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Abstract: Upregulation of voltage-gated sodium channels (VGSCs) and Na+ /K+ -ATPase (sodium
pumps) is common across most malignant carcinomas. Targeted osmotic lysis (TOL) is a developing
technology in which the concomitant stimulation of VGSCs and pharmacological blockade of sodium
pumps causes rapid selective osmotic lysis of carcinoma cells. This treatment of cervical carcinoma is
evidence that TOL is a safe, well-tolerated and effective treatment for aggressive advanced carcinomas
that has the potential to extend life without compromising its quality. TOL is likely to have broad
application for the treatment of advanced-stage carcinomas.
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1. Introduction

Carcinoma of the Cervix. Curr. Oncol.

The simultaneous activation of voltage-gated sodium channels (VGSCs) and pharmacological blockade of sodium/potassium-ATPase (Na+ /K+ -ATPase; sodium pumps)
with a cardiac glycoside in highly malignant cancer cells causes increased intracellular
sodium and sufficient increased oncotic pressure to produce lysis of cells that overexpress
VGSCs [1,2]. This “targeted osmotic lysis” (TOL) selectively lyses the most malignant
cancer cells while leaving the cells that express VGSCs normally unaffected. To date, TOL
has been shown to reduce the size and slow the growth of several forms of advanced carcinomas and increase survival in mice and companion animals without damaging normal
tissues or producing discernible adverse effects. Based upon a review of the available
information about this novel approach to treating advanced carcinomas, a request was
made on behalf of a 46-year-old female by her treating oncologist to allow the emergency
use of targeted osmotic lysis, a novel treatment currently under development for treating
late-stage carcinomas, because his patient was rapidly losing her battle with stage IIB squamous cell carcinoma of the cervix. The request was based on her extreme level of distress
and fatigue as well as significant physical and cognitive limitations. She also experienced
intractable pain despite high-dose opioid therapy that, while marginally effective, further
exacerbated her cognitive impairment. She had exhausted all currently accepted treatment
options and had been excluded from all the available therapeutic trials. The prognosis for
her survival was anticipated to be days to two weeks at the time of the request.
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2. Case Report
2.1. Clinical History
The patient’s cancer was diagnosed in 2016 and initially responded to treatment with
concomitant radiation and cisplatin chemotherapy plus adjuvant paclitaxel and 65% of the
target dose of carboplatin according to the OUTBACK trial protocol (ANZGOG-0902/GOG0274/RTOG-1174, ClinicalTrials.gov (accessed on 19 May 2021) identifier NCT01414608),
but recurred two years later in the right sidewall of the pelvis as an enhanced soft tissue
mass with right lateral extension located within the parametrial region measuring approximately 3.5 cm × 2.2 cm × 2.5 cm that was considered to be unresectable. Despite the patient
receiving another 9 cycles of paclitaxel, carboplatin and bevacizumab chemotherapy, the
disease continued to progress. The patient was not considered to be a candidate for the Iovance tumor-infiltrating lymphocyte (TIL) therapy and a clinical trial with AGEN1884/2034
because PD-L1 testing of the original tumor was negative. Nonetheless, anti-PD-1 therapy
was declined in lieu of three additional cycles of chemotherapy.
One month later, the mass measured approximately 3.0 cm × 3.3 cm × 3.2 cm. Treatment was initiated with pembrolizumab. Despite four cycles of treatment, the tumor grew
to 4.9 cm × 6.7 cm × 6.7 cm. In light of the resistance to pembrolizumab, she was evaluated
and denied inclusion in the Iovance clinical trial.
Three months later, a CT scan revealed that her tumor mass had grown to 8.7 cm ×
10.7 cm × 8.9 cm and to 12.2 cm × 9.9 cm × 9.4 cm one month later, when her tumor was no
longer discernably separable from the presacral space and the sciatic foramen on the right
side. The mass involved the obturator muscle, the gluteus muscle and sacral nerve roots
S2–S4, the rectum, the adjacent uterus, bowel and urinary bladder. It was understood that,
at that point, the patient had exhausted all the available therapeutic options. The patient’s
overall condition had deteriorated to the point where her Eastern Cooperative Oncology
Group performance status was 4, placing her at a high risk for chemotherapy-related
complications; she was no longer considered to be a candidate for clinical trials. The patient
was thus left without a clear therapeutic path forward.
Based upon an evaluation of the available information on TOL [1,2] and given the
patient’s extreme distress and that the risk of serious toxicity associated with TOL was
lower than exposing the patient to investigational chemotherapeutic agents, an emergency
treatment with TOL, a developing technology that uses the overproduction of VGSCs
combined with the pharmacological blockade of Na+ /K+ -ATPase to induce selective lysis
of aggressive carcinomas and metastases [1,2], was requested. The patient was admitted to
hospice care with an extremely diminished ability to perform the basic activities of daily living, failure to thrive and intractable pain on a high-dose regimen of morphine, methadone,
lorazepam, alprazolam and hydromorphone from a patient-controlled analgesia pump
that yielded little relief.
2.2. Preparation, Emergency Treatment and Response
The patient’s condition and prognosis at the time of the request allowed insufficient
time to obtain an FDA approval for compassionate use through the routine channels. Therefore, a second opinion supporting the administration of emergency treatment with TOL was
acquired from an independent medical oncologist at a neighboring facility. All necessary
ethics, IRB and legal approvals for the emergency use of TOL were obtained. Following
an explanation of the potential risks and benefits of TOL treatment, informed consent for
emergency use was obtained from the patient for accepting treatment and for obtaining a
tissue biopsy to determine the level of VGSC expression in the tumor. Immunohistofluorescence analysis of a tumor biopsy taken from the patient’s cancer prior to the treatment
revealed cellular profiles with high and low levels of VGSC labeling in a pattern similar to that observed in preclinical studies in mice and dogs that responded favorably to
treatment with TOL (Figure 1). Cardiac glycoside digoxin was administered orally in the
amount of 0.25 mg for four once-daily dosing cycles to achieve a therapeutic blood level
(0.50–1.50 ng/mL). To maintain steady-state pharmacokinetics for treatment, a 0.25-mg
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to determine her complete blood count, serum chemistry and digoxin levels at her pretreatment baseline. The laboratory results revealed a digoxin trough level of 1.0 ng/mL
and a notable hemoglobin level of 7.1 g to be monitored, but were otherwise considered
acceptable. The patient was not receiving routine fluid supplementation as her hydration
status as indicated by skin turgor and oral mucosal appearance was considered adequate,
but due to the large tumor size, the patient also received 1 L of normal saline and 300 mg
of allopurinol to reduce the risk of tumor lysis syndrome.
The patient’s intake history revealed the presence of a subclavicular indwelling power
port. In consultation with the designer of the stimulation device, it was determined that
it was unlikely that the port would have a negative effect on the treatment field or that
the treatment field would have a negative effect on the indwelling port. Accordingly, the
patient was assisted into the coaxial ring device where she adjusted her position to achieve
comfortable positioning in the bore of the device on an inflatable mattress. To obviate
any unanticipated adverse interaction between the PEFs and the indwelling port, test
stimulation periods of 15–30 s were administered starting at 2 (the lowest field strength), 4,
6, 8, 10, 12, 14, 16 and 18 V/m (the target treatment field strength). The patient reported
neither pain nor discomfort and stated that she did not perceive the pulsing electric field.
PEF stimulation was then provided at 18 V/m for a total of two hours with breaks at 15-min
intervals to check blood pressure and heart rate. The patient experienced no ill effects
from the treatment and tolerated the procedure well. A post-treatment EKG strip and
laboratory test samples were obtained and a second liter of normal saline was administered
to further reduce the risk of tumor lysis syndrome. No issues of concern were observed by
the staff or reported by the patient during a 1-h post-treatment period of observation. That
evening, the patient experienced higher than usual levels of pain that required additional
doses of her breakthrough analgesic medication, but the quality and distribution of the
pain was unchanged from her pretreatment baseline. She was also noted to have a mild
elevation in her temperature to 101 ◦ F that responded to acetaminophen treatment. Urine
output was maintained. As long as the increase in pain did not change in character or
distribution and the reported increase in intensity was not significantly outside the range
of day-to-day fluctuation that was typical for her intractable pattern and only occurred
after the first day of treatment, it was thought to be related to the patient’s increased level
of activity associated with travel to and from the hospital and the length of time spent
in the preparation, treatment and post-treatment observation. The reported low-grade
fever that responded to antipyretic treatment was a frequent nightly occurrence prior
to treatment with TOL but was anticipated after TOL as an inflammatory response to
the release of circulating factors after lysis and was considered a subjective indicator of
effective treatment.
She returned the next morning for the second day of PEF stimulation. Pretreatment
laboratory samples and an EKG rhythm strip were obtained. Her digoxin trough level was
1.1 ng/mL. As on day 1, she received a 0.25-mg dose of digoxin, a liter of normal saline
and 300 mg allopurinol. The patient entered the bore of the coaxial ring device and was
exposed to the PEF for a total of 2 h. Again, she tolerated the procedure well. Post-treatment
laboratory tests were obtained and a liter of normal saline was administered during the
post-treatment period of observation. That evening, she spiked a fever of 101.9 ◦ F that
was reduced to 100.7 ◦ F with 1000 mg acetaminophen and returned to normal by morning.
Urine output of 50 cc and 30 cc was measured twice during the night. She experienced
no elevation in her pain after the second round of stimulation and was noted to be up
and walking around the house “in short spurts,” more than usual. Three days after the
treatment, the patient reported that she “felt better.” Her pain persisted but had decreased.
She was afebrile. She noted that she had been more ambulatory and interactive, being able
to carry on a reasonably long conversation, but most remarkable was that her appetite had
improved significantly. She experienced two episodes of mild hemorrhagic anal discharge.
This complication and hematuria were anticipated because pretreatment imaging indicated
that the tumor had invaded the urinary bladder, right pelvic musculature, distal ureters

ncol. 2021, Curr.
28, 196
Oncol. 2021, 28

2119

2119

ureters and rectum and she had experienced occasional hematuria prior to treatment with
and rectum and she had experienced occasional hematuria prior to treatment with TOL
TOL and was closely monitored for these potential complications. When discovered, the
and was closely monitored for these potential complications. When discovered, the postpost-treatment hemorrhages were small, self-limited, unaccompanied by localized pain.
treatment hemorrhages were small, self-limited, unaccompanied by localized pain. She
She reported no dizziness or change in blood pressure, range: 89–102 systolic/60–63 diasreported no dizziness or change in blood pressure, range: 89–102 systolic/60–63 diastolic,
tolic, and her nurse reported that despite the blood loss, she had “rosy cheeks” again after
and her nurse reported that despite the blood loss, she had “rosy cheeks” again after three
three weeks of very gray pallor. The hemorrhage was not thought to be due to the damage
weeks of very gray pallor. The hemorrhage was not thought to be due to the damage to
to normal tissues
but tissues
rather but
duerather
to a shift
of athe
tumor
resulting
from increased
normal
due to
shift
of themass
tumor
mass resulting
from increased edema,
edema, inflammation
or lyticornecrosis.
inflammation
lytic necrosis.
CT scans wereCT
obtained
threeobtained
days post-treatment
and again 18 days
thelater when the
scans were
three days post-treatment
and later
againwhen
18 days
patient developed
bowel
obstruction
requiring
colectomy.
Despite
slight
variations
in
patient developed bowel obstruction requiring colectomy. Despite slightthe
variations in the
quality of imaging
obtained
at multiple
imaging
facilities,
thefacilities,
size and the
density
of the
tu- of the tumor
quality
of imaging
obtained
at multiple
imaging
size and
density
mor was measured
in the post-treatment
scans andscans
compared
to the measurements
taken
was measured
in the post-treatment
and compared
to the measurements
taken from
from the pretreatment
scan
that
had
been
obtained
four
weeks
prior
to
TOL.
The
tumor
the pretreatment scan that had been obtained four weeks prior to TOL. The tumor size had
size had increased
36% at36%
three
compared
to the to
pretreatment
base- baseline and
increased
at days
three post-treatment
days post-treatment
compared
the pretreatment
line and increased
another
40%
15
days
later.
By
contrast,
tumor
density
decreased
post-post-treatment
increased another 40% 15 days later. By contrast, tumor density decreased
treatment fromfrom
70 Hounsfield
units
(HU)
at
the
baseline
to
56
and
47
HU,
respectively,
in in association
70 Hounsfield units (HU) at the baseline to 56 and 47 HU, respectively,
association with
thethe
development
of of
large
areas
of of
hypodensity
within
thethe
tumor
mass
with
development
large
areas
hypodensity
within
tumor
mass occupying
occupying approximately
65–70%
of its
mass
(Figure
3).3).
The
increase
in in
tumor
size
couapproximately
65–70%
of its
mass
(Figure
The
increase
tumor
size
coupled with the
pled with the decrease
decreasein
intumor
tumordensity
densityisisconsistent
consistentwith
withaapossible
possiblecombination
combinationofofconcontinued tumor
tinued tumor growth,
post-treatment
inflamgrowth, tumor
tumor necrosis
necrosisand
andedema
edemaand/or
and/orreactive
reactive
post-treatment
inflammation. The
mation. The colectomy
relieved bowel
bowelobstruction
obstructionallowing
allowing
to return
colectomysuccessfully
successfully relieved
herher
to return
home. No further
home. No further
treatments
were
permitted
under
the emergency
provision.
pa- survived with
treatments
were
permitted
under
the emergency
use use
provision.
The The
patient
tient survived improved
with improved
of life
for of
a total
ninepost-treatment
weeks post-treatment
qualityquality
of life for
a total
nine of
weeks
and moreand
than eight weeks
more than eight
weeks
longer
than anticipated.
she experienced
no apparent
longer
than
anticipated.
Notably, Notably,
she experienced
no apparent
ill effectsill
associated with
effects associated
TOL treatment.
the with
TOL the
treatment.

Figure 3. computed
Transversetomographic
computed tomographic
images
Stage IIBofcarcinoma
the cervix
ob-the patient
Figure 3. Transverse
images of the
StageofIIBthe
carcinoma
the cervixofobtained
from
tained
from
the
patient
before
(A)
and
3
(B)
and
21
days
(C)
after
treatment
with
TOL.
The
images
before (A) and 3 (B) and 21 days (C) after treatment with TOL. The images were chosen to depict cuts through the tumor at
were chosen to depict cuts through the tumor at levels as closely similar as possible. Adjustments
levels as closely similar as possible. Adjustments of magnifications were made to match the dimensions of bony landmarks
of magnifications were made to match the dimensions of bony landmarks of the femoral head and
of the femoral head and acetabulum. Adjustments of contrast and brightness for optimum clarity of the images were applied
acetabulum. Adjustments of contrast and brightness for optimum clarity of the images were applied
equally to all the three images. Note that the size of the tumor increases with each successive image. By contrast-enhanced
equally to all the three images. Note that the size of the tumor increases with each successive image.
CT, areas ofBy
hypodensity
observedCT,
within
tumor mass appear
larger
andthe
much
more
prominent
after treatment
with
contrast-enhanced
areasthe
of hypodensity
observed
within
tumor
mass
appear larger
and
TOL, consistent
theprominent
reduction after
in measured
tissue
from 70 with
HU pre-treatment
to 56 HU (B)
by day 3 and
muchwith
more
treatment
withdensities
TOL, consistent
the reduction(A)
in measured
tissue
47 HU (C) by
day 21 post-treatment.
Additional (A)
region-of-interest
(ROI)
made for each scan
densities
from 70 HU pre-treatment
to 56 HU (B) by
dayreference
3 and 47 measurements
HU (C) by daywere
21 post-treatAdditional
region-of-interest
reference
made
each scan over
over the leftment.
gluteal
musculature
revealing values(ROI)
of 127
HU (A), measurements
120 HU (B) andwere
125 HU
(C),for
respectively.
Calibration bar
in C = 5 cm.the left gluteal musculature revealing values of 127 HU (A), 120 HU (B) and 125 HU (C), respectively. Calibration bar in C = 5 cm.

3. Discussion 3. Discussion
Targeted
lysis is a fundamentally
different
approach
to the
of cancer
Targeted osmotic
lysis isosmotic
a fundamentally
different approach
to the
treatment
of treatment
canthan the
currentmethods
treatment
methods
both and
in principle
andisdesign
andthe
is based on the
cer than the current
treatment
both
in principle
design and
based on
+ /K+ -ATPase [4–7]. This feature
observation
that overexpress
many cancersVGSCs
overexpress
VGSCs
and Na[4–7].
+/K+-ATPase
observation that
many cancers
and Na
This feature
confers
enhanced
ability
to tissues
invade and
normal
tissues and
and
confers enhanced
ability
to invade
normal
metastasize
and metastasize
is found to be
ex-is found to be
exceedingly
prominent
in
advanced
disease
[1,8–12].
The
TOL
process
takes
ceedingly prominent in advanced disease [1,8–12]. The TOL process takes advantage of aadvantage of a
mechanism
that
essential because
for survival
because
its maintenance
role in the maintenance
mechanism that
is essential
foris survival
of its
role inofthe
of mem- of membrane
potentials
and
cellular
homeostasis.
Unlike
many
treatment
methods
[13–22], TOL enbrane potentials and cellular homeostasis. Unlike many treatment methods [13–22], TOL

Curr. Oncol. 2021, 28

2120

hances VGSC activity, thereby greatly increasing the influx of sodium while simultaneously
preventing the extrusion of these ions by blocking the sodium pumping mechanism [1,2].
The osmotic influx of water floods the cells beyond their capacity to comply, resulting in
lysis of the cells [23]. Normal cells, even highly expressing excitable cells, e.g., nerve and
muscle cells, are spared because sodium channel expression in normal tissues is far lower
than that found in most advanced carcinomas [1], thus offering highly targeted treatment
without significant morbidity.
The extension of survival beyond the expected and the lack of adverse effects that were
observed in this case reflect the pattern observed in treatments of advanced carcinomas
using TOL in companion animals. The decrease in tumor density evident with CT imaging
in this patient is also observed in companion animals after two-day treatments with TOL.
Finally, the improvement observed in clinical behavior and quality of life, evidenced by a
significant improvement in appetite, increased energy and activity levels and improved
behavior, is similar to clinical improvements noted in companion animals after treatment
with TOL.
We have presented evidence that TOL as a standalone treatment may provide a
safe, well-tolerated and effective treatment for increasing survival and stabilizing many
advanced carcinomas that have typically been refractory to treatment. TOL’s positioning in
the therapeutic algorithm of care or its role as a potential add-on or adjuvant to the current
standard and promising new immune therapies is uncertain. As a standalone therapy, TOL
might provide a means to reduce or stabilize a tumor prior to resection or to eliminate
remnants of disease after removal. However, as an adjunct to treatment, it is unclear
whether combining treatments might have an additive or synergistic effect, or whether
therapeutic resistance induced by TOL or by the standard treatment might antagonize the
effect of one treatment or the other or both. This would need to be determined.
4. Conclusions
Because of the highly conserved nature of the sodium channel/sodium pump mechanism, TOL has the potential to offer a safe and well-tolerated treatment for several forms of
aggressive, late-stage carcinoma. This case presents evidence that TOL is associated with
few adverse effects and may extend life, without compromising quality and thus warrants
further study.
5. Patents
A patent for the technology described in this manuscript entitled Targeted Osmotic
Lysis of Cancer Cells, file No. 11M01 (serial No. 13/552,909), by D.J. Paul and H.J. Gould
III was allowed on 30 December 2014.
Author Contributions: Conceptualization, D.P. and H.J.G.III; Data curation, D.P. and H.J.G.III; Formal analysis, D.P., C.K.B. and H.J.G.III; Funding acquisition, D.P., P.R.M. and H.J.G.III; Investigation,
D.P. and H.J.G.III; Methodology, D.P. and H.J.G.III; Project administration, D.P., P.R.M. and H.J.G.III;
Resources, D.P., P.R.M. and H.J.G.III; Supervision, D.P. and H.J.G.III; Validation, D.P. and H.J.G.III;
Visualization, D.P., S.E., K.J.S. and H.J.G.III; Writing—original draft preparation, D.P. and H.J.G.III;
Writing—review and editing, D.P., P.R.M., S.E., K.J.S., C.K.B. and H.J.G.III. All authors have read and
agreed to the published version of the manuscript.
Funding: This research was funded by a grant from The Dorothy Dorsett Brown Foundation and by
a research services contract from Oleander Medical Technologies to D.P. and H.J.G.III.
Institutional Review Board Statement: The emergency use treatment was conducted according to
the guidelines of the Declaration of Helsinki and approved by the Food and Drug Administration
under emergency use protocol #U200400.EAEU and by the Louisiana State University Health Sciences
Center Institutional Review Board, IRB ID #1500, approval date—14 November 2020.
Informed Consent Statement: Informed consent was obtained from the patient that received the
emergency treatment.

Curr. Oncol. 2021, 28

2121

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available but have been submitted to the FDA in
accordance with the reporting policy for emergency use treatments without an IDE.
Acknowledgments: The authors wish to thank Jyotsna Fuloria, Amelia M. Jernigan, Frank Smart,
Marc R. Matrana, Agustin C. Garcia and Lynn T. Arnold for their timely efforts in securing approval
for providing the emergency use of TOL for this patient.
Conflicts of Interest: D.P., P.R.M. and H.J.G.III are cofounders and managing members of Oleander
Medical Technologies LLC.

References
1.
2.

3.

4.

5.

6.
7.
8.

9.
10.
11.
12.

13.
14.
15.

16.
17.

18.
19.

Gould, H.J., 3rd; Norleans, J.; Ward, T.D.; Reid, C.; Paul, D. Selective lysis of breast carcinomas by simultaneous stimulation of
sodium channels and blockade of sodium pumps. Oncotarget 2018, 9, 15606–15615. [CrossRef]
Paul, D.; Maggi, P.; Piero, F.D.; Scahill, S.D.; Sherman, K.J.; Edenfield, S.; Gould, H.J., 3rd. Targeted osmotic lysis of highly invasive
breast carcinomas using a pulsed magnetic field and pharmacological blockade of voltage-gated sodium channels. Cancers 2020,
12, 1420. [CrossRef]
Burke, R.C.; Bardet, S.M.; Carr, L.; Romanenko, S.; Arnaud-Cormos, D.; Leveque, P.; O’Connor, R.P. Nanosecond pulsed electric
fields depolarize transmembrane potential via voltage-gated K+ , Ca2+ and TRPM8 channels in U87 glioblastoma cells. Biochim.
Biophys. Acta Biomembr. 2017, 1859, 2040–2050. [CrossRef] [PubMed]
Fraser, S.P.; Diss, J.K.J.; Chioni, A.M.; Mycielska, M.E.; Pan, H.; Yamaci, R.F.; Pani, F.; Siwy, Z.; Krasowska, M.; Grzywna, Z.;
et al. Voltage-gated sodium channel expression and potentiation of human breast cancer metastasis. Clin. Cancer Res. 2005, 11,
5381–5389. [CrossRef] [PubMed]
Fraser, S.P.; Ozerlat-Gunduz, I.; Brackenbury, W.J.; Fitzgerald, E.M.; Campbell, T.M.; Coombes, R.C.; Djamgoz, M.B.A. Regulation
of voltage-gated sodium channel expression in cancer: Hormones, growth factors and auto-regulation. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 2014, 369, 20130105. [CrossRef] [PubMed]
Onkal, R.; Djamgoz, M.B. Molecular pharmacology of voltage-gated sodium channel expression in metastatic disease: Clinical
potential of neonatal NaV1.5 in breast cancer. Eur. J. Pharmacol. 2009, 625, 206–219. [CrossRef]
Djamgoz, M.B.; Onkal, R. Persistent current blockers of voltage-gated sodium channels: A clinical opportunity for controlling
metastatic disease. Recent Patents Anti Cancer Drug Discov. 2013, 8, 66–84. [CrossRef]
Djamgoz, M.B.A.; Mycielska, M.; Madeia, Z.; Fraser, S.P.; Korohoda, W. Directional movement of rat prostate cancer cells in
direct-current electric field: Involvement of voltage-gated Na+ channel activity. J. Cell Sci. 2001, 114, 2697–2705. [CrossRef]
[PubMed]
Bennett, E.S.; Smith, B.A.; Harper, J.M. Voltage-gated Na+ channels confer invasive properties on human prostate cancer cells.
Pfugers Arch. 2004, 447, 908–914. [CrossRef] [PubMed]
Fiske, J.L.; Fomin, V.P.; Brown, M.L.; Duncan, R.L.; Sikes, R.A. Voltage-sensitive ion channels and cancer. Cancer Metastasis Rev
2006, 25, 493–500. [CrossRef]
Brackenbury, W.J.; Chioni, A.M.; Diss, J.K.J.; Djamgoz, M.B.A. The neonatal splice variant of Nav1.5 potentiates in vitro invasive
behaviour of MDA-MB-231 human breast cancer cells. Breast Cancer Res. Treat. 2007, 101, 149–160. [CrossRef]
Roger, S.; Rollin, J.; Barascu, A.; Besson, P.; Raynal, P.-I.; Iochmann, S.; Lei, M.; Bougnoux, P.; Gruel, Y.; Guennec, J.-Y. Voltage-gated
sodium channels potentiate the invasive capacities of human non-small-cell lung cancer cell lines. Int. J. Biochem. Cell Biol. 2007,
39, 774–786. [CrossRef] [PubMed]
Roger, S.; Potier, M.; Vandier, C.; Besson, P.; Le Guennec, J.Y. Voltage-gated sodium channels: New targets in cancer therapy?
Curr. Pharm. Des. 2006, 12, 3681–3695. [CrossRef]
Brackenbury, W.J.; Isom, L.L. Voltage-gated Na+ channels: Potential for beta subunits as therapeutic targets. Expert Opin. Ther.
Targets 2008, 12, 1191–1203. [CrossRef] [PubMed]
Wuethrich, P.Y.; Schmitz, S.-F.H.; Kessler, T.M.; Thalmann, G.N.; Studer, U.E.; Stueber, F.; Burkhard, F.C. Potential influence of
the anesthetic technique used during open radical prostatectomy on prostate cancer-related outcome: A retrospective study.
Anesthesiology 2010, 113, 570–576. [CrossRef] [PubMed]
Mao, L.; Lin, S.; Lin, J. The effects of anesthetics on tumor progression. Int. J. Physiol. Pathophysiol. Pharmacol. 2013, 5, 1–10.
[PubMed]
Leslie, T.K.; James, A.D.; Zaccagna, F.; Grist, J.T.; Deen, S.; Kennerley, A.; Riemer, F.; Kaggie, J.D.; Gallagher, F.A.; Gilbert, F.J.;
et al. Sodium homeostasis in the tumour microenvironment. Biochim. Biophys. Acta Rev. Cancer 2019, 1872, 188304. [CrossRef]
[PubMed]
Exadaktylos, A.K.; Buggy, D.J.; Moriarty, D.C.; Mascha, E.; Sessler, D.I. Can anesthetic technique for primary breast cancer surgery
affect recurrence or metastasis? Anesthesiolog 2006, 105, 660–664. [CrossRef]
Driffort, V.; Gillet, L.; Bon, E.; Marionneau-Lambot, S.; Oullier, T.; Joulin, V.; Collin, C.; Pagès, J.-C.; Jourdan, M.-L.; Chevalier, S.;
et al. Ranolazine inhibits NaV1.5-mediated breast cancer cell invasiveness and lung colonization. Mol. Cancer 2014, 13, 264.
[CrossRef] [PubMed]

Curr. Oncol. 2021, 28

20.
21.
22.

23.

2122

Nelson, M.; Yang, M.; Dowle, A.A.; Thomas, J.R.; Brackenbury, W.J. The sodium channel-blocking antiepileptic drug phenytoin
inhibits breast tumour growth and metastasis. Mol. Cancer 2015, 14, 13. [CrossRef] [PubMed]
Martin, F.; Ufodiama, C.; Watt, I.; Bland, M.; Brackenbury, W.J. Therapeutic value of voltage-gated sodium channel inhibitors in
breast, colorectal and prostate cancer: A systemic review. Front. Pharmacol. 2015, 6, 273. [CrossRef] [PubMed]
Dutta, S.; Charcas, O.L.; Tanner, S.; Gradek, F.; Driffort, V.; Roger, S.; Selander, K.; Velu, S.E.; Brouillette, W. Discovery and
evaluation of nNa1.5 sodium channel blockers with potent cell envasion inhibitory activity in breast cancer cells. Bioorg. Med.
Chem. 2018, 26, 2428–2436. [CrossRef] [PubMed]
Paul, D.; Soignier, R.D.; Minor, L.; Tau, H.; Songu-Mize, E.; Gould, H.J., 3rd. Regulation and pharmacological blockade of
sodium-potassium ATPase: Inflammation may lead to neuropathy. J. Neurol. Sci. 2014, 340, 139–143. [CrossRef] [PubMed]

