MOLECULAR
Research Article PAIN

Molecular Pain

B14 ameliorates bone cancer pain through © The Author(9) 2015
downregulating spinal interleukin-1f} via i —
g g Sp

DOI: 10.1177/17448069 19886498

suppressing neuron JAK2/STAT3 pathway ggm;aggub.commome/mpx

Miao Xu'?, Huadong Ni?, Longsheng Xu?, Hui Shen?,
Housheng Deng?, Yungong Wang?, and Ming Yao?

Abstract

Curcumin has several pharmacological properties such as anti-inflammatory, antioxidant, and neuroprotective activities.
B14 is a curcumin analogue and is considered to be a more potent compound with preserved pharmacodynamic activities.
Based on the previous research studies, janus-activated kinase 2 (JAK2)/signal transducer and activator of transcription 3
(STAT3) signaling pathway plays a remarkable role in inflammation, chronic pain, and even contributes to the pathogenesis of
neuropathic pain. Pro-inflammatory cytokines interleukin-1f is a downstream factor of JAK2/STAT3 signal transition path-
way, which participates in neuron injury and inflammation. We hypothesized that this signal transition pathway played
an indispensable role in bone cancer pain. We herein established a bone cancer pain model to monitor the variation of
JAK2/STAT3 signal transduction pathway and measured the effect of Bl4. The results in bone cancer pain model showed that
(i) the levels of interleukin-1 3 were elevated, and the ratios of p-JAK2/JAK2 and p-STAT3/STAT3 were increased; (ii) double
immunostaining showed that p-JAK2, p-STAT3, and interleukin-1 3 were colocalized primarily with neurons, rather than with
astrocytes or microglial cells; (iii) Bl4 injection (intraperitoneally) markedly eased bone cancer pain; (iv) VWestern
blotting showed that Bl4 injection lowered p-JAK2, p-STAT3, and interleukin-1f levels, meanwhile the ratios of p-JAK2/
JAK2 and p-STAT3/STAT3 was reduced; (v) immunofluorescence results also confirmed decreased levels of p-JAK2,
p-STAT3, and interleukin-1f in B14 treatment group. These findings suggested that Bl4 injection attenuated bone cancer
pain in rats. This intervention inhibited JAK2/STAT3 cascade activation, downregulating interleukin-13 expression in spinal
dorsal horn.
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Introduction

Bone metastasis generally occurs in the late stage of sev-
eral cancer types, causing intolerant pain. Bone cancer
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So, more effective and rational treatment strategies for
BCP are urgently needed.

Curcumin has been reported to have various intrigu-
ing bioactivities, but little has been studied regarding its
use in multiple fields (Figure 1(a)).* ® Researchers have
paid much attention on neuroprotection, which is
regarded as one of the remarkable characters of curcu-
min. Few studies on Parkinson’s disease have demon-
strated that curcumin treatment decreases and inhibits
the deposition of misfolded a-synuclein accumulation in
the brain cells.*’ In addition, curcumin had the capabil-
ity to alleviate inflammation by inhibiting microglial
activation, reverse the distorted neuronal cells along
with deposition of extracellular senile plaques of B-amy-
loid peptide (AP), and reduce the AP burden in serum
and brain tissues of mice with Alzheimer’s disease.®’
Moreover, the antioxidant effect of curcumin has been
used in the treatment of Alzheimer’s disease.'®'?
Previous studies have also revealed that curcumin
could ease neuropathic pain by regulating IL-10."
Also due to anti-inflammatory and antioxidant proper-
ties of curcumin, it has also been studied in Crohn’s
disease and ulcerative colitis.'"* Based on its curative
effects and deficiencies, all kinds of novel preparations
and analogues were tailored. For instance, hyaluronic
acid/curcumin nanomicelles were developed for treating
rheumatoid arthritis, which enormously inhibited due to
its inflammatory effect, and showed better bioavailabil-
ity."? B14 is a curcumin analogue and is synthesized by
coupling appropriate aldehyde with acetone in an alka-
line medium (Figure 1(b))."> It has been proven that B14
had splendid medicinal effects when compared with cur-
cumin.'>'® We herein explored the possibility of curcu-
min analogue B14 in treating BCP.

The janus-activated kinase (JAK)/signal transducers
and activators of transcription (STAT) pathway contain
4 JAK and 7 STAT proteins.'”'® Some researchers have
concluded JAK/STAT signaling pathway as a vital reg-
ulatory mechanism in basic biological functioning and
disease progression of central nervous system.'® Further
studies have demonstrated that JAK2/STAT3 signaling
pathway plays a major role in N-methyl-D-aspartic acid
receptor-dependent pain transmission and neuropathic
pain.’*?> Meanwhile, in spared nerve injury (SNI)-
induced neuropathic pain model, researchers have
revealed activation of neuronal JAK2/STAT3 signaling
pathway by upregulating the expression of N-methyl-D-
aspartate receptor subunit 1 (NR1) that contributed to
neuropathic pain.”® Other studies have confirmed that
JAK2/STATS3 cascade could be activated by cytokine
ILs, such as IL-6, and chemokine (C—X-C motif)
ligand 12, which are associated with inflammation.**2°

IL-1B is one of the common neuroinflammatory sub-
stances that greatly increase in neuropathic pain.?” The
composition of pro-IL-1f can be initiated by JAK?2/

STATS3 signaling pathway through toll-like receptors.?®
In addition, inflammasome oligomerization and caspase-
1 auto-activation lead to caspase-1-dependent cleavage
of pro-IL-1B producing biologically active, mature IL-
1B.%’ According to a previous study, IL-1B has been
confirmed to have the ability to act as a neurotoxic medi-
ator.’® For example, upregulation of IL-1f in the area of
medial forebrain bundle remarkably decreased the
number of dopaminergic neurons in the striatum.’’
Other studies have showed that IL-1B mediated neuronal
apoptosis via p-38 mitogen-activated protein kinase
activity after spinal cord injury.*> Curcumin has been
demonstrated to downregulate IL-1f to achieve
neuroprotection.*?

The mechanism of BCP involves vast intracellular
signal transduction pathways and a mass of extracellular
signal conducting molecules.**® In our previous
research study, various inflammatory signaling pathways
and numerous inflammatory cytokines, such as nuclear
factor kappa B (NF-«B) signaling pathway, chemokine
CC motif receptor-2 (CCR2), monocyte chemoattrac-
tant protein-1 (MCP-1), as well as nuclear protein
high-mobility group box-1 (HMGBI1) contributed signif-
icantly in the treatment of BCP.>’® In this study, we
attempted to demonstrate the curative effects of B14 on
mitigating BCP and to investigate whether it downregu-
lates JAK2/STATS3 signaling pathway in astroglial cells,
causing decreased IL-1p expression and maturation rate
in the spinal cord.

Material and methods

Animals

Nine-weeks-old adult female Sprague-Dawley (SD) rats,
weighing 180-200 g supplied by the Experimental Animal
Center of Zhejiang Province Academy of Medical
Sciences (Hangzhou, China) were used for all experimen-
tal operations. The rats were raised for five days in groups
of four per cage under controlled conditions (22°C-25°C,
7 a.m. to 7 p.m. 12-h light/dark cycle) with food and
water ad libitum. All experiments were performed
according to the Ethical Guidelines for Investigations
of Experimental Pain in Conscious Animals* and were
approved by the Animal Use and Care Committee for
Research and Education of the Jiaxing University.

Experimental procedure

The basic experimental procedure contains five main
steps:

1. Establishment of BCP model, measurement of pain
threshold, and radiography. SD rats were randomly
distributed into naive, BCP and sham (injection
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inactivated Walker 256 cell) groups. The paw with-
drawal threshold (PWT) of the operation side was
recorded on day 1 before and on days 1, 3, 6, 9, 12,
15, and 18 after operation. Meanwhile, on day 1
before, and on days 12 and 24 after operation, the
rats in BCP group underwent computed tomography
(CT) examination (Figure 2(a)).

2. Confirmation of whether p-JAK2, p-STAT3, JAK2,
STAT3 and IL-1B were increased in BCP. SD rats
were randomly divided into five groups: naive,
sham, and BCP (6, 12, and 18 days) groups. Rats in
each group were anesthetized and harvested at a cer-
tain time point for Western blotting (n =4). Other SD
rats were randomly distributed into three groups:
naive, sham, and BCP groups. All rats were anesthe-
tized and harvested on day 12 after operation to
undergo immunohistochemistry and hematoxylin-
eosin staining. The sample from the surgical paw
was used for hematoxylin-eosin staining. The spinal
cord from the BCP group was fluorescently labeled
(p-JAK2, p-STAT3, and IL-1B) and comarked with
Iba-1 (the microglial marker), glial fibrillary acidic
protein (GFAP) (the astrocytic marker), or NeulN
(the neuronal marker), (Figure 2(b)).

3. Measurement of 24h pain threshold after injecting
single dose of B14. SD rats were randomly distributed
into six groups: naive, sham, and BCP (0, 2.5, 5, and
10 mg/kg) groups. B14 injection was given on day 12
after operation (solvent 2 ml 5% dimethylsulfoxide
(DMSO), intraperitoneally (i.p.) once). The PWT on
the operation side was recorded 1 h before and at 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 16, 20, and 24 h after
injection (Figure 2(c)).

4. Measurement of long-term pain threshold after injec-
tion of multiple doses of B14. SD rats were randomly
distributed into six groups: naive, sham, and BCP (0,
2.5, 5, and 10mg/kg) groups. Bl4 injection was
administered on day 6 after operation (i.p. qd. [.
quaque die]) for 1 week. The PWT on the operation
side on days 0, 3, 6,9, 12, 15, and 18 after surgery was
recorded (Figure 2(d)).

5. Confirmation of whether p-JAK2, p-STAT3, JAK2,
STATS3, and IL-1P was decreased in BCP after treat-
ment. SD rats were randomly distributed into six
groups: naive, sham, and BCP (0, 2.5, 5, and 10 mg/
kg) groups. B14 injection was administered on day 6
after operation (i.p. qd.) for seven days. Rats in each
group were anesthetized and harvested after reaching
the peak value after last injection for Western blotting
(n=4). Additional SD rats were randomly distributed
into three groups: naive and BCP (0 and 10 mg/kg).
All rats were anesthetized and harvested on day 12
after injection and those samples were fluorescently
labeled (p-JAK2, p-STAT3 and IL-1p) and comarked
with Iba-1, GFAP, or NeuN (Figure 2(e)).

Cell line

Rat-derived breast cancer cell line, Walker 256, was used
in this experiment to establish BCP model. This was
passaged from the original cell line and was generously
presented by the Nanjing University of Chinese
Medicine. This was widely used in our previous research
studies. 84041

BCP model

The establishment of BCP was vividly described in our
previous papers.***! Female SD rats (except the naive
group) were anesthetized with pentobarbital sodium
(60 mg/kg, i.p.). In order to provide a clear view of the
proximal tibia, an aseptic incision was gently made on
the left leg. After careful drilling of a tiny hole on the
exposed proximal tibia, the size of the needle that best
fitted the Feige microsyringe was used. Walker 256
breast cancer cells (10pl, 1x10%ml) or heat-
inactivated Walker 256 breast cancer cells (10 pl,
1 x 10°/ml) (sham group) were slowly injected into the
marrow cavity. After waiting for a moment to balance
the pressure, the microsyringe was removed, and then
the hole was sealed with bone wax immediately.
Finally, an aseptic incision was sutured with fibrin glue.

Drugs

B14 was generously presented by Wenzhou Medical
University Second Affiliated Hospital. It was dissolved
in DMSO (Sigma-Aldrich), diluted in saline to several
appropriate concentrations, and then the final concen-
tration of 5% DMSO was prepared. According to dif-
ferent doses, female SD rats were randomly divided into
six groups: naive, sham, BCP+vehicle group,
BCP+B14 2.5mg/kg, BCP+Bl4 S5mg/kg, and
BCP + B14 10mg/kg. In each group, drugs were admin-
istered once in a fixed time point of the day (i.p.), start-
ing from day 6 till day 12, consecutively for seven days.

Behavioral test

The mechanical allodynia of SD rats was tested by mea-
suring the operative PWT using von Frey filaments
(IITC, USA) in a blinded manner.*** During the test,
each rat was isolated in a resin-glass partition
(25 %20 x 20cm), with 0.5x 0.5cm iron grids on the
bottom. After five days of adapting to the laboratory
conditions, the baseline characteristics were measured
one day before the surgery to narrow the error. Next,
the rats were placed in the resin-glass partition for 30
min per day for three days in advance. In the formal test,
after 30 min of acclimatization, a pressure was vertically
exerted on the plantar surface of the operated hind leg
for 2-3's between the two stimulations, with a time gap
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of Smin. The data were recorded until the positive signs
were shown up (rapidly pull back or bit or lick or shake
the tested hind leg). All the data collected were according
to the laws of Dixon’s up-down method. The value of
PWT was calculated as an average of three values
obtained from each stimulation.

CT reconstruction

For CT three-dimensional bone reconstruction,
SIEMENS SOMATOM Definition AS, a CT scanner,
was used. SD rats were anesthetized with pentobarbital
sodium (60 mg/kg, i.p.) before undergoing the scan. The
acquisition parameters were as follows: helical scanning,
120kVp, Care dose 4D technique, layer thickness of
I mm, layer interval of 1mm, kernel: U30u medium
smooth, with CT imaging of SD rat’s tibia at high resolu-
tion (field of view 100 mm). All the images were processed
and analyzed via Siemens Syngo MultiModality
Workplace (MMWP) postprocessing workstation.

Pathological process

To observe histological alterations of BCP, the rats were
administered with pentobarbital sodium overdose
(100 mg/kg, i.p.) on day 12 of BCP. Tissues, with
puncture point on the tibial bone as the center (0.5cm
around), were accurately removed and decalcified in
10% ethylenediaminetetraacetic acid mixture for 24h
and then embedded with paraffin. According to our
previous study, a series of 8-pum thick sagittal sections
were cut across the entire tissues. After safranin-O/fast-
green hematoxylin and eosin staining, the sections were
observed under 200x microscope (OLYMPUS).

Western blot

SD rats were deeply anesthetized with pentobarbital
sodium (60 mg/kg, i.p.), and then the L4-L5 segments
of ipsilateral spinal cord were harvested. Sample tissues
were subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis. Western blotting was conducted by
probing these tissues with primary antibodies such as
anti-JAK2 antibody, anti-p-JAK2 antibody, anti-
STAT3 antibody, anti-p-STAT3 antibody, anti-IL-1p
antibody, and normalized with glyceraldehyde 3-phos-
phate dehydrogenase.

Immunofluorescent histochemistry

P-JAK2, p-STATS3, IL-1p and NeuN, Iba-1, or GFAP in
SD rats’ spinal cord underwent double immunofluores-
cence labeling and visualized under a confocal micro-
scope (Leica TCS SP2; Wetzlar, Germany). SD rats
were anesthetized with pentobarbital sodium (60mg/
kg, i.p.) and transcardially perfused with 150ml of

5SmM phosphate-buffered saline (PBS) (pH 7.4), fol-
lowed by 100ml of 4% (w/v) paraformaldehyde PBS.
After sample isolation, spinal lumbar enlargements
(L3-L5) are fixed in 4% (w/v) buffered paraformalde-
hyde for 6 h and dehydrated for 48 h in gradient sucrose
solutions (15%-30%) at 4°C. These spinal samples were
embedded in (optimal cutting temperature) OCT com-
pound (Sakura, America) at —20°C and then were cut
into 25um sections. All frozen sections were washed
thrice, 10 min each with 0.01M PBS. After that, the sec-
tions were blocked in 0.01M PBS containing 8% (v/v)
donkey serum and 0.5% (v/v) Triton X-100 for 1 h at
28°C. Again, after washing the sections thrice for 10 min
each in 0.01M PBS, they were incubated overnight with
the following primary antibodies: anti-p-JAK?2 antibody
(1/100, rabbit, Abcam), anti-p-STAT3 antibody (1/100,
rabbit, Cell Signaling Technology (CST)), anti-IL-1f
antibody (1/100, rabbit, affinity), Iba-1 antibody (1/
100, mouse, Gene Tex), NeuN antibody (1/100, mouse,
Abcam), and GFAP antibody (1/100, mouse, CST), in
PBS containing 5% (v/v) donkey serum, at 4°C.

After incubating with primary antibodies, the sections
were washed thrice as usual and then incubated at 28°C
with donkey secondary antibodies (Cy3- or fluorescein
isothiocyanate-conjugated secondary antibodies (1:500,
Abcam)) for 2h by shielding from light. Finally, the
sections were flattened onto the glass slides, coverslipped
with water-based mounting medium containing 4’,6-dia-
midino-2-phenylindole (DAPI) (Bioss, China) and
observed under a confocal microscope (Leica TCS
SP2; Wetzlar, Germany). Each group was provided
with four samples, and each sample has five sections
from different rostrocaudal planes between L4 and LS.
All the images were analyzed by Image Pro Plus 6.0
(Image Pro Plus Kodak, USA).

Statistical analyses

All data were processed by using SPSS version 20.0 and
were presented as mean + standard deviation. One- or
two-way analysis of variance (ANOVA) was used to
calculate the data and detect the differences between
the groups. The F test was used to examine the equality
of variances in t test and Levene’s equality of error
variances for ANOVA. p<0.05 was considered to be
statistically significant.

Results

BCP model

After measuring the baseline characteristics, surgery was
performed under moderate anesthesia, and the Walker
256 breast cancer cells (10 pul, 1 x 10®/ml) were injected
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into the left tibia of SD rats as previously described
(day 0). The rats in the sham group were injected with
heat-inactivated Walker 256 breast cancer cells (10 pl,
1 x 10°/ml). The naive group was exempted from sur-
gery. Behavioral assessment was done on days 1, 3, 6,
9, 12, 15, and 18 after operation by PWT. In the BCP
group, the quantitative value of PWT was decreased on
day 6 after operation when compared to the naive group.
The speed of the decrease was gentle on day 6 after oper-
ation (£ 57 =32.35, ***p < 0.001 vs. sham group; n = 10,
two-way repeated measures ANOVA, Figure 3(b)). PWT
showed no significant differences between the naive group
and the sham group (Ff;,7;=32.35, p>0.05 vs. sham
group; n=10, two-way repeated measures ANOVA,
Figure 3(b)). Based on the images, osteolysis and
osteoproliferation were demonstrated to be anabatic
with the development of BCP (Figure 3(a)). Under

optical microscope, the normal construction of bone tra-
becula showed severe destruction; and moreover, the
marrow cavity was filled with cancer cells (Figure 3(c)

and (d)).

Changes of JAK2, STAT3, p-JAK2, p-STAT3 and IL-1f3
in BCP model

The JAK2/STATS3 signaling pathway showed massive
activation in neuropathic pain. Furthermore, many
researchers have found that activation of JAK2/STAT3
pathway showed positive associations with the
mechanisms of neuropathic pain.** Here, Western blotting
was performed to reveal the changes in the rules of JAK2,
STAT3, p-JAK2, p-STAT3, and IL-1B during the
establishment of BCP, and the results regarding the
ratios of p-JAK2, p-STAT3 with JAK2, and STAT3
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baseline 1 3 6 9 12 15 18 d

Days after Walker 256 injection

Figure 3. BCP-induced mechanical allodynia of hindpaw. (a) Three-dimensional rebuild CT image of the tibia bone after walker 256 cell
injection showing cortical bone damage. Arrowhead points to the spot of tumor cells caused abnormal bone structure. (b) PWTs of
ipsilateral hind paw remarkably decreased on BCP 6 days to 12 days, n= 10 per group, **p < 0.001 versus Naive group. Hematoxylin-
eosin staining of bone destruction showing malignant tumor infiltration and bone trabecula destruction (d) compare to normal bone tissue
(c), n=10 per group. Scale bar: 100 pm. BCP: bone cancer pain; PWT: paw withdrawal threshold.

were gradually increased with BCP progression
(F4.15=30.14, ***p <0.001 vs. sham group; Fy ;5=40.97,
**%p <0.001 vs. sham group; n=4, one-way ANOVA,
Figure 4(a) to (d)). Downstream protein factor IL-1f
expression showed remarkable increase (Fy;s=37.55,
**%p <0.001 vs. sham group; n=4, one-way ANOVA,
Figure 4(e) and (f)).

Double immunofluorescent staining of P-JAK2,
p-STAT3, and IL-1B are primarily present in the
neurons of spinal dorsal horn

On day 12 of BCP, all six groups: naive, sham, and BCP
(0, 2.5, 5, 10 mg/kg) were harvested under deep anesthe-
sia for Western blotting and immunofluorescence.
Double immunostaining results showed that p-JAK?2 in
spinal dorsal horn was colocalized with astrocytes
(Figure 5(a)), microglial cells (Figure 5(b)), and neurons
(Figure 5(c)). Almost 64.5% +4.8% showed colocaliza-
tion with neurons, 16.3% +2.4% p-JAK2 showed coloc-
alization with astrocytes and around 19.3% =+ 3.6% with
microglial cells (Figure 5(d)). Similarly, p-STAT3
showed colocalization with all three kinds of cells in

the spinal cord (Figure 5(e) to (g)) in which 84.0%
+4.8% was colocalized with neurons, 6.6% £2.6%
with astrocytes, and 9.4% 4 3.6% with microglial cells
(Figure 5(h)). The results of IL-1 cellular colocalization
in spinal cord dorsal horn revealed that IL-1f was
mostly colocalized with neurons (Figure 5(k)), and
almost 77.4% +7.6% (Figure 5(1)), with minor in astro-
cytes (Figure 5(1)) of 5.9% =+ 3.4% (Figure 5(1)) or micro-
glial cells (Figure 5(j)) of 16.8% = 5.7% (Figure 5(1)).

L.p. injection of BI4 improves mechanical allodynia in
BCP rats

For testing the analgesic effects of i.p. injection of B14 in
BCP rats more comprehensively, three doses (2.5, 5, and
10mg/kg) of B14 were administered to rats in this exper-
iment. All i.p. injections were administered on days 6, 7,
8,9, 10, 11, and 12 after operation. The quantitative value
of PWT of ipsilateral operational posterior limb was mea-
sured and recorded 1 h before and at 1, 2, 3,4,5,6,7,8,9,
10, 11, 12, 13, 16, 20, and 24 h after injection. Compared
with control group, PWT was dramatically augmented at
6h till 11h in Smg/kg and 10 mg/kg Bl4-treated BCP
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Figure 4. Variation tendency of p-JAK2, p-STAT3, JAK2, STAT3, and IL-1f in BCP molding. (a to d) Western blot analysis showing the
ratio of p-JAK2/JAK2 and p-STAT3/STAT3 expression were increasing dramatically with BCP molding, especially in BCP 12 days and BCP
18 days, n =4 per group, **p < 0.001, **p < 0.001 versus sham group. (e and f) Spinal protein level of IL- 1} after walker 256 cell injection
using Western blot analysis prominently elevated from BCP 6 days to BCP 18 days, n =4 per group, **p < 0.001 versus sham group. BCP:
bone cancer pain; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; IL: interleukin; JAK2: janus-activated kinase 2; STAT3: signal

transducer and activator of transcription 3.

groups and then showed a progressive decline
(F554=295.2, **p<0.0l, ***p<0.001 vs. control;
n=10, two-way repeated measures ANOVA, Figure 6
(a)). The trend line of PWT in 2.5mg/kg Bl4-treated
BCP group demonstrated slight differences in contrast
with vehicle-treated BCP rats (Fs5s54=295.2, p > 0.05,
*p < 0.05 vs. control; n= 10, two-way repeated measures
ANOVA, Figure 6(a)).

In long-term treatment, PWT of the operation side on
days 0, 3, 6,9, 12, 15, and 18 after surgery was recorded
after reaching the peak value. The speed of declination
of mechanical allodynia was slowed down in BCP (5 mg/
kg and 10 mg/kg) group during the treatment (from day
6 to day 12) (Fs5s4=185.1, ***p <0.001 vs. control;
n=10, two-way repeated measures ANOVA, Figure 6
(b)). Similar trend was not observed in the BCP (2.5 mg/
kg) group after treatment (Fs s4=185.1, p > 0.05 vs. con-
trol; n=10, two-way repeated measures ANOVA,
Figure 6(b)).

L.p. injection of B4 inhibits the activation of
JAK2/STAT3 in nerve cells and downregulates the
expression of IL-13

The ratio of p-JAK2/JAK2 showed progressive decli-
nation with an increasing doses of B14 (Fs;3=25.98,
#p<0.05, ##p < 0.01 vs. control; n=4, one-way
ANOVA, Figure 7(e) and (f)). An analogous tendency
was present in the rate of p-STAT3/STAT3 in spinal
tissues (Fs,3=38.17, ###p <0.001 vs. control; n=4,
one-way ANOVA, Figure 8(e) and (f)). The protein
levels of IL-1p was downregulated with gradual
increase of Bl4 (Fs 3=19.44, #p <0.05, *p < 0.01
vs. control; n=4, one-way ANOVA, Figure 9(¢) and
(f)). When the B14 concentration was 2.5mg/kg, the
secretion of IL-1p was remain  unchanged
(F5,8=19.44, p>0.05 vs. control; n=4, one-way
ANOVA, Figure 9(e) and (f)). At a concentration of
2.5mg/kg, Bl4 demonstrated no impact on the
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Figure 5. P-JAK2, p-STAT3, and IL-1 f§ cellular colocalization in spinal cord dorsal horn at BCP |2 days. Double immunostaining showing p-
JAK2 was colocalized with astrocyte (a), microglial cell (b) and neuron (c), most colocalized with neuron almost 64.5% + 4.8%; 16.3% +-2.4%
p-JAK2 colocalized with astrocyte, with microglial cell around 19.3% =+ 3.6% (d). Double immunostaining also showing p-STAT3 was
colocalized with astrocyte (d), microglial cell (e), and neuron (f), 84.0% + 4.8% colocalized with neuron, 6.6% + 2.6% with astrocyte, 9.4%
=+ 3.6% with microglial cell (h). The result of IL-1 f§ cellular colocalization in spinal cord dorsal horn revealed IL- 1 colocalized mostly with
neuron (k) 77.4% £ 7.6% (1), rather astrocyte (i) 5.9% =+ 3.4% () or microglial cell (j) 16.8% £ 5.7% (I), n =10 per group. Scale bar: 100 um.
BCP: bone cancer pain; IL: interleukin; JAK2: janus-activated kinase 2; STAT3: signal transducer and activator of transcription 3; GFAP: glial
fibrillary acidic protein.
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Figure 6. Single intraperitoneal administration and multiple intraperitoneal administration of Bl4 influence on mechanical allodynia in BCP
molding. (a) At BCP 12 days, single dose of various concentrations of B14 were given to corresponding group. Injection of 5 mg/kg and 10 mg/
kg B14 significantly alleviated pain caused by BCP molding, lasting roughly 6 h, n= 10 per group, **p < 0.001, **p < 0.001 versus BCP 12
days + veh group. (b) Multiple dose of various concentrations of B14 were given from BCP 6 days to BCP 12 days. During administration,
mechanical withdrawal threshold of BCP |2 days + B14 5mg/kg and BCP 12 days + Bl4 10 mg/kg groups were gradually raised, n= 10 per
group, *p < 0.001, **p < 0.001 versus BCP 12 days + veh group. BCP: bone cancer pain; PWT: paw withdrawal threshold.

expression of p-JAK2 and p-STAT3 (F5,5=25.98, The pharmacological effects of Bl14 on p-JAK2,
p>0.05 vs. control; n=4, Fs5,;3=38.17, p>0.05 p-STAT3, and IL-1PB in cornu dorsale medullae spinalis
vs. control; one-way ANOVA, Figures 7(e) and (f) were redemonstrated via immunofluorescence. The intu-
and 8(e) and (f). mescentia lumbalis (L3-L5) sample was acquired from
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Figure 7. B14 impact the escalating trend of p-JAK2 in BCP molding. (a to d) Immunofluorescence results shown the expression of p-JAK
was increased in control group and multiple intraperitoneal administration of B4 (10 mg/kg) remarkably decreased the expression of p-
JAK, n=10 per group, **p < 0.001, *#p < 0.001 versus sham group. (e and f) Western blot analysis shown multiple intraperitoneal
administration of B14 5mg/kg and 10 mg/kg markedly cut down the protein level of p-JAK2 in spinal cord, n=4 per group, #p < 0.05,
##p < 0.01 versus sham group. But in the concentration at 2.5 mg/kg, the effect was limited, n =4 per group, p > 0.05 versus sham group.
Scale bar: 100 um. BCP: bone cancer pain; JAK2: janus-activated kinase 2; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

naive, sham, and 10 mg/kg Bl4-treated BCP groups on
day 12 after operation. Under fluorescence microscope,
the locations of these factors were detected. The mean
immunofluorescence intensity of p-JAK2 and p-STAT3
in sham group was much stronger than those in 10 mg/
kg Bl4-treated BCP group (F,,;=35.04, #¥p<0.001
vs. control; 5,7 =56.49, ###p <0.001 wvs. control;
n=10, one-way ANOVA, Figures 7(a) to (d) and 8(a)
to (d)). From IL-1P immunofluorescence images, a note-
worthy gap between control and 10 mg/kg Bl4-treated
BCP groups was observed (F» 7= 85.6, ##p < 0.001 vs.
control; n=10, one-way ANOVA, Figure 9(a) to (d)),
which was in parallel to the analysis of Western blotting
(Figure 9(e) and (f)).

Discussion

In this study, we demonstrated that (a) the ratio of
p-JAK2/JAK2 and p-STAT3/STAT3 and the level of
IL-1B were increased after transplantation in Walker
256 cells; (b) p-JAK2, p-STAT3, and IL-1p were over-
expressed in the neurons of spinal cord dorsal horn as
shown by immunofluorescence; (c) acute or chronic i.p.
injection of B14 relieved BCP; and (d) i.p. injection of

B14 suppressed the activation of JAK2/STATS3 signaling
pathway and downregulated the expression of IL-1p.
Our previous studies have already proven that bone
cancer-induced hyperpathia was triggered by activating
protein kinase C-directed phosphorylation of HMGBI.
HMGBI phosphorylation caused translocation of itself
from the nucleus in the spinal dorsal horn, activating
inflammatory cascade falls.*® Besides, we have also dem-
onstrated that NF-kB pathway influenced the cancer-
induced bone pain by regulating the levels of MCP-1/
CCR2-dependent inflammatory factors.?’
JAK2/STATS3 signaling path is a well-known path-
way in inflammation.*>*® In this study, we showed that
the ratios of p-JAK2/JAK2 and p-STAT3/STAT3 were
increased in the spinal cord of BCP rats on day 6.
According to a recent study, the upregulation of p-
JAK2 and p-STATS3 occurred on day 14, which was sim-
ilar to our results.*’ The variation tendency of p-JAK2/
JAK?2 ratio and p-STAT3/STAT3 ratio was similar to
that of our previous research, which was increased from
days 12 to 18.*%%° IL-1B is a downstream inflammatory
factor of JAK3/STAT3 signaling pathway.” Former
research papers reported that IL-1B has the ability to
act as a neurotoxic mediator,*® while few others demon-
strated that IL-1p mediated neuronal apoptosis via p-38
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Figure 8. Bl4 impact the escalating trend of p-STAT3 in BCP molding. (a to d) Immunofluorescence results shown the expression of p-
STAT3 was increased in control group and multiple intraperitoneal administration of B14 (10 mg/kg) remarkably decreased the expression
of p-STAT3, n= 10 per group, ¥*p < 0.001, *#p < 0.001 versus sham group. (e and f) Western blot analysis shown multiple intraper-
itoneal administration of B14 5 mg/kg and 10 mg/kg markedly cut down the protein level of p-STAT3 in spinal cord, n=4 per group,
#i#p < 0.001, ##p < 0.001 versus sham group. On the contrary, at 2.5 mg/kg, BI4 made no difference on the result, n=4 per group,
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mitogen-activated protein kinase activity after spinal
cord injury.* Here, IL-1p expression showed an increase
in the spinal tissues of BCP rats, which was consistent
with other research studies.*’!

Many previous research studies indicated that upre-
gulated p-JAK?2 and p-STAT?3 were probed in astrocytes
and tremendously participated in the activation of astro-
cytes in the spinal horn of neuropathic pain model.**>
A rapidly growing body of evidence showed that
microglial cells are critical components for hyperpathia
and coexistence of STAT3 with microglia.”*->* Our cur-
rent immunofluorescence results showed that p-JAK2
and p-STAT3 were activated by BCP colocalized with
astrocytes, microglial cells, and neurons in spinal dorsal
horn. Vast majority of these proteins were located on the
neurons, which may in turn cause hyperexcitability of
neurons. Apparently, the double-labeled immunofluo-
rescence results were not in line with the prevailing
view but were still consistent with some other former
studies.>>® Similarly, the enhanced IL-1B expression
was detected on the neurons of BCP rats, aggravating
inflammation of spinal dorsal horn. We must admit that
a large number of studies showed that astroglia or
microglia secreted IL-1p activated neurons through IL-
IR during inflammation or neuropathic pain. However,

there are also studies that demonstrated growth factor
deprivation, oxidative stress, which other studies dem-
onstrated intraneuronal Nlrpl inflammasome activation
to caspase-1-generated IL-1B-mediated neuroinflamma-
tion.”” Other research studies showed that neurons have
secreted IL-1B-activated microglia and astroglial,®®
which was consistent with our study result.

Curcumin is an effective extract of turmeric that is
widely used and studied in many areas. Unfortunately,
due to its natural features such as low bioavailability and
solubility, poor chemical stability, high metabolic rate,
and so on, its extensive use in clinics was limited. For
this reason, in our experiment, we used B14, which is a
curcumin analogue and has better performance.”
Similarly, during the exploration of psoriasis treatment
by cobinding of hyaluronic acid with propylene glycol-
based ethosomes, a new type of carrier for curcumin has
been invented.®® Nanocurcumin is manufactured for the
treatment of cerebral ischemia—reperfusion injury.®' In
the clinical trial of Alzheimer’s disease, curcumin 4 g/day
was given to patients for 24 weeks as a course of treat-
ment.%? In animal models of neuropathic pain induced
by diabetes or mechanical injury, 45 mg/kg and 60 mg/kg
of curcumin twice a day were given for four weeks.®
Other recent studies confirmed that doses of 60 mg/kg
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Figure 9. B14 impact the escalating trend of IL-15 in BCP molding. (a to d) Immunofluorescence results shown the expression of IL-1f
was increased in control group and multiple intraperitoneal administration of B14 (10 mg/kg) remarkably decreased the expression of IL-
I8, n= 10 per group, **p < 0.001, *#p < 0.001 versus sham group. (e and f) Western blot analysis shown multiple intraperitoneal
administration of B14 5mg/kg and 10 mg/kg markedly cut down the protein level of IL-1 in spinal cord, n=4 per group, #p < 0.05,
#p < 0.01 versus sham group. When the concentration was 2.5 mg/kg, the secretion of IL-1 3 was not affected, n =4 per group, p > 0.05
versus sham group. Scale bar: 100 um. BCP: bone cancer pain; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; IL: interleukin.

and 120mg/kg curcumin markedly alleviated SNI-
induced mechanical allodynia, while the dose of 30 mg/
kg showed no difference in pain.®* In our experiment,
three doses of B14 (2.5, 5, and 10 mg/kg) were given once
a day continuously for one week, which significantly mit-
igated cancer-induced bone pain in rats (except 2.5 mg/
kg). Meanwhile, the results of Western blotting and
immunofluorescence demonstrated that i.p. injection
of Bl14 remarkably downregulated the expressions of
p-JAK2, p-STATS3, and IL-1p.

In a study conducted on BCP mice, a new drug DR-1-
55 suppressed the expression of p-STATS3, leading to a
decrease in human IL-6 and IL1-1B secreted by T47D
clones by relieving cancer-induced bone pain.®® In an
experiment on spinal cord injury, curcumin treatment
inhibited the activation of STAT3 and NF-kxB, while
the levels of IL-1B and nitric oxide were severely
reduced.®® In cerebral ischemic model, curcumin sup-
pressed the activation of JAK2/STAT3, decreased
HMGBI, and decreased the expression of inflammatory
factors such as IL-1B, tumor necrosis factor-alpha.
Therefore, B14, which is an analogue of curcumin,
inhibited the activation of JAK2/STAT3 signaling
pathway, leading to the downregulation of the
expression of IL-1B in spinal neurons, eventually
lightening the pain of bone cancer. Furthermore, other
action sites and side effects of B14 required deeper and

thorough study. But one of the biggest regrets of this
experiment is that we did not explore the specific
interaction sites of B14, which is worthy investigation
in future.

Conclusion

In this study, we proved that JAK2 and STAT3 phos-
phorylation was significantly increased during the devel-
opment of BCP and is accompanied by gradual
upregulation of IL-1pB. B14 treatment remarkably allevi-
ated BCP by downregulating spinal IL-1f via suppres-
sion of neuronal JAK2/STATS3 signaling pathway.
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