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Abstract
Background/Aims: Lipopolysaccharide (LPS) pretreatment has a strong neuroprotective effect 
on cerebral ischaemia/reperfusion injury (IRI), but the mechanism has not been fully elucidated 
to date. This study investigated the effect of LPS pretreatment on the pathway mediated 
by endoplasmic reticulum (ER) stress–CCAAT/enhancer-binding protein- homologous 
protein (CHOP) and the role of this pathway on cerebral ischaemia/reperfusion (I/R)-induced 
inflammation and apoptosis. Methods: Healthy male BALB/c mice were randomised into four 
groups as follows: sham operation group (sham group, n=30); LPS group (BALB/c mice treated 
with LPS, n=30); ischaemia/reperfusion group (I/R group, n=30) and I/R+LPS group (BALB/c 
mice treated with LPS before ischaemia, n=30). The mice were pre-treated with LPS (0.2 mg/kg) 
intra-peritoneally for three days prior to cerebral ischaemia. After 24 hours, the neurological 
deficit score, TTC staining and TUNEL assay were used to assess the neuroprotective effect 
of the LPS pretreatment against cerebral IRI. To assess whether the ER stress-CHOP pathway 
participated in the LPS-pretreatment neuroprotective mechanism, the expression levels 
of related proteins (GRP78, CHOP, caspase-12 and caspase-3) from the ischaemic cortical 
penumbra were detected via a western blot analysis. An immunohistochemical study was used 
to detect the expression and location of CHOP in the cortical penumbra. To further assess the 
protective effect of the LPS pretreatment, the concentrations of inflammatory factors (TNF-α, 
IL-6, IL-1β and IL-10) in the cortical penumbra were measured by ELISA, and ER stress-CHOP 
pathway inflammation-related caspase-11 was analysed through western blot analysis. Results: 
As demonstrated by the experiments, the pretreatment with LPS significantly reduced the 
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neurological deficit score and the infarct size of cerebral IRI. The expression levels of ER stress-
CHOP pathway related proteins (GRP78, CHOP, caspase-12 and caspase-3) from the cortical 
penumbra were significantly decreased by LPS, as well as the level of apoptosis in the cells in 
the brain. Immunohistochemistry showed that the expression of CHOP significantly decreased 
after the LPS pretreatment. Furthermore, the concentrations of inflammatory factors (TNF-α, 
IL-1β, IL-6) were reduced after the LPS pretreatment, whereas the anti-inflammatory cytokine 
IL-10 was upregulated. In addition, ER stress-CHOP pathway inflammation-related caspase-11 
expression was significantly suppressed after the pretreatment with LPS. Conclusions: LPS 
pretreatment significantly ameliorates the effects of cerebral IRI by inhibiting inflammation 
and apoptosis, and the potential mechanism of the neuroprotective effect may be associated 
with the ER stress-CHOP mediated signalling pathway.

Introduction

Cerebral ischaemia/reperfusion injury (IRI) leads to mortality and disability, causing a 
serious socioeconomic burden. The ischaemic centre of the brain tissue, which is caused by 
a transient middle cerebral artery occlusion, has a severe characteristic pathophysiological 
change, and ischaemic penumbra plays a key role in cerebral IRI. The ischaemic penumbra 
is defined as the region around necrosis after cerebral ischaemia with a lower level of 
blood perfusion than normal brain function but higher than the ischaemic centre area with 
a changed morphological structure. The ischaemic penumbra progressively deteriorates 
within several days of stroke [1]. However, when the blood flow is restored, its function may 
be reversed, at least partially. Therefore, the rescue of ischaemic penumbra neurons is a 
key treatment strategy for acute cerebral IRI [2]. Timely and successful cerebral reperfusion 
is the most effective method to reduce the infarct size and morbidity [3]. Cerebral IRI 
involves an extremely complex pathophysiological process, such as calcium-homeostasis 
disorder, oxidative stress and endoplasmic reticulum (ER) dysfunction, eventually leading 
to cell necrosis or apoptosis [4]. However, the precise mechanism has not been thoroughly 
elucidated to date. ER stress plays an important role in cerebral damage after ischaemia/
reperfusion (I/R) [5]. Mild tissue I/R leads to the disturbance of ER function, resulting in an 
unfolded protein response, which relieves the stress of the cells. Nevertheless, persistent and 
severe stress, which exceeds the ability of the ER to address the unfolded protein response, 
ultimately triggers the ER stress apoptotic pathway [6]. The protein level of ER chaperone 
glucose-regulated protein 78/immunoglobulin heavy chain binding protein (Grp78/BiP), 
which is mainly present in the ER and is used as a whistle marker for ER stress, is increased 
under pathological conditions, such as Alzheimer’s disease, Parkinson’s disease and 
cerebral IRI [7]. Meanwhile, the ER stress response pathway is triggered, which is mediated 
by the activation of three endoplasmic transmembrane proteins, including Ire1 (inositol 
requiring enzyme 1), PERK (pancreatic endoplasmic reticulum kinase) and ATF6 (activating 
transcription factor 6) [8]. When the ER function is severely impaired, the impaired cells are 
removed through the apoptotic mechanism. Apoptosis is caused by the inclusion of C/EBP 
homologous protein (CHOP)/ DNA damage-inducible gene 153 (GADD153), apoptosis signal-
regulating kinase 1 (ASK1) and caspase-12 [9-12]. Induction of CHOP, which is a transcription 
factor that belongs to the C/EBP transcription factor family, is a signalling event underlying 
ER stress–induced apoptosis. It is confirmed that CHOP-induced apoptosis is involved in 
the pathogenesis of many diseases, including cancer, diabetes, fibrosis, neurodegenerative 
disease and brain ischaemia [9, 13].

Lipopolysaccharide (LPS), known as the antigenic component of the gram-negative 
bacterial cell wall, may initiate the activation of Toll-like receptor 4 (TLR4), causing severe 
sepsis and inflammation [14]. Recently, the literature reports that the ER stress-CHOP 
pathway participates in the pathogenesis of LPS-induced lung inflammation [15], liver IRI 
[16], and pancreatitis [17]. Several articles have further shown that the ER stress-CHOP 
pathway plays a key role in the pathogenesis of LPS-induced inflammation by inducing 
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caspase-11 [15-19]. Caspase-11 is called an inflammation-related caspase because the active 
form of caspase-11 proteolysis converts procaspase-1 to caspase-1, which activates pro-IL-
1β to IL-1β, eventually leading to inflammation [18, 20]. Therefore, we know that the ER 
stress-CHOP pathway is highly important in the pathogenesis of many organ inflammation 
responses. Although it is documented that a low dose LPS pretreatment protects the liver, 
brain, heart and intestine from IRI by inhibiting the inflammatory response [16, 21-23], the 
potential neuroprotective effect on brain cell inflammation and apoptosis after cerebral IRI 
is not completely elucidated. The target of our research aimed to explore the influence of LPS 
pretreatment on the pathway mediated by ER stress-CHOP and the role of this pathway on 
cerebral IRI-induced inflammation and apoptosis.

Materials and Methods

Animals
Healthy male (clean grade) BALB/c mice (8-10 weeks old, 25-30 g) were obtained from the 

Experimental Animal Centre of Chongqing Medical University (Chongqing, China). In our study, all of the 
experiments were conducted according to the Guidelines of the Ethics Committee for Laboratory Animals in 
Chongqing Medical University. All of the mice were kept in a laboratory room at 22-25 ° C temperature with 
a 12-hour light-dark cycle and had free access to food and water.

Surgery and experimental design
The focal cerebral ischaemia model was replicated by middle cerebral artery occlusion (MCAO) as 

previously described [24]. Briefly, the rats were anaesthetised with 10% chloral hydrate (300 mg/kg) 
intraperitoneally, and the middle cerebral artery was later blocked for 2 hours and was reperfused for 24 
hours.

The mice were randomly divided into four groups as follows: sham operation group (sham group, 
n=30); LPS (Escherichia coli O111:B4, Sigma Aldrich, USA) group (LPS group, n=30); cerebral ischaemia/
reperfusion group (I/R) group (I/R group, n=30) and I/R+LPS group (I/R+LPS group, n= 30). The sham 
operation mice followed the same procedure as the other groups, except for the arterial occlusion.

The mice in the LPS and I/R+LPS groups were injected by an intra-peritoneal administration with 0.2 
mg/kg LPS for three consecutive days before the I/R operation. However, in the sham and I/R groups, an 
equal volume of saline was administered for three consecutive days prior to I/R. The neurological deficit 
score was measured after 24 hours of reperfusion. Subsequently, each rat was sacrificed, and then, the brain 
cell apoptosis, the concentration of the inflammatory factors and the ER stress-CHOP apoptotic pathway-
related protein expressions were measured.

Neurological deficit score assessment
Twenty-four hours after reperfusion, a neurological behavioural test was performed for each rat 

according to Longa and Weinstein’s method [24], and the data were obtained from an experimenter who 
was unaware of the experimental design.

Infarct volume assessment
The animals were sacrificed following the neurological function assessment. The brains were rapidly 

removed and cut into 2 mm thick coronal pieces and submerged in a 2% solution of 2, 3,5-triphenyltetrazole 
(TTC, Sigma) staining at 37°C for 20 min. The brain slices were subsequently fixed overnight in 4% 
paraformaldehyde at 4°C. The infarcted area was white, and the non-infarct tissue was red. The size of the 
infarct (white) from each site was analysed using image analysis software (image-Pro Plus 6.0). The degree 
of the infarct area was assessed by the following formula: (contralateral hemisphere volume - non-infarct 
ipsilateral hemisphere volume) / contralateral hemisphere volume × 100% [25].

The ipsilateral hemisphere region, corresponding to the ischaemic core and penumbra, was identified 
by TTC staining. The middle coronal brain slice was used to determine the ischaemic penumbra [26]. We 
initially cut approximately 2 mm longitudinally (from top to bottom) through the right hemisphere from 
the lateral side of the sagittal suture. A transverse diagonal cut was then performed at approximately the “2 
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o’clock” position, and eventually, the penumbra was separated from the core for further experiments [27]. 
However, based on previous studies, we made subtle changes to the ischaemic core and penumbra [28-31]. 
The infarction area was located in the lateral caudoputamen and the adjacent ventrolateral cortex of the 
frontal parietal, while the penumbra area was located in the medial caudoputamen and adjacent to the 
dorsal medial cortex of the frontal parietal (Fig. 1C).

TUNEL staining for apoptosis assessment
The cortical penumbra of the brain tissue was embedded in paraffin and was then cut into 5 μm 

sections for the TUNEL assay. TUNEL staining was performed in strict accordance with the manufacturer’s 
instructions for in situ cell death detection kit (Promega, USA). The number of TUNEL-positive cells from ten 
randomly selected fields of the cortical penumbra in each slice was counted under an optical microscope.

Enzyme-linked immunosorbent assay (ELISA)
The concentrations of TNF-α, IL-1β, IL-6 and IL-10 in the cortical penumbra supernatant were measured 

by mouse ELISA kits (R & D Systems) according to the manufacturer’s instructions. The experiments were 
carefully repeated three times to verify the results.

Western blot analysis
The cortical penumbra of the brain tissue sample was taken from the experimental mice according 

to our previously described method and was later quickly stored at -80° C for further use. The cortical 
penumbra was homogenised with a glass homogeniser in ice-cold radioimmunoprecipitation assay lysis 
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, pH 7.4). After 30 min 
of incubation, the tissue homogenate was centrifuged at 800 × g for 5 min at 4°C, and the supernatant 
was further centrifuged at 12, 000 × g for 30 min at 4°C. The new supernatant was applied to 12% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the separated proteins were 
transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes 
were blocked for 45 minutes at 4° C with 5% non-fat milk and were later incubated overnight at the same 
temperature with primary antibodies as follows: CHOP (1:500) (Santa Cruz Biotechnology); GRP78 (1:500) 
(Santa Cruz Biotechnology); caspase-12 (1:1000) (Bios Biotechnology Inc, China); Caspase-11 (1:1000) 
(Cell Signaling Technology, Danvers, MA); Caspase-3 (1:1000) (Cell Signaling Technology, Danvers, MA), 
β-actin(1:1000) and GAPDH (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA). After three washes with 
PBS-T, the membranes were incubated with peroxidase-conjugated secondary antibody (1:1000) (Santa 
Cruz Biotechnology, Santa Cruz, CA) at room temperature for 1 hour. The protein bands were quantified by 
use of Quantity one software (Bio-Rad, Hercules, CA, USA). GAPDH and β-actin were chosen as the internal 
controls. All of the band intensities were normalised to GAPDH or β-actin and are expressed as a percentage 
of the control samples.

Immunohistochemical study
An immunohistochemical study was used to detect the expression of CHOP in the cortical penumbra 

according to the manufacturer’s instructions. Briefly, the paraffin embedded brain sections were dewaxed 
and washed three times in PBS and were later immersed in 3% hydrogen peroxide for 3 minutes to block 
endogenous peroxidase and quenched for 20 minutes in BSA. Next, the sections were incubated with a 
rabbit polyclonal antibody against CHOP (1: 200 dilution) at 4 ° C. Next, the sections were incubated with 
an anti-rabbit secondary antibody for 1 hour at 4°C. After that, 3, 3’-diaminobenzidine (DAB) was used for 
colour development. Finally, haematoxylin was used for counterstaining. The number of apoptotic cells in 
each area was calculated. Random high-power fields from five different cortical penumbra in each section 
were examined. A high magnification (400×) photograph was taken using a light microscope. The CHOP 
positive cell ratios were analysed using Image-Pro Plus 6.0 software.

Statistical analysis
All the data are shown as the mean ± SD. All the statistical analyses were performed with SPSS version 

19.0 software. Comparisons among multiple groups were performed with a one-way ANOVA. When the 
differences were considered statistically significant, the least significant difference test was performed to 
compare the two groups. The statistical significance was determined to be P < 0.05.
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Results

LPS pretreatment attenuates cerebral 
damage following IRI
Cerebral I/R models were 

successfully established. To determine 
the neuroprotective effect of the LPS 
pretreatment against cerebral IRI, we 
assessed the neurological deficit score 
after 24 hours of reperfusion (Fig. 1A). 
The neurological deficit score of the I/R 
group was obviously higher than the sham 
group (P < 0.05). However, the neurological 
deficit score of the I/R+LPS group showed 
a significant improvement compared to 
the I/R group (P < 0.05). In addition, as 
demonstrated by the TTC-stained coronal 
sections, the infract size of the I/R group 
was significantly increased compared to 
the sham group, while the infarct size of the 
brain injury was also remarkably reduced 
in the I/R+LPS group compared with the 
I/R group (Fig. 1B, D, P < 0.05). There 
was no significant difference between the 
sham group and LPS group. Based on these 
results, the low dose LPS pretreatment 
attenuated cerebral damage following IRI, 
and therefore, the optimal treatment dose 
of LPS (0.2 mg/kg) was used in the following 
experiment.

LPS pretreatment attenuates 
cerebral apoptosis following IRI
To study the brain cell apoptosis 

rate of the cortical penumbra after 
cerebral IRI and the LPS pretreatment 
anti-apoptotic effect, we conducted the 
TUNEL assay. Compared to the control 
group, the rate of TUNEL-positive cells 
in the I/R group was considerably 
increased (54.3±1.1% vs.17.5±0.7%, P 
< 0.05). However, the rate of TUNEL-
positive cells in the I/R+LPS group was 
significantly decreased compared to the 
I/R group (39.6±0.8% vs. 54.3±1.1%, P 
< 0.05). The results showed that LPS 
pretreatment markedly inhibited brain 
cell apoptosis (Fig. 2A, B).

LPS pretreatment inhibits cerebral inflammation following IRI
To further assess the protective effect of the LPS pretreatment on the brain, the 

expression levels of inflammatory factors (TNF-α, IL-6 and IL-10) from the cortical penumbra 
were measured by ELISA (Fig. 3). The results demonstrated that the concentrations of pro-
inflammatory factors (TNF-α, IL-6) in the I/R+LPS group significantly decreased compared 

Fig. 1. Effects of low-dose LPS (0.2 mg/kg) pretreat-
ment on neurological deficit scores and infarct vol-
umes in the mice subjected to 2h MCAO followed by 
24h reperfusion. A. Neurological deficit score. n = 
30. B. Infarct size detected by TTC staining. C. The 
red zone near the infarction zone represented the 
ischemic penumbra in the ipsilateral hemisphere of 
coronal brain section. D. Representative TTC-stained 
coronal brain sections. n = 6. Data are shown as 
mean ± SEM. *P<0.05, **P<0.01 versus sham group; 
#P<0.05, ##P<0.01 versus I/R group.
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Fig. 2. Effects of low-dose LPS pretreatment on cell ap-
optosis in the mice subjected to 2h MCAO followed by 
24h reperfusion. A. TUNEL staining was performed on 
the slices from cortical penumbra. a. sham group, b. LPS 
group, c. I/R group, and d. I/R + LPS group. B. Ratio of 
positive cells. Magnification is 200×. n = 6. Data are ex-
pressed as mean ± SEM. *P<0.05, **P<0.01 versus sham 
group; #P<0.05, ##P<0.01 versus I/R group.
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to the I/R group (TNF-α 64.33±11 vs. 
104.5±15 pg/ml, IL-6 37.83±8.3 vs. 
72.17±9 pg/ml, P < 0.05, respectively). 
By contrast, the concentration of the 
anti-inflammatory factor IL-10 in the 
I/R+LPS group was clearly higher 
than in the I/R group (IL-10 49.6±1.1 
vs. 35.8±1.2 pg/ml, P < 0.05). The 
results showed that LPS pretreatment 
inhibited cerebral inflammation after 
IRI.

ER stress-CHOP mediated signalling pathway is involved in the protective effect of the LPS 
pretreatment in cerebral IRI
To assess whether ER stress-CHOP was activated upon LPS pretreatment as a 

neuroprotective mechanism, the expression of related proteins (GRP78, CHOP, caspase-12 
and caspase-3) was further detected by western blotting (Fig. 4). According to the results, the 
expression of GRP78, CHOP and cleaved Caspase-12 in the I/R group was clearly increased 
compared to the control group (P < 0.05), but in the LPS+I/R group, it was considerably 

Fig. 3. Effects of low-dose LPS pretreatment on in-
flammatory factors in the mice subjected to 2h MCAO 
followed by 24h reperfusion. Serum concentrations 
of inflammatoy cytokines (TNF-α, IL-6, IL-1β, and 
IL-10) from cortical penumbra were measured be-
fore and after I/R injury in four experimental groups 
(n = 6 in each group). Data are expressed as mean ± 
SEM. *P<0.05, **P<0.01 versus sham group; #P<0.05, 
##P<0.01 versus I/R group.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

sh
am LP

S I/R

I/R
+L

PS
0

20

40

60

80

100

**  

##  

IL
-6

 c
o

n
c
e
n

tr
a
ti

o
n
（

p
g

/m
l）

B 

sh
am LP

S I/R

I/R
+L

PS
0

20

40

60

80

**  

##  

IL
-1

0
 c

o
n

c
e
n

tr
a
ti

o
n
（

p
g

/m
l）

D 

sh
am LP

S I/R

I/R
+L

PS
0

50

100

150

**  

##  

T
N

F
-α

 c
o

n
ce

n
tr

at
io

n
（

p
g

/m
l）

A 

sh
am LP

S I/R

I/R
+L

PS
0

20

40

60

80

100

**  

##  

IL
-1

β
 c

o
n

ce
n

tr
at

io
n
（

p
g

/m
l）

C 

Fig. 4. ER stress-CHOP mediated signaling 
pathway and related apoptotic pathway in-
hibition by low-dose LPS   pretreatment on 
cerebral IRI. The ER stress relative proteins 
GRP78 (A), CHOP (B), Cleaved Caspase-12 
(C) and cleaved Caspase-3 (D) from cortical 
penumbra were determined by Western blot-
ting. Representative of four experiments, ER 
stress-CHOP mediated inflammation-associ-
ated protein level of cleaved caspase-11 (E) 
was further measured by Western-assisted 
analysis. The relative quantities of protein 
to GAPDH or β-actin. Data are expressed as 
mean ± SEM. *P<0.05, **P<0.01 versus sham 
group; #P<0.05, ##P<0.01 versus I/R group.
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decreased (P < 0.05, Figs. 4A, 
B and C). As illustrated in Fig. 
5, immunohistochemistry 
showed that the expression 
of CHOP in the I/R group was 
significantly increased in the 
nucleus compared with the 
sham group. However, the 
expression of CHOP after the 
LPS pretreatment not only 
decreased significantly but 
also remarkably inhibited the 
transcription into the nucleus 
compared with the I/R group, 
which was consistent with 
the western blot result. To 
further investigate the effect 
of the LPS pretreatment 
on brain cell apoptosis, the 
cleaved caspase-3 activity 
was measured by western blot analysis (Fig. 4D). Compared with the sham group, cleaved 
caspase-3 protein expression was significantly increased in the I/R group. However, its 
protein expression was significantly decreased in the I/R+LPS group. These results indicated 
that the ER stress-CHOP mediated apoptosis signalling pathway was inhibited by LPS 
pretreatment in cerebral IRI.

The ER stress-CHOP pathway also participates in LPS-induced inflammation via 
inflammation-associated caspase-11 and IL-1β. Thus, the protein level of caspase-11 was 
measured by a western blot analysis, and IL-1β was analysed by ELISA. The protein level of 
cleaved caspase-11 in the I/R+LPS group was obviously decreased compared with the I/R 
group (P < 0.05, Fig. 4E). The concentration of IL-1β in the I/R+LPS group was significantly 
lower than that in the I/R group (Fig. 3C). These results showed that LPS pretreatment 
played an important role in the reduction of ER stress-CHOP related inflammatory after 
cerebral IRI.

Discussion

Brain injury caused by cerebral I/R is a common and serious clinical disease with a high 
mortality and morbidity. At present, there is no pharmacological method for the treatment 
of cerebral IRI, which highlights the urgent need for the development of cerebral I/R therapy 
strategies. However, cerebral IRI is a highly complex pathophysiological process with little 
understanding. The neuronal damage in the ischaemic penumbra after cerebral IRI is slow 
and reversible. Therefore, a reduction of the ischaemic penumbra injury is considered a 
key therapeutic strategy for acute cerebral IRI [2]. In the present study, we observed that 
LPS pretreatment alleviated cerebral IRI by inhibiting inflammation and apoptosis. This 
treatment’s protective mechanism may be related to the ER stress-CHOP mediated signalling 
pathway. The treatment strategy attenuated the progression of brain injury and provided an 
extended treatment window for neuroprotection.

In ischaemic stroke, ischaemia and hypoxia in brain cells cause free radicals, calcium 
overload and an inflammatory reaction, leading to cell necrosis or apoptosis. ER stress plays 
an important role in this process and is thought to underlie many pathogenic progressions of 
the cerebral IRI [5]. Under physiological conditions, the protein activity of the ER chaperone 
GRP78 is inhibited. However, under pathological conditions, such as cerebral ischaemia/
hypoxia, GRP78 is released and subsequently induces the expression of ER stress genes, 

Fig. 5. Effects of low-dose LPS pretreatment on CHOP level in the 
cortical penumbra of the mice subjected to 2h MCAO followed by 24h 
reperfusion. A. Immunohistochemical study of CHOP was performed 
on the slices from cortical penumbra. a. sham group, b. LPS group, c. 
I/R group, and d. I/R + LPS group. B. Ratio of positive cells. Magni-
fication is 400×. n = 6. Data are expressed as mean ± SEM. *P<0.05, 
**P<0.01 versus sham group; #P<0.05, ##P<0.01 versus I/R group.
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such as CHOP and caspase-12, eventually leading to apoptosis [32-34]. In this study, the 
protein expression levels of GRP78 and caspase-12 increased significantly after cerebral I/R, 
demonstrating that cerebral I/R led to ER stress.

CHOP, a transcription factor that belongs to the C/EBP transcription factor family, is 
a signalling event underlying ER stress-induced apoptosis. Under physiological conditions, 
CHOP is present in the cytosol, and its expression level is very low. However, under stress 
conditions, such as focal cerebral ischaemia, the expression of CHOP increases significantly 
and is transcribed into the nucleus [9, 35, 36]. It is demonstrated that CHOP-induced 
apoptosis is involved in the pathogenesis of many diseases, including cerebral ischaemia, 
neurodegenerative diseases and diabetes [9, 13]. The ER stress-CHOP pathway is crucial 
in cerebral IRI-induced cell death [37]. In our study, cerebral I/R resulted in a significant 
increase in CHOP and caspase-3 protein expression and the transcription of CHOP from the 
cytoplasm to the nucleus. The number of apoptotic cells also increased significantly after I/R. 
The results proved that the ER stress-CHOP pathway was involved in cerebral IRI-induced 
apoptosis.

LPS, known as the antigen component of the gram-negative bacterial cell wall, causes 
severe sepsis and inflammation [14]. In cerebral IRI, many studies support the view that LPS 
aggravates cerebral IRI [38-42]. There are also reports of the neuroprotective effects of LPS 
pretreatment on cerebral IRI. The mechanism of neuroprotection has not been thoroughly 
elucidated to date [43-45]. In our study, we assessed the neuroprotective effect of LPS 
pretreatment against cerebral IRI by the neurological deficit score and the cerebral infarction 
volume. As previously published, our results showed that the neurological deficit score 
and infarct volume, in the mice after the LPS administration, were significantly improved, 
indicating that there was a neuroprotective effect on cerebral IRI.

The pathogenesis of many diseases is mediated through the ER stress-CHOP pathway, 
such as myocardial reperfusion injury [46], brain IRI [37], and lung diseases [19]. However, 
notably few studies have reported that the ER stress-CHOP mediated signalling pathway 
participates in the neuroprotective effect of LPS pretreatment. In our study, the expressions 
of GRP78, caspase-12 and CHOP were obviously inhibited by LPS pretreatment. As 
illustrated in Fig. 5, the immunohistochemistry showed that the expression of CHOP was not 
only decreased but also the transcription to the nucleus was significantly reduced after the 
LPS pretreatment. To assess whether the ER stress-CHOP apoptosis pathway was activated 
upon LPS pretreatment, as a neuroprotective mechanism, we further examined apoptosis 
in the brain cells and the related apoptotic protein caspase-3 after LPS pretreatment. In our 
study, the number of apoptotic cells was evidently decreased, and the protein expression of 
caspase-3 was significantly suppressed by LPS pretreatment. Collectively, we demonstrated 
that the ER stress-CHOP signalling apoptosis pathway was inhibited by LPS pretreatment in 
cerebral IRI.

Recently, numerous studies have shown that inflammatory response plays a key role 
in the secondary brain injury after cerebral I/R [47, 48]. A large number of inflammatory 
cytokines (TNF-α, IL-1β, IL-6, IL-10) are involved in brain cell apoptosis and necrosis after 
I/R [47-50]. Reducing the inflammatory factors could protect the brain from IRI. TNF-α, IL-
1β,and IL-6 are the most well-known cytokines involved in the inflammatory response caused 
by cerebral ischaemia [51]. While IL-10 plays a key role in the prevention of inflammation 
and is a potent anti-inflammatory cytokine [52]. The ER stress-CHOP pathway participates 
in myocardial inflammation and cardiomyocyte apoptosis induced by IRI [46] and plays a 
key role in inflammatory-associated cysteine proteases in pancreatitis [17]. In hepatocyte 
IRI, LPS pretreatment markedly improved hepatocyte function in I/R-injured rats via the ER 
stress pathway proteins ATF4-CHOP pathway [16]. Numerous studies demonstrate that the 
ER-stress CHOP pathway was also involved in LPS-induced inflammation by inducing the 
inflammation associated with caspase 11 and IL-1β [15, 17, 18]. These studies suggest that 
the ER stress-CHOP pathway is very important in the pathogenesis of inflammatory diseases. 
However, little is known regarding the ER stress-CHOP signalling pathway as it relates to the 
protective effects of LPS pretreatment. CHOP, as an IL-1β maturation process activator, is 
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highly important in the pathogenesis of inflammation, serving to induce caspase-11 [18]. 
Similarly, in the same article, the ER stress-CHOP pathway was shown to participate in the 
process of LPS-induced activation of caspase-11 and IL-1β. Consistent with these results, 
our study found that the concentrations of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) 
were significantly decreased after LPS pretreatment, while the concentration of the anti-
inflammatory factor IL-10 was significantly increased. Similarly, the expression level of 
caspase-11 protein was significantly increased. Our results showed that LPS pretreatment 
played an important role in reducing ER stress-CHOP- related inflammatory responses after 
cerebral IRI.

Conclusion

Our report demonstrates that LPS pretreatment attenuates cerebral IRI by inhibiting 
inflammation and apoptosis, and the mechanism of cerebral protection may be via the 
ER stress-CHOP mediated signalling pathway. Severe cerebral IRI may be disabling, even 
fatal, and the ER stress-CHOP mediated signalling pathway could be a potential target for 
developing new neuroprotective strategies against cerebral IRI.
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