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Purpose: The chemokine receptor, CXCR4, and the transforming growth factor-beta recep-
tor, ALK5, both contribute to various processes associated with the sensation of pain. 
However, the relationship between CXCR4 and ALK5 and the possible mechanisms pro-
moted by ALK5 in the development of pain have not been evaluated.
Materials and Methods: Tumor cell implantation (TCI) technology was used to generate 
a model of cancer-induced bone pain (CIBP) in rats; intrathecal (i.t.) injections of small 
interfering (si) RNAs targeting CXCR4 and the ALK5-specific inhibitor, RepSox, were 
performed. Behavioral outcomes, Western blotting, and immunofluorescence techniques 
were used to evaluate the expression of the aforementioned specific target proteins in the 
CIBP model.
Results: The results revealed that i.t. administration of siRNAs targeting CXCR4 resulted in 
significant reductions in both mechanical and thermal hyperalgesia in rats with CIBP and 
likewise significantly reduced the expression of ALK5 in the spinal cord. Similarly, i.t. 
administration of RepSox also resulted in significant reductions in mechanical and thermal 
hyperalgesia in rats with CIBP together with diminished levels of spinal p-Smad3.
Conclusion: Taken together, our results suggest that CXCR4 expression in the spinal cord 
may be a critical mediator of CIBP via its capacity to activate ALK5 and downstream 
signaling pathways.
Keywords: chemokines, neoplasms, sensation, fluorescent antibody technique, cancer pain

Introduction
Cancer-induced bone pain (CIBP) is a complex and multi-faceted response that 
includes both inflammatory and neuropathic components associated with tumor 
growth, bone destruction, and other factors.2–4 CXCR4 is a receptor for CXCL12 
(stromal-derived factor-1, SDF-1) and is a member of the seven-transmembrane 
G protein-coupled receptor (GPCR) family. Previous studies have revealed that 
CXCL12 binding to CXCR4 can activate intracellular signal transduction pathways 
and is involved in the development of CIBP.5–7 Likewise, ALK5 (S165 phosphory-
lated-transforming growth factor-beta (TGFβ) receptor I)-mediated signaling path-
way plays an important role in the development of inflammatory,8,9 neuropathic,8,10 

and cancer-associated pain.11 Earlier studies suggested that TGFβ interactions with 
TGF beta receptor II resulted in the activation of ALK5,12–14 thereby identifying 
a peripheral mechanism underlying the development of pain.15,16 Smad3 is 
a downstream target and transmits signals from ALK5; its activation can promote 
both canonical and non-canonical pathways of signal transduction. As part of the 
canonical pathway, ALK5 directly activates the C-terminal Ser423 + 425 site of 
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Smad3, while the non-canonical pathway completes the 
activation by targeting amino acids at the link regions, 
including Ser204, Ser208, and Ser213.8,17 Administration 
of ALK5-specific inhibitors, including SB-431,542 and the 
Smad3-specific inhibitor, SIS3, can promote the allevia-
tion of pain.11,16 However, few studies have addressed 
questions regarding the role of ALK5/Smad3 signaling 
with respect to pain in the central nervous system; this 
issue has led to controversy with respect to our under-
standing of TGFβ as a pain-associated mediator. In con-
trast to its role in the periphery, TGFβ has been reported to 
promote analgesia in the central nervous system.18–20 

Furthermore, G protein-coupled receptors can transactivate 
the TGFβ receptor I.21–24

In this study, we employed a rat model of CIBP to 
examine the potential relationship between CIBP and sig-
naling via CXCR4, ALK5, and Smad3 in spinal cord 
tissue.

Materials and Methods
Animals
Specific pathogen-free Sprague–Dawley (SD) female rats 
(Experimental Animal Center, Jinan, China) weighing 
180–200 g were maintained at ~21 ± 0.5°C with alternat-
ing lights simulating day and night. All rats were accli-
mated to these conditions for 3 days prior to the start of the 
experiment.

All experimental protocols and animal handling proce-
dures were approved by the Animal Protection and Use 
Committee of Xuzhou Medical University. The protocols 
are consistent with the National institute of Health Guide 
for the Care and Use of Laboratory Animals and the 
International Association for the Study of Pain’s guide-
lines for pain research.26

Cell Preparation
Walker 256 breast cancer cells (Institute for Biomedical 
Research of Shanghai, Shanghai, China) were prepared in 
SD rats. Tumor cells (2 × 107 cells/mL, 0.5 mL) were 
injected into the abdominal cavities of SD rats weighing 
60–80 g. After 6–7 days, ascitic fluid was extracted asep-
tically and centrifuged three times at 1000 rpm; the cells in 
the pellet were washed five times with sterile physiological 
saline (NS). The pellet was resuspended in NS and 
adjusted to the appropriate concentration at 1 × 105 cells/ 
μL. The cell suspension was held on ice until use for 
injections into rats. For sham controls, sterile NS alone 

was used for injections. The use of cell lines was approved 
by the ethics committee of Xuzhou Medical University.

Model of Bone Cancer Pain
The female SD rats were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (50mg/kg) and fixed in a supine 
position. After disinfection with 75% alcohol, an 0.5-cm inci-
sion was made in the skin along the long axis of the upper third 
of the right tibia. The muscles were separated by blunt dissec-
tion to expose the tibial plateau. The needle of a 5 mL syringe 
was used to drill a hole in the bone surface and a 25-μL micro- 
injector was used to generate a small cavity in the medullary 
cavity of the tibia through that was large enough to permit 
fresh blood to be withdrawn. Five μL of a Walker 256 cell 
suspension at 2 × 104/μL was slowly injected into the 
cavity;27,28 rats in the sham group were injected with an 
equal volume of sterile saline. After the injection, the needle 
was left in place for approximately 60 s, after which the 
microsyringe was removed. The pinhole was closed with 
dental glass ionomer cement and erythromycin ointment was 
applied to the incision. Hematoxylin staining of the tibia was 
used for evaluation of bone destruction (Supplementary 
Figure S1)

Administration of Study Drugs
Repsox was synthesized by Selleck Chemicals (Shanghai, 
China). After inducing anesthesia with sodium pentobarbi-
tal (50mg/kg), the rats were placed in a prone position. 
A 40 U insulin syringe was used to administer Repsox (10 
µL at a concentration of 10 µg/µL in dimethyl sulfoxide 
[DMSO]) to rats in the experimental group; those in the 
control group received 10 µL of DMSO alone. The needle 
was into the gap between vertebrae L4–L5 until the char-
acteristic tail flick was observed; drug was then injected 
slowly while making certain that another tail flick was 
observed while the injection was taking place. The tip of 
the needle was removed and the wound was disinfected 
with iodine before returning the rat to a clean cage; 
wounds were monitored carefully. The treatment time 
points are as indicated in the individual Figure Legends.

Administration of Small Interfering RNA 
(siRNA) Targeting CXCR4
Small interfering RNA (siRNA) targeting CXCR4 was 
obtained from Sangon Biotech with the sequence based 
on a GenBank search (Accession No. RS5761). The 
CXCR4 siRNA sequences used in this study included 5′- 
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GACUGGUACUUUGGGAAAUTT-3′ and 5′-AUUUCC 
CAAAGUACCAGUCTT-3′. Scrambled sequences (Scr) 
were introduced as negative controls, including 5′- 
GUAGCAGGGCAUGUAUUUATT-3′ and 5′-UAAAUA 
CAUGCCCUGCUACTT-3′ was designed as a negative 
control. The siRNA was mixed with polyethyleneimine 
(PEI; Sigma-Aldrich, St Louis, MO, USA) to increase 
cell membrane penetration;17 1 μg siRNA in 0.18 μL PEI 
was administered by intrathecal injection. CXCR4 knock-
down was evaluated by Western blotting (Supplementary 
Figure S2).

Behavioral Testing
Assessment of Mechanical Allodynia
A polymethyl methacrylate (PMMA) box of dimension 26 
× 20 × 14 cm was placed on a metal mesh. After the rats 
were permitted to acclimate for 30 min in the PMMA box, 
a von Frey filament was used to vertically stimulate the 
middle part of the hind paw of the rat.29,30 Behaviors 
including raising a foot or lameness were considered as 
positive reactions; the absence of either of these responses 
was considered as negative reactions. Each rat was eval-
uated five times. The number of the filament that generated 
a positive reaction in three or more independent trails was 
up; the number of the next filament was down.31

Assessment of Thermal Hyperalgesia
Rats were placed on a glass plate and portions of the 
posterior toes were irradiated with a thermal radiation 
meter. The time from the start of irradiation to the 
contraction withdrawal reaction was identified as the 
paw withdrawal latency.32 Before beginning the experi-
ment, the pain threshold of the plantar base was mea-
sured. Repeated measurements were separated by 5 min 
intervals so that the pain experienced will have dissi-
pated. Each rat was evaluated five times; the average 
paw withdrawal latency was defined as the thermal pain 
latency.

Western Blot Analysis
L4–L5 spinal cord lumbosacral segments were removed 
for evaluation. Pre-cooled lysis buffer with a protease 
inhibitor cocktail was added to each spinal cord tissue 
specimen. After homogenization, the sample was centri-
fuged at 12,000 rpm for 15 min at 4°C; the supernatants 
were then transferred to a clean centrifuge tube. Protein 
quantification was performed using the bicinchoninic acid 
(BCA) method and diluted to 8 μg protein per μL. Loading 

buffer (2% sodium dodecyl sulfate, 100 mM dithiothreitol, 
10% glycerol, and 0.02% bromophenol blue) was added 
and all samples were denatured in a boiling water bath for 
15 min. Forty μg of protein was loaded and electrophor-
esed on a 10% SDS polyacrylamide gel at 100 V. The 
proteins were subjected to wet transfer to a PVDF mem-
brane at a constant current of 300 mA. Membranes were 
blocked with 3% bovine serum albumin at room tempera-
ture for 2 h. Primary antibodies included rabbit anti- 
CXCR4 (1:500 dilution; NB100-74,396, Novus 
Biologicals, Littleton, CO, USA), rabbit anti-phospho- 
TGF β Receptor I (Ser165, 1:1000 dilution; AF8080, 
Affinity), rabbit anti-Smad3 (1:1000 dilution; ab40854, 
Abcam, UK), rabbit anti-phospho-Smad3 (Ser423 + 
Ser425, 1:1000 dilution, ab52903, Abcam), rabbit anti- 
phospho-Smad3 (Ser208, 1:1000 dilution; AF3365, 
Affinity) and rabbit anti-GAPDH (1:5000 dilution; 
CW0101, China). Membranes were incubated with pri-
mary antibodies overnight at 4°C. The membranes were 
washed three times, 5 min per wash, with Tris-buffered 
saline with Tween-20 (TBST buffer) and then incubated 
with horseradish peroxidase-labeled goat anti-rabbit Ig 
(1:5000) for 2 h at room temperature. Membranes were 
then rinsed six times with TBST, 5 min per wash, followed 
by evaluation using the UVITEC gel camera. Protein band 
densities were determined and normalized to GAPDH. The 
fold change observed in specimens from the control group 
was set to 1.0 for relative quantification.

Immunofluorescence
Rats under deep anesthesia with pentobarbital sodium 
were rapidly perfused with normal saline (300 mL) fol-
lowed by a 4% paraformaldehyde solution (300 mL). 
After perfusion, the L4–L5 segments of the spinal cord 
were excised and were labeled to distinguish between 
the left and right sides. The specimens were placed in 
4% paraformaldehyde solution and stored overnight at 
4°C. On the following day, specimens were transferred 
to a 30% sucrose solution, frozen, and dehydrated. 
Spinal tissues were serially sliced (25 μm per section) 
while in a frozen state. The sections were rinsed three 
times with 0.01 M PBS for 5 min, followed by blocking 
solution containing 10% serum. After blocking at room 
temperature for 2 h, primary antibodies were added, 
including rabbit anti-CXCR4 (1:200 dilution; NB100- 
74,396, Novus Biologicals, Littleton, CO, USA), anti- 
TGF-beta RI/ALK-5 (1:200 dilution, NBP2-58,478, 
Novus Biologicals, Littleton, CO, USA), rabbit anti- 
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phospho-Smad3 (Ser423 + Ser425, 1:200 dilution; 
ab52903, Abcam), rabbit anti-phospho-Smad3 (Ser208, 
1:1000 dilution; AF3365, Affinity), mouse anti-NeuN 
(neuronal nuclear marker, 1:1000 dilution, MAB377, 
Millipore), goat anti-GFAP (astrocyte marker, 1:1000 
dilution, ab53554, Abcam), and goat anti-Iba-1 (micro-
glia marker, 1:1000 dilution; ab5076, Abcam). Sections 
were then washed three times for 10 min each in 0.01 
M PBS containing 0.3% Triton X-100 and incubated for 
2 h at room temperature with the corresponding Alexa 
Fluor® 405, 488, and 594-conjugated secondary antibo-
dies (1:1000 dilution; Invitrogen, Carlsbad, CA, USA) 
overnight at 4°C. The relative mean fluorescence inten-
sity (MFI) for ALK5 immunofluorescence in the entire 
superficial dorsal horn, including 16 spinal cord sections 
from four rats (4 sections from each rat from each 
group) was measured using ImageJ software.1,25 The 
fold change associated with the control group was set 
at 1.0 for quantification.

Statistical Analysis
All data were presented as mean ± standard error of the mean. 
Differences in behavior group were evaluated using a two- 

way analysis of variance (ANOVA) with repeated measures; 
multiple group means were compared using the Bonferroni 
post hoc test. One-way ANOVA was used to evaluate the 
results of Western blot and immunofluorescence; multiple 
group means were compared using the Bonferroni post hoc 
test. Algorithms in GraphPad Prism 5 (GraphPad Software, 
San Diego, CA, USA) were used for all analyses.

Results
Upregulation of CXCR4, ALK5, and 
p-Smad3 in Spinal Nerve Cells After TCI
Compared to results obtained from rats in the sham-injection 
control group, expression of CXCR4, ALK5, and P-Smad3 
gradually increased over time in rats subjected to TCI; peak 
expression was detected at T14 (day 14 after injection of the 
tumor cells; Figure 1A–H). These results indicate that 
CXCR4, ALK5, and P-Smad3 were all upregulated in 
response to TCI. The results of immunofluorescence revealed 
that, at T14, the fluorescence intensity of the target proteins 
CXCR4, ALK5, and P-Smad3 were all enhanced; increased 
expression was observed primarily in the shallow layer of the 
dorsal horn of the spinal cord (layers I and II; Figure 1I). 
These results indicate that the upregulated expression of 

Figure 1 Tumor cell implantation (TCI) increased the expression of CXCR4, ALK5 and P -Smad3 in the spinal dorsal horn of rats. (A–H) Compared with the sham-control 
group, expression of CXCR4, ALK5 and P-Smad3 in the rats receiving tumor cell injections (TCI) gradually increased over time; peak expression was detected at day 14 
(*P < 0.05, **P < 0.01, ***P < 0.001, n = 4 in each group). (I) Increased expression was detected in the shallow layer of the dorsal horn of the spinal cord. Scale bar, 50 μm.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                              

Journal of Pain Research 2020:13 2570

Peng et al                                                                                                                                                             Dovepress

http://www.dovepress.com
http://www.dovepress.com


CXCR4, ALK5, and P-Smad3 was detected mainly in the 
superficial layer of the dorsal horn of the spinal cord.

CXCR4 Co-Localizes with ALK5 in Spinal 
Nerve Cells After TCI
To evaluate this association further, we examined the 
expression of CXCR4 and ALK5 by confocal immuno-
fluorescence staining. Our results revealed that, up to T14, 

ALK5 and CXCR4 were co-localized in the spinal cord 
(Figure 2A). Similar to results obtained in our previous 
experiments focused on CXCR4 spinal cord localization, 
ALK5 was also co-localized with markers specific for 
neurons, astrocytes, and microglia in the spinal dorsal 
horn (Figure 2B–D). The percentage of ALK5+CXCR4+- 
positive numbers was analyzed by Image J Software 
(Supplementary Figure S3).

Figure 2 Shown are sections of the spinal cord (L4 - L5) at day 14 (A) Up-regulated expression of both ALK5 and CXCR4. (B–D) Upregulated expression of ALK5 
corresponded to markers of neurons in the dorsal horn of the spinal cord and likewise with astrocytes and microglia. Scale bar, 50 μm.
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Role of CXCR4 in Nociceptive Behaviors 
and ALK5 Activation in Rats with CIBP
Behavioral results revealed that rats undergoing TCI gradu-
ally responded with pain-associated behavior, manifested as 
a decrease in paw mechanical withdrawal threshold (a finding 
that represents mechanical allodynia) and paw withdrawal 
tendency (representing thermal hyperalgesia). These beha-
vioral responses were observed on post-operative days 5 to 
14. Interestingly, i.t. injection of CXCR4-targeted siRNA (5 
μg per injection, once daily for 3 consecutive days on post- 
operative days 12, 13, and 14) reversed the observed mechan-
ical allodynia and thermal hyperalgesia (Figure 3A and B). 
Administration of scrambled siRNA had no impact on pain 
hypersensitivity for the entire duration of the experiment. 
These results suggest that knockdown of CXCR4 expression 
in cells in the spinal cord has an anti-nociceptive effect with 
respect to processes associated with CIBP.

We then examined the impact of CXCR4 on signaling 
via the neuronal ALK5 pathway in spinal cord nerve cells. 
Results of both Western blot and immunofluorescence 
indicated that repeated administration of CXCR4-targeted 
siRNA (5 μg per injection, once per day on 3 consecutive 
days, on days 12, 13 and 14 days after TCI) significantly 
suppressed the upregulated expression of ALK5 (Figure 
3C–F). These results indicate that ALK5 may be 
a functional target of CXCR4 in spinal cord nerve cells 
after TCI and in association with CIBP.

Role of ALK5 in Nociceptive Behaviors 
and Smad3 Activation in Rats with CIBP
We explored the impact of the ALK5-specific inhibitor, 
RepSox, on hypersensitivity associated with CIBP. Results 
of behavioral tests revealed that repetitive administration of 
RepSox (10 μg per i.t. injection, once daily for 3 consecutive 

Figure 3 CXCR4-targeted siRNA attenuated TCI-induced bone pain and up-regulation of ALK5 expression. (A and B) Compared with the sham group treated with 
scrambled (control) siRNA, the groups treated with TCI + scrambled siRNAs and TCI + CXCR4-targeted siRNAs revealed significant decreases in both mechanical pain and 
thermal pain threshold (**P < 0.01, ***P < 0.001). Compared with the TCI + scrambled siRNA group, the TCI + CXCR4-targeted siRNA group revealed significant 
decreases in both mechanical pain and thermal pain thresholds at both 10 days and14 days (###P < 0.001; n = 8). (C and D) Western blot analysis reveals that, compared with 
the TCI + scrambled siRNA group, the expression of ALK5 was significantly decreased in the the TCI + CXCR4-targeted siRNA group (#P < 0.05; n = 4). (E and F) 
Immunofluorescence analysis revealed that, compared with results from the TCI group, relative ALK5 MFI observed in specimens from the TCI + siRNA group was 
significantly decreased (#P < 0.05; n = 4). Scale bar, 50 μm.
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days, on days 5, 6, and 7 after TCI) resulted in significantly 
delayed progression of mechanical allodynia and thermal 
hyperalgesia (Figure 4A and B). These results suggested 
that the spinal ALK5/Smad3 signal transduction pathway 
may play a role in the pathogenesis of CIBP.

We then examined whether activation of ALK5 promotes 
Smad3 activation in spinal cord nerve cells in response to 
CIBP. The results of Western blotting results revealed that 
administration of RepSox (10 μg per i.t. injection on days 5, 
6, and 7) inhibited activation of P-Smad3C in both the 
canonical and non-canonical signaling pathways (Figure 4C 
and D). These results suggest that the activation of Smad3 in 
the non-canonical pathway is also dependent on ALK5.

Discussion
The results of our study include several interesting observa-
tions. First, using a CIBP model, expression of both ALK5 and 
P-Smad3 were upregulated in a manner similar to that 
observed for CXCR4; ALK5 and P-Smad3 were also detected 
in the shallow layer of the dorsal horn of the spinal cord. We 

also found that ALK5 co-localized with CXCR4 at this locale. 
Second, we found that repeated i.t. administration of CXCR4- 
targeting siRNAs or an ALK5-specific inhibitor suppressed 
TCI-induced nociceptive behaviors. Taken together, our 
results suggest that ALK5 may be a downstream target of 
CXCR4; we also found that both the canonical and non- 
canonical Smad3 activation pathways were regulated by 
ALK5.

At this time, it is not fully clear whether TGFβ recep-
tors are involved in the development of CIBP; our current 
understanding of the role of this cytokine in modulating 
pain responses in the peripheral nervous system appears to 
be inconsistent with this hypothesis. Neuronal cell culture 
studies have revealed that blockade of the TGFβ signaling 
pathway serves to reduce neuronal cell excitability.11,33 

Levels of these mediators in the dorsal root ganglion in 
animal models of pain have revealed similar results, spe-
cifically, that TGFβ signaling results in significant 
increases in the pain threshold in relevant animal 
models.11,33,34 We can conclude from these studies that 

Figure 4 ALK5 specific-inhibitor Repsox attenuates TCI-induced cancer pain and p-Smad3 up-regulation. (A and B) Compared results observed from rats in the sham + 
DMSO group, mechanical pain and the thermal pain threshold were significantly decreased in the TCI + DMSO group and the TCI + RepSox group (***P < 0.001). 
Compared with the TCI + DMSO group, the TCI + RepSox group revealed significant increases in the mechanical pain threshold on days 6 and 7 (##P < 0.01 and ###P < 
0.001); similarly, the thermal pain threshold increased significantly at T6 and T7 (###P < 0.001; n = 8). Behavioral evaluations were performed at 8 h after each intrathecal 
injection. (C and D) Western blots revealed that administration of RepSox resulted in reduced levels of activation of P-Smad3. Compared with the sham group, expression 
of P-Smad3L and P-Smad3C was significantly increased in both the TCI group and the TCI + DMSO group (***P < 0.001). Compared with results from the TCI group, the 
expression of P-Smad3L was significantly decreased in the TCI + RepSox group (##P < 0.01); the expression of P-Smad3C in the TCI + RepSox group was also significantly 
decreased (#P < 0.05; n = 4). Spinal tissues at L4 – L5 were collected 12 hours after the final injection.
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TGFβ is clearly involved in modulating pain responses in 
the peripheral nervous system.

Nonetheless, i.t. injection of exogenous TGFβ did not 
induce pain but instead alleviated pain of multiple rele-
vant animal models.11,19,35,36 These findings reveal that, 
contrary to findings generated in the peripheral nervous 
system, TGFβ may play an analgesic role in the central 
nervous system. These findings may relate directly to the 
physiological function of ALK5, which forms in 
response to binding interactions of TGFβ and TGFβRII 
which then activates the TGFβRI GS region 
Ser165.12,13,37 As a classical receptor for TGFβ, its role 
in animal models of pain appears to be consistent with 
that of TGFβ. However, recent research has suggested 
that other interpretations might be considered. For exam-
ple, the application of SIS3 (Smad3-specific inhibitor) 
can substantially reduce pain in experimental animals 
and likewise reduces neuronal excitability in cell culture 
studies.11,33,38 Smad3 is a downstream target of ALK5 
and may be a final target in the TGFβ-TGFβRII-ALK5- 
Smad3 signaling pathway.9,39 If ALK5/Smad3 can be 
activated only by TGFβ, ALK5/Smad3 should theoreti-
cally be involved in analgesia at the central level; how-
ever, our findings are not consistent with this conclusion. 
One key to solving this problem may be to determine 
whether ALK5 is involved in the modulation of pain at 
the central level and likewise to determine whether the 
non-canonical Smad3 signaling pathway is also depen-
dent on ALK5 activation. In this study, using a CIBP 
model, we obtained experimental results that reveal that 
ALK5 is involved in modulating pain at the spinal level 
and that both the canonical and non-canonical Smad3 
signaling pathways are dependent on ALK5. However, 
there are cytokine mediators other than TGFβ that pro-
mote activation of the ALK5/Smad3 signaling pathway 
as well.

As such, further research is needed in order to answer at 
least two questions: (1) Under conditions associated with 
CIBP, which mediator or mediators serve to activate ALK5/ 
Smad3 signaling pathway? (2) How is Smad3 activated by 
ALK5?

Fortunately, previous research on related subjects can sug-
gest some clues. Previous studies carried out to assess pain 
suggest the involvement of the CXCL12/CXCR4 signaling 
axis. Furthermore, previous studies have documented 
increased concentrations of both CXCL12 and the TGFβ- 
superfamily member Activin A in sera from patients with 
metastatic bone cancer.40,41 As such, there appears to be 

some association between these two very large receptor 
families. Furthermore, other studies have revealed that 
GPCR can transactivate the TGFβ receptor.21–24 Signaling 
via the CXCL12/CXCR4 axis also resulted in the activation 
of Smad3 via MAPK.42 The results presented here revealed 
that ALK5 may be among the downstream targets of CXCR4 
and may be capable of CXCR4 transactivating ALK5. 
However, whether the activation of Smad3 in the non- 
canonical pathway depends on MAPK also remains unclear; 
further experiments will be needed in order to clarify this 
point.

This research is associated with several limitations; 
among these, we have not applied patch-clamp recording 
technology, and the behavioral analysis presented is not 
fully comprehensive. However, these results represent 
a basis for future experimentation. We note that central 
mechanisms associated with CIBP and the involvement of 
ALK5 in this process will require ongoing evaluation; 
additional research will be needed in order to clarify the 
specific and unique mechanisms underlying CIBP.

Conclusion
The results from our study reveal CXCR4-mediated trans-
activation of the ALK5/Smad3 signaling pathway, as 
depicted in the schematic in Figure 5. Blockade of this 
pathway resulted in significant reductions in pain- 
associated behavior in a rat model of CIBP. Taken together, 
our results suggest that the CXCR4/ALK5/Smad3 signaling 
pathway may be an important therapeutic target and a new 
focus for intervention in patients with CIBP.
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