
253Folia Neuropathologica 2020; 58/3

Original paper

Inhibition of MAPT enhances the effect of bexarotene  
and attenuates the damage after traumatic brain injury  
using in vivo and in vitro experiments

Haihai Dong*, Haitao Wang*, Liang Wang

Anqiu People’s Hospital, Weifang, China

*Haihai Dong and Haitao Wang contributed equally in this work.

Folia Neuropathol 2020; 58 (3): 253-264� DOI: https://doi.org/10.5114/fn.2020.100068 

A b s t r a c t

Traumatic brain injury (TBI) is the leading cause of death and disability around the world in all age groups. The pri-
mary injury of TBI is exacerbated by secondary injury, leading to an increased inflammatory response, cell death and 
even impairment of neurological function. Bexarotene has been found to improve neurological function in mice in an 
ApoE-dependent manner, but the detailed mechanism is not fully clear. Upregulated expression of MAPT has been 
found in mouse models after TBI; therefore, we hypothesized that inhibition of MAPT might contribute to the effects of 
bexarotene treatment in TBI models. Herein, we found that inhibition of MAPT enhanced the effects of bexarotene in 
increasing cellular viability and restoring brain function, and expression of anti-oxidative and anti-apoptotic molecules 
were elevated in response to inhibition of MAPT. These effects might be mediated by activation of the Nrf2/HO-1  
signalling pathway and inhibition of the MAPK/NF-κB signalling pathway. Thus, we concluded that inhibition of MAPT 
might represent a novel treatment target for TBI.
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Introduction

Traumatic brain injury (TBI) is a  major health-
related problem and affects 2.8 million people in the 
US each year, causing 30% of all injury-related deaths 
[26]. Characteristic consequences of TBI include 
neural damage, cell death and disruption of normal 
brain function, and TBI survivors frequently suffer 
emotional changes [1]. Bexarotene, a selective inhibi-
tor of the retinoid X receptor (RXR), has been found 
to improve spatial memory in the mice model after 
TBI via inhibition of cell apoptosis [33]. However, the 

detailed mechanism is not fully understood. MAPT 
is continuously expressed in neurons, especially in 
non-myelinated axons of cortical interneurons locat-
ed in the grey matter [27]. Previous findings indicate 
that release of MAPT is an indicator of neurotrauma 
because the increased expression of MAPT has been 
observed in response to trauma [19,20]. Therefore, we 
hypothesized that inhibiting MAPT expression might 
enhance the treatment effects of bexarotene. In this 
study, we found that inhibition of MAPT enhanced cell 
viability and brain function of mice after treatment 
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with bexarotene. We further observed that oxidative 
stress was attenuated after inhibition of MAPT, and 
expression of oxidative stress response-related mole-
cules were increased. These effects might be mediated 
by activation of nuclear factor erythroid 2-related fac-
tor 2 (Nrf2)/hemeoxygenase-1 (HO-1) and inhibition of 
MAPK/nuclear factor κB (NF-κB) signalling pathways. 

Material and methods

Reagents and method

H-DMEM (11965092), FBS (16140071) and Lipo-
fectamine 3000 transfection reagent (L3000001) were 
purchased from Gibco. XbaI (R0145S), EcoRI (R3101S), 
BsmBI (R0580S) and Quick ligase (M2200S) were pur-
chased from NEB. G418 (G8160), puromycin (P8230), 
MTT reagent (M8180), RIPA (R0010) and BCA kit (PC0020) 
were purchased from Solarbio. Bexarotene (200499) 
was purchased from Sigma. Anti-Tau (ab32057), 
p38 (phospho Y182) (ab47363), p38 (ab170099), AP1 
(ab21981), Keap1 (ab118285), Nrf2 (ab137550), Heme 
Oxygenase 1 (ab13243), NF-κB p65 (ab16502), NF-κB 
p65 (phospho S536) (ab86299), NQO1 (ab28947), GCLC 
(ab190685), glutathione reductase (ab124995), Bcl-2 
(ab182858), and Bax (ab32503) antibodies, as well as 
Cellular ROS Assay (ab186029), Nitric Oxide Synthase 
Activity Assay Kit (ab211084), Hydrogen Peroxide Assay 
Kit (ab102500) and GSH/GSSG Ratio Detection Assay 
Kit (ab138881) were purchased from Abcam. 

Vector construction and cell model 
construction

Full length MAPT cDNA was replicated using the 
following primers: Forward: 5’-GGCTCATTAGGCAA-
CATCC-3’, Reverse: 5’-AGCTGGGGCGAGTCTACCAT-3’. 
MAPT cDNA and pcDNA3.1 blank vector were digested 
with XbaI and EcoRI. Then, the pcDNA3.1-MAPT vector 
was transfected into cells using Lipofectamine 3000 
transfection reagent for 48 h according to the proto-
col, and stable expressing pcDNA3.1-MAPT cells were 
selected using G418 at a concentration of 800 μg/ml. 
A MAPT knockdown vector was constructed using the 
CRIPSR/Cas9 system. Briefly, the CRISPR blank vector 
was digested using BsmBI, and a pair of oligos were 
replicated with the following primer: Forward: 5’-CAC-
CGGATCTCCGTGTGGGGCTGCG-3’, Reverse: 5’-AAC-
CGCAGCCCCACACGGAGATCCGGTGC-3’. The pair of 
primers and vector were ligated with Quick Ligase to 
construct the MAPT knockdown vector. The vector was 
firstly transfected into 293T cells to construct a lentivi-

ral vector, and then H19-7 cells were infected with the 
lentivirus vector. Cells stably expressing MAPT knock-
down were selected using 2 μg/ml puromycin. 

Cells and mouse model construction 
and grouping

H19-7 (CRL-2526) and HEK293T cells (CRL-11268) 
were purchased from ATCC. Cells were cultured in 
H-DMEM supplemented with 10% fetal bovine serum 
(FBS) medium at a 34°C in a humidified 5% CO2 atmos-
phere. Then, cells were divided into four groups: TBI 
(TC), TBI combined with bexarotene treatment (BT), 
TBI combined with bexarotene treatment and MAPT 
overexpression (BO) and TBI combined with bexaro-
tene treatment and MAPT inhibition (BI). In bexaro-
tene treatment groups, cells were treated with 10 μM 
bexarotene for 12 h according to a previous study [4]. 
Five MAPT overexpression mice, 5 MAPT knockdown 
mice and 10 normal C57/BL mice were purchased from 
the Academy of Military Medical Sciences. Mice were 
divided into four groups: TBI (TG), TBI combined with 
bexarotene treatment (TB), TBI combined with bex-
arotene treatment and MAPT overexpression (TO) and 
TBI combined with bexarotene treatment and MAPT 
inhibition (TI). Mice were kept in a  22-24°C atmos-
phere with water and food freely available, and mice 
in the bexarotene treatment group were treated with 
5 mg/kg until subsequent experiments. To construct 
the TBI model, cells were seeded into a 6-well plate 
and scratched manually with a sterile plastic needle 
using a 9 × 9 square grid for 24 h according to a previ-
ous study [13]. The mice model of TBI was constructed 
as the previous study described [29]. Briefly, mice were 
anaesthetized with ketamine (100  mg/kg)/xylazine 
(10 mg/kg) via the intraperitoneal injection, and then 
craniotomy was performed with a hand-held electri-
cal drill (Dremel 10.8 V). The bone flap was removed 
to expose the right parietal cortex, and the mice 
were placed in a stereotaxic device and subjected to  
a 1.5-mm deep impact (velocity of 5 m/s) via a com-
puter-controlled impactor device (LinMot-Talk 1100) 
(impactor diameter of 2 mm). After successful CCI, 
serum samples and brain tissues were collected after 
euthanasia to perform the subsequent experiments.

Ethical statement

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

MTT assay

MTT assay was performed according to the man-
ufacturer’s protocol. Briefly, cells were seeded into 
a 96-well plate at a  concentration of 1 × 104 cells/
well, and cultured until a  confluence of 70-80%. 
Then, cells were grouped and treated as described 
in the previous section. After treatment, cells were 
incubated with MTT reagent at a  concentration of 
5 mg/ml for 4 h. OD values were measured at 490 nm 
after incubation with 150 μl DMSO, and cell viability 
was calculated using the following formula: viability 
rate = (ODExperiment – ODBlank)/(ODControl – ODBlank).

RNA extraction

RNA extraction was performed according to 
the protocol of RNApure Tissue & Cell Kit (CWBio, 
CW0584). Briefly, cells and brain tissues were lysed 
with lysis buffer, and after centrifuging at 12000 rpm 
for 5 min, samples were incubated with ethanol and 
then loaded onto an absorption tube. After wash-
ing with washing buffer, the samples were eluted 
with elution buffer, and the RNA concentration was 
detected using a Nano drop 2000. RNA samples were 
store at –80°C for subsequent experiments. 

Reverse transcription and qPCR

Reverse transcription and quantitative poly-
merase chain reaction (qPCR) were performed 
according to the protocol of UltraSYBR One Step 
RT-qPCR Kit (CWBio, CW2623). Briefly, the reaction 
buffer was mixed as recommended, and the reaction 
was performed using the following steps: reverse 
transcription at 45°C for 10 min, predegeneration at 
95°C for 5 min, repeating of these steps for 40 cycles: 
degradation at 95°C for 10 s and extension at 60°C for 
45 s. The reaction was performed using the following 
primers: Nrf2: Forward: 5’-CTTGGCCTCAGTGATTCT-
GAAGTG-3’, Reverse: 5’-CCTGAGATGGTGACAAGGGTT 
GTA-3’; HO-1: Forward: 5’-CAGGAGCTGCTGACCCAT-
GA-3’, Reverse: 5’-AGCAACTGTCGCCACCAGAA-3’; glu-
tamate-cysteine ligase catalytic subunit gene (GCLC):  
Forward: 5’-GAAGTGGATGTGGACACCAGATG-3’, Rever-
se: 5’-TTGTAGTCAGGATGGTTTGCGATAA-3’; NAD(P)H: 

quinone oxidoreductase 1 (NQO1): Forward: 5’-GGA- 
TTGGACCGAGCTGGAA-3’, Reverse: 5’-AATTGCAGTG- 
AAGATGAAGGCAAC-3’; Bcl-2: Forward: 5’-ATAACGG- 
AGGCTGGGTAGGT-3’, Reverse: 5’-TTTATTTCGCCGG- 
CTCCACA-3’; Bax: Forward: 5’-GCCCTTTTGCTTCAGG- 
GGATG-3’, Reverse: 5’-CAGCTGCCACTCGGAAAAAG-3’.  
Each experiment was independently repeated three 
times and GAPDH was used as an internal control. 
Expression of each target gene was determined 
using the 2-ΔΔCq method [12].

Protein extraction and western blotting 
analysis

Cells and tissues were lysed in lysis buffer (RIPA 
supplemented with protease inhibitor cocktail) and 
protein samples were collected after centrifugation at 
12,000 rpm for 10 min. The concentration of protein 
samples were determined using bicinchoninic acid 
(BCA) assay. Then, 60 µg protein samples were used to 
perform 10% SDS-PAGE electrophoresis. After electro-
phoresis, proteins were transferred onto nitrocellulose 
membranes and then blocked in 5% skim milk. Then, 
membranes were incubated with primary antibodies 
(1 : 1000) overnight at 4°C and secondary antibody 
(1 : 5000) at room temperature for 1 h. The grey value of 
proteins was detected using chemiluminescent immu-
noassay, and GAPDH was used as an internal control. 

ELISA

The enzyme-linked immunosorbent assay (ELISA)  
assay was performed according to the protocol. 
Briefly, cells and serum were added into each well of 
a 96-well plate, and incubated at 37°C for 90 min, fol-
lowed by incubation with target antibodies at 37°C 
for 60 min. After washing with washing buffer, sam-
ples were incubated with ABC working solution at 
37°C for 30 min. Samples were incubated with TMB 
agent for 25 min at 37°C followed by incubation with 
stop solution. Absorbance values were measured 
at 450 nm using a microplate reader (Multiskan FC, 
Thermo).

Statistical analysis

Data from each experiment are presented as the 
mean ±SEM. Each experiment was independently 
repeated three times. One-way ANOVA was used to 
analyse differences between groups using SPSS 22.0 
software. P-values < 0.05 were considered statisti-
cally significant.
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Results

Detection of cellular proliferation using 
MTT assay

As shown in Figure 1A, the viability rate of H19-7  
cells in the BT, BI and BO groups was 118.2 ±8.4, 
149.1 ±10.2 and 94.2 ±7.7, respectively. Cell viability in 
the BT group was significantly increased compared 
to the TC group (p < 0.05), and compared to the BT 
group, cell viability was significantly increased in 
the BI group (p  < 0.05) and significantly decreased 
in the BO group (p < 0.05). The results demonstrate 
that bexarotene attenuates damage in brain tissues 
after TBI, and overexpression of MAPT enhances this 
effect. 

Detection of MAPT expression in each 
group in cell and mouse models

As shown in Figure 1B and C, expression of MAPT 
in cell and mouse models was detected using west-
ern blotting analysis. Expression of MAPT in TC, BO 
and BI of cell models without treatment of bex-
arotene was 0.71 ±0.06, 0.89 ±0.07 and 0.43 ±0.04, 
respectively. Expression of MAPT in TG, TO and TI 

cell models without treatment of bexarotene was 
0.63 ±0.05, 0.91 ±0.08 and 0.36 ±0.03, respectively. 
These results indicate that MAPT overexpression and 
inhibition models were successfully constructed in 
cells and mice. 

Detection of target genes  
at the transcriptional level in cell  
and mouse models

As shown in Figures 2 and 3, the expression 
of Nrf2, HO-1, GCLC, NQO1, Bcl-2 and Bax at the 
transcriptional level was detected using qPCR. The 
expression of Nrf2 in TC, BT, BI and BO groups of 
H19-7 cells was 0.81 ±0.06, 0.96 ±0.07, 1.34 ±0.10 
and 0.72 ±0.06, respectively, and the expression in 
TG, TB, TI and TO mouse models was 1.05 ±0.08, 1.25 
±0.10, 1.57 ±0.12 and 1.06 ±0.08. In addition, the 
expression of HO-1 in these groups of cells was 0.90 
±0.07, 1.17 ±0.09, 1.52 ±0.12 and 0.94 ±0.07, respec-
tively, and it was 0.96 ±0.07, 1.24 ±0.10, 1.61 ±0.12 
and 1.05 ±0.08, respectively, in the mouse model. 
The expression of GCLC in these cell models was 
0.52 ±0.04, 0.73 ±0.06, 1.14 ±0.09 and 0.55 ±0.04, 
respectively, and it was 0.81 ±0.06, 0.97 ±0.07, 1.43 
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Fig. 1. The expression of MAPT in the cell and mice model without treatment of bexarotene. A) The viability 
rate of H19-7 cell in each group under treatment of bexarotene. B) The expression of MAPT in each group 
of H19-7 cell without treatment of bexarotene. C) The expression of MAPT in each group of the mice model 
without treatment of bexarotene. *p < 0.05 compared with the control group, #p < 0.05 compared with the 
bexarotene treatment group. GAPDH was used as an internal control. Each experiment was repeated inde-
pendently for three times. One-way ANOVA was used to compare the difference between groups.
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Fig. 2. Detection of oxidative response related factors at the transcription level in H19-7 cells using qPCR 
method. A) Expression of Nrf2 in each group of H19-7 cells. B) Expression of HO-1 in each group of H19-7 
cells. C) Expression of GCLC in each group of H19-7 cells. D) Expression of NQO1 in each group of H19-7 cells. 
E) Expression of Bcl-2 in each group of H19-7 cells. F) Expression of Bax in each group of H19-7 cells. *p < 0.05 
compared with the control group, #p < 0.05 compared with the bexarotene treatment group. GAPDH was 
used as an internal control. Each experiment was repeated independently for three times. One-way ANOVA 
was used to compare the difference between groups.
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Fig. 3. Detection of oxidative response related factors at the transcription level in the mice model using qPCR 
method. A) Expression of Nrf2 in each group of the mice model. B) Expression of HO-1 in each group of the 
mice model. C) Expression of GCLC in each group of the mice model. D) Expression of NQO1 in each group of 
the mice model. E) Expression of Bcl-2 in each group of the mice model. F) Expression of Bax in each group of 
the mice model. *p < 0.05 compared with the control group, #p < 0.05 compared with the bexarotene treat-
ment group. GAPDH was used as an internal control. Each experiment was repeated independently for three 
times. One-way ANOVA was used to compare the difference between groups.
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±0.11 and 0.84 ±0.06, respectively in each mouse 
model. The expression of NQO1 in these cell models  
was 0.62 ±0.05, 0.85 ±0.07, 1.34 ±0.10 and 0.71 
±0.05, respectively, and it was 0.82 ±0.06, 1.05 
±0.08, 1.56 ±0.12 and 0.86 ±0.07, respectively, in 
the mouse model. The expression of Bcl-2 in each 
group of cells was 0.65 ±0.05, 0.86 ±0.07, 1.25 ±0.10 
and 0.74 ±0.06, respectively, and it was 0.76 ±0.06, 
0.93 ±0.07, 1.58 ±0.12 and 0.81 ±0.06, respectively in 
each group of mice. Expression of Bax in each group 
of cells was 0.94 ±0.07, 0.70 ±0.05, 0.42 ±0.03 and 
0.81 ±0.06, respectively, and it was 1.24 ±0.10, 1.08 
±0.08, 0.72 ±0.06 and 1.17 ±0.09, respectively, in 
each group of mice. These results demonstrate that 
bexarotene treatment increased the expression lev-
els of Nrf2/HO-1 and glutathione metabolism relat-
ed enzymes, while inhibiting the apoptosis-related 
factors at the transcriptional level, suggesting that 
overexpression of MAPT might enhance the effect 
of bexarotene. 

Detection of target genes expression 
at the protein level in cell and mouse 
models

As shown in Figures 4 and 5, the expression of 
each target protein in the cell and mice model was 
detected using western blotting analysis. Briefly, 
the expression of MAPT in TC, BT, BI and BO groups 
of H19-7 cells was 0.35 ±0.03, 0.51 ±0.04, 0.72 ±0.06 

and 0.05 ±0.01, respectively, and it was 0.85 ±0.07, 
1.34 ±0.11, 1.84 ±0.15 and 0.84 ±0.07 in TG, TB, TI 
and TO groups of mice, respectively. The expression 
of NQO1 in each group of cells was 0.18 ±0.02, 0.65 
±0.05, 1.06 ±0.09 and 0.40 ±0.03, respectively, and it 
was 1.27 ±0.11, 1.97 ±0.16, 2.54 ±0.21 and 1.33 ±0.11 
in each group of mice, respectively. The expres-
sion of GCLC in each group of cells was 0.68 ±0.06, 
1.12 ±0.09, 1.71 ±0.14 and 0.72 ±0.06, respectively, 
and it was 0.36 ±0.03, 1.07 ±0.09, 2.00 ±0.17 and 
0.92 ±0.08 in each group of mice, respectively. The 
expression of glutathione-disulfide reductase (GSR) 
in each group of cells was 0.64 ±0.05, 0.82 ±0.08, 
1.05 ±0.09 and 0.59 ±0.05, respectively, and it was 
0.74 ±0.06, 1.31 ±0.11, 1.75 ±0.15 and 0.48 ±0.04 in 
each group of mice, respectively. The expression of 
Bcl-2 in each group of cells was 0.66 ±0.05, 0.73 
±0.06, 0.83 ±0.07 and 0.79 ±0.07, respectively, and 
it was 0.24 ±0.02, 0.71 ±0.06, 0.86 ±0.07 and 0.49 
±0.04 in corresponding mice. The expression of Bax 
in each group of cells was 1.80 ±0.15, 1.07 ±0.09, 
0.52 ±0.04 and 0.96 ±0.08, respectively, and it was 
1.32 ±0.11, 0.94 ±0.08, 0.49 ±0.04 and 1.19 ±0.10 
in corresponding mice. These results demonstrate 
that bexarotene treatment combined with overex-
pression of MAPT significantly increased the expres-
sion of glutathione synthesis related enzymes and 
inhibited apoptosis, exerting a  protective cellular 
effect. 

Fig. 4. Detection of glutathione synthesis and cellular apoptosis related enzymes expression in H19-7 
cells using Western blotting analysis. A) Expression of glutathione synthesis and cellular apoptosis relat-
ed enzymes. B) Quantitative analysis of each target proteins. *p < 0.05 compared with the control group, 
#p < 0.05 compared with the bexarotene treatment group. Each experiment was repeated independently for 
three times. One-way ANOVA was used to compare the difference between groups.
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Detection of expression of the Nrf2/HO-1 
signalling pathway in cell and mouse 
models

As shown in Figures 6 and 7, the expression of 
the Nrf2/HO-1 signalling pathway in cell and mouse 
models were detected using western blotting analy-
sis. Briefly, the ratio of p-MAPK/MAPK in TC, BT, BI and 
BO group of H19-7 cells was 2.28 ±0.19, 1.66 ±0.14, 

0.83 ±0.07 and 2.18 ±0.18, respectively, and it was 
0.80 ±0.07, 0.61 ±0.05, 0.24 ±0.02 and 0.78 ±0.07 in 
TG, TB, TI and TO mice, respectively. The expression 
of AP-1 in each group of cells was 1.14 ±0.10, 1.70 
±0.14, 2.11 ±0.18 and 1.32 ±0.11, respectively, and it 
was 1.34 ±0.11, 1.46 ±0.12, 1.75 ±0.15 and 1.09 ±0.09 
in each group of mice, respectively. The expression of 
Kelch-like ECH-associated protein 1 (Keap1) in each 
group of cells was 1.97 ±0.16, 1.71 ±0.14, 0.62 ±0.05 

Fig. 5. Detection of glutathione synthesis and cellular apoptosis related enzymes expression in the mice 
model using Western blotting analysis. A) Expression of glutathione synthesis and cellular apoptosis related 
enzymes. B) Quantitative analysis of each target proteins. *p < 0.05 compared with the control group, 
#p < 0.05 compared with the bexarotene treatment group. Each test was repeated independently for three 
times. One-way ANOVA was used to compare the difference between groups.
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ELISA. The reactive oxygen species (ROS) ratio in TC, 
BT, BI and BO groups of culture media from H19-7 
cells was 1.00 ±0.09, 0.81 ±0.07, 0.53 ±0.03 and 0.95 
±0.07, respectively and it was 1.00 ±0.08, 0.84 ±0.06, 
0.62 ±0.04 and 1.02 ±0.11 in TG, TB, TI and TO groups 
of serum samples from mice, respectively. The nitric 
oxide (NO) ratio in each group of culture media from 
cells was 1.00 ±0.07, 1.24 ±0.12, 1.61 ±0.14 and 1.07 
±0.09, respectively, and it was 1.00 ±0.08, 1.36 ±0.14, 
1.72 ±0.15 and 1.12 ±0.11 in each group of serum 
samples from mice, respectively. The ratio of H2O2 
in each group of culture media from cells was 1.00 
±0.07, 0.83 ±0.05, 0.51 ±0.03 and 0.92 ±0.07, respec-
tively, and it was 1.00 ±0.08, 0.86 ±0.06, 0.62 ±0.06 
and 0.99 ±0.07 in each group of serum samples from 
mice, respectively. The ratio of reduced glutathione/
oxidized glutathione (GSH/GSSG) in each group of 
culture media from cells was 0.42 ±0.03, 0.71 ±0.07, 
1.06 ±0.09 and 0.54 ±0.03, respectively, and it was 
0.53 ±0.04, 0.86 ±0.06, 1.17 ±0.12 and 0.72 ±0.06 in 
each group of serum samples from mice, respectively.

Discussion

Traumatic brain injury is the leading cause of 
mortality and morbidity worldwide, particularly in 

and 1.64 ±0.14, respectively, and it was 2.67 ±0.22, 
1.78 ±0.15, 0.82 ±0.01 and 1.70 ±0.14 in each group 
of mice, respectively. The expression of Nrf2 in each 
group of cells was 0.47 ±0.04, 0.88 ±0.07, 1.08 ±0.09 
and 0.05 ±0.01, respectively, and it was 0.65 ±0.05, 
1.87 ±0.16, 2.75 ±0.23 and 1.13 ±0.09 in each group 
of mice, respectively. The expression of HO-1 in each 
group of cells was 0.75 ±0.06, 1.26 ±0.11, 1.82 ±0.15 
and 1.40 ±0.12, respectively, and it was 1.49 ±0.12, 
2.15 ±0.18, 2.78 ±0.23 and 1.60 ±0.13 in each group of 
mice, respectively. The ratio of p-NF-κB/NF-κB in each 
group of cells was 1.24 ±0.10, 1.21 ±0.10, 0.93 ±0.08 
and 1.38 ±0.11, respectively, and it was 1.20 ±0.10, 
1.21 ±0.10, 0.96 ±0.08 and 1.35 ±0.11 in corresponding 
mice. These results show that the cellular protective 
effect of bexarotene treatment combined with over-
expression of MAPT might be mediated through the 
p-38 MAPK/Nrf2/HO-1 signalling pathway. 

Detection of oxidative stress related 
cytokines in cultured medium  
and serum samples

As shown in Figures 8 and 9, the concentration 
of oxidative stress-related cytokines in cultured 
medium and serum samples was detected using 
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rich countries [14]. Bexarotene is a selective agonist 
of RXR which has been approved for the treatment of 
cancer by Food and Drug Administration (FDA) [3], and 
recent studies observed that bexarotene also exerts 
a protective role in the treatment of central nervous 
system (CNS) diseases [33]. However, effective treat-
ments for TBI are still lacking. MAPT is a subtype of 
the microtubule-associated protein (MAP) family and 
was first identified in 1975 by Weignarten et al. as 
a responsible protein for microtubule assembly [28]. 
A previous study found that aggregation of MAPT is 
correlated with the progression of Alzheimer’s dis-
ease, and abnormal MAPT expression was observed 
in these patients [21]. A recent study found that 
MAPT is involved in the neurodegeneration process 
after TBI via regulation of the chronic inflammation 
process [32]. NQO1 is an enzyme that catalyses elec-
tron reduction using NAD(P)H as an electron donor 
via an FAD-dependent mechanism, and expression of 
NQO1 is inducible and regulated by Nrf2 and Keap1 
[5], which plays an important role in the response to 
oxidative stress. A previous study has shown that 
induction or knockdown of NQO1 is closely related 
with decreased or increased levels of oxidative stress 
[22]. GCLC, also known as the glutamate-cysteine 
ligase catalytic subunit gene, encodes the expression 
of glutamate cysteine ligase enzyme and regulates 
the first rate-limiting enzyme of cellular glutathione 
(GSH) biosynthetic pathway [23]. A previous study 
found that GCLC contains the active site, responsible 
for ATP-dependent bond formation between the ami-
no group of cysteine and the γ-carboxyl group of gluta-
mate. GSH also inhibits the activity of GCL by com-
peting with glutamate at the active site of GCLC [8]. 
Furthermore, under oxidative stress status, produc-
tion of ROS activates the Nrf2 pathway, resulting in 
an increased expression of GCLC, which protects cells 
against oxidative stress [30]. Glutathione reductase 
(GSR) is a member of the subfamily of flavoprotein 
oxidoreductases and catalyses the transformation 
of GSSG into GSH in an NADPH-dependent man-
ner [24]. Thus, GSR plays an important role in resist-
ing oxidative stress and maintaining cellular home-
ostasis through regulation of GSH/GSSG balance 
[10]. Aside from oxidative stress induced by damage 
in neurological cells, TBI also induces apoptosis, and 
mitochondria plays an important role in regulation of 
cellular survival and apoptotic death, including loss 
of mitochondrial transmembrane potential, changes 
in cellular oxidation-reduction status and regulation 

of Bcl-2 family proteins [9]. Bcl-2 is the primary anti-
apoptotic member of the Bcl-2 family of proteins, and 
regulates membrane integrity and release of cyto-
chrome C. Bax is the primary pro-apoptotic member, 
located in the cytoplasm and translocating into the 
mitochondria in response to death stimuli [15]. The 
balance between Bcl-2 and Bax determines the sur-
vival or apoptotic process of cells [16]. An increased 
expression of Bcl-2 and decreased expression of Bax 
leads to cell survival, indicating that overexpression 
of MAPT enhanced the protective effect of bexaro-
tene in treatment of a TBI model via promoting the 
survival of neuronal cells. 

Generation of ROS is a  characteristic pathologi-
cal presentation after TBI, which leads to apoptosis 
and death of neuronal cells. Under normal condi-
tions, Nrf2 binds with the ubiquitin ligase systems 
via Keap1, promoting the continuous ubiquitination 
and degradation of Nrf2 [6]. However, under oxida-
tive stress condition, radicals attack the cysteine 
residues of Keap1, leading to the dissociation and 
activation of Nrf2 [25]. Activation of Nrf2 increases 
the transcription of a wide array of downstream cyto-
protective genes, including hemeoxygenase-1 (HO-1) 
and NAD(P)H:quinone oxidoreductase 1 (NQO1) [16]. 
Among multiple factors, Nrf2 exerts a  significant 
neuroprotective role in TBI and neurodegenerative 
disorders, and inhibition of Nrf2 expression exacer-
bates the damage induced by TBI according to a pre-
vious study [7]. In contrast, the expression of NF-κB 
in neurons after TBI causes long-term inflammatory 
activation [18], while inhibition of NF-κB expression 
promotes neuronal cell death, worsens neurological 
outcomes and increases the posttraumatic mortality 
rate [17]. A recent study also found that an induced 
expression of Nrf2 promotes the expression of the 
anti-apoptotic BclxL protein and downregulation of 
Bax and other proapoptotic proteins via inhibition 
of NF-κB expression [11]. Moreover, cellular damage 
signals induce the activation of the MAPK signalling 
pathway, leading to the release of pro-inflammatory 
factors that aggravate the damage to neuronal cells 
in response to TBI via interaction with toll-like recep-
tors [2]. Using an Alzheimer’s mouse model, research-
ers found that inhibition of the MAPK expression 
induced the accumulation of amyloid-β, enhancing 
neurodegeneration symptoms in the mouse model 
[31]. A decreased expression of NF-κB and MAPK 
was observed after treatment of bexarotene and 
was increased after overexpression of MAPT, indicat-
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ing that overexpression of MAPT might enhance the 
therapeutic effects of bexarotene on TBI via alleviat-
ing the oxidative stress process. 
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