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Abstract. Administration of ozone (O3) is often used in the 
treatment of low back pain. Administration of O3 can, however, 
cause neurotoxicity in spinal cord neurons via induction 
of endoplasmic reticulum (ER) calcium (Ca2+) release and 
activation of the Ca2+/calmodulin‑dependent protein kinase II 
(CaMKII)/mitogen‑activated protein kinase (MAPK) 
pathway. The aim of the current study was to confirm whether 
administration of O3 causes ER stress and if the consequential 
overexpression of adenovirus‑mediated spliced X box binding 
protein 1 (XBP1s), which is the effector of ER stress and a 
crucial transcriptional factor gene in charge of cell survival, has 
a protective effect on spinal cord neurons after O3 exposure. To 
address this aim, the expression of GRP78, an ER chaperone 
and signaling regulator, and the expression of XBP1s in rat 
primary spinal cord neurons that underwent O3 exposure 
were investigated. Primary neurons exposed to O3 exhibited 
increased GRP78 and XBP1s expression levels. Interestingly, 
the effect of decreased neuron viability was blocked when cells 
were pretreated with Adv‑XBP1s. Moreover, overexpression 
of XBP1s suppressed cell death caused by O3 exposure. These 
results suggest that overexpression of activated XBP1s protects 
against neuronal cell death following O3 exposure and that 
activation of the XBP1s pathway may offer a preventative way 
for prophylactic treatment of spinal cord neurons exposed to O3.

Introduction

Ozone (O3) is a strong oxidizing agent and has been widely 
used in the treatment of protrusion of lumbar intervertebral 
disc (PLID), failed back surgery syndrome (FBSS), soft tissue 

lesions and arthralgia (1‑3). However, Ginanneschi et al have 
reported ventral and dorsal root injury after intervertebral 
disc infiltration of O2O3 on L4‑L5 disc herniation. Thus, 
physicians must distinctly comprehend the risk of potential 
complications (4). Therefore, whether O3 has neurotoxicity in 
spinal cord neurons (SCNs) has led to increasing attention to 
the clinical applications of O3. Previous study results suggest 
that exposure to O3 may cause SCNs death and that the 
neurotoxicity caused by O3 is related to the increasing calcium 
(Ca2+) release from endoplasmic reticulum (ER), thus enhancing 
the activity of the Ca2+/calmodulin‑dependent protein kinase II 
(CaMKII)/mitogen‑activated protein kinase (MAPK) 
pathway (5).

The ER is a multifunctional organelle that manages and 
participates in a wide range of cellular processes, which 
include protein synthesis and protein folding, handling 
of misfolded proteins and posttranslational modification, 
and delivery of proteins to their eventual destination  (6). 
The ER forms an interconnected network of flattened, 
membrane‑enclosed sacs in cytoplasm. It is an organelle that 
can provide a place to synthesize proteins and lipids. During 
ER stress, the intracellular folding protein and (or) unfolded 
protein accumulates in the ER. The cell reacts to obliterate 
these defective proteins, which is a process called unfolded 
protein response (UPR) (7). Oxidative stress damage and Ca2+ 
depletion, which are induced by a series of toxic insults, bring 
about the accumulation of unfolded or misfolded proteins 
in the ER and lead to the dysfunction of the UPR, resulting 
in the onset of ER stress and cell death (8). In mammalian 
cells, several ER‑residing transmembrane proteins have been 
identified as transducers of the ER stress signaling pathway, 
namely: Inositol‑requiring ER‑to‑nucleus signal kinase  1 
(IRE1), PKR‑like ER kinase (PERK) and activating transcrip-
tion factor 6 (ATF6) (9). Following activation of UPR, these 
transducers of ER stress are dimerized or cleaved to reduce 
the UPR response. In particular, dimerization and phosphory-
lation of IRE1 with RNase activity promotes the splicing of 
X box binding protein‑1 (XBP1s) mRNA in mammalian cells. 
ER stress activates the RNase activity of IRE1α, leading to 
removal of 26 nucleotides from XBP1s transcripts by unorth-
odox RNA splicing, which transforms the inactive form of 
XBP1mRNA (XBP1u) into an active form (XBP1s) (10). In 
addition, it has been reported that processed XBP1 mRNA 
is rendered into the 54 kDa processed XBP1s (11). XBP1s is 
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a basic leucine zipper (bZIP)‑containing transcription factor, 
which was initially recognized as a protein attaching to the 
cis‑acting X box region in the promoter region of the human 
major histocompatibility complex class II genes. It is indis-
pensable for immunoglobulin secretion and the development 
of plasma cells in mammals. The expression of GRP78 is 
induced by XBP1s through a promoter which contains the ER 
response element (ERSE). Accordingly, ER stress results in 
dimerization of PERK, resulting in the activation of PERK, 
thereby inducing phosphorylation of eIF2α, the general 
attenuation of protein translation, and increased translation of 
the transcriptional factor ATF4 protein (12). The increasing 
translation of ATF4 can regulate the expression of C/EBP 
homologous protein (CHOP), which is the downstream gene 
of ATF4. Both GRP78 and CHOP, which are sentinel markers 
for ER stress under pathologic conditions, bind to newly 
synthesized proteins transiently and are then translocated 
into the ER along with permanent unfolded or misfolded 
proteins (13).

It has been reported that XBP1s are effective transcrip-
tion factors with diverse targets specific for the expression 
of ER chaperones and ER‑associated degradation (ERAD) 
components, both of which are crucial to discharge the ER 
burden (14). However, ER stress may play an essential role 
in neuronal apoptosis, and the role of XBP1s in O3‑induced 
ER stress remains unknown (15). The current study investi-
gated whether exposure to low concentrations of O3 induced 
increased expression of GRP78 and XBP1s, and whether 
activation of XBP1s is neuroprotective against O3‑induced ER 
stress.

Materials and methods

Animals and reagents. All programs involving the use of 
animals were conducted in adherence to the guidelines of the 
National Institutes of Health (NIH; Bethesda, MD, USA) and 
were approved by the Animal Care and Use Committee of the 
School of Medicine of Shandong University (Shandong, China). 
Neurobasal medium and B27 supplement were purchased from 
Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
Trypsin, phenylmethylsulfonyl fluoride (PMSF) and bovine 
serum albumin (BSA) were obtained from Sigma-Aldrich; 
Merck KGaA (Darmstadt, Germany). The following primary 
antibodies were purchased from Cell Signaling Technology 
(Danvers, MA, USA): XBP1s, CHOP and GRP78. Anti‑β‑actin 
antibody was purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).

Construction of recombinant adenovirus. The complementary 
DNAs encoding the full‑length Rat XBP1s proteins were 
amplified from isolated ovary total RNA by reverse 
transcriptase polymerase chain reaction (RT‑PCR). To clone 
the full‑length XBP1s cDNA (GenBank acc. no. NM_005080), 
the following primers were used: Forward,  5'‑TGA​AGC​
TTT​GCG​TAG​TCT​GGA​GCT​ATG​G‑3' and reverse, 5'‑TGC​
TCG​AGA​TTG​GAT​CAT​TCC​TTA​GAC​A‑3'. The coding 
reading frame of the cloned XBP1s gene was identified by 
sequencing and subcloned into shuttle plasmid pShuttle‑CMV 
(Agilent, US). The constructed recombinant shuttle plasmid 
pShuttle‑CMV‑XBP1s was digested with I‑CeuI and I‑SceI, 

and the obtained expression frame of the XBP1s gene was 
linked to the vector carrying the pAdEasy adenovirus 
backbone. The recombinant adenovirus backbone was 
linearized by digestion with PacI and infected into HEK 
293 cells for packing to obtain recombinant adenovirus 
Adv‑XBP1s. The adenovirus was purified from the HEK 293 
cell extracts by cesium chloride (CsCl; Nacalai Tesque, Kyoto, 
Japan) density ultracentrifugation according to the company 
manual (Takara Bio, Inc., Otsu, Japan). Viral stocks were 
stored in 10% glycerol at ‑80˚C and diluted with phosphate 
buffered saline (PBS) to the appropriate concentration prior 
to use. Ad‑GFP, which encodes enhanced green fluorescent 
protein (Clontech, Palo Alto, CA), was constructed similarly 
by overlap recombination. The Adv‑LacZ was made by the 
same procedure.

Primary spinal cord neuronal cultures. Primary SCNs 
cultures were prepared from 30 Wistar rats (1‑2‑days‑old), as 
previously described (16) with minor modifications. The rats 
were kept by breastfeeding during a 12‑h dark/light diurnal 
cycle. Briefly, the spinal cord from newborn rats within 48 h 
was digested for 30 min with trypsin (0.125%; Sigma‑Aldrich; 
Merck KGaA). 10% fetal calf serum (FCS) was added to stop 
digestion and passed through a 100‑eye sieve. The cell suspen-
sion was centrifuged at 1,000 rpm for 8 min. Then, cells were 
washed three times with a basic culture medium with 2 mmol/l 
L‑glutamine, penicillin (100,000 U/l), streptomycin (100 mg/l) 
and 10% FCS. Cells were resuspended in fresh Neurobasal 
medium with 2 mmol/l L‑glutamine, 2% (v/v) B27 supple-
ment, penicillin (100,000 U/l) and streptomycin (100 mg/l). 
Cells were seeded on poly‑L‑lysine (0.1 g/l)‑coated dishes 
at a density of 0.125x106 cells/cm2 for the cell counting kit‑8 
(CCK‑8) assay or 0.33x106 cells/cm2 for protein extraction for 
western blot or 0.25x106 cells/cm2 for total RNA extraction 
for reverse transcription‑quantitative polymerase chain reac-
tion (RT‑qPCR). For fluorescence experiments, neurons were 
mounted on poly‑L‑lysine‑coated glass coverslips at a density 
of 0.1x106  cells/cm2 or on poly‑L‑lysine‑coated dishes at 
0.4x106 cells/cm2. After 24 h, cells were treated with 0.1 mg/ml 
of cytosine arabinoside (Sigma‑Aldrich; Merck KGaA) to 
suppress glia proliferation. Fresh growth medium was applied 
2 times a week. Under these conditions, glia growth was <10%.

Microtubular associated protein 2 (MAP2) is specifically 
expressed in the neuron. We identified neurons by a positive 
expression of MAP2 by immunofluorescence. The cells were 
identified after culturing for 7 days. Briefly, cells were washed 
with PBS three times and fixed with 4% paraformaldehyde 
for 15  min. Then, 0.2%  TritonX‑100 was used for cell 
permeabilization for 5 min, after which cells were blocked 
with goat serum at room temperature for 1 h and incubated 
with anti‑MAP2 monoclonal (cat. no.  ab32454; 1:2,000; 
Abcam, Cambridge, UK) overnight at 4˚C. The next day, cells 
were incubated with secondary antibody (cat. no. ab150077; 
1:400; Abcam) for 1 h in a dark room. Stained neurons were 
visualized using immunofluorescence microscopy.

Adenovirus transduction. Before being exposed to adenoviral 
vectors, the primary SCNs were maintained for two days. 
Culture medium was added to dilute high titer adenovirus to 
accomplish a multiplicity of infection (MOI) of 20‑400 plaque 
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forming units (pfu)/cell. 100  ml of culture medium was 
removed and replaced with 50 ml of culture medium with 
adenovirus preparation for transduction. 50 ml of medium 
was added to the culture after 2 h. Incubation with adenovirus 
continued for 16 h. Then, the adenovirus medium was removed 
and cells were cultured in fresh culture medium. Primary 
SCNs were treated with adenovirus one day after plating. Cells 
were incubated with adenovirus at an MOI of 0‑500 for 2 h. 
Then, the adenovirus‑containing medium was replaced with 
fresh medium after 2 h.

O3 exposure. The O3 concentration was obtained through 
the pre‑experiment. CCK‑8 assay result showed that the 
medical O3 of 40 µg/ml can reduce neuronal cell viability 
significantly  (5). Cells were exposed to 40  µg/ml O3 or 
tunicamycin (2 µg/ml) for 60 min. SCNs exposure to O3 at 
specified levels were carried out in an O3 exposure chamber 
in vitro, which was controlled by a computer (17). The SCNs 
stored a thin layer of medium apically and were exposed 
to O3. Cells were rocked to expose one side of the apical 
surface at the time to O3 exposure. O3 concentration in the 
chamber was detected accurately by an O3 analyzer (Model 
MD‑050‑12‑f‑4; Perma Pure Inc., Toms River, NJ, USA) and 
adjusted by a computerized system.

Isolation of RNA and RT‑qPCR. Total RNA was prepared 
by TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions and was 
reverse transcribed to cDNA using the MML‑V reverse 
transcriptase kit (Takara Bio, Inc.). The expression of XBP1s 
mRNA was examined by qPCR on a 7500‑real time RT‑PCR 
system and software (Prism 7500; Applied Biosystems Inc., 
Foster City, CA, USA) using a Realtime PCR Master Mix 
kit (Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA ). 
qPCR was performed under the following conditions: 95˚C for 
30 sec followed by 40 cycles of 95˚C for 5 sec and 60˚C for 
34 sec. GAPDH was used as an internal standard. The Prime 
sequences are shown as follows, GAPDH forward, 5'‑CCC​
CCA​ATG​TAT​CCG​TTG​TG‑3' and reverse, 5'‑TAG​CCC​AGG​
ATG​CCC​TTT​AGT‑3'; XBP1s forward, 5'‑TGA​AGC​TTT​GCG​
TAG​TCT​GGA​GCT​ATG​G‑3' and reverse, 5'‑TGC​TCG​AGA​
TTG​GAT​CAT​TCC​TTA​GAC​A‑3'. Samples were determined 
in triplicate.

Western blot analysis. Cells were collected after transfection 
for 24  h. Total protein was prepared according to the 
manufacturer's directions. Briefly, rat SCNs were lysed 
in RIPA buffer with protease inhibitors (in mmol/l: 
Leupeptin, 0.1 and PMSF, 0.3), and stored on ice for 30 min 
and vortexed every 5 min. The supernatant was collected 
after centrifugation at 14,000 rpm for 30 min at 4˚C. The 
protein concentration was detected by a Bio-Rad DC 
protein assay kit (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). A total of 50  µg protein was loaded in each 
lane of standard 4‑12% SDS‑polyacrylamide gels to ensure 
loading consistency, as previously described. Following 
electrophoresis and transfer of proteins to nitrocellulose 
membranes, the membranes were blocked in PBS containing 
0.1% Tween (TBST) and 5% non‑fat milk for 1 h. Membranes 
were incubated in primary anti‑GRP78 (ab108613; 1:1,000), 

anti‑CHOP (CST; cat. no.  2895; 1:1,000) and anti‑XBP1s 
(cat. no. ab37152; 1:1,000; all Abcam) antibody overnight 
at  4˚C. The membranes were incubated with horseradish 
peroxidase‑labeled goat anti‑rabbit IgG (Thermo Fisher 
Scientific, Inc.) as a secondary antibody (1:2,000) at room 
temperature for 1  h and then developed using ECL (GE 
Healthcare, Chicago, IL, USA) for detection. The bands 
densities were quantified by Image J image software 
v2.1.4.7 (NIH).

Evaluation of neuronal injury. Before exposure to O3 with the 
presence or absence of 24 h Adv‑XBP1s pretreatment, cells 
in 96‑well plates (2x104 cells/well) were washed with fresh 
medium and were cultured. Then, fresh medium was used to 
incubate the cells. Finally, the CCK‑8 solution (10 µl) (Dojindo 
Laboratories, Kumamoto, Japan) was added to each well for 
2 h at 37˚C. Samples were measured by optical absorbance 
at 450 nm using an absorbance microplate reader (ELx800 
Absorbance Microplate Reader; Bio‑Tek, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation (SD). The results were analyzed using one‑way analysis 
of variance (ANOVA), followed by the Student‑Newman‑Keuls 
test for multiple comparisons with SPSS v13.0 Software (SPSS 
Inc., Chicago, IL, USA ). A P‑value of P≤0.05 was considered 
statistically significant.

Results

Adenovirus mediated gene transfer into the primary SCNs. 
Adenovirus transduction efficiency was first optimized in the 
cultures. The primary SCNs were transduced with different 
adenovirus MOI (5, 10, 50, 100, 150, 200, or 500) and with 
varying adenovirus incubation times (2, 8, 18, 24 or 36 h) 
(Fig. 1). We found the best transduction efficiency was when 
the primary cultures were transfected with adenovirus two 
days after planting and incubation for 24 h. Under the above 
conditions, 83% XBP1s‑positive cells could be seen in the 
primary SCNs three days after transduction with an MOI of 
100 pfu/cell (Fig. 1A and B). Cytotoxic effects began to appear 
as MOI of 500 pfu/ cell.

Adenovirus mediated overexpression of XBP1s in primary 
SCNs. To examine in vitro XBP1s expression levels following 
Ad vector infection, Western blotting and quantitative 
Real‑time‑PCR analysis were performed. We observed an 
apparent increase in the XBP1s expression after transduction 
with Adv‑XBP1s in primary SCNs (Fig. 2). The control Ad 
vector Ad‑LacZ did not increase XBP1s expression, indicating 
that transduction with Ad vectors alone does not induce any 
change in the cell systems.

O3 exposure induced the ER stress response and XBP1splicing. 
ER stress, which is internally linked to cell apoptosis, is one 
of the primary cell stress responses. Therefore, neurons are 
hypersensitive to ER stress challenge, and the current study 
investigated whether O3 (40 µg/ml O3 for 60 min) activated the 
ER stress response and expression of GRP78 and CHOP, which 
are involved in ER stress in SCNs. As shown in Fig. 3A and B, 
the ER stress response of SCNs exposed to O3 was evidenced 
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by an increase in GRP78 and CHOP protein levels. These 
results show that O3 (40 µg/ml O3 for 60 min) activates the ER 
stress response.

Treatment of SCNs with O3 (40 µg/ml O3 for 60 min) also 
increased the expression of XBP1s, as detected by a specific 
antibody (Fig. 3C). Analysis of XBP1 mRNA revealed O3 
induced splicing of XBP1 mRNA. The splicing of XBP1 
mRNA caused by O3 in SCNs was the same as that induced by 
the classical ER stress inducer Tunicamycin (Fig. 3D). These 
results indicate that O3 exposure increased XBP1s expression 
in SCNs.

Adenovirus‑mediated XBP1s overexpression prevent ER 
stress and protects O3‑induced cell death in rat primary SCNs. 
During UPR, XBP1s regulate the expression of many ER stress 
factors that include ER chaperones and ERAD components 
that repair normal ER physiology. Thus, we conjecture whether 
XBP1s overexpression could revert the ER stress induced by 
O3. To detect ER stress independently of XBP1, we examined 
the activity of GRP78 and CHOP. Before exposure to O3, both 
GRP78 and CHOP expression was maintained at a lower level. 
However, after exposure to O3, GRP78 and CHOP expression 
was significantly higher (Fig. 4A and B). This suggests that 

Figure 1. Determination of adenovirus transduction efficiency in primary SCNs. (A) GFP expression was observed under fluorescence microscopy (scale 
bar, 50 µm). (B) Transduction efficiency was estimated after infecting cells with different groups. (C) Multiplicity of infection and (D) time of infection were 
determined. Primary SCNs saw an increase in expression of GFP that peaked when multiplicity of infection is 100 and time is 24 h. *P<0.05 vs. control. 
Control, SCNs uninfected with adenovirus; Adv‑LacZ, SCNs infected with empty adenovirus; Adv‑XBP1s, SCNs infected with adenovirus carrying overex-
pressed XBP1s. SCNs, spinal cord neurons; XBP1s, X box binding protein 1.

Figure 2. Effect of adenovirus‑mediated XBP1s overexpression. (A) Western blot analysis of XBP1s protein expression in mock or stably transfected 
Adv‑LacZ or Adv‑XBP1s primary SCNs. (B) Reverse transcription‑quantitative polymerase chain reaction analysis of XBP1s mRNA expression in mock 
or stably transfected Adv‑LacZ or Adv‑XBP1s primary SCNs. β‑actin was used as an internal control. All experiments were performed in triplicate (n=3), 
*P<0.05 vs. Control; #P<0.05 vs. Adv‑LacZ. Control, SCNs uninfected with adenovirus; Adv‑LacZ, SCNs infected with empty adenovirus; Adv‑XBP1s, SCNs 
infected with adenovirus carrying overexpression of XBP1s. SCNs, spinal cord neurons; XBP1s, X box binding protein 1.
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overexpression of XBP1s may play a neuroprotective role in 
ER stress.

To investigate the effect of Adv‑XBP1s on O3‑induced 
SCNs injury, SCNs were pretreated with 100MOI Adv‑XBP1s 
for 24 h, followed by 40 µg/ml O3 treatment for 1 h. As shown 
in Fig. 4, O3‑induced loss of cell viability was significantly 
reversed by the overexpression of XBP1s. These results 
indicate that Adv‑XBP1s have a protective effect against 
O3‑induced toxicity in SCNs.

Discussion

Previously, O3 treatment has been widely applied in the treat-
ment of PLID, FBSS, soft tissue lesions and arthralgia (18). 
The effect of O3 on the CNS, particularly biological mecha-
nisms, has been confirmed in a previous study conducted in 
the authors' laboratory (5). The focus of the present study was 
to investigate whether there is a novel and effective method to 
prevent neurotoxicity induced by O3. In the present study, SCNs 
were exposed to O3 to induce GRP78 and XBP1 activation, 
resulting in increased cell death. Interestingly, pretreatment of 
cells with Adv‑XBP1s inhibited these effects. The aim of the 

current study was to provide insight into the protective role of 
XBP1s overexpression. To address this aim, the role of XBP1s, 
a critical UPR effector, was investigated using an in vitro rat 
primary SCNs model of O3 injury.

This study focuses on the protective role of XBP1s in 
O3‑induced spinal cord neuronal death. First, ER stress 
was activated during O3‑induced SCNs death. As a result, 
an increase in GRP78 and CHOP levels as well as extensive 
splicing of XBP1s appeared upon O3 treatment (Fig. 3A‑C). 
Second, SCNs with XBP1s overexpression prevented cell 
death, and partially reduced the protein levels of GRP78 and 
CHOP (Fig. 4A and B). Strong activation of GRP78 was also 
observed in previous studies during tunicamycin (an inhibitor 
of N‑linked glycosylation) and thapsigargin (an inhibitor of the 
ER Ca2+‑ATPase) treatment. In our study, we observed a similar 
result where the transcription and protein expression levels of 
XBP1s in SCNs were significantly increased after tunicamycin 
treatment (Fig. 3C and D). As a sentinel marker for ER stress 
under pathologic conditions, GRP78 binds transiently to 
newly synthesized proteins translocated into the ER and more 
permanently to unfolded or misfolded proteins (19). GRP78 can 
trigger the UPR via dissociation from its interaction partners 

Figure 3. Expression of GRP78, CHOP and XBP1s after exposure to O3 in SCNs. (A‑C) SCNs were treated for 1 h with O3 (40 µg/ml) or tunicamycin (2 µg/ml). 
Lysates of the cells were separated by SDS‑PAGE, and western blots of the membranes were detected with antibodies directed against (A) GRP78, (B) CHOP 
and (C) XBP1s. (D) RNA was prepared and XBP1s mRNA levels analyzed by reverse transcription‑quantitative polymerase chain reaction. *P<0.05 vs. control; 
#P<0.05 vs. O3 (control, untreated control cells; O3, cells treated with O3). Three repeated experiments of each treatment were performed independently. Data 
are shown as means ± SEM. O3, ozone; CHOP, C/EBP homologous protein; SCNs, spinal cord neurons; XBP1s, X box binding protein 1.
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PERK, ATF6 and IRE1a, which can subsequently lead to activa-
tion of ER stress responses involving an induced expression of 
ER chaperones to increase the folding capacity of the ER. When 
ER stress occurs, sensor proteins from the ER membrane are 
dimerized or cleaved to weaken this condition. IRE1, which is a 
sensor protein with RNase activity, is dimerized and phosphory-
lated to expedite splicing of mRNA for XBP1 in mammalian 
cells  (14,20). XBP1s protein from spliced mRNA induces 
GRP78 expression via a promoter containing the ERSE.

In addition, CHOP is a transcription factor belonging 
to the (c/EBP) family that induces cell cycle arrest and 
apoptosis in ER stress and DNA damage response  (21). 
Basal expression of CHOP is very low under non‑stressed 
conditions; however, its expression is induced by a number of 
adverse physiological conditions. The expression of CHOP is 
both cell‑ and stimulus‑dependent, and thus has an influence 
on the final result of ER stress. The expression of CHOP is 
strongly induced via IRE1 and PERK signaling  (22). Our 
research showed that SCNs exposed to O3 had clearly raised 
the expression levels of CHOP, which is an ER‑related 
chaperone (Fig. 3A and B). This suggested that O3 (40 µg/ml) 
might induce SCNs death through ER stress and DNA damage.

In the UPR, the expressions of ER chaperones and 
ERAD‑related genes appear to be largely regulated by the 
IRE1α‑XBP1s pathway (20,23). The activated form of XBP1s 
upregulates many ER chaperones and genes involved in 
ERAD, various UPR ‘stress genes’, and enzymes involved 
in membrane biogenesis (24). In addition, the overexpression 
of XBP1s plays a protective role in a neuroblastoma cell line 

against cell death, which is induced by proteasome inhibi-
tion  (25). XBP1s overexpression protected against oxygen 
and glucose deprivation/reoxygenation injury in rat primary 
hippocampal neurons (26). This is meet with our research. 
Besides, a recent study showed that overexpression of XBP1s 
can promote proliferation in bone marrow‑derived macro-
phages  (27), which is in accordance with our results. Our 
research work found that overexpression of XBP1s protected 
SCNs from O3‑induced cell death, which may play a protective 
role through the IRE1α‑XBP1 pathway. Whether the protective 
role of overexpression of XBP1s is involved in some ER‑related 
genes or enzymes will be investigated in future research.

Taken together, it was hypothesized that the activation of 
the XBP1s pathway and its downstream ER chaperones could 
prevent cytotoxicity and play a protective effect. Therefore, 
the impact on the activation of the IRE1α‑XBP1s pathway in 
opposition to cell death induced by these damages in addition 
to representative ER stressors were investigated. As expected, 
pretreatment with adenovirus‑mediated overexpression of 
XBP1s strongly reduced SCNs death induced by O3.

These results suggest that XBP1s activation could poten-
tially be applied to prevent ER stress‑related neurotoxicity and 
this cytoprotective effect was confirmed by XBP1s overexpres-
sion. Furthermore, XBP1s and other components of the ER 
stress response pathway could serve as potential drug targets 
in preventative strategies for neurotoxicity associated with ER 
stress. While the current study provides in vitro data regarding 
the protective role of overexpression of XBP1 in SCNs, in vivo 
therapeutic implications are still required.

Figure 4. Protective effect of XBP1s overexpression in primary SCNs against O3. Western blot analysis indicated (A) GRP78 and (B) CHOP expression levels were 
significantly increased after primary SCNs exposed to O3 (40 µg/ml). But the role may have been reverted by overexpression of XBP1s. *P<0.05 vs. Adv‑LacZ; 
#P<0.05 vs. Adv‑XBP1s, ΔP<0.05 vs. O3/Adv‑XBP1s. (C) Cell viability was determined using CCK‑8 after O3 exposure. Mean ± SD is shown (n=9). XBP1s 
transfected cells (Adv‑XBP1s) exhibited increased viability *P<0.05 vs. cells treated with O3/Adv‑LacZ. All data were obtained through three independently 
repeated experiments. CCK‑8, cell counting kit‑8; O3, ozone; CHOP, C/EBP homologous protein; SCNs, spinal cord neurons; XBP1s, X box binding protein 1.
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