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Abstract

Chloride channels play a fundamental role in cellular homeostasis, influencing ion balance, pH regulation, and apoptotic
signaling. While glutamate-gated chloride channels (GluCl) are traditionally restricted to invertebrates, recent evidence
suggests that functionally analogous chloride conductances may exist in cancer cells, contributing to tumor survival
and metabolic adaptation. Notably, chloride intracellular channels (CLICs), particularly CLIC6, have emerged as strong
candidates for chloride-mediated oncogenic signaling. CLIC6 is overexpressed in multiple malignancies, including
breast, ovarian, lung, gastric, and pancreatic cancers, and is known to interact with dopamine D,-like receptors. Patch-
clamp studies have confirmed its chloride-selective conductance, localization to the plasma membrane, and regulation
by pH and redox potential. The unexpected anticancer effects of antiparasitic drugs such as ivermectin, which targets
GluCl channels in parasites, suggest a possible chloride-mediated mechanism of cytotoxicity in tumors. Ivermectin-
induced chloride influx may disrupt ionic equilibrium, hyperpolarize the plasma membrane, and trigger mitochondrial
dysfunction, leading to oxidative stress, cytochrome c release, and caspase activation. This ionic disruption may also
interfere with key oncogenic pathways, including PI3K/AKT, Wnt/B-catenin, and NF-«kB, impairing tumor proliferation
and immune evasion. Given the structural and functional parallels between GluCl channels and CLIC6, ivermectin’s
efficacy may be partially mediated through chloride channel dysregulation. This review synthesizes molecular,
electrophysiological, and pharmacological evidence supporting the existence of GluCl-like chloride conductance
in cancer cells and its therapeutic implications. Further research is needed to characterize chloride ion dynamics in
tumors, validate CLIC6 as a potential GluCl channel analog, and explore chloride channel-targeting strategies for cancer
treatment, opening new frontiers in oncology.

Key words: glutamate-gated chloride channels, CLIC6, ionic dysregulation, antiparasitic drug repositioning, tumor
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Pe3rome

XJIopuiHBIE KaHAIBl UIPatoT (QYHAAMEHTAIBHYIO POJb B TOIAEPKAHNU KJIETOYHOTO TOMEOCTa3a, BIMSS Ha MOHHBINA
Gamanc, perymamuio pH u amontoTudeckue CUTHAJIBHBIC IMyTH. XOTS IIyTaMar-peryaupyeMble XJIOPHUIHbIE KaHAJbI
(GIuCl) TpamuunoHHO OrpaHUYEHBI OECIIO3BOHOYHBIMH, MOCIEAHNE JaHHBIE CBHICTEIBCTBYIOT O TOM, YTO (PyHKIIHO-
HaJIbHO-aHAJIOTMYHBIE TPOBOIMMOCTH XJIOPHUIOB MOTYT IIPUCYTCTBOBATH B PAKOBBIX KJIETKAX, CIIOCOOCTBYSI BEDKUBAHUIO
OITyXOJIM M MeTabosmdeckoil agantanui. OCOOEHHO BBIAGISAIOTCS BHYTpHKIETOUHbIE Xjopuansle kKaHansl (CLIC), B
gactHocTH CLIC6, Kak mOTeHNIMANIbHBIE YYaCTHHUKH OHKOTEHHOM Xiopua-3aBucuMoin cur"ammsamuu. CLIC6 cepx-
9KCTIPECCUPYETCS TPH Pa3IMUHBIX 3JI0KAYECTBEHHBIX HOBOOOPA30BAHMSAX, BKIIOUAs PaK MOJIOYHOW JKele3bl, SSUIHH-
KOB, JIETKHX, JKETyAKa U MODKEIYJOUYHON KeJIe3bl, U B3aUMOACHCTBYeT ¢ 1o(haMHHOBBIMY penentopamu D,-moarumna.
OnekTpopU3n0IOTHIECKUE NCCIEIOBAHNS METOIOM IaTyY-KJIaMIl TIOATBEPIIIN XJIOPHUA-CENEKTUBHYIO TIPOBOANMOCTh
CLIC6, ero ynokanu3anuio B ruiazMarudeckod MemOpane u perymsinuio pH u penokc-noreHnuanom. HeoxunanHbie
MIPOTHUBOPAKOBBIE 3(D(PEKTHI aHTHIAPA3UTAPHBIX MPENaparoB, TAKUX KaK MBEPMEKTHH, KOTOPBIH BO3/EHCTBYET Ha Ka-
Hanbel GluCl y nmapasurtoB, NpeanonaraloT BO3MOXKHBIH MEXaHU3M IIUTOTOKCUYHOCTH B OITYXOJISIX, ONMOCPEIOBAHHBII
HapyIIeHHEM XJOpUAHOTO oOMeHa. VHIynMpOBaHHBIH MBEPMEKTHHOM IIPUTOK XJIOPHIOB MOXKET HAPYIINTh MOHHOE
paBHOBECHE, THIIEPIIOISIPU30BATH TIA3MaTHYECKYI0 MEMOPaHy U BbI3BaTh MHUTOXOHAPHUAIBHYIO TUCHYHKIHIO, YTO Be-
JIeT K OKUCIIUTEIILHOMY CTPECCY, BBIXOAY IIUTOXPOMA ¢ M aKTUBAIMH Kacla3. DTO HapylIIeHHe HOHHOTO OOMEHa TakxkKe
MOYKET BMEIIIUBATKLCS B KIIFOUEBbIC OHKOTCHHBIC My TH, BKiItouast PI3K/AKT, Wnt/B-karenun u NF-kB, Hapymias nposiu-
(heparmio ormyxonu U n30eraHrue MMMYHHOTO OTBETA. Y UNTHIBAsl CTPYKTYPHBIC U (PyHKIMOHAIBHBIE MTApAIIICTH MEKIY
kananamu GluCl u CLIC6, 3¢h(eKTHBHOCTh UBEPMEKTHHA MOXKET OBITh YaCTUYHO OOYCIIOBIICHA TUCPETYISIUEH XII0-
PHUIHBIX KaHAIOB. JJaHHBIH 0030p 00BEIUHACT MOJIEKYIISIPHbIE, MEKTPOo(QU3N0IOTHIECKHE U (PapMaKOJIOTHIECKHE JIaH-
HbIE, TOJTBEPIKIAIOIINE CYIECTBOBAaHHE ITPOBOIUMOCTH XJIOPHOB, aHAJIOTUYHON onocpenyemoii kananamu GluCl, B
PaKOBBIX KJIETKaxX U ee TepareBTHIecKre nepcreKTHBEL. HeoO0Xxoanmbl ganbpHeHIe necaeJOBaHus AJIsl XapaKTePUCTHKA
JIMHAMHKH XJIOPUIHBIX HOHOB B OIyXOJIsIX, oaTBepkaeHus poin CLIC6 kak noteHnuanbHoro ananora kananos GluCl
U pa3pabOTKH CTpaTernuii, HalpaBJIEHHbBIX HA XJIOPUIHBIC KaHAJIBI U JICUCHHS paKa, 9TO OTKPHIBAECT HOBBIE TOPH3OHTHI
B OHKOJIOTHH.

KiroueBble c10oBa: mryTamar-peryinupyemsie Xiaopuaasie kanansl, CLIC6, noHHas TUCPerysaIys, pero3nuIHOHN-
pOBaHNE aHTHUIIAPA3UTAPHBIX MIPEIAPaTOB, METAOOIN3M OITyXOJICH.

KoHpuKT HHTEepecoB. ABTOPHI 3asBIIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.
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Introduction have demonstrated promising anticancer activity,
though the precise molecular mechanisms underlying
their effects remain largely elusive. These drugs
are known to disrupt ion homeostasis in parasitic
organisms, raising the intriguing possibility that
similar mechanisms may be at play in cancer cells [5].

One class of ion channels that has garnered

Ion channels are fundamental components
of cellular physiology, playing a crucial role in
maintaining ionic homeostasis, regulating cell
volume, mediating intracellular signaling, and
orchestrating apoptotic processes [1]. Dysregulation
of ion channel function has been increasingly

implicated in tumorigenesis, where aberrant ion
fluxes contribute to uncontrolled proliferation,
evasion of apoptosis, and enhanced metastatic
potential [2]. In particular, ion channels modulate
key oncogenic pathways, including the PI3K/AKT/
mTOR, MAPK/ERK, and Wnt/B-catenin signaling
cascades, which are frequently hyperactivated in
cancer cells, facilitating their survival and adaptation
to hostile microenvironments [3]. Recent advances
in cancer research have identified ion channels as
potential therapeutic targets, with emerging evidence
suggesting that pharmacological modulation of these
channels may exert antitumor effects [4]. Notably,
certain antiparasitic drugs, including ivermectin,

attention in parasitology is glutamate-gated chloride
channels (GluCl), which are primarily found in
invertebrates and play a pivotal role in regulating
neuronal excitability and chloride ion conductance
[6]. These ligand-gated channels are crucial for
maintaining neuromuscular function in parasitic
nematodes, making them a key target for anthelmintic
agents such as ivermectin [7]. While GluCI channels
are absent in vertebrates, indirect evidence suggests
the possible existence of functionally analogous
channels in cancer cells. These putative GluCl-like
channels may contribute to tumor cell survival by
modulating chloride ion influx, thus counteracting
metabolic stressors such as intracellular acidosis and
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oxidative damage, which are characteristic of the
Warburg effect and tumor microenvironment. This
review aims to explore the potential role of GluClI-
like channels in cancer biology, examining their
hypothesized contribution to tumor progression,
ionic regulation, and metabolic adaptation. We will
also discuss the possibility that antiparasitic drugs
exert their anticancer effects through modulation
of these channels, providing a novel perspective
on their therapeutic potential. Additionally, we will
evaluate existing transcriptomic, proteomic, and
electrophysiological studies for evidence supporting
the presence of chloride channels with GluCl-like
properties in human malignancies. By integrating
insights from cancer metabolism, immunology, and
ion channel physiology, this review seeks to provide
a framework for future research into GluCl-like
channels as a novel therapeutic target in oncology.

Material and methods

A comprehensive narrative review was conducted
to explore the potential role of GluCl and chloride
intracellular channels (CLICs), particularly CLIC6,
in cancer cells and their implications for anticancer
therapy. A systematic literature search was performed
using PubMed, Scopus, and Web of Science,
incorporating Medical Subject Headings (MeSH)
terms and free-text keywords, including “glutamate-
gated chloride channels,” “CLIC6 in cancer,” “ion
channel dysregulation in tumors,” “antiparasitic drug
repositioning,” “chloride homeostasis in cancer,”
and “ivermectin and tumor metabolism”. Boolean
operators (AND/OR) were applied to refine search
sensitivity and specificity. The review included peer-
reviewed studies published in English from 2000 to
2025, spanning clinical, preclinical, and mechanistic
research on chloride channels, tumor ionic regulation,
and targeted pharmacological interventions. Reference
lists of key articles were manually screened to identify
additional relevant publications.

Studies were selected based on their
investigation of GluCl-like and CLIC-mediated
chloride conductance in cancer cells, tumor
microenvironmental adaptation, and the anticancer
effects of antiparasitic drugs targeting ion channels.
Exclusion criteria eliminated non-English studies,
case reports with insufficient statistical power,
articles without full-text availability, and studies
lacking direct relevance to the hypothesis. The
selection process followed a two-stage screening
approach, initially retrieving 872 studies, with 189
duplicates removed. Title and abstract screening
excluded 457 studies based on irrelevance, leaving
226 for full-text review. Among these, 64 studies
were included for qualitative synthesis, focusing

on chloride ion dynamics, tumor metabolism, and
targeted therapeutic applications. Quality assessment
was conducted using the SANRA (Scale for the
Assessment of Narrative Review Articles) checklist,
evaluating six domains: review justification, clarity
of objectives, literature search methodology,
inclusion of primary references, evidence-based
reasoning, and data synthesis. Studies scoring >9/12
were considered methodologically rigorous. While
this review does not present direct experimental
data, it synthesizes preclinical and observational
evidence to assess the hypothetical role of GluCl-
like and CLIC6-mediated chloride conductance
in tumor biology. The analysis integrates findings
on chloride-dependent  apoptotic  regulation,
metabolic adaptation, and the repositioning of ion
channel-targeting antiparasitic drugs, establishing a
foundation for future electrophysiological validation
and clinical translation.

Ion channel dysregulation as a survival strategy
in the tumor microenvironment: mechanisms of
hypoxia, acidosis, and metabolic adaptation

The tumor microenvironment presents a
dynamic and hostile landscape shaped by hypoxia,
extracellular acidosis, and nutrient deprivation, all
of which impose significant metabolic and survival
challenges on malignant cells [8]. To withstand
these stressors, cancer cells have evolved intricate
adaptive mechanisms, leveraging ion channels and
transporters to maintain intracellular homeostasis,
sustain proliferative signaling, and evade apoptotic
triggers [9]. These ion transport systems are
instrumental in facilitating metabolic reprogramming,
modifying cell-extracellular matrix interactions, and
enabling resistance to both immune surveillance and
therapeutic interventions [10].

One of the central regulators of tumor adaptation
is hypoxia-inducible factor-la (HIF-1a), a master
transcriptional regulator activated under low-oxygen
conditions.[11] HIF-1a orchestrates a wide range of
cellular responses, including the upregulation of Na*/
H* exchanger 1 (NHE1), a critical acid-base regulator
that extrudes protons in exchange for sodiumions [11-
12]. This activity results in extracellular acidification
and intracellular alkalinization, a dual process that
profoundly impacts tumor progression [13]. The
acidic extracellular milieu promotes local tissue
remodeling by activating matrix metalloproteinases,
which degrade the extracellular matrix and facilitate
cancer cell invasion [14]. Simultaneously, cytosolic
alkalinization enhances metabolic efficiency and
inhibits caspase-dependent apoptotic pathways,
thereby promoting tumor cell survival under hypoxic
stress [15].
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Beyond NHEI, HIF-1a also drives the expression
of carbonic anhydrases (CAIX, CAXII) and
monocarboxylate transporters (MCT1, MCT4), which
cooperate to regulate pH homeostasis by facilitating
lactate and proton efflux [16]. The persistent
acidification of the tumor microenvironment exerts
a profound impact on immune evasion strategies, as
T-cell activation and cytotoxicity are significantly
impaired under acidic conditions [17]. Additionally,
acidosis has been shown to alter the polarization of
tumor-associated macrophages, promoting an M2-
like immunosuppressive phenotype that supports
tumor progression, angiogenesis, and resistance to
immunotherapy [18].

The dysregulation of chloride channels further
reinforces tumor adaptation to environmental stress
[19]. Volume-regulated anion channels (VRACsS)
and CLICs modulate apoptotic volume decrease,
a process that precedes caspase activation during
programmed cell death [19-20]. By tightly regulating
chloride efflux and osmotic balance, these channels
enable cancer cells to resist apoptotic triggers and
sustain survival in hypoxic and nutrient-deprived
conditions [21]. Moreover, chloride transport plays
a role in intracellular signaling, affecting pathways
such as PI3K/AKT, MAPK/ERK, and NF-kB, all of
which are essential for oncogenic progression and
therapy resistance [19, 21, 22].

Calcium channels also contribute significantly
to the adaptive responses of cancer cells within
the tumor microenvironment [23]. Store-operated
calcium entry and transient receptor potential
channels regulate intracellular Ca** dynamics,
influencing cell proliferation, migration, and survival
[24]. Increased calcium influx activates calmodulin-
dependent kinases and phosphatases that modulate
transcription factors such as NFAT, which in turn
enhance the expression of oncogenes and pro-survival
factors [25]. Dysregulated Ca?" homeostasis also
intersects with mitochondrial signaling, influencing
cytochrome c release and oxidative phosphorylation
efficiency, thereby promoting metabolic plasticity in
cancer cells [26].

The role of sodium (Na") channels in cancer
progression is increasingly recognized, particularly
in highly invasive tumors [27]. Voltage-gated sodium
channels have been implicated in the promotion of
epithelial-to-mesenchymal transition, a process
critical for metastatic dissemination [28]. By
modulating intracellular Na® levels, these channels
influence Rho-GTPase signaling, cytoskeletal
reorganization, and focal adhesion turnover, all of
which contribute to increased cellular motility [29].
Additionally, sodium influx has been linked to the
activation of Wnt/B-catenin signaling, a pathway that

sustains cancer stemness and enhances resistance to
chemotherapeutic agents [30].

Taken together, ion channels serve as key
mediators of tumor cell adaptation, enabling malignant
cells to thrive despite the adverse conditions imposed
by hypoxia, acidosis, and nutrient deprivation. By
regulating intracellular pH, apoptosis resistance, and
invasive potential, these channels not only facilitate
tumor progression but also represent promising
targets for novel therapeutic interventions aimed at
disrupting the ionic homeostasis that cancer cells
depend upon for survival.

Glutamate-gated chloride channels (glucl) in
parasites: molecular mechanism and functional
significance

GluCl channels are specialized ligand-gated
ion channels that are unique to invertebrates,
playing a central role in neuromuscular regulation,
synaptic inhibition, and osmoregulation in parasitic
nematodes and arthropods. These Cys-loop
receptors, structurally related to GABA; A and
glycine receptors, function as chloride-selective ion
channels that mediate inhibitory neurotransmission.
Their activity is crucial for maintaining parasite
locomotion, feeding, and host attachment, making
them indispensable for survival and an attractive
target for antiparasitic pharmacotherapy [6].

At the molecular level, GluCl channels function
as pentameric transmembrane proteins, each subunit
containing an extracellular ligand-binding domain,
four transmembrane helices (TM1-TM4), and an
intracellular domain critical for channel gating. The
binding of L-glutamate to the ligand-binding domain
induces a conformational shift in the transmembrane
helices, leading to the opening of the ion-conducting
pore. This allows an influx of chloride ions into
the neuronal or muscular cytoplasm, resulting
in membrane hyperpolarization and subsequent
inhibition of action potential propagation [31].

Role of GluCl channels in neuromuscular and
osmoregulatory homeostasis

GluCl-mediated chloride conductance serves as
a key modulator of neuromuscular excitability in
parasitic nematodes. The influx of CI~ through these
channels suppresses excitatory neurotransmission
by counteracting the depolarizing effects of cationic
influx through nicotinic acetylcholine receptors
(nAChRs). This mechanism is essential for
regulating motor coordination, rhythmic locomotion,
and pharyngeal pumping, all of which are critical
for parasite survival within the host environment.
Beyond neuronal inhibition, GIuCl channels are
implicated in osmotic homeostasis, particularly in
parasitic filariae. By controlling intracellular chloride
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levels, these channels contribute to fluid balance,
ionic equilibrium, and cellular turgor pressure,
mechanisms that are vital for parasite adaptation
to fluctuating host environments. Disrupting these
processes through GluCl channel inhibition leads
to cellular swelling, lysis, and metabolic collapse,
further augmenting the lethality of pharmacological
agents that target this pathway [32].

GluCl channels as targets for anthelmintic
therapy: pharmacological implications

GluCl channels represent the primary molecular
targets for avermectin-based anthelmintics, including
ivermectin, selamectin, and moxidectin, which
function as positive allosteric modulators of these
receptors. These macrocyclic lactones bind to distinct
hydrophobic pockets within the transmembrane
helices (TM3-TM4 interface), stabilizing the open-
state conformation of the channel. This results in
sustained chloride influx, prolonged membrane
hyperpolarization, and irreversible neuromuscular
paralysis, ultimately leading to parasite death [33].
The pharmacodynamic effects of GluCl channel
modulators extend beyond neuromuscular inhibition to
modulation of immune evasion mechanisms. In filarial
parasites, the suppression of motor function impairs
their ability to evade innate immune effectors, such
as macrophages and eosinophils, facilitating immune-
mediated clearance [34]. Additionally, disruption of
chloride homeostasis compromises parasite antioxidant
defenses, rendering them more susceptible to reactive
oxygen species (ROS) and nitric oxide-mediated
cytotoxicity from host immune cells [35].

The specificity of GluCl channels to
invertebrates confers a high therapeutic index,
minimizing neurotoxicity in mammalian hosts due
to the absence of homologous receptors in vertebrate
nervous systems. This selective toxicity has been
a cornerstone of anthelmintic drug development,
allowing for broad-spectrum efficacy against a range
of parasitic infections [6].

Broader implications: could GluCl-like channels
exist in mammalian pathophysiology?

While GIuCl channels are classically considered
absent in vertebrates, the existence of functionally
analogous chloride channels in mammalian cells
remains an open question. Certain chloride transport
mechanisms, such as VRACs and CLICs, share
functional and pharmacological similarities with
GluCl channels, raising intriguing hypotheses
regarding their potential role in regulating ionic
balance in pathological conditions such as cancer [ 19].
Given the reliance of cancer cells on pH homeostasis,
ionic adaptation, and metabolic reprogramming
[36], it is plausible that GluCl-like channels if

present could contribute to tumor cell survival under
metabolic stress. Understanding the structural and
functional properties of GluClI channels has not only
advanced the field of parasitology but has also paved
the way for potential cross-disciplinary insights
into ion channel dysregulation in human diseases.
The exploration of GluCl-like mechanisms in
mammalian pathophysiology, particularly in tumor
microenvironments, could open new avenues for
targeted ion channel therapeutics in oncology.

Hypothesis: do cancer cells possess GluCl-like
channels?

Although GluCl channels have not been
identified in vertebrates, growing evidence
suggests the potential existence of functionally
analogous chloride channels in cancer cells
that may contribute to tumor progression and
microenvironmental adaptation. One compelling
piece of evidence supporting this hypothesis is the
clevated extracellular glutamate levels observed
in numerous malignancies [37], particularly in
glioblastoma multiforme [38], triple-negative breast
cancer, and pancreatic adenocarcinoma [39]. The
abnormal accumulation of glutamate in the tumor
microenvironment results from the dysregulated
activity of system X-c© (SLC7A11/SLC3A2), a
cystine/glutamate antiporter that extrudes glutamate
in exchange for cystine, promoting oxidative stress
resistance and fueling tumorigenic pathways [40].
Excess extracellular glutamate in these tumors
activates multiple oncogenic signaling cascades,
including PI3K/AKT/mTOR, Wnt/B-catenin, and
ERK/MAPK, all of which drive proliferation,
migration, and resistance to apoptosis [41]. Given
that GluCl channels in invertebrates function as
glutamate-gated inhibitory chloride conductors, the
persistent presence of high glutamate concentrations
in cancer raises the possibility that cancer cells may
express chloride channels that respond to glutamate
similarly to GIuCl channels, potentially regulating
ionic homeostasis, intracellular signaling, and tumor
cell excitability under metabolic and hypoxic stress
[6-19].

Structural and functional similarities between
GluCl and cancer-associated chloride channels

While no direct genetic or proteomic evidence
has confirmed the presence of GIuCl channels in
mammalian cells, functionally similar chloride-
conducting pathways have been identified in tumors,
further supporting the hypothesis of a GluCl-
like channel subclass. Among these, VRACs and
CLICs share key physiological roles with GluCl
channels, particularly in osmotic balance, apoptotic
volume decrease, and intracellular pH regulation
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[19]. VRACs, primarily composed of LRRC8A-E
subunits, mediate chloride and organic osmolyte
flux in response to cell swelling, a process critical
for maintaining volume homeostasis in both
physiological and pathological conditions [42]. In
cancer, VRAC activity is frequently dysregulated to
counteract apoptotic triggers, allowing tumor cells
to evade programmed cell death and sustain survival
under mechanical and metabolic stress [43]. Similarly,
CLIC family proteins, including CLIC1, CLIC4,
and CLICS, exhibit both cytosolic and membrane-
localized chloride channel activity, modulating NF-
kB, STAT3, and HIF-1a signaling pathways, all of
which are implicated in tumorigenesis, inflammation,
and resistance to oxidative stress [44]. Another
cancer-associated chloride channel with functional
parallels to GluCl channels is anoctamin 1 (ANO1/
TMEMI16A), a calcium-activated chloride channel
that is overexpressed in multiple cancers and has been
linked to EGFR-dependent proliferation, epithelial-
to-mesenchymal transition, and chemoresistance

Ivermectin
binding site

Putative & cr Cancer cell
CI” conduction membrane
pathway

mechanisms [45]. Given their roles in ion transport,
tumor adaptation, and interaction with oncogenic
pathways, these channels may serve as functional
analogs of GluCl channels, suggesting the presence
of an as-yet-uncharacterized chloride conductance
mechanism that supports cancer cell survival and
progression (Fig. 1).

Tumor acidosis and the need for chloride ion
regulation

The tumor microenvironment is characterized
by persistent extracellular acidosis, primarily
driven by the metabolic shift towards aerobic
glycolysis (Warburg effect) and the hyperactivation
of monocarboxylate transporters (MCT1, MCT4),
which mediate lactate and proton efflux [46].
This metabolic adaptation results in a pronounced
extracellular pH gradient, with the tumor
microenvironment becoming acidic (pH 6.2-6.8)
while intracellular pH remains neutral-to-alkaline
(pH 7.2-7.4), thereby supporting tumor cell viability
and therapy resistance [47]. To counteract acidosis
and maintain intracellular pH homeostasis, cancer
cells depend on multiple ion transport mechanisms,
including NHE1, CAIX, and chloride channels,
which facilitate charge compensation and acid-base
equilibrium [48]. NHE1 extrudes protons in exchange
for sodium, contributing to extracellular acidification
while preserving cytosolic alkalinization, a process
that enhances metastatic potential through the
activation of pH-sensitive proteases such as matrix
metalloproteinases [49]. Similarly, CAIX catalyzes
the reversible hydration of carbon dioxide to
bicarbonate and H*, further supporting intracellular
alkalinization and buffering tumor cells against
acidosis-induced apoptosis [50]. Given the essential
role of chloride flux in charge balance and cellular
pH regulation, the presence of a GluCl-like chloride
conductance in cancer cells could provide a crucial

Fig. 1. Conceptual model of a GluCl-like chloride channel in the cancer cell membrane as a potential ivermectin-bind-

ing site

This schematic illustrates a hypothetical chloride channel inspired by the structural principles of invertebrate
GluClI channels and mammalian CLIC6 proteins, proposed to mediate chloride influx in tumor cells. The model
depicts the channel embedded within the lipid bilayer and the flow of chloride ions (arrow) across it, representing
a novel, unconfirmed but biophysically plausible mechanism of ionic dysregulation with potential therapeutic

relevance in oncology.

Puc. 1. Konyenmyanvnasn mooenv GluCIl-nodob6noeo xnopuonoco kanaia 8 memopane onyxonesou KJiemxu Kax nomeHyu-

AIbHO20 Callma C653bl8aAHUSL usepmexkmuna

Jannas cxema unmocmpupyem sunomemudecKkutl X10pUOHslil KAHA, CO30AHHbII HA OCHO8E CIPYKMYPHBIX NPUH-
yunos kananoe GluCl decnozeonounvix u 6enxkoe CLICG muexonumarowux, npeonoiazaemcs, 4mo oH onocpe-
dyem nocmyniienue UOHO8 X10pa 6 onyxoiesvle kiemxu. Mooenb usobpasicaem Kauai, 6CMpoeHHblIl 8 TUNUOHbLLL
oucnotl, u NOMOK yepes He2o XI0PUO-UOHO8 (CmpenKa), npeocmaesiss cobou HOBblil, HenoomeepHcOeHHbIU, HO
ouogusuuecku 060CHOBANHBILL MEXAHUIM UOHHOU OUCPESYIAYUN, UMEIOWUTI NOMEHYUATbHYIO MePaAnesmuyecKyio

nepCcneKmuerocntb 6 OHKOJ102UU.
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adaptive mechanism, allowing tumor cells to fine-
tune intracellular pH, mitigate oxidative stress,
and maintain ionic equilibrium under hypoxic and
metabolically stressed conditions.

Potential experimental evidence

Although no direct transcriptomic or proteomic
confirmation of GluCl-like channels in cancer cells
currently exists, multiple indirect lines of evidence
support their potential presence. Electrophysiological
studies have identified aberrant chloride currents
in tumor cells that do not correspond to known
chloride channel families, suggesting the existence
of uncharacterized chloride conductances that may
function analogously to GluCl channels. Among
these, CLICs represent a compelling candidate family,
as they can exist in both soluble and transmembrane
forms, allowing for dynamic regulation of chloride
homeostasis. Recent studies on CLIC6, the latest
identified member of this family, have implicated
its involvement in multiple malignancies, including
breast, ovarian, lung, gastric, and pancreatic cancers.
Notably, CLIC6 has been shown to interact with
dopamine D(2)-like receptors, hinting at a broader
role in cellular signaling beyond ion transport. While
its soluble structure has been resolved, its exact
physiological function, membrane conformation,
and biophysical properties remain largely
uncharacterized.  Electrophysiological  analysis

using a patch-clamp approach has demonstrated that
ectopically expressed CLICG6 localizes to the plasma
membrane of HEK-293 cells, where it preferentially
conducts chloride (CI") over other anions such as
bromide, fluoride, and potassium.

Additionally, CLIC6 activity is modulated by pH
and redox potential, with specific histidine (H648)
and cysteine (C487) residues playing key roles in its
conformational regulation. Importantly, qRT-PCR
data reveal that CLIC6 is highly expressed in the lung
and brain, and chloride currents attributed to CLIC6
have been recorded in lung epithelial cells. Given
its expression in multiple cancers and its confirmed
chloride channel activity, CLIC6 represents a strong
candidate for further investigation into GluCl-like
chloride conductance in tumors, potentially providing
a new avenue for targeted ion channel modulation in
oncology [51]. High-throughput RNA sequencing and
mass spectrometry analyses of various tumor types
have revealed an upregulation of chloride channel-
related genes, particularly those encoding VRACs,
CLICs, and calcium-activated chloride channels,
many of which exhibit functional convergence with
ligand-gated chloride channels [51]. Drug sensitivity
assays have demonstrated that ivermectin and other
GluCl-targeting anthelmintics exert potent anticancer
effects inmultiple tumor models, raising the possibility
that their mechanism of action may involve chloride
channel modulation (Table) [52].

A comparative summary of GluCl channel characteristics in parasites and GluCl-like channels in cancer cells,
such as CLIC6

CpasnumenvHoe 0000w eHue XapaKxmepucmux eiymamam-pezyiupyemvix xaopuousix kananos (GluCl) y napasu-
mog u GluCIl-nodobuvix kananoe 6 onyxonesvix kiemxax, maxux kaxk CLIC6

Feature GluCl channels in parasites

GluCl-like channels in cancer cells
(e.g., CLIC6)

Molecular identity

Well-characterized GluCl subunits
(e.g., in C. elegans, H. contortus)

Putative identity; CLIC family proteins (particular-
ly CLIC6)

Ligand activation tamate

Activated by extracellular L-glu-

Not confirmed; hypothesized sensitivity to gluta-
mate-rich tumor microenvironment

Ion selectivity Highly selective for CI-

Selective for Cl-; CLIC6 shows chloride over bro-
mide, fluoride, and potassium

Localization
lar membranes

Expressed in neuronal and muscu-

CLIC6 localized to plasma membrane and cytosol
in cancer cells

Physiological function tation, osmoregulation

Inhibition of neuromuscular exci-

Regulation of cell volume, redox balance, and
apoptotic signaling

Pharmacological target other macrocyclic lactones

Primary target of ivermectin and

Potential target of ivermectin; mechanism remains
under investigation

Electrophysiological Well-defined chloride current upon | Patch-clamp studies confirm chloride conductance
profile glutamate stimulation and modulation by pH/redox in CLIC6
Expression in human CLIC6 overexpressed in various malignancies
- Absent . . .
tissues (breast, lung, ovarian, gastric, pancreatic)
Relevance to cancer . Implicated in tumor cell survival, mitochondrial
: Not applicable N . .
biology function, immune evasion, and drug resistance
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Antiparasitic drugs as potential cancer
therapeutics

The repositioning of antiparasitic agents has
shown promise in oncology, owing to their ability
to disrupt tumor homeostasis via ion channel
modulation, metabolic interference, and apoptosis
induction. Originally developed to target parasite-
specific channels like GluCl, drugs such as ivermectin,
moxidectin, mebendazole, and albendazole
have demonstrated cytotoxicity in cancer cells,
suggesting a shared vulnerability in chloride ion
regulation [53]. Ivermectin enhances GluCl channel
activation in nematodes, causing chloride influx
and paralysis [54]. In cancer, it increases chloride
conductance, disrupts ionic balance, and impairs
survival by inhibiting PI3K/AKT and Wnt/B-catenin
pathwayskey regulators of proliferation, metastasis,
and resistance [55, 56]. Additionally, ivermectin

Ivermectin

GluCl-like CI” influx
channels

(e.g. CLIC6)

Tonic
' imbalance
\ Inhibition of
\ PI8K/AKT pathway

Apoptosis

S -~ (cell death)
Cancer
cell 4
Mitochondrial ~ > Cytochrome
c release

dysfunction
ROS Generation

induces mitochondrial dysfunction and ROS
generation, promoting apoptosis [57]. Structurally
related to ivermectin, moxidectin disrupts tumor
ion homeostasis and induces oxidative stress
through chloride influx, leading to mitochondrial
depolarization, cytochrome c release, and apoptosis
(Fig. 2) [58-60]. Its ROS-mediated DNA damage
is particularly effective against tumors with TP53
mutations or NRF2 overactivity, triggering p53-
independent apoptosis and ferroptosis [61]. These
benzimidazole anthelmintics target chloride transport
and mitochondria, impairing apoptotic volume
decrease, enhancing caspase activation, and causing
cell cycle arrest [62—63]. By inhibiting succinate
dehydrogenase, they deplete ATP and disrupt AMPK
signaling, sensitizing cancer cells to metabolic
collapse and improving response to therapy [64].

Future directions: GluCl-like channels as a novel
therapeutic target in cancer

Given the emerging evidence suggesting the
existence of GluCl-like chloride conductance in
cancer cells, we propose the designation of these
putative ion channels as “GluCl-like channels”,
acknowledging their potential role in tumor biology
and ionic regulation. The characterization of these
channels could pave the way for innovative targeted
therapies aimed at disrupting chloride homeostasis,
modulating tumor metabolism, and sensitizing
cancer cells to apoptotic signals. To validate their
existence and therapeutic relevance, future research
should focus on genetic, functional, and clinical
investigations that comprehensively explore their
molecular identity, physiological function, and
pharmacological modulation.

Fig. 2. Proposed antitumor mechanism of ivermectin via GluCl-like chloride channels (e.g., CLIC6) in cancer cells.

This schematic illustration outlines a hypothetical pathway by which ivermectin exerts cytotoxic effects on ma-
lignant cells. The process begins with ivermectin binding to GluCl-like channels, facilitating chloride ion influx,
which disrupts ionic homeostasis and induces intracellular ionic imbalance. This imbalance is proposed to
inhibit the PISK/AKT signaling cascade and promote mitochondrial dysfunction, evidenced by increased ROS
generation and cytochrome c release. The cumulative effect leads to the activation of intrinsic apoptotic path-
ways and subsequent cancer cell death. The diagram emphasizes the potential of targeting chloride channels as

a novel strategy in oncologic pharmacotherapy

Puc. 2. [Ipeononazaemviii npomueoonyxone6ulti MEXanusm Oeucmeus UGepMeKmuna yepes XjaiopuoHvlie Kanaibl mund

GluCl (nanpumep, CLICG6) 6 onyxoneguvix Kiemkax.

Ha oannou cxeme npedcmasgnena sunomemuueckdsi NOC1e008amMelbHOCMb COObIMULL, NOCPEOCMEOM KOMOPOl
UBEPMEKMUH NPOSBTIEN YUMOMOKCUYECKoe Jelicmeue Ha 310Kayecmeennble kiemku. Hauanbnwiii sman 6Kuo-
yaem ceazviganue ugsepmexmuna ¢ GluCIl-noooouvimu kanaramu, 4mo cnocoocmayem nocmynieHuIo UOHO8 XJi0-
PA 6 KIemKy U HapYULeHUI) UOHHO20 2OMEOCMA3d, KOMopoe npeonoiodNCUmeilbHo npusooum K uHeUOUPOSaAHUIO
cuenanvroeo kackada PI3K/AKT u oucghynkyuu Mmumoxonopuil, Conpogodicoaiowelics NOGbIUEHHO ceHepayuet
AKMUBHBIX YopM KUCIOpoOa U 8bixo0om yumoxpoma c¢. COBOKYNHOCHb dMUX HAPYUEHUTI AKMUBUPYEN GH)-
MPeHHUl NYyMb anonmo3d U npueooUm K 2udeiu Onyxoievlx Kiemox. /fuazpamma noouepkugaem nepcnekmué-
HOCHIb Map2emHuoi. MOOYIAYUL XAOPUOHBIX KAHALO8 KAK UHHOBAYUOHHOU Cmpameuu 8 npomueoonyxoieol

¢apmarxomepanuu
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Genetic and proteomic profiling of GluCl-like
channels in cancer

Unraveling the molecular identity of GluCl-
like channels requires high-throughput genomic
and transcriptomic analyses to identify chloride
channel subunits with homology to known GluCl
proteins. Advanced RNA sequencing, single-cell
transcriptomics,and CRISPR-based genetic screening
should be employed to pinpoint candidate genes
encoding ligand-gated chloride channels in various
tumor types. Comparative proteomic and interactome
analyses can further elucidate their structural
composition, post-translational modifications, and
potential interactions with oncogenic signaling
pathways such as PI3K/AKT, Wnt/B-catenin, and
NF-kB. Additionally, bioinformatics approaches
integrating The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) databases
may reveal correlations between chloride channel
expression and cancer progression, prognosis, and
therapy resistance.

Functional characterization and pharmacological
targeting of GluCl-like channels

To establish the role of GluCl-like channels
in tumor biology, -electrophysiological studies
using patch-clamp recordings and fluorescence-
based ion imaging should be conducted to measure
chloride conductance in cancer cells under different
metabolic and microenvironmental conditions.
The use of genetically encoded chloride sensors
(clomeleon, Cl-sensor) in live-cell imaging could
provide real-time insights into their physiological
activity. Functional assays assessing the effects
of selective chloride channel inhibitors, such as
DIDS  (4.4'-diisothiocyanostilbene-2,2'-disulfonic
acid) and IAA-94 (indanyloxyacetic acid-94),
may help delineate their contribution to tumor cell
proliferation, apoptosis evasion, and chemoresistance.
Furthermore, CRISPR-Cas9 knockout and siRNA
knockdown studies targeting putative GluCl-like
genes can validate their essentiality in tumor survival
and metastatic potential.

Clinical translation: investigating antiparasitic
drugs in oncology

The potential role of GluCl-like channels in
mediating the anticancer effects of antiparasitic
drugs warrants rigorous clinical evaluation. Phase
I/IT clinical trials should investigate the efficacy
of ivermectin, moxidectin, and benzimidazole
derivatives in various malignancies, particularly
in tumors with high extracellular glutamate levels
and chloride channel dysregulation. Biomarker-
driven clinical studies should explore whether
GluCl-like expression correlates with treatment

response, enabling the stratification of patient
populations most likely to benefit from chloride
channel-targeting therapies. Moreover, combination
strategies integrating GluCl channel modulators with
immune checkpoint inhibitors (e.g., anti-PD-1/PD-
L1) or metabolic inhibitors (e.g., dichloroacetate,
metformin) could enhance therapeutic efficacy by
exploiting tumor ionic vulnerabilities and immune
evasion mechanisms.

Future perspective and proposed nomenclature

Should future experimental studies validate the
existence of these GluCl-like channels in cancer
cells, it would constitute a landmark discovery in
the field of ion channel oncology. Such a discovery
would redefine our understanding of chloride
conductance mechanisms in tumor biology and open
avenues for novel targeted therapies. In recognition
of the original hypothesis presented in this review,
the authors humbly propose that this novel chloride-
conducting entity be designated as the “Akl channel”,
acknowledging the conceptual framework that laid
the foundation for its theoretical identification.

Discussion

Thehypothesisthatcancercellsmayharbor GluCl-
like chloride channels introduces a novel perspective
on tumor ion homeostasis, metabolic plasticity, and
pharmacological vulnerabilities. While classical
GluCl channels are exclusive to invertebrates,
emerging evidence suggests that CLICs, particularly
CLIC6, may serve as functionally analogous chloride
conductances in human malignancies. CLIC6 has
been identified in multiple cancers, including breast,
ovarian, lung, gastric, and pancreatic malignancies,
and has been shown to localize to the plasma
membrane, where it exhibits chloride selectivity.
Its regulation by pH and redox potential, along with
its interaction with dopamine D,-like receptors,
suggests a broader role in oncogenic signaling. The
presence of such chloride-conducting mechanisms
raises the question of whether they contribute to
tumor survival, proliferation, and immune evasion.
Given the documented anticancer activity of GluCl-
targeting antiparasitic agents, such as ivermectin,
their cytotoxicity may extend beyond their established
role in parasitic neuromuscular inhibition to tumor-
specific ionic dysregulation. At the molecular
level, ivermectin functions as a positive allosteric
modulator of GluCl channels, promoting sustained
chloride influx and hyperpolarization in parasitic
cells, leading to neuromuscular paralysis. In cancer
cells, a similar chloride-dependent mechanism could
disrupt ionic equilibrium, impair volume regulation,
and trigger apoptosis.
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If CLIC6 or another unidentified GluCl-
like channel mediates chloride influx, this could
destabilize intracellular electrochemical gradients,
suppress mitogenic signaling pathways, and
induce metabolic collapse. This chloride-mediated
perturbation has direct implications for oncogenic
pathways such as PI3K/AKT, Wnt/B-catenin, and
NF-kB, all of which are sensitive to changes in ionic
balance and redox homeostasis.

One of the critical downstream effects of
ivermectin-induced  chloride  dysregulation is
mitochondrial dysfunction. Excessive chloride influx
could promote mitochondrial depolarization, leading
to permeability transition pore opening, cytochrome
c release, and caspase activation, ultimately inducing
apoptotic cell death. Furthermore, mitochondrial
hyperpolarization has been linked to increased
ROS generation, amplifying oxidative stress and
further sensitizing tumor cells to apoptosis. This
oxidative imbalance is particularly detrimental in
cancer cells with already compromised antioxidant
defenses, such as those with TP53 mutations or Nrf2
hyperactivation.

Additionally, ivermectin has been shown to
disrupt tumor metabolism by interfering with glucose
and lipid homeostasis. It has been demonstrated to
inhibit the glucose transporter GLUTI1, reducing
glycolytic flux and ATP production, which is
particularly relevant for highly glycolytic tumors
relying on the Warburg effect. The convergence of
ionic stress, metabolic disruption, and oxidative
damage creates a multifaceted cytotoxic environment
that compromises tumor adaptability. Beyond direct
cytotoxicity, ivermectin’s chloride-mediated effects
may also modulate the tumor microenvironment.
Acidic extracellular pH, a hallmark of aggressive
tumors, is maintained through ion transporters such
as NHE1, MCT1, and CAIX, all of which contribute
to immune evasion and metastatic potential. If
ivermectin disrupts chloride flux through a GluCl-
like channel, such as CLIC6, it could interfere with
pH regulation, impairing tumor cell survival in acidic
niches and enhancingimmunerecognitionbyrestoring
T-cell cytotoxicity. Collectively, these mechanisms
suggest that the anticancer effects of ivermectin
may be fundamentally linked to chloride channel
dysregulation, providing a mechanistic framework for
its repositioning in oncology. Further research should
focus on the electrophysiological characterization of
CLIC6 and other chloride conductances in cancer,
transcriptomic analyses to confirm their role, and
clinical validation of ivermectin’s efficacy in tumors
exhibiting chloride ion dependence. Unraveling these
ionic vulnerabilities could pave the way for targeted
chloride channel modulation as a novel therapeutic
strategy in cancer treatment.

Conclusions

The concept of GluCl-like chloride conductance
in cancer cells represents a paradigm shift in our
understanding of tumor ion homeostasis and its
role in disease progression and therapy resistance.
If validated, these channels could serve as a novel
ionic checkpoint, enabling tumors to regulate pH,
evade apoptosis, and sustain metabolic adaptation
under hypoxic and acidic conditions. The unexpected
anticancer effects of GluCl-targeting antiparasitic
drugs suggest a potential pharmacological strategy
to disrupt chloride-dependent tumor survival
mechanisms. While current evidence remains largely
indirect, the structural and functional parallels
between GluCl and cancer-associated chloride
channels warrant further genomic, proteomic, and
electrophysiological investigations. Exploring these
channels as therapeutic targets could transform
oncology drug development, offering new avenues for
precision medicine. Future research should prioritize
the clinical translation of antiparasitic agents,
evaluate their synergistic potential with immune
checkpoint inhibitors and metabolic disruptors, and
establish biomarker-driven patient selection criteria.
By integrating cancer ion channel research with
parasitology and neuropharmacology, this emerging
hypothesis could redefine targeted cancer therapies,
unveiling new opportunities to disrupt tumor ionic
homeostasis and enhance therapeutic efficacy.
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