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Introduction

Abstract

Objectives To study the antinociceptive effect of single and repeated doses of
resveratrol in a bone cancer pain model, and whether this effect is prevented by
the Silent Information Regulator 1 (SIRT1) inhibitor selisistat.

Methods The femoral intercondylar bone of BALB/c mice was injected with
1 000 000 BJ3Z cancer cells. Bone resorption and tumour mass growth (mea-
sured by in vivo X-ray and fluorescence imaging), as well as mechanical nocicep-
tive thresholds (von Frey device) and dynamic functionality (rotarod machine),
were evaluated during the following 4 weeks. Acute resveratrol (100 mg/kg i.p.)
and/or selisistat (10 mg/kg s.c.) were administered on day 14. Chronic resveratrol
(100 mg/kg i.p., daily) and/or selisistat (0.5 pg/h s.c., Alzet pump) were adminis-
tered between days 14 and 20.

Key findings Tumour growth gradually incremented until day 31, while
mechanical hyperalgesia started on day 3 after cancer cell injection. Acute resver-
atrol increased the mechanical threshold of pain (peaking at 1.5 h), while the
dynamic functionality decreased. Chronic resveratrol produced a sustained
antinociceptive effect on mechanical hyperalgesia and improved the loss of
dynamic functionality induced by the bone cancer tumour. Selisistat prevented
all the effects of resveratrol.

Conclusions Acute and chronic resveratrol induces antinociceptive effect in the
model of metastatic osseous oncological pain, an effect that would be mediated
by SIRT1 molecular signalling.

or metastasis arising from primary cancer in the lung,
breast, prostate or colon.) Although the mechanisms

Pain is one of the most frequent manifestations in patients
with cancer, and this can be triggered by direct infiltration
of the tumour into the tissue, the generation of metastasis,
the surgery to remove cancer, the chemotherapy or the
radiation received as treatment.!! Among the different
types of cancer, those localized in bone marrow exhibit the
highest frequency in patients experiencing intense pain
(75-90%).!*! Bone cancer is caused by multiple myeloma

underlying the pain elicited during bone cancer are increas-
ingly understood, for example local tumour expansion,
infiltration of nerve plexuses, secretion of inflammatory
molecules,**! the analgesic drugs available for treating the
pain associated to bone cancer still have low effectiveness.
Current drug treatment for advanced bone cancer pain
includes classic painkillers such as strong opioids (mor-
phine, methadone, oxycodone, hydromorphone, fentanyl
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and buprenorphine). However, the analgesic effects of opi-
oids can be less effective in cancer-induced bone pain com-
pared with other pain states, and effective analgesia is
achieved only with the use of high doses that can also cause
frequent side effects.!”’ Furthermore, recent findings did
not support the usefulness of additional adjuvant drugs in
combination with different analgesics, even if in clinical
practice are commonly used, although agents that inhibit
osteoclast activity, such as bisphosphonates, could play an
important role in delaying the onset and progression of
pain.!”! Therefore, translational studies on the neurobiolog-
ical mechanisms associated with the perception of pain
aimed to identify drugs that may target some crucial step in
the pain transduction pathway in bone cancer are today a
key factor for the design of new suitable therapies for
pain relief.

One of these drugs with high therapeutic potential could
be resveratrol, a phytoalexin that is present in fruits such as
grapes and wine, generated in response to some conditions
such as stress, excessive sunlight, ultraviolet radiation or a
fungal infection.!®! There is evidence suggesting that resver-
atrol has several beneficial biological effects, such as antiox-
idant, neuroprotective, antitumour, cardioprotective and
anti-inflammatory, together with antihyperalgesic activ-
ity.') The antinociceptive effect of resveratrol has been
demonstrated in animals with diverse types of experimental
pain, arising from tissue inflammation,'”®! diabetic neu-

ropathy,!”'®! neuropathy due to spinal nerve constric-
tion,"" surgery-induced postpain,!'?! as well as from bone
cancer.'"?! Thus, resveratrol may have antinociceptive

actions both in acute and in chronic pain models, including
cancer pain. The antinociceptive effects of resveratrol have
been reported to be caused mainly by inhibition of pro-
inflammatory cytokines and chemokines and by promotion
of the anti-inflammatory cytokine IL-10,!"*'*) inhibition of
COX-1 and COX-2 activity, ®'®'”) and modulation of
some ligand-gated receptors in spinal cord such as gluta-
matergic NMDA,!"®'*! purinergic P2X7,"°! and serotoner-
gic 5-HT5?" and 5-HT, receptors.[zz] Besides, resveratrol
has also been found to exert antinociceptive activity inci-
sion-induced acute and chronic pain by targeting the
AMPK-dependent molecular cascade, thereby inhibiting
ERK and mTOR signalling,!'>*! two pathways that con-
verge onto the cap-dependent translational machinery that
regulates essential genes for the development of nociceptive
sensitization.?* Thus, it seems important to re-evaluate
the issue of the antinociceptive effect of resveratrol in bone
cancer pain to contribute to precise some key step underly-
ing analgesic mechanism.

The mechanism of action of resveratrol in cancer pain
models has recently been reported as related to the AMPK
pathway because resveratrol activation of this pathway
resulted in amelioration of bone cancer pain.'*”! The fact

Resveratrol and selisistat in bone cancer pain

that resveratrol has been found to attenuate inflammatory
hyperalgesial®®! and burn injury pain'®”! by increasing the
activity of the Silent Information Regulator 1 (SIRT1), a
type of histone deacetylase responding to NAD" concentra-
tion which is sited downstream to the AMPK cascade**!
suggests the involvement of the AMPK/SIRT1 pathway in
bone cancer pain. The AMPK/SIRT1 molecular cascade has
been reported to be engaged in the alleviation of spinal
cord injury via neuronal apoptosis in the spinal cord!***’!
and in the ageing process in general,”!! but the involve-
ment of this pathway in cancer pain relief has not still been
studied. On these bases, the present study was addressed to
reevaluate the efficacy of resveratrol as an antinociceptive
agent in bone cancer pain, together with testing the possi-
bility of involvement of the SIRT1 pathway in the antinoci-
ceptive action of resveratrol, by utilizing the SIRTI
inhibitor selisistat (formerly known as EX527) as a pharma-
cological tool. To this end, we propose to utilize a modifi-
cation of one of the first intraosseous tumour injection
model, originally performed using osteolytic sarcoma
NCTC 2472 cell lines introduced into the femoral bone
marrow of C3H/HeJ mice,*?! a technique that allows
tumour development without the possibility of generating
extraosseous dissemination during the initial phase of
tumour growth.

Materials and Methods

Animals

Male BALB/c mice (20-30 g) from the facility of the Fac-
ulty of Medicine of the University of Chile were used. The
mice were maintained with controlled temperature
(21 £ 1°C) and light conditions (12 : 12 h light-dark
cycle, lights on at 8:00 a.m.), and with ad libitum access to
food and water. All behavioural tests were performed
between 9:00 and 13:00 h, and mice were allowed to habit-
uate to the housing facility for 1 h before the beginning of
experiments. The experimental procedures were approved
by the Bioethics Committee of the Faculty of Medicine,
University of Chile, (protocol CBA0721 from January
2015) and were in agreement with recently published ani-
mal welfare norms on pain management>* and with the
Guide for the Care and Use of Laboratory Animals of
NIH."* To determine the number of required mice in each
experimental group, a sample size power analysis was con-
ducted by using the G¥Power 3 Software (Heinrich Heine
Universitit Diisseldorf, Diisseldorf, Germany).**! Briefly,
n = 6 mice per group was computed from pilot studies car-
ried out in our laboratory assaying the antinociceptive
effect of resveratrol on mechanical allodynia of mice with
bone cancer pain (see below), where a significance level
o = 0.05 and a power level 1—f = 0.80 were prespecified.
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All the experimental measurements were performed in
blinded condition. Each mouse was sacrificed at the end of
the experiment by a carbon dioxide overdose.

Induction of bone cancer

Cell line (BJ3Z)

The tumour cells used to generate the bone cancer model
were obtained from transformed murine stromal mammary
cells (BJ3Z), which express the green fluorescent protein
ZsGreen.*!

Intraosseous injection

The mice were injected with 1 000 000 BJ3Z cells or culture
medium (sham experiments) through a femoral intercondy-
lar perforation. For this, the mice were anesthetized
intraperitoneally (i.p.) with ketamine (50 mg/kg) and xyla-
zine (10 mg/kg). A skin cut of 4 mm was made at the level
of the left knee, the quadriceps femoris muscle and the
patella were displaced laterally, and an incision of 2 mm was
made above the intercondylar region. Once the intercondylar
region of the femur was visible, a perforation was made by
drilling with a 1 mm round bur, generating a notch. Imme-
diately, a 27G needle was inserted into the medullary space,
and 15 pl of BJ3Z cells (equivalent to 1 000 000 cells) or cul-
ture medium (sham controls) was injected with a 29G nee-
dle. Finally, the orifice was covered with glass ionomer, the
patellar ligament was repositioned and the musculature and
skin were sutured.'””! Ketoprofen 50 mg/kg i.p. was adminis-
tered after the procedure for achieving postsurgical analgesia.

Tumour development

The bone resorption (osteolysis) on days 3, 10, 17, 24 and
31 after surgery and tumour growth on day 31 after surgery
was evaluated using the In-Vivo FX PRO imaging system
(Bruker Corporation, Billerica, MA, USA). The mice were
evaluated under anaesthesia (ketamine 50 mg/kg and xyla-
zine 10 mg/kg). They were introduced into the imaging
equipment in a prone position with the hips in semiflexion,
external rotation and with the knees in 90 degrees of flex-
ion. The bone resorption was studied by radiographs, and
tumour lesions in the femoral were assigned scores of 0—
50371. (0) normal bone with no signs of destruction; (1)
small radiolucent lesions indicative of bone destruction
(one to three lesions); (2) increased number of lesions
(three to six lesions) and loss of medullary bone; (3) loss of
medullary bone and erosion of cortical bone; (4) full-thick-
ness unicortical bone loss; and (5) full-thickness bicortical
bone loss and displaced skeletal fracture. At the end of the
experiment (on day 31), the mice were euthanized and the
femurs were extracted to evaluate the progression of bone
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damage produced by the tumour, in accordance with the
scale mentioned above. The growth of the tumour mass
was evaluated by the fluorescence emitted by BJ3Z cell over
both femurs, using the Molecular Imaging Software MI 7.5.
The excitation was adjusted to an emission of 490-510 nm,
and the image was obtained with 5 min of exposure.

Behavioural evaluation

Mechanical allodynia

The evaluation of mechanical allodynia was performed with
an electronic von Frey device (Ugo Basile), with the mice
positioned in a platform over a metal mesh. Before each
experiment, the mouse was maintained 1:30 h over the
metal mesh, for acclimation. Once the mouse maintained
its four legs over the metal mesh, the analgesiometer was
positioned below the left plantar surface, and the force
required to trigger a withdrawal reflex was recording. For
each mouse, this measurement was performed five times
with 60 s of rest interval.

Dynamic functionality

Assessment of the dynamic functionality was made on a
digital rotarod machine. Briefly, the mice were placed on a
rotating roller at 20 cycles per minute at day zero. Previ-
ously, the mice were trained in at least two previous ses-
sions before day zero. In this experiment, the functionality
of the operated leg is evaluated on days 3, 7, 10, 14, 17, 21,
24 and 28 after neoplastic cells injection, three times a day,
in the following way: 0: the mouse moves the leg normally;
1: minimal lameness in the affected leg; 2: substantial lame-
ness; 3: substantial lameness and the mouse partially hides
the leg: 4: substantial lameness and the mouse completely
hides the leg. 5: the mouse does not use the affected
hindlimb."”!

Pharmacotherapy

Resveratrol and selisistat were dissolved in DMSO 10% v/v
as vehicle. Resveratrol was always injected i.p. while selisistat
was administered s.c. DMSO 10% alone (as control) was
administered either i.p. or s.c. Therefore, four groups of trea-
ted animals were formed as follows: (a) vehicle i.p. plus vehi-
cle s.c. (control group), (b) resveratrol i.p. plus vehicle s.c.
(c) vehicle i.p. plus selisistat s.c. and (d) resveratrol i.p. plus
selisistat s.c. In the acute experiments, mice received on day
14 after cancer cells inoculation one of the four pharmaco-
logical treatments described above, using 100 mg/kg i.p. of
resveratrol, 10 mg/kg of selisistat s.c., or similar volume of
vehicle. For the chronic experiments, the mice were given for
7 days (between days 14 and 20 after surgery) with any of
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the four treatments described, by using a daily 100 mg/kg
i.p. injection of resveratrol (or vehicle) and/or 0.5 pg/h s.c.
of selisistat (or vehicle) administered with an Alzet mini-
pump. The Alzet minipumps used (model 1007D) deliver
0.5 pul/h over a 1-week period and were subcutaneously
implanted on the back of mice, slightly posterior to the
scapulae, under ketamine/xylazine anaesthesia.

Statistic analysis

A sample size of n=6 was calculated according to
G*Power 3 Software.’’”! In the initial experiments, it was
considered a 25% of failure in the tumour implantation;
therefore, the sample size was increased to n = 8 in the
mice with the injection of tumour cells. The data were pre-
sented as mean + SEM. For comparing significant differ-
ences between two values, the unpaired two-tailed
Student’s t-test was used; for more than two values, one-
way ANOVA followed by the Bonferroni post hoc test was
used. A value of P < 0.05 was accepted as statistically sig-
nificant. Statistical analyses and graphs were performed
using the statistical software GraphPad Prism 7.0 (Graph-
Pad Software Inc., San Diego, CA, USA).

(@) 3rd day

31th day

BJ3Z

(c) Control

Figure 1

Resveratrol and selisistat in bone cancer pain

Results

Development of bone cancer pain model
and behavioural evaluation

Intraosseous femoral intercondylar injection of neoplastic
BJ3Z cells resulted in bone resorption (Figure la), evalu-
able by X-rays from day 10 after the injection of neoplastic
cells, with a progressive increase in bone damage up to day
31 (Figure 1b). The tumour formed by BJ3Z cells was visu-
alized by fluorescence at day 31 in postmortem naked
femur (Figure 1c). It was found that there was a significant
increase in the ipsilateral fluorescence of each group com-
pared to its control (*P < 0.05, unpaired two-tailed Stu-
dent’s t-test) in the selected area (Figure 1d).

Intraosseous injection of neoplastic BJ3Z cells generated
measurable and persistent nociception over time. The mice
group injected with neoplastic cells injection showed a
decrease in the mechanical threshold 3 days after the injec-
tion, which was maintained at least for 31 days as com-
pared to mechanical threshold values obtained before
injection, while the sham group recovered the initial
mechanical threshold at day 17 (Figure 2a, *P < 0.05,
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Physical changes in femur of Balb/c mice after inoculation of BJ3Z-106 cancer cells on day zero: (a) representative in vivo X-ray image

on days 3 and 31 after inoculation, (green arrow shows decreased thickness of the cortical bone; blue arrows show radiolucent lesions, indicating
area with bone resorption); (b) bone resorption scores (0-5 scale), as measured from X-ray photographs on days 3, 10, 17, 24 and 31 following
BJ3Z cancer cell inoculation; (c) representative ex vivo fluorescence image merged with X-ray image from sham and BJ3Z cells inoculated mice, at
day 31 after inoculation (fluorescence scale bar is shown on the right side of the figure); (d) Fluorescence counts in sham and BJ3Z cells injected
mice, at day 31 after inoculation; data of each animal are depicted by dots. Columns with vertical bars are means 4+ SEM, n = 6 mice per group.
*P < 0.05 (unpaired two-tailed Student’s t-test). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2018 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 71 (2019), pp. 816-825 819

220z 1snBny g0 UO Jasn aojoyD EliseD - dlIyD 8p Pepisionun Aq 1102z 19/918/G/1 Z/alone/ddl/woo dno-olwepeoey/:sdjy woJy papeojumod


www.wileyonlinelibrary.com

Resveratrol and selisistat in bone cancer pain

repeated-measures ANOVA followed by Bonferroni post
hoc test). Calculation of the area under the time-course
curves (AUC), as a measure of the averaged pain threshold
during the complete period of observation, showed that the
allodynia induced by bone cancer was statistically signifi-
cant as compared with naive and sham groups (Figure 2b,
*kEkP < 0.0001, one-way ANOVA followed by Bonferroni
post hoc test). Concomitantly, the forced gait test assessing
the degree of limping of the affected leg showed that mice
with cancer had significantly less functionality than control
mice from day 3 and that limping is constant throughout
the observation period, as opposed to the sham group that
recovers at day 17 (Figure 2¢, *P < 0.05, repeated-mea-
sures ANOVA followed by Bonferroni post hoc test; Fig-
ure 2d, ****P < 0.0001, one-way ANOVA followed by
Bonferroni post hoc test).

Effect of acute resveratrol in bone cancer
pain and its prevention by selisistat

The antinociceptive effect of acute resveratrol 100 mg/kg or
vehicle was evaluated in mice on day 14 postsurgery for 3 h.
The time-course curve for resveratrol shows that this drug
had a transient antiallodynic effect in mice with bone cancer
that peaked at 1.5 h and that the mechanical nociceptive
threshold returned to the initial allodynic score in around
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2.5-3 h (Figure 3a, *P < 0.05, repeated-measures ANOVA
followed by Bonferroni post hoc test). While selisistat alone
did not elicit any change in the mechanical withdrawal
threshold of mice with bone cancer, co-administration of
selisistat completely prevented the antiallodynic effect of
resveratrol as the values of mechanical threshold in this
group of animals did not differ from those of vehicle con-
trols at any time. Calculation of the AUC, as a measure of
the effect of the drugs during the complete period of obser-
vation, showed that the antiallodynic effect of resveratrol was
statistically significant (Figure 3b, *P < 0.05, one-way
ANOVA followed by Bonferroni post hoc test). Also, acute
resveratrol transiently improved the functionality of the hin-
dlimb with bone cancer, exhibiting a maximum effect at
1.5 h after injection (Figure 3¢, *P < 0.05, repeated-mea-
sures ANOVA followed by Bonferroni post hoc test). This
effect was statistically significant and fully reverted by co-
administration of selisistat (Figure 3d, *P < 0.05, 1-way
ANOVA followed by Bonferroni post hoc test).

Effect of repeated administration of
resveratrol in bone cancer pain and its
prevention by selisistat

The chronic administration of resveratrol 100 mg/kg daily
from day 14-20 after bioplastic cells inoculation increased
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Figure 2 Mechanical allodynia and hindlimb functionality in Balb/c mice after inoculation of BJ3Z-106 cancer cells on day zero: (a) withdrawal
threshold (in g) to paw pressure on the 4-week period that follows cancer cell inoculation; (b) area under the curve (AUC) of withdrawal threshold
time-course; (c) functional pain scores on rotarod (0-5 scale); (d) AUC of functional pain time-course. Data are means + SEM, n = 6 mice per
group. For A and C, *P < 0.05 (repeated-measures ANOVA followed by Bonferroni post hoc test). For B and D, ****P < 0.0001 (one-way ANOVA
followed by Bonferroni multiple comparisons test). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 Effects of acute administration of i.p. resveratrol (100 mg/kg) or vehicle, co-administered with s.c. selisistat (10 mg/kg) or vehicle, on
mechanical allodynia and hindlimb functionality of mice, on day 14 after inoculation of cancer cells: (a) time-course of mechanical withdrawal
threshold; (b) area under the curve (AUC) of withdrawal threshold time-course; (c) time-course of functional pain scores on rotarod; (d) AUC of
functional pain time-course. Data are means 4+ SEM, n = 6 mice per group. For (a) and (c), *P < 0.05 (repeated-measures ANOVA followed by
Bonferroni post hoc test. For (b) and (d), *P < 0.05 (one-way ANOVA followed by Bonferroni multiple comparisons test). [Colour figure can be

viewed at wileyonlinelibrary.com]

the mechanical threshold in the von Frey test, reaching
maximum effect on day 17 and 21 (¥P < 0.05, repeated-
measures ANOVA followed by Bonferroni post hoc test),
and after that decaying until disappear at day 28
(Figure 4a). In the same figure, it can also be observed that
selisistat prevented the antiallodynic effect of resveratrol.
To assess the total antinociceptive effect of resveratrol, the
area under the curve (AUC) between days 14 and 28
postadministration was determined. Comparison of AUC
obtained from resveratrol-injected mice against AUC from
mice receiving selisistat or vehicle demonstrated a signifi-
cant antiallodynic effect of resveratrol upon the complete
period of testing (Figure 4b, *P < 0.05, one-way ANOVA
followed by Bonferroni post hoc test). The effect of resvera-
trol on the function of the affected leg in the forced gait test
was also evaluated. Results demonstrated that repeated
administration of resveratrol starting on day 17 after cancer
cells injection led to an improvement in the functionality of
the affected leg, being the effect maximum at day 21 and

persisting until day 24 (Figure 4c). This effect of resveratrol
was prevented by selisistat. The total effect of resveratrol
upon the complete period of assessment of the functional-
ity of the leg affected with cancer, as assessed by AUC,
demonstrated that resveratrol produced an enduring
improvement of the hindlimb functionality, with respect to
similar measures in vehicle or selisistat-treated mice (Fig-
ure 4d, *P < 0.05, one-way ANOVA followed by Bonfer-
roni post hoc test).

Discussion

The main findings of this study are that both acute and
chronic resveratrol treatments reversed pain behaviour and
hindlimb functionality in mice with cancer in the femur
and that these effects were prevented by administration of
the SIRT1 inhibitor selisistat. These results are valid and
potentially important for future applications to the extent
that the bone cancer experimental pain model originally
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Figure 4 Effects of chronic administration of resveratrol (100 mg/kg daily) or vehicle for 7 days (between days 14 and 21 after inoculation of
cancer cells), co-administered with s.c. selisistat (0.5 pg/h with Alzet minipump) or vehicle, on mechanical allodynia and hindlimb functionality of
mice: (a) time-course of mechanical withdrawal threshold; (b) area under the curve (AUC) of withdrawal threshold time-course; (c) time-course of
functional pain scores on rotarod; (d) AUC of functional pain time-course. Data are means + SEM, n =6 mice per group. For (a) and (c),
*P < 0.05 (repeated-measures ANOVA followed by Bonferroni post hoc test). For (b) and (d), *P < 0.05 (one-way ANOVA followed by Bonferroni
multiple comparisons test). [Colour figure can be viewed at wileyonlinelibrary.com]

reported in mice had been successfully replicated in the
present study. In this regard, we evaluated and confirmed
the tumour presence and growth in the femur in vivo
through bone resorption X-rays imaging, and ex vivo
through fluorescence emitted by cancer cells. Together with
the structural damage of the bone, we confirmed the exis-
tence of algesic behaviours that developed in the 4-week
time-frame that followed cancer cells inoculation, in terms
of mechanical allodynia and dynamic functionality of the
affected leg.

In humans, primary bone cancer and bone metastasis
often manifest with pain and most cancer patients will pre-
sent pain at some point during their illness.”? In practice,
cancer pain is generally managed in agreement to the
WHO pain scale,®®**! but the drugs used according to
these guidelines have been associated with poor effective-
ness and various adverse effects. Examples are nonsteroidal
anti-inflammatories, opioids and adjuvants.””) In the last

20 years, the bone cancer mice model replicated herein has
been useful to evaluate the analgesic effect of a variety of
molecules, such as osteoprotegerin,*”! denosumab,*!
bisphosphonates,*"*2!  sulfas,'**! TRPV1 antagonist,'*!
gabapentin,[44] anti-NGF'**! and TRK inhibitors,*®’ in
searching for an alternative to classical drugs, but with lim-
ited success. However, the use of several of these drugs has
been useful for the understanding of the mechanisms that
explain cancer pain with elements in common with
inflammatory and neuropathic pain, but with unique
characteristics.?!

The limited success of current treatments for cancer
pain, in particular, bone tumours, is thought to arise from
the incomplete knowledge of the mechanisms that underlie
the induction and maintenance of cancer-related pain. Sen-
sory neurons are known to innervate the periosteum and
marrow cavity, but little is known about the physiology of
these neurons. Several pro-inflammatory cytokines (IL-1f,
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TNFo, IL-6 and TGE) are increased in the DRG in
response to bone cancer, altogether with increased DRG
expression of several membrane receptors/channels
(TRPV1, P2X3, ASICla/lb, Nav 1.8, and Nav 1.9) which
are known to be involved in the transduction of nociceptive
stimuli and/or in the excitability of nociceptors, but evi-
dence that these mediators and ion channels directly acti-
vate or sensitize bone nociceptors is still lacking.'*! It is also
clear that spinal dorsal horn neurons can be activated by
noxious stimuli applied to bone, but at present, there is
only limited evidence that peripheral bone afferent neurons
can be sensitized.'*”*8 In the present study, we observed
that resveratrol has antiallodynic effect in the von Frey test,
both after repeated and single regimens of administration
of the drug. We also showed that there was an improve-
ment of the functionality in the rotary cylinder test. We
further showed that when the specific inhibitor of SIRT1
selisistat was administered together with resveratrol, both
under acute and continuous administration regimens, the
analgesic effect of resveratrol was suppressed. Two conclu-
sions could arise from these results: (a) SIRT1 is a direct or
indirect molecular target of resveratrol, and (b) SIRT1 acti-
vation is coupled to some antinociceptive mechanism oper-
ating in bone cancer pain. The first issue is clearly
supported by recent data indicating that, on the one hand,
resveratrol is a direct allosteric activator of SIRT1 in vivo
and in vitro through binding to the amino-terminal activa-
tion domain of SIRT1'**! and, on the other hand, resvera-
trol results in AMPK activation which in turn would lead
to indirect downstream activation of SIRT1.1°”) The second
conclusion remains more elusive. Mechanistic coupling
between SIRT1 activation and reduced nociceptive
responses in bone cancer is likely to depend on downstream
SIRT1 signalling, including regulation of gene expression at
the transcriptional level by influencing chromatin remod-
elling, together with modulation of protein activity via the
removal of acetyl functional groups.®"! Likely substrates
for SIRT1-mediated deacetylation could be some pronoci-
ceptive mediators such as NFkB, IL-6, TNF-o. and iNOS,
because their spinal cord expression levels have been found
to be reduced after activation of SIRT1 in neuropathic rats,
together with a parallel decrease in the mechanical allody-
nia and the thermal hyperalgesia.”®’ Another possible
downstream target for SIRT1 could be the Grm1/5 pro-
moter region of genes encoding transcription of the meta-
botropic glutamatergic receptors mGluR1/5 (which are
known to play a key role in central sensitization and neuro-
pathic pain), because the spinal expression level of these
receptors has been found to be decreased after SIRT1
activation, altogether with the existence of reduced H3
acetylation levels at the Grm1/5 promoter regions in the
spinal cord of diabetic neuropathic animals.!”>! Neverthe-
less, whether similar substrates to those reported for

Resveratrol and selisistat in bone cancer pain

neuropathic pain are also targeted by SIRT1 activation in
bone cancer pain is yet unexplored.

Finally, it seems worthy to mention that in the last
decade, some human intervention studies using resvera-
trol as anticarcinogenic agent have been published,
aimed to help determine whether resveratrol may be
useful in cancer management (see Gescher et al.®* for
review). Although these studies did not assess the pain-
killer ability of resveratrol in cancer pain, they brought
useful information for future clinical studies that may
address this particular topic. The overall evidence from
these studies suggests that resveratrol at oral daily doses
of up to 1 g is safe, and that the molecule can reach
remote tissues from the site of absorption at concentra-
tions that may have therapeutic usefulness, thus making
attractive to test resveratrol for future clinical applica-
tions in bone cancer pain.

Conclusion

In the present study, we showed that acute and
repeated administration of resveratrol decreased mec-
hanical allodynia in a bone cancer pain model while
improving functionality and gait. It should be noted
that those antinociceptive effects of chronic administra-
tion of resveratrol were measured 3 days after the
administration of resveratrol and lasted for at least
3 days after the last dose, thereby showing an impor-
tant postdrug effect not described previously in the lit-
erature. Additionally, we demonstrated that inhibiting
SIRT1 with the competitive antagonist selisistat com-
pletely suppressed the analgesic effect induced by
resveratrol, demonstrating that resveratrol acted on
SIRT1 or upstream this molecule. Pain in cancer
patients, especially patients with advanced bone cancer,
contributes considerably to deterioration in the quality
of life, and SIRT1 activation with resveratrol could be
useful and safe for the treatment of bone cancer pain
in clinical settings.
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