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A B S T R A C T   

Background: The metastasis of tumors into bone tissue typically leads to intractable pain that is both very 
disabling and particularly difficult to manage. We investigated here whether riluzole could have beneficial ef
fects for the treatment of prostate cancer-induced bone pain and how it could influence the development of bone 
metastasis. 
Methods: We used a bone pain model induced by intratibial injection of human PC3 prostate cancer cells into 
male SCID mice treated or not with riluzole administered in drinking water. We also used riluzole in vitro to 
assess its possible effect on PC3 cell viability and functionality, using patch-clamp. 
Results: Riluzole had a significant preventive effect on both evoked and spontaneous pain involving the TREK-1 
potassium channel. Riluzole did not interfere with PC3-induced bone loss or bone remodeling in vivo. It also 
significantly decreased PC3 cell viability in vitro. The antiproliferative effect of riluzole is correlated with a TREK- 
1-dependent membrane hyperpolarization in these cells. 
Conclusion: The present data suggest that riluzole could be very useful to manage evoked and spontaneous hy
persensitivity in cancer-induced bone pain and has no significant adverse effect on cancer progression.   

1. Introduction 

Bone metastases are a common complication of cancer and occur in 
65–80 % of patients with metastatic breast and prostate cancers [1]. The 
metastasis of tumors into bone tissue typically leads to intractable pain 
that is both very disabling and particularly difficult to manage [2]. The 
difficulty is in part due to the multifactorial nature of this particular 
pain, which combines nociceptive and neuropathic components. At 
present, opioids are the only pharmacological treatment available [3–5]. 
However, they are unfortunately limited in their efficacy [6]. The 
beneficial effects of opioids in other models of pain are largely due to 
opening of the TREK-1 channels, a class of K+ channels [7]. TREK1 is a 
unique type of ionic channels: it is a background K+ channel [8], a 
mechanosensitive K+ channel [8], and a channel that is also highly 

sensitive to thermal variations [9]. It is a major player in polymodal pain 
perception [10,11]. 

Riluzole, a drug that has long been on the clinical market to treat 
(nearly) all patients suffering from amyotrophic lateral sclerosis, is an 
activator of the TREK-1 channel [12] and exerts a potent analgesic effect 
in several models of inflammatory and neuropathic pain [13–17]. 
Interestingly, riluzole also has anti-proliferative effects [18]. For all 
these reasons, and because of the urgent need to find new treatments for 
pain associated with bone cancer, we decided to analyze the effects of 
riluzole on prostate cancer-induced bone pain. We used a bone cancer 
pain model induced by intratibial injection of human PC3 prostate 
cancer cells into immunodeficient SCID mice, and administered riluzole 
in drinking water. In this model, riluzole had a significant analgesic 
effect involving, as expected, activation of the TREK-1 potassium 
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channel. In addition, riluzole treatment has also been observed to 
significantly decrease prostate cancer (PCa) cell viability in vitro. This 
antiproliferative effect of riluzole also involves an increase in the 
expression of TREK-1 channels in cancer cells. 

2. Methods 

2.1. Animals 

All experiments were performed on 5-week-old severe combined 
immunodeficient (SCID) male mice provided by Janvier (France), kept 
on a 12 h light/dark cycle with food and water ad libitum. Behavioral 
experiments were performed blind to the treatment in a quiet room by 
the same experimenter for a given test who took great care to minimize 
or avoid discomfort of the animals. All animal procedures were 
approved by the local animal ethics committee (APAFIS#3773) and 
experiments were performed according to the European Union guide
lines for the care and use of animals (Directive 2010/63/EU). Animals 
bearing tumor xenografts were carefully monitored for established signs 
of distress and discomfort and were humanely euthanized. 

2.2. Intramedullary implantation of metastatic prostate cancer cells 

For intra-osseous tumor xenograft experiments in SCID mice, a small 
hole was drilled under anesthesia with a 26-gauge sterile needle through 
the left tibia with the knee flexed. Using a new sterile needle fitted to a 
50-µl sterile Hamilton syringe (Hamilton Co, Bonaduz, GR, 
Switzerland), a suspension of PC3 cells (5 × 105 in 10 µL PBS) was 
carefully injected into the bone marrow cavity as previously described 
[19]. Animals were euthanized after 5 weeks of experimentation. 

2.3. Behavioral tests 

2.3.1. Von Frey test 
Mechanical sensitivity was assessed with a calibrated Von Frey 

filament of 0.6 g. The filaments were applied perpendicularly to the 
plantar surface of the hind paw and pressed until they bent. Five stimuli 
per hind paw were applied at intervals of 3–5 s and the total number of 
responses was measured. 

2.3.2. Static weight bearing (SWB) 
The incapacitance test (bioseb, Boulogne, France) was used to eval

uate spontaneous pain. During this test, the mouse is placed in a holder 
(after one week of acclimatization) and comfortably maintained in a 
rearing position while its hind paws are placed on two sensor plates. 
According to the degree of pain, the animal adjusts its weight distribu
tion on the two rear paws. The results are expressed as a percentage of 
weight distribution on the ipsilateral paw. An animal with a balanced 
posture will therefore have a weight distribution of 50 %, and a decrease 
in this value will be a sign of the appearance of pain that forces the 
animal to transfer weight to its valid paw. 

2.4. Pharmacological treatments 

The two drugs used were riluzole (Tocris), and the TREK-1 blocker 
spadin (Tocris). All solutions were prepared extemporaneously in 0.9 % 
(w/v) NaCl solution for spadin and in the drinking water for riluzole. 

We chose to administrate riluzole in the drinking water to minimize 
the stress associated with repeated gavage or daily injections. We added 
riluzole in drinking water at 60 µg/mL, as described previously [13]. We 
measured the water consumption of SCID mice treated or not with 
spadin and riluzole (n = 6 per group) twice a week by weighing their 
bottles. This allowed us to estimate the average riluzole dose ingested to 
be 13.2 mg/kg/day. The mean water consumption for the study was not 
significantly different between the groups (2.02 ± 0.27 mL/mouse for 
the sham group, 2.11 ± 0.45 mL/mouse for the PC3 group, 1.77 ±

0.05 mL/mouse for the riluzole group, 1.94 ± 0.01 mL/mouse for the 
spadin group, and 1.77 ± 0.05 mL/mouse for the riluzole + spadin 
group). 

2.5. In vivo imaging 

All imaging experiments were performed by the Molecular Imaging 
and Theranostic Strategies (iMost) group, UMR 1240 Inserm/UCA in 
Clermont-Ferrand, France. All animals were imaged by SPECT/CT with 
a 99mTc-HMDP radiotracer. Ten MBq of 99mTc-hydroxymethylene 
diphosphonate (99mTc-HMDP, Osteocys; Dupharma A/S, Kastrup, 
Denmark) per mouse were intraperitoneally injected to evaluate bone 
alterations at D14, D21, D28 and D35 post-PC3 intratibial injection. Two 
and a half hours later, planar acquisition was performed for 5 minutes 
(15 % window at 140 keV) on the animal positioned in ventral decubitus 
on a parallel collimator (20 mm/1.8/0.2) of a gamma camera for small 
animals (γImager, Biospace) under isoflurane anesthesia (1 %). 

Quantitative analysis of scintigrams was performed with 
GammaVision+ software (Biospace) using fixed-sized rectangular re
gions of interest (ROIs) on the hind paws. For each time point and each 
animal, the bone scan ratio was calculated using the following equation: 
ratio = pathological paw average activity (Bq)/contralateral paw 
average activity (Bq). 

2.6. Cell culture and viability 

The human PC3 prostate cancer cells (ATCC, ATCC® CRL-1435™) 
were cultured in Nutrient Mixture F-12 (DMEM/F-12) at 37 ◦C in a 
humidified atmosphere of 95 % air/5 % CO2. The culture medium was 
supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS) 
and 1 % of a 100 × penicillin/streptomycin solution. Drugs used were 
dissolved in 100 % DMSO. The treatments were performed so that the 
final concentration of DMSO did not exceed 0.4 %. 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay was performed according to the manufacturer’s protocol 
(Life Technologies). Briefly, 7.5 × 103 cells were plated in a 96-well 
plate and treated for 48 h with riluzole and/or spadin as indicated. 
Quantification of the MTT assay was performed using an epoch micro
plate spectrophotometer (Biotek Instruments, Inc., Winooski, VT). The 
absorbance of vehicle-treated wells (not exceeding 0.4 %DMSO) was 
designated as 100 % and cell survival expressed as a percentage of this 
value. Data shown represent the mean ± SEM of three independent 
experiments performed in triplicate. 

2.7. Cell functional assays 

2.7.1. Patch-clamp 
PC3 cells were seeded in 35 mm diameter Petri dishes 3 days before 

incubation of the cells with the different treatments (Riluzole 50 µM, 
Spadin 1 µM, Riluzole 50 µM + Spadin 1 µM or vehicles) for 48 hours. 
Resting membrane potential (Vm) and current were recorded in whole 
cell configuration using an Axopatch 200B amplifier (Axon instruments) 
and digitalized with a Digidata 1440A acquisition interface (Axon In
struments). Clampex 8.2 software was used for recordings and clamping 
parameters. The recording micropipettes were made by stretching bo
rosilicate capillaries and had a resistance between 1.5 and 2.5 MΩ. The 
intracellular solution contained (in mM): 130 KCl, 8 NaCl, 1 MgCl2, 1 
CaCl2, 4 MgATP, 0.4 NaGTP, 2 EGTA, 10 HEPES (pH 7.35 adjusted with 
KOH, Osmolarity 310 mOsm adjusted by adding sucrose). The extra
cellular solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 
D-Glucose, 10 HEPES (pH7.4 adjusted with NaOH, Osmolarity 
305 mOsm adjusted by adding sucrose). The data obtained were filtered 
at 1 kHz and recorded at 10 kHz. 

2.7.2. Thalium flux assay 
FLuxOR Potassium Assay Kit (Thermofisher) was used according to 
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the manufacturer’s protocol. Briefly, 50 × 103 PC3 cells were plated in a 
96-well plate and treated for 48 h with riluzole and/or spadin as indi
cated. The medium was then removed and replaced with 40 µL of buffer 
containing a thallium-sensitive fluorescent dye for 1 h at 37 ◦C. Fluo
rescence recording was done on a Fexstation3 apparatus using the flex 
mode (Molecular Devices, San Jose, CA). Baselines were recorded for 
20 s before thallium addition. Fluorescence was then monitored for 60 s 
and the results expressed as ΔF/cell viability, with cell viability being 
measured by the MTT assay after the thallium flux assay. 

2.8. Statistical analysis 

Statistical significance of differences between groups (data are 
expressed as mean ± S.E.M.) was tested using the Graphpad software 

program Version 9.0. The specific tests used and p-value levels are 
indicated in the figure legends. 

3. Results 

3.1. Riluzole decreases mechanical hypersensitivity and spontaneous 
nocifensive behavior in cancer-induced bone pain (CIBP) mice 

We performed intra-osseous tumor xenograft experiments using the 
human androgen independent AR-negative cell line PC3, which induces 
pure osteolytic bone metastases in mice [19]. PC3 cells were injected 
through the right tibia of 5- to 6-week-old anesthetized male SCID mice. 
We also used a group of mice (n = 6) that were sham-operated. Seven 
days after injection of PC3 cells, we exposed half of the mice to riluzole 

Fig. 1. Riluzole decreases both mechanical hypersensitivity and spontaneous pain in a murine model of CIBP (A) Diagram illustrating the experimental 
protocol for the induction of the CIBP model in SCID mice. (B) Mechanical pain hypersensitivity was assessed by the von Frey test. Pain scores represent the number 
of paw withdrawals obtained over five stimulations with a 0.6 g filament. (C) Spontaneous pain was assessed by the weight-bearing test. Pain was evaluated by the 
weight distribution on the ipsilateral paw. Riluzole significantly decreased both mechanical hypersensitivity and spontaneous pain. Values are mean ± SEM (n = 6–9 
per group). Statistical analysis was performed using a two-way repeated measure analysis of variance (RM ANOVA) and a Tukey post hoc test; *, p < 0.05, **, p <
0.01, ***, p < 0.001, versus the sham group; #, p < 0.05, ##, p < 0.01, versus the PC3 group. 
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(60 µg/mL p.o. in the drinking water as previously described [13]), up to 
the end of the study (day 35) (Fig. 1A). We measured water consump
tion, which translates to an average dose of riluzole of 13.2 mg/kg/day. 
After correction for the body surface area [20], this corresponds to a 
dose of 1.07 mg/kg/day in a man, i.e. an administration of 85.6 mg/day 
for a man of 80 kg. Patients with amyotrophic lateral sclerosis (ALS) 
receive orally 100 mg of riluzole/day. 

Mechanical hypersensitivity was established in PC3-injected mice 
from day 21 after the injection in the paw (Fig. 1B). Riluzole signifi
cantly decreased this symptom (two-way repeated measure ANOVA: 
riluzole F [2, 20] = 5.548, P = 0.0121; time: F [5, 100] = 2.324, P =
0.0484; interaction: F [10, 100] = 2.165, P = 0.026=. Mechanical hy
persensitivity also developed in the contralateral paw from day 28 after 
injection (Supplementary Fig. 1), which could be indicative of central 
sensitization, and was significantly decreased by riluzole (two-way 
repeated measure ANOVA: riluzole F [2, 20] = 6.233, P = 0.0079; time: 

F [5, 100] = 2.538, P = 0.0331; interaction: F [10, 100] = 1.337, P =
0.2216. The analgesic efficacy of riluzole was also assessed in CIBP mice 
by the static weight-bearing test, which assesses spontaneous noci
fensive behavior. PC3 cell-injected animals treated with vehicle man
ifested increased spontaneous nocifensive behaviors on day 14 that 
continued for the duration of the experiment (Fig. 1C). Riluzole treat
ment (60 µg/mL, p.o.) decreased spontaneous pain behavior (two-way 
repeated measure ANOVA: riluzole F [2, 20] = 21.81, P < 0.0001; time: 
F [2.429, 48.58] = 15.26, P < 0.0001; interaction: F [10, 100] = 5.574, 
P < 0.0001. Of note, a group of PC3-injected mice received morphine 
(3 mg/kg, i.p.) at days 28 and 35 (Supplementary data 2A). In agree
ment with previous reports [21,22], morphine failed to exert any effect 
at this dose against spontaneous pain in CIBP mice, neither when 
assessed at day 28 (two-way repeated measure ANOVA: morphine F [1, 
14] = 2.206, P = 0.1596; time: F [1.655, 23.17]= 0.5364, P = 0.5589; 
interaction: F [2, 28] = 0.3981, P = 0.6754) nor at day 35 (two-way 

Fig. 2. Riluzole does not worsen bone loss and bone remodeling in a murine model of CIBP (A) Diagram illustrating the experimental protocol for riluzole 
(60 µg/mL p.o in the drinking water) administration in the CIBP model (B) Bone loss was measured with µCT images. (C) Bone remodeling was measured by bone 
scintigraphy using the osteoarticular radiotracer 99mTc-HMDP. Riluzole does not significantly affect bone loss nor bone remodeling induced by PC3 injection. Values 
are mean ± SEM (n = 7–8 per group). Statistical analysis was performed with a two-way repeated measure analysis of variance (RM ANOVA). 
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repeated measure ANOVA: morphine F(1, 14) = 0.8444, P = 0.3737; 
time: F [1.772, 24.80] = 1.937, P = 0.1688; interaction: F [2, 28] =
3.909, P = 0.0318). In contrast, the same dose has proved efficient in 
inflammatory pain models [21,23]. 

3.2. Riluzole does not worsen PC3-induced bone loss or bone remodeling 
in vivo 

Prostate cancer cells that spread out of the prostate show an exquisite 
tropism for the bone. The growth of prostate cancer cells alters bone 
remodeling (formation and resorption) by secreting factors that will 
directly affect osteoblasts (bone-forming cells) and osteoclasts (bone- 
resorbing cells). The interaction between tumor cells with osteoblasts 
and osteoclasts elicits an osteolytic, osteoblastic, or mixed bone response 
[24]. A preferential osteolytic response, as modelized here, is charac
terized by the destruction of normal bone attributable to the occurrence 
of osteoblast inactivation and osteoclast recruitment and activation in 

the tumor bone microenvironment. It has been shown that human os
teoblasts express TREK-1 mRNA and protein. It has also been hypothe
sized that TREK-1 has a role in mechanotransduction, leading to bone 
remodeling [25]. We thus assessed the effect of the drug on both 
cancer-induced bone loss and bone remodeling. Bone loss, as measured 
in vivo by µCT, increased from 20 % at day 21 to more than 70 % at day 
35 in the PC3 group. No significant effect of riluzole was found regarding 
this parameter (two-way repeated measure ANOVA: riluzole F [1,9] =
4.633, P = 0.0598; time: F [1.196, 10.76] = 23.74 P = 0.0004; inter
action: F [3,27] = 1.962, P= 0.1435). (Fig. 2B–C). Bone remodeling 
started to increase in parallel at day 21 post-injection and was 2.5-fold 
significantly higher at day 35 (Fig. 2D-E). Riluzole did not signifi
cantly affect this parameter (two-way repeated measure ANOVA: rilu
zole F [1, 11] = 1.792, P = 0.2077; time: F [1.995, 21.94] = 7.848, P =
0.0027; interaction: F [3, 33] = 0.4997, P = 0.6851). 

Fig. 3. The effect of riluzole on bone pain development in CIBP mice involves the TREK-1 channel (A) PC3 cells were injected through the right tibia of 5- to 6- 
week-old anesthetized male SCID mice. Seven days after injection of PC3 cells, we exposed half of the mice to riluzole (60 µg/mL in the drinking water) from day 7 to 
day 35. In half of the mice from each of these two groups, we injected the TREK-1 blocker spadin (800 µg/kg, i.p.) 4 days per week. We also used a group of mice (n =
6) that were sham-operated. (B) Mechanical pain hypersensitivity was assessed by the von Frey test. (C) Spontaneous pain was assessed by the static weight-bearing 
test. Irrespective of whether the von Frey or static weight-bearing were used, the pharmacological blockade of TREK-1 significantly counteracted the beneficial effect 
of riluzole. Values are mean ± SEM (n = 6–8 per group). Statistical analysis was performed with a two-way repeated measure analysis of variance (RM ANOVA) and a 
Tukey post hoc test; *, p < 0.05, **, p < 0.01, ***, p < 0.001, versus the sham group; #, p < 0.05, ##, p < 0.01, ###, p < 0.001, versus the PC3 group, ◦, p < 0.05, ◦◦, 
p < 0.01, ◦◦◦, p < 0.001, versus the PC3 + riluzole group. 
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3.3. The analgesic effect of riluzole involves the activation of the K2P ion 
channel TREK-1 in CIBP mice 

We had previously observed that riluzole prevents both sensory and 
motor deficits induced by cumulative doses of the chemotherapeutic 
drug oxaliplatin. All the beneficial effects were due to the riluzole action 
on the TREK-1 potassium channel [13]. We wondered if TREK-1 could 
also be involved in the therapeutic effect of riluzole in CIBP. To test this 
hypothesis, PC3 cells were injected through the right tibia of 5- to 
6-week-old anesthetized male SCID mice. Seven days after injection of 
PC3 cells, we exposed half of the mice to riluzole (60 µg/mL in the 
drinking water) from day 7 to day 35. In half of the mice from each of 
these two groups, we injected the TREK-1 blocker spadin (800 µg/kg, i. 
p.) four days per week. We also used a group of mice (n = 6) that were 
sham-operated. (Fig. 3A) [26]. Blocking TREK-1 effectively reversed the 
beneficial effects observed on both mechanical hypersensitivity (two-
way repeated measure ANOVA: treatment F [4, 61] = 17.44, P < 0.0001; 
time: F [4.148, 229.8]= 40.48, P < 0.0001; interaction: F [20, 277]=
5.435, P < 0.0001) (Fig. 3B) and spontaneous nocifensive behavior in 
CIBP mice (two-way repeated measure ANOVA: treatment F [4, 29] =
41.09, P < 0.0001; time: F [2.439, 70.72]= 98.40, P < 0.0001; inter
action: F [20, 145] = 7.785, P < 0.0001) (Fig. 3C). 

3.4. Riluzole decreases PC3 cell viability in vitro. This effect is correlated 
with increased hyperpolarization and K+ flux in these cells and involves 
TREK-1 channels 

Riluzole has recently been indicated to slow down cancer cell pro
liferation and/or to induce cancer cell death. It was effective as an 
anti‑neoplastic drug in cancers of various tissue origins, including skin, 
breast, pancreas, colon, liver, bone, brain, lung and nasopharynx (for 
review see [18]). In accordance with the bibliographic data showing an 
antiproliferative effect of riluzole on many cancer cell lines [27], 
including prostate cancer (PCa) lines [28,29], we found a 
dose-dependent negative effect of riluzole on metastatic 
androgen-independent PC3 cell viability (Fig. 4A). This effect was 
partially but significantly lost when we applied the selective TREK-1 
blocker spadin (Fig. 4B), which per se did not affect PC3 cell viability 
(Suppl. Fig. 3A), suggesting the involvement of TREK-1. 

A relation between cancer cell proliferation and resting membrane 
potential (Vm) was first proposed in 1971 by Cone and has since been 
backed up by many studies [30]. Highly proliferative tumor cells 
generally have a depolarized Vm, whereas quiescent cells are hyper
polarized [31]. In accordance with these results, using patch-clamp we 
found PC3 Vm to be around − 30 mV. When applied for 48 h, riluzole 
significantly decreased PC3 cell Vm to − 47.7 +/- 5.24 mV (Fig. 4C). 
Both the selective TREK-1 blocker spadin (Fig. 4C) and the non-selective 
TREK-1 blocker quinine (Fig. 4D) reversed this effect. We next used the 
thalium assay to assess the effect of riluzole on K+ flux in PC3 cells. We 
measured clear-cut increase in thalium flux when the cells were treated 
for 48 h with riluzole concentrations of 25 µM and above (Fig. 4E). This 
increase was lost when PC3 cells were co-treated with spadin (Fig. 4F), 
which per se did not have any effect (Suppl. Fig. 3C). 

4. Discussion 

Bone pain induced by prostate cancer metastases, as in other cancers 
having a bone tropism, is characterized by the development of pain 
triggered by movements and by spontaneous pain, which significantly 
contribute to deterioration of the patients’ quality of life. We chose a 
mouse model of bone pain induced by intratibial injection of human PC3 
prostate cancer cells as previously described [19]. This model results in 
localized tumor development with an uptake percentage of 100 %, 
which mimics the highest clinical stage existing in prostate cancer and 
allows easy evaluation of the painful symptoms induced by bone me
tastases in animals. In our conditions, pain developed 14 days after the 

injection of the cells. In agreement with previous reports [32], our re
sults suggest that pain occurs early compared to the appearance of bone 
lysis. 

Clinically, opioids are the only pharmacological treatment in 
humans with effectiveness against intense pain resulting from a malig
nant bone tumor. Unfortunately, however, their effectiveness is limited 
and many patients are left without adequate treatment. As in previous 
published data [21], we did not observe any analgesic effect of morphine 
at the dose used in our rodent model. Interestingly, and unlike 
morphine, riluzole resulted in relief until late stages of both evoked and 
spontaneous painful symptoms. This result is consistent with the already 
documented analgesic effects of riluzole in a number of inflammatory 
[16,19,33–35] and neuropathic pain models [13,15,33,36–38]. One 
important target of riluzole is the TREK-1 channel [12], a channel 
involved in both neuroprotection and analgesia [39]. The analgesic ef
fects of riluzole were previously shown to be specifically dependent on 
the TREK-1 channel in a neuropathic pain model induced by the anti
cancer agent oxaliplatin [13]. Using a selective pharmacological strat
egy to block the channel, we also observed a TREK-1-dependent 
antinociceptive effect of this drug in bone cancer pain. 

Because of the limited understanding of the mechanisms involved, 
few therapies have been developed that could control bone cancer pain 
without significant unwanted side effects. Besides its numerous adverse 
effects, morphine can also exacerbate osteolysis and consequently hy
persensitivity [40]. Riluzole, recognized as a well-tolerated molecule 
after decades of treatments of ALS patients, did not induce bone loss nor 
did it affect bone remodeling in our model. 

While the analgesic effect observed in a PCa animal model is very 
encouraging, the particular context of cancer patients nevertheless rai
ses the question of the effect of riluzole on tumor progression. In 
agreement with data evidencing an antiproliferative effect of riluzole on 
numerous cancer cell lines [41–43], including androgen receptor 
(AR)-dependent and independent prostate cancer lines [28,44], we 
show that riluzole can decrease PC3 cell viability in vitro. Given the 
involvement of the TREK-1 channel in the beneficial effects of riluzole 
on pain in CIBP mice, we sought to determine whether the anti
proliferative effect of riluzole on PC3 cells was also linked to the acti
vation of the TREK-1 channel. Using the specific blocker spadin, we 
found that effect of riluzole on PC3 cell viability is lost when spadin is 
co-administered, suggesting that the activity of riluzole on these cancer 
cells is dependent on the TREK-1 channel. Those results are in line with 
the observation that another TREK-1 activator, BL1249, also inhibits 
pancreatic cancer cell proliferation and migration. The decrease in PC3 
cell viability can be correlated with an increase in Vm measured in PC3 
cells, involving, at least in part, an increase in TREK-1-mediated K+

efflux that is TREK-1 dependent. Again, these results are concordant 
with observations indicating that highly proliferative tumor cells 
generally show a depolarized Vm, whereas quiescent cells are hyper
polarized [30,31]. 

In conclusion we show that riluzole, which is a very safe drug used in 
ALS, is also a compound that can be a serious contender for the treat
ment of pain in bone cancer patients. In addition, the antiproliferative 
effects of riluzole observed in vitro encourage the potential use of com
bined therapy with anticancer agents. The systematic involvement of 
TREK1 in these positive effects highlights the interest of this channel as a 
pharmacological target for analgesic drugs. This finding is to be seen in 
light of the growing interest of ion channels as a new target for both pain 
and cancer therapies [45,46]. 
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Fig. 4. Riluzole decreases PC3 cell viability in vitro (A) Riluzole dose-dependently (1–100 µM) inhibited the survival of PC3 cells as measured by inhibition of 
mitochondrial dehydrogenase activity (MTT assay). The average results from at least three independent experiments are presented. Values are expressed as mean ±
SEM. Statistical analysis was performed with one-way ANOVA and Dunnett’s multicomparison post-hoc test; *** p < 0,001, versus the vehicle group. (B) The effect of 
riluzole, used at 50 µM, on PC3 cell viability was dose-dependently blocked by spadin (1–1000 nM). The average results from at least three independent experiments 
are presented. Values are expressed as mean ± SEM. Statistical analysis was performed with one-way ANOVA and Dunnett’s multicomparison post-hoc test; * p <
0,05, *** p < 0.001 versus the group treated with riluzole alone. (C) Vm was measured in PC3 cells using whole cell patch-clamp. The depolarized Vm measured in 
PC3 cells was hyperpolarized by riluzole treatment (48 h). The effect was prevented by co-treatment with the selective TREK-1 blocker spadin. (D) The non-selective 
TREK-1 blocker quinine also significantly prevented the effect of riluzole on PC3 Vm. (E) Riluzole (48 h treatment) significantly increased thallium flux in PC3 cells in 
the 25–100 µM concentration range. Statistical analysis was performed using one ANOVA with Dunnett’s multicomparisons post-hoc test; * p < 0,05, versus the 
vehicle group. (F) Spadin (10–1000 nM) significantly blocked the effect of riluzole (50 µM) on thallium flux in PC3 cells. The average results from at least three 
independent experiments are presented. Values are expressed as mean ± SEM. Statistical analysis was performed using one ANOVA with Tukey’s multicomparison 
post-hoc test; * p < 0,05, ** p < 0.01 versus the vehicle group. 
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M. Delanne-Cuménal et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/S0014-2999(00)00502-1
https://doi.org/10.1016/S0014-2999(00)00502-1
https://doi.org/10.1523/JNEUROSCI.23-07-02899.2003
https://doi.org/10.1523/JNEUROSCI.23-07-02899.2003
https://doi.org/10.1016/j.jpain.2014.03.001
https://doi.org/10.1016/j.neulet.2016.02.065
https://doi.org/10.1016/j.tips.2008.07.013
https://doi.org/10.1097/j.pain.0000000000002953
https://doi.org/10.1097/j.pain.0000000000002953
https://doi.org/10.1371/journal.pone.0171256
https://doi.org/10.1371/journal.pone.0171256
https://doi.org/10.1007/s10549-011-1624-x
https://doi.org/10.1007/s10549-011-1624-x
https://doi.org/10.1159/000369707
https://doi.org/10.1158/1078-0432.CCR-12-1308
https://doi.org/10.1038/nrc3635
https://doi.org/10.1152/physrev.00029.2009
https://doi.org/10.1152/physrev.00029.2009

	The TREK-1 potassium channel is involved in both the analgesic and anti-proliferative effects of riluzole in bone cancer pain
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Intramedullary implantation of metastatic prostate cancer cells
	2.3 Behavioral tests
	2.3.1 Von Frey test
	2.3.2 Static weight bearing (SWB)

	2.4 Pharmacological treatments
	2.5 In vivo imaging
	2.6 Cell culture and viability
	2.7 Cell functional assays
	2.7.1 Patch-clamp
	2.7.2 Thalium flux assay

	2.8 Statistical analysis

	3 Results
	3.1 Riluzole decreases mechanical hypersensitivity and spontaneous nocifensive behavior in cancer-induced bone pain (CIBP) mice
	3.2 Riluzole does not worsen PC3-induced bone loss or bone remodeling in vivo
	3.3 The analgesic effect of riluzole involves the activation of the K2P ion channel TREK-1 in CIBP mice
	3.4 Riluzole decreases PC3 cell viability in vitro. This effect is correlated with increased hyperpolarization and K+ flux  ...

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Conflict of interest statement
	Appendix A Supporting information
	References


