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Nox2 contributes to reactive oxygen species-induced  
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Abstract: We have recently demonstrated that reactive oxygen species (ROS) scavengers ameliorate mechanical al-
lodynia in a rat model of cancer-induced bone pain (CIBP). In the present study, we investigated anti-nociceptive ef-
fect of Nox inhibitor apocynin in CIBP in rats. Mechanical allodynia was assessed by Von Frey tests in sham and CIBP 
group of rats. Western blotting and immunofluorescence technique were conducted to assess the expression levels 
and cellular localization of Nox2. Results illustrated that after intra-tibial implantation with tumor cells, Nox2 and 
ROS were both up-regulated in the spinal cord of rats. Injection of apocynin could dose-dependently decrease the 
abundance of Nox2 and inhibit the development of CIBP. Furthermore, pretreatment with the apocynin could delay 
the development of CIBP. This study for the first time proved that Nox2 inhibitors could downregulate the production 
of ROS in CIBP rats, which highlights the fact that Nox inhibitor is an important therapeutic option for CIBP and that, 
precise targeting inhibitor of different subtypes of Nox enzymes is needed to developed in future.
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Introduction

Cancer-induced bone pain (CIBP) is a severe 
and intractable problem that occurs in as many 
as 75% of patients with advanced or metastat-
ic cancer [1], which further compromises life 
quality of breast cancer patients with bone 
metastasis [2, 3]. Main clinical therapy for re- 
lief of CIBP is often limited and unsatisfactory 
[4-7]. Emerging studies have illustrated that 
reactive oxygen species (ROS) is involved in the 
pathogenesis of inflammatory and neuropathic 
pain models [8-10]. Furthermore, our previous 
study is the first to directly demonstrate the 
role of reactive oxygen scavengers in alleviating 
CIBP in rats [11], suggesting ROS plays critical 
roles in the process of CIBP.

However, given the complexity of various sourc-
es of ROS in the etiology of different pain mod-

els, identification of the source of ROS for CIBP 
and clarification of the mechanism by which 
ROS are generated is important for developing 
effective and specific therapies [12-14]. It has 
been demonstrated that Nox enzyme family is a 
key source for ROS production. Evidence sug-
gests a role of NADPH oxidase 2 (Nox2) in the 
process of neuropathic pain and other chronic 
pain [15, 16]. It has been reported that Nox2-
derived ROS production in microglia/macro-
phages in DRG contributes to pain hypersensi-
tivity [16]. Moreover, it has also been found that 
spinal Nox2 activity is involved in the mainte-
nance of opioid-induced antinociceptive toler-
ance [17, 18]. However, no studies to date have 
elucidated the role of spinal Nox enzymes in  
the development of CIBP. Nox2 is comprised of 
membrane-bound subunits p22phox, gp91ph- 
ox, and cytosolic subunits including the ma- 
in organizing and activating subunits p47phox  
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and p67phox respectively, as well as the small 
GTPase RAC1/RAC2 and p40phox [19, 20]. The 
cytosolic subunits are necessary for its activity. 
However, much less is known about the possi-
ble mechanisms. Thus, the present study ai- 
med to examine the precise effect of Nox2 in a 
CIBP model.

Apocynin (APO), a methoxycatechol extracted 
from medicinal herb Picrorhiza kurroa, is re- 
garded as an inhibitor of Nox. However, its in- 
hibitory effect requires to be activated by per-
oxidases [21]. APO has been implicated in neu-
ronal dysfunction and degeneration diseases 
including ischemic stroke and Alzheimer’s dis-
ease [22, 23]. Moreover, emerging studies 
have demonstrated that APO could attenuate 
diabetic neuropathic pain, spinal nerve tran-
section (SNT), chronic constriction injury (CCI) 
and the development of morphine-induced hy- 
peralgesia and antinociceptive tolerance [24-
26]. Thus, we evaluated analgesic effects of 
APO used as a Nox inhibitor in CIBP rats.

Material and methods

Animals

Female Sprague-Dawley rats (weighing 200-
220 g, Tongji Medical College, Huazhong Uni- 
versity of Science and Technology, Wuhan, PR 
China) were housed under climate-controlled 
conditions (22°C to 24°C, 12-hr light/dark 
cycles, with free access to food and water).  
All experimental protocols and animal handling 
procedures were conducted in strict accor-
dance with the International Association for  
the Study of Pain and was approved by the 
Committee on the Ethics of Animal Experi- 
ments of Huazhong University of Science and 
Technology. The recommendations in the Na- 
tional Institutes of Health’s Guide for the Care 
and Use of Laboratory Animals was also strict- 
ly followed [27].

Preparation of tumor cells

Walker 256 rat mammary gland carcinoma ce- 
lls (1 × 107 cells/ml, 1 ml) were slowly inoculat-
ed into the abdominal cavity of female SD rats 
as per the previous report [28, 29]. After about 
seven days, tumor cells were extracted from 
the ascites, rinsed in D-Hank’s solution, and 
then centrifuged for 10 min at 500 × g at 4°C  
(3 cycles). The concentration was calibrated to 

4 × 107 cells/ml and was maintained on ice 
until inoculation. 

Model of cancer-induced bone pain 

CIBP model was performed as previous report-
ed [30-32]. Briefly, after anesthetization with 
pentobarbital sodium (2%, 50 mg/kg, i.p.), and 
the posterior right leg of experimental rats was 
shaved and disinfected. A minimal incision was 
then made in the skin overlying the top half of 
the tibia. Walker 256 mammary carcinoma 
cells (10 µL, 4 × 107) were slowly injected into 
the intramedullary space of the right tibia of 
rats in the experimental group, whereas the 
sham group received injections of 10 μl of 
D-Hank’s solution alone. After sealing the drill 
hole with bone wax, the incision was sutured 
with 4-0 suture. Rats were then placed on a 
heated pad until they had recovery from an- 
esthesia.

Drug administration

4’-hydroxy-3’-methoxyacetophenone (apocynin, 
APO) was purchased from Selleckchem (Hou- 
ston, TX, USA) and was dissolved in dimethyl-
sulfoxide (DMSO) and later diluted in tween 80 
and saline to a final concentration of 100 mg/
ml (DMSO, 10%; Tween 80, 10%). To determine 
the analgesic effect of APO in rats, each rat was 
intraperitoneally injected of 1 ml APO solution 
in the experimental group on day 14, while in 
the sham + DMSO group, each rat received a 
mixture containing DMSO, tween 80 and saline 
with the same concentration. To determine the 
antinociceptive effect of repeated injection of 
APO solution in CIBP rats, APO (200 mg/kg, i.p.) 
or a mixture of DMSO, tween 80 and saline was 
given once a day for five consecutive days to 
CIBP group and sham + DMSO group, respec-
tively. To explore whether the early treatment of 
APO can prevent the occurrence of CIBP, APO 
(200 mg/kg, i.p.) or a mixture of DMSO, tween 
80 and saline (10%, 2 ml, i.p.) was given to rats 
once a day from day 1 to day 5 in CIBP and 
sham group, respectively. APO was used as a 
Nox inhibitor for the present study.

Behavioral assessment of mechanical allo-
dynia

Paw withdrawal mechanical threshold (PWT) of 
the right hind paw was determined by von Frey 
filaments (1, 1.4, 2, 4, 6, 8, 10, 15 g; Stoelting, 
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USA) as previously reported [33, 34]. Applied 
the tip of filaments upright to the plantar sur-
face of each rat, the period of each stimulus 
was 5 seconds. Once a positive response was 
observed, the next lower filament was used 
after 5 minutes. Once no positive response was 
observed, the hind paw was re-applied with the 
next higher filament after 5 minutes. The nor-
mal locomotor behavior was ignored. PWTs we- 
re documented as the lowest force that induc- 
ed by at least two positive responses after 
stimulated for three times. The investigator  
was blinded to the experimental situation.

Immunofluorescence

Under deep anesthetization with sodium pen- 
tobarbital (2%, 50 mg/kg, i.p.), rats were intra-
cardially perfused with 500 ml PBST and 500 
ml 4% PFA in 0.1 mol/l phosphate buffer saline 
(PBS). The L4-5 spinal cord segments were col-
lected and post-fixed with 4% PFA for 6 h and 
subsequently equilibrates with 20% and 30% 
sucrose in PBS for at least 24 h at 4°C. Then, 
the segments were cut into 20-μm sections on 
a freezing microtome and consecutive six sec-
tions were collected on a slide. Free-floating 
sections were washed 3 times (3 × 10 min) with 
PBST under gentle shaking, and the spinal sec-
tions were blocked with 0.3% Triton for 10 min 
and followed by blocking with 5% donkey serum 
for 45 minutes. Then, the sections were then 
incubated for 24 h at 4°C with primary antibod-
ies: mouse-anti 8-OHdG antibody (1:100, ab- 
62623, Abcam, Cambridge, MA, USA), rabbit 
anti-Nox2 antibody (1:50; 19013-1-AP, Protein- 
tech, Wuhan, China), with mouse anti-NeuN 
antibody (NeuN marker; 1:100; MAB377; Mi- 
llipore), mouse anti-GFAP antibody (astrocytes 
marker; 1:300; 3670; Cell Signaling Technolo- 
gy), or goat anti-Iba1 antibody (microglia mark-
er; 1:100; ab5076; Abcam). After washing with 
PBST, the sections were incubated with a com-
plex of Alexa 488-conjugated donkey anti-rab-
bit (1:100, Millipore, Billerica, MA, USA) and 
Alexa 594-conjugated donkey anti-mouse 
(1:200; Millipore, Billerica, MA, USA) or Alexa 
594-conjugated donkey anti-goat (1:200; 705-
585-003; Jackson ImmunoResearch) at room 
temperature (22-24°C) for 2 hours. Images we- 
re then captured using a laser-scanning con- 
focal microscope. The Nox2/8-OHdG/NeuN/
GFAP/Iba1 immunolabeled areas were calcu-
lated in laminae I-IV (as depicted in Figure 5A) 
of the spinal cord dorsal horn using Image J 

software. Quantification of average percentage 
of Nox2/8-OHdG/NeuN/GFAP/Iba1 immunore-
active surface area relative to the total mea-
sured picture area. 

Western blot analysis 

After deep anesthetization with pentobarbital 
(2%, 100 mg/kg, i.p.), rats were euthanized at 
days 0, 3, 7, 14, and 21 after tumor injection 
and 2 h after drug administration. The spinal 
cord of L4-L5 was quickly removed and collect-
ed on ice, followed by homogenization in sodi-
um dodecyl sulphate (SDS) sample buffer (10 
ml/mg tissue) containing a mixture of protein-
ase and phosphatase inhibitors (Sigma-Aldrich, 
St. Louis, MO, USA). The protein concentration 
of supernatants was measured using the bi- 
cinchoninic acid assay kit (AR0146, Boster, 
Wuhan, China). After being heated in boiling 
water for 15 min at 100°C, protein (40 μg) sam-
ples were subjected to 10% SDS-polyacrylami- 
de and eletransferred onto a polyvinylidene 
difluoride membrane (IPVH00010, Millipore, 
Billerica, MA, USA). 

The membranes were blocked with 5% non-fat 
dry milk dissolved in Tris-buffered saline and 
Tween-20 (TBST) buffer for 1.5 h at room tem-
perature (22-24°C), and were subsequently in- 
cubated with following primary antibodies over-
night at 4°C: Nox2 (1:1000; A1636, abclonol, 
Wuhan, China) and GAPDH (1:5000, Protein- 
tech, Wuhan, China). The membranes were 
then rinsed with TBST for three times (5 min-
utes each) and incubated with the secondary 
antibody secondary (1:5000; A21020; Abbki- 
ne) for 2 h. After being washed for three times 
with TBST (5 min each), images were visualized 
using Pierce ECL Western Blotting Substrate 
(K22030; Abbkine). 

Statistical analysis

Statistical analysis was performed using Gra- 
phPad Prism version 5.01. The behavioral res- 
ponses to mechanical stimuli over time among 
groups were tested using two-way analysis of 
variance with repeated measures followed by 
post hoc tests (Bonferroni test). Alterations of 
expression of the NOX2, 8-OHdG, NeuN, GFAP 
and Iba1 were tested with one -way analysis of 
variance with repeated measures followed by 
Bonferroni test. Data are presented as mean ± 
SEM, and P < 0.05 was considered as the level 
of statistical significance. 



Role of NOX2 in CIBP

1272	 Am J Transl Res 2021;13(3):1269-1279

Results

Mechanical allodynia in cancer-induced pain 
model 

Mechanical PWTs were conducted before the 
test and at day 3, 7, 14 and 21 following carci-
noma cells inoculation. There was no signifi-
cant difference in PWTs at day 0 among all 
groups (P > 0.05). After carcinoma cells injec-
tion, PWT of the CIBP groups showed a dramat-
ic decrease from 14.29 ± 0.71 g to 3.71 ± 0.29 
g at day 14 and further deteriorated to 2.49 ± 
0.40 g at day 21. In contrast, there was no sig-
nificant difference in naïve and sham rats until 
day 21, indicating a successful CIBP model was 
established in the present study (Figure 1). 

Spinal expression of Nox2 in CIBP models

Previously, it has been demonstrated that Nox2 
played an important role in neuropathic pain 
models. To determine whether Nox2 is involved 
in the process of CIBP, we measured the spinal 
levels of Nox2 by western blot analysis and 
immunofluorescence. As shown in Figure 2, the 
levels of Nox2 was time-dependently increased 
in the L4-5 spinal cord in CIBP models, begin-
ning at day 7 after tumor cells implantation in 

the tibia and remaining until day 21. The results 
suggested that expression levels of Nox2 we- 
re involved in the downregulation of tumor-
induced hyperalgesia. 

A single dose of APO attenuated pain behavior 
in CIBP model

To investigate whether APO inhibited the re- 
sponse to mechanical stimulus in CIBP model, 
a single dose of APO (10, 100, 200 mg/kg) or a 
mixture of DMSO, tween 80 and saline (10%, 2 
ml) was injected i.p. once daily to CIBP and 
sham rats at day 14. PWTs were performed at 
0, 0.5, 1, 2, 4 and 8 h after injection of APO. As 
shown in Figure 3A, PWTs were inhibited by 
100 or 200 mg/kg of APO, while 10 mg/kg  
APO could not affect PWTs of rats (P > 0.05). 
Upregulation of PWTs in CIBP model started at 
0.5 h, peaked at 1 h and was maintained for 8 
h. Moreover, it showed that 200 mg/kg APO 
had a better analgesic effect in comparison 
with 100 mg/kg APO, indicating APO could 
dose-dependently inhibit the mechanical hyper-
algesia in a rat model of CIBP.

Repeated administration of APO attenuated 
PWT in CIBP model

To assess the antinociceptive effect of repeat-
ed treatment with APO in CIBP model, APO 
(100, 200 mg/kg, i.p.) was injected once a day 

Figure 1. The time course of mechanical paw with-
drawal threshold (PWT). The ipsilateral PWTs were 
tested using von Frey filaments at 3, 7, 10, 14, and 
21 days after surgery in naïve, sham and CIBP group. 
The results are expressed as mean ± SEM, showing 
that PWTs decreased from 14.29 ± 0.71 g to 3.71 ± 
0.29 g at day 14 and further deteriorated to 2.49 ± 
0.40 g at day 21. In contrast, naïve and sham rats 
showed no significant change until day 21 (***P < 
0.001 compared with the naive group at each cor-
responding time point, n = 6 per group). 

Figure 2. Time-course of in Nox2 expression in the 
spinal cord after tumor cells implantation. Western 
blot assay detected the time course of Nox2 expres-
sion in control and CIBP rats (n = 6 per group). Fold 
change for the density of Nox2 was standardized 
to GAPDH. The fold change of Nox2 in the control 
(sham) group was set at 1 for quantification. (*P < 
0.05 compared with sham-operated group, n = 6 per 
group).
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for 5 consecutive days. As sh- 
own in Figure 3B, PWTs were 
examined at 14 days and 1 h 
after injection of APO (100, 
200 mg/kg, i.p.) from 14 days 
to 18 days. Repeated treat-
ment of APO (200 mg/kg, i.p.) 
significantly reversed PWTs in 
CIBP without tolerability issu- 
es. Moreover, injection of APO 
(100 mg/kg) could produce ac- 
cumulative analgesic effect in 
CIBP rats. In contrast, both 
bone cancer pain group inje- 
cted with vehicle (a mixture of 
DMSO, tween 80 and saline, 2 
ml, i.p.) and sham rats treated 
with APO (200 mg/kg, i.p.) dis-
played no significant changes 
in PWTs at any time point (P > 
0.05). These results suggested 
that repetitive treatment with 
APO could produce accumula-
tive antinociceptive effect with-
out tolerance.

Repeated treatment with APO 
decreased the expression of 
Nox2, downregulated the pro-
duction of ROS and reduced 
the activation of microglia in 
CIBP models

To confirm the role of Nox2 in 
the development of CIBP, 200 
mg/kg APO was intraperitone-
ally injected in CIBP rats for 5 
consecutive days. As shown in 
Figure 4, level of Nox2 in the 
L4-5 spinal cord was signifi-
cantly increased in CIBP rats 
compared with that of sh- 
am + DMSO group (P < 0.001). 
Treatment with APO (200 mg/
kg, i.p.) once a day for 5 con-
secutive days from day 14 to 
day 18 could significantly de- 
crease Nox2 level induced by 
tumor cells implantation. In 
contrast, expression of Nox2 
showed no significant differ-
ences in sham + DMSO group 
compared with sham + APO 
group. Consistent with our we- 
stern blot results, our immuno-

Figure 3. Analgesic effect of APO on established CIBP models. A. A single 
dose of APO (10, 100, 200 mg/kg, i.p.) was injected on day 14 after surgery. 
PWTs were performed at 0, 0.5, 1, 2, 4 and 8 h after injection of APO. Down-
regulation of PWTs was greatly inhibited by APO (100 and 200 mg/kg, i.p.) 
in CIBP rats. Upregulation of PWT began at 0.5 h, peaked at 1 h and lasted 
for 8 h. (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the CIBP + 
200 mg/kg APO group, ###P < 0.001 compared with the CIBP + 100 mg/kg 
APO group, n= 6 in each group). However, 10 mg/kg APO had no significant 
effect on the PWTs compared with CIBP + 200 mg/kg APO group (P > 0.05). 
B. Chronic treatment with APO (200 mg/kg, i.p.) once daily for 5 consecu-
tive days after surgery. PWTs were performed at day 13 and 1 h after APO 
injection each day. Repeated injection of APO (200 mg/kg, i.p.) markedly 
inhibited the mechanical allodynia in CIBP rats without tolerance (***P < 
0.001 compared with the CIBP + DMSO group, ###P < 0.001 compared 
with the CIBP + 100 mg/kg APO group, n = 6 per group). C. Preventive effect 
of early treatment with APO on the development of CIBP. APO (i.p., 200 mg/
kg once a day) or a mixture of DMSO, tween 80 and saline (2 ml, i.p.) was 
injected once daily from day 1 to day 5 after surgery. PWTs were performed 
before the test on day 3, 7, 14 and day 21. Treatment with 200 mg/kg APO 
showed significant downregulation in PWTs at day 7 and day 14 in CIBP rats 
compared with CIBP + DMSO group. However, PWTs showed no significant 
difference between these two groups at day 21. (*P < 0.5, **P < 0.001 
compared with the CIBP + DMSO group. n = 6 per group).
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fluorescence staining confirmed that increa- 
sed immunoreactivity of Nox2 in the spinal cord 
of CIBP could be attenuated by APO (Figure 
5A-C). Previously, our group has demonstrat- 
ed that ROS play a key role in CIBP models. To 
determine whether Nox2 inhibitors are involv- 
ed in the production of ROS, we measured the 
spinal levels of 8-OHdG by immunofluores-
cence analysis. As shown in Figure 7, the level 
of 8-OHdG was increased in the L4-5 spinal 
cord in CIBP models. Treatment with APO (200 
mg/kg, i.p.) once daily from day 14 to day 18 
notably reduced the production of 8-OHdG in 
the spinal cord after treatment. To determine 
the cellular expression of Nox2 in L4-L5 spinal 
dorsal horn, we further performed double im- 
munofluorescence staining of Nox2 (green) wi- 
th NeuN (red) for neurons, GFAP (red) for astro-
cytes or Iba1 (red) for microglia, respectively. 
As shown in Figure 5, Nox2 was mainly co-
expressed with NeuN-positive cells and Iba1-
positive cells under CIBP conditions in the su- 
perficial dorsal horn of spinal cord. Treatment 
with APO (200 mg/kg, i.p.) once daily from day 

14 to day 18 notably reduced the activity of 
microglia in the spinal cord. Our immunofluo-
rescence data also confirmed that tumor cells 
transplantation produced a significant increa- 
se of Nox2 in the spinal cord compared with 
sham + DMSO rats (Figure 6A). Moreover, 
tumor cells transplantation produced a signifi-
cant increase of astrocytes and microglia in  
the spinal cord, treatment with APO (200 mg/
kg, i.p.) notably reduced the activity of microg- 
lia in the spinal cord without affecting the ab- 
undance of the neuron in the spinal cord (Fi- 
gure 6). These results suggested that spinal 
expression of Nox2 is involved in the develop-
ment of tumor-induced hyperalgesia in CIBP 
rats; APO as an inhibitor of Nox enzymes, could 
modulate tumor-induced hyperalgesia, down-
regulated ROS levels in the spinal cord in CIBP 
rats. 

Preventive effect of APO on the development 
of CIBP

To investigate whether early treatment of APO 
could inhibit or delay the development of CIBP, 
200 mg/kg APO was given intraperitoneally on- 
ce a day for 5 consecutive days from day 1 to 
day 5. PWTs were performed before the test 
and on day 3, 7, 14 and day 21. As shown in 
Figure 3C, PWTs were upregulated significantly 
in CIBP + 200 mg/kg APO group compared with 
CIBP + DMSO group at day 7 and day 14. How- 
ever, there was no difference at day 21 between 
these two groups. These data illustrated that 
early treatment with 200 mg/kg APO from day 
1 to day 5 could delay or slow, but inhibit the 
development of tumor-induced mechano-allo-
dynia in rats.

Discussion

The current study first demonstrated that (1) 
tumor cells increased the expression of Nox2 in 
a dose-dependent manner; (2) chronic treat-
ment with APO decreased the production of 
ROS, which plays an important role in the devel-
opment of CIBP; (3) chronic treatment with APO 
exhibited accumulative antinociceptive effects 
without tolerance, which might be attributed to 
the suppression of microglia in the spinal cords 
of CIBP rats; (4) early treatment with APO could 
delay but failed to prevent the development of 
CIBP. 

Among Nox enzyme family members, Nox2 is 
the most responsive to pain. Nox2 is known to 

Figure 4. Expression of Nox2 in the spinal cord. APO 
(i.p., 200 mg/kg once a day) or a mixture of DMSO, 
tween 80 and saline (2 ml, i.p.) was injected on five 
consecutive days (from day 14 to day 18). Western 
blot analysis showed that inoculation of Walker 256 
carcinoma cells significantly increased the expres-
sion of Nox2. Repeated injection of APO (200 mg/
kg, i.p.) for 5 consecutive days significantly reversed 
the increasing of Nox2 after the tumor cells implan-
tation (***P < 0.001 compared with the sham + 
DMSO group. ###P < 0.001 compared with the CIBP 
+ DMSO group. n = 6 in each group). 



Role of NOX2 in CIBP

1275	 Am J Transl Res 2021;13(3):1269-1279



Role of NOX2 in CIBP

1276	 Am J Transl Res 2021;13(3):1269-1279

play a major role as the enzyme carries out a 
variety of oxidative reactions [35]. In the pres-
ent study, we first showed Nox2 protein expres-
sion was time dependently elevated as early as 

day 7 after tumor cells inoculation in the L4-5 
spinal cord in rats, maintaining elevated until 
21 days (Figure 2). These results demonstrated 
that the upregulation of Nox2 in the spinal cord 

Figure 5. Expression and cellular localization of Nox2 in the ipsilateral spinal cord. A-C. Nox2 (green) double fluores-
cence labeling with NeuN (red) for neurons, GFAP (red) for astrocytes and Iba1 (red) for microglia in the spinal cord 
dorsal horn at day 21 after tumor cell implantation. Amplified pictures showed the co-localization of Nox2 (green) 
and NeuN (red), GFAP (red) or Iba1 (red). B. The results showed that Nox2 was upregulated in CIBP + DMSO group 
compared with sham + DMSO group. C. Repeated injection of APO (200 mg/kg, i.p.) for 5 consecutive days notably 
decreased the expression of Nox2. The results showed that Nox2 was co-localized mostly with microglia (yellow) and 
neurons (yellow). (***P < 0.001 compared with the sham + DMSO group. ###P < 0.001 compared with the CIBP + 
DMSO group. n = 3 in each group). Scale bar = 200 μm.

Figure 6. (A) Nox2 immunolabeled surface area (laminae I-IV; as depicted in A) were quantified using Image J soft-
ware. (B) NeuN immunolabeled surface area (laminae I-IV; as depicted in A) were quantified using Image J software. 
(C) GFAP immunolabeled surface area (laminae I-IV; as depicted in A) were quantified using Image J software. (D) 
Iba1 immunolabeled surface area (laminae I-IV; as depicted in A) were quantified using Image J software. (**P < 
0.01, ***P < 0.001 compared with the sham + DMSO group. ###P < 0.001 compared with the CIBP + DMSO group. 
n = 3 in each group).
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might be involved in the occurrence and main-
tenance of CIBP. Chronic administration of 200 
mg/kg APO for consecutive 5 days from day 14 
to day 18 abolished PWTs in bone cancer pain 
rats without tolerance and reduced the expr- 
ession of Nox2. These results for the first time 
suggested that spinal Nox2 was involved in the 
development of CIBP. Consistent with our west-
ern blot data, our immunofluorescence resul- 
ts confirmed that Nox2 was upregulated in CIBP 
+ DMSO group when compared with naïve or 
sham + DMSO group. APO could significantly 
reduce the development of hyperalgesia and 
inhibit the upregulation of Nox2. Previously, it 
has been reported that treatment with 100 
mg/kg APO completely prevented the develop-
ment of hyperalgesia [25]. However, in the pres-
ent study, APO (200 mg/kg, i.p.) could delay or 
slow the development of CIBP, but could not 
inhibit the development of CIBP (Figure 3C). 
The reasons remain to be further explored. We 
further conducted double immunofluorescence 
to examine the cellular localization of Nox2 in 
the spinal cord of CIBP rats. In the present 
study, we provided the first evidence that Nox2 
was mainly colocalized with microglia and neu-
rons in the L4-5 spinal cord of CIBP models 
(Figure 5A-C). Moreover, we have observed th- 
at APO obviously alleviated the activation of  
spinal microglia (Figures 5C and 6D). Thus, we 
concluded that APO may attenuate the expres-
sion of Nox2 via inhibiting the activation of spi-
nal microglia (Figure 6). Previous reports have 
showed that microglia may be responsible for 
the initiation of pain hypersensitivity of neuro-

pathic pain [36]. However, our previous study 
and others illustrated that microglia was not 
activated until day 14 (advanced phase) in CIBP 
rats [11]. Thus, it is possible that APO attenu-
ated bone cancer pain by inhibiting the activa-
tion of microglia in the spinal cord in the ad- 
vanced and late phase (day 14 to day 21). 
Further, it has been reported that APO could 
enhance osteogenesis and increase bone ma- 
ss [37]. However, the underlying mechanisms 
remain elusive. 

Previously, we have provided the first evidence 
that ROS are involved in the maintenance of 
CIBP [11]. However, the exact source of ROS 
under CIBP models has not been reported. 
Multiple resources have been reported to pro-
duce ROS in the CNS. Nox are the predominant 
source of ROS production [18, 38] and it ap- 
peared to be the only enzyme whose sole func-
tion is to generate ROS [39]. In the present 
study, we observed that tumor cells implanta-
tion induced ROS production in the superficial 
dorsal horn of the spinal cord, and chronic 
treatment with 200 mg/kg APO could signifi-
cantly decreased the production of ROS (Figu- 
re 7). As abovementioned, we suggested that 
NOX2 and ROS production was involved in the 
development of CIBP, and peripheral ROS gen-
eration could also be reduced by APO, suggest-
ing that Nox2 in the spinal cord may be an 
important target for the development of thera-
peutic agents in CIBP. The precise mechanisms 
of tumor-induced ROS generation need to be 
investigated in future studies.

Figure 7. Expression of 8-OHdG in the ipsilateral spinal 
cord of rats. The levels of 8-OHdG were increased in 
the L4-5 spinal cord in CIBP models. Treatment with 
APO (200 mg/kg, i.p.) once daily from day 14 to day 
18 notably reduced the production of 8-OHdG in the 
spinal cord after treatment. 8-OHdG immunolabeled 
surface area (laminae I-IV; as depicted in Naïve group) 
were quantified using Image J software. (***P < 0.001 
compared with the sham + DMSO group. ###P < 0.001 
compared with the CIBP + DMSO group. n = 3 in each 
group). Scale bar = 200 μm. 
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Collectively, these findings suggest that Nox2 
inhibitors play an important role in the down-
regulation of the ROS production in the spinal 
cord, and demonstrates an extended critical 
window of efficacious CIBP treatment in clinic.
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