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Background: Compound porcine cerebroside and ganglioside injection (CPCGI) has been 
used for the treatment of certain brain disorders. Apoptosis and inflammation were reported 
to be involved in the pathogenesis of traumatic brain injury (TBI). Therefore, this study 
primarily investigated the effects of CPCGI on mitochondrial apoptotic signaling and PARP/ 
NF-κB inflammatory signaling in a rat model of controlled cortical impact (CCI).
Materials and Methods: CPCGI (0.6 mL/kg) was administered intraperitoneally 30 min 
after the induction of CCI. Mitochondrial apoptotic signaling and PARP/NF-κB inflamma-
tory signaling were evaluated 24 h after CCI, and apoptotic cell death, neutrophil infiltration, 
and astrocyte and microglial activation were determined by TUNEL and immunofluorescent 
staining 3 days after CCI.
Results: 1) CPCGI markedly enhanced cytosolic and mitochondrial Bcl-xL levels, the 
mitochondrial Bcl-xL/Bax ratio, and mitochondrial cytochrome (cyt) c levels and reduced 
cytosolic cyt c levels, caspase-3 activity, and nuclear AIF levels in brain tissues after 
traumatic injury; however, CPCGI had no significant effects on cytosolic or mitochondrial 
Bax levels, the cytosolic Bcl-xL/Bax ratio, or mitochondrial AIF levels. Moreover, CPCGI 
markedly reduced the TUNEL staining score in the contusion region. 2) CPCGI markedly 
reduced cytosolic and nuclear PARP levels and nuclear NF-κB p65 levels in brain tissues 
after traumatic injury but had no significant effect on cytosolic NF-κB p65 levels. In 
addition, CPCGI markedly reduced caspase-1 activity and the levels of caspase-1, ICAM- 
1, TNF-α, and IL-1β in brain tissues after traumatic injury and decreased the immunoreac-
tivities of neutrophils, GFAP and Iba-1 in the region of CCI-induced contusion.
Conclusion: These data suggest that CPCGI can reduce brain injury due to trauma by 
suppressing both mitochondrial apoptotic signaling and PARP/NF-κB inflammatory signaling.
Keywords: compound porcine cerebroside and ganglioside injection, traumatic brain injury, 
mitochondrial apoptotic signaling, PARP/NF-κB inflammatory signaling

Introduction
Traumatic brain injury (TBI), which involves both primary and secondary injuries, 
is the leading cause of mortality and disability in adults under 45 years of age.1,2 To 
date, there is no effective drug for TBI, which places a heavy burden on society and 
the patients’ families.3,4 Primary injury due to initial impact is the main factor 
determining TBI prognosis, whereas secondary injury, which is triggered by pri-
mary injury, the results from neurochemical processes and intracellular signaling 
pathways, such as oxidative stress, inflammatory response, neuronal apoptosis and 
other detrimental factors, which aggravate brain primary injury after TBI.5 

Therefore, alleviating secondary injury by intervening in neurochemical processes 
and intracellular signaling pathways is very important in the treatment of TBI.
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Extensive data have confirmed the important roles of 
apoptosis and inflammation in the pathogenesis of TBI. 
During TBI, apoptotic signaling pathways, including the 
membrane death receptor pathway (ie, the external path-
way) and the mitochondrial pathway (ie, the internal path-
way), are activated, and caspase-3 is a primary effector of 
apoptosis. In addition, apoptosis-inducing factor (AIF), 
a mitochondrial flavoprotein, induces caspase-3-indepen-
dent apoptosis.6,7 Inflammation due to TBI is characterized 
by the release of pro-inflammatory mediators, the infiltra-
tion of circulating inflammatory cells (including neutro-
phils, macrophages, lymphocytes, etc.), and the activation 
of astrocytes and microglia.6,8 Poly (ADP-ribose) poly-
merase (PARP), a nuclear enzyme, participates in inflam-
matory gene expression driven by nuclear factor-κB 
(NF-κB).9,10

Compound porcine cerebroside and ganglioside injec-
tion (CPCGI) is a neurotrophic drug that has been 
approved for use in the treatment of certain brain diseases 
in China. It reportedly plays a neuroprotective role in 
experimental cerebral ischemia and Alzheimer’s 
disease.11,12 A previous study revealed that CPCGI exerts 
protective effects against TBI by upregulating the Nrf2 
signaling pathway, lessening oxidative stress and suppres-
sing the overactivation of calpain.13 This study primarily 
investigated whether CPCGI protects the brain against TBI 
through repressing both mitochondrial apoptotic and 
PARP/NF-κB inflammatory signaling after TBI.

Materials and Methods
Induction of Brain Injury Due to 
Controlled Cortical Impact (CCI) in Rats
All animal experiments complied with the guidelines 
established by the National Institutes of Health for the 
care and use of laboratory animals and were approved by 
the animal care committee of the Beijing Neurosurgical 
Institute. Male adult Sprague Dawley rats (weighing 
290–320 g, Beijing Vital River Experimental Animals 
Technology Ltd., Beijing, China) were housed under con-
trolled conditions (22 °C, 12-h light/12-h dark cycle) and 
had free access to food and water. The rats were anesthe-
tized by isoflurane inhalation and placed on a stereotaxic 
frame (RWD Life Science Co., Shenzhen, China). Brain 
injury was induced using a PCI3000 PinPoint Precision 
Cortical Impactor (Hatteras Instruments, Cary, NC, USA) 
as previously described.14,15 Briefly, a 5-mm-diameter cra-
niotomy was created using a skull drill, while leaving the 

dura intact. The craniotomy was located at the middle of 
the right parietal bone between the coronal and lambdoid 
sutures and approximately 0.5 mm from the sagittal suture. 
A circular impact tip with a diameter of 4 mm was then 
accelerated and impacted the surface of the craniotomy 
(velocity, 2 m/s; compression time, 85 ms; and depth, 
2.5 mm). After each impact, the impact tip was cleaned 
with sterile alcohol. The sham-operated rats underwent the 
same procedure without the impact. The incision was 
closed with 4–0 silk sutures after surgery. During the 
procedure, the temperature of the rats was maintained at 
37 °C ± 0.5 °C with a thermal pad.

Experimental Protocol
CPCGI (provided by Buchang Pharmaceuticals Co., Ltd., 
Xian, China) was dissolved in 0.9% normal saline (NS). 
The rats were randomly divided into three groups as follows: 
1) the CPCGI group: the rats were subjected to CCI and 
treated with 0.6 mL/kg CPCGI; 2) vehicle group: the rats 
were subjected to CCI and treated with a similar volume of 
NS (2 mL/kg); and 3) sham group: the rats were subjected to 
the sham operation and treated with 2 mL/kg NS. NS or 
CPCGI was administered intraperitoneally at a dose of 
2 mL/kg 30 min after CCI. For the evaluation of mitochon-
drial-mediated apoptotic cell death and inflammatory signal-
ing, traumatic brain tissues were collected 24 h post-CCI, and 
the levels of Bcl-xL, Bax, and cyt c in the cytosolic and 
mitochondrial fractions, the levels of AIF in the mitochon-
drial and nuclear fractions, the levels of PARP and NF-κB 
p65 in the cytosolic and nuclear fractions, the levels of 
intercellular adhesion molecule 1 (ICAM-1), tumor necrosis 
factor α (TNF-α), interleukin 1 β precursor (pro-IL-1β), IL- 
1β, caspase-1 precursor (pro-caspase-1) and caspase-1 p20, 
and the activities of caspase-1 and caspase-3 in the cytosolic 
fractions were assayed. In addition, the whole brain was 
dissected at 72 h post-CCI, and the levels of apoptotic cell 
death, neutrophil infiltration, and astrocyte and microglial 
activation were determined by terminal deoxynucleotidyl 
transferase (TdT)-mediated dUTP-biotin nick end-labeling 
(TUNEL) and immunofluorescence staining, respectively. 
The animal number in each group was 6 in all experiments.

Sample Collection and Preparation
The tissues of the right injured hemisphere were dissected 
at 4 °C, and samples were prepared as described 
previously16,17 and modified as follows. Briefly, the rats 
were sacrificed under anesthesia. The whole brain was 
dissected, and the right (injured) hemisphere was cut into 
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three sections beginning 2 mm from the anterior tip of the 
frontal lobe and 2 mm from the posterior tip of the occi-
pital lobe. The tissue from the middle part of the brain was 
collected as brain tissue with traumatic injury. The brain 
tissues with traumatic injury were homogenized in 10 
volumes of homogenization buffer A (20 mM 
N-2-hydroxyethylpiperazine-N’-2ʹ-ethanesulfonic acid 
(HEPES), 250 mM sucrose, 10% glycerol, 10 mM KCl, 
1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1% Triton-X 
100, and 1% protease inhibitor cocktail, pH 7.5). The 
homogenates were centrifuged at 1000 g and 4 °C for 15 
min to separate the homogenates into supernatant A and 
pellet A. Pellet A was washed three times with buffer A, 
suspended in an equal volume of buffer B (20 mM 
HEPES, 20% glycerol, 1.5 mM MgCl2, 420 mM NaCl, 1 
mM EDTA, 1 mM EGTA, 1 mM DTT, 1% Triton-X 100, 
and 1% protease inhibitor cocktail, pH 7.5), and vortexed 
at maximum speed for 15 s. The suspension was placed on 
ice for 30 min and then centrifuged at 14,000 g and 4 °C 
for 30 min, and the supernatant containing the nuclear 
fraction was collected. Supernatant A, which contained 
the cytosolic and mitochondrial fractions, was further cen-
trifuged at 16,000 g and 4 °C for 30 min to obtain super-
natant B and pellet B. Supernatant B was used as the 
cytosolic fraction. Pellet B, which served as the mitochon-
drial fraction, was suspended in an equal volume of buffer 
A. The cytosolic, mitochondrial and nuclear fractions were 
stored at −70 °C. The protein concentrations in the cyto-
solic, mitochondrial and nuclear fractions were determined 
using the BCA method.

Caspase-1 and Caspase-3 Activity Assays
Caspase-1 and caspase-3 activities were measured using 
a previously described method with some 
modifications.18,19 Briefly, the cleavage of the fluorogenic 
substrates for caspase-1 (ac-YVAD-AFC, Santa Cruz 
Biotech, CA, USA) and caspase-3 (ac-DEVD-AFC, Santa 
Cruz Biotech, CA, USA) into their fluorescent products was 
used to measure caspase-1 and caspase-3 activity levels, 
respectively. The cytosolic fractions (10 µL) were incubated 
with caspase reaction buffer (250 μL; 50 mM HEPES, pH 7.4, 
100 mM NaCl, 1 mM EDTA, and 10 mM DTT) containing 
the fluorogenic caspase-1 or caspase-3 substrate at 
a concentration of 20 μM for 2 h at 37 °C. The free AFC 
released by proteolysis was then assessed using a microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA; exci-
tation, 400 nm; emission, 505 nm). The fluorescence arbitrary 
units were converted into micromoles of AFC released 

per hour and milligrams of protein using a standard curve of 
free AFC (Santa Cruz Biotech, CA, USA).

Western blot
The protein levels of Bcl-xL, Bax, cyt c, PARP, NF-κB p65, 
ICAM-1, TNF-α, pro-IL-1β, IL-1β, pro-caspase-1 and cas-
pase-1 p20 in the cytosolic fraction, the protein levels of 
Bcl-xL, Bax, cyt c, and AIF in the mitochondrial fraction, 
and the protein levels of AIF, PARP and NF-κB p65 in the 
nuclear fraction were determined by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). 
Briefly, equal amounts of cytoplasmic, mitochondrial or 
nuclear protein (30 μg) and molecular weight markers 
(Abcam Inc., MA, USA) were loaded and separated by 
SDS-PAGE. The proteins on the gel were transferred to 
a PVDF membrane (Millipore, MA, USA). The membranes 
were blocked with Tris-buffered saline containing 1% 
Tween 20. The membrane was then probed with antibodies 
that reacted with Bax (1:500), Bcl-xL (1:250), cyt c (1:400), 
AIF (1:1000), PARP (1:250), histone H3 (1:500), ICAM-1 
(1:250, Abcam, Cambridge, United Kingdom), TNF-α 
(1:250), NF-κB p65 (1:500), pro-IL-1β/IL-1β (1:1000, 
R&D, MN, USA), pro-caspase-1/caspase-1 p20 (1:50, 
Novus Biologicals, CO, USA), β-actin (1:2000, Sigma- 
Aldrich Corp., MO, USA), and VDAC (1:5000, Millipore, 
MA, USA) overnight at 4 °C and subsequently with horse-
radish peroxidase-conjugated secondary antibodies. 
Antibody binding was visualized by chemiluminescence 
(Millipore, MA, USA). β-actin, VDAC and histone H3 
were used as internal controls for the cytosolic, mitochon-
drial and nuclear fractions, respectively. The integrated 
optical density (IODs) of the protein bands in the cytosolic, 
mitochondrial and nuclear fractions were normalized to the 
β-actin, VDAC and histone H3 immunoreactivities, respec-
tively, and the results are expressed as percentages of the 
levels in the sham-operated rats.

Immunofluorescent Staining of 
Neutrophils, Astrocytes and Microglia
Sham-operated or CCI rats were transcardially perfused with 
heparinized normal saline and 4% buffered paraformalde-
hyde under anesthesia 3 days after the application of CCI. 
The rats were decapitated, and the whole brains were dis-
sected. The brains were fixed in 4% buffered paraformalde-
hyde for 24 h and embedded in paraffin, and 5-μm-thick 
sections through the dorsal striatum were collected. Anti- 
neutrophil (Novus Biologicals, CO, USA), anti-Iba-1 
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(Millipore, MA, USA) and anti-GFAP (Abcam, Cambridge, 
MA, USA) antibodies were used to label neutrophils, micro-
glia and astrocytes, respectively. Briefly, the 5-μm coronal 
sections were deparaffinized and rinsed in distilled water for 
5 min × 2. The sections were boiled in an 800 W microwave 
oven for 15 min in 10 mM citrate buffer (pH 6). Sections 
were allowed to come to room temperature and washed in 
phosphate-buffered saline (PBS) twice for 5 min each. The 
sections were treated with avidin/biotin blocking solution for 
30 min, washed three times with PBS containing 0.1% 
Triton X-100 (PBST), and incubated with an anti- 
neutrophil antibody (1:100), anti-Iba-1 antibody (1:400) or 
anti-GFAP antibody (1:200) diluted in 10% goat serum- 
PBST overnight at 4 °C. The sections were washed 3 times 
with PBS and incubated with fluorochrome-conjugated sec-
ondary antibodies for 1 h at room temperature. After 3 
washes with PBS, the sections were mounted with Shield 
Hardset mounting medium with DAPI (Vector Labs, 
Burlingame, CA, USA) and coverslips. Negative control 
samples were incubated without the primary antibody. The 
sections were viewed on a fluorescence microscope (Leica 
Inc., Germany), and images were captured using a digital 
camera by a blinded, trained observer. The neutrophil, Iba-1 
or GFAP immunoreactivity was semiquantified according to 
the immunoreactive cells and/or intensity of immunoreactiv-
ity in traumatic brain tissue on a scale of 0–4: 0, no or few 
immunoreactive cells and/or no change in immunoreactivity 
from sham-operated animals; 1, random immunoreactive 
cells with a mild alteration in intensity of immunoreactivity; 
2, a discrete region of immunoreactive cells with a moderate 
alteration in intensity of immunoreactivity; 3, many strong 
immunoreactive cells with marked alteration in intensity of 
immunoreactivity; and 4, the entire region is infiltrated with 
immunoreactive cells with serious alteration in intensity of 
immunoreactivity.20,21 The neutrophil, Iba-1 or GFAP 
immunoreactivity in four regions around the lesion and 
four regions in the lesion was evaluated, and the results 
were expressed as the average of immunoreactive cells 
and/or intensity of immunoreactivity in the eight regions.

TUNEL Staining
The degree of apoptotic cell death was analyzed by TUNEL 
staining.22 Briefly, the 5-μm coronal sections through the 
striatum were deparaffinized and rinsed in distilled water at 
room temperature. The samples were incubated with protei-
nase K (Roche Diagnostics GmbH, Germany) for 15 min at 
37 °C, and endogenous biotin was blocked by covering the 
sections with avidin-blocking solution for 1 h at room 

temperature. The sections were washed with PBST and 
immersed in TdT buffer (30 mM Tris, pH 7.2, 140 mM 
sodium cacodylate, 1 mM cobalt chloride) for 30 min, 
followed by reaction with the TdT enzyme (Roche 
Diagnostics GmbH, Germany) and biotinylated 16-dUTP 
(Roche Diagnostics GmbH, Germany) at 37 °C for 2 
h. The sections were immersed in reaction stopping buffer 
(150 mM NaCl, 15 mM sodium citrate, pH 7.4) for 15 min 
and then washed in PBST. The sections were incubated with 
streptavidin-dye 488 for 20 min. TUNEL-stained cells in 
four regions around lesion were observed using 
a fluorescence microscope by a blinded, trained observer, 
and the green fluorescence indicated the apoptotic cells. The 
positive TUNEL staining score was expressed as the inten-
sity of green influence, which was semiquantified on a scale 
of 0–4 as follows: 0, damaged neurons comprised <5% of 
the sample; 1, 5–25%; 2, 25–50%; 3, 50–75%; and 4, >75%. 
The results were expressed as the average positive TUNEL 
staining score in the four regions.

Statistical Analysis
The data are expressed as the mean ± SEM. The protein 
levels of Bax, Bcl-xL, cyt c, AIF, PARP, ICAM-1, TNF-α, 
NF-κB p65, pro-IL-1β, IL-1β, pro-caspase-1 and caspase-1 
p20 in the cytosolic, mitochondrial and nuclear fractions 
were evaluated by one-way ANOVA with a post hoc LSD 
test, and the immunoreactivities of neutrophil, Iba-1 and 
GFAP and the TUNEL staining index were evaluated by 
a nonparametric Kruskal–Wallis ANOVA with Dunn’s post 
hoc test. A P value of <0.05 was defined as significant.

Results
Antiapoptotic Effects of CPCGI After 
CCI
Effects of CPCGI on Apoptotic Cell Death
Five-micrometer-thick coronal sections of the dorsal striatum 
were used to evaluate apoptotic cell death in the brain area 
with traumatic injury. DNA fragmentation was determined by 
TUNEL staining, and the results are illustrated in Figure 1. 
The TUNEL-positive cells showed nuclear staining and exhib-
ited morphological signs of apoptotic cell death. A large num-
ber of TUNEL-positive cells were detected in the injured area 
of the brain in the vehicle-treated rats, whereas no TUNEL- 
positive cells were observed in the brain of the sham-operated 
rats. Treatment with CPCGI significantly reduced the 
TUNEL-staining positive score in the brain region with trau-
matic injury (P < 0.05 vs vehicle-treated rats).
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Effects of CPCGI on Mitochondria-Mediated 
Caspase-3-Dependent Apoptotic Signaling
Compared with sham-operated rats, the cytosolic Bcl-xL 
levels and mitochondrial Bax levels showed no significant 
change in brain tissues with traumatic injury, but the levels 
of cytosolic Bax and mitochondrial Bcl-xL were decreased 
(Figure 2; both P < 0.05). Meanwhile, the cytosolic Bcl-xL 
/Bax ratio and cyt c levels were increased (both P < 0.05), 
while the mitochondrial Bcl-xL/Bax ratio and cyt c levels 
were decreased (both P < 0.01). Moreover, the cytosolic 
caspase-3 activity was enhanced in brain tissues with trau-
matic injury (Figure 1; P < 0.01 vs the sham-operated rats). 
CPCGI treatment markedly enhanced the cytosolic and 
mitochondrial Bcl-xL levels and the mitochondrial Bcl-xL 
/Bax ratio (P < 0.05, P < 0.01, and P < 0.01 vs the vehicle- 
treated rats, respectively), although it had no significant 
effects on the cytosolic and mitochondrial Bax levels or 
the cytosolic Bcl-xL/Bax ratio. Moreover, CPCGI signifi-
cantly enhanced mitochondrial cyt c levels and reduced 
cytosolic cyt c levels and caspase-3 activity (P < 0.01, P < 
0.05, and P < 0.05 vs vehicle-treated rats, respectively).

Effects of CPCGI on AIF-Mediated 
Caspase-3-Independent Apoptotic Signaling
To determine whether the caspase-independent apoptotic 
pathway contributed to the protective effect of CPCGI 

against CCI in rats, the AIF levels in the mitochondria and 
nucleus were analyzed by Western blot, and the results are 
presented in Figure 3. The mitochondrial AIF levels showed 
no marked changes in brain tissues with traumatic injury, 
while the nuclear AIF levels were increased significantly (P < 
0.01 vs sham-operated rats). CPCGI treatment enhanced 
mitochondrial AIF levels without statistical significance, 
but it markedly reduced the nuclear AIF levels (P < 0.01 vs 
vehicle-treated rats).

Anti-Inflammatory Effects of CPCGI After 
CCI
Effects of CPCGI on Neutrophil Infiltration in Brain 
Tissues with Traumatic Injury
Neutrophil infiltration was evaluated by neutrophil immunor-
eactivity. The brain sections in the sham-operated rats showed 
low neutrophil immunoreactivity, whereas the injured brain 
region in the vehicle-treated rats exhibited significant neutro-
phil immunoreactivity (Figure 4). CPCGI treatment markedly 
reduced the degree of neutrophil immunoreactivity in the brain 
region with traumatic injury (P < 0.05 vs vehicle-treated rats).

Effects of CPCGI on the Activation of Astrocytes and 
Microglia
The immunoreactivity of GFAP and Iba-1 represents the 
activation of astrocytes and microglia, respectively. The 

Figure 1 Effect of CPCGI on caspase-3 activity and apoptotic cell death after CCI. Vehicle or CPCGI was injected intraperitoneally 30 min post-CCI. (A) Caspase-3 activity. 
(B) Four regions around the lesion were stained with TUNEL. (C) Representative images of TUNEL-stained sections from animals in all groups (original magnification, 200×). 
(D) CPCGI treatment significantly reduced the number of TUNEL-positive cells in CCI rats, as determined by the fluorescence intensity score. The data are expressed as 
the mean ± SEM. n = 6 per group. ##P < 0.01 vs sham-operated rats; *P < 0.05 vs vehicle-treated rats.
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astrocytes and microglia in the brain sections were labeled 
by GFAP and Iba-1 immunofluorescence staining, respec-
tively, and the results are shown in Figure 5. The brain 
sections showed weak GFAP and Iba-1 immunoreactivities 
in the sham-operated rats, and increased immunoreactivities 

of GFAP and Iba-1 in the brain region with traumatic injury 
in vehicle-treated rats (both P < 0.01). CPCGI treatment 
markedly reduced the immunoreactivities of GFAP and Iba- 
1 in the brain region with traumatic injury (*P < 0.01 and 
**P < 0.05 vs vehicle-treated rats, respectively).

Effects of CPCGI on the Levels of PARP and NF-κB 
p65 in the Cytosol and Nucleus
PARP/NF-κB inflammatory signaling is reportedly 
involved in TBI. To evaluate the activation of PARP and 
NF-κB, the cytosolic and nuclear levels of PARP and NF- 
κB p65 were evaluated. In CCI-treated rats, the cytosolic 
PARP levels and the nuclear PARP and NF-κB p65 levels 
were increased significantly (Figure 6; all P < 0.01 vs 
sham-operated rats), although the cytosolic NF-κB p65 
levels had no significant change. CPCGI treatment had 
no significant effects on the cytosolic NF-κB p65 levels. 
However, CPCGI markedly reduced the cytosolic and 
nuclear PARP levels and the nuclear NF-κB p65 levels 
after CCI (cytosolic and nuclear PARP: P < 0.05 and P < 
0.01, respectively; nuclear NF-κB p65: P < 0.01). These 
data indicated the increased expression and nuclear trans-
location of PARP and NF-κB p65 after CCI and the 
reduced expression and nuclear translocation of PARP 
and NF-κB p65 by CPCGI treatment, suggesting the sup-
pression of PARP/NF-κB inflammatory signaling 
after CCI.

Effects of CPCGI on the Levels and Activities of 
Caspase-1
Caspase-1 is the effector enzyme of inflammasomes, and 
caspase-1 p20 is an active form of caspase-1. In this study, 
the cytosolic levels of pro-caspase-1 and caspase-1 p20 
and the caspase-1 activity were determined, and the results 
are shown in Figure 7. The pro-caspase-1 and caspase-1 
p20 levels and the caspase-1 activities in injured brain 
tissues were significantly increased 24 h after CCI (P < 
0.05, P < 0.01 and P < 0.01 vs the sham-operated rats, 
respectively). CPCGI treatment markedly reduced the pro- 
caspase-1 and caspase-1 p20 levels and caspase-1 activ-
ities (P < 0.05, P < 0.05 and P < 0.01 vs vehicle-treated 
rats).

Effects of CPCGI on the Levels of Inflammatory 
Mediators
The protein levels of ICAM-1, TNF-α, pro-IL-1β and IL- 
1β in cytosol were determined by Western blot analysis, 
and the results are shown in Figure 8. The protein levels of 
ICAM-1, TNF-α, pro-IL-1β and IL-1β in the cytosol were 

Figure 2 Effect of CPCGI on the levels of Bax, Bcl-xL and cyt c in the cytosolic and 
mitochondrial fractions of injured brain tissues collected 24 h post-CCI. Vehicle or 
CPCGI was injected intraperitoneally 30 min post-CCI. (A and B) Western blot 
analysis of the cytosolic and mitochondrial fractions using Bax, Bcl-xL or cyt 
c antibodies. (C–F), and (I and J) The bar graphs revealed the densitometric data 
from the Western blot analysis of the Bax, Bcl-xL and cyt c levels, respectively, in 
the cytosolic and mitochondrial fractions. (G and H) The bar graphs revealed the 
ratio of Bcl-xL/Bax in the cytosolic and mitochondrial fractions, respectively. All 
data are expressed as the mean ± SEM. n = 6 per group. #P < 0.05 and ##P < 0.01 vs 
sham-operated rats. *P < 0.05 and **P < 0.01 vs vehicle-treated rats. 
Abbreviations: S, sham group; V, vehicle group; C, CPCGI group.
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Figure 3 Effects of CPCGI on the AIF levels in mitochondrial and nuclear fractions from injured brain tissues collected 24 h post-CCI. Vehicle or CPCGI was injected 
intraperitoneally 30 min post-CCI. (A and B) Western blot analysis of the mitochondrial and nuclear fractions, respectively, using an AIF antibody. (C and D) The bar graphs 
reflect the densitometric data from the Western blot analysis of the AIF levels in the mitochondrial and nuclear fractions, respectively. All data are expressed as the mean ± 
SEM. n = 6 per group. ##P < 0.01 vs sham-operated rats. **P < 0.01 vs vehicle-treated rats. 
Abbreviations: S, sham group; V, vehicle group; C, CPCGI group.

Figure 4 Effect of CPCGI on neutrophil infiltration in the injured brain region 72 h after CCI. Vehicle or CPCGI was injected intraperitoneally 30 min post-CCI. (A) The 
area around the lesion was evaluated with immunofluorescent staining. (B) Representative neutrophil-stained sections from animals from all groups (original magnification, 
200×). Green fluorescence represents the neutrophil immunoreactivity, and the blue fluorescence indicates DAPI staining. (C) The bar graphs show the neutrophil 
immunoreactivity in vehicle- and CPCGI-treated rats. The data are expressed as the mean ± SEM. n = 6 per group. *P < 0.05 vs the vehicle group.
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significantly increased by CCI (ICAM-1: P < 0.01 vs the 
sham-operated rats; TNF-α, pro-IL-1β and IL-1β: all P < 
0.05 vs the sham-operated rats). CPCGI treatment mark-
edly reduced cytosolic ICAM-1, TNF-α, and IL-1β levels 
in brain tissues with traumatic injury (all P < 0.05) but had 
no significant effects on cytosolic pro-IL-1β levels.

Discussion
In a previous study, we confirmed that CPCGI exerts 
protective effects against gray and white matter damage 
caused by CCI by stimulating Nrf2 signaling, alleviating 
oxidative stress and suppressing calpain overactivation. 
The present study revealed the following: 1) CPCGI treat-
ment markedly enhanced the cytosolic and mitochondrial 
Bcl-xL levels and the mitochondrial Bcl-xL/Bax ratio, 
reduced the release of mitochondrial cyt c, suppressed 
caspase-3 activation, reduced the release of mitochondrial 
AIF and the nuclear translocation of AIF, and attenuated 
apoptotic cell death in brain regions with traumatic injury; 
and 2) CPCGI treatment markedly suppressed the nuclear 
translocation of PARP and NF-κB p65 levels, reduced pro- 

caspase-1 and caspase-1 p20 levels and caspase-1 activ-
ities, decreased ICAM-1, TNF-α, and IL-1β levels in brain 
tissues with traumatic injury, and suppressed the infiltra-
tion of neutrophils as well as the activation of astrocytes 
and microglia in brain regions with traumatic injury. These 
data suggest that CPCGI could reduce brain injury due to 
CCI by repressing mitochondria-mediated caspase- 
3-dependent and caspase-3-independent apoptotic signal-
ing and PARP/NF-κB inflammatory signaling.

Mitochondria-mediated apoptotic signaling is reported 
to result in both caspase-dependent and caspase- 
independent apoptotic cell death.23 The Bcl-2 family of 
proteins, including antiapoptotic proteins (eg, Bcl-2 and 
Bcl-xL) and pro-apoptotic proteins (eg, Bax, Bad, and 
Bak), play an important role in the regulation of mitochon-
drial apoptotic signaling. Antiapoptotic Bcl-2 proteins can 
interact with pro-apoptotic Bcl-2 proteins in the mitochon-
drial outer membrane, and this interaction regulates the 
permeability of the mitochondrial outer membrane and the 
release of certain pro-apoptotic proteins, thus controlling 
apoptotic signaling. For example, Bcl-xL interacts with 

Figure 5 Effect of CPCGI on the activation of astrocyte and microglia in injured brain regions 72 h after CCI. Vehicle or CPCGI was injected intraperitoneally 30 min post- 
CCI. (A and C) Representative GFAP and Iba-1 immunofluorescence images, respectively, of animals in all groups (original magnification, 200×). (B and D) The bar graphs 
revealed the GFAP and Iba-1 immunoreactivities in all groups. The data are expressed as the mean ± SEM. n = 6 per group. ##P < 0.01 vs sham-operated rats. *P < 0.05 and 
**P < 0.01 vs vehicle-treated rats.
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Bax to form Bcl-xL/Bax heterodimers, which results in the 
inhibition of Bax homodimerization and the suppression of 
apoptotic signaling.24,25 In response to apoptotic stimuli, 
cyt c is released from the mitochondria to the cytosol, 
where cyt c triggers the formation of apoptosomes com-
posed of apoptotic protease-activating factor 1, caspase-9 
and dATP, which leads to the activation of caspase-9 and 
caspase-3 and ultimately to caspase-3-dependent apoptotic 
cell death. In contrast, AIF released from the mitochondria 
translocates into the nucleus, where it induces internucleo-
somal DNA fragmentation, which leads to caspase-3-inde-
pendent apoptotic cell death. It is well known that 

apoptotic cell death plays an important role in TBI,7 and 
the blockage of apoptotic signaling is one of the main 
therapeutic strategies for TBI.26 Mitochondrial-mediated 
caspase-3-dependent and caspase-3-independent apoptotic 
signaling is reportedly activated during TBI.27,28 In the 
brain tissues with traumatic injury, we found reduced Bcl- 
xL levels and a lower Bcl-xL/Bax ratio in the mitochon-
dria, enhanced cyt c levels and caspase-3 activity in the 
cytosol and higher nuclear AIF levels. Moreover, DNA 
fragmentation was increased in the brain region with trau-
matic injury, as revealed by TUNEL staining. CPCGI 
treatment reversed these effects due to CCI. These data 

Figure 6 Effects of CPCGI on the cytosolic and nuclear levels of PARP and NF-κB p65 in injured brain tissues 24 h after CCI. Vehicle or CPCGI was injected 
intraperitoneally 30 min post-CCI. (A and B) Western blot analysis of the cytosolic and nuclear fractions, respectively, using PARP and NF-κB p65 antibodies. (C–F) 
The bar graphs reflected the densitometric data from the Western blot experiments of PARP and NF-κB p65 in the cytosolic and nuclear fractions, respectively. All data are 
expressed as the mean ± SEM. n = 6 per group. ##P < 0.01 vs sham-operated rats. *P < 0.05 and **P < 0.01 vs vehicle-treated rats. 
Abbreviations: S, sham group; V, vehicle group; C, CPCGI group 
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suggested that CCI activated mitochondria-mediated cas-
pase-3-dependent and caspase-3-independent apoptotic 
signaling and that CPCGI suppressed mitochondrial apop-
totic signaling after TBI.

The inflammatory response is another important detri-
mental event that occurs after TBI.29 Inflammation report-
edly plays a critical role in secondary injury after TBI 
because it not only directly results in cell damage but 
also promotes other harmful events, such as oxidative 
stress, apoptosis, blood-brain barrier disruption and brain 
edema.30 The inflammatory response to TBI is character-
ized by the rapid activation of astrocytes and microglia, 
the mass production of pro-inflammatory mediators, and 
the infiltration of circulating inflammatory cells, such as 
neutrophils, macrophages, T cells, and other cells, into the 
traumatic parenchyma. PARP is involved in many vital 
cellular functions, such as DNA repair, cell proliferation 
and death, chromatin function and genomic stability.31 NF- 
κB is a critical transcription factor composed of the sub-
units p65 and p50. Under physiological conditions, NF-κB 
exists in the cytoplasm as a complex with its inhibitory 
protein, inhibitory κB (IκB). In the presence of inflamma-
tory stimuli, IκB is degraded, which leads to the release of 
active NF-κB. Active NF-κB is translocated into the 

nucleus and stimulates the transcriptional activation of 
potentially deleterious pro-inflammatory genes.32 PARP 
acts as a transcriptional coregulator to facilitate the expres-
sion of NF-κB-driven inflammatory genes, such as ICAM- 
1, TNF-α, and IL-1β.33,34 During cerebral ischemia, PARP 
inhibition downregulates the expression of NF-κB-driven 
inflammatory genes and protects brain against 
ischemia.35,36 During TBI, PARP is activated by the 
increase in poly(ADP-ribose)-modified proteins during 
TBI.9,10,37 Furthermore, PARP inhibition suppresses the 
nuclear translocation of NF-κB p65, an active subunit of 
NF-κB, lessens the activation of microglia, and protects 
the brain against TBI.10,37,38 This study revealed the 
enhanced nuclear translocation of PARP and NF-κB p65 
from the cytosol, upregulated the expression of 
NF-κB-driven inflammatory genes, increased neutrophil 
infiltration and the activation of astrocytes and microglia 
during TBI. In addition, the expression and activation of 
caspase-1, an effector of inflammasomes that processes 
pro-IL-1β to form bioactive IL-1β, were increased in 
brain tissues with traumatic injury. CPCGI treatment 
reversed these effects due to TBI. Our data combined 
with other evidence suggested that CPCGI could down-
regulate the expression of inflammatory mediators and 

Figure 7 Effects of CPCGI on caspase-1 levels and caspase-1 activity in injured brain tissues 24 h after CCI. Vehicle or CPCGI was injected intraperitoneally 30 min post- 
CCI. (A) Western blot analysis of the cytosolic fractions using caspase-1 antibody. (B and C) The bar graphs reflected the densitometric data from the Western blot analysis 
of caspase-1. (D) Caspase-1 activity. The data are presented as the mean ± SEM. #P < 0.05 and ##P < 0.01 vs sham-operated rats. n = 6 per group. *P < 0.05 and **P < 0.01 vs 
vehicle-treated rats. 
Abbreviations: S, sham group; V, vehicle group; C, CPCGI group.
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reduce the inflammatory response due to TBI 
through suppressing PARP/NF-κB-mediated inflammatory 
signaling.

Conclusion
In summary, this study found that CPCGI treatment sup-
pressed mitochondria-mediated caspase-3-dependent and 
caspase-3-independent apoptotic signaling and PARP/NF- 
κB inflammatory signaling and attenuated apoptotic cell 
death and the activation of inflammatory cells in brain 
tissues with traumatic injury in a rat model of CCI. 
A previous study revealed that CPCGI treatment reduced 
white matter and gray matter damage due to TBI through 
activating antioxidative signaling. These data suggest that 
the possible pharmacological mechanisms of CPCGI 

against TBI might involve antiapoptotic, anti- 
inflammatory and antioxidative actions. Our study mainly 
investigated the short-term protective effects and mechan-
isms of CPCGI on TBI, but data on the long-term protec-
tive effects and therapeutic window of CPCGI are 
currently lacking. Further studies are necessary to deter-
mine the long-term protective effects and therapeutic win-
dow of CPCGI on TBI and elucidate how CPCGI affects 
apoptotic signaling and PARP/NF-κB inflammatory signal-
ing during TBI.

Data Sharing Statement
All the data are published in this article, and the materials 
can be obtained from the corresponding author upon rea-
sonable request.

Figure 8 Effect of CPCGI on the levels of inflammatory factors in injured brain tissues 24 h after CCI. Vehicle or CPCGI was injected intraperitoneally 30 min post-CCI. (A) 
Western blot analysis of the cytosolic fractions using ICAM-1, TNF-α, pro-IL-1β and IL-1β antibodies. (B–E) The bar graphs reflected the densitometric data from the 
Western blot analysis of ICAM-1, TNF-α, pro-IL-1β and IL-1β in the cytosolic fractions. All the data are expressed as the mean ± SEM. n = 6 per group. #P < 0.05 and ##P < 
0.01 vs sham-operated rats. *P < 0.05 vs vehicle-treated rats. 
Abbreviations: S, sham group; V, vehicle group; C, CPCGI group
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