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Abstract  
C/EBP homologous protein, an important transcription factor during endoplasmic reticulum stress, 

participates in cell apoptosis mediated by endoplasmic reticulum stress. Previous studies have 

shown that C/EBP homologous protein mediates nerve injury during Alzheimer’s disease, 

subarachnoid hemorrhage and spinal cord trauma. In this study, we introduced C/EBP homologous 

protein short hairpin RNA into the brains of ischemia/reperfusion rat models via injection of lentiviral 

vector through the left lateral ventricle. Silencing C/EBP homologous protein gene expression 

significantly reduced cerebral infarction volume, decreased water content and tumor necrosis 

factor-α and interleukin-1β mRNA expression in brain tissues following infarction, diminished the 

number of TUNEL-positive cells in the infarct region, decreased caspase-3 protein content and 

increased Bcl-2 protein content. These results suggest that silencing C/EBP homologous protein 

lessens cell apoptosis and inflammatory reactions, thereby protecting nerves. 

 

Key Words 

C/EBP homologous protein; endoplasmic reticulum stress; Alzheimer’s disease; subarachnoid 

hemorrhage; tumor necrosis factor-α; ischemia/reperfusion; interleukin-1β; cerebral infarction; 

neural regeneration 

 

Research Highlights 

(1) C/EBP homologous protein gene silencing can downregulate tumor necrosis factor-α and 

interleukin-1β expression in models of ischemia/reperfusion injury.  

(2) C/EBP homologous protein not only promotes apoptosis, but also aggravates acute brain injury. 

 

Abbreviations 

CHOP, C/EBP homologous protein; shRNA, short hairpin RNA; LV, lentiviral vector; TNF-α, tumor 

necrosis factor-α; siRNA, short interfering RNA 

 

INTRODUCTION 

    

C/EBP homologous protein (CHOP), an 

important transcription factor during 

endoplasmic reticulum stress, is activated 

following ischemia/hypoxia and oxidative 

stress, and participates in cell apoptosis
[1-2]

. 

A previous study showed that CHOP 

overexpression in cells led to decreased 

Bcl-2 levels, increased Bim levels and the 

occurrence of cell apoptosis
[3]

. RNAi- 
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mediated CHOP silencing has been shown to protect 

smooth muscle cells against endoplasmic reticulum 

stress-mediated apoptosis
[4]

. CHOP knockout increased 

Bcl-2 content in myocardial cells and lessened 

myocardial cell apoptosis
[5]

. CHOP is probably 

associated with inflammation. Indeed, CHOP knockout 

also suppressed caspase-11 activities and inhibited 

inflammation in a mouse model of lipopolysaccharides- 

induced pneumonitis
[6]

. Moreover, inflammatory factor 

expression was reduced, and inflammatory cell 

infiltration was lessened in the infarcted myocardium of 

mice with CHOP knockout following myocardial 

ischemia/reperfusion
[5]

.  

 

CHOP plays an important role in the occurrence and 

development of nervous system disease. A previous 

study confirmed that amyloid precursor protein 

activated intracellular CHOP expression and that this 

expression mediated neural cell apoptosis
[7]

. CHOP 

silencing reduced β-amyloid deposition, relieved 

inflammatory reaction and cell apoptosis in an in vitro 

model of Alzheimer’s disease
[8]

. Following 

subarachnoid hemorrhage, silencing of CHOP 

expression lessened cerebral vasospasm-induced 

acute cerebral injury
[9]

. A large amount of CHOP is 

detectable in brain tissue following ischemia/ 

reperfusion injury
[10]

. However, it remains unknown 

whether CHOP is associated with inflammatory 

reactions or cell apoptosis following cerebral 

ischemia/reperfusion.  

 

In the present study, we established rat models of 

ischemia/reperfusion injury using the suture occlusion 

method, introduced CHOP short hairpin RNA (shRNA) 

into the brain via injection of a lentiviral vector (LV) 

through the left lateral ventricle, and analyzed the effects 

of CHOP gene silencing on acute brain injury following 

ischemia/reperfusion.   

 

 

RESULTS 

 

Quantitative analysis of experimental animals 

A total of 36 rats were randomly and equally assigned to 

control, vector and LV-shRNA groups. PBS, LV- 

cytomegalovirus (CMV)-control plasmid and LV-CMV- 

CHOP shRNA plasmids were respectively injected into 

the left lateral ventricles of rats from the control, vector 

and LV-shRNA groups. Forty-eight hours later, rat 

models of ischemia/reperfusion were established using 

the suture occlusion method. A total of 36 rats were 

included in the final analysis, with no drop outs.  

CHOP silencing reduced infarct volume in rats 

following cerebral ischemia/reperfusion  

At 1 day following cerebral ischemia/reperfusion, 2,3,5- 

triphenyltetrazolium chloride staining revealed a large 

gray infarct region (276.7 ± 56.4 mm
3
) in the left cerebral 

hemisphere, which involved the cortex, hippocampus 

and basal ganglia in the control group. The infarct region 

was distributed evenly and infarct volume did not 

obviously change in the vector group (254.4 ± 74.6 mm
3
; 

P > 0.05). Infarct volume in the LV-shRNA group was 

significantly smaller than that in the control and vector 

groups (145.2 ± 52.1 mm
3
; P < 0.01; Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHOP silencing reduced tumor necrosis factor-α 

(TNF-α) mRNA and interleukin-1β mRNA expression 

in the infarct region  

Real-time quantitative PCR was utilized to determine 

TNF-α mRNA and interleukin-1β mRNA expression 

levels to study the role of CHOP in inflammatory 

reactions in the infarct region. Interleukin-1β mRNA 

expression was significantly lower in the LV-shRNA 

group compared with the control and vector groups    

(P < 0.05; Figure 2).  

 

CHOP silencing increased Bcl-2 content and 

decreased caspase-3 content in the infarct region  

A western blot assay revealed that CHOP and caspase-3 

contents were lower (P < 0.01), while Bcl-2 content was 

higher (P < 0.05) in the LV-shRNA group compared with 

the control and vector groups (Figure 3).  

 

CHOP silencing lessend cell apoptosis in the infarct 

region  

A large number of TUNEL- positive cells in the rat cortex, 

Figure 1  Infarct volume in rats from the control, vector 
and lentiviral vector (LV)-short hairpin RNA (shRNA) 
groups (2,3,5-triphenyltetrazolium chloride staining).  

There was an obvious, large, gray infarct region, which 
involved the cortex, hippocampus and basal ganglia in each 
group following model induction using the suture occlusion 

method. Volume in the LV-shRNA group: aP < 0.01, vs. 
control and vector groups. Mean ± SD, n = 3, one-way 
analysis of variance and Student-Newman-Keuls test. 
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hippocampus and basal ganglia in each group. There 

were large numbers of round or elliptic apoptotic cells 

showing pyknosis and karyorrhexis. The number of 

apoptotic cells in the LV-shRNA group was significantly 

less than that in the control and vector groups (P < 0.05; 

Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

 

shRNAs are RNA sequences with a tight hairpin turn 

which can be used in RNA interference. shRNAs are 

introduced into cells using a vector, and the U6 promoter 

in the vector ensures shRNA expression. The shRNA 

vector can be transmitted into daughter cells, and gene 

silencing can be inherited. The hairpin structure of 

shRNAs can be cut into short interfering RNAs (siRNAs), 

which then become conjugated to an RNA-induced 

silencing complex. This complex can conjugate to and 

degrade corresponding mRNAs. RNA interference is an 

important method for studying pathogenesis and 

performing gene therapy and has been extensively 

applied in studies of nervous system diseases
[11-13]

. RNA 

interference has recently emerged as a specific and 

efficient method with which to silence gene expression 

either by transfection with siRNAs or, more recently, by 

transcription of shRNAs
[14-15]

. Of all shRNA vectors, 

lentiviral vectors have been characterized to show 

transfection efficiency, stable expression, low 

immunogenicity, and an ability to effectively infect and 

integrate unseparated cells such as neuronal cells, and 

they are widely used in studies of the nervous 

system
[16-17]

.  

 

This study analyzed the effect of CHOP gene silencing 

in neural cells, especially neurons, on brain injury 

following ischemia/reperfusion. Thus, lentiviruses 

carrying CHOP shRNAs were suitable for our study. A 

western blot assay confirmed that CHOP expression 

was dramatically lower in the LV-shRNA group than 

that in the vector and control groups, thereby validating 

the approach used.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  C/EBP homologous protein gene silencing 
effects tumor necrosis factor-α (TNF-α) mRNA (A) and 

interleukin-1β (IL-1β) mRNA (B) expression in the infarct 
region of rats following ischemia/reperfusion.  

Results are expressed as the ratio of the absorbance 

values of TNF-α and IL-1β mRNA to that of the 
house-keeping gene GAPDH. aP < 0.01, vs. control and 
vector groups. Mean ± SD, n = 6, one-way analysis of 

variance and Student-Newman-Keuls test. 
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Figure 3  Effects of C/EBP homologous protein (CHOP) gene silencing on Bcl-2 and caspase-3 protein expression in the 
cerebral infarct regions of rats following ischemia/reperfusion.  

Results are expressed as the ratio of the absorbance values of target protein to the house-keeping protein GAPDH. Expression 
levels in the lentiviral vector (LV)-short hairpin RNA (shRNA) group: aP < 0.05, vs. control and vector groups. Mean ± SD, n = 6, 

one-way analysis of variance and Student-Newman-Keuls test. 
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When histiocytes experience hypoxia/ischemia, 

inflammation and oxidative stress, intracellular 

endoplasmic reticulum stress are observed
[18-19]

. 

Although homeostasis can be maintained during 

endoplasmic reticulum stress, excessive endoplasmic 

reticulum stress leads to disruption of homeostasis 

because of the continuous presence of the insult, finally 

resulting in cell apoptosis
[20]

. Numerous previous studies 

have revealed that endoplasmic reticulum stress exerts a 

crucial role in the occurrence and development of many 

nervous system diseases such as cerebral infarction, 

Parkinson’s disease, Alzheimer’s disease and 

amyotrophic lateral scherosis
[21-24]

. CHOP is an important 

transcription factor in endoplasmic reticulum stress. It is 

not expressed in normal neural cells, but it is expressed 

in cells following stimulation by pathological factors, 

finally resulting in apoptosis. In this study, a high level of 

CHOP expression was seen following cerebral 

ischemia/reperfusion, consistent with the findings of a 

previous study
[10]

. By using RNA interference to silence 

CHOP, the number of TUNEL-positive cells was 

remarkably decreased and infarct volume was reduced 

in the injured region, suggesting that CHOP mediates 

cell apoptosis and aggravates brain injury following 

cerebral ischemia/reperfusion. The mechanisms 

underlying this CHOP-mediated cell injury remain 

unclear, but they are associated with inhibition of Bcl-2 

expression and induction of oxidative stress
[25]

. In the 

present study, CHOP silencing led to an increase in 

Bcl-2 expression and a decrease in caspase-3 

expression. These findings suggest that CHOP 

decreases Bcl-2 expression, activates caspase-3, and 

mediates apoptosis. Therefore, silencing CHOP could 

protect the nervous system.  

Like apoptosis, inflammatory reactions are an important 

injury factor following cerebral ischemia/reperfusion. 

Recent studies have suggested that CHOP is associated 

with inflammation. CHOP induces caspase-1 and 

caspase-11 expression, upregulates interleukin-1β, and 

mediates inflammatory reactions
[26]

. At present, there is 

no report concerning the relationship between CHOP 

and inflammatory reactions following cerebral ischemia/ 

reperfusion.  

 

In our models of cerebral ischemia/reperfusion, CHOP 

silencing by RNA interference downregulated TNF-α and 

interleukin-1β expression. Thus, we believe that CHOP 

not only contributes to apoptosis, but also aggravates 

acute brain injury. 

 

 

MATERIALS AND METHODS 

 

Design 

A molecular biology randomized controlled study.  

 

Time and setting 

Experiments were performed at the Laboratory of 

Neurology, Translational Medicine Center, Bethune First 

Hospital, Jilin University, China from October 2011 to 

March 2012.  

 

Materials  

Animals 

A total of 36 clean, healthy, male, Sprague-Dawley rats, 

aged 8–10 weeks, weighing 280–340 g, were supplied 

by the Animal Experimental Center, Jilin University in 

China (animal license No. SCXK (Ji) 2003-0002). The 

Figure 4  Effects of C/EBP homologous 
protein gene silencing on cell apoptosis in the 
rat cerebral infarct region following 

ischemia/reperfusion.  

Cell apopotsis in control group, vector group 
and lentiviral vector (LV)-short hairpin RNA 
(shRNA) group, respectively (A–C; TUNEL 

staining, × 200) there were round or elliptic 
apoptotic cells showing pyknosis and 
karyorrhexis. (D) Quantification of 

TUNEL-positive cells. aP < 0.05, vs. control 
and vector groups. Mean ± SD, n = 3, one-way 
analysis of variance and 
Student-Newman-Keuls test. 
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rats were housed in individual cages at 21 ± 2°C, with a 

relative humidity of 30–35%, in a 12-hour light/dark cycle, 

with free access to food (a full-nutrient diet) and water. 

The protocols were conducted in accordance with the 

Guidance Suggestions for the Care and Use of 

Laboratory Animals, formulated by the Ministry of 

Science and Technology of China
[27]

.  

 

Plasmid 

Lentiviral-CMV-CHOP shRNA plasmid and 

lentiviral-CMV-controlplasmid were purchased from 

Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).  

 

Methods  

Intraventricular injection of CHOP shRNA plasmid  

The rats were intraperitoneally anesthetized with 10% 

chloral hydrate (0.32 mL/100 g), and fixed on a 

stereotaxic apparatus (Shenzhen Reward Life Science 

Co., Ltd.). In accordance with the method of Jin et al 
[28]

, 

after sterilization with 75% ethanol, a 2.5-cm-long sagittal 

incision was made along the median line to expose the 

cranial bones. A hole was drilled at 0.3 mm anterior to the 

bregma, 3.6 mm lateral to the ventro, 1.1 mm left of the 

cranial bones. The cerebral dura mater was punctured 

with a small needle. A casing was inserted slowly through 

the hole. PBS, LV-CMV-control plasmid (10 µL,         

1 × 10
8
 TU/mL) and LV-CMV-CHOP shRNA plasmid  

(10 µL, 1 × 10
8
 TU/mL) were respectively injected into 

the left cerebral ventricle in the control, vector and 

LV-shRNA groups using a mini-syringe pump. The rats 

were removed from the stereotaxic apparatus, and 

placed in an incubator with controllable humidity and 

temperature at 37°C for 60 minutes. Subsequently, the 

rats were housed in individual cages at 22°C and allowed 

to free access to food and water.  

 

Establishment of rat models of cerebral ischemia/ 

reperfusion injury 

At 48 hours following injection of lentiviral plasmids into 

the cerebral ventricle of rats, rat models of cerebral 

ischemia/reperfusion injury were induced using the 

suture occlusion method
[29]

. The rats were 

subcutaneously anesthetized with ketamine (100 mg/mL, 

100 mg/kg), xylazine (20 mg/mL, 2.5 mg/kg) and 

acepromazine (2.5 mg/mL, 2.5 mg/kg) (Jinan Wanxingda 

Chemical Co., Ltd., Jinan, Shandong Province, China). 

The rats were fixed on a surgical splint in the supine 

position. A median incision was made after sterilizing the 

neck skin; then, the left common carotid artery, external 

carotid artery and internal carotid artery were dissociated 

in order. A small cut proximal to the common carotid 

artery was made using eye scissors, and a 0.26-mm 

diameter blunt fishing line was inserted into the original 

part of the middle cerebral artery through the internal 

carotid artery. The blood flow of the left middle cerebral 

artery was blocked for 2 hours, and then the fishing line 

was pulled out. The external carotid artery was ligated 

and the incision was sutured. Following regaining of 

consciousness, the rats were housed at 20–25°C with 

free access to food and water. Neurological functions 

were graded
[29]

. Rats scoring 3 or 4 were considered to 

show successful model induction.  

 

2,3,5-triphenyltetrazolium chloride staining of brain 

tissues of rats with cerebral ischemia/reperfusion 

injury  

At 1 day following model induction, all rats were 

anesthetized and decapitated. The brains were placed at 

–20°C for 20 minutes, and then cut into 2 mm-thick 

sections. The first cut was made on the midpoint of the 

anterior pole–optic chiasma line. The second cut was 

made on the optic chiasma. The third cut was made on 

the infundibular stalk. The fourth cut was made between 

the infundibular stalk and the caudal end of the posterior 

lobe. The sections were stained in 2% 2,3,5- 

triphenyltetrazolium chloride at 37°C for 15–30 minutes. 

The white region of the sections was considered to be 

the infarct region.  

 

Real-time quantitative PCR for TNF-α and 

interleukin-1β mRNA expression in rat models of 

cerebral ischemia/reperfusion injury  

In accordance with the method of Finch et al 
[30]

, total 

RNA was extracted from brain tissues of the left infarct 

region using Trizol (Sigma, St. Louis, MO, USA). The 

content of extracted RNA was determined using a UV- 

240 spectrophotometer (Kaiao, Beijing, China). The 

A260nm/A280nm ratio of total RNA was between 1.80 and 

2.00. A total of 2 μg total RNA was obtained. In strict 

accordance with the instructions of the Superscript III 

Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, 

USA), cDNA was synthesized, followed by real-time 

quantitative PCR according to instructions of the SYBR 

Green PCR kit (Beijing TransGen Biotech Co., Ltd., 

Beijing, China). Then, 1 μL of specific primer (including 

0.5 μL upstream primer and 0.5 μL downstream primer), 

12.5 μL of 2 × SYBR Green QPCR Master Mix, 2.5 μL of 

diluted cDNA and 9 μL of nuclease-free PCR-grade 

water were mixed for denaturation at 95°C for 5 minutes, 

followed by 40 cycles of 95°C for 30 seconds, 60°C for  

1 minute, and 72°C for 30 seconds. PCR products with 

SYBR green fluorescence were detectable. Product 

concentration was quantified using GAPDH as an 

internal reference.  
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Reference sequences for TNF-α and interleukin-1β were 

obtained from GeneBank and mRNA-specific primers 

were designed using Prime primer 5.0 software and 

synthesized by Shanghai Bioengineering Institute, 

Shanghai, China. The precise sequences are as follows: 

 

 

 

 

 

 

 

CHOP, Bcl-2 and caspase-3 expression in brain 

tissues of rats with cerebral ischemia/reperfusion, as 

detected by western blot assay  

Infarcted brain tissues were lysed for 30 minutes on ice, 

homogenized using a homogenizer for 30 seconds, 

and then centrifuged at 12 000 r/min for 20 minutes. 

The supernatant was obtained and diluted using lysis 

buffer. Total protein concentration was determined by 

bicinchoninic acid assay. Then, 15 μg of total protein 

from each sample was added to 4 μL of 6 × Loading 

Buffer, followed by denaturation in boiling water for   

5 minutes and 10% inconsecutive SDS-PAGE at 80 V 

for 40 minutes, at 110 V for 90 minutes. Proteins were 

electro- transferred to the membrane by the wet 

method at 200 mA for 60–90 minutes. The membrane 

was blocked in bovine serum albumin (Boster, Wuhan, 

Hubei Province, China) and skim milk for 2 hours, 

followed by six washes in Tris-buffered saline 

containing Tween-20, each for 10 minutes (Boster). 

The specimens were incubated in rabbit anti-CHOP, 

Bcl-2 and caspase-3 polyclonal antibody IgG (Santa 

Cruz Biotechnology) at 1: 2 000 at 4°C overnight, 

eluted six times in Tris-buffered saline containing 

Tween-20, each for 10 minutes, incubated in 

horseradish peroxidase-labeled goat anti-rabbit 

polyclonal antibody IgM (Santa Cruz Biotechnology) at 

room temperature for 2 hours, followed by enhanced 

chemiluminescence detection.  

 

TUNEL for cell apoptosis in the rat cerebral infarct 

region  

The sections were washed twice in xylene, each for     

5 minutes, washed twice in dehydrated alcohol, each for 

3 minutes, separately washed in 95% and 75% ethanol, 

each 3 minutes, immersed in PBS for 5 minutes and 

hydrolyzed by proteinase K (20 ug/mL) for 15 minutes at 

room temperature, followed by four washes in distilled 

water, each for 2 minutes. PBS containing 2% hydrogen 

peroxide was added at room temperature for 5 minutes. 

Redundant solution on the slide was absorbed by filter 

paper. Two drops of TdT enzyme buffer were added at 

room temperature for 5 minutes at 37°C for 1 hour, and 

then stop buffer was added at 37°C for 30 minutes. 

Following three washes in PBS, the specimens were 

incubated in peroxidase-labeled anti-digoxin antibody 

(Boster) for 30 minutes, developed in 0.05% 3, 3’- 

diaminobenzidine at room temperature for 5 minutes, 

counterstained in methyl green for 10 minutes, mounted, 

and dried. The numbers of TUNEL-positive cells in five 

100-fold fields surrounding the ischemic region were 

determined under a light microscope (Olympus, Tokyo, 

Japan).  

 

Statistical analysis  

Measurement data were expressed as mean ± SD, and 

were analyzed utilizing SPSS 17.0 software (SPSS, 

Chicago, IL, USA). Intergroup comparisons were 

conducted by one-way analysis of variance and 

Student-Newman-Keuls test (α = 0.05).   
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