
than the sham group on PTD 7 (P<0.001).
However, the TBI + ATX group exhibited a
shorter immobility time within a 6-minute peri-
od than the TBI + vehicle group on PTD 7
(P<0.05). A shorter latency to immobility was
observed for the TBI + vehicle group than the
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sham group on PTD 7 (P<0.001), whereas the
latency to immobility of the TBI + ATX group was
longer than the TBI + vehicle group on PTD 7
(P<0.05).

ATX promotes the nuclear import of Nrf2 one
day after TBI

The results of immunofluorescence staining
confirmed that Nrf2 was transported to the
nucleus. In the sham group, Nrf2 immunoreac-
tivity was very low, and Nrf2 was mainly located
in the cytoplasm (Figure 2A). However, in the
TBI + vehicle group, Nrf2 was partially trans-
ported to the nucleus, and Nrf2 immunoreac-
tivity was stronger than in the sham group
(Figure 2B, P<0.001). Nrf2 immunoreactivity
was stronger in the TBI + ATX group than in the
TBI + vehicle group on PTD 1 (Figure 2B,
P<0.05).

Am J Transl Res 2021;13(3):1483-1493
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Figure 4. ATX activates the Nrf2/HO-1 pathway and inhibits neuronal apoptosis after TBI. Western blots showing the
levels of HO-1, NQO1, C-caspase3, SOD1, and Nrf2 (A) in different groups. Compared with the sham group, levels of
the HO-1 (P<0.001), NQO1 (P<0.01), C-caspase3 (P<0.01) (B) and Nrf2 (P<0.05) (C) proteins were increased after
TBI, but SOD1 levels were decreased (D). Compared with the TBI + vehicle group, levels of the HO-1 (P<0.01), NQO1
(P<0.01) (B), Nrf2 (P<0.05) (C) and SOD1 (D) proteins were increased in the ATX treatment group, while C-caspase3
levels (P<0.05) (B) were decreased; n = 6 animals per group. *P<0.05, **P<0.01, and ***P<0.001 compared with
the sham group; *P<0.05 and #P<0.01 compared with the TBI + vehicle group.

The inhibitory effect of ATX on oxidative stress levels in the ATX treatment group than in the
in the TBI model and on increasing the levels TBI + vehicle group. Compared with the sham
of the Nrf2 protein and its downstream factors group, the Nrf2 protein was expressed at high-
er levels in the TBI + vehicle group (P<0.05,
The level of the SOD1 protein was detected Figure 4C). In addition, higher Nrf2 levels were
using Western Blot to evaluate the antioxidant observed in the ATX treatment group than in
capacity of ATX in the mice with TBI. As shown the TBI + vehicle group (Figure 4C, P<0.05).
in Figure 4A and 4D, a lower level of the SOD1
protein was detected in the TBI + vehicle group ATX exerts an antiapoptotic effect after TBI
than in the sham group (Figure 4D), but the
level was higher in the TBI + ATX group, although Very few TUNEL-positive cells were observed
the difference was not significant. Levels of the in the sham group. The apoptosis rate in the
HO-1 (P<0.001, Figure 4B) and NQO1 (P<0.01, TBI + vehicle group was significantly higher (P<
Figure 4B) proteins were increased in the TBI + 0.001, Figure 5A and 5B) than the sham group.
vehicle group compared to the sham group. However, the rate of apoptosis in the ATX treat-
Furthermore, the HO-1 and NQO1 (both P<0.01, ment group was significantly lower than in the
Figure 4B) proteins were expressed at higher TBI + vehicle group (P<0.001, Figure 5A and
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5B). Thus, ATX exerted an antiapoptotic effect
on a mouse model of TBI. Furthermore, the
level of the C-caspase3 protein was increased
after TBI (P<0.01, Figure 4A and 4B) and
decreased after the ATX treatment (P<0.05,
Figure 4A and 4B).

Discussion

In our mouse model of TBI, ATX exerted neuro-
protective effects, and we assessed the poten-
tial role of the Nrf2/HO-1 pathway in this pro-
cess. Our results are described below. 1) ATX
improved the neural function of mice on PTDs
1, 3, and 7. 2) One day after TBI in mice, the
levels of the Nrf2 mRNA and protein were
increased and induced changes in the levels of
the downstream molecules HO-1 and NQOZ1;
and ATX further promoted these changes. 3)
One day after TBI in mice, Nrf2 was imported
into the nucleus, and ATX increased its nuclear
import. Based on these results, ATX may exert
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Figure 5. ATX exerts an anti-apoptotic effect on mice
with TBI. (A) Representative images of TUNEL staining
in brain sections from different groups PTD1. Fluo-
rescence colors: Tunnel, green; and DAPI, blue. Scale
bar =20 um. (B) Compared with the sham group, the
apoptosis rate of the TBI + vehicle group increased
significantly (P<0.001). The rate of apoptosis in the
ATX treatment group was significantly reduced com-
pared to the TBI + vehicle group (P<0.001). n = 6
animals per group. ***P<0.001 compared with the
sham group; ##P<0.001 compared with the TBI + ve-
hicle group.

neuroprotective effects on a mouse model of
TBI by activating the Nrf2/HO-1 pathway.

The neuroprotective and antioxidant functions
of ATX have been described in many reports. As
shown in the study by Zhang et al., ATXimproves
the neural function of a mouse model of CCI
and alleviates brain edema by regulating the
expression of NKCC1 and AQP4 [32]. ATX has
also been shown to reduce neuroinflammation
leading to neuropathic pain and dyskinesia in
rat models of spinal cord injury [37]. ATX acti-
vates the Nrf2-ARE pathway to prevent oxida-
tive stress and inflammatory responses and
alleviate early brain damage in a rat model of
subarachnoid hemorrhage [31]. Based on th-
ese studies, ATX exerts neuroprotective effects
by attenuating secondary damage after TBI.
Similar behavioral changes were also observed
in our study. ATX reduced the NSSs of TBI model
mice and increased the latency of mice to fall
on the rotating rod, indicating that it improved
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the neuromotor function of mice. Additionally,
in the FST, ATX increased the ability of the mice
to struggle during desperation, indicating that it
improved the ability of the mice to resist depres-
sion after TBI.

Many previous studies have revealed that oxi-
dative stress and the inflammatory response
are crucial processes in secondary injury after
TBI and are related to most of the pathological
changes in the brain and to neurological dys-
function. Based on accumulating evidence, the
Nrf2-ARE pathway has neuroprotective anti-
inflammatory and antioxidant roles in vivo by
upregulating HO-1 and NQO1 after TBI [38, 39].
We assessed the activation of and histological
alterations in the Nrf2/HO-1 pathway to deter-
mine whether this pathway is involved in the
neuroprotective effect of ATX on a mouse
model of TBI. We observed higher levels of the
Nrf2 and HO-1 mRNAs and proteins after TBI
than after the sham surgery; TBI increased
Nrf2 nuclear import, as determined by immuno-
fluorescence staining; and ATX promoted this
increase in Nrf2 nuclear import and increased
the activation of the Nrf2-HO-1 pathway.
Furthermore, ATX exerted an inhibitory effect
on apoptosis one day after TBI. This finding is
consistent with the effects of ATX on a rat
model of subarachnoid hemorrhage. However,
the specific underlying molecular mechanism
of ATX remains unknown.

In addition, since ATX increases the activation
of Nrf2 and alleviates oxidative stress and
brain damage in a TBI model, the Nrf2/HO-1
pathway may play a key role in ATX-induced
neuroprotection [40]. However, the mechanism
by which ATX activates the Nrf2/HO-1 signaling
pathway is unclear. Nrf2 is a redox-sensitive
transcription factor that triggers the expression
of phase Il antioxidant enzymes under oxidative
or electrophilic stimulation to regulate oxidative
stress and inflammation [41]. Phase Il antioxi-
dant enzymes include HO-1 and NQO1, which
are known to protect tissues from injury caused
by high oxygen levels [42]. HO-1 and NQO1 are
effective antioxidants and detoxifying enzymes
that may help relieve oxidative damage and
brain damage. ATX increases HO-1 expression
through the ERK1/2 pathway, thereby exerting
an antioxidant effect on SH-SY5Y cells [43]. ATX
ameliorates cardiomyocyte apoptosis after cor-
onary heart disease through the Nrf2/HO-1
pathway [44]. Another study revealed that ATX
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generates minute amounts of reactive oxygen
species (ROS) that subsequently activate Nrf2/
HO-1 signaling in human umbilical vein endo-
thelial cells [45]. Based on the data described
above, we conclude that the neuroprotective
effect of ATX on TBI is likely associated with the
activation of the Nrf2/HO-1 pathway.

Conclusions

As shown in the present study, ATX exerts neu-
roprotective effects on a mouse model of TBI,
and we discussed the related mechanisms. ATX
reduces secondary damage after TBI, improv-
ing the neuromotor function of mice after TBI
and reducing TBIl-induced apoptosis, effects
that are likely related to the activation of the
Nrf2/HO-1 pathway. Further extensive preclini-
cal research on the basic mechanism by which
ATX treats TBI is needed. According to our
study, ATX is likely to be a prospective drug for
the treatment of secondary injury after TBI.
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