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Abstract: Tetrahydrocurcumin (THC) has been identified as a multi-functional neuroprotective agent in numerous 
neurological disorders. Oxidative stress as a result of injury may induce neuronal apoptosis after traumatic brain 
injury (TBI). Treatment with THC may improve neurological function following TBI by attenuating oxidative stress and 
apoptosis and by enhancing autophagy. The purpose of this study was to investigate the mechanism of neuroprotec-
tion by THC against oxidative stress-induced neuronal apoptosis after TBI. We hypothesized that neuroprotection by 
THC may involve modulation of autophagy and the mitochondria apoptotic pathway. We used western blot analysis 
to evaluate the effect of THC on proteins involved in mitochondrial autophagy and apoptosis after TBI. The terminal 
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay and immunofluorescence staining were used 
to confirm the role of THC in apoptosis and autophagy, respectively. THC-induced neuroprotection was assessed 
by neurological severity scoring (NSS) and by measuring the brain water content. We demonstrated that treatment 
with THC increased expression of autophagy-associated proteins LC3-II and Beclin-1 at 24 h post-TBI. Treatment 
with THC also reduced expression of malondialdehyde (MDA) and increased glutathione peroxidase (GPx) activity. 
Further, treatment with THC attenuated apoptosis by modulating mitochondrial apoptosis and reducing oxidative 
stress. Treatment with 3-methyladenine (3-MA) mitigated autophagy activation and reversed the inhibitory effect of 
THC on the translocation of Bax to the mitochondrial membrane. Moreover, treatment with THC improved neurologi-
cal function and reduced the brain water content in rats after TBI. We concluded that the neuroprotective effects of 
THC are mediated by enhancing autophagy activation and by attenuation of oxidative stress and apoptosis after TBI, 
probably by modulating the mitochondrial apoptotic pathway. We suggest that THC may be an effective therapeutic 
agent to treat TBI.

Keywords: Traumatic brain injury, tetrahydrocurcumin, oxidative stress, autophagy, mitochondrial apoptosis path-
way

Introduction

Traumatic brain injury (TBI) is defined as a 
mechanical injury accompanied by serious 
complications. TBI causes numerous deaths, 
acute and chronic deficits in survivors, and has 
been found to have a devastating impact on 
families and society [1, 2]. 

The mechanism of TBI involves both primary 
and secondary brain damage. Although the pri-
mary brain injury is the major factor, the sec-
ondary injury, which involves oxidative stress 
[4], provides the opportunity for clinical inter-
vention [3]. Damaged mitochondria at the cen-
ter of the injury produce excess reactive oxygen 
species (ROS) [5], and the dysfunctional mito-
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chondria may be degraded by autophagy to 
partially protect neurons and to reduce the oxi-
dative burden [6, 7]. During autophagy, the 
membrane permeability of damaged mitochon-
dria increases and mitochondrial apoptosis-
associated proteins promote neuronal cell 
death [8], thus, enhancing autophagy may be 
an effective therapeutic strategy for TBI. 

Curcumin (Cur) is abundant in the roots of the 
Curcuma longa Linn plant. An active metabolite 
of Cur, Tetrahydrocurcumin (THC), has been 
shown to have greater antioxidant activity than 
Cur and other curcuminoids in vitro and in vivo 
[9, 10]. A previous study suggested that THC 
could prevent human leukemia by enhancing 
autophagy [11]. In cisplatin-induced oxidative 
renal damage, THC exhibited antioxidant and 
anti-apoptotic effects to protect the kidney 
from nephrotoxicity [12]. Moreover, intraperito-
neal injection of THC was shown to improve 
cerebral ischemia through the modulation of 
autophagy [13]. However, the role of THC in  
the mitochondrial autophagy pathway in TBI 
remains unclear. 

In this study, we investigated the effects of  
THC on mitochondrial apoptosis and autophagy 
in a TBI model to determine whether THC pro-
vides neuroprotection after TBI by reducing 
apoptosis and autophagy caused by damaged 
mitochondria.

Material and methods

Animal preparation

Adult male Sprague-Dawley (SD) rats weighing 
250-300 g were purchased from the Experi- 
mental Animal Center of Jinling Hospital. All 
rats were allowed ad libitum access to food  
and water under conditions of controlled tem-
perature (24 ± 0.5°C) in a 12 h light/dark  
cycle room. The experimental protocols were 
approved by the Institutional Animal Care and 
Use Committee at Jinling hospital and con-
formed to the National Institutes of Health 
(NIH) Guide for the Care and Use of Laboratory 
Animals.

TBI model in rats

The rat model of TBI used in this study was a 
modified version of the weight-drop model 
according to previous study [2]. Briefly, rats 
were placed in a stereotaxic frame after intra-

peritoneal anesthesia with sodium pento- 
barbital (50 mg/kg). After disinfection, a 2.0 
cm midline scalp incision was made and the 
skull was exposed. On the left parietal cortex, a 
6-mm craniotomy was performed through the 
skull; the center of the hole was 2.5 mm lateral 
to the midline on the mid-coronal plane. The 
dura was left intact during the operation. 
Impact was performed by releasing a 40 g 
weight onto the dura from a height of 25 cm 
along a steel shaft, which translated to 1000 × 
g/cm. By this time, the scalp wound was thor-
oughly disinfected and closed with suture. 
Sham animals were subjected to the same pro-
cedures without injury. Then rats were returned 
to the cages and maintained at a temperature 
of 24.0 ± 0.5°C.

Experimental design and drug administration

Rats were randomly assigned to four groups: 
The sham group, the TBI group, the TBI + vehi-
cle group and the TBI + THC group (25 mg/kg). 
THC was purchased from Sigma-Aldrich (Saint 
Louis, MO, USA) and dissolved in saline con-
taining 1% dimethyl sulfoxide. THC (5 mg/kg, 
25 mg/kg, 50 mg/kg and 100 mg/kg) or  
equivalent volumes of vehicle (1% dimethyl  
sulfoxide in saline) were administered by intra-
peritoneal injection 30 min after TBI according 
to previous study [13]. To further confirm the 
effect of autophagy after TBI, rats were ran-
domly assigned to the 3-MA group: TBI + THC 
(25 mg/kg) + 3-MA (200 nM). The 3-methylad-
enine (3-MA) (Sigma-Aldrich, M9281), used as 
an autophagy inhibitor, was dissolved in the 
same vehicle liquid and injected into the intra-
cerebral ventricle according to a previous report 
[14]. 

Western blot analysis

Western blot analysis was performed as previ-
ously described [15]. The left cerebral cortical 
tissue was lysed in ice cold RIPA buffer contain-
ing 1% of a protease inhibitor cocktail. The pro-
tein content of the lysate was determined by 
the Bradford method. Equal amounts of pro-
teins were resolved on a 10%-12% sodium do- 
decyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel and transferred onto po- 
lyvinylidene fluoride (PVDF) membrane (Immo- 
bilon-P, Millipore Billerica MA, USA). The mem-
brane was blocked with 5% non-fat dry milk in 
TBST (Tris-buffered saline with 0.05% Tween 
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20) for 2 h at room temperature, and then incu-
bated overnight at 4°C, separately with the 
appropriate primary antibodies against the spe-
cific proteins. Specifically, LC3 at 1:1000 
(#NB600-1384, Novus Biologicals, Minnea- 
polis, MN, USA), Beclin-1 at 1:1000 (#NB500-
249, Novus Biologicals), caspase-3 at 1:1000 
(#9662, Cell Signaling Technology, Danvers, 
MA, USA), Bcl-2 at 1:1000 (#4223, Cell Sig- 
naling Technology), COX IV at 1:1000 (#11967, 
Cell Signaling Technology), Bax at 1:200 
(#ab32503, Abcam, Cambridge, UK), cyto-
chrome c at 1:10000 (#ab133504, Abcam), 
and β-actin at 1:5000 (Bioworld Technology, 
Saint Louis Park, MN, USA) in a blocking buffer. 
Afterwards, the membrane was washed three 
times with TBST for 15 min, and then incubated 
with the secondary antibodies, namely HRP 
conjugated secondary antibodies at 1:5000 
(goat; Bioworld Technology) for 2 h at room 
temperature. Finally, following a 20-min wash 
with TBST, the protein bands were visualized 
via enhanced chemiluminescence (ECL) (Mill- 
ipore, Billerica, MA, USA) and exposure to X-ray 
film. The western blot results were analyzed 
using Un-Scan-It 6.1 software (Silk Scientific 
Inc., Orem, UT, USA).

Determination of malondialdehyde (MDA) con-
tent and glutathione peroxidase (GPx) activity

The MDA content and GPx activity were evalu-
ated according to previous study [4]. Tissue 
samples were homogenized in 2 ml phosphate 
buffer saline (PBS, pH 7.4) and centrifuged at 
12,000 rpm for 15 min/4°C. First, we deter-
mined the concentrations of total protein by the 
Bradford method. Then, according to the manu-
facturer’s instructions of the commercial kits 
for MDA and GPx (Nanjing Jiancheng Bioche- 
mistry Co., Nanjing, China) detection, we mea-
sured the content of MDA and the activity of 
GPx using a spectrophotometer. The content of 
MDA was expressed as nmol/mg protein, and 
the activity of GPx was expressed as U/mg 
protein.

Terminal deoxynucleotidyl transferase dUTP 
nick end-labeling (TUNEL) 

The brain tissue sections were examined for 
apoptotic cells using a terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL) 
detection kit (Roche, South San Francisco, CA, 
USA) following the manufacturer’s instructions. 

Briefly, the sections were incubated with the 
TUNEL reagent for 1 h at 37°C. The sections 
were then washed three times in PBS, coun- 
terstained with DAPI for 2 min, and rinsed  
with PBS. Cover slips were applied with mount-
ing media. Fluorescence was imaged on an 
Olympus IX71 inverted microscope system. The 
number of apoptotic cells to DAPI stained-cells 
was regarded as apoptotic index (apoptotic 
cells/DAPI). Six random vision fields (40 ×) sur-
rounding contusion in each coronal section 
were chosen, and the mean number of apop-
totic index in the six views was regarded as the 
data of each section. A total of four sections 
from each animal were used for quantification. 
The final average number of the four sections 
was regarded as the data for each sample. 
Data are presented as the mean number of 
apoptotic index per 40 × magnification field. All 
the processes were conducted by two investi-
gators who were blinded to the grouping.

Immunofluorescence staining 

The level of autophagy was assessed according 
to a previous immunostaining protocol as fol-
lows: the slides of each coronal sections were 
incubated in blocking buffer for 2 h, then 
washed with PBS three times for 10 min. Next, 
the slides were incubated with anti-LC3 anti-
body (1:200), in a dark place overnight at 4°C. 
Afterwards, the slides were washed three times 
with PBS and incubated with another antibody, 
namely anti-NeuN (1:100), under similar condi-
tions. The following day, the slides were thor-
oughly washed with PBS and incubated with 
the corresponding secondary antibodies for 1 
h. After the wash with PBS, the slides were 
stained with DAPI for 2 min to show the location 
of nucleus. Coverslips were applied with mount-
ing media. The fluorescently-stained cells were 
imaged on an Olympus IX71 inverted micro-
scope system and analyzed using the Image-
Pro Plus 6.0 software (Media Cybernetics, 
Silver Spring, MD, USA).

Brain water content

Brain water content was measured as previ-
ously described [4]. Animals were anesthetized 
with sodium pentobarbital (50 mg/kg; i.p) and 
the brains were quickly dissected at 24 h after 
TBI. The cerebellum and brainstem were dis-
carded, while the left cortical tissue was har-
vested. The wet weight of each cortical tissue 
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was measured, then dried for 72 h at 80°C and 
the dry weight determined. The percentage of 
brain water content was calculated using the 
following formula = [(wet weight-dry weight)/
wet weight] × 100%.

Assessment of neurological function

The neurological function of all rats before TBI 
and at 24 h after TBI were evaluated, according 
to previous studies [16, 17], by three investiga-
tors who were blinded to the experimental 
groups. The grading of neurological severity 
scoring (NSS) was as follows: severe injury 
(score: 13-18); moderate injury (score: 7-12); 
mild injury (score: 1-6); no injury (score: 0) 
(Table 1).

Statistical analysis

Data were analyzed with SPSS 17.0 software 
package (SPSS, Inc., Chicago, IL, USA) and the 

statistically significant difference was set at  
P < 0.05. Data are expressed as the mean ± 
Standard Deviation (SD). Comparisons bet- 
ween two groups were performed using Stu- 
dent’s t test and Multiple comparisons were 
performed using a one-way ANOVA followed by 
Tukey’s test.

Results

THC-induced autophagy in the injured cortex 
after TBI

We evaluated the effect of THC on autophagy 
with the established autophagy activation bio-
logical markers LC3 and Beclin-1. Previous 
studies [4, 13] indicated that 24 h post-TBI is 
the most appropriate timepoint to evaluate 
autophagy in rats. Four doses (5, 25, 50, and 
100 mg/kg) of THC were tested to evaluate the 
dose effect of THC on LC3 and Beclin-1 expres-

Table 1. Neurological severity scores (NSS)
Points

Motor tests
    Raising rat by the tail (normal = 0; maximum = 3)
        Flexion of forelimb 1
        Flexion of hindlimb 1
        Head moved > 10° to vertical axis within 30 s 1
    Placing rat on the floor (normal = 0; maximum = 3)
        Normal walk 0
        Inability to walk straight 1
        Circling toward the paretic side 2
        Fall down to the paretic side  3
Sensory tests (normal = 0; maximum = 2)
    Placing test (visual and tactile test) 1
    Proprioceptive test (deep sensation, pushing the paw against the table edge to stimulate limb muscles) 2
Beam balance tests (normal = 0; maximum = 6)
    Balances with steady posture 0
    Grasps side of beam 1
    Hugs the beam and one limb falls down from the beam   2
    Hugs the beam and two limbs fall down from the beam, or spins on beam (> 60 s) 3
    Attempts to balance on the beam but falls off (> 40 s) 4
    Attempts to balance on the beam but falls off (> 20 s) 5
    Falls off: No attempt to balance or hang on to the beam (< 20 s) 6
Reflexes absent and abnormal movements (normal = 0; maximum = 4)
    Pinna reflex (head shake when touching the auditory meatus) 1
    Corneal reflex (eye blink when lightly touching the cornea with cotton) 1
    Startle reflex (motor response to a brief noise from snapping a clipboard paper) 1
    Seizures, myoclonus, myodystony 1
Maximum points 18
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sion at 24 h post-TBI. LC3-II 
expression increased 30% in 
the TBI group when compared 
with the sham group (P < 
0.01) (Figure 1A, 1B). Admini- 
stration of 5 mg/kg of THC did 
not affect autophagy, but 
administration of 25 mg/kg of 
THC increased LC3-II expres-
sion (P < 0.001) (Figure 1A, 
1B). As the THC concentration 
administered increased to 50 
mg/kg and 100 mg/kg, LC3-II 
expression gradually declined 
relative to the 25 mg/kg 
group (P < 0.01) (Figure 1A, 
1B), but remained higher than 
in the TBI group. Similarly, the 
highest level of Beclin-1 ex- 
pression was reached with 25 
mg/kg of THC at 24 h post-TBI 
(P < 0.01) (Figure 1A, 1C). 
Because the 25 mg/kg dose 
of THC showed the strongest 
effect on autophagy, we used 
this dose in the forthcoming 
experiments. 

To confirm the optimal time at 
which THC-induced autopha-
gy, we evaluated treatment 
with 25 mg/kg of THC at three 
timepoints (6, 24, and 72 h) 
post-TBI. LC3-II expression 
increased at 24 h post-TBI 
relative to the sham group  
(P < 0.01) (Figure 2A, 2B), 
whereas only minor altera-
tions were seen at 6 h post-
TBI relative to the TBI + vehi-
cle group (P < 0.05) (Figure 
2A, 2B). LC3-II expression 
was enhanced at the 24 h 
timepoint relative to the 6 h 
time point (P < 0.001), LC3-II 
expression decreased by the 
72 h timepoint relative to the 
24 h timepoint (P < 0.01) 
(Figure 2A, 2B). Beclin-1 ex- 
pression exhibited a similar 
pattern; Beclin-1 expression 
began increasing 6 h post-TBI 
(P < 0.05) (Figure 2A, 2C), 
reached its highest level at 24 
h post-TBI when compared 

Figure 1. The effect of THC on autophagy in different groups. (A) The expres-
sion of LC3-II and Beclin-1 was assessed by western blot analysis in rats at 
24 h after TBI. Quantitative analysis the ratios of LC3-II (B) and Beclin-1 (C), 
normalized against β-actin. Data are presented as mean ± SD (n = 5 rats per 
group). **P < 0.01 vs. Sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 
TBI group; @P < 0.05, @@P < 0.01 vs. TBI + THC (25 mg/kg) group.

Figure 2. The appropriate time of THC on activation of autophagy after TBI 
in rats. (A) Western blot assay of LC3-II and Beclin-1 expression in different 
groups. High expression of LC3-II and Beclin-1 were observed in the group of 
24 h time point. Quantitative analysis the ratios of LC3-II (B) and Beclin-1 (C), 
normalized against β-actin. Data are presented as mean ± SD (n = 5 rats per 
group). *P < 0.05, **P < 0.01 vs. Sham group; #P < 0.05, ##P < 0.01, ###P 
< 0.001 vs. TBI + vehicle group; @P < 0.05, @@@P < 0.001 vs. 6 h group; 
@@P < 0.01 vs. 24 h group.
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with the 6 h timepoint (P < 0.05), and then 
gradually decreased (P < 0.01) (Figure 2A, 2C). 
These data confirmed utilization of the 24 h 
post-TBI timepoint in the forthcoming experi- 
ments. 

To further confirm the optimal dose and time 
for THC-induced autophagy post-TBI, four 
groups were evaluated: a sham group, a TBI 
group, a TBI + vehicle group, and a TBI + THC 
group. Evaluation of LC3 puncta upon treat-
ment with 25 mg/kg of THC at 24 h post-TBI 
was performed by immunofluorescence. Only  
a few LC3-positive cells were present in the 

TBI, we measured malondialdehyde (MDA) and 
glutathione peroxidase (GPx) levels in four 
groups of rats: a sham group, a TBI group, a  
TBI + vehicle group, and a TBI + THC group. 
MDA and GPx levels reflect lipid peroxidation 
and antioxidant levels, respectively. MDA levels 
were higher in the TBI and TBI + vehicle groups 
relative to the sham group (P < 0.01, P < 0.001) 
(Figure 4A). Treatment with 25 mg/kg of THC 
reduced MDA levels (P < 0.05) (Figure 4A). GPx 
activities were reduced in the TBI and TBI + 
vehicle groups relative to the sham group (P < 
0.01) (Figure 4B), but treatment with THC res-
cued GPx activity after TBI (P < 0.01) (Figure 

Figure 3. Representing immunofluorescence images of LC3 and NeuN co-expression surrounding the injured cortex 
after THC treatment at 24 h with TBI in rats. In the cytoplasm, LC3 punctate dots was labeled with red. Neurons are 
labeled with NeuN (green) and nuclei of all cells are labeled with DAPI (blue). THC treatment significantly increased 
the proportion of LC3 positive neurons (red) after TBI. Bar = 20 µm. 

Figure 4. The effect of THC on anti-oxidative stress after TBI in rats. Measure-
ments the level of malondialdehyde (MDA) (A) and the activity of glutathione 
peroxidase (GPx) (B) in different groups. Data are presented as mean ± SD 
(n = 5 rats per group). **P < 0.01, ***P < 0.001 vs. Sham group; #P < 0.05, 
##P < 0.01 vs. TBI + vehicle group.

sham group, and the number 
of LC3-positive cells increa- 
sed with TBI (Figure 3). Upon 
treatment with 25 mg/kg of 
THC post-TBI, the number of 
LC3-positive cells increased 
further. These data suggest 
that treatment with 25 mg/ 
kg of THC enhances autopha-
gy at 24 h post-TBI.

THC treatment reduced 
oxidative stress in the injured 
cortex after TBI

To investigate the effect of 
THC on oxidative stress after 
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4B). These data suggest that THC alleviates  
oxidative stress and enhances antioxidant 
enzyme activity after TBI.

THC reduced apoptosis in the injured cortex 
after TBI

To determine whether treatment with 25 mg/
kg of THC could reduce apoptosis in the injured 
cortex 24 h post-TBI, we used the terminal 
deoxynucleotidyl transferase (TdT)-mediated 
dUTP nick end-labeling (TUNEL) immunofluo-
rescence staining assay to detect apoptotic 
cells. Although only a few TUNEL-positive cells 
were found in the cortex of the sham group, the 
apoptotic index of the cortex increased after 
TBI (P < 0.001) (Figure 5A, 5B). THC treatment 
reversed this post-TBI apoptotic index; the 
number of TUNEL-positive cells decreased in 
the TBI + THC group relative to the TBI + vehicle 
group (P < 0.05) (Figure 5B). No difference in 
the number of apoptotic cells was found 
between the TBI group and the TBI + vehicle 
group. These data suggest that THC treatment 
could reduce TBI-induced apoptosis.

We also used western blot analysis to examine 
expression of cleaved caspase-3, an indicator 
of apoptosis. Cleaved caspase-3 expression 
was higher at 24 h post-TBI relative to the sham 
group (P < 0.001) (Figure 6A, 6B). Additionally, 
treatment with THC reduced the cleaved cas-
pase-3 level relative to the TBI + vehicle group 

Figure 5. The effect of THC on anti-apoptosis was evaluated by TUNEL staining after TBI in rats. A. Representing 
immunofluorescence images that showed similar results demonstrating the effect of THC on the anti-apoptosis at 
24 h induced by TBI. Apoptotic neurons are labeled with red, surrounding the injured site and nuclei are labeled 
with DAPI (blue). B. The ratio of positive cells against neural cells. Data are presented as mean ± SD (n = 3 rats per 
group). Bar = 20 µm. ***P < 0.001 vs. Sham group; #P < 0.05 vs. TBI + vehicle group.

Figure 6. The effect of THC on anti-apoptosis was as-
sessed at 24 h after TBI in rats. A. The expression of 
cleaved caspase-3 was evaluated in different groups 
by western blot analysis. B. Quantitative analysis 
the ratio of cleaved caspase-3, normalized against 
β-actin. Data are presented as mean ± SD (n = 5 rats 
per group). ***P < 0.001 vs. Sham group; #P < 0.05 
vs. TBI + vehicle group.
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Figure 7. The effect of THC on mitochondrial apoptotic associated proteins at 
24 h after TBI in rats. The expression of Bax, Bcl-2 and cytochrome c in mi-
tochondria (A) and in cytoplasm (B) was evaluated by western blot analysis. 
Quantitative analysis the ratios of Bax (C), Bcl-2 (E) and cytochrome c (G) in 
mitochondria and in cytoplasm (D, F, H), normalized against Cox IV or β-actin. 
Data are presented as mean ± SD (n = 5 rats per group). ***P < 0.001 vs. 
Sham group; #P < 0.05, ##P < 0.01 vs. TBI + vehicle group. 

(P < 0.05) (Figure 6A, 6B). These results indi-
cate that 25 mg/kg of THC could reduce the 
level of apoptosis at 24 h post-TBI.  

THC altered expression of apoptotic factors in 
the injured cortex after TBI

To determine whether the anti-apoptotic effect 
of the THC treatment is connected to the mito-
chondrial apoptotic pathway, we examined 
expression of biological markers of the mito-
chondrial apoptotic pathway, namely Bax, Bcl-
2, and cytochrome c upon TBI. When mitoc- 
hondria were injured by TBI, expression of the 

pared with the TBI + vehicle group (P < 0.01) 
(Figure 7B, 7D, 7F, 7H). These results indicate 
that 25 mg/kg of THC partially inhibits the 
release of cytochrome c and the expression  
of pro-apoptotic factors, and increases the 
expression of anti-apoptotic factors in the 
mitochondria.

THC suppressed apoptosis through modulation 
of autophagy in the injured cortex after TBI

We found that autophagy was activated upon 
treatment with 25 mg/kg of THC at 24 h post-
TBI. To determine whether this autophagy acti-

pro-apoptotic factor Bax in- 
creased when compared with 
the sham group (P < 0.001) 
(Figure 7A-E), expression of 
the anti-apoptotic factor Bcl2 
decreased when compared 
with the sham group (P < 
0.001), and cytochrome c  
was released from the mito-
chondria into the cytoplasm. 
However, treatment with 25 
mg/kg of THC at 24 h post-TBI 
reversed the expression lev-
els of mitochondrial Bax and 
Bcl-2 relative to the TBI + 
vehicle group (P < 0.05, P < 
0.01) (Figure 7A-E). Expre- 
ssion of mitochondrial cyto-
chrome c was lower in the  
TBI and TBI + vehicle groups 
when compared with the 
sham group (P < 0.001) (Fig- 
ure 7A, 7G). Administration of 
25 mg/kg of THC increased 
mitochondrial cytochrome c 
expression post-TBI (P < 
0.01).

We also evaluated cytoplas-
mic protein levels. The level of 
cytoplasmic Bax protein de- 
creased, whereas the levels 
of cytoplasmic Bcl-2 and cy- 
tochrome c proteins increas- 
ed at 24 h post-TBI relative to 
the sham group (P < 0.001) 
(Figure 7B, 7D, 7F, 7H). After 
treatment with 25 mg/kg of 
THC, the level of cytoplasmic 
Bax protein increased, where-
as the levels of cytoplasmic 
Bcl-2 and cytochrome c pro-
teins decreased when com-
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Figure 8. The effect of THC on mitochondrial apoptotic associated proteins after autophagy inhibitor 3-MA treatment at 24 h following TBI. (A) Western blot assay of 
Beclin-1 and LC3-II expression in different groups. Quantitative analysis the ratios of Beclin-1 (B) and LC3-II (C) in, normalized against β-actin. (D) The expression of 
cleaved caspase-3 and Bax was evaluated by western blot analysis. Quantitative analysis the ratios of cleaved caspase-3 (E) and Bax (F), normalized against β-actin. 
Data are presented as mean ± SD (n = 5 rats per group). **P < 0.01, ***P < 0.001 vs. Sham group; ##P < 0.01, ###P < 0.001 vs. TBI group; @P < 0.05, @@P < 
0.01, @@@P < 0.001 vs. TBI + THC group. 
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vation is associated with the mitochondrial 
apoptotic pathway, we used the autophagy 
inhibitor 3-MA and examined the expression of 
mitochondrial apoptosis-associated proteins 
by western blot analysis. Expression of two 
autophagy markers, Beclin-1 and LC3-II, were 
reduced in the TBI + THC + 3-MA group when 
compared with the TBI + THC group (P < 0.001) 
(Figure 8A-C). Similarly, treatment with THC + 
3-MA reduced expression of Bax, a protein 
associated with the mitochondrial apoptotic 
pathway, relative to the group treated with THC 
alone (P < 0.01) (Figure 8D, 8F). In addition, 
treatment with THC + 3-MA increased the le- 
vel of cleaved caspase-3 relative to treatment 
with THC alone (P < 0.05) (Figure 8D, 8E). 
These data indicate that THC suppresses the 
mitochondrial apoptotic pathway by activating 
autophagy after TBI.

THC improved neurological function and ame-
liorated cerebral edema in the injured hemi-
sphere after TBI

Neurological function and brain water content 
were analyzed to evaluate the neuroprotective 
effect of 25 mg/kg of THC at 24 h post-TBI.  
We used the neurological severity scoring  
(NSS) system to evaluate neural impairment, 
and we measured the brain water content to 
determine the degree of brain edema. All of  
the rats were scored as 0 before the operation. 
We found that the NSS and brain water content 
increased after TBI treatment relative to the 
sham group (P < 0.001) (Figure 9A, 9B). Treat- 
ment with 25 mg/kg of THC improved neuro-
logical function and reduced the brain water 
content when compared with the TBI + vehicle 

further enhanced autophagy. 2) Treatment with 
THC reduced oxidative stress and apoptosis of 
neuronal cells, probably via modulation of 
autophagy and mitochondrial apoptotic path-
ways. 3) Treatment with THC attenuated the 
brain water content and improved neurological 
function at 24 h post-TBI.

Previous studies demonstrated that THC pene-
trated the blood brain barrier after peripheral 
injection [18], exhibited potent antioxidant 
properties, and modulated autophagy [18, 19]. 
In cerebral ischemia [13] and neurodegenera-
tive diseases [19], THC showed neuroprotec-
tive effects by regulating autophagy and atten-
uating oxidative stress. In addition, THC-induc- 
ed autophagy in human leukemia HL-60 cells, 
thereby exerting an anticancer effect [11]. Fur- 
thermore, we found that intraperitoneal injec-
tion with 25 mg/kg of THC 30 min post-TBI  
activated autophagy. We also found that THC 
treatment was optimal at 24 h post-TBI, which 
is consistent with a previous study [20].

Oxidative stress, a pathology resulting from 
secondary brain injury, is caused by accu- 
mulation of ROS after TBI [4]. During normal 
respiration, mitochondria produce ROS to oxi-
dize proteins and DNA [5]. Damaged mitochon-
dria at the center of an injury produces excess 
ROS, which obstructs mitochondrial function 
and upsets the normal balance of endogenous 
oxidant and antioxidant mechanisms [21]. To 
evaluate the level of oxidative stress after TBI, 
MDA and GPx, markers of lipid peroxidation 
and antioxidation, were measured [22]. We 
showed that treatment with 25 mg/kg of THC 
reduced the MDA level and induced GPx activi-

Figure 9. Evaluation the effect of THC on neuroprotection at 24 h with TBI in 
rats. Neurological assessment by neurological severity score (A) and mea-
surements the level of brain water content (B) in different groups. Data are 
presented as mean ± SD (n = 7 rats per group). ***P < 0.001 vs. Sham 
group; ##P < 0.01 vs. TBI + vehicle group. 

group (P < 0.01) (Figure 9A, 
9B). These data demonstrate 
that THC provides neuropro-
tection after TBI in rats.

Discussion

In this study, we investigated 
the neuroprotective effects  
of THC against TBI-induced 
secondary brain injury in a  
rat model of TBI. The major 
findings of this include: 1) In 
the injured cortex of the rat, 
autophagy increased at 24 h 
post-TBI and treatment with 
25 mg/kg of THC treatment 
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ty indicating that THC functions as an antioxi-
dant after TBI.

In the pathophysiology of TBI, dysfunctional 
mitochondria can promote cell death through 
the mitochondrial apoptotic pathway [23-25]. 
Briefly, an increase in expression of pro-apop-
totic factors relative to expression of anti-apop-
totic BCL2 family proteins leads to BAX-BAK 
dependent pore formation and increases mito-
chondrial permeability. Afterwards, killer pro-
teins, such as cytochrome c, are released into 
the cytoplasm from the mitochondrial inter-
membrane space and trigger a cascade of 
molecular interactions, including caspases-3 
activation, leading to degradation of DNA and 
essential proteins, which ultimately results in 
cell death [22, 26, 27]. Our data indicate that 
treatment with 25 mg/kg of THC inhibits the 
translocation of Bax to the mitochondrial mem-
brane, increases the expression of the anti-
apoptotic protein Bcl-2 in the mitochondria, 
and reduces the release of cytochrome c from 
the mitochondria to the cytoplasm. We also 
showed that THC protects neurons from the 
mitochondrial apoptotic pathway following TBI.

Autophagy has been found to be involved in 
various brain injury diseases, including neuro-
degenerative diseases [28-30] and cerebral 
ischemia [31-33]. It is still unclear whether 
autophagy functions as a cell death or a cell 
survival pathway [34]. Clark found that auto- 
phagy increased in human brain tissue after 
TBI and that oxidative stress exacerbated neu-
ropathological damage in mice after TBI by 
influencing autophagy [35]. Viscomi found  
that activation of autophagy by rapamycin pro-
vided neuroprotection by inhibiting the release 
of cytochrome c after CNS focal damage [36]. 
We showed that treatment with THC enhanc- 
ed activation of autophagy and protected the 
brain from mitochondrial apoptosis in a rat 
model of TBI.

Our study had several limitations. First, when 
examining the relationship between autophagy 
and apoptosis, we only used the autophagy 
inhibitor 3-MA, but to be more convincing, we 
should have used additional autophagy inhibi-
tors, such as Wortmannin or Becn+/- rats. 
Second, we only showed the anti-apoptotic 
effect of THC by inhibiting the mitochondrial 
apoptotic pathway via activation of autophagy. 
Additional regulatory mechanisms of autopha-

gy and apoptosis should be investigated. Third, 
we did not examine the effects of THC in vitro, 
thus further studies are required to verify our 
findings.

In conclusion, we demonstrated that treat- 
ment with THC provides neuroprotection by 
improving neurological function and ameliorat-
ing cerebral edema in a rat model of TBI. 
Moreover, administration of THC reduced oxi-
dative stress and reduced the number of apop-
totic neurons following TBI. THC also activated 
autophagy and inhibited the mitochondrial 
apoptotic pathway after TBI. Treatment with the 
autophagy inhibitor 3-MA confirmed the rela-
tionship between autophagy and the mitochon-
drial apoptosis pathway. We suggest that mod-
ulation of autophagy may be an effective 
therapeutic strategy for TBI.
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