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Abstract. Neuronal cell apoptosis is a complex pathophysiolog‑
ical change that occurs following spinal cord injury (SCI) and 
affects self‑repair. Therefore, preventing neuronal cell apoptosis 
can promote the recovery of nerve function. The present study 
aimed to investigate the effects of butorphanol on neuronal 
inflammatory response and apoptosis. The effects of butor‑
phanol on cell viability and pathway‑related protein expression 
were first assessed using the CCK8 and western blot assays, 
respectively. Lipopolysaccharide (LPS) was used to establish 
models. The influences of additional anisomycin, an agonist 
of MAPK pathway, on cell viability, pathway‑related protein 
expression and lactate dehydrogenase level were determined 
using the CCK8 assay, western blotting and assay kits, respec‑
tively. In addition, the roles of butorphanol and anisomycin in 
inflammatory factor levels and cell apoptosis were determined 
using reverse transcription‑quantitative PCR, TUNEL and 
western blot assays. Butorphanol was found to protect PC12 cells 
from the action of LPS on viability and effectively upregulated 
the p38/JNK/activation of transcription factor 2 (ATF2)/p53 
protein expression levels. In addition, anisomycin could break 
the protective role of butorphanol in cell viability and the inhibi‑
tory roles in inflammatory response and apoptosis. To sum up, 
butorphanol reduces neuronal inflammatory response and apop‑
tosis via inhibiting p38/JNK/ATF2/p53 signaling. The present 
findings may provide a new direction for the treatment for SCI.

Introduction

Spinal cord injury (SCI) is a serious disabling disease of the 
central nervous system, principally caused by physical trauma, 

degenerative diseases and infections, including HIV and 
bacteria (1,2). The pathology of SCI is divided into primary and 
secondary injury. Primary injury refers to the injury caused 
by direct or indirect external force on the spinal cord, which 
is irreversible. Secondary injury involves a series of complex 
reactions that occur on the basis of the primary injury, including 
local edema, ischemia, focal hemorrhage, oxidative stress and 
inflammatory reactions, which are reversible and prevent‑
able (3). Nerve repair is the major approach to self‑repair after 
SCI; however, the lack of self‑regenerative ability of neurons 
generally leads to poor recovery (4). Therefore, researchers 
worldwide have conducted multiple studies on the mechanism 
of SCI treatment (5,6). The mechanism of the proposed treat‑
ment can be summarized as inhibiting glial scar formation 
and inflammation, improving microcirculation, inhibiting 
neuronal cell apoptosis and promoting cell repair and regen‑
eration (5). Inhibiting cell apoptosis is an important part of the 
repair and treatment mechanism of SCI and serves a central 
role in regulating SCI (6).

As a synthetic opioid receptor agonist‑antagonist, butor‑
phanol (Fig. 1A) is widely used in perioperative analgesia and 
compound anesthesia. Its main mechanism is to stimulate 
κ‑opioid receptor (KOR) to exert a spinal analgesic effect. 
Butorphanol affects KOR and can partially activate the KOR 
in the G protein activation pathway and fully activate the KOR 
in the β‑arrestin recruitment pathway (7). Previous studies 
have suggested that butorphanol can reduce myocardial isch‑
emia‑reperfusion injury by inhibiting inflammation, oxidative 
stress and apoptosis  (8‑10). Butorphanol can also suppress 
the inflammation in lipopolysaccharide (LPS) induced H9C2 
cells in an in vitro sepsis model (11). Carrageenan‑induced 
inflammation in rat paws can be alleviated by treatment 
with butorphanol (12). In addition, butorphanol can reduce 
inflammatory infiltration injury to alleviate brain damage 
as a consequence of sepsis (13). Furthermore, butorphanol is 
considered to relieve neuronal inflammation and apoptosis 
arising from ischemia‑hypoxia‑reperfusion (14). It was hypoth‑
esized that butorphanol may protect against inflammation and 
apoptosis in neuronal injury.

A previous study indicated that butorphanol can inhibit the 
activation of p38 and JNK phosphorylation during myocardial 
ischemia‑reperfusion (9) and the activation of p38 and JNK 
signaling is involved in SCI‑induced neuronal activity damage, 
inflammatory factor release and apoptosis (15,16). According 
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to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway database (https://www.genome.jp/kegg/pathway.
html), the activation of JNK and p38 signaling can stimulate 
downstream activating transcription factor 2 (ATF2) and p53 
to induce apoptosis signaling pathways. ATF2 and P53 partici‑
pate in the inflammatory and apoptotic effects of SCI (17,18).

Neuronal cell apoptosis is a complex pathophysiological 
change that occurs following SCI and the increase in apop‑
tosis affects self‑repair (19). Therefore, preventing neuronal 
cell apoptosis can promote the recovery of nerve function. 
The PC12 cell line is a differentiated cell line of rat adrenal 
medulla phochromocytoma and has the general characteristics 
of neuroendocrine cells. Due to its passage characteristics, 
this cell line is widely used in neurophysiological and neuro‑
pharmacological research (20,21). The present study aimed 
to explore the effects of butorphanol on the neuronal 
inflammatory response and apoptosis in PC12 cells.

Materials and methods

Cell culture. PC12 cells were purchased from The Cell Bank of 
Type Culture Collection of The Chinese Academy of Sciences 
and cultured in DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells were maintained at 37˚C in a 5% CO2 
atmosphere.

Cells were divided into the following groups: Untreated 
(cont rol),  butorphanol,  l ipopolysacchar ide (LPS), 
LPS + butorphanol and LPS + butorphanol + anisomycin. 
Cells were pretreated with butorphanol (1, 2  and  4  µM; 
GlpBio Technology) (14) and/or anisomycin (1 µM; GlpBio 
Technology Inc.)  (22) for 6 h and then induced with LPS 
(5 µg/ml; MilliporeSigma) (23) for 12 h for the establishment 
of the model.

Cell Counting Kit 8 (CCK8) assay. PC12 cells were seeded in a 
96‑well plate at a density of 6x103 cells/well. To determine the 
effect of different doses of butorphanol on cell viability, butor‑
phanol (1, 2 and 4 µM) was added to the plates and cells were 
incubated for 24 h as in a previous study (14). To determine 
the effect of LPS and butorphanol on cell viability, cells were 
pretreated with butorphanol for 6 h and then incubated with 
LPS for 12 h. Following incubation with 10 µl CCK8 solution 
(Beyotime Institute of Biotechnology) for another 2 h at 37˚C, 
the optical density was measured at a wavelength of 450 nm 
using a microplate reader (Thermo Fisher Scientific, Inc.).

Western blotting. PC12 cells were plated into 6‑well plates at 
a density of 3x105 cells/well. Protein lysates were prepared 
using RIPA lysis buffer (Beyotime Institute of Biotechnology). 
Following quantification of the protein concentration using 
a BCA protein assay kit (cat. no. P0012; Beyotime Institute 
of Biotechnology), protein samples (30 µg per lane) were 
subjected to 12% SDS‑PAGE and transferred to PVDF 
membranes. Following blocking with 5% non‑fat milk, for 
2  h at room temperature, blots were incubated overnight 
at 4˚C with the indicated primary antibodies. Subsequently, 
the membranes were further incubated for 2  h at room 
temperature with the corresponding secondary antibodies. 
Next, membranes were developed with SuperSignal west 

femto maximum sensitivity substrate (Pierce; Thermo Fisher 
Scientific, Inc.) and ImageJ software (version 1.6, National 
Institutes of Health) was used for analysis. Phosphorylated (p‑)
p38 (cat. no. ab4822; dilution, 1:1,000), p38 (cat. no. ab170099; 
dilution, 1:2,000), p‑JNK (cat.  no.  ab124956; dilution, 
1:5,000), JNK (cat.  no.  ab208035; dilution, 1:500), ATF2 
(cat.  no.  ab239361; dilution, 1:1,000) and Histone H3 
(cat. no. ab1791; dilution, 1:2,000) primary antibodies were 
obtained from Abcam. p‑ATF2 (cat. no. MA5‑33115; dilu‑
tion, 1:1,000), p53 (cat. no. 21891‑1‑AP; dilution, 1:1,000), p65 
(cat. no. 14‑6731‑81; dilution, 1:1,000), Bcl2 (cat. no. PA5‑27094; 
dilution, 1:1,000), Bax (cat. no. PA5‑11378; dilution, 1:2,000), 
cleaved caspase3 (cat.  no.  PA5‑114687; dilution, 1:1,000), 
GAPDH (cat. no. MA1‑16757; dilution, 1:2,000) and anti‑rabbit 
secondary antibodies (cat. no. G‑21234; dilution, 1:100,000) 
were purchased from Thermo Fisher Scientific. Protein bands 
were visualized using an enhanced chemiluminescence kit 
(Beyotime Institute of Biotechnology), which were quantified 
by imageJ 1.8 software (National institutes of Health).

Activity of lactate dehydrogenase (LDH). The activity of 
LDH in PC12 cells was determined using an LDH Assay 
kit (cat.  no.  C0016; Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. The optical 
density was measured at a wavelength of 490 nm using a 
microplate reader (Thermo Fisher Scientific, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). 
PC12 cells were seeded in a 6‑well plate at a density of 
6x105 cells/well at 37˚C. Total RNA was extracted from the 
cultured cells using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc‑
tions and reverse transcribed into cDNA using the FSQ‑101 
reverse transcription system kit (Toyobo Life Science) 
according to the manufacturer's protocols. The qPCR reac‑
tions were performed using SYBR Green qPCR Master Mix 
(Roche Applied Science) on a 7500 Real‑time system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The thermocy‑
cling conditions were: 95˚C for 2 min, followed by 40 cycles 
at 95˚C for 10 sec, 60˚C for 35 sec and 72˚C for 10 sec. The 
primer sequences used were as follows: TNF‑α forward, 
5'‑TTC​CCA​AAT​GGG​CTC​CCT​CT‑3' and reverse, 5'‑GTG​
GGC​TAC​GGG​CTT​GTC​AC‑3'; IL‑1β forward, 5'‑TCC​AGG​
ATG​AGG​ACC​CAA​GC‑3' and reverse, 5'‑TCG​TCA​TCA​TCC​
CAC​GAG​TCA‑3'; IL‑6 forward, 5'‑TCT​GGG​AAA​TCG​TGG​
AAA​TGA​G‑3' and reverse, 5'‑TCT​CTG​AAG​GAC​TCT​GGC​
TTT​GTC‑3'; and GAPDH forward, 5'‑TCT​CTG​CTC​CTC​
CCT​GTT​CT‑3' and reverse, 5'‑TAC​GGC​CAA​ATC​CGT​TCA​
CA‑3'. The expression of target genes was quantified using the 
2‑∆∆cq method (24).

TUNEL assay. A TUNEL assay kit (cat. no. C1086; Beyotime 
Institute of Biotechnology) was used. PC12 cells were fixed 
with 4% paraformaldehyde for 30 min at room temperature 
and permeated with PBS containing 0.3% Triton X‑100 for 
another 5 min at room temperature. The detection solution 
was prepared and the procedure was performed according to 
the manufacturer's instructions. The coverglass was sealed and 
cells were observed under a fluorescence microscope (magni‑
fication, x200; Olympus Corporation).
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Bioinformatics and statistical analysis. The KEGG pathway 
database (www.kegg.jp/kegg/pathway) is a collection of 
pathway maps representing the molecular interaction, reaction 
and relation networks. All experimental data are presented 
as the mean  ±  standard deviation and experiments were 
performed in triplicate. Statistical analyses were conducted 
using GraphPad Prism 8.0 software (GraphPad Software, 
Inc.). One‑way analysis of variance followed by a Tukey's post 
hoc test was applied to compare differences among multiple 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of different doses of butorphanol on LPS‑induced 
reduction of PC12 cell viability and p38/JNK/ATF2/p53 
signaling. The effect of different doses of butorphanol on PC12 

cell viability was assessed using a CCK8 assay. Cell viability 
was not significantly altered following treatment with doses 
between 0‑4 µM (Fig. 1B). Subsequently, the viability of cells 
treated with butorphanol and LPS was determined. Cells were 
divided into five groups: Control, LPS and LPS + butorphanol 
(1, 2 and 4 µM). The viability of cells in the LPS group was 
markedly decreased, whereas the viability of cells pretreated 
with butorphanol increased in a concentration‑dependent 
manner, which suggested that butorphanol protected the 
cells against the inhibitory effect of LPS on cell viability 
(Fig. 1C). Subsequently, the levels of p‑p38, p‑JNK, p‑ATF2, 
p53, p38, JNK and ATF2 were examined using western blot 
analysis. The levels of p‑p38, p‑JNK, p‑ATF2 and p‑p53 were 
upregulated following treatment with LPS and downregulated 
following pretreatment with butorphanol compared with the 
LPS group. Additionally, there were no significant changes in 
the expression levels of p38, JNK and ATF2 (Fig. 1D). The 

Figure 1. Effect of butorphanol on LPS‑induced decrease in PC12 cell viability and p38/JNK/ATF2/p53 signaling. (A) Chemical structure of butorphanol. 
(B) The effect of different doses of butorphanol on PC12 cell viability was assessed using a CCK8 assay. (C) The viability of cells treated with butorphanol 
and LPS was determined using a CCK8 assay. (D) The expression levels of p‑p38, p‑JNK, p‑ATF2, p53, p38, JNK and ATF2 were measured using western 
blot analysis. ***P<0.001 vs. Control group. #P<0.05, ##P<0.01 and ###P<0.001 vs. LPS group. LPS, lipopolysaccharide; p‑, phosphorylated; ATF2, activating 
transcription factor 2.
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aforementioned results indicated that the maximum dose of 
butorphanol in the experiment could not only improve cell 
viability, but also effectively inhibited signal protein expres‑
sion. Therefore, butorphanol at a concentration of 4 µM was 
used in subsequent experiments.

Butorphanol protects cells against the inhibitory effects 
of LPS on cell viability via p38/JNK/ATF2/p53 signaling. 
In order to explore the mechanism of the MAPK signaling 
pathway in the regulation of cells by butorphanol, anisomycin 
was used to pretreat cells. Cells were divided into four groups: 
Control, LPS, LPS + 4 µM butorphanol and LPS + 4 µM 
butorphanol + anisomycin. The protein expression levels of 

pathway signaling molecules in each group were determined 
using western blot analysis. The levels of p‑p38, p‑JNK, 
p‑ATF2 and p‑p53 were all upregulated in cells subjected to 
additional anisomycin treatment compared with the LPS + 
4 µM butorphanol group, whereas there was no effect on the 
expression levels of p38, JNK and ATF2 (Fig. 2A). In addition, 
cell viability in these four groups was assessed and the results 
indicated that cell viability was decreased following treatment 
with anisomycin compared with the LPS + 4 µM butorphanol 
group (Fig. 2B). Furthermore, the activity of LDH in each 
group was measured using an assay kit. The levels of LDH 
were increased in the LPS group compared with the control 
group and decreased in the LPS + 4 µM butorphanol group 

Figure 2. Butorphanol protects cells against the inhibitory effects of LPS on viability via p38/JNK/ATF2/p53 signaling. (A) The protein expression levels of 
p‑p38, p‑JNK, p‑ATF2, p53, p38, JNK and ATF2 in each group were determined using western blot analysis. (B) Cell viability in each group was assessed 
using a CCK8 assay. (C) The activity of LDH in each group was measured using assay kits. **P<0.01 and ***P<0.001 vs. Control group. ##P<0.01 and ###P<0.001 
vs. LPS group. ▲P <0.05, ▲▲P<0.01 and ▲▲▲P<0.001 vs. LPS + Butorphanol group. p‑, phosphorylated; ATF2, activating transcription factor 2; LDH, lactate 
dehydrogenase.
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compared with the LPS group. Interestingly, the LDH levels 
were elevated again following the addition of anisomycin 
compared with the LPS + 4 µM butorphanol group (Fig. 2C).

Butorphanol reduces LPS‑induced inflammatory factor 
release and apoptosis via p38/JNK/ATF2/p53 signaling. 
Based on the findings on cell viability, the effects of butor‑
phanol on inflammatory factors and cell apoptosis were 
studied. The expression levels of TNF‑α, IL‑1β and IL‑6 
in the aforementioned four groups were measured using 
RT‑qPCR. The results revealed that butorphanol reduced 
the increase in the levels of inflammatory factors caused by 
LPS and anisomycin suppressed the effect of butorphanol to 
some extent (Fig. 3A‑C). Next, the expression levels of p65 
(cytoplasm) and p65 (nucleus) were determined using western 
blot analysis. The results revealed that LPS promoted the 
transfer of p65 into the nucleus and butorphanol could restrain 
the entry of p65 into the nucleus. As expected, anisomycin 
reversed the inhibitory effect of butorphanol on the transfer 
of p65 (Fig. 3D). Furthermore, a TUNEL assay and western 
blot analysis were used to evaluate cell apoptosis. Anisomycin 
increased the number of apoptotic cells, which suggested 
that anisomycin blocked the inhibitory effect of butorphanol 
on cell apoptosis (Fig. 4A). The results of the TUNEL assay 

demonstrated that the apoptotic cells in the LPS group emitted 
more fluorescence and that butorphanol markedly reduced the 
number of apoptotic cells (Fig. 4B). Additionally, the expres‑
sion levels of apoptosis‑related proteins were determined using 
western blot analysis. The expression levels of Bax and cleaved 
caspase 3 were upregulated in the LPS group. Furthermore, 
both their expression levels were decreased in the LPS + 4 µM 
butorphanol group and upregulated in the LPS + 4 µM butor‑
phanol + anisomycin group, whereas the expression levels of 
Bcl2 exhibited the opposite trend (Fig. 4C).

Discussion

SCI is a destructive neurological and pathological state that 
can severely affect the quality of life of patients (25). Its 
pathophysiology includes ischemia, oxidative stress, inflam‑
mation, apoptosis and motor dysfunction  (26). In recent 
years, with the continuing in‑depth study of pathological 
mechanisms, novel treatment strategies have been proposed 
to overcome neurodegenerative events. While these strate‑
gies restore the stability of the spine, reducing secondary 
SCI and improving the survival of patients remains unre‑
solved and requires more research (27). Common clinical 
treatment methods focus on surgery, drug treatment and cell 

Figure 3. Butorphanol decreases LPS‑induced inflammatory factor release via p38/JNK/ATF2/p53 signaling. (A‑C) The expression levels of TNF‑α, IL‑1β 
and IL‑6 in the above four groups were measured using reverse transcription‑quantitative PCR. (D) The expression levels of p65 (cytoplasm) and p65 (nucleus) 
were determined using western blot analysis. ***P<0.001 vs. Control group. ###P<0.001 vs. LPS group. ▲P <0.05 and ▲▲▲P<0.001 vs. LPS + Butorphanol group. 
LPS, lipopolysaccharide.
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therapy (28). The choice of surgical methods and timing 
should be considered based on the overall condition of the 
patient, so that surgical treatment tends to be more indi‑
vidualized (29). High‑dose hormone shock therapy is still 
questioned for side effects; however, in the early stages of 
SCI, the dose can be appropriately reduced to reduce the 
occurrence of complications (30). In addition, despite being 
the most promising treatment for SCI, cell therapy still 
faces numerous problems, such as whether the transplanted 
cells can survive, whether the axon regeneration direction 
is accurate and whether it can establish effective synaptic 
connections with the neurons of the host (31). Furthermore, 
hyperbaric oxygen, pulsed electricity, local cold therapy, 

acupuncture and other uncommon therapies are also under 
continuous development (32,33).

The inflammatory response has been demonstrated to 
be involved in the occurrence and development of SCI (34). 
Following SCI, the pro‑inflammatory factor TNF‑α is the first 
to increase and it acts synergistically with other pro‑inflam‑
matory factors to produce lipid peroxides and oxygen free 
radicals (34). TNF‑α can promote the activity of cells such as 
microglia and astrocytes, stimulate cells and promote matrix 
proliferation (34). On the other hand, TNF‑α can also cause 
apoptosis and affect neuronal function  (35). Furthermore, 
IL‑1β induces cell apoptosis, stimulates the expression of 
adhesion factors and, when its expression increases, promotes 

Figure 4. Butorphanol decreases LPS‑induced apoptosis via p38/JNK/ATF2/p53 signaling. (A) Anisomycin increased the number of apoptotic cells. 
(B) TUNEL assay was used to evaluate cell apoptosis (magnification, x200). (C) Expression levels of apoptosis‑related protein were determined using western 
blot analysis. **P<0.01 and ***P<0.001 vs. Control group. #P<0.05 and ###P<0.001 vs. LPS group. ▲P <0.05, ▲▲P<0.01 and ▲▲▲P<0.001 vs. LPS + Butorphanol 
group. LPS, lipopolysaccharide.
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the inflammatory response (36). IL‑6 can act on macrophages 
to promote their differentiation and infiltration, upregulate the 
expression of other cytokines and actively participate in the 
secondary injury of spinal cord nerve tissue (37,38). In the 
present study, the expression levels of TNF‑α, IL‑1β and IL‑6 
were determined and butorphanol was found to reduce the 
increase in TNF‑α, IL‑1β and IL‑6 levels caused by LPS via 
the MAPK signaling pathway. This indicated that butorphanol 
could slow down the inflammatory response in nerve cells. 
Additionally, LDH is one of the important enzyme systems 
for anaerobic glycolysis and gluconeogenesis. It can catalyze 
the reduction and oxidation reaction between propionic acid 
and L‑lactic acid and is widely present in human tissues (39). 
Hypoxia in spinal cord tissues will accelerate, or even cause, 
excessive glycolysis and increase LDH levels (40). The present 
study revealed that butorphanol can reduce the increase in 
LDH levels.

Neuronal cell apoptosis usually refers to the programmed 
death of neuronal cells and is the primary cause of delayed 
spinal cord cell death after SCI (41). Neuronal cell apoptosis is 
a complex pathophysiological process, which mainly involves 
the protease cascade mediated by members of the caspase 
family, in which caspase‑3 serves a pivotal role (42). A previous 
study suggested that the activity of caspase‑3 contributes 
to neuronal cell apoptosis following traumatic brain injury 
and experimental transient cerebral ischemia in mice (43). 

Furthermore, the anti‑apoptotic genes Bcl‑2 and Bcl‑xL, the 
pro‑apoptotic genes Bax, Bad and Bcl‑2 interacting killer 
and p65 transportation to the nucleus are also involved in the 
process of cell apoptosis (44,45). In the present study, butorph‑
anol was found to reduce the elevation of pro‑apoptotic genes 
and the expression of p65 in the nucleus, thereby inhibiting 
cell apoptosis.

In conclusion, butorphanol may suppress the neuronal 
inflammatory response and apoptosis in PC12 cells via inhibition 
of p38/JNK/ATF2/p53 signaling (Fig. 5). A previous study has 
indicated that butorphanol can relieve neuronal inflammation 
and apoptosis arising from ischemia‑hypoxia‑reperfusion (14) 
and the present study is consistent with the previous studies, 
which all indicated that neuronal inflammation and apoptosis 
are alleviated following butorphanol treatment. The novelty of 
the present study was that it explored the protective effects on 
LPS‑induced PC12 cells through p38/JNK/ATF2/p53 signaling. 
However, the present study was limited to experiments based 
on PC12 cells, which provided the basis for the use of butor‑
phanol in other cell lines. Furthermore, the potential toxicity of 
butorphanol, the suitable dose of butorphanol and its protective 
effects in animal models and later in humans with pheochro‑
mocytoma should be explored in the future to strengthen the 
credibility of the present study. Whether the effects mediated 
by butorphanol through activation of the KOR on PC12 cells 
and whether PC12 cells express KOR or other opioid receptors 

Figure 5. p38/JNK/ATF2/p53 signal pathway diagram. MKK, mitogen‑activated protein kinase kinase; +P, phosphorylation; ATF2, activating transcription 
factor 2.
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are all worth considering and exploring in future studied. With 
the gradual deepening of the understanding of inhibition of 
neuronal cell apoptosis and the continuous advancement of 
medical technology, novel treatment approaches to clinical SCI 
may emerge in the near future.
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