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1  |   INTRODUCTION

Functional up-regulation of voltage-gated sodium channel 
(VGSC) expression in cancer cells of strong metastatic po-
tential was discovered in rat prostate cancer (PCa) and then 
confirmed for human cells and tissues.1-4 In both rat and 
human PCa, the predominant VGSC subtype was shown to 
be Nav1.7.1,3-6 The VGSC activity was found to promote 
a range of metastatic cell behaviours, including lateral 

motility, transverse migration, galvanotaxis, endocytic 
membrane activity and Matrigel invasion.2-4,7-14 Indeed, 
from an “overexpression” study on a non-metastatic cell 
line, it was proposed that the VGSC expression was “nec-
essary and sufficient” for cellular invasiveness in human 
PCa cells.7 Furthermore, it was reported for the rat strongly 
metastatic PCa cell line Mat-LyLu that VGSC activity can 
auto-regulate channel protein trafficking and functional ex-
pression, thus also promoting the progression of PCa via a 
positive feedback mechanism.8 In vivo, local injection of 
the highly specific VGSC blocker, tetrodotoxin (TTX), into 
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Abstract
Anti-invasive effects of riluzole and ranolazine, a neuro-protectant and an anti- 
anginal drug, respectively, on Mat-LyLu rat prostate cancer (PCa) cells were tested 
in vitro (a) at non-toxic doses and (b) under both normoxic and hypoxic conditions, 
the latter common to growing tumours. Tetrodotoxin (TTX) was used as a posi-
tive control. Hypoxia had no effect on cell viability but reduced growth at 48 hours. 
Riluzole (5  μmol/L) or ranolazine (20  μmol/L) had no effect on cell viability or 
growth under normoxia or hypoxia over 24 hours. Matrigel invasion was not affected 
by hypoxia but inhibited by TTX, ranolazine and riluzole under a range of conditions. 
The expression of Nav1.7 mRNA, the prevailing, pro-invasive voltage-gated sodium 
channel α-subunit (VGSCα), was up-regulated by hypoxia. Riluzole had no effect 
on Nav1.7 mRNA expression in normoxia but significantly reduced it in hypoxia. 
VGSCα protein expression in plasma membrane was reduced in hypoxia; riluzole 
increased it but only under hypoxia. It was concluded (a) that riluzole and ranolazine 
have anti-invasive effects on rat PCa cells and (b) that Nav1.7 mRNA and protein 
expression can be modulated by riluzole under hypoxia. Overall, therefore, riluzole 
and ranolazine may ultimately be “repurposed” as anti-metastatic drugs against PCa.
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primary tumours significantly reduced metastases to lungs 
and prolonged survival.14 In contrast, proliferative activity 
in vitro and in vivo was not affected by VGSC blockage 
consistent with the notion that primary tumorigenesis (ie 
proliferation) and metastasis (ie invasion) are controlled 
differently, even partially independently.15-18 Finally, 
quantitative analysis of “receiver operator characteristics” 
(ROC) in human biopsy tissues suggested that Nav1.7 
mRNA expression had sufficient selectivity and specificity 
to serve as an effective biomarker of PCa.6

Consequently, VGSC blocking drugs have been proposed 
as potential anti-cancer/metastatic agents.19-21 These in-
clude local anaesthetics, anti-convulsants and anti-arrhyth-
mics.22-24 Most work has been done on breast cancer (BCa). 
Thus, Yang et al showed that the anti-epileptic drug phe-
nytoin suppressed BCa invasiveness in vitro and metastasis 
in vivo.25 Another interesting agent is the anti-excitatory 
and neuroprotective drug, riluzole (2-amino-6-trifluorome-
thoxy benzothiazole) [eg26]. Its use, under the brand name 
“Rilutek,” was approved for the treatment of amyotrophic lat-
eral sclerosis (ALS) in USA and Europe [eg27]. Interestingly, 
ALS and cancer have been shown to share some genetic 
characteristics.28 Riluzole inhibited proliferation and migra-
tion, and induced apoptosis in cells of rhabdomyosarcoma/ 
medulloblastoma, neuroblastoma, astrocytoma, glioma, 
colon cancer, lung cancer, thyroid carcinoma, leukaemia, 
erythroleukaemia and multiple myeloma.29 Riluzole has 
also been found to inhibit proliferation and invasion of BCa 
and melanoma cells.30,31 Finally, ranolazine (brand name 
“Ranexa”) is used clinically against angina.32 This drug has 
also been shown to suppress invasiveness in vitro (BCa) and 
metastasis in vivo (BCa and PCa).16,33

The main aim of the present study was to determine the 
possible anti-invasive effects of riluzole on the strongly 
metastatic rat PCa model, Mat-LyLu cell line. In some ex-
periments, ranolazine and the isogenic weakly metastatic 
AT-2 cells devoid of functional VGSC expression were also 
used for comparison. The specific aims were as follows: 
(a) to determine the effects of riluzole on cellular viabil-
ity, proliferation and invasiveness; and (b) to test whether 
riluzole would regulate VGSC mRNA and protein levels. 
Experiments were carried out under normoxic and hypoxic 
conditions, the latter known generally to occur in growing 
tumours and to promote metastasis [eg34,35]. Importantly, 
we aimed to study the cells’ behaviour under “non-killing” 
conditions which can ultimately make cancer cells more 
aggressive [eg36,37].

2  |   MATERIALS AND METHODS

This study involved several procedures as follows. Unless stated 
otherwise, all chemicals were obtained from Sigma-Aldrich.

2.1  |  Cell culture

Mat-LyLu and AT-2 cells were grown to near confluence 
and serially passaged every 7-14  days (up to 15-20 pas-
sages), as described earlier.2,15 All cells were seeded into 
100-mm Falcon tissue culture dishes and grown in an incu-
bator at 37°C, 100% relative humidity and 5% CO2. Hypoxia 
(2% O2) was induced for 24-48 hours in a dedicated incuba-
tor (Micro Galaxy, RS Biotech Laboratory Equipment Ltd).

2.2  |  Pharmacology

Cells were treated pharmacologically under normoxic or hy-
poxic conditions. Riluzole was prepared as a stock solution 
(60 mmol/L) in 30% DMSO (v/v in H2O) and stored at −20°C. 
The stock solution was diluted to a range of concentrations 
(1-10  μmol/L) in culture medium shortly before application. 
Riluzole was shown to be safe for human beings at concentra-
tions up to 10  µmol/L.38,39 The corresponding concentrations 
of DMSO were used as matching controls. The maximal final 
concentration of DMSO was 0.005%. Ranolazine was made as a 
stock solution of 2 mmol/L in normal culture medium and diluted 
to 20 μmol/L as the working concentration. Tetrodotoxin (TTX) 
was obtained from Alomone Labs, dissolved in normal medium 
as aliquots of 3132 µmol/L and diluted to the working concen-
tration as required. Culture medium ± pharmacological agent(s) 
were replaced every 24 hours if experiments lasted longer.

2.3  |  Functional assays

2.3.1  |  Cell viability

Trypan blue exclusion assay was used as described previ-
ously.10 Briefly, cells were plated into 35-mm Falcon tissue 
culture dishes at a density of 3 × 104/mL and allowed to settle 
overnight. After drug treatment, cell culture medium ± phar-
macological agent was then replaced with 0.1% trypan blue 
in normal culture medium. After incubation for 10 minutes at 
37°C, the solution was replaced with 1 mL fresh cell culture 
medium and the cells were viewed at 400× magnification 
under an inverted microscope (Carl Zeiss). For each treat-
ment, the percentage of dead cells was determined from 30 
randomly selected fields of view which had at least 30 cells. 
This procedure was repeated on three separate dishes. Data 
are presented as averages of 3 × 30 measurements.

2.3.2  |  Growth

Any change in cell number after long-term pharma-
cological treatment was assessed by the colorimetric 
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3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) (Alfa Aesar) method as described previously.2 
Briefly, cells (4  ×  104) were plated in 12-well Falcon tis-
sue culture plates (Becton Dickinson) allowed to settle for 
24  hours and treatment was applied. The culture medium 
was then replaced with control medium containing 1  mg/
mL MTT and incubated at 37°C. After 2 hours, the medium 
was replaced with 0.89  mL DMSO and 0.11  mL glycine 
buffer (0.1 mol/L glycine and 0.1 mol/L NaCl, pH 10.5) for 
10 minutes. The absorbance of the staining was measured in 
the dark at 570  nm on a multi-well plate reader (ELx800, 
BioTek Instruments/Thermo Fischer Scientific Multiskan). 
Measurements were made in duplicates, and each treatment 
was repeated at least three times. Absorbances were normal-
ized to the corresponding control-DMSO group. The zero-
hour recording was taken to be the first measurement made 
after the initial 24  hours. Standard calibration curves were 
created to verify the linearity of the relationship between 
cell number and absorbance, serial dilutions starting from 
1.2 × 106 cells. Growth (“cell number”) was assumed to rep-
resent proliferation if there was no change in cell viability.

2.3.3  |  Matrigel invasion

Transwell migration filters (with 8-µm pores), pre-coated 
with 1.25 mg/mL Matrigel (Becton Dickinson), were incu-
bated at 37°C for 30 minutes before plating 1-4 × 105 cells, 
as described previously [eg2,3]. Cells were incubated in 
medium ± pharmacological agent in 0.5%-5% FBS chemo-
tactic gradient for 24  hours. Afterwards, non-invaded cells 
were removed from the top by swabbing the upper surface 
of the Transwell filter. Invaded cells were fixed with 100% 
ice-cold methanol for 15 minutes and then stained with 0.5% 
(w/v) crystal violet in 25% methanol for 15 minutes at room 
temperature. Filters were washed in water and air-dried for 
1  hour. For each insert, three randomly selected fields of 
view were photographed using a digital camera (Power-shot 
G5, Canon) mounted on an inverted microscope (Axiovert 
200, Zeiss) at 100× magnification. Images were analysed 
using ImageJ software (NIH). Experiments were performed 
in duplicates. The average cell count from the six fields of 
view represented one measurement. Experiments were re-
peated independently at least three times, and results were 
normalized relative to the control.

2.4  |  Molecular biology

Extraction of RNA and synthesis of cDNA were performed 
as described previously.40 For real-time PCR, 10  µL of 
QuantiTech SYBR Green PCR mix (Qiagen), 5 µL cDNA, 
0.5  µmol/L of both sense and antisense primers (Eurofins 

Genomics UK) were mixed. The final volume was made up 
to 20 µL with RNase- and DNase-free distilled water. The 
primer sequences were as follows (designed here unless 
indicated):

rNav1.7: 5′-TGACTTGGAAGCTGGGAAAC-3′ (F);
5′-TTCCAAGGGTCACGGAGGA-3′ (R)
β-actin: 5′-TCCCTGGAGAAGAGCTACGA-3′ (F);
5′-ATCTGCTGGAAGGTGGACAG-3′ (R)41

Cytb5R: 5′-ACACGCATCCCAAGTTTCCA-3′ (F);
5′-CATCTCCTCATTCACGAAGC-3′ (R)42

Amplification was performed on a DNA Engine Opticon 
2 System (MJ Research). Reaction was started by heating 
at 95°C for 15  minutes to activate HotStar Taq. This was 
followed by 3-step 40 cycles of 95°C for 30 seconds, 60°C 
(annealing temperature) for 30 seconds and 72°C for 30 sec-
onds. In order to verify the product composition, a melting 
curve was carried out from 65 to 95°C in 0.3°C steps at the 
end of the reaction. For each cDNA sample, duplicate reac-
tions were performed for both the target gene and the nor-
malizing (control) gene (Cytb5R or β-actin) simultaneously. 
Each set of reactions also included a non-template control, 
where the cDNA was replaced by DNase- and RNase-free 
distilled water. Standard calibration curves for each target 
gene using four serial dilutions of a cDNA template were 
also performed. Opticon Monitor 2 software (MJ Research) 
was used to determine the threshold amplification cycles 
(CT’s). PCR product sizes were controlled visually by aga-
rose gel electrophoresis.

2.5  |  Immunocytochemistry, confocal 
microscopy and image analysis

These procedures were as described in detail previously.8 
Essentially, cells were plated onto poly-L-lysine-coated 
glass coverslips (5 × 104 cells per coverslip), treated phar-
macologically overnight and fixed in 4% paraformaldehyde 
(PFA)/PBS for 15  minutes. Where appropriate, cells were 
then labelled with 20 µg/100 µL fluorescein isothiocyanate 
(FITC)-conjugated concanavalin A (in 5% w/v BSA/PBS) 
as a plasma membrane marker. After washing, permeabili-
zation in 0.1% (w/v) saponin/PBS and “blocking” with 5% 
BSA/PBS, cells were incubated for 1 hour with primary an-
tibody (pan-VGSC, rabbit polyclonal, 1:100 dilution in 5% 
(w/v) in BSA/PBS; Upstate). Secondary antibody (in 5% w/v 
BSA/PBS) was goat anti-rabbit conjugated with Alexa-568. 
After washing, coverslips were mounted in VECTASHIELD 
medium (Vector Laboratories) and stored at 4°C in dark 
for 16  hours before microscopy. The following negative 
controls were used to test for the specificity of the primary 
antibody: (a) 5% BSA/PBS; (b) non-specific rabbit IgG 
(0.002-0.004 µg/µL non-specific rabbit IgG; Agilent Dako); 
and (c) pre-absorbed primary antibody (primary antibody 
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pre-absorbed with 5× excess of the immunizing peptide for 
30 minutes at room temperature).

Immunostained cells were examined under a Leica SP5 
MP/ Leica TCS-NT Ar/He laser scanning microscope with 
×63 oil immersion objective (Leica Microsystems). Images 
(1024 × 1024 pixels) were obtained simultaneously from 
the two channels using a confocal pinhole of 229.96  µm 
and analysed using the Leica LAS AF Lite software. The 
expression of VGSCα protein in plasma membrane was as-
sessed using the “freeform” function.8 Signal intensity, in 
arbitrary unit (AU), was measured in the region of inter-
est marked by the limits of the concanavalin A staining. 
Measurements were taken from a minimum of 30 randomly 
chosen cells in total per condition, from at least three inde-
pendent experiments.

2.6  |  Data analyses

Data were presented as means  ±  standard errors of the 
mean (SEMs) or as median values with 5 and 95% per-
centiles, interquartile ranges and outliers. Data analyses 
were performed using Excel 2003 (Microsoft Corporation), 
Origin 9 (OriginLab Corporation), SPSS version 21 (SPSS) 
and SigmaStat 2.0 (Systat Software Inc). Pairwise statisti-
cal significance was determined using unpaired Student's 
t test, or Mann-Whitney rank-sum test, as appropriate.43 
For comparisons involving more than two groups, statis-
tical significance was determined using analysis of vari-
ance (ANOVA) followed by Tukey's post hoc analysis or 
Kruskal-Wallis analysis of variance as appropriate.43 Real-
time PCR data were analysed using the 2−ΔΔCт method.44 
Results were considered significant at P  <  .05 (*) and 
highly significant at P < .01 (**). Specific details are given 
in figure legends.

3  |   RESULTS

Effects of riluzole on several different characteristics of the 
strongly metastatic Mat-LyLu cells were studied under nor-
moxic and hypoxic conditions. Some initial comparisons 
were made with ranolazine and the weakly metastatic syn-
geneic AT-2 cells.

3.1  |  Cellular viability and growth

Firstly, we determined the possible effects of hypoxia alone 
on Mat-LyLu and AT-2 cells. Hypoxia (2% O2) applied for 
up to 48 hours had no discernible effect on the morphology or 
viability of either cell line. Treatment with TTX (1 μmol/L) 
in normoxia or hypoxia also did not affect viability of either 

cell line (not shown). As regards “growth,” there was no 
effect of hypoxia alone on Mat-LyLu cells at 24  hours, 
but a significant (30%) decrease was observed at 48  hours 
(P < .05; n = 4; Figure 1A). This effect became bigger (59%) 
at 72 hours (not shown). In contrast, hypoxia had no effect 
on the “growth” of AT-2 cells, even at 72 hours (P >  .05; 
n = 3; Figure 1B). Also, TTX had no effect on the “growth” 
of either cell line under normoxic and hypoxic conditions 
(P > .05; n ≥ 3; Figure 1A,B).

These results largely confirmed earlier studies showing 
lack of effect of TTX on viability and proliferative activity 
of Mat-LyLu and AT-2 cells and extended the findings to hy-
poxia. The remaining experiments were performed on Mat-
LyLu cells.

Treatment with riluzole (up to 10 µmol/L) for 24 hours 
was not toxic to Mat-LyLu cells under normoxic or hypoxic 
conditions (Figure 1C). Similarly, 20 µmol/L ranolazine was 
not toxic (not shown). When the treatment period was ex-
tended to 48 hours, 10 µmol/L riluzole still had no effect on 
Mat-LyLu cell viability under normoxia (Figure  1C). Any 
effect of riluzole or ranolazine on Mat-LyLu cell viabil-
ity over 48  hours in hypoxia was not tested since hypoxia 
alone over this period had an inhibitory effect on cell number 
(Figure 1A).

No significant change was recorded in “growth” of Mat-
LyLu cells after 24 hours of treatments with riluzole (up to 
5 µmol/L) in normoxic and hypoxic conditions (n ≥ 3 each; 
Figure 1D). Similarly, ranolazine had no effect (not shown). 
Since the cells remained viable under these conditions, it was 
concluded that Mat-LyLu cells’ proliferative activity was not 
affected by riluzole (at 5 µmol/L) or ranolazine applied for 
24 hours under normoxic or hypoxic conditions. Increasing 
the riluzole concentration to 10  µmol/L significantly de-
creased the Mat-LyLu cell number under normoxia time 
dependently by 30% (24 hours) and 52% (48 hours; P < .05 
cf. respective control, for both; n ≥ 4; Figure 1D). Under hy-
poxia (24 hours), however, 10 µmol/L riluzole did not affect 
cell number, hence proliferation (Figure 1D).

In conclusion, in order to avoid any complication of the 
treatments used on cell viability or growth, the subsequent 
experiments on invasiveness were designed as follows: (a) all 
hypoxic treatments were restricted to 24 hours. (b) Riluzole 
treatments were restricted to 1-5 µmol/L (up to 48 hours in 
normoxia; 24 hours in hypoxia). (c) Ranolazine (20 µmol/L) 
was used for comparison under 24  hours in normoxia or 
hypoxia.

3.2  |  Matrigel invasion

Boyden chamber (Matrigel) assays were performed to deter-
mine the possible anti-invasiveness effects of the pharmaco-
logical agents on Mat-LyLu cells. Treatment with 1 µmol/L 
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TTX for 24 hours (used as a positive control) significantly 
reduced invasiveness by 50% and 53% under normoxic and 
hypoxic conditions, respectively (P  <  .01 and P  <  .05 cf. 
non-treated controls, respectively; n = 7-10; Figure 2A,B). 
Similarly, ranolazine significantly reduced invasiveness by 
55% and 66% in normoxia and hypoxia, respectively (P < .01 
and P < .05 cf. non-treated controls, respectively; n = 4-8; 
Figure 2A,B). Hypoxia by itself had no effect on invasive-
ness, apparent in the controls of both the TTX and the ranola-
zine treatments (P = .78 and P = .59, respectively; n = 7-12; 
Figure 2B). Riluzole (1-5 µmol/L) had no effect on invasion 
over 24 h under either condition (P > .05 cf. DMSO control, 
for all comparisons; n  =  3 each; Figure  2A,B). Increasing 
the treatment period to 48 hours under normoxia resulted in 
a dose-dependent inhibitory effect by 7%-45%. This reached 
significance at 5  µmol/L riluzole (P  <  .05; n  =  4 each; 
Figure 2A). The inhibitory effect of TTX was maintained at 
48 hours (not shown). Any effect of riluzole, TTX or ranola-
zine under hypoxia over 48  hours could not be tested due 
to the inhibitory effect of hypoxia alone on cell growth, ob-
served earlier (Figure 1A).

3.3  |  Nav1.7 mRNA level and VGSCα 
protein expression

We then questioned whether VGSC (Nav1.7) mRNA and 
protein levels would change under the pharmacological treat-
ments. For this, we tested riluzole as an example. In these 

experiments, Mat-LyLu cells were treated with 1-5 µmol/L 
riluzole for 24 hours under normoxic or hypoxic conditions. 
Nav1.7 mRNA expression was quantified relative to two dif-
ferent control genes (Cytb5R and β-actin) which gave simi-
lar results (Figure 3A). Hypoxia by itself increased Nav1.7 
mRNA expression by >400% (P < .001; n = 3; Figure 3B). 
Riluzole, even at the highest concentration (5 µmol/L) tested, 
had no effect on Nav1.7 mRNA expression under normoxia 
(Figure 3B, light bars). Under hypoxia, however, it inhibited 
the expression dose-dependently and significantly by up to 
43% (P < .05; n = 3; Figure 3B).

VGSCα protein expression was studied using a pan-VGSC 
antibody since available “Nav1.7-specific” antibodies proved 
unsatisfactory. Immunocytochemistry and confocal image 
analyses were used to study effects of 2.5 µmol/L riluzole on 
plasma membrane expression under normoxia and hypoxia 
(Figure 4A). We focused on the plasma membrane since this 
is where the VGSC would be functional and contribute to in-
vasiveness. In normoxia, riluzole had no effect on the plasma 
membrane expression. Under hypoxia, however, it increased 
VGSCα protein expression significantly by 16% (P < .001; 
n = 74 cells; Figure 4B).

4  |   DISCUSSION

The main results of this study on rat PCa were as follows: 
(a) hypoxia had no effect on cell viability or proliferative 
activity at 24 hours; proliferation was reduced at 48 hours; 

F I G U R E  1   Cell viability and growth. 
Effects of normoxia and hypoxia and 
1 μmol/L TTX on A, Mat-LyLu and B, 
AT-2 cell growth over 24 and 48 h. C, 
Lack of effects of riluzole (<10 μmol/L) 
on viability of Mat-LyLu cells over 
48 h. D, Effects of 1-10 μmol/L riluzole 
on cell growth. For parts (C) and (D), 
treatments lasted 24 or 48 h (normoxia), 
and 24 h (hypoxia). Data are presented 
as means ± SEMs (n ≥ 3). Statistical 
significance (A): P < .05 (*) for control vs. 
treatment at 48 h
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invasiveness was not affected (24  hours). (b) Riluzole 
(5  µmol/L), ranolazine (20  µmol/L) and TTX (1  µmol/L) 
had no effect on cell viability or proliferation (24  hours). 
(c) Matrigel invasion was inhibited by TTX and ranolazine 
(24 hours). (d) Riluzole also decreased invasion but signifi-
cantly only after 48 hours of treatment; this effect could only 
be studied under normoxia since 48 hours in hypoxia by itself 
reduced cell number. (e) Nav1.7 mRNA expression was up-
regulated by hypoxia, whilst VGSCα protein level in plasma 
membrane was reduced. (f) Riluzole had no effect on Nav1.7 
mRNA or VGSCα protein levels in normoxia; in hypoxia, 
Nav1.7 mRNA expression was significantly reduced (dose-
dependently), whilst VGSCα protein in plasma membrane 
increased.

4.1  |  Effects of hypoxia alone

The effects of 24 hours in hypoxia alone were consistent. No 
effect was seen on cellular morphology, viability or cell num-
ber. Interestingly, Nav1.7 mRNA expression was increased, 
whilst the plasma membrane VGSCα protein level decreased. 
This “mismatch” is discussed below. Surprisingly, hypoxia 

F I G U R E  2   Matrigel invasiveness of Mat-LyLu cells. 
Invasiveness was measured under normoxia (A) and hypoxic 
conditions (B) for 24 h (light bars) and 48 h (dark bars). Hypoxia was 
restricted to 24 h since cell growth was impaired at 48 h. C1, media 
control for 1 μmol/L TTX (T). C2, media control for 20 μM ranolazine 
(R). (C3, media control for riluzole. D, DMSO control (0.0025%). 
Riluzole was applied at 1, 3 and 5 μmol/L. Data (normalized to the 
respective media control under normoxia) are presented as box plots 
(median values with 5 and 95% percentiles and interquartile ranges; 
n ≥ 3). Statistical significance: P < .05 (*); P < .01 (**)

Riluzole (µmol/L) 

Riluzole (µmol/L) 

**

*

C1 T D 1 3 5 C3 D 1 3 5

Riluzole (µmol/L) 

)evitaler( ssenevisavnI
)evitaler( ssenevisavnI

Normoxia 24 h
48 h

C1 T D 1 3 5

*

Hypoxia

A

B

0

20

40

60

80

100

120

140

160

C2 R

**

RC2

*

0

20

40

60

80

100

120

140

160

180

F I G U R E  3   Effects of riluzole on Nav1.7 mRNA expression 
in Mat-LyLu cells. A, Agarose gel electrophoresis of PCR products 
showing specific single bands of the expected sizes for Nav1.7 and the 
control genes, Cytb5R and β-actin (414, 425 and 362 nt, respectively). 
The “no-template control” did not give any signal (n = 3). B, Box 
diagrams show the result of real-time PCR experiment in which the 
effect of riluzole on Nav1.7 mRNA expression was studied under 
normoxic (white column) or hypoxic (light grey column) conditions. 
The data were normalized to Cytb5R using the 2−ΔΔCт method 
and expressed relative to normoxic media control level. Analysis 
of variance (ANOVA) followed by Tukey's post hoc analysis and 
unpaired Student's t test were used for the statistical analysis. Data 
(normalized to the media control under normoxia) are presented as 
median values with 5 and 95% percentiles and interquartile ranges 
(n = 3). For pairwise significance: P < .05 for normoxia vs. hypoxia 
(*), and for control vs treatment (#). C, media control. D, DMSO 
control (0.0025%). Riluzole was applied at 1, 2.5 and 5 μmol/L
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(24  hours) did not affect invasiveness although previous 
studies have shown hypoxia to promote the invasiveness of 
human PCa cells [eg45,46]. Indeed, the effect of hypoxia in 
promoting cellular invasiveness has been reported also for 
other cancers, for example colon,34 breast47,48 and gastric 
cancer.49 The apparent lack of effect in the present study 
could be due to the “normoxic” Mat-LyLu cells also having 
some properties usually associated with hypoxia. These in-
clude HIF1α expression, reported earlier for human PCa (PC-
3) cells, which share several characteristics with Mat-LyLu 
cells [eg50-52]. In addition, the current study was constrained 
by one major experimental limitation. The Boyden cham-
ber technique had to be limited to 24 hours under hypoxia 
(in order to avoid the possible “contaminating” effect of the 
longer treatments inhibiting proliferation).

4.2  |  Pharmacology

Riluzole, our main drug of interest, is an anti-excitatory and 
neuroprotective agent. It was proposed that the neuroprotec-
tive property of riluzole was via inhibition of the persistent 
component (INaP) of VGSC current.53 Similarly, riluzole 
could protect against cardiac ischaemia by inhibiting INaP.39 
Riluzole binds to VGSC and stabilizes the channel in its 

inactivated state.54,55 Consistent with the available data, rilu-
zole was seen in the current study generally to be more effec-
tive in hypoxia. Ranolazine is also an inhibitor of INaP and has 
been used clinically as an anti-angina drug.32 Importantly, in 
this study we used concentrations of both riluzole and ranola-
zine that should fall within the therapeutic range. Thus, for 
riluzole, it has been estimated that it is not harmful to human 
beings at concentrations up to 10 µmol/L.38,39 For ranolazine, 
the therapeutic plasma concentrations have been estimated to 
be in the range 2-8 µmol/L.56

4.3  |  Effects of Riluzole on MAT-LyLu 
cell behaviours

4.3.1  |  Proliferative activity

Riluzole had an anti-proliferative effect on Mat-LyLu 
cells, but this occurred at concentrations higher than that 
(5  µmol/L) required to inhibit invasiveness. Abdul and 
Hoosein initially studied four different PCa cell lines, 
including the VGSC-expressing human PC-3 cells and 
found that riluzole inhibited growth with an IC50 of 43-
128  µmol/L.1 Akamatsu et al also showed that riluzole 
(10-50 µmol/L) induced inhibition of DNA synthesis and 

F I G U R E  4   Effects of riluzole on 
VGSCα protein expression in plasma 
membrane of Mat-LyLu cells. A, Typical 
XYZ confocal images of cells incubated 
for 24 h under normoxic and hypoxic (2% 
O2) conditions with or without riluzole 
(2.5 µmol/L). Signal from concanavalin A 
(ConA) plasma membrane marker (green), 
pan-VGSCα antibody (red) and overlay 
of both (merged image) are shown in 
addition to bright-field images. Scale bar 
(5 µm) applicable to all panels. B, Data 
quantified from (A). Box plots showing 
VGSCα protein fluorescence levels (per 
µm) expressed in arbitrary unit (AU). Data 
are presented as median values with 5 
and 95% percentiles, interquartile ranges 
and outliers. For each condition, 74-81 
cells were measured from a minimum of 
three independent treatments. Statistical 
significance: P < .001 (***)
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apoptotic cell death via endoplasmic reticulum stress in 
both LNCaP and C4-2 cell lines.57 It was also found that 
25  µmol/L riluzole inhibited proliferation of melanoma 
cells and this occurred via inhibition of glutamate release, 
as suggested also for synapses.39,58,59 In contrast, Parihar 
et al found that riluzole evoked concentration-dependent 
increases in proliferation of PC-3 and LNCaP cells with 
an EC50 of 2  µmol/L.60 This effect was proposed to be 
through intermediate-conductance KCa channels, as shown 
for spinal neurones.61 These data would suggest that con-
centrations of riluzole less than 10 µmol/L would not af-
fect proliferation, whilst higher concentrations may be 
inhibitory through several mechanisms. The exception is 
the study of Parihar et al for which the reason(s) is not 
presently clear.60 Nevertheless, in order to avoid any pro-
liferative effect (and to keep to around the clinical dose), 
our Matrigel invasion assays were carried out with riluzole 
concentrations of only 1-5 µmol/L.

4.3.2  |  Invasiveness

Here, we have shown that 5  µmol/L riluzole inhibited 
Matrigel invasion of Mat-LyLu cells, seen after 48  h in 
normoxia (possible effect in hypoxia over this time period 
could not be studied due to involvement of proliferation). 
Previous work on PC-3 and DU-145 cells showed similar 
anti-invasive effects of riluzole at concentrations greater 
than 10  µmol/L.58 Riluzole (25  µmol/L) also suppressed 
melanoma invasiveness. These effects were suggested to 
occur through suppression of glutamate release which may 
be controlled by VGSC activity. More recent work on BCa 
cells showed, however, that the anti-invasive effect of ri-
luzole could not be mediated by metabotropic glutamate 
receptors.31,62 We should emphasize that in our experi-
mental design, riluzole produced an anti-invasive effect 
without affecting proliferative activity. This is consistent 
with the notion that primary tumorigenesis and second-
ary tumorigenesis are controlled differently, perhaps even 
independently.17,18,63

4.3.3  |  VGSC (Nav1.7) mRNA and 
protein expression

Riluzole significantly decreased Nav1.7 mRNA expression 
under only hypoxia. The VGSCα level in plasma mem-
brane also was only affected under hypoxia but increased. 
In the first instance, again, this is consistent with the un-
derlying mechanisms of action or riluzole being inhibition 
of VGSC/ INaP, well known to be promoted by hypoxia.64,65 
This would also agree overall with VGSC activity not 
being involved in PCa cell proliferation.2,3,14 Regarding 

the mRNA and protein levels changing in different direc-
tions, it is now generally accepted that mRNA and protein 
expression can be regulated differentially and indepen-
dently in cells, such that (a) mRNA can be produced and 
“docked” without being translated and (b) protein synthe-
sis can occur later from such stored mRNA without neces-
sitating prior transcription.66-71 Previously, Brackenbury 
and Djamgoz also showed in Mat-LyLu cells that nerve 
growth factor up-regulated VGSC protein expression with-
out any change in Nav1.7 mRNA expression.72 Such dif-
ferential regulation would depend on intracellular factors 
such as mRNA stability and protein lifetime [eg73,74]. The 
presumed mRNA “docking” process would be functionally 
expedient and particularly important pathophysiologically 
in cancer cells exposed to a wide variety of micro-environ-
mental conditions. The relative levels of mRNA and pro-
tein may thus be optimized dynamically depending on time 
and space within the complexity of the cancer process. We 
should add, for completeness, that two other issues could 
have been involved in the “mRNA-protein” mismatch: 
(a) the protein level was measured only in the plasma 
membrane, whilst mRNA was total; and (b) any protein 
produced could have been subject to activity-dependent in-
tracellular trafficking.8

5  |   CONCLUSION

In overall conclusion, riluzole at clinical doses can inhibit PCa 
invasiveness in vitro without affecting cell viability or prolif-
erative activity. These findings complement recent studies 
showing that another INaP blocker, ranolazine, can suppress PCa 
and breast cancer metastasis in vivo,16,33 and colon and breast 
cancer invasiveness in vitro.34,75 These results may have wide-
ranging impact for at least two reasons. Firstly, several other 
carcinomas are known to express functional VGSCs in vitro 
and in vivo, for example lung, cervix, stomach, melanoma and 
ovary [eg19]. Secondly, INaP is likely to be a property of TTX-
resistant and TTX-sensitive classes of VGSC [eg76,77]. Taken 
all together, therefore, increasing evidence would support the 
notion that VGSC/ INaP blockers can be repurposed clinically 
as anti-metastatic drugs against several carcinomas.8,12,19,78,79
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