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Abstract

Bone cancer pain (BCP) is a clinical pathology that urgently needs to be solved, but
research on the mechanism of BCP has so far achieved limited success. Nuclear fac-
tor erythroid 2 (NFE2)-related factor 2 (Nrf2) has been shown to be involved in pain,
but its involvement in BCP and the specific mechanism have yet to be examined. This
study aimed to test the hypothesis that BCP induces the transfer of Nrf2 from the
cytoplasm to the nucleus and further promotes nuclear transcription to activate heme
oxygenase-1 (HO-1) and inhibit the activation of nuclear factor-kappa B (NF-xB) sig-
nalling, ultimately regulating the neuroinflammatory response. Von-Frey was used for
behavioural analysis in rats with BCP, whereas western blotting, real-time quantitative
PCR (RT-PCR) and enzyme-linked immunosorbent assay (ELISA) were used to detect
molecular expression changes, and immunofluorescence was used to detect cellular
localization. We demonstrated that BCP induced increased Nrf2 nuclear protein ex-
pression with decreased cytoplasmic protein expression in the spinal cord. Further
increases in Nrf2 nuclear protein expression can alleviate hyperalgesia and activate
HO-1 to inhibit the expression of NF-kB nuclear protein and inflammatory factors.
Strikingly, intrathecal administration of the corresponding siRNA reversed the above
effects. In addition, the results of double immune labelling revealed that Nrf2 and
NF-kB were coexpressed in spinal cord neurons of rats with BCP. In summary, these
findings suggest that the entry of Nrf2 into the nucleus promotes the expression of
HO-1, inhibiting activation of the NF-kB signalling pathway, reducing neuroinflamma-

tion and ultimately exerting an anti-nociceptive effect.

Abbreviations: 3D, three-dimensional; ANOVA, analysis of variance; AP-1, activator protein 1; ARE, anti-oxidant response element; BCA, bicinchoninic acid; BCP, bone cancer pain; CFA,

complete freund's adjuvant; CT, computed tomography; CX3CL1, C-X3-C motif chemokine 1; CXCL1, chemokine (C-X-C motif) ligand 1; DMSO, dimethyl sulphoxide; ELISA, enzyme-
linked immunosorbent assay; GFAP, glial fibrillary acidic protein; HDACS3, histone deacetylase 3; HO-1, heme oxygenase-1; IBA-1, ionized calcium binding adapter molecule 1; IL-6,
interleukin-6; IL-B, interleukin-1beta; iNOS, inducible nitric oxide synthase; KEAP1, kelch-like ECH-related protein 1; LPS, lipopolys accharide; MAPK, mitogen-activated protein kinase;
NeuN, neuronal nuclei; NF-xB, Nuclear factor-kappa B; Nrf2, Nuclear factor erythroid 2 (NFE2)-related factor 2; PBS, phosphate-buffered saline; PWT, paw withdrawal threshold; ROS,
reactive oxygen species; RT-PCR, real-time quantitative PCR; SD, sprague-dawley; SFN, sulforaphane; siRNA, small interfer RNA; STR, short tandem repeat; TNF-«, tumour necrosis

factor alpha.
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1 | INTRODUCTION

Bone cancer pain (BCP) is a chronic pain and a severe complication of
malignancy that is characterized by hyperalgesia and allodynia (Buga
& Sarria, 2012; Wang et al., 2020). Previous studies have shown
that BCP occurs in approximately 21% of the cancer patients who
die of cancer, which severely affects the quality of life in these pa-
tients and increases the social burden (Kane et al., 2015; Turabi &
Plunkett, 2012). Although several recent studies have made signifi-
cant progress in exploring the pathophysiology of BCP, the specific
cellular and molecular mechanisms remain elusive (Mantyh, 2014;
von Moos et al., 2017).

Oxidative stress is associated with many diseases, including
heart disease, respiratory diseases, neurodegenerative diseases,
gastrointestinal diseases and cancer (Pauwels et al., 2007; Young
& Woodside, 2001). Accumulating evidence shows that oxidative
stress triggers and maintains pain by activating glutamate signal-
ling pathways and inflammatory pathways, as well as by directly
affecting nociceptive centres in the brain (Nashed et al., 2014). In
BCP models, oxidative stress alters the response of primary afferent
neurons to glutamate by inducing cancer cells to produce glutamate
as an allogenic and nitrifying substance that participates in the pro-
gression and maintenance of cancer-induced chronic pain (Lozano-
Ondoua et al., 2013).

Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is a
member of the cap ‘n’ collar (CNC) subfamily of basic region leucine
zipper (bZip) transcription factors (Ma, 2013). Under normal physi-
ological conditions, Kelch-like ECH-related protein 1 (Keap1) binds
to Nrf2 in the cytoplasm (Cho et al., 2006; Villeneuve et al., 2010),
which inhibits the transcriptional activity of Nrf2 via ubiquitination
and proteasomal degradation (Wang et al., 2014). Under oxidative
stress, Nrf2 dissociates from its interaction with Keap1 because of
the thiol modification of Keapl cysteine residues, which ultimately
prevents Nrf2 ubiquitination and proteasomal degradation (Hayes
et al., 2010). Subsequently, Nrf2 translocates into the nucleus,
heterodimerizes with small Maf proteins and binds with the anti-
oxidant response element (ARE) to mediate the transcription of sev-
eral anti-oxidant genes, including heme oxygenase-1 (HO-1) (Suzuki
et al., 2013; Tebay et al., 2015), ultimately inhibiting the expression
of a variety of inflammatory molecules, such as tumour necrosis
factor-alpha (TNF-a), interleukin-1beta (IL-p) and interleukin-6 (IL-6)
(Kensler et al., 2013; Zhang & Hannink, 2003). Previous studies in-
dicated that Nrf2 and HO-1 may be involved in pain. Intraperitoneal
administration of sulforaphane (SFN), an activator of the transcrip-
tion factor Nrf2, reduces inflammatory pain (Redondo et al., 2017)
and neuropathic pain (Ferreira-Chamorro et al., 2018) by activating
Nrf2 to inhibit glial cell activation and the release of inflammatory
factors. In addition, intraperitoneal administration of HO-1 receptor

agonists significantly promoted the expression of opioid receptorsin
the spinal cord of neuropathic pain model rats (Hervera et al., 2013)
and inhibited rodent inflammatory visceral pain (Devesa et al., 2005;
Hervera et al., 2013), as well as neuropathic pain related to type 1
diabetes (Hervera et al., 2012). However, the specific mechanism of
Nrf2 in BCP models remains unclear.

Nuclear factor-kappa B (NF-kB) is a widely studied transcrip-
tion factor. Some studies have shown that NF-kB mediates C-X3-C
motif chemokine 1 (CX3CL1), chemokine (C-X-C motif) ligand 1
(CXCL1) and other chemokines to cause chronic pain after tissue in-
jury or nerve injury (Berti-Mattera et al., 2011; Xu et al., 2014; Yin
et al., 2015). Previous studies have also confirmed that NF-xB par-
ticipates in pain by regulating the release of inflammatory factors,
such as inducible nitric oxide synthase (iNOS) (Wang et al., 2018).
Several examples demonstrated that there is direct or indirect ac-
tivation and inhibition between the Nrf2 and NF-kB pathways
(Ahmed et al., 2017). In response to lipopolysaccharide (LPS) stim-
ulation, Nrf2 knockdown significantly increased NF-xB transcrip-
tional activity and NF-kB-dependent gene transcription, indicating
that Nrf2 inhibits NF-kB transcriptional activity (Hwang et al., 2013;
Thimmulappa et al., 2006). However, this mechanism has not been
confirmed in the BCP rat model.

In this study, we hypothesized that promoting the transfer of
Nrf2 from the cytoplasm to the nucleus inhibits NF-xB from enter-
ing the nucleus by activating HO-1, which alleviates allodynia in rats
with BCP by reducing the neuroinflammatory response (release of
inflammatory factors) in the spinal cord. To test this hypothesis, we
studied the expression and subcellular localization of Nrf2 and NF-
kB in the dorsal horn of the spinal cord of the BCP rat model. In
addition, we also used corresponding drug interventions to observe
the expression of corresponding molecules and behavioural changes
in rats with BCP. Finally, the expression of inflammatory factors was

also determined.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

A total of 355 female Sprague-Dawley (SD) rats (RRID:RGD_
10395233, aged 6 weeks, 160-180 g) were purchased from
Shanghai Leagene Biotech Co., Ltd (NO.202000062). At the begin-
ning of the experiment, SD rats were randomly assigned to six rats
per cage. Rat cage size was 545 x 395 x 200 mm. All rats were
kept in a breeding room at constant temperature (22 + 2°C), and
adequate food and water were supplied. The rats were adapted
to the experimental environment for 2 days before the experi-
ment. The researchers optimized the content of the experiment,
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chose the best experimental scheme and reduced the number of
animals as much as possible. Referring to the previous literature
(Fulas et al., 2020; Hu et al., 2017; Ma et al., 2020), sodium pento-
barbital was used to anaesthetize rats. Sodium pentobarbital was
finally configured to a final concentration of 5 mg/ml solution to
avoid irritation. All animal experiments were performed between
8:00 and 20:00. During the operation, a heating blanket was used
to keep the body temperature stable, and all operators skilfully
mastered the related surgery for the experiment to shorten the
operation time. After surgery, wounds were topically disinfected
with 75% (v/v) ethanol, but not systemic antibiotics to avoid inter-
ference with experimental pharmacological treatments. Because
the purpose of the current study was to examine a chronic pain
state, no analgesics were used during behavioural assessment to
prevent distortion of the results. At the end of the experiment, rats
were killed with excessive anaesthetics while not in the presence
of other rats. All efforts were made to minimize the suffering of
animals. All experimental procedures were approved by the Animal
Use and Care Committee for Research and Education of the Jiaxing
University (Jiaxing, China) and conducted in accordance with the
ethical guidelines to investigate experimental pain in conscious
animals (Zimmermann, 1986). Ethics approval reference number:
JUMC2020-018.

2.2 | Experimental design

The study described in this manuscript was not pre-registered and
was exploratory. The timeline of each experiment along with the
number of rats used in each experiment is shown in Figure 1. A total
of 355 female SD rats were used in this experiment. Although no
statistical method was used to determine the sample number in
advance, we determined the required sample size for each group
with reference to the previous literature in this field. The behav-
ioural experiments were 6 rats per group (Ni et al., 2019), 4 rats
per group for western blot (He et al., 2020) and immunofluores-
cence (Ni et al., 2020), 5 rats per group for real-time quantitative
PCR (Mohamed et al., 2020) and enzyme-linked immunosorbent
assay (Zhang et al., 2019) and 10 rats per group for computed to-
mography (CT) reconstruction and histological analysis of bone (Xu
et al., 2019). Referring to the previous literature (Ma et al., 2020),
the animals were simply randomly grouped. For example, in the
Figure 1a, 52 rats were artificially numbered 1-52, and then each rat
corresponded to a pseudorandom number generated by computer
software on the order of 1-52. Subsequently, 52 rats were renum-
bered 1-52 in the order of the pseudorandom numbers from smallest
to largest. Finally, the top 26 rats were divided into the sham group,
and the rest were divided into the BCP group. In other experiments,
rats were grouped in this way as well. In the behavioural experiment,
the treated animals were evaluated before the control animals. The
preparation of the model and the administration of drugs in animals
were performed by one person, and the behavioural tests were per-
formed by another person to achieve blinding of the experimental

groups. Subsequent molecular experiments were performed by re-
searchers who were not involved in the previous two operations.
Data analysis was not blinded (Ma et al., 2020).

The weight of all rats was evaluated before the start of the
experiment, and those weighing less than 160 g or more than
180 g were removed. All rats met the health standards and were
tested for basic pain thresholds. Rats that did not meet the base-
line criteria were excluded. In this experiment, no animals died
and no animals were replaced or excluded. No adverse drug re-
actions were observed and animals were constantly monitored
throughout the experiment. All data points are reserved, and the
specific exclusion criteria are shown in the following experimen-
tal methods.

2.3 | Preparation of tumour cells

Rat breast carcinoma cell line, Walker 256 (RRID:CVCL_4984), was
used to establish the BCP model. The primary cells were a kind gift
from Nanjing University of Chinese Medicine. Based on the previ-
ous cancer cell preparation process (Mao-Ying et al., 2006; Yao
et al., 2011), Walker 256 cells were injected intraperitoneally into
female SD rats. After 1 week, ascites was collected, and cancer cells
were extracted.

2.4 | Bone cancer pain model

According to previous studies (Usui et al., 2016; Wang et al., 2011,
2021), rats were anaesthetized by intraperitoneal injection of
50 mg/kg sodium pentobarbital. After making a shallow incision, the
lower 1/3 of the left tibia of the rat was exposed, and a hole was
drilled. Then, a total of 10 pl of suspension containing 5 x 10° cancer
cells or heat-killed cells was injected into the bone cavity. The sy-
ringe was kept stationary to prevent cell leakage and removed after
1 min. The injection site was sealed with bone wax after the syringe
was removed. Then, the wound was closed after careful disinfection
with 75% (v/v) ethanol.

2.5 | Intrathecal catheterization

Based on previous studies (He et al., 2018; Niu et al., 2017; Tang
et al., 2012), a PE-10 microtube (Kang Mei Biological Co) was in-
serted into the intervertebral space between L4 and L5 for drug
delivery. Rats were anaesthetized by intraperitoneal injection of so-
dium pentobarbital (50 mg/kg), their back hair was shaved. The su-
perficial musculature of the lower back of the rat was sutured after
disinfection with 75% (v/v) ethanol, and the catheter was tunnelled
subcutaneously to exit through a small incision at the back of the
neck (Guo et al., 2017). To confirm that the catheter was located in
the subarachnoid space after the operation, 10 pl lidocaine (2%) was
injected through the catheter. Only those rats that showed complete
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FIGURE 1 The following flow chart includes all the study designs. A total of 355 rats were used in this experiment. Figure 1a corresponds
to the experimental steps in Figure 2. To verify whether the bone cancer pain (BCP) model was successfully established, the baseline pain
threshold was determined before the operation, and the behaviour test was performed 3, 6, 9, 12, 15 and 18 days after the operation. CT
scanning and haematoxylin-eosin staining were performed on the 12th day after the operation in the sham group and BCP groups. Figure
1b corresponds to the experimental steps in Figures 3, 4, 7 and 8a. The dynamic expression of nuclear factor erythroid 2 (NFE2)-related
factor 2 (Nrf2), heme oxygenase-1 (HO-1) and nuclear factor-kappa B (NF-kB) in the spinal cord was detected by western blot (WB) analysis
at 0, 6, 12 and 18 days after tumour inoculation. The spinal cords of sham and BCP12 rats were collected for immunofluorescence (IF) to
detect the cellular localization of Nrf2, HO-1 and NF-xB. Figure 1c corresponding to Figure 5a, c-f, and illustrates effects of intrathecal
injection of sulforaphane (SFN) and Nrf2 siRNA on mechanical hyperalgesia in rats with BCP. The spinal cord of sham and BCP12 rats was
collected for WB and IF to detect molecular expression and cell localization. Figure 1d corresponds to the experimental steps in Figure 5b.
Single-dose SFN was administered intrathecally to rats on day 12 after surgery in this experiment. The paw withdrawal threshold (PWT)
was measured 1, 2, 4, 6, 8 and 12 hr after drug administration. Figure 1e HO-1 is involved in the regulation of BCP. The experimental steps
correspond to results shown in Figure 6a-e¢, g. Effects of hemin or HO-1 siRNA treatment on mechanical hyperalgesia in rats with BCP. Rats
were killed after 12 days of BCP to collect spinal cord and tibia tissues for WB, real-time quantitative PCR and haematoxylin-eosin staining.
Figure 1f corresponds to Figure 8b-g. The rats in the model group received the corresponding drug intervention from days to 6-12 after
the operation. The spinal cord was collected 12 days after the operation to determine the expression of NF-kB nuclear protein and related
inflammatory factors. BL, baseline. ELISA, enzyme-linked immunosorbent assay. The number of experimental animals was indicated in
parenthesis

paralysis of both hind limbs after lidocaine administration were used (Cat. No:D2650, Sigma-Aldrich), and hemin was sequentially
dissolved in 10% DMSO (Cat. No:D2650, Sigma-Aldrich), 40%
PEG300 (Cat. No:HY-Y0873, MedChemExpress), 5% Tween-80
(Cat. No:HY-Y1891, MedChemExpress) and 45% saline sequen-
tially. SFN (0.1, 0.5 and 1 mg/kg, 20 pl) was administered via an

intrathecal catheter. Hemin was selected for intraperitoneal injec-

in subsequent experiments.

2.6 | Drugs

SFN (Nrf2 agonist, purity 99.75%, Cat. No:HY-13755) and hemin
(HO-1 agonist, purity: >98.0%, Cat. No:HY-19424) were pur-
chased from MedChemExpress. SFN was solubilized in 3% DMSO

tion (10 mg/kg, 2 ml) to observe changes in pain behaviour. These
drugs were administered once a day for 1 week starting on day 6
after the surgery.
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Nrf2 and HO-1 siRNA duplexes were chemically synthesized by
Guangzhou RuiBo Biological Technology Co. According to a previous
study (Chen et al., 2019), the sequence of the sense strand of the Nrf2
siRNA was 5-GAGGAUGGGAAACCUUACUTT-3’, and the sequence
of the anti-sense strand was 5~AGUAAGGUUUCCCAUCCUCTT-3'. In
addition, HO-1 siRNA was designed as described previously (Zhang
etal.,2004). ThetargetedsequenceofratHO-1siRNAwas 5-CCACACA
GCACUACGUAAA-3'(sense) and 5-UUUACGUAGUGCUGUGUGG-3’
(anti-sense). Rats were transfected via an i.t. injection of Nrf2 and
HO-1 siRNA (20 nmol, 20 pl) on days 5, 8 and 11 after tumour im-
plantation. To verify the efficiency of inhibiting HO-1 expression, the
dorsal horn of the spinal cord segments L3-L5 was obtained 12 days

after surgery for real-time quantitative PCR (RT-PCR).

2.8 | Behavioural analysis

In this study, all behavioural tests were performed in a blinded
manner in that the tester did not know either the rat's surgical
status or the rat's treatment assignment. Mechanical allodynia

FIGURE 2 A bone cancer pain (BCP)
model was successfully established.

(a) The mechanical pain threshold of

the ipsidal hindfoot in rats with BCP
decreased from day 6 to day 18 after
surgery (***p< 0.001 vs. sham group;

n = 6, two-way repeated-measures
ANOVA). (b) Three-dimensional (3D)

CT reconstruction showed significant
cortical bone destruction after tumour
inoculation. Arrowhead points to the spot
where tumour cells caused abnormal bone
structure. n = 10. (c) (1, 2) Haematoxylin-
eosin staining showed that the bone
marrow cavity of rats in the sham group
was filled with lymphocytes, red blood
cells and macrophages (yellow triangle).
Regular arrangement of trabecular

bone (asterisks) can also be seen in the
bone marrow cavity. (3, 4) After tumour
inoculation, cancer cells (within the
dotted lines) and bone resorption pits

(red arrows) appeared in the bone marrow
cavity of rats with BCP. Figures c(2, 4)) are
high-magnification images of the selected
area with white frames; n = 10. Scale bars:
200 pm (top row), 50 um (bottom row).
BL, baseline. n represents the number of
experimental animals in each group

was tested by using a set of von Frey monofilaments (BME-404,
Institute of Biological Medicine, Academy of Medical Science,
China). To detect mechanical sensitivity, the rats were placed in a
single, transparent Plexiglas compartment on the metal mesh floor
(grid: 0.5 x 0.5 cm) (10 x 10 x 15 cm) and allowed to acclimate for a
minimum of 30 min before performing the experiment. The mono-
filaments were held against the plantar surface of the hind paw
until the rats withdrew their paw or licked their feet. The test was
repeated three times, with at least 5-min intervals between stimu-
lations (Allette et al., 2014; An et al., 2018). The paw withdrawal
threshold (PWT) was expressed as the maximal level tolerance in
grams, and the mean PWT of each hind paw was calculated as the

average value of the three tests.

2.9 | Histological analysis of bone

To verify the infiltration of cancer cells, 10 rats/group were selected
for killing by intraperitoneal injection of excessive sodium pento-
barbital (100 mg/kg). The tibia on the surgical side was fixed with
4% paraformaldehyde and decalcified in a 10% ethylenediamine-
tetraacetic acid mixture for 24 hr, paraffin-embedded and cut into
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FIGURE 3 Dynamic changes in nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) expression and
cellular localization after tumour inoculation. (a-c) Western blot analysis showed that after tumour inoculation, Nrf2(a and b) and HO-1(a and
c) expression levels in the spinal cord of the model group were significantly increased compared with those in the sham group on days 6, 12
and 18 after the operation (*p < 0.05,**p < 0.001 vs. sham group; n = 4, one-way ANOVA). (d and e) Immunofluorescence results showed
that in the dorsal horn of the spinal cord of bone cancer pain (BCP) rats, Nrf2 (red) was primarily expressed in neurons (green) rather than
astrocytes (green) or microglia (green), whereas HO-1 (red) was primarily expressed in neurons (green) and partially in microglial cells (green),
lacking colocalization with astrocytes (green). Lumbar enlargements were collected on day 12 after the operation or tumour inoculation.
Sections were counterstained with DAPI (blue) to label cell nuclei. The white arrows indicate colocalization of Nrf2 and HO-1 with NeuN
(neuronal nuclei, neuronal-specific marker), GFAP (glial fibrillary acidic protein, astrocyte specific marker) and Iba-1 (ionized calcium binding
adapter molecule 1, microglial-specific marker)-immunoreactive cells in the spinal dorsal horn, respectively; n = 4. Scale bar = 50 pm. n
represents the number of experimental animals in each group
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FIGURE 4 Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) significantly translocates from the cytoplasm to the nucleus after
tumour inoculation. (a-c) Western blot analysis revealed dynamic changes in Nrf2 expression in the spinal cord cytoplasm (a and b) and
nucleus(a and c) after tumour inoculation(*p < .05, **p < .01,***p < .001 vs. sham group; n = 4, one-way ANOVA). (d) Subcellular localization
of Nrf2 in the dorsal horn of the spinal cord of rats with bone cancer pain (BCP) (red). DAPI (blue) was used to label the nucleus. High-
magnification images of immunofluorescence are indicated in the white box. Lumbar enlargements were collected on day 12 after the
operation or tumour inoculation; n = 4. Scale bar: 50 pm. n represents the number of experimental animals in each group

8-um-thick sections. All images were acquired using a 20x or 40x
objective on the microscope (Olympus BX 51)(Xu et al., 2019).

2.10 | Computed tomography reconstruction

To observe the bone destruction, three-dimensional (3D) CT bone
reconstruction technology was applied to rats anaesthetized by in-
traperitoneal injection of sodium pentobarbital (50 mg/kg). Based
on our previous study (Xu et al., 2019), CT scan parameters were
as follows: helical scanning, 120 kVp, care dose 4D technique,
the layer thickness of 1 mm, layer interval of 1 mm, kemel: U30u
medium smooth, with CT imaging of SD rat's tibia at high resolu-
tion (field of view 100 mm). Finally, Siemens Syngo MMWP post-
processing workstation was used to process and analyze the images.
Experimental animals were randomized into groups of 10 per group.

2.11 | Western blot

On days 0, 6, 12 and 18 after tumour inoculation, the pain thresh-
old was measured, and four rats/group were deeply anaesthetized by

intraperitoneal injection of sodium pentobarbital (50 mg/kg). RIPA
lysis buffer containing a mixture of phosphatase and protease inhibi-
tors was added to the L3-L5 segment of the ipsilateral spinal cord of
the rat and ultrasonically lysed into a tissue homogenate. Nuclear pro-
tein and cytoplasmic protein were extracted using a nuclear extrac-
tion kit and cytosol extraction kit (Beyond Biotechnology), and the
supernatant was harvested by centrifugation at 12,000 g for 5 min.
The protein concentration was measured using a BCA protein assay
(Pierce). An equivalent of 40 pg of protein was separated by 12% SDS-
PAGE and transferred to a PVDF membrane. Then, the membrane
was blocked with 5% skimmed milk at 20-26°C for 2 hr and probed
with Nrf2 (Cat. No:ab92946, abcam 1:1,500), HO-1 (Cat. No:abh13243,
abcam 1:1,500), NF-kB pé5 (Cat. No:#8242, CST 1:1,000), iNOS (Cat.
N0:22226-1-AP, proteintech 1:1,000), B-actin (Cat. No:WB0196,
Weiao 1:2000), Histone 3 (Cat. No:#4499, CST 1:1,500) and IL-1p
(Cat. No:sc-515598, SAB 1:1,000) overnight at 4°C. Subsequently, the
membrane was incubated with horseradish peroxidase-conjugated
goat anti-rabbit (Cat. No:115-035-071, Jackson 1:2000) and goat
anti-mouse secondary antibodies (Cat. No:115-035-003, Jackson
1:2000) for 2 hr at 20-26°C. Finally, the immunoreactive bands were
detected by enhanced chemiluminescence (Thermo Scientific) and X-

ray films.
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FIGURE 5 Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) nuclear transcription is associated with the development of pain
behaviour in rats with bone cancer pain (BCP). (a, b) Intrathecal administration of sulforaphane (SFN) reduced hyperalgesia in rats with BCP
in a dose-dependent manner(*p < .05, ***p < .001 vs. BCP group; n = 6, two-way repeated-measures ANOVA). (c-€) Rats were killed on
BCP 12 days to collect spinal cord tissue. Western blot analysis showed that SFN further promotes the expression of Nrf2 nucleoprotein

(c and d) and its downstream target protein heme oxygenase-1 (HO-1) (c and €) (*p < .05, **p < .01 vs. sham group; **p < .01 vs. BCP group;
n = 4, one-way ANOVA). (f) Double immunolabelling showed that Nrf2 was almost completely localized in the nucleus after treatment with
SFN. High magnification images of immunofluorescence are shown in the white box. Lumbar enlargements were collected on day 12 after
tumour inoculation; n = 4. Scale bar: 50 um. n represents the number of experimental animals in each group. (g) Intrathecal injection of
Nrf2 siRNA at 5, 8 and 11 days after the operation significantly induced hyperalgesia in rats with BCP (*p < .05, ***p < .001 vs. BCP group;
n = 6, two-way repeated-measures ANOVA). (h-k) Rats were killed 12 days after the operation to obtain spinal cord tissue for western
blot analysis. Western blot analysis showed that Nrf2 siRNA treatment significantly inhibited BCP-induced Nrf2 nucleoprotein and HO-1
expression(***p < .001 vs. sham group; ###p < .001 vs. BCP group; n = 4, one-way ANOVA)

5'-CATCCTGCGTCTGGAACCTGG-3’, and the sequence of the
anti-sense strand was 5-TAATGTCACGCACGATTTCC-3". The

relative gene expression was measured using 2724t method.

2.12 | Real-time quantitative PCR

On day 12, after tumour inoculation, the pain threshold was meas-
ured. Five rats/group were deeply anaesthetized, and the spinal
cord L3-L5 segment was taken for lumbar enlargement. Total

2.12.1 | Immunofluorescence

RNA was extracted using TRIzol reagent (Invitrogen) and then
reverse-transcribed the isolated RNA into cDNA. The sample was

pre-heated at 95°C for 30 s, followed by 40 amplification cycles
(95°C for 5sand 60°C for 30 s) for cDNA synthesis. The rat primers
for HO-1 and p-actin were provided by Sangong Bioengineering
Shanghai Co., Ltd. The sequence of the sense strand of the HO-1
was 5-CAGACAGAGTTTCTTCGCCAGAGG-3’, and the sequence
of the anti-sense strand was 5-TGTGAGGACCCATCGCAGGAG-3’.
The sequence of the sense strand of the p-actin was

On day 12, after the operation, 4 rats in each group were
deeply anaesthetized with sodium pentobarbital (50 mg/kg).
The heart was punctured with an intravenous infusion nee-
dle towards the ascending aorta, 500 ml thiobarbital sodium
[phosphate-buffered saline (PBS)] was injected, and 250 ml of
4% paraformaldehyde was injected. The enlarged lumbar spinal
cord was separated from the L3-L5 segment and placed in 4%
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FIGURE 6 Spinal heme oxygenase-1 (HO-1) activation is essential for the regulation of bone cancer pain (BCP). (a-d) After treatment
with HO-1 agonist or inhibitor, HO-1 expression in the spinal cord was observed. Rats were killed after 12 days of BCP to collect spinal cord
tissue. Hemin and HO-1 siRNA further stimulated and inhibited the expression of HO-1 in the spinal cord of rats with BCP, respectively
(***p < .001 vs. sham group; *#p < .01, ##p < 001 vs. BCP group; n = 4, **p < .01,**p < .001 vs. sham group; **p < .01, #*p < 001 vs. BCP
group; n = 5, one-way ANOVA). (e) The effects of HO-1 agonist (hemin) and HO-1 inhibitor (HO-1 siRNA) on the paw withdrawal threshold
(PWT) in rats with BCP were observed within the indicated duration after inoculation(*p < .05, ***p < .001 vs. BCP group; n = 6, two-way
repeated-measures ANOVA). (f) Hemin was treated with the indicated concentration for 6 hr and 12 hr. A CCK-8 assay was used to detect
Walker 256 cell viability. N.S stands for not statistically significant (p > .05 vs. control group, two-way repeated-measures ANOVA). (g)
Representative images of haematoxylin-eosin staining showing cancer cell infiltration (cells within the dotted lines) and bone resorption pits
(black arrows) on the trabecular surface in the tibial marrow cavity of the BCP (g (1, 2)) and BCP +hemin (g (3, 4)) groups; n = 10. Scale bars:
200 pm (top row), 50 pm (bottom row). Rats were killed on BCP 12 days to collect tibia tissues. n represents the number of experimental
animals in each group

paraformaldehyde for 6 hr. After dehydration in a gradient su- charged microscope slides. All the frozen sections were washed
crose solution (15%-30%) at 4°C for 48 hr, these spinal cord sam- with PBS and blocked with 5% BSA and 0.2% Triton X-100 at 20-
ples were embedded in OCT compound (Sakura) at a temperature 26°C for 1 hr. Then, the slides were incubated with the follow-

of -20°C, cut into 20-um-thick sections and placed on positively ing primary antibodies at 4°C overnight: Nrf2 (Cat. No:ab89443,
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FIGURE 7 Spinal cord nuclear factor-kappa B (NF-kB) translocation from the cytoplasm to the nucleus induced by bone cancer pain
(BCP). (a-c) NF-xB cytoplasmic (a and b) and nuclear proteins (a and c) were detected in the spinal cord of rats with BCP by western

blot analysis on days 0, 6, 12 and 18 after tumour inoculation (*p < .05, ***p < .001 vs. sham group; n = 4, one-way ANOVA). (d) Cellular
localization of NF-kB in the spinal dorsal horn of rats with BCP. The immunofluorescence data showed that NF-xB (red) was primarily
expressed in neurons (green) rather than astrocytes (green) or microglia (green). Sections were counterstained with DAPI (blue) to label cell
nuclei. The white arrows show colocalization of NF-kB with NeuN (neuronal nuclei, neuronal-specific marker), GFAP (glial fibrillary acidic
protein, astrocyte specific marker) and Iba-1 (ionized calcium binding adapter molecule 1, microglial specific marker) immunoreactive cells
in the spinal dorsal horn. Lumbar enlargements were collected on day 12 after tumour inoculation; n = 4. Scale bar: 50 pm. n represents the

number of experimental animals in each group

abcam 1:100, mouse source), HO-1 (Cat. No:ab13243, abcam
1:100, rabbit source), NF-xB p65 (Cat. No:AF5006, Affinity
1:100, rabbit source), IBA-1 (Cat. No:ab48004, abcam 1:200,
goat source), IBA-1 (Cat. No:#17198, CST 1:100, rabbit source),
NeuN (Cat. No:ab279297, abcam 1:100, rabbit source), NeuN
(Cat. No:ab104224, abcam 1:100, mouse GFAP
(Cat. No:#80788, CST 1:100, rabbit source) and GFAP (Cat.
No0:C9205, Sigma 1:300, mouse source). Subsequently, the sec-
tions were incubated for 1 hr at 20-26°C with Alexa Fluor-488

source),

(Cat. No:ab150073, abcam 1:500, donkey anti-rabbit) or Alexa
Fluor-488 (Cat. No:ab150105, abcam 1:500, donkey anti-mouse)
or Alexa Fluor-488 (Cat. No:ab150129, abcam 1:500, donkey
anti-goat) or Alexa Fluor-594 (Cat. No:ab150076, abcam 1:500,
donkey anti-rabbit) or Alexa Fluor-594 (Cat. No:ab150108,
abcam 1:500, donkey anti-mouse) secondary antibodies. The nu-
clei were stained with 1 pg/mL DAPI (H-1200 VECTAS HIELD
Antifade Mounting Medium With DAPI). Images were taken using
a multiphoton confocal microscope (Leica Microsystems).
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FIGURE 8 The nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) axis is involved in the regulation of
the nuclear factor-kappa B (NF-xB) signalling pathway in the spinal cord of rats with bone cancer pain (BCP). (a) NF-xB (red) and Nrf2 (green)
were coexpressed in the dorsal horn of the spinal cord of rats with BCP. Sections were counterstained with DAPI (blue) to label cell nuclei.
The white arrows show colocalization of NF-kB with Nrf2. Lumbar enlargements were collected on day 12 after tumour inoculation; n = 4.
Scale bar: 50 pm. (b-g) Treatment with an Nrf2 agonist (sulforaphane, SFN) and HO-1 agonist (hemin) significantly inhibited the activation of
NF-xB and the release of downstream inflammatory factors in the spinal cord of rats induced by BCP. Combined intrathecal administration
of siRNA reversed this inhibitory effect. Rats were killed after 12 days of BCP to collect spinal cord tissue. Western blotting was employed
to detect the expression of NF-kB nuclear protein and inflammatory factors (inducible nitric oxide synthase (iNOS) and interleukin-1beta
(IL-p)) in the spinal cord of rats with BCP after different treatments (b-e) (**p < .01,***p < .001 vs. vehicle treatment group; #p < .05 vs.

SFN treatment group; &p <.05, 5

p < .01 vs. hemin treatment group; n = 4, one-way ANOVA). Enzyme-linked immunosorbent assay

(ELISA) was used to detect the expression of inflammatory factors, tumour necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) (f and g)
(**p <.01,***p < .001 vs. Vehicle treatment group; #p < .05 vs. SFN treatment group; &p < .05 vs. hemin treatment group; n = 5, one-way
ANOVA). n represents the number of experimental animals in each group

2.13 | Enzyme-linked immunosorbent assay
According to previous research (Chen et al., 2019), five rats/group
were killed 12 days after the operation, and TNF-« and IL-6 cy-
tokines were detected. Under deep anaesthesia, ipsilateral L3-5
spinal cord samples were harvested, dissected on ice, weighed,
homogenized in PBS, and the supernatant was collected by cen-
trifugation at 15,000 g at 4°C for 60 min. LinkTech Kit (ELISA) (rat
TNF-a (Cat. No:70-EK382/3-96), IL-6 (Cat. No:70-EK306/3-96))
was used to detect the expression of inflammatory molecules.

2.14 | Cellculture

Refer to previous literature (Shenoy et al., 2016), in general, cell lines
may be authenticated by short tandem repeat (STR) profiling of the mi-
crosatellite regions of DNA (Nims et al., 2010). However, as there is no
reference DNA profile of the Walker 256 cell line (Lewis et al., 2013),
researchers typically procure cells of a defined passage number from
reputable cell banks. To minimize within- and between-laboratory
variability in the use of these cells in vivo, it is important that cultured
cells are banked and frozen at early passages and that culture condi-
tions including growth media, temperature, humidity and exposure to
drugs are standardized (Marx, 2014). In theory, the Walker 256 cell
line can be passaged indefinitely. In our study, the walker256 primary
cells were a kind gift from Nanjing University of Chinese Medicine
and was preserved and frozen during early passage. In the process
of subsequent experiments, we provided standardized cell culture
conditions. According to previous study (Yu et al., 2020), Walker 256
cells were cultured in RPMI 1640 medium (GIBCO) containing 10%
foetal bovine serum (heat-inactivated) (Hyclone), 1% L-glutamine and
2% penicillin/streptomycin (GIBCO) and incubated at 37°C and 5%
CO2. Walker 256 cell line is not listed as a commonly misidentified cell
line by the International Cell Line Authentication Committee (ICLAC;
http://iclac.org/databases/cross-contaminations/).

2.15 | CCKS8 assay

Walker 256 cells (1 x 10%) were plated into 96-well flat bottom plates
in a final volume of 100 pl/well. Because hemin is not readily soluble

in PBS, it was first dissolved in DMSO (Cat. No:D2650, Sigma-
Aldrich) as a 20 mM stock solution and then diluted to the final
concentration. Cells were exposed to hemin at concentrations of O,
5, 10 and 20 pmol for 6 and 12 hr. At the end of the above-stated
exposure periods, CCK-8 (Dojindo) was placed in each of the wells
containing the control samples as well as those containing hemin-
exposed samples. According to a previous study (Yu et al., 2020),
samples were kept in an incubator for 60 min, after which the ab-
sorbance was measured using a MultiskanGo Spectrophotometer
(United States) at 450 nm optical density. Cell viability (% of control)
was determined by the following mathematical relation: [Mean ab-
sorbance of exposed/Mean absorbance of control) x 100].

2.16 | Statistical analysis

All data were collected by researchers who were blinded to the
surgeries and reagents used. GraphPad Prism version 6.0 for
Windows (RRID:SCR_002798) was used to conduct all statistical
analyses. All values were normally distributed by the Shapiro-Wilk
test and were reported as mean + SD. We did not exclude any an-
imals from data analysis and did not use any test for evaluating
outliers of the data (Huang et al., 2019). Nociceptive behavioural
tests over time and CCK8 with different doses among groups were
tested with two-way, repeated-measures analysis of variance
(ANOVA) followed by Bonferroni's post hoc tests (He et al., 2020).
Differences in western blot, reverse transcription polymerase
chain reaction and enzyme-linked immunosorbent assay values for
each group were tested using one-way ANOVA with a Student-
Newman-Keuls post hoc test. p values <.05 were considered sta-

tistically significant.

3 | RESULTS

3.1 | Tumourinoculation induces mechanical
allodynia and bone destruction

Von Frey, 3D CT imaging technology and histological analysis were
used to confirm the successful preparation of the BCP model. The
results showed that compared with the sham group, rats in the
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model group exhibited a significant decrease in pain threshold on
day 6 after the operation that continued to decrease until the end of

the experiment on day 18 after the operation (***

p < 0.001 vs. sham
group; h = 6, two-way repeated-measures ANOVA, Figure 2a). The
PWT did not show any significant differences between the naive
and sham groups (p > .05 vs. naive group; nh = 6, two-way repeated-
measures ANOVA, Figure 2a). 3D reconstructed CT images showed
significant bone destruction in the tibia of rats with BCP. Conversely,
no destructed sign was observed in the bone tissue of rats in the
sham group (Figure 2b). The histological analysis showed that naked
nuclear lymphocytes, red blood cells and macrophages (yellow tri-
angle) were distributed in the tibial bone marrow cavity of rats in
the sham group, and normal trabecular bone structures (asterisks)
were visible (Figure 2c¢(1,2)). After tumour inoculation, there was
marked cancer cell infiltration (within the dotted line) and bone re-
sorption pits (red arrow) in the bone marrow cavity of rats with BCP
(Figure 2¢(3,4)).

3.2 | Spinal expression of Nrf2 and HO-1 is
significantly increased after tumour inoculation and is
primarily localized in neurons

To study the dynamic expression of Nrf2 and the downstream
related protein HO-1 in the spinal cord of rats with BCP, we killed
the rats on days O, 6, 12 and 18 after the operation, and the
spinal cord was collected for testing. The results showed that
BCP significantly induced the protein levels of total Nrf2 and
HO-1 in the spinal cord of rats. With the progression of BCP,
the expression of total Nrf2 and HO-1 gradually decreased, but
the overall expression was higher than that of the sham group
(*p < 0.05,"**p < 0.001 vs. sham group; n = 4, one-way ANOVA,
Figure 3a-c).

To examine the cellular localization of Nrf2 and HO-1 in the
spinal dorsal horn, we harvested the lumbar spinal tissues from the
rats in the sham group and BCP groups on 12 days after the opera-
tion. Coimmunostaining images of the spinal dorsal horn in the two
groups confirmed that Nrf2 (Figure 3d) signals were colocalized with
NeuN-positive (neuronal) cells rather than GFAP-positive (astro-
cytes) cells or Iba-1-positive (microglial) cells, while HO-1 (Figure 3e)
was primarily located in the NeuN-positive cells, with a small pro-
portion is located in the Iba-1-positive cells but no co-localization
with GFAP-positive cells.

3.3 | Nrf2 translocates from the cytoplasm to the
nucleus after tumour inoculation

Nrf2 is a transcription factor that needs to enter the nucleus to exert
its anti-inflammatory and anti-oxidant properties. To study whether
Nrf2 nuclear transcription is involved in the development of BCP, we
killed rats on days O, 6, 12 and 18 after surgery to collect spinal lum-
bar enlargement tissue to detect the expression of Nrf2 protein in

INCiz= A2

the cytoplasm and nucleus. As shown in Figure 4a-c, on day 6 after
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the surgery, expression of Nrf2 cytoplasmic protein was significantly
decreased, gradually increasing thereafter with the progression of
BCP but was lower than that in the sham group (*p < .05, ***p <.001
vs. sham group; n = 4, one-way ANOVA, Figure 4a, b). In contrast,
with the progression of BCP, expression of Nrf2 in the nucleus grad-
ually decreased, but overall expression remained higher than that of
the sham group. (**p < .01,"**p < .001 vs. sham group; n = 4, one-
way ANOVA, Figure 4a, c). These results indicate that BCP induces
the transfer of Nrf2 from the cytoplasm to the nucleus.

Next, to further demonstrate that BCP induces the translocation
of Nrf2 from the cytoplasm to the nucleus, we killed rats on day 12
of BCP to obtain the spinal cord for immunolabelling of Nrf2 and the
nucleus. Immunofluorescence results confirmed that Nrf2 was pri-
marily localized in the cytoplasm of spinal cord dorsal horn neurons
in sham rats, whereas in rats with BCP, Nrf2 was localized in the
cytoplasm and nucleus. (Figure 4d).

3.4 | Nrf2 nuclear transcription alleviates the
mechanical hyperalgesia induced by bone cancer and
increases the expression of HO-1

To elucidate whether Nrf2 nuclear transcription is related to the
development of behavioural patterns in rats with BCP, rats were
treated with SFN for 1 week to promote Nrf2 nuclear transcrip-
tion after the appearance of symptomatic behaviours of allodynia.
Previous in vitro experiments demonstrated the anti-cancer proper-
ties of SFN. Therefore, to avoid tumour suppression affecting the
experimental results, SFN was administered via an intrathecal cath-
eter. Specifically, SFN was administered intrathecally (0.1, 0.5 and
1 mg/kg in a total volume of 20 ul once a day) for 1 week starting on
day 6 after the surgery. As shown in Figure 5a, SFN inhibited bone
cancer-induced mechanical hyperalgesia in a dose-dependent man-
ner (*p < .05, ***p < .001 vs. BCP group; n = 6, two-way repeated-
measures ANOVA, Figure 5a). To further investigate the analgesic
effect of SFN in rats with BCP, single-dose SFN (0.1, 0.5 and 1 mg/kg
in a total volume of 20 pl) was administered intrathecally to rats on
day 12 after surgery in this experiment. PWT was measured 1 hr be-
fore and 1, 2, 4, 6, 8 and 12 hr after drug administration. Compared
with the BCP group, PWT was dramatically augmented from 1 to
8 hr in the 1 mg/kg SFN-treated BCP groups. In the 0.5 mg/kg
SFN-treated BCP group, the effects were started at 2 hr after the
administration and lasted approximately 4 hr. For the 0.1 mg/kg
SFN-treated BCP groups, SFN worked only after 4 hr after injec-
tion (*p < .05, **p < .01, ***p < .001 vs. BCP group; n = 6, two-way
repeated-measures ANOVA, Figure 5b). However, regardless of re-
peated or single administration, 1 mg/kg of SFN treatment did not
change the PWT of the sham group of rats (p > .05 vs. sham group;
n =6, two-way repeated-measures ANOVA, Figure 5a, b). In the next
molecular experiment, we selected 1 mg/kg as the administration
dose. After a week of SFN treatment, the rats were killed on day
12 of BCP for western blot and immunofluorescence. Western blot
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increased the expression of nuclear Nrf2 protein (**p < .01 vs. sham
group; ##p < .01 vs. BCP group; n = 4, one-way ANOVA, Figure 5c,
d) and its downstream target protein HO-1 (*p < .05 vs. sham group;
#p < .01 vs. BCP group; n = 4, one-way ANOVA, Figure 5c,e). The
immunofluorescence results showed that Nrf2 in the spinal cord of
the BCP group exhibited dual localization in the cytoplasm and nu-
cleus, whereas in the spinal cord of rats with BCP treated with SFN,
Nrf2 was localized in the nucleus (Figure 5f).

Next, rats were transfected via an i.t. injection of Nrf2 siRNA
(20 nmol, 20 pl) on days 5, 8 and 11 after tumour implantation
to inhibit BCP-induced Nrf2 nuclear transcription. PWT changes
were observed in BCP from 6 to 12 days. Similar to SFN treatment,
Nrf2 siRNA treatment did not change the PWT of sham group
rats (p > .05 vs. sham group; n = 6, two-way repeated-measures
ANOVA, Figure 5g). However, compared with the BCP group, Nrf2
siRNA treatment significantly reduced the PWT in BCP group rats
(*p < .05, ***p < .001 vs. BCP group; n = 6, two-way repeated-
measures ANOVA, Figure 5g). After Nrf2 siRNA treatment, the
rats were killed on day 12 of BCP, and the spinal cord tissue was
harvested for western blotting. The results of western blotting
showed that Nrf2 siRNA treatment significantly inhibited BCP-
induced Nrf2 nucleoprotein and HO-1 expression (***p < .001 vs.
sham group; ##p < .001 vs. BCP group; n = 4, one-way ANOVA,
Figure 5h-j).

3.5 | HO-1is necessary to regulate hyperalgesia in
rats with bone cancer pain

Next, to study the effect of HO-1 on rats with BCP, we used hemin
and HO-1 siRNA to activate and inhibit the expression of HO-1 in
the spinal cord, respectively. Hemin (10 mg/kg, 2 ml, ip) was ad-
ministered once a day for 1 week starting on day 6 after surgery.
Rats were transfected via an i.t. injection of HO-1 siRNA (20 nmol,
20 pl) on days 5, 8 and 11 after tumour implantation. Spinal cord
tissue (L3-L5) samples were acquired from the sham, BCP, hemin
and HO-1 siRNA-treated BCP groups on day 12 after the opera-
tion. Compared with the BCP group, rats with BCP treated with
hemin (BCP+hemin) and HO-1siRNA (BCP+HO-1 siRNA) induced
and inhibited HO-1 protein (***p < .001 vs. sham group; #*p < .01,
###p < .001 vs. BCP group; n = 4, one-way ANOVA, Figure 6a,
b) and mRNA expression (**p < .01,***p < .001 vs. sham group;
##p < .01, ###p < .001 vs. BCP group; n = 5, one-way ANOVA,
Figure 6c, d), respectively. In the subsequent experiments, we
explored the effect of HO-1 on hyperalgesia in rats with BCP.
The withdrawal threshold of rats was measured on days 3, 6, 9
and 12 after surgery. The results showed that hemin increased,
whereas HO-1 siRNA reduced, the withdrawal threshold in rats
with BCP (*p < .05, ***p < .001 vs. BCP group; n = 6, two-way
repeated-measures ANOVA, Figure 6e). However, similar to SFN
and Nrf2 siRNA treatment, hemin and HO-1 siRNA treatment did
not change the basic pain threshold of the sham groups (p > .05

vs. sham group; n = 6, two-way repeated-measures ANOVA,
Figure 6e).

To investigate whether intraperitoneal administration of
hemin has an effect on tumour cell growth, we tested the via-
bility of Walker 256 cells after 6 and 12 hr of hemin treatment.
The results showed that hemin did not significantly inhibit Walker
256 cell viability compared with the control group (p > .05 vs.
control group, two-way repeated-measures ANOVA, Figure 6f).
Furthermore, after a week of hemin treatment, we assessed
the infiltration of cancer cells in the tibia. Histological analysis
showed that in both hemin treatment group and BCP group, the
bone marrow cavity of rats with BCP was extensively infiltrated
by cancer cells with bone trabecular destruction (Figure 6g).
Therefore, intraperitoneal administration of hemin does not af-

fect cancer cell growth.

3.6 | NF-kB translocates from the cytoplasm to the
nucleus in spinal dorsal horn neurons after Walker
256 cell inoculation

Similar to Nrf2, NF-xB is also a critical transcription factor in cells.
Therefore, we explored the nuclear translocation of NF-kB in the
BCP model. Similar to the previous experimental design, we killed
rats on days O, 6, 12 and 18 after surgery to collect enlarged spinal
lumbar tissue and observed the changes in NF-xB cytoplasm and
nuclear protein expression. Western blot results demonstrated that
compared with the control group, the expression of NF-xB cyto-
plasmic protein in the spinal cord of the model group gradually de-
creased with the progression of BCP (*p < .05, ***p < .001 vs. sham
group; n = 4, one-way ANOVA, Figure 7a, b), whereas the nuclear
NF-kB protein expression was increased (*p < .05, ***p < .001 vs.
sham group; n = 4, one-way ANOVA, Figure 73, c).

To further define the cellular localization of NF-kB in the spinal
dorsal horn, triple staining of NF-xB with three different cell mark-
ers (NeuN, GFAP and IBA-1) and DAPI was performed. The results
showed that NF-kB was primarily colocalized with neuronal cells, but

not with microglia or astrocytes in rats with BCP (Figure 7d).

3.7 | NF-«B activation and the associated
inflammatory mediator release is regulated by the
Nrf2/HO-1 signalling pathway

Some studies have shown that the Nrf2 signalling pathway interacts
with the NF-kB signalling pathway. To determine whether a similar
mechanism is involved in this model, we first performed double im-
munostaining of Nrf2 and NF-kB in the spinal cord of rats with BCP
on day 12. The staining results showed that Nrf2 and NF-xB were
coexpressed in the dorsal horn of the spinal cord in rats with BCP.
(Figure 8a).

Next, to explore the specific ways in which the Nrf2 signalling
pathway and the NF-«xB signalling pathway interact, we divided the



FU ET AL.

Wi LEYJE

Journal of

rats with BCP into five groups: vehicle, SFN treatment, SFN com-
bined with Nrf2 siRNA treatment, hemin treatment and hemin
combined with HO-1 siRNA treatment group. SFN (1 mg/kg, 20 pl)
was administered via an intrathecal catheter, and hemin was se-
lected for intraperitoneal injection (10 mg/kg, 2 ml). These drugs
were administered once a day for 1 week starting on day 6 after
the surgery. Rats were transfected via an i.t. injection of Nrf2 and
HO-1 siRNA (20 nmol, 20 ul) on days 5, 8 and 11 after tumour im-
plantation. On the 12th day after the operation, enlarged rat spi-
nal cord lumbar tissue was collected to observe expression levels
of NF-kB nuclear protein. Compared with the vehicle group, both
the SFN treatment and hemin treatment groups significantly inhib-
ited the up-regulation of NF-kB nuclear protein expression induced
by BCP, whereas the combined siRNA treatment reversed this ef-
fect (**p < .01,***p < .001 vs. vehicle treatment group; *p < .05

vs. SFN treatment group; &p < .055&

p < .01 vs. hemin treatment
group; n = 4, one-way ANOVA, Figure 8b, c). Because NF-kB nu-
clear translocation leads to the transcriptional activation of inflam-
matory mediators, such as IL-6, TNF-q, iNOS and IL-1f. Thus, their
expression levels were also determined on day 12 after surgery.
The results showed that compared with the vehicle group, SFN and
hemin treatments significantly inhibited up-regulation of the TNF-
a, IL-1p, IL-6 and iNOS cytokines induced by BCP. As expected, the
blockade of Nrf2 and HO-1 by siRNA partially reversed the SFN- and
hemin-induced inhibition of the excessive release of the IL-1p and
iNOS (**p < .01,***p < .001 vs. vehicle treatment group; *p < .05 vs.
SFN treatment group; &p <.05, &&p <.01 vs. hemin treatment group;
n = 4, one-way ANOVA, Figure 8b, d-e), IL-6 and TNF-a cytokines
(**p < .01,***p < .001 vs. vehicle treatment group; #p < .01 vs. SFN
treatment group; &p < .05 vs. hemin treatment group; n =5, one-way
ANOVA, Figure 8f, g).

4 | DISCUSSION

BCP remains a clinical challenge, and the underlying mechanisms
are poorly understood. Oxidative stress may be one of the most
important mechanisms for the production and maintenance of BCP.
In this study, we explored the role of Nrf2 in the development of
hyperalgesia and the inflammatory response in a BCP rat model.
Importantly, we demonstrated the process of Nrf2 translocation
and briefly discussed the putative mechanisms involved in the NF-
kB signalling pathway.

Herein, we demonstrated the following: 1. Expression of Nrf2
and HO-1 in the spinal cord of rats with BCP is significantly increased,
and these molecules are primarily localized in the neuronal cells of
the spinal dorsal horn. 2. After tumour inoculation, Nrf2 translocates
from the cytoplasm to the nucleus. 3. Nrf2 nuclear translocation re-
duces mechanical hyperalgesia and increases the expression of the
downstream-related protein HO-1. 4. HO-1 participates in the regu-
lation of hyperalgesia in rats with BCP. 5. The Nrf2/HO-1 signalling
pathway is involved in the regulation of BCP-induced activation of
NF-xB and the release of downstream inflammatory factors. These
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signalling pathway and hyperalgesia in rats with BCP.

In this experiment, Walker256 breast cancer cells were im-
planted into the bone marrow cavity of the rats to establish a sus-
tained and stable pain model. On day 6, after tumour inoculation,
rats in the model group showed a significant decrease in the pain
threshold that continued to decrease until day 18 after the surgery.
The results of haematoxylin-eosin staining and CT showed that the
normal trabecular bone structure disappeared, and the bone cortex
was destroyed in the model group after tumour inoculation. These
results indicate that the BCP model was successfully established.

Accumulating evidence suggested that oxidative stress is a criti-
cal contributor to cancer pain, the source of which may be targeted
in future pharmacological interventions (Nashed et al., 2014; Ren
et al., 2012). Nrf2 is one of the master regulators of endogenous
anti-oxidant defence (Schmidlin et al., 2019). In response to oxidative
stress, Nrf2 promotes a wide variety of anti-oxidant genes, including
HO-1. Therefore, we first studied the expression changes of Nrf2
and HO-1 in the spinal cord of rats with BCP. The results showed
that the expression of Nrf2 and HO-1 gradually decreased with the
progression of BCP, but the overall expression level was higher than
that of the control group. This phenomenon is consistent with the
results of neuropathic pain induced by paclitaxel or chronic sciatic
nerve injury (Chen et al., 2019; Zhou et al., 2020) but is contrary to
the changes in complete freund's adjuvant (CFA)-induced inflamma-
tory pain (Redondo et al., 2017) and diabetes-induced neuropathic
pain (McDonnell et al., 2017). In the latter two models, expression of
Nrf2 and HO-1 in the model group was significantly reduced com-
pared with that in the control group. Most findings have shown that
the body can initiate defence mechanisms by up-regulating Nrf2 and
its target genes when oxidative stress occurs (Loboda et al., 2016;
Uddin et al. 2021). However, in the present study, Nrf2 and its down-
stream target gene expression appeared to increase and then de-
crease with the progression of bone cancer. We speculate that as
bone cancer progresses, excess reactive oxygen species (ROS) can
lead to increased oxidation levels and decreased anti-oxidant levels,
followed by complete disruption of redox homeostasis. In a previ-
ous study (Takizawa et al., 2007), it was found that the activity of
several anti-oxidant enzymes in dopaminergic neurons exposed to
paraquat was decreased, which may be because of high oxidative
levels, resulting in the destruction of several proteins because of ox-
idation and the inability to function properly. Yuguang Zhao et al.
(Tian et al., 2020) also suggested that diabetes-induced oxidative
stress can break the feedforward loop connecting Nrf2 and p62 (an
autophagy-related protein), which directly leads to decreased anti-
oxidant capacity and ROS. This in turn directly decreases anti-oxidant
capacity and increases ROS, promoting oxidative damage in the dia-
betic testis. These data indicate that although bone cancer can lead
to an imbalance between the oxidative and anti-oxidant systems,
moderate oxidative stress induced by bone cancer increases the ex-
pression of Nrf2 during the early stage of BCP (6-12 days of BCP).
To some extent, it increases the ability of the body to resist oxidative
stress. However, with the continuous progression of bone cancer,
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the expression of ROS continues to increase. Excessive oxidative
stress leads to the destruction of redox reactions and inhibits the
expression of Nrf2. Next, we studied the cellular localization of Nrf2
and HO-1 in the spinal dorsal horn of rats with BCP. In our experi-
ments, Nrf2 was entirely localized in neuronal cells, whereas HO-1
was primarily localized in the neurons in the spinal dorsal horn, with
a small proportion was localized in the microglial cells, both lacked
colocalization with astrocytes. Interestingly, in the neuropathic pain
model caused by paclitaxel (Zhou et al., 2020), both Nrf2 and HO-1
were localized in the neurons, and somewhat in astrocytes and mi-
croglia, whereas in the nerve injury-induced neuropathic pain model
(Chen et al., 2019), the expression of Nrf2 and HO-1 was detected in
the microglial cells. We speculated that this difference in the cell dis-
tribution type might represent the different roles of Nrf2 and HO-1
in different pain models.

In response to oxidative stress or exposure to Nrf2 activators,
Nrf2 dissociates from Keap1 and translocates into the nucleus, het-
erodimerizes with small Maf proteins, and transactivates an ARE bat-
tery of genes (Tonelli et al., 2018). In a previous chronic pain model,
the researchers only focused on the changes in the expression of
Nrf2 total protein, ignoring the specific cellular mechanism by which
it plays a role in the pain model. Therefore, we studied the subcel-
lular localization of Nrf2 in different physiological states. We found
that Nrf2 in the spinal cord of rats in the sham group was primarily
located in the cytoplasm and relocalized to the nucleus after tumour
inoculation. To determine whether the pain behaviour in rats with
BCP was related to Nrf2 nuclear transfer, we injected SFN, which
chemically modifies the KEAP1 protein to promote Nrf2 nuclear
transcription and activates the Nrf2 signalling pathway (Kensler
etal., 2013; Zhang & Hannink, 2003). In our in vitro study, SFN inhib-
ited the proliferation of Walker 256 breast cancer cells (used in our
BCP model) in a dose-dependent manner (supplementary figure(a)).
To avoid the confounding contribution of tumour suppression to
the analgesic effect of the drug, we used intrathecal administration,
which is supposed to only act locally in the spinal cord and DRG (He
et al.,, 2020; Hou et al., 2017). The results showed that intrathecal
injection of SFN significantly promoted the nuclear translocation of
Nrf2 and HO-1 protein expression in the spinal cord of rats with BCP
and reduced the mechanical hyperalgesia of rats with BCP in a dose-
dependent manner. Next, to further confirm the role of Nrf2 nuclear
transcription in BCP, Nrf2 siRNA was used to inhibit the expression
of Nrf2 nuclear protein in the spinal cord of rats with BCP. We found
that Nrf2 siRNA significantly inhibited the expression of Nrf2 nuc-
leoprotein and HO-1 protein, inducing mechanical hyperalgesia in
rats with BCP. These results revealed that Nrf2 nuclear transloca-
tion is involved in BCP. In addition, recent studies have shown that
intraperitoneal injection of HO-1 receptor agonists relieves pain to
varying degrees (Chen et al., 2015; Liu et al., 2016; Shen et al., 2015).
Thus, in the next experiment, we explored the role of HO-1 in me-
chanical hyperalgesia induced by bone cancer. Hemin and HO-1
siRNA were used to treat rats with BCP. Behavioural results con-
firmed that activation or inhibition of HO-1 significantly reduces or
increases mechanical hyperalgesia, respectively. This indicates that

HO-1 is essential for regulating hyperalgesia in the bone cancer rat
model. Interestingly, in the above experiments, we found that ago-
nists (SFN, hemin) and inhibitors (Nrf2 siRNA, HO-1 siRNA) of the
Nrf2/HO-1 signalling system did not change the basic pain threshold
in the sham group. Therefore, we infer that the Nrf2/HO-1 axis may
be necessary to regulate mechanical hyperalgesia in rats with BCP
but does not participate in the regulation of pain under normal phys-
iological conditions.

NF-xB is a redox-sensitive factor that can be activated by ROS
and translocate to the nucleus (Bellezza et al., 2012). Herein, we
confirmed that with the progression of BCP, the expression of nu-
clear translocation of NF-xB in the spinal cord of the model group
gradually increased. Our data further show that NF-kB is primarily
expressed in neurons in the dorsal horn of the spinal cord, but not
in astrocytes or microglia. However, Zhen-peng Song et al. reported
the activation of NF-xB in astrocytes in the spinal dorsal horn of rats
inoculated with walker 256 breast cancer cells (Song et al., 2016),
which is not consistent with the previous reports of our laboratory
(Wang et al., 2018). This difference may be because of the use of dif-
ferent animal strains, different antibodies or different experimental
procedures, which need to be further explored in the future.

The Nrf2 and NF-kB signalling pathways may interact to con-
trol the transcription or function of downstream target proteins.
LPS stimulates NF-kB DNA binding activity, and the levels of the
p65 subunit of NF-kB were significantly higher in the nuclear ex-
tracts from the lungs of Nrf2”~ mice than in those from WT mice,
suggesting a negative role for Nrf2 in NF-xB activation (Ahmed
et al., 2017). In addition, when prostate cancer cells are briefly ex-
posed to a-tochopheryl succinate, a derivative of vitamin E, Nrf2-
dependent downstream HO-1 inhibits the nuclear translocation of
NF-kB (Bellezza et al., 2012). This shows that Nrf2 might negatively
regulate the NF-xB signalling pathway by activating the downstream
HO-1. Our immunofluorescence results support this hypothesis;
NF-xB and Nrf2 were entirely coexpressed in the dorsal spinal cord
after tumour inoculation. Next, we applied drug intervention to
test this hypothesis further. SFN and hemin significantly inhibited
BCP-induced NF-xB activation, and the intrathecal injection of the
corresponding siRNA reversed this inhibitory effect. In addition,
considering that NF-xB induces the expression of various inflam-
matory molecules (IL-1f, IL-6, TNF-a and iNOS), we examined the
expression of related inflammatory molecules. Strikingly, siRNA also
reversed the anti-inflammatory effects of SFN and hemim in rats
with BCP. These results indicate that the Nrf2/HO-1 signalling axis
might be involved in the activation of the BCP-induced NF-xB sig-
nalling pathway.

Increasing evidence shows that the activation of NF-xB follow-
ing tissue injury or nerve injury is related to the development and
maintenance of neuropathic pain. For example, specific inhibitors
or lentiviruses inhibit the activation of NF-xB at the spinal cord
level, which partially prevents the development of neuropathic pain
(Ledeboer et al., 2005; Meunier et al., 2007). NF-xB inhibitors can
also relieve established neuropathic pain (Lee et al., 2011). In previ-
ous studies (Wang et al., 2018), we confirmed that NF-kB is primarily
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located in the spinal dorsal horn neurons of rats with BCP, and in-
trathecal injection of NF-xB inhibitors significantly inhibited the ex-
pression of proinflammatory molecules and BCP-related behaviours.
This phenomenon demonstrates that NF-xB is involved in the devel-
opment and maintenance of BCP. Therefore, in this study, we did not
prove the role of NF-kB in BCP.

Notably, our experimental study has some limitations. First, in
the current experiment, the cell distribution of Nrf2 and HO-1 was
not consistent. In addition to Nrf2, there are also a variety of signal-
ling molecules and transcription factors that are related to the ex-
pression of HO-1, such as mitogen-activated protein kinase (MAPK)
and activator protein 1 (AP-1) (Singh et al., 2019). Second, we con-
firmed that in the early stage of BCP (6-12 days of BCP), moderate
oxidative stress stimulates the translocation of Nrf2 from the cy-
toplasm of spinal cord neurons to the nucleus, initiating the body's
defence response. Intrathecal injection of SFN for 1 week further
promoted the entry of Nrf2 into the nucleus and significantly re-
duced the hyperalgesia and neuroinflammation induced by bone
cancer. However, with the progression of bone cancer, excessive
oxidative stress inhibits the expression of Nrf2 in the late stage of
BCP (18 days of BCP), which further aggravates the neuroinflam-
matory response. After 18 days of BCP, whether promoting the
entry of Nrf2 into the nucleus reduces the hyperalgesia and neu-
roinflammation caused by bone cancer needs to be further explored.
Finally, in the BCP model, the correlation between the Nrf2 and NF-
kB signalling pathways may not be one-way but, instead, may rep-
resent a loop. Several studies have shown that NF-kB reduces the
transcription of ARE genes by increasing the recruitment of histone
deacetylase 3 (HDAC3) to the ARE region, thereby inhibiting Nrf2
activation (Ahmed et al., 2017). This phenomenon indicates that NF-
kB negatively regulates the expression of Nrf2, which might explain
why Nrf2 and NF-kB exhibited completely opposite trends with the
development of BCP. However, these results need to be further con-
firmed by subsequent experiments.

In summary, we found that Nrf2 expression in spinal dorsal horn
neurons increases after tumour inoculation and translocated from
the cytoplasm to the nucleus. The activation of the NF-xB signalling
pathway and the release of downstream inflammatory molecules re-
quire regulation by the Nrf2/HO-1 signalling pathway, which might
help us understand the reason for an excessive neuroinflammatory

response during the development and maintenance of BCP in rats.
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