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Abstract
Background  Bone cancer pain (BCP) seriously affects patient’s quality of life, which remains a difficult clinical problem, 
lacking effective drugs for treating it. The inflammation in the spinal cord involves the pathogenesis of BCP. The inhibition 
of spinal phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway or spinal P2X7 receptor (P2X7R) 
has previously been shown to alleviate BCP. Naringenin (NAR) has analgesic role and anti-inflammatory property.
Objective  The present study investigated the protection of NAR against BCP and explored whether the inhibition of spinal 
inflammation and the blockade of spinal P2X7R/PI3K/AKT signaling involved in this protection.
Result  NAR significantly alleviated mechanical allodynia (the increase of paw withdrawal threshold in Von Frey test) and 
thermal hyperalgesia (the increase of paw withdrawal latency in Hargreaves test) in BCP rats. Additionally, NAR inhibited 
inflammatory cytokines (the reduced levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 
(IL-6) were measured using Elisa assay) and down-regulated P2X7R/PI3K/AKT signaling (the decreased P2X7R expres-
sion, the reduced ratios of phosphorylated (p)-PI3K/PI3K and p-AKT/AKT, which were detected Western blot) in the spinal 
cord of BCP rats.
Conclusion  NAR alleviated BCP through inhibiting inflammatory cytokines and down-regulating P2X7R/PI3K/AKT signal-
ing in the spinal cord of rats. These findings revealed that NAR, as an effective agent against BCP, may provide an effective 
approach in the management of bone cancer patients.
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Introduction

Bone cancer pain (BCP) is a typical symptom of the patients 
with bone tumor or tumor skeletal metastases (Rodriguez 
et al. 2019), which seriously decreases patient’s physical 
function and quality of life, is estimated to impact about 
36–50% of cancer patients (Frost et al. 2016). Currently, 
given the mechanism underlying BCP is not yet clear and 
the existing drug interventions are still not satisfactory, BCP 
remains an intractable clinical problem (Mantyh 2013). 
Therefore, exploitation of more effective and rational new 
treatment strategies for BCP is urgently needed.

Naringenin (NAR) is a naturally occurring flavanone, like 
other flavonoids, which is known for its antioxidant and anti-
inflammatory properties and thus has potential to be used as 
a therapeutic tool (Yang et al. 2020; Zeng et al. 2018). Given 
neuroinflammation plays a key role in pain (Matsuda et al. 
2019), increasing studies suggest that the potential of NAR 
in analgesia has been gradually explored. The analgesic 
effects of NAR on neuropathic pain caused by spinal nerve 
ligation (Hu and Zhao 2014) and chronic compression nerve 
injury (Kaulaskar et al. 2012) in rats has been reported. In 
addition, NAR ameliorates diabetic neuropathic pain (Singh 

et al. 2020). Furthermore, a series of studies have shown 
that NAR inhibits inflammatory pain (Pinho-Ribeiro et al. 
2016). Despite the above literatures demonstrated the anal-
gesic effects of NAR in some diseases, whether NAR coun-
teracts BCP is still unknown. Therefore, rats were injected 
with Walker 256 tumor cells to construct a model of BCP 
for exploring the potential therapeutic function of NAR on 
BCP and its underlying mechanisms.

P2X7 receptor (P2X7R) is a subtype of ATP-gated ion 
channel purinergic receptor, which is mainly expressed in 
glial cells in the dorsal horn of spinal cord. P2X7R activa-
tion can promote the release of various inflammatory media-
tors by glial cells and mediate the central sensitization of 
spinal cord (Calzaferri et al. 2020). Cumulative investiga-
tions suggested that anti-nociceptive effects of P2X7R inhi-
bition or knockout in various neuropathic and inflammatory 
pain (Burnstock 2016). Recent, it has been confirmed that 
P2X7R-specific inhibitor BBG was to be capable of reliev-
ing BCP-associated symptoms (Yang et al. 2015). Based on 
these, previous studies suggested that spinal P2X7R as a 
possible target in BCP treatment, and we further investigated 
whether the down-regulation of spinal P2X7R is involved in 
the protection of NAR against BCP.
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Phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) pathway is essential in the development and main-
tenance of chronic pain, especially in BCP (Chen et al. 
2017). The activation of PI3K/AKT signal pathway in the 
spinal cord was reported to participate in the progression 
of BCP (Guan et al. 2015a, b). In contrast, the inhibition of 
PI3K/AKT attenuates the mechanical nociception in BCP 
rats and suppresses BCP-associated behaviors (Guan et al. 
2015a, b; Huang and Zhang 2014; Peng et al. 2019). For 
example, the short interference RNA (siRNA) targeting 
NMUR2 relieves nociception in rat through inhibiting spi-
nal PI3K/AKT pathways (Peng et al. 2019). These obser-
vations indicated that the down-regulation of spinal PI3K/
AKT may be a novel candidate for BCP therapy. Notably, 
the P2X7R is a key modulator of the PI3K/AKT signaling. 
In experimental neuroblastoma cells, P2X7R stimulation 
enhances PI3K/AKT and P2X7R silencing or antagonist 
administration reduces the activity of PI3K/AKT (Amo-
roso et al. 2015). In addition, highly expressed P2X7R 
promotes growth and metastasis of human HOS/MNNG 
osteosarcoma cells via activation of PI3K/AKT signaling 
(Zhang et al. 2019). Therefore, the aforementioned studies 
led us to a hypothesis that inhibition of the spinal P2X7R/
PI3K/AKT pathway contributes to the protective role of 
NAR against BCP.

The present study aimed to confirm the antagonized 
function of NAR on BCP and explore underlying mecha-
nisms. The results demonstrated that NAR significantly 
relieves nociception, suppresses spinal inflammation and 
decreases the spinal P2X7R/PI3K/AKT pathway in rats with 
BCP. These findings suggested NAR as a novel therapeutic 
approach for treatment of BCP, which may be related to the 
inhibition of spinal inflammatory cytokines by the blocked 
spinal cord P2X7R/PI3K/ AKT signaling pathway.

Materials and methods

Material

NAR were supplied by Sigma‑Aldrich; Merck KGaA (St. 
Louis, MO, USA). The BCA protein assay kit was obtained 
from Beyotime Biotechnology, Inc (Shanghai, China). The 
enzyme-linked immunosorbent assay (Elisa) kits for tumor 
necrosis factor-α (TNF-α), Iterleukin-1 beta (IL-1β) and Iter-
leukin-6 (IL-6) were purchased from R&D Systems (R&D 
Systems, Minneapolis, MN). Specific monoclonal antibod-
ies against phosphorylated (p)-PI3K, PI3K, p-AKT, AKT 
and P2X7R were supplied by obtained from Cell Signaling 
Technology, Inc (Boston, USA). GAPDH antibody and anti-
rabbit IgG-HRP-linked antibody were purchased by Protein-
tech (Danvers, MA, USA).

Preparation of tumor cells

As described previously (Mao-Ying et al. 2006), after intra-
peritoneal injection (i.p.) of Walker 256 tumor cells into the 
rats for 1 week, the carcinoma cells were extracted, washed 
with PBS, and re-suspended to a final concentration of 
5 × 105 cells/10 μL. The same concentration of cancer cells 
was used as a sham operation group after being inactivated 
for 30 min.

Animals

100 adult female Sprague–Dawley rats (age 8–10 weeks; 
weight 220–250 g) were supplied by Hunan SJA Labora-
tory Animal Co., Ltd (Hunan, China). All rats were kept in 
single cages in a specific-pathogen-free environment with 
constant temperature (22 ± 2 °C) and humidity (50%), under 
a 12-h light/dark cycle. Adequate food and water were pro-
vided to the rats and change bedding frequently to ensure a 
comfortable environment. This study was approved by the 
Experimental Animals Welfare and Ethics Committee of 
Hengyang Center Hospital.

Establishment of BCP model

The model of BCP was established by injecting Walker 256 
tumor cells into the marrow cavity of leg of the rats as previ-
ously described (Gu et al. 2020; Mao-Ying et al. 2006). The 
steps are as follows: rats were anesthetized with pentobarbi-
tal sodium (60 mg/kg. i.p.) and fixed on the operating table 
in supine position. Subsequently, 1 cm superficial incision 
was made in the right leg to expose the rat’s right tibia, and 
a small hole was drilled in the lower third. Then, the cancer 
cells (10 μL, 5 × 105) or heat-inactivated cancer cells (Sham 
group) were slowly injected into the marrow cavity using a 
micro-syringe. The syringe was left in place for an additional 
2 min to prevent any leakage of tumor cells followed by seal-
ing the hole with bone wax immediately. Finally, penicillin 
was used locally at the wound to prevent subsequent infec-
tion and then layered sutures.

Experimental protocol

After a week of adaptation to the experimental environ-
ment, the rats were randomly distributed into 5 groups 
(20 rats in each group): (1) Sham group: rats that injected 
with inactivated Walker 256 cells; (2) BCP group: rats that 
were injected with activated Walker 256 cells and then 
orally treated with vehicle (saline, 1.5 mL) for 10 days; 
(3) BCP + low-dose NAR group: rats were injected with 
activated Walker 256 cells and then orally treated with 
NAR (16.7 mg/kg/day; diluted in saline) for 10 days; (4) 
BCP + middle-dose NAR group: rats were injected with 
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activated Walker 256 cells and then orally treated with 
NAR (50 mg/kg/day; diluted in saline) for 10 days; (5) 
BCP + high-dose NAR group: rats were injected with 
activated Walker 256 cell and then orally treated with 
NAR 150 mg/kg/day; diluted in saline) for 10 days. NAR 
(16.7–150 mg/kg) or vehicle was treated once per day from 
postoperative days (POD) 6–15. For better understanding, 
schematic diagram of the experimental schedule are illus-
trated in Fig. 1.

Mechanical allodynia test

The mechanical allodynia of rats was tested using Von 
Frey filaments (IITC, USA) as previously described (Cam-
pana and Rimondini 2021; Xu et al. 2019). After rats had 
habituated to the experimental environment for at least 
2 days, baseline levels were measured the day before sur-
gery to narrow the error. Before the test, each rat was iso-
lated in a plexiglass chamber (25 × 20 × 20 cm) with iron 
grids (0.5 × 0.5 cm) on the bottom and allowed it for at least 
30 min for adaption. During the formal test, a pressure was 
vertically exerted on the plantar surface of the operated hind 
leg for 2–3 s until the positive signs were shown up (rapidly 
pull back or bit or lick or shake the tested hind leg). The 
measurement was repeated three times with a gap of 5 min 
each time. The maximal level tolerance in grams is defined 
as the paw withdrawal threshold (PWT), the value of PWT 
was calculated as the average value of the three tests. All 
the data collected were according to the laws of Dixon’s 
up–down method.

Thermal hyperalgesia test

The thermal hyperalgesia was assessed by measuring the 
paw withdrawal latency (PWL) in response to heat stimula-
tion using Hargreaves test as described by previous report 
(Campana and Rimondini 2021; Xu et al. 2019). Specifically, 
an acclimation period of 30 min was applied for each test 
before starting. Each experimental rats were put in Plexiglas 
chambers with elevated glass floor, which was heated evenly 
by a radiant heat source (IITC Life Science, Woodland Hills, 

CA). During the test, the thermal stimulus was concentrated 
and transmitted to the position of hind paw. The PWL to heat 
stimulation were recorded as the time from the onset of radi-
ant heating to the obvious withdrawal of the hind paw, and a 
20 s cutoff automatically was set to prevent tissue damage. 
Thermal stimuli were delivered three times to hind paw at 
intervals of 5–8 min, the average of three measurements of 
PWL was used as the result of each test session.

Enzyme‑linked immunosorbent assay (Elisa) 
for inflammatory cytokines

On the next day after NAR last treatment, the whole spi-
nal cord at the L4–L5 segments was rapidly dissected from 
anesthetized rats (n = 5 each group). The tissue samples were 
homogenized in ice-cold PBS and centrifuged (12,000×g, 
10 min, 4 °C). Finally, the supernatant was aspirated to 
measure the levels of TNF-α, IL-1β and IL-6 using Elisa kits 
(TNF-α kit: RTA00; IL-1β kit: RLB00; IL-6 kit: R6000B; 
R&D Systems) according to the previously described pro-
tocol (Griffin et al. 2006). The results were expressed as pg/
mg (per protein).

Western blot analysis

The protein levels of p-PI3K, PI3K, p-AKT, AKT and 
P2X7R were measured by western blotting. The next day 
after NAR treatment ended, the rats (n = 5 each group) were 
deeply anesthetized with pentobarbital sodium (60 mg/kg, 
i.p.) and then the L4–L5 segments of ipsilateral spinal cord 
were harvested. Next, the tissue samples was homogenized 
in ice-cold homogenizing buffer and the centrifuged at 
12,000×g for 30 min at 4 °C. The supernatant was extracted 
and the protein concentration was analyzed using a BCA 
protein assay kit. Subsequently, equal amounts of pro-
tein (10 μg) was loaded on 10% SDS polyacrylamide gels 
(8–12%) and transferred onto PVDF membranes by elec-
troblotting. The membrane was blocked with TBS-Tween-20 
containing 5% non-fat milk for 2 h at room temperature 
(RT) and incubated with primary antibodies (1:1000) for 
overnight at 4 °C. After the membranes were washed with 

Fig. 1   Schematic diagram of 
the experimental schedule. BCP 
bone cancer pain, NAR narin-
genin, p.o. peros
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TBS-T and further incubated horseradish peroxidase-con-
jugated goat anti-rabbit IgG (1:5000) for 2 h at 4 °C. Then, 
the membranes were washed with TBS-T buffer and added 
with electrogenerated chemiluminescence (ECL) reagent 
(Thermo Fisher Scientific, Inc.). Finally, the immunoreac-
tive bands were visualized by Tanon-5600 Imaging System 
(Tanon Science and Technology Co., Ltd.). The gray values 
of bands were analyzed by Image Lab software (Bio-Rad), 
and normalized with GAPDH.

Statistical analysis

All experiments were repeated ≥ 3 times, and statistical 
analyses were performed using SPSS 20.0 software (IBM 
Corp.). Data are presented as the mean ± SEM, and the 
significance of intergroup discrepancy was assessed using 
one-way analysis of variance (ANOVA) and Tukey’s post 
hoc test. Two-tailed P < 0.05 was considered to indicate a 
statistically significant difference.

Results

NAR does not affect body weight in BCP rats

The results of the body weight growth curve revealed that 
the body weight of BCP group rats was significantly lower 
than that of the sham group from the postoperative days 
(POD) 15 (F4,45 = 3.743, P < 0.05), and gradually decreased 
from POD 18 (Fig. 2). These results indicated that BCP rats 
gradually lost weight, as a sign of successful bone cancer 
modeling. In addition, different concentrations of NAR 
(16.7, 50 and 150 mg/kg) did not change the body weight of 
BCP rats, eliminating the interference of animal weight on 
the experimental results (Fig. 2).

NAR ameliorates mechanical allodynia 
in a dose‑dependent manner of BCP rats

To assess the antinociceptive role of NAR in BCP, we first 
explored whether NAR alleviates mechanical allodynia 
by observing the effect of NAR on the PWT in BCP rats. 
We found that the PWT of BCP rats showed a significant 
decrease on POD 6 and continued to decline at a certain 
speed compared with sham group as a sign of successful 
BCP modeling (Fig. 3A). However, NAR (16.7, 50 and 
150 mg/kg) significantly elevated the PWT of BCP rats in 
a dose-dependent compared with that in the vehicle-treated 
BCP group (POD 9: F4,45 = 16.732, P < 0.05; POD 12: 
F4,45 = 32.417, P < 0.01; POD 15: F4,45 = 46.902, P < 0.001; 
POD 18: F4,45 = 59.828, P < 0.05; POD 21: F4,45 = 123.418, 
P < 0.001). The analgesic effect of NAR was started on POD 
9, 3 days after beginning NAR treatment, and this effect 

of NAR were still observed on POD 21, 6 days after the 
treatment was stopped. However, the effect of NAR at low 
dosage, 16.7 mg/kg, started on POD 12 and lasted only for 
3 days after drug withdrawal (Fig. 3A). Additionally, there 
was no significant difference in baseline PWT level between 
groups (F4,45 = 0.144, P > 0.05). These results indicated that 
NAR improved mechanical allodynia in BCP rats.

NAR ameliorates thermal hyperalgesia in a dose‑dependent 
manner of BCP rats

To assess the antinociceptive role of NAR in BCP, we fur-
ther explored whether NAR alleviates thermal hyperalgesia 
by observing the effect of NAR on the PWL in BCP rats. 
We found that the PWL of BCP rats showed a significant 
decrease on POD 6 and continued to decline at a certain 
speed compared with sham group, which further confirms 
the successful BCP modeling (Fig. 3B). In contrast, NAR 
(16.7, 50 and 150 mg/kg) significantly elevated the PWL 
of BCP rats in a dose-dependent of BCP rats (POD 9: 
F4,45 = 20.091, P < 0.01; POD 12: F4,45 = 34.582, P < 0.001; 
POD 15: F4,45 = 56.523, P < 0.001; POD 18: F4,45 = 84.422, 
P < 0.01; POD 21: F4,45 = 123.418, P < 0.001). The analge-
sic effect of NAR started on POD 9, 3 days after beginning 
NAR treatment, and this effect of NAR were still observed 
on POD 21, 6 days after the treatment was stopped. How-
ever, the effect of NAR at low (16.7 mg/kg) and middle 
(50 mg/kg) dosage, started on POD 12 and lasted only for 
3 days after drug withdrawal (Fig. 3B). Additionally, there 
was no significant difference in baseline PWL level between 

Fig. 2   Effect of NAR on body weight in BCP rats. Rats were injected 
with Walker 256 cells and then treated with different doses of NAR 
(16.7, 50 and 150 mg/kg, p.o.) once per day for 10 days from postop-
erative days (POD) 6–15. The body weight of rats was measured on 
baseline and POD 3, 6, 9, 12, 15, 18, 21, 24. Data are expressed as 
the mean ± SEM (number of repeated measurements: n = 10/group). 
*P < 0.05, ***P < 0.001 compared with the sham group
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groups (F4,45 = 0.567, P > 0.05). These results indicated that 
NAR improved thermal hyperalgesia in BCP rats.

NAR suppresses inflammatory cytokines in spinal 
cord of BCP rats

To verify whether the analgesic action of NAR in BCP is 
accompanied with the inhibition of inflammatory in spi-
nal cord, we next determined that NAR down-regulated 
inflammatory cytokines of spinal cord by examining the 
effects of NAR on the levels of TNF-α, IL-1β and IL-6 in 

BCP rats. Elisa results revealed that the levels of TNF-α, 
IL-1β and IL-6 in spinal cord of BCP rats significantly 
increased compared with sham group. However, NAR 
(16.7, 50 and 150 mg/kg) dramatically suppressed the 
increases of TNF-α (F4,20 = 315.663, P < 0.01), IL-1β 
(F4,20 = 125.237, P < 0.05) and IL-6 (F4,20 = 109.587, 
P < 0.05) in spinal cord of BCP model rat in a dose-
dependent manner (Fig. 4A–C). These results indicated 
inhibition of spinal inflammatory may contribute to the 
NAR-provided protection against allodynia in BCP rats.

Fig. 3   Effect of NAR on mechanical allodynia and thermal hyperal-
gesia in the BCP rats. Rats were injected with Walker 256 cells and 
then treated with different doses of NAR (16.7, 50 and 150  mg/kg, 
p.o.) once per day for 10 days from postoperative days (POD) 6–15. 
The BCP performance of rats was test using the mechanical allodynia 

test (Von Frey test) and thermal hyperalgesia test (Hargreaves test), 
the PWT (A) and PWL (B) were recorded. Data are expressed as 
the mean ± SEM (number of repeated measurements: n = 10/group). 
***P < 0.001 compared with the sham group; #P < 0.05, ##P < 0.01 
and ###P < 0.001 compared with the BCP group

Fig. 4   Effect of NAR on inflammatory cytokines in the spinal cord of 
BCP rats. Rats were injected with Walker 256 cells and then treated 
with different doses of NAR (16.7, 50 and 150 mg/kg, p.o.) once per 
day for 10 days from postoperative days (POD) 6–15. The levels of 
TNF-α (A), IL-1β (B) and IL-6 (C) in spinal cord were determined 

by Elisa. Data are expressed as the mean ± SEM (number of repeated 
measurements: n = 3/group). ***P < 0.001, compared with the sham 
group; #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the BCP 
group
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NAR down‑regulates spinal P2X7R/ PI3K/AKT 
signaling in BCP rats

To investigate whether the potential mechanisms of the anal-
gesic function of NAR in BCP involves the down-regulation 
of P2X7R/PI3K/AKT signaling pathway, we explored the 
effect of NAR on P2X7R/PI3K/AKT signaling in spinal cord 
of BCP rats. Western blotting results demonstrated that NAR 
(16.7, 50 and 150 mg/kg) obviously reversed the up-regula-
tions of P2X7R expression level (F4,10 = 41.611, P < 0.01) as 
well as the ratios of p-PI3K/PI3K (F4,10 = 38.223, P < 0.05) 
and p-AKT/AKT (F4,10 = 23.105, P < 0.05) in spinal cord of 
BCP rats in a dose-dependent manner (Fig. 5A–D). These 
results revealed that NAR may relieve BCP by preventing 
P2X7R/PI3K/AKT signaling up-regulation in rat spinal 
cord.

Discussion

The analgesic role of NAR has been previously reported 
(Hu and Zhao 2014; Kaulaskar et al. 2012; Pinho-Ribeiro 
et al. 2016; Singh et al. 2020). Spinal inflammation involves 
the development of BCP (Chen et al. 2019). Additionally, 
the inhibition of P2X7R (Yang et al. 2015) or PI3K/AKT 
signaling (Guan et al. 2015a, b; Huang and Zhang 2014; 
Peng et al. 2019) in the spinal cord alleviates BCP. The pre-
sent study used cancer cell injection-induced-BCP rats to 
investigate whether NAR could ameliorate BCP, and further 
explore whether the inhibition of inflammation and P2X7R/
PI3K/AKT in spinal cord involves this protection. Our find-
ings revealed that NAR prevented BCP by inhibiting inflam-
matory cytokines and P2X7R/PI3K/AKT signaling in the 
spinal cord.

Currently, BCP remains a challenging problem in the 
clinic due to its complex and poorly elucidated etiology and 

mechanisms (Mantyh 2013). Therefore, effective approaches 
against BCP may provide a better outcome in the manage-
ment of bone cancer patients. In the present work, the female 
SD rats were intramedullary injected with Walker 256 cells 
to establish the ex vivo model of BCP, which is widely used 
to explore the mechanism of analgesic drugs due to its stable 
and sustaining pain-related behaviors (Akoury et al. 2019). 
BCP manifests as spontaneous pain, hyperalgesia, and allo-
dynia (Urch 2004). In our work, we detected the mechanical 
allodynia and thermal hyperalgesia of BCP rats. The present 
results showed that the PWT and PWL in BCP rats presented 
a significant decrease on POD 6 and continued to decline at 
a certain speed compared to sham rats until POD 24, which 
was generally in line with the previous research results (Ni 
et al. 2019, 2020). In conclusion, the BCP model was estab-
lished successfully.

Inflammation is a key contributor for cancer pain, in 
another word, cancer-related inflammation is a cause of 
cancer pain (Chen et al. 2019). It has been shown that the 
activated glial cells of spinal cord contributed to the devel-
opment and maintenance of BCP by releasing pro-inflam-
matory cytokines such IL-6, IL-1β, and TNF-α. (Liu et al. 
2018; Shen et al. 2014). Consistent with this, we found 
BCP rats had higher the levels of TNF-α, IL-1β and IL-6 
in spinal cord compared with sham rats in the present work. 
Interestingly, NAR has powerful anti-inflammatory action 
in central nervous system (Zeng et al. 2018) and analge-
sic role in a variety of disease models (Hu and Zhao 2014; 
Pinho-Ribeiro et al. 2016; Singh et al. 2020). Therefore, we 
aimed to explore the analgesic function of NAR in BCP and 
whether it is related to the inhibition of spinal inflammation. 
We found that NAR reversed the reduced PWT and PWL in 
BCP rats in a dose-dependent manner, suggesting that NAR 
exerted anti-nociception in BCP model. Therefore, it can 
be suggested that NAR is an effective therapeutic drug for 
BCP in bone cancer patients. In addition, NAR obviously 

Fig. 5   Effect of NAR on P2X7R/PI3K/AKT signaling in the spinal 
cord of BCP rats. Rats were injected with Walker 256 cell and then 
treated with different doses of NAR (16.7, 50 and 150 mg/kg, p.o.) 
once per day for 10 days from postoperative days (POD) 6–15. The 
protein expression levels of P2X7R, p-PI3K, PI3K, p-AKT and AKT 

in spinal cord were detected by western blotting. Data are expressed 
as the mean ± SEM (number of repeated measurements: n = 3/group). 
***P < 0.001 compared with the sham group; #P < 0.05, ##P < 0.01 
and ###P < 0.001 compared with the BCP group
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decreased the levels of TNF-α, IL-1β and IL-6 in spinal 
cord of BCP rats, revealing NAR improve BCP by inhibit-
ing spinal cord inflammation cytokines in rats. It has previ-
ously been confirmed that the analgesic effect of NAR in rats 
with spinal nerve ligation‑induced neuropathic pain were 
exerted by suppressing inflammatory in spinal dorsal horn 
(Hu and Zhao 2014). These previous findings offer a reason-
able explanation for the results obtained in the present study.

The present study further investigated the possible under-
lying mechanism for the protective role of NAR against BCP. 
It has been confirmed that of the deactivation of PI3K/AKT 
signaling ameliorates BCP (Guan et al. 2015a, b; Huang and 
Zhang 2014; Peng et al. 2019). Notably, the targeted inhibi-
tion of P2X7R may be an effective treatment for BCP (Burn-
stock 2016; Yang et al. 2015). Therefore, it was hypothesized 
that the P2X7R/PI3K/AKT signaling in spinal cord may be 
involved in NAR-mediated the protection against BCP. Our 
study evaluated the role of NAR on spinal P2X7R/PI3K/
AKT signaling pathway in BCP rats. It was revealed that 
NAR reversed the up-regulations of P2X7R expression level, 
as well as the ratios of p-PI3K/PI3K and p-AKT/AKT in 
spinal cord of BCP rats, which indicated that the down-regu-
lation of the P2X7R/PI3K/AKT signaling contributed to the 
beneficial effect of NAR on BCP. It has previously been con-
firmed that NAR improve pathological status by inhibiting 
PI3K/AKT signal in a variety of diseases (Zhao et al. 2017; 
Zhou et al. 2019). And, teniposide ameliorates BCP in rats 
via the inhibited P2X7R had been demonstrated (Yan et al. 
2018). These previous findings offer a reasonable explana-
tion for the results obtained in the present study.

In the above results, we found that NAR inhibited P2X7R/
PI3K/AKT signaling and inflammatory cytokines in the spi-
nal cord while exerting the anti-BCP effect. Both PI3K/AKT 
signaling (Yeung et al. 2018) and P2X7R (Adinolfi et al. 
2018) have been widely demonstrated to play a major role 
in the inflammatory response (Adinolfi et al. 2018; Yeung 
et al. 2018), so it would be interesting to further explore 
the relationship between PI3K/AKT/P2X7R pathway and 
cytokines (TNF-α, IL-1β, IL-6) under BCP with NAR, thus 
deepen the mechanism depth of our research. Evidence 
shows that PI3K/AKT signaling pathways enable the tran-
scription factor nuclear factor κB (NF-κB) to enhance the 
activity of inflammatory mediator genes, so the PI3K/AKT/
NF-κB axis is essential for the expression of pro-inflamma-
tory genes such as TNF-α, IL-1β and IL-6 (Cianciulli et al. 
2016; Yeung et al. 2018). In addition, a decrease of inflam-
matory mediators such as TNF-α and IL-6 production in 
PI3K-γ knockout mice showed the importance of PI3K in 
the regulation of inflammatory responses (Crackower et al. 
2002). And, PI3K signal regulate IL-6 secretion by inter-
acting with CD80/CD86 on the surface of dendritic cells. 
Studies have shown that inhibition of PI3K signaling dur-
ing TLR-mediated inflammation can inhibit the secretion of 

pro-inflammatory cytokines such as IL-6 in macrophages 
and dendritic cells (Shi et al. 2016). On the other hand, the 
P2X7R is expressed by virtually all immune and inflam-
matory cells, and is up-regulated during inflammation (Di 
Virgilio 2015). P2X7R play key role during innate immune 
responses by triggering the NLRP3 inflammasome rapidly, 
which could consecutively facilitate caspase-1 meditated 
maturation and release of the pro-inflammatory cytokines 
IL-1β (Di Virgilio 2007; Shen et al. 2018). The pro-inflam-
matory cytokines secreted following P2X7R activation 
include not only IL-1β and IL-18 but also IL-6 and IL-1α 
(Englezou et al. 2015; Gicquel et al. 2015). Consistent with 
PI3K/AKT signaling, P2X7R also activates NF-κB to pro-
mote expression of several inflammatory genes, including 
TNF-α and IL-1β (Genetos et al. 2011). Taken together, in 
the study, we speculated that the improvement of BCP by 
NAR was achieved through inhibiting spinal inflammatory 
cytokines by down-regulating spinal P2X7R/PI3K/AKT 
signaling.

In conclusion, the present study demonstrated that NAR 
had ability to prevent mechanical allodynia and thermal 
hyperalgesia, suppress spinal inflammation and down-
regulate the spinal P2X7R/PI3K/AKT signaling in BCP 
rats. These results indicated that NAR ameliorated BCP by 
inhibiting the spinal inflammation and down-regulating the 
spinal P2X7R/PI3K/AKT, and suggest that NAR may act 
as a potential preventive agent for BCP, which is important 
for improving the therapeutic effect of bone cancer patients.
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