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Potassium channel inhibitors induce oxidative

stress in breast cancer cells
Cagri Oner'*, Ertugrul Colak?, Didem Turgut Cosan"'

Abstract

Background: Antioxidant levels increase to protect cell homeostasis when oxidant generation is increased by drug or
inhibitor treatment. If the oxidant—antioxidant equilibrium is disrupted, oxidative stress will occur.

Objectives: To determine the effects of various potassium channel inhibitors in the disruption of oxidant-antioxidant
equilibrium in breast cancer cell lines with various phenotypes.

Methods: MCF-7 or MDA-MB-231 breast cancer cells were treated with tetraethylammonium chloride (5 mM; TEA),
4-aminopyridine (5 mM; 4-AP), margatoxin (25 nM; MgTX), or astemizole (200 nM; AST). After treatment, total
antioxidant, oxidant, and oxidative stress levels were determined.

Results: Incubation with TEA, 4-AP, MgTX, and AST increased oxidative stress in both MCF-7 and MDA-MB-231
cells (P < 0.001). Specific inhibitors of calcium-activated potassium channels and ether a go-go 1-related potassium
channels produce greater oxidative stress than other inhibitors in MCF-7 breast cancer cells, whereas in MDA-MB-231
cells, the nonselective channel inhibitor 4-AP produces the greatest oxidative stress.

Conclusions: Potassium channel inhibitors used in our study disrupted the antioxidant—oxidant equilibrium and
increased oxidative stress in the cancer cell lines. Although all of the channel inhibitors increased oxidative stress
in cells, TEA and AST were the most effective inhibitors in MCF-7 cells. 4-AP was the most effective inhibitor in
MDA-MB-231 cells. Voltage-gated potassium channels are attractive targets for anticancer therapy, and their inhibitors
may enhance the effects of anticancer drugs.
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The presence of a strong defence system prevents damage
caused by reactive oxygen species (ROS), including free
radical compounds, produced in an organism. The rate of for-
mation of ROS and that of their destruction or termination
must be kept in balance for cell survival. If this redox balance
is disrupted, the increased levels of peroxides and free radicals
causes harmful oxidative stress through damage to cellular

components, including proteins, nucleic acids, carbohydrates,
and lipids [1]. Oxidative stress is related to a wide variety
of diseases, including neurodegenerative, inflammatory, and
cardiovascular diseases, allergies, immune system dysfunc-
tions, diabetes, aging, and cancer [1]. Oxidative stress is
thought to have a tumor suppressor effect in normal cells
and is considered an important factor in tumor development.
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Various signaling pathways can regulate the metabolism of
ROS, and these pathways are linked to tumorigenesis [2].
Studies in vivo and in vitro have shown that antioxidant
systems play a key role by activating transcription factors to
protect the systems against free radicals, which play a role as
secondary messengers in intracellular signaling [2]. ROS can
promote tumor initiation and development, such as prolifera-
tion via signaling cascades, avoidance of apoptosis, invasion,
metastasis, and angiogenesis [1, 2]. During any disruption of
the oxidant—antioxidant equilibrium, free radicals and ROS
quickly become toxic, and the oxidative stress damages DNA
and reduces apoptosis. If this situation cannot be treated
quickly, normal cells may become cancerous and begin to
proliferate, followed by tumor metastasis [3].

Cancer cells produce free radicals and soluble media-
tors, such as metabolites of arachidonic acid, cytokines, and
chemokines, which produce further ROS [4]. Furthermore,
cancer cells are characterized by increased aerobic glycolysis
(Warburg effect) and are subjected to high levels of oxidative
stress [2, 4, 5]. High ROS levels are observed in cancer cells
as a consequence of the regulation of metabolic and signaling
disruptions affecting cellular metabolism [2, 6]. Cancer cells
encounter high levels of ROS, especially at early stages of
tumor development [2, 6]. ROS levels can be resisted by ele-
vated antioxidant mechanisms [5, 7]. In the presence of high
ROS levels, malignant cell phenotypes, such as proliferation,
immortality, angiogenesis, invasion, and metastasis, have been
observed [2, 7].

Voltage-gated potassium channels (VGPC; Kv) are hete-
romultimeric proteins that show various channel structures,
including a single ion-conducting passage and sensor or toxin-
binding region [8]. VGPCs contribute to various physiological
functions, and they are expressed in various tumor types [9, 10].
The various types of potassium (K) channels, including cal-
cium-activated K channels (K ) and ATP-sensitive K channels
(KATP
tumor cells [11]. Overexpression of VGPCs is correlated with
tumorigenesis. The first ion channel with proven oncogenic
potential was Kv10.1 or ether d go-go 1 (Eag 1), which can
be detected in approximately 70% of human tumor biopsies

) show altered expression in various cell types, especially

of diverse origin [11, 12]. Furthermore, VGPCs regulate apo-
ptosis, proliferation, angiogenesis, invasion, and metastasis in
various cancers [13, 14].

Testing VGPC inhibitors as a breast cancer treatment
is motivated by the observation that breast cancer chemo-
therapeutic drugs inhibited the activity of VPGCs during
cancer treatment [10]. VGPC inhibitors block the activity
of potassium channels and thus they also inhibit physiolo-
gical functions [15]. Tetraethylammonium chloride (TEA)
inhibits K, [16]; 4-aminopyridine (4-AP) is a nonselective
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VGPC inhibitor. Margatoxin (MgTX), Stichodactyla toxin
(ShK), and charybdotoxin are among the peptide inhibitors of
Kv1.3 [17]. MgTX is a type of scorpion toxin that inhibits all
VGPCs but is more potent for Kv1.3 and Kv1.6 channels [18].
Although astemizole (AST) targets ATP-binding cassette
transporters and histamine receptors, as well as binding
to chromatin, it also inhibits several VGPCs, especially
Eag-related gene (Erg) [19].

The synergistic effect of TEA and quercetin, an antioxi-
dant and anticancer drug, inhibited the overexpression of K,
in and proliferation of bladder cancer cells [20]. The prolife-
ration of breast cancer cells was inhibited by using TEA to
block Kv1.3 channels [21]. 4-AP inhibits both proliferation
of tumor cells and outwardly rectifying potassium channels
in U87 and A172 cells [22]. In a U87-MG xenograft model
of glioma in nude mice, injecting cells treated with selective
inhibitors of VPGCs or K e 4-AP, TEA, or glibenclamide
significantly inhibited the proliferation of the human U87-MG
cells, blocking the growth of the VGPC inhibitor-treated cells
at the GO/G1 phase by 50%, and induced apoptosis [11, 23].
4-AP inhibited proliferation of MCF10A cells by anticancer-
specific mechanisms [24]. MgTX inhibited the proliferation of
A549 lung adenocarcinoma cells by blocking Kv1.3 in vivo.
Furthermore, MgTX reduced tumor volumes in vitro [13].
MgTX or short hairpin RNA of Kv1.3 blocked proliferation
of A549 human lung adenocarcinoma cells in vitro, and intra-
tumoral injection of MgTX reduced tumor volume by 75% in
vivo [13]. The antiproliferative effect of MgTX was confir-
med in a model of orthotropic melanoma using B16F10 cells
in vivo [25]. AST is an antihistamine and has been suggested
as an anticancer drug [19, 26]. AST potently inhibits Eagl
and human Erg potassium channels. AST has antiprolifera-
tive effects in vivo and in vitro, especially in Eagl-possessing
tumor cells, such as breast cancer and melanoma cells [19, 27].
The antiproliferative effect of AST might be the result of tar-
geting several proteins involved in cancer, such as histamine
receptor 1, P-glycoprotein, Eagl, and Erg [28]. AST inverted
doxorubicin resistance in leukemia cells [19]. Inhibition by
imipramine and AST reduced growth of Eagl-driven small
cell lung cancer and neuroendocrine tumor cells in vivo [29].
AST decreased proliferation and induced apoptosis of cervical
cancer cells by inhibiting Eagl [26]. Furthermore, AST and
vitamin D (calcitriol) reduced tumor volume by 85% in mice
with a xenograft of T-47D breast cancer cells or with a primary
breast cancer-derived cell culture [11, 30].

Cell growth, proliferation, and induction or inhibition of
apoptosis is dependent on the amount of ROS when the VGPC
inhibitors are administered to cancer cells [31]. Initiation,
promotion, and progression steps cause cells to become
cancerous. ROS might be related in all molecular mechanisms
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of these 3 steps of tumorigenesis [7]. ROS are thought to be
both initiators and promoters because they act as mutagenic
agents and can interfere with signaling pathways. Permanent
stimulus of proliferation is a common feature in tumor cells
and is often associated with structural activation of signaling
pathways associated with cell growth. The role of ROS in cell
proliferation has been widely reported in the literature. Addi-
tion of H,0, at high concentrations causes oxidative damage to
macromolecules, leading to cell death or aging, while low doses
can stimulate cell proliferation in a few cell lines [32]. Reduced
antioxidant capacity is an index of excessive oxidative stress.
Antioxidant status is an indicator of redox homeostasis [33].
Some peptides protect cells from accumulation of ROS.
For example, polyamine-depleted cells accumulate ROS,
develop an apoptotic phenotype, and apoptosis occurs after
incubation in polyamine-deficient medium [34]. On the one
hand, addition of spermine to growth media can cause a marked
decrease in ROS accumulation and some protection against
cell death [35]. On the other hand, metabolism of polyamines
can produce H,0,, and so the mechanisms are complex [36].
Breast cancer is the most commonly diagnosed cancer in
women worldwide. Oxidative stress has been shown to parti-
cipate in the structural modification of estrogen and progeste-
rone receptors, altering clinical characteristics [1]. The roles
of ROS and oxidative stress in breast cancer etiology and pro-
gression are being progressively elucidated [7]. The important
role of VGPCs in breast cancer and its metastasis is known.
We know from previous studies that increasing the oxidative
stress might enforce apoptosis in cancer cells. In the present
study, we aimed to increase oxidative stress by inhibiting the
active VGPCs in lines of benign and malignant breast cancer
cells. Secondarily, we aimed to determine which inhibitor
was more effective on VGPCs in the breast cancer cell lines.
We sought to determine whether inhibition of oxidative stress
(the disruption of oxidant—antioxidant equilibrium) is related
to the benign or malignant phenotype of the breast cancer cell
lines by comparing the relative effect of the VGPC inhibitors.

Materials and methods

Cell culture and application of inhibitors

MCF-7 and MDA-MB-231 cells were purchased from the
American Type Culture Collection (ATCC), and the cells were
incubated at 37°C with 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) containing 100 U/mL penicillin/
streptomycin (Gibco) and 10% fetal bovine serum (FBS) (Gibco).

Before application of inhibitors, the MCF-7 and MDA-
MB-231 cells were incubated in 6-well plates (Orange
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Scientific, Belgium) to grow the cells to 80% confluence. TEA
(5 mM), 4-AP (5 mM), MgTX (25 nM), and AST (200 nM)
were obtained from Sigma-Aldrich. To determine the total
antioxidant and oxidant levels of breast cancer cells, the cells
were harvested from 6-well plates after 48 h.

Determination of the total antioxidant and oxidant levels

Total antioxidant and oxidant levels were measured by using
an automated method. Total Antioxidant Status assay kit (TAS;
Rel Assay Diagnostics, Turkey) was used to determine the
total antioxidant levels in MCF-7 and MDA-MB-231 breast
cancer cells. The principle of the total antioxidant assay kit is
that antioxidants in the sample reduce dark blue-green-colored
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
radical to a colorless reduced form of ABTS. The change of
absorbance at 660 nm is related to the total antioxidant level
of the sample. The assay is calibrated with a stable antioxidant
standard solution, which is conventionally named as Trolox
equivalent, a vitamin E analog.

Total Oxidant Status assay kit (TOS; Rel Assay
Diagnostics) was used to determine the total oxidant levels
of MCF-7 and MDA-MB-231 breast cancer cells. The prin-
ciple of the total oxidant assay kit is that oxidants present in
the sample oxidize the ferrous ion—chelator complex to ferric
ion. The oxidation reaction is prolonged by enhancer mole-
cules, which are abundantly present in the reaction medium.
The ferric ion forms a colored complex with a chromogen in
an acidic medium. The color intensity, which can be measu-
red spectrophotometrically, is related to the total amount of
oxidant molecules present in the sample. The assay was calib-
rated with H,0,, and the results are expressed in umole H,0,
equiv/L. The oxidative stress in MCF-7 and MDA-MB-231
cells treated with inhibitor was calculated using the obtained
total antioxidant and oxidant levels. The results are reported
as arbitrary units.

Oxidative stress

The oxidative stress is calculated as follows:

(Total oxidant level/total antioxidant level) x 100 (1)

Statistical analysis

A normal distribution of continuous variables was determi-
ned using a Kolmogorov—Smirnov test. Comparisons between
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groups of normally distributed variables were evaluated using
a one-way analysis of variance. A Tukey honest significant
difference test was used for multiple comparisons. The data
are reported as the mean = standard deviation. Differences
were considered statistically significant at P < 0.001. All ana-
lyses were performed using IBM SPSS Statistics for Windows
(version 21.0).

Results

Optimal concentrations of TEA (5 mM), 4-AP (5 mM),
MgTX (25 nM), and AST (200 nM) for both breast cancer
cell lines MCF-7 and MDA-MB-231 were used according
to levels determined in previous studies [13, 19, 20, 24,
27, 30]. Compared with the control group, total antioxidant
levels were significantly decreased in MCF-7 cells treated
with 5 mM 4-AP, 25 nM MgTX, or 200 nM AST, while
MCEF-7 cells treated with 5 mM TEA showed a significant
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increase (Figure 1A). The total oxidant level was signifi-
cantly increased compared with the control group in MCF-7
cells treated with S mM TEA, 5 mM 4-AP, 25 nM MgTX,
or 200 nM AST (Figure 1B). According to the formula
(Eq. 1), MCF-7 cells treated with 5 mM TEA, 5 mM 4-AP,
25 nM MgTX, and 200 nM AST showed a significant incre-
ase in oxidative stress compared with the control group
(Figure 1C).

In MDA-MB-231 breast cancer cells, the total antioxidant
levels were increased significantly compared with the control
group after treatment with 5 mM TEA, 5 mM 4-AP, 25 nM
MgTX, or 200 nM AST (Figure 2A). Furthermore, the total
oxidant levels were increased significantly compared with the
control group in MDA-MB-231 cells treated with 5 mM TEA,
5 mM 4-AP, 25 nM MgTX, or 200 nM AST (Figure 2B).
According to the formula (Eq. 1), the oxidative stress was
increased significantly compared with the control group in
MDA-MB-231 cells treated with 5 mM TEA, 5 mM 4-AP,
25 nM MgTX, or 200 nM AST (Figure 2C).
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Figure 1. The effects of voltage-gated potassium channel inhibitors on the total antioxidant, oxidant, and oxidative stress levels of MCF-7 breast
cancer cells. (A) The effects of tetraethyl ammonium chloride (TEA), 4-aminopyridine (4-AP), margatoxin (MgTX), or astemizole (AST) on the total
antioxidant levels in MCF-7 cells. (B) The effects of TEA, 4-AP, MgTX, or AST on the total oxidant level in MCF-7 cells. (C) The effects of TEA, 4-AP,
MgTX, or AST on the oxidative stress level in MCF-7 cells. n = 7 for each experiment group; error bars = 10 standard deviations. *P < 0.001
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Figure 2. The effects of voltage-gated potassium channel inhibitors on the total antioxidant, oxidant and oxidative stress levels of MDA-MB-231
breast cancer cells. (A) The effects of tetraethyl ammonium chloride (TEA), 4-aminopyridine (4-AP), margatoxin (MgTX), and astemizole (AST)
on the total antioxidant levels in MDA-MB-231 cells. (B) The effects of TEA, 4-AP, MgTX, and AST on the total oxidant level in MDA-MB-231 cells.
(C) The effects of TEA, 4-AP, MgTX, and AST on the oxidative stress level of MDA-MB-231 cells. n = 7 for each experiment group; error bars =10

standard deviations; *P < 0.001

Discussion

We found that all VGPC inhibitors (AST, TEA, 4-AP, and
MgTX in decreasing order of effectiveness) increased oxida-
tive stress in the MCF-7 human mammary carcinoma or breast
cancer cells. MgTX, 4-AP, and AST decreased total antioxi-
dant levels in MCF-7 cells and increased the total oxidant
levels. TEA increased both levels dramatically, but did not
increase overall oxidative stress as much as AST in MCF-7
cells. To our knowledge, there is no literature regarding the
effects on oxidative stress in MCF-7 cells by inhibition of
VGPCs with 4-AP and TEA. MgTX induces an increase on
ROS levels by blocking Kv1.3 in lymphocytes [37]. Inhibitors
of mitochondrial Kv1.3 (mtKv1.3), such as MgTX, have the
ability to induce increases in ROS levels in peripheral blood
mononuclear cells, suggesting that ROS levels can be incre-
ased in cancer cells [17, 11]. We found that MgTX induces
oxidative stress in MCF-7 cells, suggesting the involvement of
Kv1.3 channels. Our present results are consistent with those

of Jakhar et al., who showed that AST increases ROS produc-
tion in MCF-7 breast cancer cells [38]. We also showed that
inhibiting K increased both antioxidant and oxidant levels
in MCF-7 cells. TEA was the most effective inducer of total
oxidant and antioxidant levels in MCF-7 cells. In this case, the
oxidant—antioxidant equilibrium was disrupted and oxidative
stress occurred in MCF-7 cells treated with TEA. Woodfork
et al. found that of 9 potassium channel antagonists, 5 antago-
nists produced a concentration-dependent inhibition of MCF-7
proliferation with no evidence of cytotoxicity following a
3-day or 5-day exposure to the drug. The half-maximal inhi-
bitory concentration (IC, ) values for the 5 antagonists were
as follows: quinidine: 25 uM; glibenclamide: 50 uM; linogli-
ride: 770 uM; 4-AP: 1.6 mM; and TEA: 5.8 uM, as estima-
ted from their respective concentration—response curves. Four
other potassium channel blockers, including charybdotoxin
(200 nM), iberiotoxin (100 nM), MgTX (10 nM), and apamin
(500 nM), were tested at supramaximal channel-blocking
concentrations; they had no effect on MCF-7 cell proliferation,
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viability, or cell cycle distribution. Woodfork et al. concluded
that only inhibition of ATP-sensitive potassium channels in
MCEF-7 reversibly arrests the cells in the GO/G1 phase of the
cell cycle, inhibiting proliferation [39]. We used concentra-
tions consistent with or greater than those used in this study.
The inhibitor most effective in increasing total oxidant and
antioxidant levels in MCF-7 cells in the present study (namely,
TEA) is less selective for particular channels than MgTX and
most likely acts on large-conductance K., channels, but is con-
siderably less potent than peptide inhibitors and AST. Further
work is necessary to identify the channels responsible for
both proliferation [40, 41] and redox balance in MCF-7 cells.
It may be that various potassium channels exert their influ-
ences on tumor cells through distinctly different mechanisms.

In MDA-MB-231 breast cancer cells, all VGPC inhibitors
increased not only total antioxidant levels, but also total oxidant
levels, although TEA had much less effect in MDA-MB-231
cells than it did in MCF-7 cells. The effect of 4-AP on oxidative
stress levels in these cells was remarkable. Although the total
antioxidant level is almost the same as in the control group,
MDA-MB-231 cells treated with 4-AP had the highest level of
oxidative stress, whereas TEA had less effect on oxidative stress
than it did in MCF-7 cells. 4-AP is poorly selective and probably
acts most strongly on rapidly inactivating, voltage-gated Kv1.3
channels. MgTX, 4-AP, and AST also increased both antioxidant
and oxidant levels. When oxidant-antioxidant levels are
considered, oxidative stress levels were found to be increased
in MDA-MB-231 cells on treatment with all inhibitors. We
speculate that the reason for this increase is the cellular response
for homeostasis. Secondary messengers, such as ROS, stimulate
VGPCs, and cellular homeostasis is disrupted. When VGPCs are
inhibited, channel activity would be blocked and ROS will be
increased. The increase of ROS would cause an increase in total
oxidant levels and oxidative stress. Because of this disrupted
antioxidant—oxidant ratio, oxidative stress was seen in MCF-7
and MDA-MB-231 breast cancer cells. To our knowledge, there
are no published studies on the inhibition of VGPCs by TEA,
4-AP, MgTX, or AST and their effects on oxidative stress in
MDA-MB-231 cells, although one study using specific small
interfering RNAs and blockers, including 1-(2-chlorophenyl)
diphenylmethyl-1H-pyrazole (TRAM-34) and clotrimazole,
has shown that intermediate-conductance calcium-activated
potassium K. (SK4) channels suppress cell proliferation,
migration, and the epithelial-mesenchymal transition, and that
these channels are less prevalent on MCF-7 cells [41].

We showed that oxidative stress in cancer cells can be regu-
lated by ion channel inhibition. Oxidative stress may harm cancer
cells. VGPC inhibitors caused oxidative stress in breast cancer
cells, and so VGPCs represent a potential therapeutic target. More
detailed studies are required to support this hypothesis.
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To determine the detailed roles of VGPC inhibitors on
ROS in cancer cells, further methods such as measurement
of superoxide dismutase, flow cytometry studies after loading
with redox sensitive dyes, or microscopy studies on single cells
could be used. Our present study was limited by the observa-
tion of only the total antioxidant and oxidant levels in breast
cancer cells while VGPCs were inhibited. Other limitations
include the lack of specificity and the potency of the agents
producing the highest levels of oxidative stress in this study.

Conclusion

The data obtained in the present study showed that potassium
channel inhibitors, especially AST and TEA, increased oxidative
stress in MCF-7 cells, which have benign, early stage, and poorly
invasive characteristics. Although all potassium channel inhibi-
tors increased oxidative stress in MDA-MB-231 cells, which
have greater malignant potential, advanced stage, and metasta-
tic characteristics than MCF-7 cells, the nonselective channel
inhibitor 4-AP had the greatest effect in MDA-MB-231 cells,
and much more so than TEA, suggesting more importance of
Kv1.3 than K, (and Erg) channels for oxidative stress in cells
with greater malignant potential and vice versa. The present
results suggest that VGPCs are an attractive target for anticancer
therapy. Further studies are needed to clarify the use of oxidant
and antioxidant levels as markers of oxidative stress in breast
and other cancers, determine the precise roles of VGPCs in
oxidative stress in breast cancer, and and identify the channels
responsible, and whether through their effects on oxidative stress,
VGPC inhibitors can enhance the effect of anticancer drugs.
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