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Abstract

Traumatic brain injury (TBI) is a subset of brain injury induced by external mechanical forces to the head or neck.
TBI has been reported to be one of the leading causes of disability, and it causes a huge financial burden around the
world. Aloin is the major anthraquinone glycoside extracted from Aloe species, and has presented anti-tumour, anti-
oxidative and anti-inflammatory activities. However, few studies have focused the effect of aloin in treatment of TBI.
Nicotinamide adenine dinucleotide phosphate oxidase (NOX) is the only subset of enzymes which produces solely
the reactive oxygen species (ROS). A recent stucy showed that activation of NOX might aggravate the primary TBI,
and among these members, NOX2 is the key member in regulation of uncontrolled ROS expression, and thus plays
a critical role in development of inflammatory diseases. Here, we noticed that inhibition of NOX2 combined with
aloin treatment promoted the recovery of brain function in a mice model as well as the viability rate in a cell model.
A further study found that the inflammation response process was also inhibited after treatment. Then, we found
that these effects might be mediated by the PI3K/AKT/mTOR signalling pathway and NOX2 might be a therapeutic
target for TBI.
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Introduction growth factor-1 (IGF-1) is critical for the growth and

Traumatic brain injury (TBI) leads to approxi-
mately 2.8 million cases of death and disabil-
ity around the world, and remains to be the main
cause of young adults deaths in the United States
[21,28]. TBI is a disease mainly caused by an
external mechanical force, leading to the neuro-
logical dysfunction and even long-term cognitive,
psychological and social defects [22]. Insulin-like

development of brain and is involved in response
to central and peripheral nervous system dam-
age [8]. Aloin is the major compound of aloe spe-
cies, and plenty of studies have proved the anti-
cancer, anti-viral and anti-inflammatory effects
of aloin [2]. Recent studies found that treatment
of aloe vera inhibited the inflammation response
process in cell and mice models after stimulation of
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lipopolysaccharide (LPS), besides, the secretion of
cytokines and production of reactive oxygen spe-
cies (ROS) was also inhibited [24,34]. Another study
has shown that compounds of aloe species inhibit
the production of pro-inflammatory cytokines and
nitric oxide via inhibition of the MAPK signalling
pathway [15]. More studies proved that treatment
of aloin decreased the high production of inter-
leukin (IL)-8 induced by IL-1B in KB cells, through
the inhibition of activity of p38 and extracellular
signal-regulated kinases pathway [19,29]. In recent
years, more and more researchers have found that
oxidative stress promotes the secondary injury
after TBI, and among multiple factors, nicotina-
mide adenine dinucleotide phosphate oxidase
(NOX) is critical in regulating the production of
ROS [1]. NOX2 in the main producer of ROS in brain
tissue, a study has shown that activation of NOX2
is also closely related to the levels of B-amyloid
and degeneration of dopaminergic neurons [5].
Besides, platelet, endothelial cells and lymphocytes
also contribute to the development of the central
nervous system, activation of these factors leads
to the neurodegenerative process via inducing the
production of amyloid precursor protein (APP) and
B-amyloid peptide (AB) in the cerebral arterial dis-
trict, which is also closely related to the activation
of NOX2 [32]. Furthermore, an increased expres-
sion of NOX2 promotes the activation of microglia
surrounding AB-laden capillaries [6]. Another study
using Huntington’s disease mice model has shown
that NOX2 is significantly activated in cortical and
striatal synaptosomes as well as primary neurons
derived from mice [31]. A previous study found that
NOX enzymes contribute to the physiological func-
tion of brain [20], more and more evidence has
shown that activation of NOX is a harmful factor
for TBI patients, and exacerbate the primary injury
[17], and has been regarded as a promising thera-
peutic target for TBI. In this study, we firstly proved
that treatment of aloin could promote the recovery
of brain function of mice after TBI, and further that
inhibition of NOX2 combined with aloin treatment
significantly increased the viability of cells with
inhibition of the cellular apoptosis process. A fur-
ther study found that inhibition of NOX2 combined
with aloin treatment decreased the expression and
secretion of pro-inflammatory factors. And these
effects might be mediated by activation of the
PI3K/AKT/mTOR signalling pathway.
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Material and methods
Vector construction

The cDNA of NOX2 was obtained with the fol-
lowing primer: Forward: 5’-TGTTTTCATTTCCTCATCA-
GAAG-3’, Reverse: 5-CCAACCACACCAGAATGACA-3’
using PCR method (CW0741, CWBio). Primers and
pcDNA-3.1-blank vector were digested with Kpnl
(R3142S, NEB) and BamHI (R31365, NEB). The pcDNA-
3.1-NOX2 overexpression vector was constructed
using T4 polynucleotide kinase (M0201S, NEB). After
construction, the vector was transfected into PC12
cells using Lipofectamine 3000 transfection reagent
(L3000001, Thermo), and stable expressed cells were
screened using 800 pg/ml G418 (10131027, Thermo).

Cell culture and grouping

PC12 (CRL-1721) cells were purchased from the
American type culture collection (ATCC). Cells were
cultured in RPMI-1640 medium supplied with 10%
fetal bovine serum (FBS) under a 37°C atmosphere
with 5% CO,. Cells were seeded into a 6-well plate
in order to construct the TBI model in PC12 cells.
Briefly, cells were scratched with a sterile plastic
needle using a 9 x 9 square grid for 24 h accord-
ing to the previous study [18]. Then, cells were
divided into four groups: model group (CG), single
aloin treatment group (IG), aloin treatment com-
bined with GSK2795039 treatment group (Il) and
aloin treatment combined with NOX2 overexpres-
sion group (10). In aloin (HY-N0123, MCE) treatment
group, cells were treated with 40 mg/ml aloin for 4 h
[11], and in GSK2795039 treatment group, cells were
treated with 25 uM GSK2795039 (HY-18950, MCE)
for 24 h.

Mice model construction and grouping

20 C57/BL mice were obtained from Guangdong
medical laboratory animal centre. Mice were housed
in a 22-24°C humidified atmosphere, and water and
food were freely available. The TBI model in mice was
constructed according to a previous study [36]. Mice
were firstly anaesthetized with ketamine (100 mg/kg)/
xylazine (10 mg/kg) through an intra-peritoneal
injection, and then the craniotomy was performed
with a hand-held electrical drill (Dremel 10.8 V) and
then mice were restrained by a stereotaxic device
and subjected to a 1.5-mm deep impact (velocity of
5 m/s) via a computer-controlled impactor device
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(LinMot-Talk 1100) (impactor diameter of 2 mm).
Mice were divided into two groups: model group
(MG) and aloin treatment group (IT). In the aloin
treatment group, mice were treated with 20 mg/kg
for continuous 3 days [11].

Ethical statement

Experiments on animal models were performed
under the guideline of the Declaration of Helsinki
and the principles and procedures outlined in the
National Institutes of Health Guide for the Care and
Use of Animals. Experiments on animal models were
performed in Angiu People’s Hospital and approved
by the Health Animal Care and Use Committee of
Angiu People’s Hospital.

Behaviour tests

In order to detect the effect of IGF-1 on brain
function after TBI, the Morris water maze (MWM)
tests were performed. MWM tests were performed
in a circular tank with 122 cm diameter and divided
into four quadrants. Tests were performed on contin-
uous 5 days with 4 trials per day, starting from SE, S,
NW and W direction. The escape latency was set as
the time used in reaching the escape platform, the
escape test was performed on the sixth day. Time of
travel distance was set as the time that mice spent
in the quadrant and the number of mice crossed the
quadrant after forcing them to swim for 60 s after
removing the escape platform.

MTT assay

MTT assay was performed according to the man-
ufacturer’s protocol (M6494, Thermo). Briefly, cells
were seeded into a 96-well plate at a concentration
of 10%/well, then cells were grouped and treated as
described above. Cells were incubated with MTT
reagent (5 mg/ml) for 4 h. The optical density was
measured at 570 nm using Multiskan Sky Microplate
Spectrophotometer (51119570, Thermo).

Flow cytometry

Flow cytometry was performed according to the
manufacturer’s protocol (CW2574, CWbio). Briefly,
cells were firstly seeded into 100 mm plate and
grouped as described above. Then, cells were digest-
ed with trypsin and incubated with binding buffer.
After incubated with Annexin-V/FITC and PI, the
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apoptotic cells were detected using NovoCyte (Agi-
lent BIO).

RNA extraction

RNA extraction was performed according to the
manufacturer’s protocol (CWO0560, CWBio). Briefly,
cells were lysed with lysis buffer and incubated at
room temperature for 5 min. 70% ethanol was add-
ed into the tube after centrifugation (12,000 rpm for
5 min) and then collected into the absorption tube.
After washing with washing buffer, RNA samples
were eluted from the tube with elution buffer. RNA
samples were stored at —80°C until performing the
following experiments.

Real-time quantitative polymerase
chain reaction)

Reverse transcription and quantitative polymer-
ase chain reaction (qPCR) was performed according
to the manufacturer’s protocol (CW0659, CWBio).
Briefly, the reaction mixture was composed as rec-
ommended, and the reaction was performed with
the following steps: reverse transcription at 45°C for
10 min, pre-denaturation at 95°C for 5 min, denatura-
tion at 95°C for 10 s with these two steps repeated
for 40 cycles: denaturation at 95°C for 10 s, anneal-
ing at 60°C for 45 s. Primers used in gPCR were
listed: IL-1B: Forward: 5-TGCCACCTTTTGACAGT-
GATG-3’, Reverse: 5-ATGTGCTGCTGCGAGATTTG-3".
Monocyte chemoattractant  protein-1 ~ (MCP-1):
Forward: 5-GGCTGGAGAGCTACAAGAGG-3’, 5’-CTTGG-
TGACAAAAACTACAGC-3’; IL-10: Forward: 5’-GCGCTGT-
CATCGATTTCTCC-3’, Reverse: 5'-CTCTTCACCTGCTCCA-
CTGC-3; IL-6: Forward: 5-TCCTCTCTGCAAGAGACT-
TCC-3", Reverse: 5-TTGTGAAGTAGGGAAGGCCG-3'.
The expression of each target gene was determined
using the 2-AACq method [16].

Protein extraction and western blotting
analysis

Cells were seeded into a 100 mm plate and
grouped as described above. Then, cells were lysed
with RIPA buffer and proteins were collected after
centrifugation at 12,000 rpm for 10 min. The concen-
tration of protein samples were measured using BCA
assay. 60 pg protein samples were separated using
10% SDS-PAGE and then transferred onto a PVDF
membrane. Membranes were blocked with skim milk
for 1 h at room temperature, followed with incuba-
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tion with primary antibodies overnight at 4°C (Anti-
AKT (ab179463), p-AKT (ab38449), mTOR (ab2732),
p-mTOR (ab109268), HIF-1 (ab51608), cleaved PARP1
(ab32064), PARP1 (ab227244), NOX2 (abl129068),
cytochrome c (@b90529), APAF1 (ab2000), Caspase-9
(ab202068), cleaved caspase-3 (ab2302), caspase-3
(ab13847) and GAPDH (ab8245) were purchased from
Abcam) and incubated with secondary antibody for 1
h at room temperature. The grey value of protein was
detected using chemiluminescent immunoassay.

Enzyme linked immunosorbent assay
(ELISA)

Enzyme linked immunosorbent assay (ELISA)
was performed according to the manufacturer’s pro-
tocols (ab186029, ab113852, ab138881, abh202410,
purchased from Abcam). Briefly, cells were seeded
into 100 mm plate, and then cultured and grouped
as described above. Then, the supernatant was col-
lected and added into each well of a 96-well plate,
incubated for 60 min at 37°C. And after washing
with washing buffer, samples were incubated with
TMB solution for 10 min at 37°C. The optical density
was measured at 450 nm using Multiskan Sky Micro-
plate Spectrophotometer (51119570, Thermo).

Results
Effect of IGF-1 on brain function of mice

The results of the behaviour test were shown in
Figure 1. The average escape latency of mice in each
group was 70.3 +5.2, 64.2 4.7, 59.1 ¥4.1, 53.0 3.6
and 48.4 £3.3 in the control group, and 68.5 +4.9,

58.3 t4.2, 47.2 +3.8, 41.1 +3.5 and 35.2 +2.9 in the
IGF-1 treatment group. The average number of
platform crossed in these groups was 2.1 £0.3 and
4.0 +0.6. The time spent in the target quadrant in
these groups was 18.3 2.7 and 27.1 #4.1 s. These
results showed that treatment of IGF-1 significantly
improved the brain function of mice after TBI.

Detection of proliferation of cells
in each group

Proliferation of cells was shown in Figure 2.
The viability of cells in CG, IG, Il and IO group was
100 9.6, 116.3 +13.3, 152.2 +17.4 and 103.3 #11.0.
The viability was significantly increased in the
Il group (p < 0.05) compared with the CG and IG
group. And the percentage of apoptotic cells in
these groups was 36.2 +6.3, 23.1 +4.5, 8.3 1.6 and
31.0 +5.1. The percentage of apoptotic cells was sig-
nificantly decreased in the IG and Il group (p < 0.05)
compared with the CG group, and was significantly
decreased in the Il group (p < 0.05) compared with
the IG group.

Detection of inflammation related
genes in cells

As shown in Figure 3, the expression of IL-1 in
the CG, IG, Il and 10 groups was 1.9 +0.4, 1.4 +0.3,
0.8 +0.2 and 1.6 +0.4, respectively. The expres-
sion of IL-6 in these groups was 1.8 +0.3, 1.5 0.3,
0.9 0.2 and 1.7 +0.3. The expression of IL-10 in
these groups was 0.9 +0.2, 1.3 £+0.3, 2.2 +0.4 and 1.0
+0.2. The concentration of MCP-1 in these groups

(@)

N
o

w
o
I

{

—
o
I

o

1 2 3 4 5
Days

Average escape latency
N
?
Average number of platform crossed

Coﬁtrot

o

Time spent in the target quadrant

NOX2 Control NOX2

Fig. 1. Behaviour tests of the mice model with or without treatment of aloin. A) Average escape latency of the
mice model on continuous 5 days. B) Average number of platform crossed of the mice model in each group.
C) Time spent in the target quadrant of the mice model in each group. Each experiment was repeated three
times independently. *p < 0.05 compared with the control group.

268

Folia Neuropathologica 2020; 58/3



Inhibition of NOX2 contributes to the therapeutic effect of aloin

200 o _ ) 50
.
—_ 10° > 3 3 404
X 150 _ =
< T10* oh : «
T 10° L i g 301
>.1001 F 3 °
= 0 g =]
= - ! S 20+
< 0 10° 10* 10° 10° 0 10° 10 10° 10° &
S 507 Annexin-V Annexin-V =T #
< 10
] IG
o 106 106 = 0
T T S 2 T T
CG IG Il 10 10° BAET 108 CG IG Il 10
10 - ) T 10* 3
10° R 108
0 ; 2 0 ;
0 10° 10* 10° 10° 0 10° 10° 10° 10°

Annexin-V Annexin-V
1} 10

Fig. 2. Proliferation of cells in each group. A) Viability of cells in each group. B) Detection of apoptotic cells
in each group. Each experiment was repeated three times independently. *p < 0.05 compared with the CG
group. #p < 0.05 compared with the 1G group.
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Fig. 3. Expression of interleukin (IL)-1f (A), IL-6 (B), IL-10 (C) and MCP-1 (D) in each group of the cell model.
Each experiment was repeated three times independently. *p < 0.05 compared with the CG group. #p < 0.05
compared with the IG group. GAPDH was used as an internal control.

was 1.6 +0.4, 1.4 0.3, 0.8 £0.1 and 1.7 £0.5. The Expression of apoptosis related
. . . S proteins in cells
expression of pro-inflammation factors was signifi-
cantly decreased in the Il group (p < 0.05) compared As shown in Figure 4, the expression of cyt c in

with the CG and IG group, while the expression of  the CG, IG, Il and IO groups of cells was 1.11 +0.09,
anti-inflammation factor was significantly increased  0.72 +0.06, 0.53 +0.04 and 0.91 +0.07, respective-
in the Il group (p < 0.05) compared with the CG and ly. The expression of APAF1 in these groups was
IG group. 0.91 +0.07, 0.71 +0.05, 0.42 +0.03 and 0.90 +0.07.
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Fig. 4. Detection of apoptosis related proteins in each group of the cell model. A) Western blotting analysis
of cyt ¢, APAF1, caspase-9, cleaved caspase-3 and caspase-3 in each group. B) Quantitative analysis of each
target proteins. Each experiment was repeated three times independently. *p < 0.05 compared with the CG
group. ¥p < 0.05 compared with the IG group. GAPDH was used as an internal control.

The expression of caspase-9 in these groups was
0.95 +0.07, 0.66 +0.05, 0.47 +0.04 and 0.71 +0.05.
The ratio of cleaved caspase-3/caspase-3 in these
groups was 0.96 +0.07, 0.60 +0.05, 0.34 +0.03 and
1.01 £0.08. The expression of pro-apoptosis proteins
was significantly decreased in the Il group compared
with the CG and IG group (p < 0.05).

Expression of the PI3K/AKT/mTOR
signalling pathway

As shown in Figure 5, the ratio of p-AKT/AKT in the
CG, IG, Il and 10 groups was 0.45 +0.03, 0.70 +0.05,
0.94 +0.07 and 0.45 +0.03, respectively. The ratio
of p-mTOR/mTOR in these groups was 0.25 +0.02,
0.68 £0.05, 0.91 £0.07 and 0.60 +0.05. The expression
of HIF-1a in these groups was 0.84 +0.06, 0.85 +0.07,
1.05 +0.08 and 0.77 +0.06. The ratio of p-PARP/
PARP in these groups was 1.06 +0.08, 0.79 +0.06,
0.64 +0.05 and 1.05 +0.08. The expression of NOX2 in
these groups was 0.91 +0.07, 0.74 +0.06, 0.47 +0.04
and 0.95 +0.07. The PI3K/AKT/mTOR signalling path-
way was significantly activated in the Il group com-
pared with the CG and IG group, while the expres-
sion of PARP and NOX2 was significantly decreased
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in the Il group compared with the CG and |G group
(p < 0.05).

Concentration of inflammation related
factors in culture medium of cells

As shown in Figure 6, the concentration of super-
oxide dismutase 1 (SOD1) in culture medium of cells
inthe CG, IG, Il and 10 groups was 96.3 +4.1,125.1 +5.2,
173.4 £7.1 and 103.2 £4.6 ng/ml, respectively. The ratio
of GSH/GSSG in these groups was 1.0 +0.2, 1.3 +0.3,
2.2 0.5 and 1.1 £0.3. The relative intensity of tetram-
ethylrhodamine ethyl ester (TMRE) in these groups
was 1.0 £0.1, 1.4 +0.2, 2.1 £0.3 and 1.1 £0.2. And the
relative intensity of ROS in these groups was 1.0 0.2,
0.7 +0.1, 0.3 +0.1 and 0.9 +0.2. The oxidative stress
response was significantly inhibited in the II group
compared with the CG and IG group (p < 0.05).

Discussion

Traumatic brain injury (TBI) is one of the leading
causes of mortality and morbidity around the world,
according to the previous study, with approximately
2.2 million emergency events, 300,000 hospitali-
zations and 52,000 deaths in the United States in
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Fig. 5. Detection of key proteins in the PI3K/AKT/mTOR signalling pathway in each group of the cell model.
A) Western blotting analysis of p-AKT, AKT, p-mTOR, mTOR, HIF-1a, cleaved PARP1, PARP1, NOX2 in each
group of the cell model. B-F) Quantitative analysis of each target proteins. Each experiment was repeated
three times independently. *p < 0.05 compared with the CG group. #p < 0.05 compared with the IG group.

GAPDH was used as an internal control.

2010 [7]. Although lots of cost was spent each year
on treatment of TBI, the successful treatment is still
lacking.

Activation of the apoptotic process requires the
activation of death activator proteins [37], among
them, the release of cyt ¢ from the mitochondriais the
initial step of the apoptotic process [13]. To date, cyt
¢ has been regarded as a pro-apoptotic protein, and
the release of cyt ¢ from mitochondrial membrane
requires the oxidation of cardiolipin. After release to
the cytosol, cyt c interacts with the apoptotic pro-
tease activating factor-1 (Apaf-1) to form the apop-
tosome, which further activates caspases, leading to
the degradation of cellular proteins [26]. The changes
in conformation of apoptosome induce the binding
of Apaf-1 with cyt c, resulting in the recruitment and

Folia Neuropathologica 2020; 58/3

activation of caspase-9, further leading to the acti-
vation of caspase-3 [4]. These changes in apoptotic
cells would lead to the reduction of mitochondrial
membrane potential and generation of free radicals
and nucleus condensation [27]. However, we noticed
that cells under aloin combined with NOX2 inhibi-
tion treatment would reduce the activation of these
proteins, which reflects the apoptosis process of cells
after TBI was reduced, presented a significantly pro-
tective role.

Effective treatment for TBI is lacking nowadays,
but recent studies have focused on the function of
the AKT signalling pathway in the treatment of TBI.
AKT, also known as protein kinase B, is regarded as
a pro-survival pathway in multiple tissues including
brain [33]. Using pharmacological inhibition of AKT,
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culture medium of the cell model in each group. Each experiment was repeated three times independently.
*p < 0.05 compared with the CG group. #p < 0.05 compared with the IG group.

Inhibition of the PI3K/mTOR signalling pathway
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inflammation process
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Fig. 7. Possible mechanism of NOX2 in promot-
ing the therapeutic effect of aloin after TBI.

researchers found that the treatment is effective for
TBI, indicating the importance of AKT in treatment
of TBI [35]. Besides, activation of AKT also attenu-
ates the activation of the intrinsic apoptosis path-
way, further reduces the activation of extensive cell
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death in neurons [38], and these effects leads to the
reduction in post-injury lesion volume compared to
the control group due to the inhibition of the intrin-
sic apoptosis pathway [30]. A downstream molecule
of AKT, mTOR, was also activated after AKT activa-
tion, which further leads to the translation of HIF-1a
mMRNA [14]. A previous study has shown that stimula-
tion of mTOR promotes the stabilization and func-
tion of HIF-1a [9]. Activation of the PI3K/AKTmTOR
signalling pathway promotes the survival of cells and
healing of wounds via regulation of multiple factors,
including HIF-1a.. HIF-1a. is a well-known transcription
factor in response to hypoxia stimulation [39]. Activa-
tion of transcription factor binds with the hypoxia-
response elements, leads to the activation of target
genes, including HIF-1a.. A previous study has shown
that activation of HIF-la. was observed after TBI,
resulting in the reduction of tissue injury, performing
a protective role, and this effect was lost after inhibi-
tion of HIF-1a. [35]. Besides anti-oxidative function,
HIF-1a also inhibits the glycolysis and fatty acid oxi-
dation (FAO) through suppression of peroxisome pro-
liferator-activated receptor-o. (PPARa). A former study
found that expression of PPARa was elevated in NOX
knockout mice, indicating that PPARa. might regulate
the expression of NOXs through activation of HIF-1a.
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Downregulation of PPARa reduced the infarct size
and deposition of triglycerides after ischemia injury,
suggesting that HIF-1a presents a protective role via
suppression of PPARa and further inhibition of NOX2
or NOX4, resulting in reduction of ROS [23]. Here, the
activation of the PI3K/AKT/HIF-1a signalling pathway
and suppression of PARPa. were observed in the aloin
combined with NOX2 inhibition group, showed that
inhibition of NOX2 enhanced the therapeutic effect
of aloin in TBI via inhibition of the cellular apoptotic
process and inflammation process.

A previous study noticed that an early increase
of NOX2 expression in specific brain areas promotes
the development of non-pharmacologic and phar-
macologic rodent models of psychosis [25]. Another
study found that an increased expression of NOX2
was observed in cortical GABAergic neurons, which
presented several pathological alterations [3] or
changes in the distribution of calcium-binding pro-
tein in schizophrenia and bipolar disorder mod-
els [10]. The changes in expression of genes related
to the inflammation and hypoxia were significantly
reduced in NOX2”/" animals, indicating that NOX2
promotes the inflammatory and hypoxia response in
animal models [12]. These findings have shown that
NOX2 contributes to the development of diseases,
and alteration of NOX2 might be a therapeutic tar-
get in TBI and other diseases.
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