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Abstract. It has been suggested that endoplasmic reticulum 
stress (ERS) may induce apoptosis following spinal cord injury 
(SCI). Methotrexate (MTX) has been used as a long‑term 
therapy regimen for rheumatoid arthritis. However, it is not 
clear whether MTX remediates SCI by inhibiting ERS. In the 
present study, to establish an in vitro ERS cell model, PC12 
cells were pre‑incubated with triglycerides (TG). MTT assays 
revealed that treatment with 1, 2.5, 5 and 10 µM TG decreased 
PC12 cell viability in a dose‑dependent manner. Additionally, 
MTX treatment significantly reversed the TG‑induced 
decrease in cell viability and increased apoptosis according 
to the flow cytometry assay (P<0.05). Notably, western blot-
ting indicated that MTX significantly decreased levels of 
glucose‑regulated protein (GRP)78, CCAAT‑enhancer‑binding 
protein homologous protein (CHOP) and caspase‑12 expres-
sion (P<0.05), which were increased following treatment with 
TG. Furthermore, the in vivo role of MTX in a rat model of 
SCI was evaluated. The motor behavioral function of rats was 
improved following treatment with MTX according to Basso, 
Beattie and Bresnahan scoring (P<0.05). Terminal deoxynucle-
otidyl‑transferase‑mediated dUTP nick end staining indicated 
that there were no apoptotic cells present in sham rats. In the 
SCI model group, apoptotic cells were observed at day 7; 
however, the number of apoptotic cells was reduced following 
an additional 7 days of MTX administration. Furthermore, 
levels of ERS‑associated proteins, including caspase‑3, 
activating transcription factor 6, serine/threonine‑protein 
kinase/endoribonuclease inositol‑requiring enzyme 1 α, 
eukaryotic initiation factor 2 α and GRP78, were significantly 
increased following SCI; however, administration of MTX for 
7 days significantly reversed this effect (P<0.05, P<0.01 and 

P<0.001). Therefore, MTX may improve SCI by suppressing 
ERS‑induced apoptosis in vitro and in vivo.

Introduction

Spinal cord injury (SCI) poses a serious threat to human 
health and typically results in incomplete or complete loss 
of motor and sensory function (1). The prevalence of SCI is 
relatively high. Notably, the prevalence among the elderly 
(aged >60 years old) and the younger (aged 16‑45 years old) 
have been estimated to be ~24 and 49%, respectively, which 
are primarily due to traffic collisions (2,3). Although various 
methods of treating SCI are currently used, these treatments 
are not effective since SCIs still result in substantial perma-
nent morbidity and mortality (2). Therefore, it is important to 
develop a novel effective method of treating patients with SCI.

Apoptosis is a process of programmed cell death that is 
increased under pathological conditions (2). Apoptosis inhibits 
nerve function following SCI and this is the primary factor 
that causes secondary injury of the spinal cord (4). Previous 
studies have suggested that the mitochondrial and death 
receptor signaling pathways are the two primary signaling 
pathways that induce apoptosis  (5‑7). Furthermore, it has 
been demonstrated that endoplasmic reticulum stress (ERS) 
induces apoptosis (8). The endoplasmic reticulum (ER) is an 
important organelle in eukaryotic cells that regulates calcium 
ions and the processing and synthesis of proteins (9). When 
ER function is altered during pathological conditions, the 
ER will respond accordingly with an ERS reaction (10,11). 
Subsequently, the unfolded protein response (UPR), which is 
an adaptive response that predominantly functions to maintain 
normal ER function, is induced (12). There are three processes 
associated with UPR, which include the involvement of acti-
vating transcription factor (ATF) 6, serine/threonine‑protein 
kinase/endoribonuclease inositol‑requiring enzyme (IRE)1 and 
RNA‑activated protein kinase‑like ER kinase (PERK) (13). 
Under normal physiological conditions, these three proteins 
bind to an intra‑ER chaperone, glucose‑regulated protein 
(GRP)78, which is maintained in an inactive state in the 
ER membrane (13). However, in response to stress, GRP78 
dissociates from the ER membrane to bind to misfolded 
proteins, thereby initiating the signal transduction processes 
to re‑establish ER homeostasis  (14). Although the UPR 
typically acts to maintain homeostasis in cells by removing 
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misfolded proteins, elevated and sustained ER stress induces 
cell death (15). Therefore, therapeutic strategies targeting ER 
stress and its downstream apoptosis signaling pathways may 
be used to treat patients with SCI.

Methotrexate (MTX), which is characterized by 
anti‑inflammatory and immunosuppressive functions, is a 
first‑line prescription agent used in the treatment of rheuma-
toid arthritis (RA) (16,17). Due to its safety and tolerability, 
low doses of MTX has been used as a long‑term therapy 
regimen for patients with RA (18). However, to the best of our 
knowledge, there have been no studies investigating whether 
MTX improves traumatic SCI by inhibiting ERS. Therefore, 
the present study aimed to explore the use of low‑dose MTX 
in the treatment of a rat model of SCI as a means to uncover a 
potential inhibition mechanism of ERS.

Materials and methods

Establishment of a rat SCI model. A total of 72 specific‑ 
pathogen free male Sprague Dawley rats (weight, 220‑250 g, 
6‑8  weeks old) were purchased from Shanghai Silaike 
Experimental Animal Limited Liability Company (Shanghai, 
China). Rats were maintained in the animal experimental 
center of Hongqi Hospital Affiliated to Mudanjiang Medical 
University and four animals were housed per each cage with 
a 12‑h light/dark cycle. Room temperature was maintained at 
23±1˚C, humidity was maintained at ~60% and all rats had 
free access to food and water. Rats were randomly divided into 
three groups: A sham, an SCI and an MTX+SCI group. MTX 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) stock 
solutions were prepared in 0.1 mol/l NaOH at 0.5 mg/ml and 
diluted 1:10 in 0.1 mol/l phosphate‑buffered saline (PBS) prior 
to use; the pH of the solution was adjusted to 7.4‑7.6. For the 
sham group and SCI rats, no other treatments were performed. 
For the MTX+SCI group, a total of 24 h following SCI, rats 
were treated with 50 mg/kg MTX. A total of 8 rats were in the 
sham group, 32 rats were in the SCI group and 32 rats were in 
MTX+SCI group. Rats in the SCI and MTX+SCI groups were 
further divided into 1, 3, 7 and 14 day groups (n=8, each group) 
according to the different time points following injury.

The rat SCI model was established as previously 
described (19). Rats in the sham surgery group underwent all 
aspects of the surgery except for contusion thoracic injury. 
Following 8 h fasting, rats were anesthetized via intraperito-
neal injection with 10% chloral hydrate (400 mg/kg), according 
to a previous study (20). Subsequently, rats were placed in a 
prone position and an incision (~2.5 cm in length) was made 
in the middle of the back. Skin was cut layer by layer and the 
T8 to T10 vertebral plates were exposed. Total laminectomy 
was performed for the T9 vertebral plate to expose the spinal 
dura mater. T8 and T10 spinous processes were fixated using 
forceps. A Kirschner wire (10 g) was inserted into the catheter 
that was inserted into the aorta with a weight, which fell freely 
from a 25‑mm height. Following this, a semicircular slice 
(4x2 mm) made from thin plastic was hit, and the wire was 
immediately removed, resulting in incomplete injury of the rat 
spinal cord. The incision was sutured layer by layer. Following 
the strike, rats exhibiting a tail‑wagging reflex, retraction 
flutter in the lower limbs and body, and flaccid paralysis in 
the lower limbs in an awake state represented successful 

model construction. For MTX treatment, MTX was delivered 
intrathecally once per day (50 mg/kg) after SCI for 3 days and 
a dose of 50 mg/kg MTX was selected based on the results 
of a previous study, which indicated that the median lethal 
dose of MTX in rats was 2,288.5 mg/kg (21). No changes in 
motion or mental state were observed in rats from the SCI, 
SCI+MTX‑treated or the sham group in the present study. 
Therefore, the dose of MTX selected was considered to be 
safe. The present study was approved by the Animal Ethics 
Committee of the Hongqi Hospital Affiliated to Mudanjiang 
Medical University (Mudanjiang, China).

Basso, Beattie and Bresnahan (BBB) scoring. Behavioral 
scoring was performed at different time points (n=8, each 
time point) following SCI surgery. The recovery of hind 
limb motor function was observed and scored using the 
BBB scoring system (22). All behavioral observations were 
performed at the same time (8:00 p.m.) to avoid varia-
tions in the movement of animals between day and night. 
Furthermore, an inclined plane test was performed. Behavior 
was evaluated days 1, 3, 5, 7 and 14 days postoperatively using 
the modified Rivlin's method (23), which tested the ability 
of animals to balance on elevated wooden beams. A simple 
device was constructed containing a moveable plate with an 
adjustable angle of 0‑90 .̊ The rat's head was placed faced 
forward, and the angle of inclination between the inclined 
plane and the horizontal plane was increased gradually, until 
the rats were unable to maintain a constant position (45˚) for 
5 sec. The angle was considered to be the critical value and 
then recorded.

Cell culture. PC12 cells were purchased from the Chinese 
Academy of Medical Sciences (Beijing, China). Cells 
were cultured in high‑glucose Dulbecco's modified Eagle's 
medium/F12 (GE Healthcare Life Sciences, Logan, UT, 
USA) supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
100 U/ml penicillin and 100 U/ml streptomycin in 25‑cm2 
culture flasks at 37˚C in a humidified atmosphere containing 
5% CO2.

MTT colorimetric assay. Triglycerides (TG, Sigma‑Aldrich; 
Merck KGaA) were used to establish the in vitro ERS cell 
model. To investigate the influence of TG on PC12 cell 
viability, PC12 cells were seeded in 96‑well tissue culture 
plates at a density of 5x104 cells per well in DMEM medium. 
When the confluence reached 70%, 1, 2.5, 5 and 10 µM TG 
was added to each well and the cells were incubated at 37˚C 
for 48 h. Cell viability was examined with MTT assay kits 
(Sigma‑Aldrich; Merck KGaA). The blue formazan products 
in the cells were dissolved in dimethyl sulfoxide (DMSO, 
Sigma‑Aldrich; Merck KGaA) and spectrophotometrically 
measured at a wavelength of 550 nm. All experiments were 
performed in triplicate.

Drug treatment. In brief, 106 PC12 cells were seeded into the 
6‑well plates for 24 h at 37˚C. To establish the in vitro ERS 
cell model, 5 µM TG were dissolved in DMSO and applied to 
PC12 cells for 24 h. Cells in the normal control (NC) group 
was treated with DMSO for 24 h. Subsequently, PC12 cells 
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were treated with 100 ng/ml MTX dissolved in PBS for 48 h 
and subsequently administered to the cells.

Western blotting. Rats were anesthetized with intraperitoneal 
injection of 400 mg/kg 10% chloral hydrate (20) and subjected 
to perfusion with fixatives. Spinal cords were stripped bluntly 
through the incision on the back of the rat, resulting in a single 
1‑cm spinal cord segment with the damaged part at the center. 
The spinal cords were then processed into homogenized tissue 
using a homogenizer and then the homogenates were centri-
fuged at 10,000 x g for 15 min at 4˚C. Following this, spinal 
cord tissues or PC12 cells were treated with radioimmunopre-
cipitation assay buffer (Beijing Solarbio Science & Technology 
Co., Ltd., Beijing, China) containing 1% (v/v) phenylmethyl-
sulfonyl fluoride (Beijing Solarbio Science & Technology Co., 
Ltd.), 0.3% (v/v) protease inhibitor (Sigma‑Aldrich; Merck 
KGaA) and 0.1% (v/v) phosphorylated proteinase inhibitor 
(Sigma‑Aldrich; Merck KGaA). A BCA protein assay kit 
(Pierce; Thermo Fisher Scientific, Inc.) was used to determine 
the protein concentration. Subsequently, supernatants were 
extracted from the lysates following centrifugation at 11,000 x g 
at 4˚C for 15 min. Equal amounts of protein (15 µg/lane) were 
separated using 10% SDS‑PAGE at 300 mA for 2 h and trans-
ferred onto a polyvinylidene fluoride membrane, as previously 
reported (10). Nonspecific binding was blocked using 8% (w/v) 
milk in Tris‑buffered saline with Tween‑20 (TBS‑T) for 2 h 
at room temperature. The following primary antibodies were 
used: β‑actin (cat. no. 4970), cleaved‑caspase‑3 (cat. no. 9664), 
GRP78 (cat. no. 3177), CHOP (cat. no. 5554), caspase‑12 (cat. 
no. 2202), ATF6 (cat. no. 65880), IRE1α (cat. no. 3294) and 
eukaryotic initiation factor 2 (eIF2)α (cat. no. 5324; all 1:1,000 
dilution; Cell Signaling Technology, Inc., Danvers, MA, 
USA). Following several washes with Tris‑buffered saline 
with Tween-20, the membranes were incubated with horse-
radish peroxidase‑conjugated goat anti‑rabbit IgG (1:5,000; 
ZB‑2306; Zhongshan Gold Bridge Biological Technology 
Co., Beijing, China) for 2 h at room temperature and then 
washed with TBS‑T. Proteins were detected using enhanced 
chemiluminescence RapidStep™ ECL, according to the manu-
facturer's protocol (cat. no. 345818; Merck KGaA). ImageJ 
1.8.0 (National Institutes of Health, Bethesda, MD, USA) was 
applied to quantify the relative protein levels. GAPDH was 
used as an internal control.

Apoptosis assay. To determine the effects of TG or MTX on 
the apoptosis of PC12 cells, PC cells (50‑60% confluence) 
were treated with 5 µM TG for 24 h at 37˚C. Once they reached 
50‑60% confluence, PC12 cells were incubated with or without 
100 ng/ml MTX at 37˚C for 48 h. Subsequently, cells were 
washed with 1X PBS three times and an Annexin V‑fluorescein 
(FITC)‑propidium iodide (PI) Apoptosis kit (Beyotime 
Institution of Biotechnology, Shanghai, China) according to 
the manufacturer's protocol. Cells were analyzed by FC500 
flow cytometry instrument equipped with CXP software 
(Beckman Coulter, Bethesda, MA, USA).

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end (TUNEL). In the SCI model group, apoptotic cells in the 
spinal cord were examined after 7 days of SCI, while the 
number of apoptotic cells in the MTX group were evaluated 

after 7 days post‑administration of MTX. Four‑µm‑thick spinal 
cord tissues were acquired following fixation, dehydration, 
paraffin embedding and serial sectioning. Nuclear fragmenta-
tion was detected using TUNEL staining with an In Situ Cell 
Death Detection kit (Roche Diagnostics, Indianapolis, IN, 
USA) according to the supplier's instructions. The transfected 
cells were fixed using 4% paraformaldehyde for 30  min, 
followed by incubation with TUNEL buffer for 1 h at 37˚C. 
After rinsing with PBS, the number of TUNEL‑positive apop-
totic cells and the total number of cells in five different random 
high‑power fields were counted using a microscope (Olympus 
Corporation, Tokyo, Japan) at a magnification of 400. The 
percentage of apoptotic cells was calculated as the ratio of the 
number of TUNEL‑positive cells to the total number of cells.

Statistical analysis. Data were expressed as the mean ± stan-
dard error of the mean, as indicated. Each experiment was 
performed in triplicate. Multiple comparisons were performed 
using one‑way analysis of variance followed by Tukey's multiple 
comparison test. P<0.05 was considered to indicate a statisti-
cally significant difference. The data were analyzed using SPSS 
software, version 13.0 (SPSS, Inc., Chicago, IL, USA).

Results

MTX inhibits TG‑induced PC12 cell apoptosis. PC12 cells are 
cancer cells that have been used as a cell model for the study of 
SCI (24‑26) and were therefore selected for use in the present 
study. PC12 cells were treated with TG to establish an in vitro 
ERS cell model. As indicated in Fig. 1A, treatment with 1, 2.5, 
5 and 10 µM TG decreased cell viability to 92, 80, 67 and 43%, 
in a dose‑dependent manner. As 10 µM TG reduced >50% cell 
viability, for subsequent experiments, 5 µM TG was selected to 
stimulate PC12 cells. Subsequently, PC12 cells were stimulated 
with TG and assessed in the presence or absence of 100 ng/ml 
MTX. The results indicated that MTX significantly reversed 
the TG‑induced reduction in cell viability (P<0.05; Fig. 1B). 
Furthermore, the protective role of MTX in TG‑induced PC12 
cell apoptosis was assessed using Annexin V‑FITC staining. 
Compared with the normal control (NC), 5 µM TG signifi-
cantly increased cell apoptosis (P<0.001). However, treatment 
with MTX significantly reduced this effect (P<0.05; Fig. 1C). 
These results indicate that MTX may inhibit TG‑induced 
apoptosis and may be involved in ERS.

MTX inhibits TG‑induced ERS in PC12 cells. To explore the 
role of MTX in TG‑induced ERS, levels of GRP78, CHOP and 
caspase‑12 expression in PC12 cells incubated with 5 µM TG in 
the presence or absence of MTX were assessed using western 
blotting. Levels of GRP78, CHOP and caspase‑12 expression 
were all significantly increased compared with the NC group 
following TG treatment (P<0.01 or P<0.05; Fig. 2). However, 
following administration of MTX, levels of GRP78, CHOP 
and caspase‑12 expression were all significantly decreased 
compared with the PC12 cells that received TG treatment 
alone (all P<0.05; Fig. 2). These results suggest that MTX may 
inhibit the ERS induced by TG in PC12 cells.

MTX improves motor behavioral function in rats with SCI. 
The effect of MTX on ERS was further assessed in the SCI 
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rat model. Following SCI, the hind legs of rats were paralyzed 
and the rats exhibited limited movement. To assess the hind 
limb function recovery following MTX administration, the 
rats in the sham, SCI and MTX+SCI groups were observed 
and their limb function was scored. Using the BBB scoring 
system, hind limb function recovery was assessed in rats 1, 3, 
7 and 14 days following SCI. Compared with the sham group, 
severe paralysis was identified in all rats that had undergone 
SCI (P<0.001; Fig. 3A). However, on days 7 and 14, move-
ment capacity was significantly improved in the MTX+SCI 
group compared with the SCI group (P<0.05; Fig.  3A). 
After 14 days, the BBB score was increased by 12.7±2.1 in 
the MTX+SCI group compared with that in the SCI group 
(P<0.05; Fig. 3A). Additionally, as determined by inclined 

plane test, the hind limb strength of rats in the sham group 
was strong. Rats in the sham group were able to stand on a 
65˚ sloped plate for ≥5 sec. The hind limb strength of rats in 
the SCI group was significantly weaker, and they were unable 
to stand on the sloped plate for ≥5 sec (P<0.001). However, 
rats from the MTX‑SCI group exhibited significantly 
strengthened hind limb force compared with the SCI group 
3 and 7 days after SCI initiation (P<0.05), and this improve-
ment was continued 14 days after SCI induction (P<0.01; 
Fig. 3B).

MTX reduces apoptosis in rats with SCIs. TUNEL staining 
indicated that there were no apoptotic cells present in rats 
from the sham group. In the SCI model group apoptotic cells 

Figure 1. MTX inhibited TG‑induced PC12 cell apoptosis. (A) MTT assay of PC12 cells treated with 1, 2.5, 5, and 10 µM TG. (B) MTX treatment significantly 
reversed the TG‑induced decrease in cell viability by 46.7%. (C) Flow cytometry analysis of PC12 cells treated with 5 µM TG in the presence or absence 
of MTX. FL1‑A on the X‑axis represents the relative fluorescence intensity value; FL2‑A on the Y‑axis represents the relative fluorescence intensity value. 
Data are presented as the mean ± standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05. NC, normal control; MTX, methotrexate; TG, 
triglycerides; OD, optical density.

Figure 2. MTX reversed the effects of TG on the levels of GRP78, CHOP and caspase‑12 expression in PC12 cells. Western blotting was performed to assess 
the levels of GRP78, CHOP and caspase‑12 expression in PC12 cells treated with 5 µM TG in the presence or absence of MTX. Data are presented as the 
mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. NC; #P<0.05. GRP78, glucose‑regulated protein 78; CHOP, CCAAT‑enhancer‑binding protein 
homologous protein; NC, normal control (dimethyl sulfoxide); MTX, methotrexate; TG, triglycerides; NC, normal control.
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were identified after 7 days, but the number of apoptotic cells 
was decreased in the MTX group after an additional 7 days 
(Fig. 4A). The caspase family serves an important role in 
mediating apoptosis. Caspase‑3 is a key molecule that func-
tions in various signaling pathways associated with apoptotic 
signaling (27). To determine the anti‑apoptotic effect of MTX 
in rat spinal cord nerve cells, levels of cleaved caspase‑3 
expression were assessed using western blotting. The 
results indicated that levels of cleaved caspase‑3 expression 

were significantly increased in rats that had undergone SCI 
compared with the sham group; however, MTX treatment 
significantly attenuated this effect at day 7 (P<0.05; Fig. 4B). 
These data suggested that MTX may protect rats from SCI by 
suppressing apoptosis.

MTX inhibits the expression of GRP78 in cells in the region 
of SCI. To detect whether SCI induces ERS, levels of ATF6, 
IRE1α, eIF2α and GRP78 expression were assed using western 

Figure 3. MTX improved motor behavioral function in rats with SCI. (A) BBB scoring and the (B) inclined plate test were performed on rats in the sham, SCI 
and MTX+SCI groups (n=8 rats per group). Data are presented as the mean ± standard error of the mean. ***P<0.001 vs. Sham group;  #P<0.05 and ##P<0.01 vs. 
SCI group. BBB, Basso, Beattie and Bresnahan; SCI, spinal cord injury; MTX, methotrexate.

Figure 4. MTX reduced apoptosis in rats with SCI. (A) Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end staining (magnification, x40) indicated 
that the sham group demonstrated no obvious cell apoptosis with blue staining, whereas an increased number of apoptotic cells in SCI group on day 7 and 
improvement of cell apoptosis after MTX treatment on day 7 were identified (TUNEL‑positive nuclei were stained brown and TUNEL‑negative nuclei were 
stained blue; red arrows indicated apoptotic cells). (B) Western blotting of c‑caspase‑3 protein expression in the sham, SCI and MTX+SCI group (n=8 rats 
per group). Data are presented as the mean ± standard error of the mean. *P<0.05 vs. Sham; #P<0.05. SCI, spinal cord injury; MTX, methotrexate; c‑caspase‑3 
(cleaved‑caspase‑3).
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blotting. Compared with sham group, levels of ATF6, IRE1α, 
eIF2α and GRP78 expression were significantly increased 
following SCI (P<0.05, P<0.01 and P<0.001; Fig. 5A). This 
suggests that SCI may induce ERS. Notably, on day 7, levels of 
ATF6, IRE1α, eIF2α and GRP78 expression were significantly 
decreased in the MTX+SCI group compared with the SCI 
group on day 7 days (each band represented one rat; P<0.05, 
P<0.01 and P<0.001; Fig. 5B). These data indicate that MTX 
may protect against ERS.

Discussion

MTX is the most commonly used disease‑modifying anti‑rheu-
matic agent and is also effective at treating patients with breast 
cancer (28,29). Previous studies have demonstrated that MTX 
induces greater cytotoxicity and growth inhibition in leukemia 
and other malignant cell types compared with other treat-
ments (30,31). It has been demonstrated that sustained ERS is 
a major contributor to MTX‑induced cell death, as indicated 
by the induction of several unfolded protein response markers, 
which ultimately induce apoptosis (32). Furthermore, MTX 
prevents epidural fibrosis via the ERS signaling pathway (33). 
The present study aimed to evaluate the possible protective 
effects and the potential mechanisms of low‑dose MTX in rats 
with SCI and in PC12 cells.

In the present study, an in vitro cell model of ERS was 
established. PC12 cells were treated with 1, 2.5, 5 and 10 µM 
TG, and MTT assays demonstrated that TG decreased PC12 
cell viability in a dose‑dependent manner. Additionally, flow 

cytometric analysis indicated that TG significantly increased 
the apoptosis of PC12 cells. It has been suggested that, during 
the early stages of ERS, upregulation of GRP78 may aid cell 
survival by removing misfolded proteins; however, prolonged 
elevation of ERS levels may induce cell death (34). In addi-
tion to the activation of GRP78 during sustained ERS, the 
activation of CHOP, p53 upregulated modulator of apop-
tosis and caspase‑12 is induced, thereby further promoting 
cell death  (12,35). In accordance with previous studies, 
the results of the present study indicated that levels of the 
ERS‑associated proteins GRP78, CHOP and caspase‑12 were 
significantly increased in PC12 cells following treatment 
with TG. An increase in cell apoptosis and the expression 
of ERS‑associated proteins was identified in a rat model of 
SCI. The results of the present study imply that ERS may be 
involved in this process.

Apoptosis is a type of programmed cell death that differs 
from necrosis (36). This process serves an important role in 
SCI, particularly during secondary injury. By blocking apop-
tosis, cells may survive and retain more nerve function (37). 
Neuronal apoptosis following SCI is an important pathological 
process and often leads to secondary injury in SCI (38). It has 
been reported that excessive apoptosis may result in decreased 
functioning of the spinal cord anterior horn and the spinal 
nerve fibers (38).

The ERS response regulates the homeostasis of organisms 
by modulating protein degradation and protein folding (39). 
Under normal physiological conditions, the ER chaperone 
GRP78 combines with PERK, ATF6 and IRE1, and is 

Figure 5. MTX inhibited the expression of endoplasmic reticulum stress‑associated proteins in the region of SCI. (A) Compared with the sham group, levels 
of ATF6, IRE1α, eIF2α and GRP78 expression were significantly increased in rats following SCI. (B) Following treatment with MTX, levels of ATF6, IRE1α, 
eIF2α and GRP78 expression were significantly decreased compared with the SCI group (n=8 rats per group). Data are presented as the mean ± standard error 
of the mean. *P<0.05, **P<0.01, ***P<0.001 vs. Sham; #P<0.05, ##P<0.01, ###P<0.001 vs. SCI. SCI, spinal cord injury; MTX, methotrexate; ATF6, activating 
transcription factor 6; IRE1α, serine/threonine‑protein kinase/endoribonuclease inositol‑requiring enzyme 1 α; eIF2α, eukaryotic initiation factor 2 α; GRP78, 
glucose‑regulated protein 78; c‑caspase‑3, cleaved caspase‑3.
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maintained in its inactive state (40). When the UPR is activated, 
unfolded proteins accumulate in the ER, which then trigger the 
ERS‑induced cell apoptosis (41). GRP78, CHOP/GADDl53 
and caspase‑12 are ERS‑specific transcription factors that are 
not activated in either the death receptor or the mitochondrial 
signaling pathways (42). In the present study, the motor behav-
ioral function of rats with SCI was significantly improved 
following MTX treatment on day 7. Furthermore, the present 
study revealed that decreased neuronal cell apoptosis was 
accompanied by significantly reduced levels of GRP78, CHOP 
and caspase‑12 expression, indicating that the neuroprotec-
tive effects of MTX may be associated with the inhibition of 
ERS‑induced apoptosis.

In conclusion, the present study revealed that MTX treat-
ment increased neuronal survival in the region of SCI and 
improved the functional recovery of rats with acute SCI. 
According to the results from the present in vivo and in vitro 
experiments, it was suggested that the protective effect of 
MTX in neuronal cells may be mediated by the inhibition of 
ERS‑induced apoptosis. These data suggest that MTX is suit-
able for the treatment of SCI as it is able to reduce ERS‑induced 
apoptosis. However, further studies are required to determine 
the most effective application of MTX in the treatment of SCI.
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