Kamili et al. Future Journal of Pharmaceutical Sciences (2020) 6:24

: Future Journal of
https://doi.org/10.1186/543094-020-00041-1

Pharmaceutical Sciences

RESEARCH Open Access

Anti-angiogenic activity of chloride and

potassium channel modulators:
repurposing ion channel modulators

Chandana Kamili""'@®, Hima Sowmya Kandoti', Sharadha Radhakrishnan', Abbulu Konde' and

Uma Maheshwara Rao Vattikutti®

Abstract

Background: Excessive angiogenesis can be the root cause of many pathological conditions. Various types of ion
channels are found on the endothelial cells. These ion channels play a vital role in the multi-stepped process of
angiogenesis. The study aims to investigate the anti-angiogenic effects of specific ion channel modulators
mefloquine (volume-regulated chloride channel blocker), lubiprostone (CIC-2 channel agonist), and 4-aminopyridine
(voltage-gated potassium channel blocker).

Results: The anti-angiogenic activity of ion channel modulators was screened by measuring its effects on the area
of neovascularization and histopathological studies by in vivo (corneal neovascularization) method and by in vitro
assays, endothelial cell proliferation assay, cell migration assay, and matrigel cord-like morphogenesis assay. The test
and standard drug (bevacizumab) groups were compared with the control group using one-way ANOVA, followed
by post hoc test, and Dunnett’s test to compare the mean of all the groups with the control mean. The results
revealed that mefloquine at the dose of 0.6% w/v and 1.0% w/v, lubiprostone at the dose of 0.5% w/v and 1.0% w/
v, and 4-aminopyridine at the dose of 2% w/v and 4% w/v showed significant anti-angiogenic property. In the
studies on human umbilical vein endothelial cells, the test drugs (100 nM) showed significant inhibition of proliferation,
migration, and decrease in network length of cord-like tubes.

Conclusion: The scientific findings indicate that the test drugs have potent anti-angiogenic activity by inhibiting the

Aminopyridine

cell proliferation, inhibiting the cell volume increase, arresting the cell cycle progression and by causing membrane
hyperpolarization. The potent anti-angiogenic drugs obtained by repurposing these ion channel modulators, in the
further studies, will be able to treat the diseases due to excess angiogenesis from the root cause.
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Background

Tumor angiogenesis was extensively studied by Judah
Folkman, the pioneer in the area of angiogenesis at the
beginning of the 1970s. Angiogenic switch refers to the
equilibrium between the levels of angiogenic and angio-
static factors. Alterations in this equilibrium cause either
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excess or reduced proliferation of vascular endothelial
cells (ECs), leading to various disease conditions [1].
Neurovascularization, which is the primary cause of
blindness in diabetic retinopathy, is the main feature of
various eye disorders [2, 3]. Proliferative diabetic retin-
opathy (PDR) is primarily characterized by the excessive
generation of leaky blood vessels that spread unevenly
on the retinal surface, leading to hemorrhage, fibrosis,
and tractional retinal detachment. Compared to other
conditions, macular degeneration is said to be the key
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cause responsible for the formation of new choroidal
vessels. This, when left untreated, leads to diabetic retin-
opathy (DR) and vision loss. DR refers to a clinical con-
dition characterized by abnormal retinal vessels.
Vascular endothelial growth factor (VEGF) plays a vital
role in the promotion of angiogenesis in both retinal and
choroidal blood vessels. High levels of VEGF in eyes
were found in diabetic patients. The above discovery be-
came the main foundation for conducting research to
find the potential effect of VEGF in the pathophysiology
of PDR [4, 5]. Blockade of the development of new blood
vessels may be a good approach in the treatment of dis-
eases that are caused due to excess angiogenesis [6, 7].

Corneal endothelium plays a vital role in the propaga-
tion of signals, resulting in multicellular functioning. It
regulates various vascular processes like blood flow con-
trol, blood pressure, clotting of blood, blood vessel perme-
ability, wound healing, and angiogenesis. Interestingly,
various types of ion channels are expressed in the ECs.
Ion channels can be defined as the pore-forming cell
membrane proteins, which play a significant role in many
physiological processes like cell volume, muscle constric-
tion, neural depolarization, hormonal release, etc. Various
ion channels like sodium (Na*), calcium (Ca?*), potassium
(K™), and volume-regulated anion channels (VRAC), are
recognized on the surface of ECs. Recently, the occurrence
and functional role of vascular ion channels in angiogen-
esis has been investigated [8—11]. Corneal endothelial
angiogenesis model is a valuable means to study neovas-
cularization mechanism and evaluate the treatment. Anti-
angiogenic agents selectively target branching blood ves-
sels and, hence, find use in the treatment of various dis-
eases that occur due to excess angiogenesis. This study
aims at pinpointing the exact function of these specific ion
channel modulators in anti-angiogenesis which can be the
basis for further studies to repurpose the role of channel
modulators in anti-angiogenic therapy.

Methods

Chemicals

Bevacizumab, = mefloquine,  lubiprostone, and  4-
aminopyridine were purchased from Sigma-Aldrich Pvt. Ltd.
All the other chemicals (AgNO3, KNOs, ethanol, 10 % for-
malin, hematoxylin, eosin, methylcellulose, sodium pentobar-
bitone) used in the research are of AR grade.

Experimental animals

Experimental animals and maintenance

Wistar rats weighing in between 150 and 200 g were
purchased from Teena Labs Pvt. Ltd., Hyderabad, India.
The animals were maintained at a controlled
temperature (22-25 °C, 45% humidity) on a 12:12-h
dark-light cycle. All the procedures were performed ac-
cording to the CPCSEA under a protocol approved by
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the Institutional Animal Ethics Committee (IAEC) with
project license numbers (CPCSEA/1657/IAEC/CMRCP/
PhD-15/42).

Selection of drugs

Endothelium expresses a huge variety of ion channels, and
these ion channels regulate the crucial steps which result
in angiogenesis. Thus, in the present research work, spe-
cific ion channel agonists and antagonists like mefloquine
(volume-regulated chloride channel blocker), lubiprostone
(CIC-2 channel agonist), and 4-aminopyridine (voltage-
gated potassium channel blocker) have been selected to
evaluate their anti-angiogenic effect.

Corneal neovascularization method

Corneal neovascularization (stromal neovascularization)
is the ingrowths of blood vessels from the limbus in the
corneal stroma. Because the normal stroma is avascular,
stromal neovascularization is always considered a patho-
logic response. The response of the antiangiogenic drugs
is evaluated based on the above principal. This technique
was carried out by cauterizing the right cornea of every
rat with 75% silver nitrate and 25% potassium nitrate,
and the left eye served as the control for all animals in
all the groups. The rats were cauterized by pressing an
applicator stick with a diameter of 1.5 mm, on the center
of the cornea for 5 s while the animal is deeply anesthe-
tized with cocktail of ketamine (80 mg/kg) and xylazine
(5 mg/kg). After the animals recovered from the
anesthesia, the degree of burn was checked by a scoring
method. To increase the reproducibility of the injuries,
the same investigator cauterized all the animals. Follow-
ing the procedure for determining the burn score, the
rats were randomized to eliminate potential bias in the
degree of injury within the different groups; six animals
were used in each group. Test and standard drugs were
given as eye drops from day 1 to day 13 as 20 ul drop
three times a day (Table 1). To make the solution vis-
cous to about 25-50 cps, which is the ideal viscosity
range for eye drops, 1% methylcellulose was added. On
the 14th day, percentage inhibition of neovascularization
was seen after enucleating the animals. Rats were anes-
thetized and sacrificed; the eyes were removed to check
for inhibitory effect [12].

Procedure for determining burn score
The applicator stick was dipped in a solution of 75%
AgNO; and 25% KNOs, and the tip of the stick was
superficially touched over the cornea for about 8-10 s
and the burn score was estimated.

Burn score:

0. No blister on the cornea
1. 1 mm blister on the cornea
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Table 1 Treatment schedule for corneal neovascularization

method

Group no. Treatment Dose

1 Control -

2 Bevacizumab (standard) 0.125% w/v
3 Mefloguine (low dose) 0.3% w/v
4 Mefloquine (medium dose) 0.6% w/v
5 Mefloguine (high dose) 1.0% w/v
6 4-Aminopyridine (low dose) 1.0% w/v
7 4-Aminopyridine (medium dose) 2.0% w/v
8 4-Aminopyridine (high dose) 4.0% w/v
9 Lubiprostone (low dose) 0.25% w/v
10 Lubiprostone (medium dose) 0.5% w/v
1M Lubiprostone (high dose) 1.0% w/v

2. 2 mm blister on the cornea
3. Very big blister on the cornea

The eyes showing a burn score of 0—1 were selected
[13].

Calculation of drug concentrations and preparation of drug
solutions

The drug concentrations were expressed as % w/v. The
therapeutic human range of each drug in the topical or
ocular route was obtained from the literature, and three
animal doses were calculated by the formula

Surface area of animal

Dose of the animal =
Surface area of Human

x Human dose

where

Rat surface area = 0.025 m”

Human surface area = 1.6 m”

First, the highest concentration of each drug was pre-
pared, and then, the other concentrations were prepared
from the earlier by serial dilutions. (As an example, in
the case of mefloquine, 10 mg of the drug was weighed
and dissolved in normal saline to obtain a concentration
of 10 mg/ml or 1% w/v. And for the drug insoluble in
normal saline, 100 pl of dimethyl sulfoxide (DMSO) was
used to dissolve the drug, and then, the final volume was
made up with normal saline) (Table 1)

Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) were
grown on gelatinized dishes in M199 supplemented with
15% fetal calf serum, 50 U/ml penicillin, 50 mg/ml
streptomycin, 50 mg/ml gentamycin, 2.5 mg/ml ampho-
tericin B, 5 U/ml heparin, and 150-200 mg/ml endothe-
lial cell growth supplement. Cells were used between
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passages 1 and 3. Each experiment shown derives from
three independent repeats, each time using different
pools (isolates) and/or passages of cells [14]. In the
endothelial cell proliferation assay, Matrigel cord-like
morphogenesis assay, and transwell migration assay, the
concentration of the bevacizumab is 1 uM, VEGF 500
pM, and mefloquine, lubiprostone, 4-aminopyridine 100
UM each.

Endothelial cell proliferation assay

The HUVECs were seeded in 24-well plates at a density of
6000 cells/cm® and incubated overnight in Dulbecco’s
modified Eagle’s medium. Cells were exposed to different
concentrations of bevacizumab, VEGF, and vehicle or test
and allowed to proliferate for 48 h. At the end of this incu-
bation time, the cells were trypsinized, and their number
was determined using a Neubauer hemocytometer [15].

Matrigel cord-like morphogenesis assay

The formation of cord-like structures by endothelial
cells (HUVECs) was assessed in growth factor-reduced
Matrigel. The cell groups were plated in 96-well plates
precoated with 45 ml of Matrigel per well. After 8 h of
incubation, cord-like structure formation was quantified.
One image per well was analyzed and used for the statis-
tical analysis [15, 16].

Transwell migration assay

The capacity of endothelial cells to migrate through a
pore-bearing membrane was assessed using 6.5-mm-
diameter Transwell chambers with polycarbonate mem-
brane inserts (8 mm pore size). Control or endothelial
cells were serum-starved overnight. Cells were trypsi-
nized, and 1 x 10° cells were added to each transwell in
100 ml of serum-free medium containing 0.2% bovine
serum albumin in the control and in the presence of
bevacizumab, VEGF, and test drugs. Cells were allowed
to migrate for 4 h, after which the non-migrated cells at
the top of the Transwell filter were removed with a cot-
ton swab. The migrated cells on the bottom side of the
filter were fixed in Carson’s solution for 30 min at room
temperature and then were stained with toluidine blue.
Migrated cells were scored and averaged from eight ran-
dom fields per transwell as previously described else-
where [17].

Statistical analysis

The statistical analysis was carried out by using Graph-
Pad Prism 5. Results were presented as mean + SEM.
The differences between the groups were compared by
one-way ANOVA followed by post hoc Dunnett’s test.
In the statistical analysis, all the groups were compared
with the control group. Results were considered statisti-
cally significant at a p value “0.05. In all the groups, n =
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Table 2 Effect of ion channel modulators on the area of
neovascularization in corneal neovascularization (CNV) method.
Results were presented as mean + SEM. The differences between the
groups were compared by one-way ANOVA followed by post hoc
Dunnett’s test. In all the groups, n = 6. **p < 0001, **p < 001, *p <
005 vs control, ns non-significance

Group no. Treatment Area of CNV

1 Control 42.7 £ 6.69

2 Bevacizumab (0.125% w/v) 9.83 + 2.04***
3 Mefloguine ( 0.3% w/v) 406 + 254 ns
4 Mefloquine (0.6% w/v) 31.7 £ 3.72%*
5 Mefloquine (1% w/v) 180 + 145%**
6 Lubiprostone ( 0.25% w/v) 406 + 254 ns
7 Lubiprostone (0.5% w/v) 31.7 £ 3.72%*
8 Lubiprostone (1% w/v) 18.0 + 1.45%**
9 4-Aminopyridine (1.0% w/v) 385+ 193 ns
10 4-Aminopyridine (2.0% w/v) 28.1 £ 237%**

4-Aminopyridine (4.0% w/v) 16.3 £ 0.783***

6. **p < 0.001, **p < 0.01, *p < 0.05 vs control, ns non-
significance.

Results

The results revealed a significant anti-angiogenic effect
of all the test drugs. Mefloquine-treated groups at the
dose of 0.6% w/v and 1.0% w/v, lubiprostone at the dose
of 0.5% w/v and 1.0% w/v, and 4-aminopyridine at the
dose of 2% w/v and 4% w/v were observed in the corneal
neovascularization assay. A noticeable reduction in pro-
liferation and a very sharp reduction in migration and in
network length of cord-like tubes were observed with
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the test drugs at 100 nM in the studies on human umbil-
ical vein endothelial cells.

Results of corneal neovascularization

Area of neovascularization was quantified, and histopath-
ology of the cornea was examined in the corneal neovas-
cularization method. In the histopathology of the control
group, marked corneal thickness, inflammatory cell infil-
tration, irregular hypertrophy of the cornea, and epithelial
ulceration can be seen clearly. Bevacizumab group showed
almost normal aspects of the cornea, and in the test drug
treatment groups, there was a dose-dependent increase in
the anti-angiogenic effect, thus decreasing the infiltration
of inflammatory cells and the other aspects of the corneal
injury (Table 2, Figs. 1 and 2).

Results of endothelial cell proliferation assay, cord-like
morphogenesis assay, and transwell Matrigel assay
Potassium and chloride channels are crucial for cell pro-
liferation, migration, and cord-like network formation
on endothelium. To further test the link between chan-
nel inhibition and anti-angiogenesis, endothelial cell-
based assays triggering proliferation and mobilization
were performed. In the cell proliferation assay, VEGF re-
sulted in elevated proliferation (an increase of 49%),
whereas bevacizumab showed significant inhibition of
proliferation (inhibition by 50%) and the test drugs mef-
loquine, lubiprostone, and 4-aminopyridine showed in-
hibition respectively of 69.5, 80, and 60%. To further
assess the anti-angiogenic property of the test drugs, mi-
gration and cord-like tube formation assay were per-
formed. Significant inhibition was observed with the test
doses of 65.8% (mefloquine), 79.3% (lubiprostone), and
58.3 %(4-aminopyridine) (Figs. 3 and 4).
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Fig. 1 Graph representing the effect of standard and test groups on area CNV. Results were presented as mean + SEM. The differences between
the groups were compared by one-way ANOVA followed by post hoc Dunnett’s test. In all the groups, n = 6. **p < 0.001, **p < 0.01, *p < 0.05
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Control Bevacizumab(Standard) 0.125%w/v
Irregular hypertrophy of the rat cornea, epitheliall Almost normal aspect s of the rat cornea.
ulceration, stromal edema, inflammatory cell
infiltration, numerous stromal microvessels and]
hemorrhage can be noticed.
Mefloquine (low dose) Mefloquine (Medium dose) |Mefloquine (High dose) 1.0%w/v
0.3%w/v 0.6%w/v
Marked diffuse irregular hypertrophy in low dose due to abundant angiogenesis, bullous vaculation of]
the corneal epithelium, leukocyte infiltration in the medium dose can be seen. Improved corneal
aspects in the high dose; cross section of the mother vessels, less number of microvessels in the high|
dose are observed.
Lubiprostone(low dose) Lubiprostone(Medium dose) Lubiprostone(High dose)
0.25%w/v 0.5%w/v 1.0%w/v
Polymorph nuclear leucocytes and cellular debris in the necrotic epithelium of the cornea,
hemorrhage and associated fibroplasia in the stroma in case of low dose; comparatively less
inflammatory cells, stromal edema in medium dose; virtually few neovascularization than in the high
dose are noticed.
4-Aminopyridine (low dose) 4-Aminopyridine (Medium 4-Aminopyridine (High dose)
1.0%w/v dose) 2.0%w/v 4.0%w/v
Invasive hemorrhage, numerous stromal microvessels and associated fibroplasia in the low dose;|
relatively clear stroma due to less corneal neovascularization; Improved corneal aspects in the high
dose can be noted. Stromal edema, few inflammatory cells in low dose; dose-dependent improvement|
due to anti-angiogenic effect; almost clear stroma, corneal epithelium and very less microvessels in
case of medium and high dose are observed
Fig. 2 Photographs representing the histopathology of cornea in control, standard, and test drug groups
N\ J

Discussion

and this is accomplished with the help of membrane ion
channels [18]. Chloride (Cl") channels regulate osmolyte
flux and thus affect cell volume. On this scientific basis,

a VRAC blocker, mefloquine, was studied for its ability
Cell proliferation requires an increase in cell volume, to inhibit angiogenesis.

Cell division involves an increase in cell cytoplasmic
content, cell volume and CI™ channels play a vital role in
cell proliferation, migration, and proteolysis. Cl~ ions
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CONTROL

VEGF(500pM)

BEVACIZUMAB(1pM)

Fig. 3 Endothelial cell response to VEGF, bevacizumab, and ion channel modulators. a Cell proliferation was determined by cell counting with a
hemocytometer. b Representative images of tube formation after being treated with ion channel modulators for 2 h following VEGF stimulation.
¢ Quantitative data of migrated cells in HUVECs treated with the standard and test drugs for 24 h under VEGF stimulation

MEFLOQUINE LUBIPROSTONE 4-AMINOPYRIDINE

help in increasing the cytoplasmic volume by regulating
osmosis. Action potential regulated by VRAC controls
cell cycle mainly by controlling the Ca** driving force.
This in turn regulates cell proliferation by secondary
messengers [19, 20]. Cl™ ions also play a significant role
in cell migration which is a key step in angiogenesis.
Ras, which is a small G-protein molecule, involves in the
regulation of large intracellular signaling pathways which
influence cell proliferation and motility. As Ras is
expressed by Cl™ channels, blockade of these channels
result in the inhibition of cell proliferation and migra-
tion, which are the major steps in angiogenic mechan-
ism. Free radicals mainly cause oxidative damage of
endothelium of blood vessels, resulting in endothelial
dysfunction which is the main cause of various disease
conditions [21]. Chemical burn causes the formation of
free radicals, which in turn provokes angiogenesis.

Mefloquine, which is an antioxidant and free radical
scavenger, protects the endothelium from oxidative
stress independent of anti-angiogenic activity [22]. So,
these could be the apparent mechanisms of mefloquine
in the prevention of proliferation and thus the associated
angiogenesis.

Lubiprostone is an endothelial chloride ion channel
opener (CIC-2), which causes increased Cl” ion entry
into the lumen of the blood vessels. This results in the
hyperpolarization of the endothelial membrane and
shows inhibitory action, leading to anti-angiogenesis.
CIC family consists of CIC-1, CIC-2, and CIC-3, which
are now considered as candidates of VRACs. Only a
minimum amount of research work was conducted on
biophysical and therapeutic role of CIC-2 channels in
mammals. CIC-2 channels are situated on the epithelium
of the intestine, airways, on cardiovascular tissue, and

corneal endothelium [18, 23-25]. They play a key role in
the fluid movement in the tracheal, corneal, and intes-
tinal epithelium. Transport of fluids and electrolytes at
the epithelia which require CI™ secretion is critical for
fluid and electrolyte transport at the epithelia. Biomolec-
ular studies revealed that CIC-2 channels are located on
corneal endothelium as stromal hydration maintenance
which mainly depends on transendothelial anion trans-
port with bicarbonate-chloride being the chief anions
carrying the current [26]. When compared to CIC-1 and
CIC-3, CIC-2 is majorly volume-regulated with different
therapeutic properties. It was investigated that lubipros-
tone causes a considerable dose-dependent blockade of
both corneal neovascularization and branching. Based
on our investigations, the opening of CIC-2 opposes
angiogenesis. This is because the chloride secretion due
to the CIC-2 opening prevents depolarization. In many
mammalian cells, including the endothelial cells, chlor-
ide secretion arrests the cell cycle in the G1 phase. Thus,
activation of CIC-2 inhibits cell proliferation, which is a
major step in angiogenesis.

The four structurally different K* channel subfamilies
involved in cancer pathophysiology are voltage-gated
(K,), calcium-activated (Kc,), inwardly rectifying (Kj,),
and two-pore-domain (background (K2P) “leak”) chan-
nels. Compared to other types, K, channels are exten-
sively involved in tumor mechanisms. K' channels
consist of 77 genes encoding it [27, 28], and they are the
most frequently upregulated channels in malignant cells
[29, 30]. K, channels are not located in organs other
than the central nerves but are expressed in about 70%
of tumors. Hence, 4-aminopyridine, a specific K,
blocker, can target the tumor cells without affecting the
normal cells, reducing the side effects.
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Fig. 4 Graphs showing the effect of ion channel modulators on a proliferation assay, b Matrigel cord-like morphogenesis assay, and ¢ transwell
migration assay. Results were presented as mean + SEM. The differences between the groups were compared by one-way ANOVA followed by
post hoc Dunnett's test. In all the groups, n = 6. ***p < 0.001, **p < 0.01, *p < 0.05 vs control, ns non-significance

4- Aminopyridine causes anti-angiogenesis by blocking
the K, channels, which play a major role in the pro-
gression of the cell cycle. Ca*? signaling is mainly
required for G1 phase progression and G1/S and
G2/N transition in various cells. K* channels, Ca*>
influx, and action potential are related in such a
way that the membrane hyperpolarization produced
by K* channel activation stimulates Ca** entry lead-
ing to the activation of Ca**-dependent factors
resulting in the expression of cell cycle-regulated
proteins, like cyclins, leading to cell proliferation
[31-33]. Hence, blockade of K, channel inhibits
Ca*? entries. 4-Aminopyridine, at the doses of 2%
w/v and 4% w/v showed significant results in the
corneal neovascularization method [21, 34].

Mefloquine is a volume regulatory anion (Cl”) channel
blocker, while lubiprostone is a chloride channel opener
(CIC-2). The anti-angiogenic potential of both the ion
channel modulators has been screened. Interestingly,
both the modulators have shown good anti-angiogenic
potential. Specific voltage-gated potassium channel
blocker like 4-aminopyridine can be used to treat such
diseases where K, channels are upregulated.

In our earlier study on mefloquine and 4-
aminopyridine, anti-angiogenic property was proved by
various other models such as in vivo (sponge implantation
method), in vitro (aortic ring assay), and in ovo (CAM,
chick chorioallantoic membrane) methods as described by
Kamili et al. [35]. The evaluating parameters described the
negative regulation of cell volume, cell migration, and

proliferation of blood vessels. Based on these scientific
findings, further very specific antiangiogenic models were
selected in this study to reconfirm their anti-angiogenic
activity.

Therefore, the drugs selected can be considered as
good chemical templates that can be modified structur-
ally for more site-specific actions in anti-angiogenic
therapy.

Conclusion

The ion channel modulators used in the study have
shown good anti-angiogenic action. The results of the
study will be very useful in developing cost-effective
anti-angiogenic compounds when compared with beva-
cizumab. Molecular modifications of the ion channel
modulators used in the present study will evolve endo-
thelial cell-targeted chemical moieties, and this enables
treating the disease from the root cause. Furthermore,
these endothelial targeted chemical moieties can be for-
mulated suitably to achieve a site-specific action which
minimizes the side effects.
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