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Abstract. Treatment of cancer‑induced bone pain (CIBP) is 
challenging in clinical settings. Oxycodone (OXY) is used to 
treat CIBP; however, a lack of understanding of the mecha-
nisms underlying CIBP limits the application of OXY. In 
the present study, all rats were randomly divided into three 
groups: The sham group, the CIBP group, and the OXY group. 
Then, a rat model of CIBP was established by inoculation 
of Walker 256 tumor cells from rat tibia. Phosphoproteomic 
profiling of the OXY‑treated spinal dorsal cords of rats with 
CIBP was performed, and 1,679 phosphorylated proteins were 
identified, of which 160 proteins were significantly different 
between the CIBP and sham groups, and 113 proteins were 
significantly different between the CIBP and OXY groups. 
Gene Ontology analysis revealed that these proteins mainly 
clustered as synaptic‑associated cellular components; among 
these, disks large homolog 3 expression was markedly 
increased in rats with CIBP and was reversed by OXY treat-
ment. Subsequent domain analysis of the differential proteins 
revealed several significant synaptic‑associated domains. In 
conclusion, synaptic‑associated cellular components may be 
critical in OXY‑induced analgesia in rats with CIBP.

Introduction

Cancer‑induced bone pain (CIBP) is a common symptom of 
patients with advanced cancer, which seriously affects their 
quality of life  (1,2). Although pain is common in patients 
with bone cancer, effectively preventing and controlling CIBP 
remains one of the most difficult tasks for pain management 
professionals (3‑5). In recent years, oxycodone (OXY) has 
become the first line of treatment for CIBP (6). OXY is a 
semi‑synthetic opioid analgesic derived from the naturally 
occurring thebaine (7). An improved understanding of the 
mechanism of action of OXY is required due to the increase in 
the number of OXY‑dependent patients and cases of mortality 
caused by OXY overuse (8,9).

The phosphorylation of certain molecules in the central 
and peripheral nerves can cause hyperalgesia in rats with 
CIBP (10,11). For example, the phosphorylation of calmodulin 
can activate a variety of signaling pathways to promote inflam-
matory factors (12,13). OXY, a G protein‑coupled receptor 
agonist, inhibits adenylate cyclase activity, thereby inhibiting 
cAMP production which affects the phosphorylation of 
membrane proteins (14). In nerve cells, the phosphorylation 
of membrane proteins alters the permeability of certain 
ions, including calcium ions, resulting in increased calcium 
influx  (15). OXY exerts analgesic effects by inhibiting 
adenylate cyclase activity and regulating the phosphorylation 
of cellular proteins (14,15). However, the majority of previous 
studies have focused on the role of a specific molecule (16,17). 
At present, little is known regarding the alterations in the 
phosphorylated protein profile in spinal dorsal horn tissue 
from rats with bone cancer‑induced pain. Therefore, the effect 
of OXY on the phosphorylated protein profile of spinal dorsal 
horn tissue during the treatment of rats with CIBP requires 
further investigation. In the present study, tandem mass tag 
(TMT) phosphorylation proteomics was used to analyze the 
phosphorylated molecular signal of OXY in rats with CIBP.

As an essential complement to the postgenomic era, 
proteomics techniques have been used to study the proteome 
expression levels in various animal pain models  (18‑20). 
Quantitative phosphorylation proteomics analysis based on 
the isobaric tag for relative and absolute quantitation/TMT is 
one of the most commonly used methods, having numerous 
advantages over gel technology, and can directly quantify and 
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compare protein levels in samples with greater efficiency and 
accuracy (21). Information concerning up‑ or downregula-
tion of phosphorylated proteins or kinases can be obtained 
using TMT proteomics techniques, which aid predictions of 
potential signal transduction processes (22). The purpose of 
the present study was to obtain a phosphorylated protein profile 
of the spinal cord dorsal horn tissue of rats with CIBP before 
and after OXY administration using the TMT phosphorylation 
proteomics method. The present findings may provide novel 
insight into the mechanism underlying CIBP and the effects of 
OXY on hyperalgesia.

Materials and methods

Animals. Adult female Sprague‑Dawley rats (9 weeks old, 
n=99), weighing 180‑220 g, were purchased from ZheJiang 
Academy of Medical Sciences and were housed in a 12‑h 
dark/light environment at 22‑24˚C with a relative humidity 
of 40‑60%. Food and water were freely accessible. The rats 
were acclimated to the environment for 5 days prior to the 
experiments. They were 33 rats per group in the study for the 
various assays; 12 rats in each group were used to evaluate the 
PWT and the X‑ray of the tibia in rats with CIBP, 21 rats in 
each group were used for protein quantitative analysis and WB 
analysis, and 3 rat tibias were used for HE staining. All animal 
experiments and protocols were approved by the Jiaxing 
University Institutional Animal Care and Use Committee, 
and were performed in accordance with the Association for 
Assessment and Accreditation of Laboratory Animal Care 
(http://www.aaalac.org/accreditation/rules.cfm) and the 
Institutional Animal Care and Use Committee (https://blink.
ucsd.edu/sponsor/iacuc/links.html#Guidelines) guidelines 
All rats were sacrificed by intraperitoneal injection of excess 
pentobarbital (100 mg/kg). Death was verified by a lack of 
cardiac pulse, and fixed and dilated pupils.

Tumor cell preparation. Tumor cells were prepared as 
described previously (23‑26). Walker 256 rat breast tumor 
cells were donated by Nanjing University. Walker‑256 cells 
were grown in Dulbecco's modified Eagle medium containing 
4.5 g/l glucose, 100 mg/l penicillin, 100 mg/l streptomycin, 
supplemented with 10% fetal bovine serum and 5% carbon 
dioxide at 37˚C. The cells (0.5  ml; 2x107  cells/ml) were 
intraperitoneally injected into the female rats. After a week, 
~5 ml of ascites was extract from the rats, then centrifuged 
at 2,500 x g for 3 min at 4˚C, then washed with PBS and 
suspended in D‑Hank solution (PB180321, Procell Life 
Science & Technology Co., Ltd.) to reach a final concentra-
tion of 1x107 cells/ml. The same concentration of heat‑killed 
tumor cells (obtained by heating at a high temperature) was 
used in the sham group.

CIBP model. Walker 256 tumor cells were injected into the left 
iliac marrow cavity of rats to simulate the development of CIBP 
clinical pathophysiology as previously described (23,24,27). 
Briefly, 10 µl Walker 256 cells (1x107 cells/ml) were slowly 
injected into the medullary cavity of the left tibia of rats in 
the CIBP group after the rats were anesthetized with sodium 
pentobarbital (60 mg/kg; intraperitoneally). The same method 
was used for heat‑killed cells in rats in the sham group. Finally, 

all rats undergoing inoculation were allowed to recover 
naturally for 3 days prior to experiments.

Bone X‑ray examination. X‑ray examination of the left tibia 
bone was performed on the 12th and 21st  days following 
cancer cell inoculation to confirm destruction of the tibial bone 
caused by tumor inoculation. The rats underwent a flat X‑ray 
examination following anesthesia with sodium pentobarbital 
(60 mg/kg; intraperitoneal injection). Tumor cell infiltration 
and bone destruction were assessed in the bone using an 
E‑COM Technology Digital Radiographer system (n=3 rats 
per group; E‑COM Technology, Ltd.).

Histological analysis of bone. Rats (n=3 per group) were sacri-
ficed with pentobarbital (100 mg/kg; intraperitoneal injection) 
on the 12th day after tumor inoculation. The tibial tissue 
surrounding the inoculation site was collected (1 cm total) and 
fixed for 24 h in the 4% phosphate‑buffered paraformaldehyde 
at 4˚C. The tibia was decalcified in 10% EDTA solution for 24 h 
at 55˚C. Subsequently, the tissue was dehydrated, embedded 
in paraffin and cut into 8‑µm sections using a microtome 
(Reichert‑Leica RM2235; Leica Microsystems GmbH). The 
extent of tumor cell infiltration and bone destruction was 
verified by staining with hematoxylin and eosin. Briefly, the 
section was placed in Mayer's hematoxylin dye solution (cat. 
no. H9627; Sigma‑Aldrich; Merck KGaA) for 5‑7 min at room 
temperature, and washed with tap water to blue. All images 
were captured under a fluorescent microscope using a x10 or 
x20 objective lens (Olympus BX51; Olympus Corporation).

Drug administration. The administration of saline (0.9%) and 
OXY hydrochloride injection (OxyNorm; 10 mg/ml; Napp 
Pharmaceuticals, Ltd.) was randomized (n=21). OXY was 
diluted to 0.5 mg/ml with 0.9% saline and intraperitoneally 
injected at a dose of 2.5 mg/kg twice daily for 5 consecutive 
days from the 8th day after the injection of tumor cells to 
establish the CIBP model, as described previously (7,17,28,29). 
Saline was used in the control group.

Mechanical allodynia assessment. The alterations in the pain 
threshold of the left hind paw of rats, which were represented 
by paw withdrawal threshold (PWT) values (in g), were evalu-
ated using an electronic von Frey's anesthesia meter (IITC 
Life Science Inc.). Prior to each test, the rats were placed in 
a glass box (25x20x20 cm3) and were allowed to move freely 
for 30 min to adapt to the wire mesh platform. The test was 
repeated three times with a minimum of 5 min between each 
stimulus. The test was conducted 1 h before (pretest) and 
30 min after the second daily saline or drug administration. 
The test was also conducted 0, 15, 30, 60, 120 and 240 min 
after last administration. The mean of three tests was used 
as the PWT value of the hind paw of each rat. All tests were 
performed by investigators blinded to the experimental group.

Protein preparation. The rats were sacrificed 30 min after 
the last drug or saline administration on the 12th day, and 
the lumbar enlargement was quickly removed and stored in 
liquid nitrogen (23) (n=21). The tissue sample was mixed with 
a suitable amount of SDT lysate (4% SDS, 100 mM Tris‑HCl, 
1 mM DTT; pH 7.6), transferred to a 2‑ml centrifuge tube 
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pre‑packed with a suitable amount of quartz sand and homog-
enized using an MP homogenizer (24x2; 6.0 M/S; 60 sec; 
twice). Subsequently, the sample was sonicated (80 W; work 
10 sec, intermittent 15 sec, cycle 10 times) and kept in boiling 
water for 15 min. Following centrifugation at 14,000 x g for 
40 min at 4˚C, the supernatant was filtered through a 0.22‑µm 
filter and the filtrate was collected. Protein quantification was 
performed using the bicinchoninic acid method. The samples 
were stored at ‑80˚C, and 54 samples were used for liquid 
chromatography (LC)/mass spectrometry (MS) proteomics 
analysis, and nine samples were used for western blot analysis.

TMT labeling. Each of the six protein samples was labeled 
as a sample pool, with three sample pools in each group. A 
total of nine sample pools were used for TMT labeling. Protein 
samples (100 µg) were labeled according to the manufacturer's 
protocol (TMT 6plex Mass Tag Labeling Kits and Reagents; 
cat. no. 90068; Thermo Fisher Scientific, Inc.). Briefly, the 
sham group was labeled with 126, 127N and 127C, and the 
CIBP group was labeled with 128N, 128C and 129N. The 
OXY group was labeled with 129C, 130N and 130C.

Phosphopeptide enrichment. The labeled peptide solution was 
freeze‑dried, and 1X 1,5‑dihydroxybenzoic acid (DHB) buffer 
was added (5X DHB buffer comprised 3% DHB, 80% acetoni-
trile and 0.1% trifluoroacetic acid) and diluted with water at a 
1:4 ratio. The TiO2 beads were added to the solution, agitated 
for 40 min and the solution was centrifuged at 14,000 x g 
for 40 min at 37˚C to remove the supernatant. The beads 
were transferred to the stopper tip and washed. The elution 
buffer (10 mM Tris‑Cl; pH 8.5) was added for elution, and 
phosphopeptides were collected, concentrated as previously 
described (30) and dissolved in 30 µl 0.1% formic acid. A total 
of 20 µl was used for MS analysis.

LC‑MS/MS analysis. A total of 3 sample pools in each 
group were separated and injected using the Easy nLC1000 
nanoliter flow high‑performance liquid chromatography 
(Thermo Scientific EASY‑nLC 1000 system, Thermo Fisher 
Scientific, Inc.). Buffer solution A was 0.1% formic acid in 
water, and solution B was 0.1% formic acid in acetonitrile 
(84% for acetonitrile). Furthermore, 95% of solution A was 
used to balance the column. The samples were loaded from 
an autosampler onto a loading column (Thermo Scientific 
Easy column; 2  cm x100  µm, 5  µm‑C18; Thermo Fisher 
Scientific, Inc.) and then separated using an analytical column 
(0.075x250 mm, 3 µm‑C18) at a flow rate of 250 nl/min. The 
relevant liquid‑phase gradients were as follows: 0‑220 min, 
B liquid linear gradient from 0‑55%; 220‑228 min, B liquid 
linear gradient from 55‑100%; 228‑240 min, B fluid main-
tained at 100%. Next, the samples were analyzed using a 
Q‑Exactive mass spectrometer (Thermo Fisher Scientific, Inc.) 
following separation using the following parameters: Analysis 
time, 240 min; detection method, positive ion; parent ion scan-
ning range, 350‑1,800 m/z; the primary mass spectrometry 
resolution, 70,000, m/z 200; automatic gain control target, 
3x106; first‑level maximum ion‑trap time (IT), 20 msec; scan 
range, 1; and dynamic exclusion time, 30.0 sec; the nitrogen 
gas temperature was 300˚C, the nebulizer pressure 310.28 kpa 
and the flow rate, 12 l/min.

Database searching. Mass spectral analysis raw data for RAW 
files using Mascot 2.2 (Matrix Science, Ltd.) and Proteome 
Discoverer 1.4 software (Thermo Fisher Scientific, Inc.) were 
used for identification and quantitative analysis. The database 
used in the present study was uniptot_Rat_35897_20170511.
fasta with the following search parameters: Enzyme, trypsin; 
max missed cleavages, 2; fixed modifications, carbamido-
methyl I; variable modifications, oxidation (M) phospho (ST) 
phospho (Y); peptide mass tolerance, ±20 ppm; fragment 
mass tolerance, 0.1 Da. The results of the filter parameters 
were peptide false discovery rate ≤0.01, as described previ-
ously (31). The Proteome Discoverer 1.4 software was used 
to perform quantitative analysis based on the reported peak 
intensity of peptide ions. The peptide quantification result 
was the ratio of the signal intensity value of the label where 
the reference sample was located to the signal intensity value 
of other labels. The protein quantification result was the 
median of the quantitative results of the identified peptides. 
The final quantification results were normalized by the 
median of each label to eliminate the error in the amount 
of sample introduced by human factors in the experiment. 
Mass spectral data were searched using the Mascot soft-
ware and analyzed using Proteome Discoverer 1.4 software 
for phosphopeptides. The Phospho RS score was >50, and 
Phospho RS site probabilities >75% indicated that the phos-
phorylation modification had higher credibility (32). The MS 
data were deposited to the Proteome X change Consortium 
(http://www.proteomexchange.org) with the dataset identifier 
PXD011729.

Bioinformatics analysis. The distribution of individual Gene 
Ontology (GO) (33,34) classifications in the target and overall 
protein sets was compared using a right‑tailed Fisher's exact 
test when performing a GO annotation enrichment analysis 
on the target protein set by Blast2GO  (35). The domain 
enrichment analysis was performed with a right‑tailed 
Fisher's exact test using the Pfam (http://pfam.xfam.org/) 
database. P<0.05 was considered to indicate a statistically 
significant difference.

Western blot analysis. Total protein extracts were obtained 
from tissue homogenates using RIPA buffer (Sigma) and were 
quantified using a Bicinchoninic Acid Assay kit (Bio‑Rad 
Laboratories, Inc.). Equal amounts of protein (50 µg) were 
separated by 10% SDS‑PAGE and transferred onto a PVDF 
membrane (EMD Millipore). The membrane was then blocked 
with 5% non‑fat milk for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4˚C. The primary 
antibodies used were as follows: Mouse anti‑GAPDH (mouse 
monoclonal antibody; 1:1,000 dilution; cat. no.  ab8245; 
Abcam) and rabbit anti‑disks large homolog 3 (DLG3; rabbit 
polyclonal antibody; 1:750 dilution; cat. no. ab3438; Abcam). 
The membrane was incubated with horseradish peroxi-
dase‑conjugated secondary goat anti‑rabbit IgG antibody 
(goat polyclonal antibody; 1:3,000 dilution; cat. no. A0545; 
Sigma‑Aldrich; Merck KGaA) for 1 h at room temperature 
after three washes in TBS with Tween‑20 (0.05%). Finally, the 
optical density of the target tape was analyzed using ImageLab 
3.0 software (Bio‑Rad Laboratories, Inc.). GAPDH was used 
as the internal control.
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Statistical analysis. SPSS 21.0 statistical software (IBM 
Corp.) was used for analysis, and measurement data (n=12) 
are presented as the mean ± SD. One‑way ANOVA was used 
for comparisons among groups followed by the Bonferroni 
post hoc test; for time course experiments of nociception, 
repeated‑measures ANOVA followed by Bonferroni post hoc 
test was used. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Verification of CIBP model. In the present study, a rat model 
of CIBP was established by inoculation of Walker‑256 breast 
cancer cells into the medullary cavity of the tibia and the 
model was subsequently verified by three methods, including 
X‑ray imaging, hematoxylin staining and determination of 
PWT of the hind paw. No significant changes were observed 
in the X‑ray image of the tibia of the sham group. Cortical 
bone destruction occurred in the CIBP group rats as indicated 
by the black arrow on the 12th days after inoculation of tumor 
cells (Fig.  1A). Hematoxylin staining of the tibia showed 
that the tumor cells infiltrated into the medullary cavity on 
12th days after modeling in the CIBP rats as indicated by the 
black arrow (Fig. 1B); This phenomenon was not observed in 

the sham group. By measuring the PWT of hind paw in rats, it 
was found that there was no significant difference in the PWT 
of hind paw in the CIBP group compared with the sham group 
on baseline (BL; P>0.05). Compared with the control group, 
the PWT of hind paws was statistically significant (P<0.05) on 
the fifth day of inoculation of tumor cells in the CIBP group, 
and the PWT of hind paws continued to decrease, and began 
to stabilize after the 12th day (Fig. 1C).

Effects of intraperitoneal injection of OXY on mechanical 
allodynia in CIBP. Saline or OXY were intraperitoneally 
administered in the sham and CIBP groups to examine the 
effects of OXY on CIBP behavior. The preliminary experiments 
demonstrated that the onset time of OXY using the systemic 
administration route was 15 min, with peak efficacy after 30 min 
and efficacy lasting for 2‑4 h (Fig. 2B), which was consistent with 
the results of previous studies (7,28,36,37). As shown in Fig. 2A, 
the PWTs in the OXY group were increased significantly 30 
min after daily treatment (2.5 mg/kg; intraperitoneally). These 
results indicated that OXY (2.5  mg/kg; intraperitoneally) 
reversed the decreased PWTs in the CIBP model.

Phosphorylated protein atlas in rats with CIBP following OXY 
treatment. TMT quantitative phosphoproteomic technology 

Figure 1. Verification of the CIBP model. (A) Radiographs of tibias following the inoculation of tumor cells. The white arrow points to normal bone structure. 
The black arrows point to the destruction of the cortical bone that occurred after injection of the tumor cells. (B) Hematoxylin staining of the tibia following 
tumor inoculation. The malignant tumor cells infiltrated the marrow space on the 8th day after the tumor cell inoculation, as indicated by the black arrows. 
The magnification (x100, x200 or x400) of the images is indicated in the figure. (C) PWT value of left hind paw following tumor inoculation (arrowed; n=12). 
The PWT value of the left hind paw in the CIBP group, compared with that in the sham group, began to decrease on the fifth day. One‑way ANOVA was used 
for behavioral analysis. *P<0.05, **P<0.01 vs. sham group. BL, baseline; CIBP, cancer‑induced bone pain; PWT, paw withdrawal threshold.
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was used in the present study to further investigate the altera-
tions in protein and phosphorylated protein profile of the spinal 
dorsal horn following the intraperitoneal injection of OXY in 
rats with CIBP. As a result, a total of 4,863 phosphorylated 
peptides and 1,679 phosphorylated proteins were identified in 
all three groups (sham, CIBP and OXY). Additionally, 19,379 
phosphosites were identified (Fig.  3A; Table  SI). Among 
all phosphosites, serine accounted for 75.5%, threonine 
for 20.9% and tyrosine for 3.6% (Fig. 3B). Using a 1.2‑fold 
cut‑off for hypophosphorylation and hyperphosphorylation 
events (P<0.05), 217 differentially abundant phosphorylated 
peptides, including 160 differentially abundant phosphory-
lated proteins, were identified between the CIBP and sham 
groups. Compared with the sham group, 114 phosphorylated 
peptides were upregulated and 103 downregulated in the CIBP 
group (Fig. 3C; Table SII). A total of 160 differentially abun-
dant phosphorylated peptides, including 113 differentially 
abundant phosphorylated proteins, were identified between the 
CIBP and OXY groups. A total of 54 phosphorylated peptides 
were upregulated and 106 were downregulated in the CIBP 
group (Fig. 3D; Table SIII). Furthermore, 14 differentially 
abundant phosphorylated peptides were identified in all three 
groups (Table I). Notably, the levels of all eight upregulated 
phosphorylated peptides were decreased and the levels of 
five downregulated phosphorylated peptides were increased 

following OXY treatment in the CIBP group compared with 
those in the sham group. Only the level of one downregu-
lated phosphorylated peptide remained low following OXY 
treatment (Table I).

GO enrichment analysis of cellular components. GO analysis 
of the cellular components of differentially abundant phos-
phorylated proteins between the CIBP and sham groups 
was performed to ascertain how these differentially abundant 
phosphorylated proteins contributed to analgesia in rats with 
CIBP following OXY treatment. The top 10 enriched cellular 
components in the CBP group are presented in Fig. 4A. The top 
10 enriched cellular components between the CIBP and OXY 
groups are presented in Fig. 4B. Notably, seven GO terms were 
included in both lists. Of these, six GO terms were closely 
associated with synaptic function, including GO0044456 
(‘synapse part’), GO0098794 (‘postsynapse’), GO0014069 
(‘postsynaptic density’), GO0099572 (‘postsynaptic special-
ization’), GO0032279 (‘asymmetric synapse’) and GO0098984 
(‘neuron‑to‑neuron synapse’). A total of 23 differentially 
abundant phosphorylated proteins were associated with these 
6 GO terms between the sham and CIBP groups (Table SIV). 
Additionally, 22 proteins belonged to these GO terms between 
the CIBP and OXY groups (Table SV). These were further 
analyzed as candidate proteins, and included eight common 
phosphorylated proteins (Tables SIV and SV) represented by 
a red font. Of note, the levels of five phosphorylated proteins, 
including phosphorylated microtubule‑associated protein 1A, 
phosphorylated microtubule‑associated protein 1B (MAP1B), 
phosphorylated protein bassoon, phosphorylated erythrocyte 
membrane protein band 4.1‑like 3 and phosphorylated disks 
large homolog 3 (DLG3), were increased in rats with CIBP 
compared with in rats in the sham group. However, the levels 
of these phosphorylated proteins decreased following OXY 
treatment.

Domain enrichment analysis of the differential proteins. 
Subsequent domain analysis of the differential proteins 
compared with the sham group suggested several significant 
synapse‑associated domains. Furthermore, these domains 
were also significantly enriched following OXY treat-
ment of rats with CIBP. The domains included PF04382: 
‘Spectrin/actin‑binding (SAB) domain’, PF05902: ‘4.1 protein 
C‑terminal domain’ (CTD) and PF00038: ‘intermediate 
filament protein’ (Fig. 5A and B). In addition, the PF00414: 
‘Neuraxin and MAP1B repeat domains of MAP1B’ were 
significantly enriched in the CIBP group compared with 
the sham group, whereas this domain was not significantly 
enriched after OXY administration (Fig. 5A). The PF00625: 
‘PDZ [postsynaptic density‑95 (PSD‑95)/Disks large/zona-
occludens‑1]‑associated domain of N‑methyl‑D‑aspartic acid 
(NMDA) receptors’, PF10608: ‘polyubiquitination (PEST) 
N‑terminal domain of membrane‑associated guanylate kinase 
(MAGUK)’ and PF00625: ‘guanylate kinase domains’ of 
the bone cancer pain group were not significantly enriched, 
whereas these domains were significantly enriched after OXY 
treatment compared with those in the sham group (Fig. 5B).

Analysis of non‑phosphorylated protein levels. Combined GO 
and domain analyses revealed that synapse‑associated protein 

Figure 2. Determination of PWT after OXY treatment. (A) PWTs in the 
CIBP + OXY group were increased significantly 30 min after daily treatment 
(2.5 mg/kg; intraperitoneally) compared with those in the CIBP + saline 
group. (B) Onset time of OXY via the systemic administration route was 
15 min, with peak efficacy after 30 min and efficacy lasting for 2‑4 h in the 
CIBP + OXY group compared with in the CIBP + saline group. Behavioral 
analysis was performed using repeated‑measures ANOVA. n=12. *P<0.05, 
**P<0.01 vs. CIBP + saline group. BL, baseline; CIBP, cancer‑induced bone 
pain; OXY, oxycodone; PWT, paw withdrawal threshold.



DENG et al:  PHOSPHOPROTEOMIC PROFILING OF SPINAL CORD OF RATS WITH CIBP4700

components exhibited differential enrichment in spinal dorsal 
horn tissues of rats with CIBP following OXY treatment, and 
phosphorylated DLG3 may be a key molecule in OXY treat-
ment of CIBP. Subsequently, the levels of non‑phosphorylated 
DLG3 in the spinal dorsal horn tissue were further analyzed 
using western blot analysis. As shown in Fig. 6, compared 
with the sham group, the DLG3 levels in the spinal dorsal horn 
tissues of rats with CIBP were increased, and OXY reduced 
this effect. It has not been possible to analyze the alterations 
in phosphorylation levels using western blot analysis due to a 
lack of phosphorylation site‑specific antibodies.

Discussion

The CIBP rat model induced using Walker 256 mammary 
tumor cells may simulate the pathogenesis of patients with 
CIBP, and has been widely used in CIBP research (23‑25). 
Of course, a number of studies have also used a variety of 
other animal models to study bone cancer pain  (38,39). 
Schwei et al (38) established a mouse femur bone cancer 
(FBC) pain model by injecting osteolytic mouse sarcoma 
NCTC2472 cells into the femoral bone marrow cavity. 
Similar to the FBC model, the injection of NCTC2472 
cells into the mouse calcaneus can establish a calcaneus 
bone cancer pain model  (39). However, three types of 
cancer often cause bone metastases; breast, prostate and 
lung cancer (2). Therefore, breast cancer cells were used to 
establish a CIBP model in the present study. In the present 
study, three methods were used to validate the CIBP rat 
model, including radiological examination of the left tibia 

bone, hematoxylin staining of the tibia and measurement 
of the PWT of the left hind paw. OXY is an opioid agonist 
widely used for treating moderate to severe pain in clinical 
practice (7). A number of clinical and animal studies have 
demonstrated that OXY reaches peak efficacy at 30 min 
after systemic administration, with the effects lasting for 
2‑4 h (7,36,37). Therefore, in the present study, rats were 
sacrificed 30 min after administration on the 12th day of 
CIBP rats, and spinal cord tissue was collected for phos-
phoproteomic analysis. A total of 1,679 phosphoproteins 
and 4,863 phosphopeptides were identified, in three groups 
using the TMT phosphorylation technique, in addition to 
19,379 phosphorylation sites. Interestingly, 14 differentially 
phosphorylated peptides belonging to 13 phosphorylated 
proteins were identified in the three groups. It was inferred 
that these proteins, including neurofilament heavy poly-
peptide, DLG3 and microtubule‑associated protein, were 
associated with the analgesic effects of OXY.

In the present study, all differentially abundant phospho-
proteins were subjected to GO enrichment analysis. Notably, 
six synapse‑associated GO entries, including GO0044456: 
‘synapse part’, GO0098794: ‘postsynapse’, GO0014069: 
‘postsynaptic density’, GO0099572: ‘postsynaptic specializa-
tion’, GO0032279: ‘asymmetric synapse’ and GO0098984: 
‘neuron‑to‑neuron synapse’, existed in both rankings. 
Synapses are the functional link between neurons and a key 
part of information transmission (40,41). Presynaptic calcium 
influx is a key step in synaptic transmission (42). The neuronal 
activity triggered by long‑term continuous excitatory periph-
eral evoked impulses can specifically alter the structure and 

Figure 3. Phosphoproteomic analysis. (A) A total of 1,679 phosphoproteins, 4,863 phosphopeptides and 19,379 phosphosites were identified. (B) Phosphorylation 
site distribution. (C) Differentially abundant phosphopeptides between the sham and CIBP groups. (D) Differentially abundant phosphopeptides between the 
CIBP and OXY groups. CIBP, cancer‑induced bone pain; OXY, oxycodone.
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function of synapses, and this abnormal long‑term potentia-
tion of synaptic transmission is crucial in the development of 
pain  (43,44). Phosphorylation modification can regulate 
synaptic function, and the enhancement of NMDA receptor 
function in the glutamatergic postsynaptic membrane is 
central in the formation of central hyperalgesia (44,45). The 
NMDA receptor‑gated channel regulates calcium influx in the 
postsynaptic membrane (10,42). Intracellular calcium influx 
leads to the activation of calmodulin, further activating a 
variety of signaling pathways, which serve important roles in 
pain transmission (12,13), including the p38‑mitogen‑activated 
protein kinase signaling pathway (46). Therefore, synaptic 
structure and functional adaptation is an important step in 
the development of central hyperalgesia (43,44,46). MAGUKs 
located in the postsynaptic density, including DLG3, PSD‑95, 
DLG1 and PSD‑93, can anchor NMDA receptors in the post-
synaptic membrane (47,48). Their protein interaction with 
the NMDA receptor enhances the function of glutamatergic 
excitatory synapses (47,48). The inhibition of postsynaptic 

density activity can interfere with NMDA receptor activa-
tion and produce an analgesic effect (47,49). In the present 
study, DLG3 abundance was increased in the spinal dorsal 
horn tissue in the CIBP group compared with that in the sham 
group, and OXY administration reversed this effect. This was 
consistent with the results of previous studies (14,50).

Subsequently, domain enrichment analysis was performed 
to understand the functional region alterations of these differen-
tially abundant proteins. The results indicated that the domains 
involved in synapse‑associated differential proteins were the 
PDZ‑associated domain of NMDA, polyubiquitination (PEST) 
N‑terminal domain of MAGUK, intermediate filament protein, 
neuraxin and MAP1B repeat, 4.1 protein‑ezrin‑radixin‑moesin 
N‑terminal domain, 4.1 protein CTD and SAB domain. The 
differential proteins with PDZ‑associated domain of NMDA 
receptors and a polyubiquitination (PEST) N‑terminal domain 
of MAGUK domains were DLG3 and DLG1 before and 
after OXY administration in rats with CIBP, respectively. 
Unexpectedly, no significant difference in this domain was 

Figure 4. GO enrichment analysis of CC terms. (A) Top 10 CCs between the sham and CIBP groups. (B) Top 10 CCs between the CIBP and OXY groups. 
Among these, six GO terms were closely associated with synaptic function, including GO0044456 (‘synapse part’), GO0098794 (‘postsynapse’), GO0014069 
(‘postsynaptic density’), GO0099572 (‘postsynaptic specialization’), GO0032279 (‘asymmetric synapse’) and GO0098984 (‘neuron‑to‑neuron synapse’). The 
vertical coordinate is the process name, and the horizontal coordinate is the number of differential proteins enriched. A right‑tailed Fisher's exact test was used. 
The P‑value is represented by a color. P<0.05 was considered to indicate a statistically significant difference. CC, cellular component; CIBP, cancer‑induced 
bone pain; GO, Gene Ontology; OXY, oxycodone.
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identified in rats with CIBP compared with the sham group, 
despite an increase in DLG3 abundance. PDZ‑associated 
domain binds to glutamate NMDA receptor NR2 subunit, 
promotes NMDA receptor function activation and enhances 
glutamatergic excitatory synaptic activity (47,48,51). In addi-
tion, the N‑terminal of DLG3 also possesses a specific NMDA 
receptor N2B subunit‑binding site (47). Phosphorylation of 
DLG3, which depends on calcineurin activation, promotes the 
transport of glutamate receptors and their anchoring on the cell 
membrane (52). It is worth noting that OXY inhibits calcium 
influx in cells and calmodulin activity (14). In the present 
study, the decrease in abundance of phosphorylated DLG3 
after OXY administration may have been due to the inhibition 
of calcineurin. This would result in the inhibition of glutama-
tergic synaptic function (14). Therefore, it was hypothesized 
that calcineurin was a key kinase for the phosphorylation of 
synaptic proteins, whereas OXY could cause analgesia by 
inhibiting phosphorylation kinase activity and regulating 
synaptic protein phosphorylation. However, the alterations in 

Figure 5. Domain enrichment analysis of differential proteins. (A) Domain enrichment analysis of the differential proteins between the sham and CIBP 
groups. (B) Domain enrichment analysis of the differential proteins between the CIBP and OXY groups. The vertical coordinate is the name of the domain 
and the horizontal coordinate is the number of differential proteins enriched. The right‑tailed Fisher's exact test was used. Different colors indicate P‑values, 
and P<0.05 was considered to indicate a statistically significant difference. AbLIM, actin‑binding LIM protein; CIBP, cancer‑induced bone pain; FERM, 4.1 
protein ezrin radixin moesin; MAGUK, membrane‑associated guanylate kinase; MAP1B, microtubule‑associated protein 1B; MHC I, major histocompat-
ibility complex I; NMDA, N‑methyl‑D‑aspartic acid; OXY, oxycodone; PDZ, postsynaptic density‑95/disks large zonaoccludens‑1; SAB, spectrin and actin 
binding; Surp module, suppressor‑of‑white‑apricot domain.

Figure 6. Expression levels of DLG3 in the spinal cord after OXY treatment. 
(A) Lumbar enlargement was recorded after the last OXY administration on 
day 12 using western blot analysis (n=3). (B) Relative density of DLG3 in the 
spinal cord after OXY treatment on day 12. One‑way ANOVA followed by a 
Bonferroni post hoc test was used for analysis. *P<0.05. CIBP, cancer‑induced 
bone pain; DLG3, disks large homolog 3; OXY, oxycodone.
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abundance of phosphorylated DLG3 were not conclusively due 
to alterations in the abundance of non‑phosphorylated DLG. 
The focus of future research should be on how OXY regulates 
the functional regions of synaptic protein phosphorylation.

In conclusion, the present study revealed alterations in the 
phosphorylated protein profile of spinal cord tissues before 
and after intraperitoneal injection of OXY in rats with CIBP. 
By combining phosphorylation proteomics and bioinformatics 
analysis, the present study provided a novel perspective for 
further understanding the mechanism underlying bone pain 
hyperalgesia and the mechanism of action of OXY. The phos-
phorylation of synapse‑associated cellular component proteins 
may have an important role in the development of hyperalgesia 
in rats with CIBP.
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