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Minocycline attenuates bone cancer pain in rats by 
inhibiting NF-κB in spinal astrocytes
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Aim: To investigate the mechanisms underlying the anti-nociceptive effect of minocycline on bone cancer pain (BCP) in rats.
Methods: A rat model of BCP was established by inoculating Walker 256 mammary carcinoma cells into tibial medullary canal.  Two 
weeks later, the rats were injected with minocycline (50, 100 μg, intrathecally; or 40, 80 mg/kg, ip) twice daily for 3 consecutive days.  
Mechanical paw withdrawal threshold (PWT) was used to assess pain behavior.  After the rats were euthanized, spinal cords were 
harvested for immunoblotting analyses.  The effects of minocycline on NF-κB activation were also examined in primary rat astrocytes 
stimulated with IL-1β in vitro.
Results: BCP rats had marked bone destruction, and showed mechanical tactile allodynia on d 7 and d 14 after the operation.  
Intrathecal injection of minocycline (100 μg) or intraperitoneal injection of minocycline (80 mg/kg) reversed BCP-induced mechanical 
tactile allodynia.  Furthermore, intraperitoneal injection of minocycline (80 mg/kg) reversed BCP-induced upregulation of GFAP 
(astrocyte marker) and PSD95 in spinal cord.  Moreover, intraperitoneal injection of minocycline (80 mg/kg) reversed BCP-induced 
upregulation of NF-κB, p-IKKα and IκBα in spinal cord.  In IL-1β-stimulated primary rat astrocytes, pretreatment with minocycline (75, 
100 μmol/L) significantly inhibited the translocation of NF-κB to nucleus.
Conclusion: Minocycline effectively alleviates BCP by inhibiting the NF-κB signaling pathway in spinal astrocytes.  
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Introduction
Bone cancer pain (BCP) is a unique type of chronic pain that 
derives from primary bone sarcomas or metastases from 
breast, lung, prostate, or other solid tumors.  BCP consists of a 
triad of states, namely, tonic pain or ongoing pain, spontane-
ous pain, and movement-induced pain[1–3], and it substantially 
influences the survival and quality of life of cancer patients[4].  
To date, the existing treatment for BCP remains deficient.

Over the previous few decades, BCP models have been 
successfully established[5], and there is increasing evidence 
that indicates spinal astrocytes participate in the process[6, 7] 
by releasing pro-inflammatory cytokines and chemokines[7–9].  
Moreover, nuclear factor kappa B (NF-κB), an important tran-
scriptional factor mediating cytokine production[8, 10, 11], is 
activated in spinal astrocytes during a chronic pain state[8, 12].  

Therefore, blocking NF-κB may represent a therapeutic strat-
egy for relieving pain[13–15].

Minocycline, a second generation tetracycline antibiotic, 
selectively inhibits microglia.  However, accumulating evi-
dence indicates that it prevents chemotherapy-induced 
peripheral neuropathy (CIPN) via the inhibition of astro-
cytes[16–19].  Moreover, it has also been demonstrated that 
minocycline down-regulates NF-κB activity in several other 
cell lines[20, 21].  Whether minocycline alleviates BCP by inhibit-
ing NF-κB in spinal astrocytes has not been fully explored and 
understood.  Therefore, the present study was designed to 
examine the mechanisms underlying the effects of minocycline 
on BCP.  

Materials and methods
Animals
Virgin female Wistar rats (180–200 g, specific pathogen-free 
grade) were supplied by the Experimental Animal Research 
Center of Hubei Province, Wuhan, China (No 42000600006171).  
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Animals were housed under standard conditions (individually 
maintained at a temperature of 22±2 °C, 12/12-h light/dark 
cycle, with ad libitum access to food and water).  All experi-
ments were conducted with the approval of the Animal Care 
and Use Committee of Huazhong University of Science and 
Technology and were in accordance with the guidelines of the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (revised 2011).  

The experimental protocol is as illustrated in Figure 1.  
Five days prior to the start of the study, an intrathecal can-
nula operation was performed.  At d 0, rat BCP models were 
established with the inoculation of Walker 256 mammary 
carcinoma cells.  To assess pain perception, a mechanical paw 
withdrawal threshold (PWT) test was performed prior to BCP 
surgery and at d 3, 7, and 14.  Tissues were harvested to iden-
tify morphological changes in the tibial bone or PSD95, GFAP, 
NF-κB p65, p-IKKα, and IκBα changes in the spinal cord.  To 
determine the analgesic effects of minocycline, the drug was 
administered from d 14 twice per day for 3 consecutive days.  
The mechanical PWT was tested at d 14, 15, 16, and 17.  The 
spinal cords were collected to investigate the mechanisms of 
minocycline at d 17.

Intrathecal catheters implant
Intrathecal cannula operation was performed 5 d prior to 
the BCP operation, as described in our previous reports[22, 23].  
Briefly, after the animals were anesthetized with pentobarbital 
sodium (40 mg/kg, intraperitoneal injection [ip]), a polyeth-
ylene catheter (PE-10 tube), with an inner diameter of 0.3 mm 
and an outer diameter of 0.6 mm (PE-0503, Anilab Software & 
Instruments, Ningbo, China), was implanted 5 mm cephalad 
into the lumbar subarachnoid space through the L4–L5 inter-
vertebral space.  An intrathecal injection of 1% lidocaine (10 
μL) was used to confirm the catheter position.  The rat was 
eliminated if there were signs of nerve injury.  The outside ter-
minus was sealed after each injection.

Preparation of Walker 256 mammary carcinoma cells
Walker 256 mammary carcinoma cells were inoculated into the 
abdominal cavity of female Wistar rats.  After 7 d, cells were 
extracted from the ascites, washed with D-Hank’s solution, 
and centrifuged at 500×g for 5 min at 4 °C (5 cycles).  The cells 
were subsequently calibrated at a concentration of 4×107/mL 
and maintained on ice until inoculation.

BCP modeling
Rat BCP models were established using previously described 
methods[7, 23-25].  In brief, under anesthesia with pentobarbital 
sodium (40 mg/kg, ip), rats were placed in a supine position, 
and the right leg was shaved and disinfected with 7% iodine.  
A minimally invasive incision was made parallel to the tibia 
to expose the plateau.  A 23-gauge needle was inserted into 
the tibial medullary canal to create a pathway for carcinoma 
cell injection and was subsequently replaced with a 10-μL 
Hamilton syringe.  A volume of 10 μL that contained Walker 
256 mammary carcinoma cells (approximately 4×105) was 
slowly injected into the intramedullary space of the right tibia 
in the BCP group (n=48), whereas an equivalent volume of 
D-Hank’s solution was injected into the sham rats (n=9).  The 
injection site was sealed with bone wax as soon as the syringe 
was retracted, and the skin was subsequently sutured with 4-0 
silk thread (SA83G, Johnson & Johnson Medical (China) Ltd, 
Shanghai, China).  All rats were placed on a warm pad until 
full recovery from anesthesia; once recovered, the rats were 
transferred to their individual cages.

Bone histology
Right tibial bones were collected from euthanized rats for bone 
histological investigation.  The bones were post-fixed with 4% 
paraformaldehyde (PFA) for 72 h, decalcified in 10% ethyl-
enediaminetetraacetic acid (EDTA) (pH=7.4) for 3 weeks, and 
decalcified in decalcifying solution for 24 h.  The tibias were 
washed, dehydrated, embedded in paraffin, and cut into 5-μm 
thick sections, which were stained with hematoxylin and eosin 
to investigate carcinoma cell invasion and bone destruction.

Mechanical paw withdrawal threshold (PWT) test
The mechanical PWT test was performed on d 0, 3, 7, and 14 at 
09:00 AM.  To identify the effects of minocycline on PWT, mea-
surements for drug- or vehicle-treated BCP rats were obtained 
1 h prior to administration.  The results from d 14 after the 
Walker 256 mammary carcinoma cell inoculation were set as 
the baseline, and measurements were obtained every day for 
the next 3 d.  The examiner was blind to the drug treatments.  
The rats were placed in individual Plexiglas chambers (10 
cm×10 cm×15 cm) with a wire net floor (graticule: 0.5 cm×0.5 
cm) and were habituated for 30 min.  Similar to our previous 
reports[23, 26], a range of von Frey filaments (1-, 1.4-, 2-, 4-, 6-, 8-, 
10-, and 15-g bending force; Stoelting, Wood Dale, IL, USA), 
starting with 1 g and ending with 15 g in ascending order, were 
applied to determine the PWT.  The duration of each stimulus 
was maintained for approximately 1 s.  Each monofilament 
was applied five times with a 10-s interval between applica-
tions.  Quick withdrawal or paw flinching was considered a 
positive response.  The threshold for sensitivity to mechanical 
stimuli was recorded as the bending force of the filament for 
which at least 60% of the applications elicited a response.

Drug administration protocol
Thirty-nine rats in the BCP group were randomly distributed 
into six subgroups: vehicle (saline) intrathecal group (n=6), 

Figure 1.  Schematic diagram of the experimental design.  BCP, bone 
cancer pain; PWT, paw withdrawal threshold.  
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minocycline 50 μg intrathecal group (n=6), minocycline 100 μg 
intrathecal group (n=6), vehicle ip group (n=6), minocycline 
40 mg/kg ip group (n=6), and minocycline 80 mg/kg ip group 
(n=9).  Fourteen days after Walker 256 mammary carcinoma 
cell inoculation, the drug treatment was initiated.  Minocycline 
hydrochloride (purity>99%, S4226, Selleck Chemicals, Hous-
ton, TX, USA) was freshly dissolved in saline prior to each 
injection.  The dose in the present experiment was selected 
based on previous relevant reports[27, 28] and our preliminary 
results[29].  The drug solution was intrathecally injected in a 
volume of 10 μL, followed by a volume of 5 μL of saline to 
flush the catheter.  The ip injected animals received a dose of 1 
mL/100 g twice per day for three consecutive days.

Western blotting analysis
On d 14, six BCP rats and six sham rats were deeply anesthe-
tized with pentobarbital sodium (60 mg/kg, ip).  The lumbar 
2–5 (L2–5) segments of the whole spinal cord were rapidly 
collected, whereas the minocycline or vehicle treated rats 
were euthanized on d 17.  The total proteins were extracted 
on ice using RIPA lysis buffer (50 mmol/L Tris-HCl, pH 7.5, 
150 mmol/L NaCl, 0.5% DOC, 1% NP40, 0.1% SDS, 1 mmol/L 
NaF, 1 mmol/L Na3VO4).  Nuclear proteins were prepared 
according to the protocol for the Protein Extraction Kit (P1201, 
Applygen, Beijing, China).  Following centrifugation (16 000×g, 
4 °C, 30 min), the supernatants were collected, and the protein 
concentration was determined using the Bradford method 
and standardized.  The protein samples were heated for 10 
min at 95 °C with sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) buffer.  Equivalent amounts of 
protein (20–50 μg) were separated by 10% SDS-PAGE and 
subsequently eletrotransferred onto polyvinylidene fluoride 
membranes (IPVH00010, Millipore, Bellerica, MA, USA).  The 
membranes were blocked with 5% bovine serum albumin in 
Tris-buffered saline and Tween 20 (TBST, 0.1%) at room tem-
perature (23±2 °C) for 2 h.  The membranes were then incu-
bated over night at 4 °C with the primary antibodies against 
NF-κB p65 (1:500, MAB3026, Merck Millipore, Darmstadt, Ger-
many), glial fibrillary acidic protein (GFAP, 1:1500, 04-1062, 
Merck Millipore), postsynaptic density protein 95 (PSD95, 
1:1000, 04-1066, Merck Millipore), β-actin (1:3000, P0015, Pro-
moter, Wuhan, China), phosphorylated IκB kinase α (p-IKKα) 
(1:500, AP0173, ABclonal, Wuhan, China), IκBα (1:500, A1187, 
ABclonal Biotech), and Lamin B1 (1:400, BA1761-1, Boster, 
Wuhan, China).  After washing three times for 10 min each 
with TBST, the membranes were cultured for 2 h with horse-
radish peroxidase-conjugated goat-anti-mouse (1:5000, P0008, 
Promoter, Wuhan, China) or goat-anti-rabbit secondary anti-
body (1:5000, P0009, Promoter, Wuhan, China).  The bands 
of the target proteins were visualized via chemiluminescence 
(32209, Thermo, Rockford, IL, USA) and measured using a 
computerized image analysis system (BIO-RAD, ChemiDoc 
XRS+, CA, USA).  

Immunohistochemistry
At d 14 after tumor cell inoculation, three tumor rats and three 

sham rats were euthanized under pentobarbital sodium anes-
thesia (60 mg/kg), and three BCP rats treated with 100 mg/kg 
minocycline were euthanized at d 17.  The L2–5 sections of the 
spinal cord were removed following perfusion with 200 mL 
of saline and 500 mL of 4% PFA; the tissues were post-fixed in 
4% PFA for 24 h and equilibrated with 30% sucrose in phos-
phate-buffered saline (PBS) overnight at 4 °C.  The samples 
were cut into 20-μm-thick sections using a cryostat (CM1900, 
Leica, Wiesbaden, Germany), washed in PBS for three cycles 
of 5 min each, penetrated with 0.1% TritonX-100 for 15 min, 
and blocked with 5% bovine serum albumin for 1 h at room 
temperature.  To determine the extent of astrogliosis, sections 
from each group (three samples in each group) were incubated 
with the primary antibody against GFAP (astrocyte biomarker, 
1:500, 04-1062, Merck Millipore) for 48 h at 4 °C.  Then the sec-
tions were washed with PBS (three times within 5 min each) 
and incubated with Fluoresceinisothiocyanate (FITC)-con-
juguated donkey-anti-rabbit secondary antibody (1:200, 711-
095-152, Jackson ImmunoResearch, West Grove, PA, USA) for 
2 h.  To further identify the cell type expressing NF-κB in BCP 
rats, the sections were co-cultured by the primary antibod-
ies NF-κB p65 (1:100, MAB3026, Merck Millipore) with GFAP 
(1:500), Iba1 (microglia biomarker, 1:200, ab5067, Abcam, Cam-
bridge, UK), or NeuN (neuronal biomarker, 1:200, ABN78, 
Merck Millipore, Darmstadt, Germany).  Second antibodies 
used were Cyanine CyTM3-conjugated donkey-anti-mouse Ig 
(1:300, 715-165-150, Jackson ImmunoResearch), Fluorescein 
(FITC)-conjugated donkey-anti-goat Ig (1:200, 705-095-003, 
Jackson ImmunoResearch) and Fluorescein (FITC)-conjugated 
donkey-anti-rabbit Ig (1:200, 711-095-152, Jackson ImmunoRe-
search).  After being washed three times with PBS, sections 
were mounted in Fluoromount-G solution (0100-01, Southern-
Biotech, Birmingham, AL, USA).  Images were captured using 
a Leica fluorescence microscope (DM2500, Mannheim, Ger-
many).  

Primary astrocyte cultures and immunocytochemistry
Primary astrocytes, prepared from the cerebral cortex of neona-
tal rats (12–24 h old), were cultured in medium that contained 
10% fetal bovine serum in low-glucose Dulbecco’s Modified 
Eagle Medium.  The cells were adjusted to a density of 2.5×105 
cells/cm2 and were cultured at 37 °C in 95% air/5% CO2.  The 
culture medium was replaced every 72 h.  Recombinant rat 
interleukin-1 beta (rrIL-1β) obtained from PeproTech (400-01B, 
Rocky Hill, NJ, USA) was used to induce NF-κB activation.  
After the cells had been cultured for 10 d and reached approxi-
mately 80% confluence, the rrIL-1β was added to the medium 
at different concentrations (0.1, 1.0, 10.0, and 50.0 ng/mL).  To 
examine the inhibitory effect of minocycline, the cells were 
pretreated with this drug (25, 50, 75, and 100 μmol/mL) 12 h 
prior to rrIL-1β stimulation.  Four hours after rrIL-1β interfer-
ence, the astrocytes were fixed with 4% PFA for 20 min.  Fluo-
rescence triple staining with NF-κB p65 (1:100), GFAP (1:500), 
and 4’,6-diamidino-2-phenylindole (DAPI; 1:10000, D9654, 
Sigma, St Louis, MO, USA) was performed.  Cyanine CyTM3-
conjugated secondary antibody (1:300) and FITC-conjugated 
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secondary antibody (1:200) were incubated for 2 h at room 
temperature.  The percentage of NF-κB-positive nuclei was cal-
culated from five microscopic fields per coverslip.

Statistical analysis
Statistical analyses were performed using SPSS 17.0 (Chicago, 
IL, USA).  All data are presented as the mean±standard error 
of the mean (SEM).  The differences were evaluated based on 
unpaired Student’s t-test for the comparison of two groups or 
one-way analyses of variance (ANOVA) for multiple compari-
sons followed by Bonferroni or Dunnett’s T3 tests if necessary.  
The differences in the PWT data between the groups were 
analyzed via two-way ANOVA, in which “Time” was treated 
as the “within subjects” factor and “Treatment” was treated 
as the “between subjects” factor, followed by a Student-New-
man-Keuls post hoc test.  A value of P<0.05 was considered 
statistically significant.

Results 
Transplantation of Walker 256 mammary carcinoma cells 
induced bone destruction and mechanical tactile allodynia
The tibial histological staining showed the bone structure and 
the invaded carcinoma cells (Figure 2A, B).  In the sham rats, 
the microgram indicated a normal structure; specifically, a 
clear border of the trabecular bone was identified, which was 
filled with bone marrow cells.  In contrast, a robust destruc-
tion of the tibial bone was identified on the ipsilateral side in 
the BCP rats, with the bone marrow cells replaced by sarcoma 
cells; thus, a healthy trabecular structure was not detected.  
Therefore, the histological results clearly demonstrated that 
the transplantation of carcinoma cells induced bone destruc-
tion.  Furthermore, all animals were tested for mechanical 
allodynia before and on d 3, 7, and 14 after the operation.  On 
d 7 and 14, the PWT of the BCP animals decreased to 5.27±1.37 
g and 1.33±0.38 g, respectively (P<0.05 vs sham), which indi-
cated that mechanical tactile allodynia had developed (Figure 
2C).  Collectively, the BCP rat models were successfully estab-
lished after Walker 256 mammary carcinoma cell inoculation.

Effects of minocycline on the expression level of spinal GFAP and 
PSD95 in response to BCP
Analysis of GFAP level indicated that GFAP was significantly 

up-regulated in the BCP rats (P<0.05 vs sham; Figure 3A, C).  
As shown in Figure 3I and K, the number of astrocytes (GFAP 
positive) calculated from lamina I to III was robustly increased 
in the BCP group (P<0.01 vs sham); moreover, the astrocytes 
exhibited profound proliferation and hypertrophy and had 
increased the podocytic processes.  Furthermore, PSD95 plays 
a pivotal role in the stability, strength, and plasticity of syn-
apses.  To characterize the influence of Walker 256 mammary 
carcinoma cell inoculation on spinal neurons, the mean rela-
tive expression level of spinal PSD95 was also determined via 
Western blot analyses.  PSD95 was increased in the rat models 
of BCP (Figure 3A, B; P<0.01).  An up-regulation of GFAP and 
PSD95 indicated the development of astrogliosis and synaptic 
plasticity.

To examine the effects of minocycline on spinal astrocytes 
and neurons, the BCP rats were treated with either minocy-
cline or vehicle according to our experimental protocol.  The 
results indicated that the level of GFAP was significantly 
decreased in the high dose minocycline-treated BCP rats (80 
mg/kg ip, P<0.05 vs vehicle; Figure 3D, F).  Moreover, the 
immunohistochemistry results demonstrated that the GFAP 
expression was significantly decreased (Figure 3J, K, P<0.05 
vs BCP).  Furthermore, minocycline diminished the expres-
sion level of PSD95 compared with the vehicle-treated rats (80 
mg/kg ip, P<0.05 vs vehicle; Figure 3D, E), which indicated 
that minocycline has the ability to reverse astrogliosis and syn-
aptic plasticity.

Effects of minocycline on mechanical allodynia induced by the 
BCP
Astrogliosis is involved in the maintenance of pain; thus, 
inhibiting astrocytes may ameliorate BCP-related pain behav-
ior.  Therefore, the PWT was assessed to evaluate the effects 
of minocycline on pain relief.  As shown in Figure 4, the PWT 
value in the minocycline-treated rats was increased compared 
with the PWT value in the vehicle-treated control rats.  On d 3, 
minocycline significantly increased the PWT both in the intra-
thecal injection and ip injection groups (100 μg intrathecal, 
P<0.05 vs vehicle; 80 mg/kg ip, P<0.05 vs vehicle).  This find-
ing suggests that minocycline ameliorates BCP-related pain 
behavior.

Figure 2.  Transplantation of Walker 256 mammary carcinoma cells induced bone destruction.  (A) Hematoxylin and eosin staining showed a healthy 
bone structure in the sham surgery group.  (B) In the BCP group, normal bone marrow cells were replaced by sarcoma, and the healthy trabecular 
structure was degraded and disorganized.  Scale bars=200 μm.  (C) The paw withdrawal threshold (PWT) was not reduced in the sham group; however, 
it was significantly decreased in the BCP group.  *P<0.05 vs sham at 7 d, #P<0.05 vs sham at 14 d.



757

www.chinaphar.com
Song ZP et al

Acta Pharmacologica Sinica

npg

Effects of minocycline on the expression of spinal NF-κB in 
response to BCP and its translocation in cultured primary 
astrocytes induced by rrIL-1β stimulation
NF-κB is known to be an important transcriptional factor 
involved in the expression of pro-inflammatory cytokines and 
chemokines.  Inactive NF-κB is present in the cytosol; how-
ever, it translocates to the nucleus when activated.  Therefore, 
quantitative analyses of both the total and nucleus levels of 
NF-κB p65 subunits were performed using Western blots.  The 
results demonstrated that NF-κB was robustly increased in the 
BCP group compared with the sham animals (Figure 5A, B; 
P<0.05).  Furthermore, the co-expression of NF-κB with GFAP, 
NeuN, and Iba1 in the spinal dorsal horn was examined via 
immunofluorescence staining (Figure 5C, D, and E).  The 
results indicated that NF-κB was co-localized with astrocyte 
markers, but not with microglial or neuronal markers.  To 
determine whether minocycline suppresses the activation of 
NF-κB, the drug was administered on d 14 after tumor cell 
inoculation.  After three consecutive days of treatment, both 
the total and nucleus levels of NF-κB p65 were down-regu-
lated, especially when systemically treated with a high dose of 
minocycline (80 mg/kg ip, P<0.05 vs vehicle; Figure 5F, G).  

To determine whether minocycline suppresses the translo-
cation of NF-κB in vitro, primary astrocytes were cultured and 
stimulated by rrIL-1β at concentrations of 0.1, 1.0, 10, and 50.0 

Figure 3.  Minocycline reversed the up-regulation of GFAP and PSD95.  GFAP and PSD95 were significantly increased in the rats with BCP (A, B, and C).  
Minocycline reversed the up-regulation of GFAP and PSD95 in the ip injection group (D, E, and F).  At superficial of the spinal dorsal horn (from lamina 
I to III), GFAP-positive cells were increased in the BCP rats; however, these cells were significantly decreased by minocycline ip injection at a dose of 80 
mg/kg.  Scale bars=200 μm.  *P<0.05, **P<0.01 vs sham; #P<0.05 vs vehicle ip; $$P<0.01 vs BCP.

Figure 4.  Minocycline reversed mechanical tactile allodynia.  Minocycline 
(100 μg intrathecal injection group, 40 mg/kg and 80 mg/kg ip injection 
group) dramatically reversed tactile allodynia after three days of 
consecutive injections.  *P<0.05 vs vehicle intrathecal, #P<0.05 vs vehicle 
ip.  PWT, paw withdrawal threshold.
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ng/mL.  Immunofluorescence analyses indicated that the p65 
subunit of NF-κB significantly translocated to the nucleus fol-
lowing the administration of 10.0 and 50.0 ng/mL of rrIL-1β 
compared with the control (41.8%±7.1% and 41.1%±3.5% vs 
18.9%±2.6%, P<0.05; Figure 5H).  Furthermore, primary astro-
cytes pretreated with minocycline 12 h prior to stimulation 
with 10 ng/mL rrIL-1β markedly inhibited the translocation 
of NF-κB at the concentrations of 75 and 100 μmol/L com-

pared with the control group (23.8%±3.1% and 21.1%±6.1% vs 
40.6%±5.4%, P<0.05; Figure 5I).  These findings indicate that 
minocycline inhibits the NF-κB signaling pathway in vitro.

Effects of minocycline on the expression of spinal p-IKKα and 
IκBα in response to BCP
To further investigate the effect of minocycline on the NF-κB 
signaling pathway, p-IKKα and IκBα were subsequently 

Figure 5.  Minocycline inhibited NF-κB activation.  In the rat models of BCP, both the total and nucleus levels of NF-κB were increased (A, B).  
Immunohistochemistry staining indicated that NF-κB was co-localized with GFAP, but not with NeuN or Iba1 (C, D, and E).  Scale bars=50 μm.  Following 
the repeated administration of minocycline, both the total and nuclear expressions of NF-κB were inhibited (F, G).  Cultured primary astrocytes were 
stimulated with rrIL-1β at concentrations of 0.1, 1.0, 10, and 50.0 ng/mL for 4 h.  NF-κB was significantly activated as measured by the percentage 
of NF-κB-positive nuclei (H); however, the translocation was dose-dependently inhibited by minocycline (I).  Scale bars=200 μm.  *P<0.05 vs sham, 
#P<0.05 vs vehicle ip, $P<0.05 vs control.
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examined.  The expression level of p-IKKα was remarkably 
increased in the rat models of BCP (Figure 6A, C; P<0.05); 
however, it was distinctively inhibited by minocycline, with 
the exception of the 50 μg intrathecal injection group (100 μg 
intrathecal, P<0.05 vs vehicle intrathecal; 40 mg/kg and 80 
mg/kg ip, P<0.05 vs vehicle ip; Figure 6D, F).  Interestingly, 
IκBα was not down-regulated canonically in the BCP group 
(Figure 6A, B).  Nevertheless, IκBα was significantly decreased 
in the 80 mg/kg ip minocycline-treated group (80 mg/kg ip, 
P<0.05 vs vehicle; Figure 6D, E).

Discussion
This study provides pharmacological evidence that the anti-
nociceptive effects of minocycline in the spinal cords of BCP 
rats are attributed to the suppression of astrogliosis and neu-
ral plasticity.  Further investigation using in vivo and in vitro 
experiments indicates that inhibition of the NF-κB signaling 
pathway may represent one mechanism by which minocycline 
alleviates mechanical allodynia underlying BCP conditions.

BCP induced by Walker 256 mammary carcinoma cell inocula
tion
Over the previous few years, BCP models have been devel-
oped with various cell lines, animals, and injection sites, and 
these models have been systematically reviewed by Currie 
et al[5].  Based on previous literature[5, 9, 23, 25, 30, 31], Walker 256 
mammary carcinoma cell inoculation has been demonstrated 
to be a successful model to investigate BCP because it effec-
tively mimics the chronic pain symptoms of patients who suf-
fer from osteocarcinoma.  Here, the tumor-bearing rats mani-
fested mechanical tactile allodynia 14 d after tumor cell inocu-
lation.  Moreover, paraffin histological micrograms indicated 

evidence of tumor growth and bone destruction.  Therefore, 
our BCP model was consistent with the common signs and 
symptoms present in patients with BCP.

Astrogliosis and upregulation of synaptic plasticity in the spinal 
cord in a rat model of BCP
Astrocytes have an intimate relationship with neurons in 
the central nervous system (CNS).  Specifically, astrocytes 
have contact with neuronal somata, dendrites, and enwrap 
synapses[32], provide metabolic substrates for neurons, sta-
bilize the extracellular ionic environment and pH, and are 
involved in the uptake of neurotransmitters and the mainte-
nance of the blood-brain barrier[33].  Under BCP conditions, 
astrocytes become reactive, and this alters their morphol-
ogy and increases GFAP expression.  Activated astrocytes 
release a range of pro-inflammatory cytokines (eg, IL-1β) 
and chemokines (eg, CXCL1), which thus induces neuronal 
sensitization[7, 34-37].  Nevertheless, astrocytes also express 
receptors for these cytokines, and a positive feedback loop is 
consequently established.  The interaction between activated 
astrocytes and sensitized neurons contributes to central sensi-
tization[38-40].  The concept of “functional islands of synapses” 
highlights the vital roles astrocytes play in the modulation of 
neuronal function by synchronizing neuronal firing and coor-
dinating synaptic networks[41].  A study using mice demon-
strated that the activation of astrocytes, but not microglia, was 
a prerequisite in two types of cancer-induced pain models[42].  
Therefore, reactive astrocytes play a crucial role in BCP.  As 
a core event of BCP, synaptic plasticity is dependent on glu-
tamatergic receptors and the scaffolding protein PSD95.  The 
current findings demonstrated that both spinal GFAP and 
PSD95 were dramatically increased in rats with BCP compared 

Figure 6.  Minocycline inhibited IκBα and p-IKKα.  BCP had no influence on IκBα; however, it increased p-IKKα (A, B, and C).  Repeated administration of 
minocycline inhibited IκBα and p-IKKα (D, E, and F).  *P<0.05 vs sham, #P<0.05 vs vehicle ip, $P<0.05 vs vehicle intrathecal.  
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with sham rats, which indicates that astrogliosis and syn-
aptic plasticity had developed.  Interestingly, a recent study 
reported that both microglia and astrocytes were unnecessary 
for BCP[43].  We speculate that this discrepancy may be a result 
of differences in the inoculated carcinoma cell lines and exper-
imental animal species; however, further study is required to 
clarify this intriguing issue.

Minocycline attenuates BCP by inhibiting astrogliosis and neural 
plasticity
Minocycline is often considered an inhibitor of microglia[27].  A 
preclinical study of BCP indicated that the drug only attenu-
ated pain behavior at an early stage (from d 4 to d 6) by inhib-
iting microglia[44]; however, an increasing number of thera-
peutic effects of the agent have been identified.  In studies of 
CIPN, minocycline prevented CIPN-related symptoms and the 
activation of astrocytes despite the lack of microglial activa-
tion indicators[16-19].  Nevertheless, minocycline also possesses 
neuroprotective roles[20, 28, 45, 46].  One notable characteristic of 
minocycline is that it has a direct effect on sodium channels 
in primary afferent neurons[47], which suggests it has a role of 
peripheral analgesia.  Based on these previous findings, we 
designed the present study to identify the effects of minocy-
cline on spinal astrocytes at a later stage (from d 14 to d 16) 
of BCP.  Following the administration of minocycline (twice 
per day for 3 d), both GFAP and PSD95 were down-regulated, 
and tactile allodynia was alleviated.  Therefore, the ability 
of minocycline to alleviate BCP may be ascribed, at least in 
part, to a reduction in both astrogliosis and synaptic plastic-
ity.  Interestingly, the suppressive effects of minocycline were 
more profound in conditions with a high dose of minocycline 
administered via intraperitoneal injection.  Consistent with the 
known pathogenesis of BCP, peripheral sensitization, induced 
by releasing algogenic substances from cancer/stromal cells, is 
one important contributor[48].  We speculate that the relatively 
powerful effects of systemic minocycline should be attributed 
to its peripheral actions, such as anti-inflammation[49], and not 
only its role as a glial attenuator in the CNS.  

NF-κB is activated in spinal astrocytes of BCP rats and facilitates 
pain perception
Under basal conditions, NF-κB is a dimer of proteins that 
binds to the inhibitory protein IκB and is present in the cytosol 
in a latent form.  The major subunits of NF-κB in astrocytes 
are p65 and p50[50].  When stimulated by appropriate signals, 
trimeric IKK is activated and phosphorylates IκB, which leads 
to its ubiquitination and degradation[51].  The liberated reactive 
NF-κB translocates to the nucleus and targets specific genes 
that are involved in chronic pain[10, 14, 52, 53].  The algogenic 
effect of NF-κB has also been identified in BCP animals.  We 
demonstrated that NF-κB was specifically co-localized with 
astrocytes in the spinal cord of BCP rats, which is consistent 
with previous literature.  For example, Xu et al[8] reported that 
NF-κB contributed to BCP via the mediation of CXCL1 pro-
duction in spinal astrocytes; these authors also highlighted 

that an intrathecally injected inhibitor of NF-κB significantly 
attenuated nociceptive behavior.  Similarly, other studies 
based on neuropathic pain have demonstrated that targeted 
blockades of NF-κB in the spinal cord alleviated pain percep-
tion[13, 15].  Furthermore, it has also been identified that NF-κB 
mediated inflammatory pain in mice via chemokine produc-
tion in spinal astrocytes[14].  In the present study, we extended 
the role of NF-κB in BCP rat models induced by inoculating 
Walker 256 mammary carcinoma cells and demonstrated 
that it was robustly increased in spinal astrocytes.  To further 
understand the underlying mechanisms of NF-κB activation, 
we examined the upstream proteins, the catalytic subunits 
IKKα and the inhibitory protein IκBα.  Consistent with our 
assumption, IKKα was phosphorylated in rats with BCP.  In 
contrast, IκBα was not down-regulated in BCP animals, which 
led us to postulate that a self-recovery mechanism may be 
involved.  Taken together, these findings suggest that NF-κB 
signaling is activated under BCP conditions, and its potential 
role is facilitating pain perception.

Minocycline attenuates BCP via NF-κB inhibition
Our work also demonstrated that the administration of mino-
cycline inhibited NF-κB signaling under the BCP condition.  
NF-κB facilitates pain perception; thus, the suppression of its 
activation may represent a potential therapeutic strategy for 
BCP.  Emerging evidence indicates that minocycline down-
regulates NF-κB activity[21, 54, 55]; thus, we speculate that mino-
cycline alleviates BCP by inhibiting NF-κB signaling.  Con-
sistent with our hypothesis, the drug significantly decreased 
both the total and nuclear expression levels of NF-κB in the 
spinal cord of BCP rats, as well as p-IKKα.  Notably, IκBα was 
not changed by minocycline administration with the exception 
of the high-dose ip injection group.  These unexpected results 
may be a result of the complicated modulation in vivo, and we 
suggest that the decrease in IκBα may be related, in part, to 
the down-regulation of total NF-κB.  This intriguing finding 
will be investigated in the future.  Furthermore, an effect of 
minocycline on NF-κB translocation was identified in primary 
astrocytes.  The pro-inflammatory cytokine IL-1β is a major 
inducer of astrogliosis via the NF-κB signaling pathway[30, 56, 57]; 
thus, cultured cells were stimulated by rrIL-1β for 4 h.  The 
NF-κB p65 subunit translocated to the nucleus; however, 
the translocation was dose-dependently inhibited when pre-
treated with minocycline.  Our in vitro study also confirmed 
that minocycline inhibits the NF-κB signaling pathway.  The 
mechanisms for these inhibitory effects are as follows: 1) 
minocycline inhibited NF-κB activation potentially through a 
reduction in IL-1β signaling[54], which serves as a stimulus for 
NF-κB[58, 59]; 2) minocycline down-regulated NF-κB activity, in 
part, via the inhibition of transforming growth factor beta 1[21]; 
and 3) minocycline down-regulated acetylated H3K18 that 
was bound to the promoters of tumor necrosis factor alpha, 
which contains an NF-κB binding site[55].  Collectively, the cur-
rent and previous results suggest that minocycline inhibits 
NF-κB activation.
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Perspectives 
As demonstrated in other studies, Walker 256 mammary 
carcinoma cell inoculation induces robust spinal neuroinflam-
mation[7] and activates astrocytes that release pro-inflamma-
tory cytokines in the spinal cord to enhance and prolong a 
persistent pain state[36,  60, 61].  It is reasonable to argue that a 
complex neuroinflammatory mechanism is involved in BCP.  
Similar to other tetracyclines, minocycline acts as an antibiotic; 
however, it has unusual anti-inflammatory properties and 
easily permeates the blood-brain barrier.  It is also impor-
tant to note that the systemic treatment of minocycline was 
more effective than the intrathecal injection.  We speculate 
that minocycline may act through a global anti-inflammatory 
mechanism, which may not be restricted to the spinal cord; 
however, this finding should be investigated in the future.  
Taken together, our findings suggest that minocycline may be 
a valid and viable therapeutic drug for BCP.  

Conclusion
In summary, our study demonstrated that the inoculation of 
Walker 256 mammary carcinoma cells contributed to a persis-
tent BCP state.  This pernicious effect was attenuated by mino-
cycline administration, which suppressed spinal astrogliosis 
and neuronal plasticity.  Additional experiments identified 
that minocycline inhibits the NF-κB signaling pathway in 
astrocytes.  Based on the current findings, minocycline may 
represent a potential therapeutic drug for BCP.
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