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Introduction

Traumatic brain injury (TBI) is a critical worldwide public 
health problem with high morbidity and mortality.[1] Following 
the primary brain injury resulting from the direct mechanical 
insult, the brain damage is aggravated by the secondary injury 
caused by a series of pathophysiological events continuing for 
hours to days after TBI.[2] The current experimental and clinical 
studies focused on the neuroprotection following TBI, with 
the purpose of preventing the secondary insults and improve 
functional outcome.[3] Timely and effective therapeutic 
interventions after trauma would improve the long‑term 
prognosis of patients with TBI;[4] therefore, the therapeutic 
window would also be an issue of great importance.

Substantial evidence indicates that free radical production 
and oxidative damage play an important role in the secondary 

injury after TBI.[2,5] Lipid peroxidation  (LP)‑mediated 
oxidative injury after TBI, initiated by reactive oxygen 
species and reactive nitrogen species, results in the increased 
permeability of membranes, decreased membrane adenosine 
triphosphatase activity, mitochondrial dysfunction, 
and cell damage.[5,6] As a consequence of LP‑mediated 
membrane injury, aldehydic breakdown products like 
4‑hydroxynonenal  (4‑HNE) are generated during the 
first hour following TBI.[5] The reactive aldehyde 4‑HNE 
acts as a key mediator of oxidative injury by binding 
critical cellular proteins, resulting in impaired mitochondrial 
bioenergetic function.[7]

Posttraumatic oxidative damage may lead to mitochondrial 
dysfunction, consequently exacerbating neuronal calcium 
dysregulation.[5] Calpains, a family of calcium‑activated 
neutral cysteine proteases that may be activated within 
minutes to hours following TBI in animals, play a vital 
role in TBI‑induced neuronal damage.[6,8] Transient 
calpain activation may trigger multiple cell signaling and 
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remodeling pathways.[8] Trauma‑induced sustained calpain 
activation contributes to the degradation of extensive cellular 
proteins, including components of the cytoskeleton such 
as αII‑spectrin, eventually causing neurodegeneration, 
neurological dysfunction, and neuronal death following 
TBI.[6,9] Collapsin response mediator protein‑2 (CRMP2), 
a cytosolic protein highly expressed in the brain, plays a 
major role in axonal guidance, specification, elongation 
and branching, neurotransmitter release, resistance to 
glutamate toxicity and neuronal cell death.[10] The proteolysis 
of CRMP2 mediated by calpain following TBI may be 
a potential inhibitory factor for posttraumatic neurite 
regeneration.[11]

Propofol is a widely used intravenous  (i.v.) anesthetic 
similar in structure to the natural antioxidant Vitamin E; 
it is commonly used in the sedation of TBI patients in the 
intensive care unit or during the intraoperative period. 
Propofol has been demonstrated to have potential protective 
effects against oxidative injury in animals and humans, but 
its signaling pathways are poorly elucidated.[12]

In this study, we hypothesized that propofol attenuates LP, 
calpain‑induced CRMP2 degradation and programmed cell 
death, providing neuroprotection during the early period after 
TBI. To test this hypothesis, we investigated the effects of 
postinjury propofol on oxidative stress, calpain‑mediated 
CRMP2 proteolysis and programmed cell death and the 
therapeutic window in a controlled cortical impact  (CCI) 
model in rats. The levels of 4‑HNE‑modified proteins were 
determined to evaluate the LP‑induced injury. The integrity 
of αII‑spectrin and CRMP2 were detected to examine calpain 
activation and CRMP2 proteolysis. Histological evaluations 
were also performed to estimate TBI‑induced programmed 
cell death.

Methods

Animals
The present study employed 70 adult male Sprague‑Dawley 
rats (Vital River Laboratory Animal Technology Co., Ltd., 
China) weighing 220–270 g. All animals were housed in 
plastic cages in an animal room with a controlled 12  h 
light‑dark cycle. Water and food were provided ad libitum. 
Appropriate experimental protocols were maintained to 
meet the guidelines established by the Animal Care and Use 
Committee of Capital Medical University, which conformed 
to the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. We have made every effort to 
relieve animal suffering and reduce the numbers of animals 
used for this study.

Rat model of focal (controlled cortical impact) traumatic 
brain injury
A unilateral CCI injury was induced using a controlled 
cortical impactor (Impact One™ Stereotaxic Impactor for 
CCI, Richmond, IL, USA). The animals were anesthetized 
with 10% chloral hydrate (Sigma‑Aldrich, St Louis, MO, 
USA) (400  mg/kg, i.p.). The core body temperature was 

maintained at 37 ± 1°C by a localized temperature therapy 
system with a warming pad beneath the rats. Catheters were 
inserted into the tail vein, and artery for i.v. injection and 
arterial blood gas analysis, respectively. The animals were 
mounted on a stereotaxic instrument (Narishige Scientific 
Instrument Lab, Japan) in a prone position and fixed by 
auxiliary ear and incisor bars. The animals received a 
midline cranial skin incision and unilateral (on the right side) 
craniotomy (4 mm in diameter) lateral and 0.5 mm anterior to 
the bregma, directly over the forelimb sensorimotor cortex.[13] 
The CCI was accomplished with a rounded‑tip impact probe 
(3  mm in diameter) connected to an electromechanical 
actuator. The cortical impact was delivered at a velocity of 
6.0 m/s with a depth of 1.0 mm below the cortical surface, 
remaining for 150 ms, which caused moderate TBI.[14] The 
impactor rod was angled 18° away from vertical to maintain 
the impact probe perpendicular to the cortical surface. After 
the CCI, the wound was sutured, and the animals were kept 
warm until recovery from anesthesia. We excluded five 
animals that survived <24 h postoperatively and two animals 
with dural laceration after the impact.

Experimental groups
The animals were divided randomly into seven 
experimental groups by using a table of random number 
(n  =  9 per group after exclusion): Sham control group, 
TBI group, TBI + propofol 1 h group, TBI + propofol 2 h 
group, TBI + propofol 4 h group, TBI + U83836E group, 
and TBI + fat emulsion group. The LP inhibitor U83836E 
was used as a control to identify that antioxidation partially 
accounts for the potential neuroprotective effects of propofol. 
The solvent of propofol, fat emulsion, was used as the vehicle 
control. Sham‑injured control animals underwent all surgical 
procedures except the impact injury.

Preparation and dosing of propofol, U83836E, and fat 
emulsion
Propofol  was  purchased f rom Fresenius  Kabi 
(Bad Homburg, Germany, Lot No.  16EL0259). Propofol 
12.5 mg/kg was i.v. injected within 5 min at 1 h, 2 h and 
4 h after TBI in the propofol 1 h group, propofol 2 h group 
and propofol 4 h group, respectively, followed by propofol 
40 mg·kg−1·h−1 i.v. infusion for 2  h. The present study 
used a clinically relevant dosage of propofol based on the 
preliminary experiment and pharmacological calculation 
according to the different body surface areas.

U83836E (Enzo Life Sciences, Inc., Farmingdale, NY, USA) 
was freshly diluted in normal saline (Baxter International 
Inc., IL, USA) to 0.75 mg/ml. The dilutions were made to 
deliver the initial 2 mg/kg i.v. injection at 15 min after TBI 
followed by a 7 mg/kg intraperitoneal (i.p.) injection. The 
employed dose was based on a previously published study 
on the effects of U83836E in the mouse CCI model.[2,9] The 
dose used in that study was converted to the dose for rats 
according to the different body surface areas.

The fat emulsion was obtained from Fresenius Kabi. The 
fat emulsion was i.v. injected within 5 min at 1 h after TBI, 
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followed by a continuous infusion for 2 h. The dose and 
infusion rates in the vehicle control  (fat emulsion) group 
were the same as those for propofol.

Brain tissue collection and preparation
At 24  h after CCI, the animals were anesthetized and 
sacrificed by decapitation (n = 6 per group for Western blot 
analysis; n = 3 per group for immunofluorescent staining 
and terminal deoxynucleotidyl transferase‑mediated 
dUTP nick‑end labeling  [TUNEL]). The brains were 
removed rapidly and rinsed with ice‑cold normal saline. 
The pericontusional cortex was removed from the right 
hemisphere [Figure 1a], quick‑frozen in liquid nitrogen and 
kept frozen at −80°C until use in the laboratory (Laboratory 
of Clinical Medical Research, Beijing Tian tan Hospital, 
China). For Western blot analysis, the brain tissues were 
homogenized in ice‑cold lysis buffer using a motor‑driven 
pellet pestle (Pellet Pestle Cordless Motor, Kimble Chase, 
Vineland, NJ, USA). The lysis buffer contained 50 mmol/L 
Tris‑HCl  (Sigma‑Aldrich, USA)  (pH  7.4), 1 mmol/L 
ethylene diamine tetraacetic acid (Sigma‑Aldrich), 1 mmol/L 
sodium orthovanadate (Sigma‑Aldrich), 1 mmol/L sodium 
fluoride  (Sigma‑Aldrich), 1% NP‑40  (Sigma‑Aldrich), 
0.5% sodium deoxycholate  (Sigma‑Aldrich) and freshly 
added protease inhibitor cocktail (Applygen Technologies 
Inc., Beijing, China). The homogenized brain samples 
were then lysed for 60 min at 4°C. The homogenates were 
then centrifuged at 12,000  r/min for 20 min at 4°C. The 
supernatant was collected, and the total protein concentration 
was determined by a BCA Protein Assay Kit  (Pierce 
Company, Rockford, IL, USA).

Western blot analysis
Balanced protein samples  (30 μg per lane) were heated 
for 5  min at 95°C and then loaded on 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. After 
electrophoresis, the gels were transferred to a polyvinylidene 
difluoride  (PVDF) membrane  (Immobilon‑P, Millipore 
Corporation, Billerica, MA, USA) at 4°C by the wet 
transfer method  (200 mA, 3 h). Following several rinses 

with phosphate buffer solution‑Tween  (PBST, containing 
0.1% Tween‑20), the transferred PVDF membrane was 
blocked with 5% nonfat milk in PBST for 1  h at room 
temperature. The membrane was then incubated for 3  h 
at room temperature with a rabbit polyclonal antibody 
against CRMP2  (Cell Signaling Technology, Danvers, 
MA, USA) and a mouse monoclonal antibody against 
αII‑spectrin  (Merck Millipore, Darmstadt, Germany). 
A mouse monoclonal antibody against β‑actin (Santa Cruz 
Biotechnology, Paso Robles, CA, USA) was employed 
to verify equal loading of the samples. Horseradish 
peroxidase‑conjugated goat anti‑rabbit or anti‑mouse 
IgG (Santa Cruz Biotechnology, Paso Robles, CA, USA) 
was used as the secondary antibody. After incubation with 
the primary and secondary antibodies, a chemiluminescent 
detection kit (Immobilon‑P, Millipore Corporation, Billerica, 
MA, USA) was used to visualize the protein bands. The 
relative band intensities were tested by densitometry using 
FluorChem FC2 software (ProteinSimple, CA, USA).

Immunofluorescent staining
The animals were anesthetized with 10% chloral 
hydrate  (400  mg/kg, i.p.) and perfusion‑fixed with 4% 
paraformaldehyde  (PFA)  (Sinopharm Chemical Reagent 
Co., Ltd., China) in 0.1 mol/L phosphate buffer (PB, pH 7.4). 
The brains were then removed and immersed in the same 
PFA solution for 1 day and subsequently shifted into 30% 
sucrose in 0.1 mol/L PB at 4°C until further processing. 
The brains were embedded in an optimum cutting 
temperature compound  (Sakura Finetek USA, Torrance, 
CA, USA). Coronal sections, 20 μm thick, were then 
cut with a cryostat  (Leica CM1950, Leica Biosystems 
Nussloch GmbH, Nussloch, Germany) and mounted onto 
polylysine‑coated glass slides. Prior to immunofluorescent 
staining, frozen sections were immersed in 0.01 mol/L 
phosphate buffer saline  (PBS) solution and rinsed for 
10 min. After permeabilizing in 0.01 mol/L PBS containing 
0.2% Triton X‑100 for 30  min, the brain sections were 
blocked in 10% goat serum for 1 h at room temperature; 
the sections were incubated overnight at room temperature 
with a mixture of primary antibodies consisting of the rabbit 
anti‑4‑HNE antibody  (1:100, Abcam, Cambridge, UK) 
and mouse anti‑neurofilament (NF) antibody (1:100, Cell 
Signaling Technology, Danvers, MA, USA) as a neuronal 
cell marker. The sections were then washed with 0.01 mol/L 
PBS 3 times (10 min each). For double immunofluorescent 
labeling, immunoreactivity for 4‑HNE and NF was detected 
by incubation with Alexa Fluor 555‑conjugated goat 
antirabbit IgG antibody and Alexa Fluor 488‑conjugated 
goat antimouse IgG antibody (Cell Signaling Technology), 
respectively, for 1  h in the dark at room temperature. 
Negative controls were performed by replacing the 
primary antibodies with 10% goat serum. The sections 
were subsequently washed in 0.01 mol/L PBS as described 
above and mounted on slides with UltraCruz mounting 
medium containing 6‑diamidine‑2‑phenylindole  (DAPI) 
(Santa Cruz Biotechnology, Paso Robles, CA, USA). 
The fluorescent signals were detected with fluorescent 

Figure 1: Schematic representation of the sample area for detection. 
(a) Image of a representative TBI brain showing cortex contusion and 
the pericontusional region surrounding the injured cortex. The sample 
area for detection is marked with the black boxes. TBI: Traumatic brain 
injury; (b) a coronal section of a rat brain used for immunofluorescent 
staining and TUNEL analysis. The black boxes indicate the detected 
region. TUNEL: Terminal deoxynucleotidyl transferase‑mediated dUTP 
nick‑end labeling.
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microscopy (DMI4000 B, Leica Microsystems Ltd., Wetzlar, 
Germany).

Assessment of brain injury (transferase‑mediated dUTP 
nick‑end labeling, TUNEL)
The in  situ DNA fragmentation of brain sections was 
detected by TUNEL labeling using an in  situ Cell Death 
Detection Kit, Fluorescein  (Roche Diagnostics GmbH, 
Mannheim, Germany), in accordance with the manufacturer’s 
instructions. In brief, frozen brain sections were fixed for 
20 min using 4% PFA in PB (pH 7.4) at room temperature 
and subsequently washed in PBS. The sections were then 
incubated with 0.1% Triton X‑100 in 0.1% sodium citrate 
for 2 min on ice and rinsed with PBS. The sections were 
incubated with a TUNEL reaction mixture in a humidified 
chamber for 60 min at 37°C to add fluorescein‑dUTP to the 
3’‑OH termini of the fragmented DNA. The sections were 
then rinsed in PBS and mounted on slides with UltraCruz 
mounting medium containing DAPI. The positive cells were 
detected by fluorescence microscopy.

Cell counting
Immunofluorescent staining and TUNEL labeling were 
performed on three successive coronal cortex sections 
obtained from the center of the injured area on the right 
lateral forelimb sensorimotor cortex which is 0.5  mm 
anterior to the bregma[13] (n = 3 per group), and the images 
were acquired from three separate fields surrounding the 
contusional region in each section. Positive cells in the 
pericontusional area [Figure 1b] were counted and analyzed 
using ImageJ software  (National Institutes of Health, 
USA). The 4‑HNE‑positive cells were considered to be all 
those cells expressing 4‑HNE‑modified proteins in both 
the nucleus and the cytoplasm. The severity of the brain 
injury was assessed by calculating the average number of 
TUNEL‑positive cells per 100 cells.

Statistical analysis
All experiments were performed at least in triplicate. The 
results are presented as the means  ±  standard deviation. 
Differences among these groups were determined 
by one‑way analysis of variance  (ANOVA) with a 
Bonferroni post‑hoc comparison using SPSS version 13.0 
(IBM Corporation, USA). Differences within groups were 
determined with a paired t‑test. A value of P < 0.05 was 
considered statistically significant.

Results

Hemodynamics and arterial blood gas analysis
All the animals except the excluded seven ones survived 
during the study period. As shown in Table 1, the heart 
rate  (HR), mean arterial pressure  (MAP), pH, arterial 
partial pressure of oxygen  (PaO2), and partial pressure 
of carbon dioxide in the artery  (PaCO2) in all groups 
were stable before the craniotomy (baseline values) and 
at the end of the experimental treatment. There were no 
significant differences in hemodynamics and blood gases 
in the experimental groups compared with the Sham group 

before the craniotomy or at the end of the experiment. The 
PaO2 decreased at the end of the infusion in the propofol 
1  h group, and the PaCO2 decreased at the end of the 
U83836E i.p. injection in the U83836E group (P < 0.05) 
within an acceptable range. Although these changes were 
statistically significant, there was no potential clinical 
significance. No significant differences were found in 
the HR, MAP, pH, PaO2, and PaCO2 between the 2 time 
points in the other groups. This observation suggested that 
propofol, U83836E and fat emulsion did not significantly 
influence the animals’ circulation and respiration [Table 1].

Propofol attenuates posttraumatic oxidative damage
4‑hydroxynonenal, one of the major products of LP, 
contributes to oxidative stress‑induced cell injury. The 
effects of propofol on oxidative damage at 24  h after 
TBI were examined by immunofluorescent staining for 
4‑HNE‑modified proteins. 4‑HNE‑positive cells were not 
observed in the Sham control group. 4‑HNE‑positive cells in 
the region surrounding the impacted cortex were significantly 
increased in all experimental groups (P < 0.01) [Figure 2]. 
There were fewer 4‑HNE staining cells in the three propofol 
groups and the U83836E group compared with the TBI 
group (P < 0.01) [Figure 2]. Fewer 4‑HNE positive cells 
were detected in three propofol groups and the U83836E 
group than the fat emulsion group [Figure 2]. No significant 
difference was found between the TBI group and the vehicle 
control group (the fat emulsion group) (P > 0.05) [Figure 2]. 

Table 1: Hemodynamic and arterial blood gas data of 
rats before the craniotomy and after the experimental 
treatment  (n = 6)

Group Time 
points

HR 
(bpm)

MAP 
(mmHg)

PaO2 
(mmHg)

PaCO2 
(mmHg)

Sham Before 290 ± 5 80 ± 15 106 ± 27 46 ± 7
After 287 ± 7 79 ± 9 111 ± 19 44 ± 7

TBI Before 277 ± 16 77 ± 9 109 ± 11 42 ± 11
After 277 ± 10 78 ± 7 109 ± 11 41 ± 8

TBI + 
propofol 1 h

Before 286 ± 6 81 ± 8 113 ± 18 41 ± 9
After 274 ± 16 86 ± 12 102 ± 11* 40 ± 4

TBI + 
propofol 2 h

Before 273 ± 14 77 ± 8 102 ± 19 43 ± 10
After 265 ± 13 83 ± 7 110 ± 19 38 ± 8

TBI + 
propofol 4 h

Before 274 ± 26 80 ± 10 99 ± 12 46 ± 5
After 277 ± 16 85 ± 8 112 ± 12 39 ± 9

TBI + 
U83836E

Before 276 ± 22 75 ± 4 104 ± 8 43 ± 7
After 277 ± 13 81 ± 8 113 ± 7 38 ± 5

TBI + FE Before 267 ± 27 75 ± 4 98 ± 9 42 ± 8
After 284 ± 13 82 ± 7 108 ± 15 38 ± 7*

The data are presented as the means ± SD. There were no significant 
differences among all groups before the craniotomy or at the end of 
the experimental treatment. The “before” and “after” time points are 
referred to as “before the craniotomy” and “at the end of experimental 
treatment,” respectively: For example, “after TBI” in the TBI group 
and “at the end of drug infusion or injection” in the three propofol 
groups, the U83836E group and the fat emulsion group. HR: Heart 
rate; MAP: Mean arterial pressure; PaO2: Arterial partial pressure 
of oxygen; PaCO2: Partial pressure of carbon dioxide in the artery; 
FE: Fat emulsion; bpm: Beat per minute; TBI: Traumatic brain injury. 
Significant differences  (one‑way ANOVA and paired t‑test), *P<0.05 
versus base values.
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There was no significant difference among the three propofol 
groups (P > 0.05) [Figure 2]. 4‑HNE‑modified proteins were 
detected in both the cytoplasm and the nucleus. Cells with 
4‑HNE‑modified proteins were expressed in the cytoplasm 
of neurons (cells staining positive for NFs) and nonneuronal 
cells [Figure 2]. We counted all the 4‑HNE‑positive cells.

The effect of propofol on calpain‑mediated αII‑spectrin 
breakdown
To provide insight into whether post‑TBI treatment with 
propofol could attenuate calpain activation, Western 

blot analysis was performed to measure the levels of the 
calpain‑mediated proteolysis product of αII‑spectrin in 
the pericontusional cortex at 24  h following TBI. The 
calpain‑mediated spectrin breakdown product  (SBDP, 
145 kDa) levels increased markedly in all experimental groups 
following TBI [Figure 3]. The ratio of calpain‑cleaved SBDP 
to intact αII‑spectrin was lower in the three propofol groups 
and the U83836E group  (P < 0.01) than in the TBI group 
[Figure 3]. The 145/270 kDa spectrin ratio in the vehicle 
control (fat emulsion) group was similar to that of the TBI 
group (P > 0.05) [Figure 3].

Figure 2: Immunofluorescence staining of 4‑hydroxynonenal positive cells in the pericontusional cortex at 24 h following moderate TBI in the 
Sham group (Sham), TBI group (TBI), three groups treated with propofol at different time points after TBI (TBI + Propofol 1 h, TBI + Propofol 2 h, 
TBI + Propofol 4 h), the lipid peroxidation inhibitor U83836E group (TBI + U83836E) and the vehicle control fat emulsion group (TBI + FE). TBI: 
Traumatic brain injury; (a) Horizontal arrows indicate representative neurofilaments (NF; green). Round rings and arrowheads indicate representative 
4-HNE-modified proteins (red) expressed in the cytoplasm and the nucleus, respectively. Vertical arrows and boxes represent 4-HNE-positive 
neurons and non-neuronal cells, respectively; (b) quantitation of 4-HNE-positive cells. The data are presented as the mean ± standard deviation 
(SD) (n = 3). *P < 0.01 vs. Sham group; †P < 0.01 vs. TBI group. Bar = 50 μm.

ba
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Propofol reduces the proteolysis of collapsin response 
mediator protein‑2 after traumatic brain injury
We examined whether the propofol treatment could 
attenuate the proteolysis of CRMP2 in  vivo following 
TBI. We examined the pericontusional cortex tissues 
harvested 24  h post‑TBI because CRMP2 degradation is 
most significant at this time point.[11] CRMP2 breakdown 
products  (55  kDa) were observed in all experimental 
groups [Figure 4]. An ANOVA demonstrated that the ratio 
of the 55‑kDa breakdown product to intact 62‑kDa CRMP2 
was lower in the three propofol groups and in the U83836E 
group (P < 0.01) than in the TBI group [Figure 4]. There 
was no significant difference between the TBI group and the 
vehicle control (fat emulsion) group (P > 0.05) [Figure 4].

Propofol protects neurons from traumatic brain 
injury‑induced programmed cell death
Transferase‑mediated dUTP nick‑end labeling was 
performed in the pericontusional region at 24 h after TBI. 
No TUNEL‑positive cells were observed in the Sham 
group  [Figure  5]. The ratio of TUNEL‑positive cells in 
the area surrounding the impacted cortex was increased 
compared with the Sham group  (P < 0.01)  [Figure 5]. In 
the three propofol groups and the U83836E group, the ratio 
of TUNEL‑positive cells in the same area was significantly 
decreased compared with the TBI group (P < 0.01) [Figure 5]. 
This result demonstrated that the propofol and the antioxidant 
U83836E treatments after TBI could inhibit programmed 

cell death in the cortex surrounding the injured region. There 
was no significant difference between the TBI group and the 
vehicle control (fat emulsion) group (P > 0.05) [Figure 5], 
indicating that the solvent of propofol did not provide 
neuroprotective effects in TBI rats.

Discussion

This study utilized the rat CCI injury model to investigate 
changes in oxidative stress and the calpain‑CRMP2 pathway, 
as well as the neuroprotective effects of propofol following 
TBI injury. The results showed that propofol attenuated 
oxidative stress, reduced calpain activation and CRMP2 
proteolysis and improved cell survival at an early stage in 
the pericontusional cortex after TBI. The fat emulsion was 
used as the vehicle control to prove that propofol rather than 
its solvent provided the neuroprotective effects. In addition, 
we demonstrated that propofol can afford neuroprotection in 
the extended therapeutic window up to at least 4 h following 
TBI.

Oxidative stress is known to play an important role in the 
pathology of secondary brain injury following TBI. The brain 
is extremely sensitive to LP toxicity because it contains a 
large amount of LP‑susceptible unsaturated fatty acids, like 
arachidonic acid.[5] The levels of LP increased significantly 
at 3 h and continued to increase, with peak levels occurring 
at 48  h post trauma.[15] Propofol  (2,6‑diisopropylphenol) 
is a rapidly acting i.v. anesthetic that has been proposed 
as a neuroprotective agent due to its ability to reduce the 

Figure 3: Western blot analysis of αII‑spectrin in the pericontusional 
cortex at 24 h following moderate TBI. (a) Brain tissue lysates were 
immunoblotted with anti‑αII‑spectrin (top) and anti‑β‑actin (bottom) 
antibodies, respectively. The lanes were loaded with protein from 
the Sham group  (Sham), the TBI group  (TBI), the propofol 1  h 
group (TBI + Propofol 1 h), the propofol 2 h group (TBI + Propofol 2 h), 
the propofol 4 h group (TBI + Propofol 4 h), the lipid peroxidation 
inhibitor U83836E group (TBI + U83836E) and the vehicle control fat 
emulsion group (TBI + FE). TBI: Traumatic brain injury; (b) quantitative 
analysis for the ratio of the calpain-mediated 145-kDa spectrin 
breakdown product (SBDP) to intact 270-kDa αII-spectrin. The 
densitometric ratio was normalized against the TBI group. The results 
were expressed as the means ± standard deviation (SD) (n = 6). 
*P < 0.01 vs. Sham group; †P < 0.01 vs. TBI group.

b
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Figure  4: Western blot analysis of collapsin response mediator 
protein‑2 (CRMP2) proteolysis in the ipsilateral cortex surrounding the 
impacted area at 24 h following moderate TBI. (a) Brain tissue lysates were 
immunoblotted with anti‑CRMP2 (top) and anti‑β‑actin (bottom) antibodies. 
The lanes were loaded with protein from the Sham group (Sham), the TBI 
group (TBI), the propofol 1 h group (TBI + Propofol 1 h), the propofol 2 h 
group (TBI + Propofol 2 h), the propofol 4 h group (TBI + Propofol 4 h), 
the lipid peroxidation inhibitor U83836E group (TBI + U83836E) and the 
vehicle control fat emulsion group (TBI + FE). TBI: Traumatic brain injury; 
(b) densitometric analysis for the ratio of the 55-kDa breakdown product 
to intact 62-kDa CRMP2. The densitometric ratio was normalized against 
the TBI group. The data are expressed as the means ± standard deviation 
(SD) (n = 6). *P < 0.01 vs. Sham group; †P < 0.01 vs. TBI group.

b

a
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cerebral metabolic rate of oxygen and preserve cerebral 
autoregulation.[16] The antioxidant potential of propofol 
at a therapeutic concentration has been demonstrated in 
many disease models and clinical settings.[17,18] Propofol 
provides significant neuroprotection by alleviating 
LP and mitochondrial dysfunction in a fetal cerebral 
ischemia‑reperfusion model.[19] The antioxidant U83836E 
has been proved to attenuate posttraumatic LP in the 
mouse CCI model.[2,9] Since both propofol and U83836E 
are effective LP inhibitors, the U83836E group was used 
as a control group in this study. The present experiment 
employed a more clinically relevant regimen using i.v. 
bolus of propofol followed by a continuous infusion for 2 h. 
Our results indicate that either early treatment (i.e., 1 h) or 
delayed treatment (i.e., 4 h) with propofol after TBI results 
in a significant reduction in LP, providing similar effects 
as the antioxidant U83836E on the inhibition of oxidative 
stress. Nonetheless, even with early treatment, the LP levels 
are elevated significantly compared with the Sham control 

group, indicating that secondary brain injury cascades, like 
oxidative stress, are triggered rapidly by TBI but can be 
attenuated by propofol intervention.

Calpains, a family of Ca2+‑dependent cysteine proteases, exist 
as inactive proenzymes under physiological conditions.[20] 
Once activated by cytoplasmic Ca2+ overload following TBI, 
calpains hydrolyze numerous intracellular proteins including 
cytoskeletal proteins (e.g., αII‑spectrin), which may result 
in neurological dysfunction and neurodegeneration.[6,11] 
Calpains may also contribute to the triggering of apoptotic 
cascades due to their ability to activate caspases.[21] 
U83836E, a potent LP inhibitor, produces a dose‑related 
attenuation of calpain‑mediated αII‑spectrin degradation 
and provides neuroprotection following TBI.[9] CRMP2 is 
a multifunctional adaptor protein distributed in the central 
nervous system.[22] CRMP2 has been shown to play an 
important role in regulating cytosolic calcium, neuronal 
plasticity, and excitotoxicity.[23] CRMP2 breakdown products 

ba

Figure 5: Terminal deoxynucleotidyl transferase‑mediated dUTP nick‑end labeling (TUNEL) of programmed cell death in the pericontusional cortex 
at 24 h following moderate TBI in the Sham group (Sham), TBI group (TBI), three propofol groups (TBI + Propofol 1 h, TBI + Propofol 2 h, 
TBI + Propofol 4 h), lipid peroxidation (LP) inhibitor U83836E group (TBI + U83836E) and the vehicle control fat emulsion group (TBI + FE). 
TUNEL labeling demonstrated the reduction in programmed cell death after the administration of propofol and U83836E following TBI. TBI: Traumatic 
brain injury; TUNEL: Terminal deoxynucleotidyl transferase‑mediated dUTP nick‑end labeling. (a) The white arrows indicate the TUNEL-positive 
cells, which represent programmed cell death; (b) quantitation of TUNEL-positive cells. The results are presented as the means ± standard 
deviation (SD) (n = 3). *P < 0.01 vs. Sham group; †P < 0.01 vs. TBI group. Bar = 50 μm.
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mediated by calpain are observed in both TBI and middle 
cerebral artery occlusion models.[11,24] Recent evidence 
has suggested that CRMP2 can be pharmacologically 
manipulated, offering new opportunities to preserve neural 
function in certain neurological diseases.[22] The present 
study shows that propofol rather than its solvent administered 
in the early period post‑TBI can inhibit calpain activation 
and attenuate the calpain‑mediated degradation of CRMP2 
in moderate TBI in rats, which may be a conceivable 
mechanism of its neuroprotective effects.

Programmed cell death includes the apoptosis and 
nonapoptotic death which is termed necroptosis and plays a 
vital role in tissue homeostasis.[25] The apoptosis of neurons 
and glia is considered to be a vital factor in the secondary brain 
injury following TBI.[26] Pharmacological strategies have 
been investigated to alleviate apoptosis.[26] Propofol provides 
protection and reduces the apoptotic cell numbers in vitro.[27] 
Propofol has been demonstrated to reduce neuronal apoptosis 
and ameliorate cerebral ischemia‑reperfusion injury.[28] The 
neuroprotective effects of propofol against apoptosis may 
be mediated by inhibiting caspase‑3 expression, increasing 
Bcl‑2 expression and suppressing a series of oxidative 
events.[29] Our results suggest that postinjury treatment 
with propofol in the acute posttraumatic period  (initiated 
within 4 h after TBI) significantly attenuates TBI‑induced 
programmed cell death, potentially due to the reduction in 
calpain‑mediated CRMP2 proteolysis, while the fat emulsion 
alone was without protective effects.

Propofol is a widely used anesthetic for patients with TBI 
in the clinical setting. The possibility that propofol could 
provide a significant effect even when the treatment onset is 
postponed to an extended time after injury is important. To 
explore the therapeutic window of propofol posttreatment 
following TBI, the onset of propofol was initiated at different 
time points posttrauma. There was no significant difference 
among the propofol 1 h, 2 h, and 4 h groups. Our results 
indicated that propofol provides evident neuroprotection 
even when the onset is delayed up to 4  h posttrauma. 
Although propofol has been demonstrated to improve the 
neurobehavioral outcomes after cerebral ischemia,[30] the 
experimental behavioral studies in TBI are controversial and 
less encouraging.[31] The protective action of propofol and 
functional improvement after propofol therapy have been 
shown in the rat models of intracerebral hemorrhage injury 
and TBI.[3] However, a recently published study indicated 
that propofol impaired neurologic recovery and decreased 
the survival rate after TBI.[31] Different experimental design 
may possibly account for the disparate results. In addition, a 
multicenter randomized controlled trial (RCT) proved that 
high‑dose propofol resulted in better neurological outcomes 
in patients with moderate and severe TBI.[32] A recently 
reported meta‑analysis demonstrated that sedation with 
propofol and midazolam have similar effects in patients 
with severe TBI on the mortality, Glasgow Outcome Scale 
score, and intracranial pressure.[33] Consequently, further 
well‑designed experimental studies and RCTs are urgently 

needed to elucidate the precise effects of propofol and other 
sedatives on post‑TBI cascades and outcomes.

There are a few limitations in this study that still need further 
clarification. First, although we have demonstrated that 
propofol ameliorates oxidative stress, suppresses calpain 
activation and CRMP2 proteolysis and reduces apoptosis, 
propofol likely may interact with other signaling pathways 
that may or may not be involved in post‑TBI peroxidation, 
calpain activation and CRMP2 degradation. Second, given 
that we harvested the samples at 24  h following TBI, 
we can only make conclusions regarding the transient 
neuroprotective effects of propofol postconditioning in TBI 
rats. However, the long‑term effects and dose‑dependent 
effects of propofol must be further investigated. Additional 
time points are also needed to detect therapeutic time window 
of propofol administration. Third, rats differ markedly from 
humans in many respects, making rat experiments difficult 
to extrapolate to humans. Consequently, extrapolating the 
therapeutic regimen of propofol for TBI rats to patients with 
moderate TBI should be performed cautiously and requires 
further clinical research.

Despite these limitations, our study demonstrates that 
propofol posttreatment can alleviate calpain‑mediated 
CRMP2 proteolysis and provide neuroprotection in a 
model of moderate TBI in vivo. These effects may occur by 
potentially counteracting LP and reducing calpain activation, 
even when propofol administration is delayed up to 4  h 
after TBI.
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