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Abstract: Ranolazine is beneficial when given as an adjunct to treatment in symptomatic angina pecto-
ris. Therefore, it may be useful to evaluate the effect of ranolazine on cardiovascular endothelial cells in
hypoxic conditions that may resemble decreased oxygen delivery during angina pectoris. In this study,
chemical hypoxia caused by exposure of Human Umbilical Vein Endothelial Cells (HUVECs:) to differ-
ent concentrations of cobalt chloride (CoCl,) (100 uM - 1000 uM) for 24 and 48 h was evaluated. In this
chemical hypoxia model, HIF-1alpha and eNOS were measured semi-quantitatively by immunocytochem-
istry. Activation of the intracellular MAPK and PI3K pathways was evaluated by flow cytometry. During
chemical hypoxia, HIF-1alpha was increased in a CoCl, concentration-dependent manner; however, eNOS
did not change significantly. In the presence of 10 uM ranolazine, HIF-1alpha increased in cells exposed
to 1000 uM CoCl, for 24 h, whereas HIF-1alpha decreased in cells exposed to 1000 uM CoCl, for 48 h.
Endothelial cell viability decreased with a high concentration of CoCl,. Ranolazine (1 uM, 10 uM) added
to the medium failed to restore cell viability as measured by WST-1. The proportional percentage of cells
in which only the MAP kinase pathway was activated increased during chemical hypoxia. Although rano-
lazine could reduce HIF-lalpha levels in the 48hour group, it had no beneficial effect on CoCl, toxicity.
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It has been shown that ranolazine has beneficial
effects when added to the treatment of symptomatic
patients with stable angina pectoris (1, 2). The ben-
eficial effects of ranolazine, especially for treating
stable angina pectoris in type 2 diabetes mellitus
patients, have been shown in the literature and are
included as an adjunct drug in current treatment pro-
tocols (3). Ranolazine blocks the late Na* current in
cardiomyocytes, which prevents the damage caused
by Na' induced Ca™ overload after ischemia (4). It
has also been shown that ranolazine’s late Na* cur-
rent blocking effect has vasoactive properties (5).
In a clinical study, brachial arteries of patients who
received ranolazine for 12 weeks were examined
and improvements in flow-mediated relaxation and
nitroglycerin-mediated relaxation properties of bra-
chial arteries have been reported (6). It has also been
shown that ranolazine may have vasodilator prop-
erties through alpha Ireceptors on vascular smooth
muscle cells (7). Therefore, its vasoactive properties
may contribute to the beneficial effect of ranolazine
for treating angina pectoris. Also, beneficial effects

* Corresponding author: e-mail: edipgcekic@mu.edu.tr

419

of ranolazine have been shown in an ischemia-reper-
fusion model in vivo in rabbits (8); pro-inflammatory,
anti-inflammatory, and antioxidant effects of rano-
lazine have been shown in neuron cell culture in vi-
tro (9). The effects of ranolazine on endothelial cells
have not been investigated in detail in the literature.
Therefore, we evaluated the effect of ranolazine on
endothelial cell culture under hypoxic stress.

The cobalt chloride-mediated chemical hypox-
ia model, which is one of the hypoxic cell culture
models, has similar properties to the models creat-
ed by reducing oxygen (10, 11). The substitution of
Fe*? by cobalt in the active site of prolyl hydroxy-
lases causes the stabilization of HIF-1a accepted as
the key mechanism of the chemical-induced hypoxia
model (11). Besides, regulation of HIF-1a stability
by nitric oxide (NO) is reported in mammalian cells
and the inhibitor role of NO in HIF-la accumula-
tion during hypoxia was shown (12). The relation-
ship between phosphatidylinositol 3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) path-
ways with HIF-1a has been shown (13, 14). It has
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been reported that elevated activities of the PI3K
signaling pathway may contribute to the remodel-
ing effects of chemically induced hypoxia (13). It
has been reported that increased levels of HIF-1a
during acute hypoxia can be inhibited by MAPK/
ERK inhibitor and PI3K inhibitor (15). So, this study
aimed to investigate the effects of ranolazine on
endothelial cells which were exposed to chemical
hypoxia with CoCl,, and to demonstrate the roles
of HIF-la, endothelial nitric oxide synthase, and
MAPK/PI3K pathways.

EXPERIMENTAL

Cell culture

In this study, the Human Umbilical Vein
Endothelial Cells (HUVECs) (CRL-1730; ATCC,
Manassas, VA, USA) line was used. Before the pro-
cedure, the cryovial of the HUVECs was removed
from the -80°C deep freezer. Cells were grown in
RPMI-1640 medium (including 10% FBS, 1% pen/
streptomycin, 1% amphotericin B) in a 25 cm? flask
in a 37°C, 5% CO, incubator. The cells were pas-
saged with Trypsin/EDTA Solution when they
reached approximately 70%-80% confluency.

Experimental groups

CoCl, (purchased from Sigma) stock solution,
which is prepared with ultrapure water to obtain
25 mM, was added to RPMI-1640 medium with a fi-
nal concentration of 100 uM, 300 pM, and 1000 pM.
These different concentrations of CoCl, were applied
for 24 h and 48 h to induce chemical hypoxia. The
control group was not exposed to CoCl,. Ranolazine
(purchased from Sigma) was tested for chemical
hypoxia in HUVECs at two different final concen-
trations (1 uM and 10 uM). In each 24 h CoCl, ex-
posure experiment and 48 h CoCl, exposure experi-
ment 12 groups were planned, as follows:

WST-1 analysis

After the experimental groups were formed
cells were planted in 96-well plates, and 10 pL of
WST-1 (from BioVision) solution was added to each
well and incubated for 2-4 hours at 37°C in the dark.
Cell viability was determined by measuring absor-
bance at 450 nm wavelength in the ELISA plate read-
er (16). The results of the experiments were calcu-
lated as percent viability. Analysis was performed
on at least 3 replicates for each group.

Immunocytochemical (ICC) staining

Sterile round coverslips were placed in a 24-
well plate where HUVECs were plated as 5 x
103 cells/well and incubated overnight. The wells
were washed once with sterile PBS and fixed with
4% paraformaldehyde for 30 min room temperature.
After fixation, they were washed thrice with PBS for
five minutes. After applying 3% hydrogen peroxide
(H,0,) solution at room temperature for five min-
utes, the wells were washed thrice with PBS again.
For permeabilization, they were incubated with 0.1%
Triton-X 100 at +4°C for 15 min and then washed
thrice with PBS. After one hour of blocking solution
treatment, cells were incubated at +4°C overnight
and anti- HIF-1a and anti-eNOS antibodies were
applied at the dilutions recommended by the manu-
facturer. Then, they were rinsed with PBS and in-
cubated with biotinylated anti-polyvalent for 10 min
and streptavidin peroxidase for 10 min at room tem-
perature, respectively. Staining was completed with
the chromogen substrate for 15 min, and slides were
counterstained with Mayer’s hematoxylin for 1 min
and rinsed with tap water. Washed coverslips were
removed from the 24-well plate and covered with an
aqueous mounting medium. Control staining was
performed to test whether the immunoreactivities
were specific. Experiments were run independently
of each other in three parallels.

Group 1 Group 2 Group 3 Group 4
CoCl, - 100 uM 300 uM 1000 uM
Ranolazine - - -
Group 5 Group 6 Group 7 Group 8
CoCl, - 100 uM 300 uM 1000 uM
Ranolazine 1 uM 1 uM 1 uM 1 uM
Group 9 Group 10 Group 11 Group 12
CoCl, - 100 uM 300 uM 1000 pM
Ranolazine 10 uM 10 uM 10 uM 10 uM
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Evaluation of ICC staining: Immunostained
coverslips were evaluated under a light microscope
(Nikon Eclipse 80i, Japan). The image obtained at
X20 magnification of the antibody-labeled areas on
the coverslips was evaluated semiquantitatively us-
ing the open source “Imagel Fiji” software with the
method reported in the literature (17, 18).

Analysis of the PI3K/MAPK activity assay

To evaluate the activation state of the PI3K/
MAPK pathway in HUVECs the “Muse PI3K/
MAPK Dual Pathway activation Kit” was used. The
MAPK, PI3K, and dual activation pathways were
evaluated after CoCl, exposure for 48 h. The acti-
vated cell percentage distributions were calculated as
follows. Cells were resuspended by adding 50 pL of
1X assay buffer (AB) per 100,000 cells. Equal parts
(1 : 1) fixation buffer (FB) was added to the cell sus-
pension. A total of 100 pL of cell fixation solution
was obtained by adding 50 pL of FB per 50 pL of
1X AB. Incubated for 10 min on ice. The mixture
was centrifuged at 300xg for 5 min and the superna-
tant was discarded. Permeabilization was performed
by adding 100 pL of ice-cold 1X Permeabilization
Buffer and incubating on ice for 10 min. The mix-
ture was centrifuged at 300 xg for five minutes and
the pellet was resuspended with 90 pL 1X AB per
100000 cells. 10 pL of antibody working cocktail
solution (5 pL of anti-phospho-Akt Alexa Fluor
555 conjugated antibody and 5SuL of anti-phospho-
ERK1/2 PECy5 conjugated antibody) was added
to each microcentrifuge tube containing the cell

24 Hour Exposure

suspension. Samples were incubated for 30 min at
room temperature in the dark. 100 puL of 1X AB was
added to each tube and centrifuged at 300 xg for five
minutes. The pellet was resuspended with 200 uL
of 1X AB and cells were analyzed with Muse Cell
Analyzer and the percentage of cells was estimated
by Muse analysis software (19). Experiments were
run in triplicate.

Statistical analysis

The obtained data were recorded in the
Microsoft Excel (2019) datasheet. GraphPad
Prism (trial version 9.1.2 for Windows, San Diego,
California, USA) was used for statistical analysis
and graph generation. A two-way analysis of vari-
ance (Two-way ANOVA) was used to evaluate the
data. A p-value of < 0.05 was considered statisti-
cally significant.

RESULTS

Cell viability

Chemical hypoxia induced by differ-
ent CoCl, concentrations (100 uM, 300 uM, and
1000 uM) in HUVECS for 24 and 48 h caused a sig-
nificant decrease in cell viability. The highest de-
crease was observed at the 1000 uM dose of CoCl, for
both 24 and 48 h (Figure 1, Table 1). Different
concentrations of ranolazine (1 puM and 10 pM)
could not increase the cell viability of HUVECs
that were decreased by CoCl, toxicity (Figure 1,
Table 1).
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Figure 1. Cell viability of HUVECs after CoCl, exposure in the presence and absence of ranolazine for 24 h and 48 h
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Table 1. Cell viabilities of HUVEC:s after 24 and 48 hours of CoCl, exposure

Cell viability after 24 h exposure to CoCl, in HUVEC cell culture

Control Ranolazine (1 pM) Ranolazine (10 uM)

Mean SD Mean SD Mean SD

CoCl, (-) 100.00 9.46 100.35 11.26 91.72 5.78
100 uM CoCl, 109.79 12.32 106.30 19.90 106.29 19.16
300 uM CoCl, 97.15 7.39 83.57 19.15 83.99 24.46
1000 uM CoCl, 42.47 5.35 37.36 8.90 38.41 7.22

Cell viability after 48

h exposure to CoCl, in HUVEC cell culture

Control Ranolazine (1 uM) Ranolazine (10 uM)
Mean SD Mean SD Mean SD
CoCl, (-) 99.99 4.61 96.08 473 94.63 7.33
100 uM CoCl, 105.23 7.45 99.18 7.21 98.89 5.41
300 uM CoCl, 60.20 777 54.91 13.19 65.89 12.00
1000 uM CoCl, 28.26 5.52 26.65 4.95 28.81 8.02
Cell viability was shown as a percentage
CoCl,: Cobalt chloride
Immunocytochemical evaluation DISCUSSION

HIF-la staining was increased in a time-
and dose-dependent manner after CoCl, exposure
(Figures 2 and 3). It was shown that 1 pM ranola-
zine couldn’t decrease HIF-la levels due to CoCl,
(Figures 2 and 3). The intensity of HIF-1a staining,
after the 10 uM ranolazine, increased compared
with1000 puM CoCl, for 24 h (P <0.05), while a sig-
nificant decrease was observed in 48 h (P < 0.05)
(Figure 3).

The intensity of eNOS staining was slightly in-
creased in 300 uM and 1000 uM CoCl, groups af-
ter 24 h and 48 h compared with the control group
however ranolazine could not affect eNOS levels in
a time- and dose-dependent manner (Figures 4 and 5).

Activation of the PI3K/MAPK pathway

MAPK and PI3K, intracellular signaling path-
ways of endothelial cells exposed to increasing
concentrations of cobalt chloride, were examined.
Among the evaluated cells, it was shown that the per-
centage of distribution of only MAPK pathway acti-
vated cells increased, while the percentage of cells
with only PI3K pathway activated and the percent-
age of both pathways activated decreased, respec-
tively: 10.25 to 63.21%, 16.22 to 3.68%, and 67.0 to
24.25% (Figure 6).

The proportional distribution of cells show-
ing changes in the activation of their intracellular
pathways in the presence of ranolazine (1 uM and
10 pM) is shown in Table 2 and Figure 6.

In this study, the model of the HUVEC line
exposed to cobalt chloride was used to evaluate the
effect of chemicals/drugs that could affect chemical
hypoxia. Thus, the effects of ranolazine on hypoxia
in endothelial cells could be evaluated. Although
ranolazine was shown to decrease HIF-1a levels on
HUVECSs in which chemical hypoxia was induced
for 48 h, no beneficial effect on cell viability was
demonstrated.

CoCl, used to induce chemical hypoxia pro-
vides long-term stabilization of HIF-1a and 20 under
normoxic conditions (11). It has been shown that the
cobalt chloride-induced HIF-1a increase in cell cul-
tures is dose- and time-dependent (11). It is known
that HIF-1a is an essential regulatory transcription
factor that regulates the hypoxia response (11). It has
been shown that hypoxia and increased HIF-1a affect
VEGF-mediated angiogenesis and glucose metabo-
lism of endothelial cells (20, 21). Additionally, the
NRDG?2 gene, which is thought to be associated with
hypoxia-mediated apoptosis in tumor cells, has been
shown to be regulated by HIF-1a in a hypoxic en-
vironment (22). It has been shown that the decrease
in cell viability and the increase in HIF-1 alpha
levels according to the exposure of cobalt chloride
used in our study are consistent with the literature
(11, 23). Although it was shown that ranolazine has
a viability-enhancing and apoptosis-preventing ef-
fect on primary astrocyte culture, such an effect was



The effects of ranolazine on cobalt chloride-induced chemical hypoxia in endothelial cells

Ranolazine (-)

BNV e W

o .« e * <t
L

az‘

CoCl, (-)

CoCl,
(100 uM)

CoCl,
(300 uM)

CoCl,
(1000 pM)

coCl, (-)

e YAy, ol T
e LT
" b Rl

CoCl,
(100 pM)

CoCl,
(300 M)

-
.'.v

[
|

CoCl,
(1000 pMm)

o

423

A gl R 3

4, a.'..o,. ..J -

S Wy ™ e o
* -"_-‘ ..‘.O‘ -
e W ...'...“

3 % o-.:f 4

.
- e Yoo
-jﬁ'"i!w‘.‘! Fa

Figure 2. The immunocytochemistry images of HIF-1a in HUVECs for 24 h (a) and 48 h (b). G1: control, G2: 100 pM CoCl,,
G3:300 uM CoCl,, G4: 1000 uM CoCl,, G5: control + 1 uM Ranolazine, G6: 100 uM CoCl,+ 1 uM Ranolazine,

G7: 300 uM CoClL,+ 1 uM Ranolazine, G8: 1000 pM CoClL,+ 1 uM Ranolazine, G9: Control + 10 uM Ranolazine,

G10: 100 uM CoCl,+ 10 uM Ranolazine, G11: 300 uM CoCl,+ 10 uM Ranolazine, G12: 1000 puM CoCl,+ 10 pM Ranolazine, (x20)

not observed in our study (9). It has been reported
that this protective effect on astrocytes may be due
to the reduction of the release of pro-inflammatory
mediators (IL-1B and TNF-a) through the Na+ chan-
nels blocked by ranolazine in microglia cells and
the increase in the anti-inflammatory PPAR gamma
(9). However, in our study, neither the inhibition of

HIF-1a after 48 h of CoCl, exposure nor the possible
Na* channel blockage effect of ranolazine in endo-
thelial cells affected decreased viability.

It has been shown that nitric oxide can inhibit
the stabilization of HIF-1a during hypoxia (24) and
a possible role of HIF-1a in increased nitric oxide
production in the cobalt chloride-induced chemical
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Figure 3. Intensity values (arbitrary unit) of HIF-1o staining in HUVECs after CoCl, exposure in the presence and absence of ranolazine
for 24 h and 48 h. All values (min, max, upper quartile, median, lower quartile) are shown in the whisker and box plot

*P < 0.05 compared to the control group
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Figure 4. The immunocytochemistry images of eNOS stain in HUVECs for 24 h (a) and 48h (b) exposure to CoCI2. G1: control,

G2: 100 uM CoCl,, G3: 300 uM CoCl,, G4: 1000 uM CoCl,, G5: control + 1 uM Ranolazine, G6: 100 uM CoCl+ 1 uM Ranolazine,
G7:300 uM CoCL+ 1 uM Ranolazine, G8: 1000 uM CoClL+ 1 uM Ranolazine, G9: control + 10 pM Ranolazine,

G10: 100 uM CoCl,+ 10 uM Ranolazine, G11: 300 uM CoCl,+ 10 uM Ranolazine, G12: 1000 uM CoCl+ 10 uM Ranolazine, (x20).

hypoxia model in neuronal cells (25). Therefore, it
would be interesting to investigate the eNOS activ-
ity in the chemical hypoxia model induced by cobalt
chloride to further elucidate the complex relation-
ship between nitric oxide and HIF-la. No signifi-
cant changes were observed in the groups measured

semi-quantitatively using the eNOS antibody dur-
ing the cobalt chloride-induced chemical hypoxia
model. Possibly uninduced eNOS activity against
the hypoxic stress response was associated with the
inability to achieve a significant cellular response
in this model (26, 27). Cellular toxicity caused by



426 EDIP G. CEKIC et al.

24 Hour Exposure (eNOS staining)

0.8 —
0.6 —
c
2 r
“a T
2
= 04 — =
5
£ » .
.
--
02 - L= L - g
[
= L »
+
] = o
— _ = = — _ = _ — _ = =
< o (&) (&) < (&) (&) (&) < (&) (&) (&)
- o o [e] - o o o - o o [e]
5] o o o 5] o o o 5] o o o
o — — — o — — — o — — —
o = = = o = = = o = = =
= = = =9 = = = = =
o o o o o o o o o
o (=) o o (=) o o (=) o
— ) o — ) o — ) o
C e =] c e =] c e =]
Ranolazine (1 pM) Ranolazine (10 pM)
48 Hour Exposure (eNOS staining)
0.4 —
s,
0s | T T
£
o
» ]
S 02 — 3
> ]
= E] ]
(2]
c
[
2
£
01 — N .
m
-
ol ™
0.0 lir
\ \ \ \ \ \ \ \ \ \
- ] o o - o o o - -] o o
< (&) (&) (&) < (&) (&} (&) < (&) (&) (&)
- o [e] o - o o o - o o o
3 o o o 3 o o o 3 o o o
o = = = o = = = o = = =
=1 a o a o a =1 a2 o
o o o o o o o o o
o o o o o o o o o
— o o - o o - 2] o
L e =] c e = L e e
Ranolazine (1 pM) Ranolazine (10 pM)

Figure 5. Intensity values (arbitrary unit) of eNOS staining in HUVECs after CoCl, exposure in the presence and absence of ranolazine
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Figure 6. The percentage distribution of MAPK, PI3K and dual activation after CoCl, exposure in the presence and absence of ranolazine

for 48 h

cobalt chloride-mediated hypoxia was thought to be
related to the high variability in data.
Mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3 kinase (PI3K) signaling path-
ways are associated with many cellular activities
such as cell viability, proliferation, metabolism, and
movement (28, 14). Because of inhibition of MAPK
and PI3K pathways with pharmacological agents,
a significant decrease in HIF-la mRNA and protein
levels has been detected (15). In our study, we have

shown that during chemical hypoxia, the propor-
tional distribution of cells with only MAPK pathway
active may increase compared with those with ac-
tive intracellular pathways. The proportional change
in the distribution of cells in which the MAPK and
PI3K pathways are activated may be related to the
regulation of HIF-1a levels, but further studies must
detect a significant relationship and demonstrate the
effects of therapeutic agents such as ranolazine on
this distribution.
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Table 2. Percentage distribution of MAPK. PI3K and dual activation after CoCl, exposure in the presence and absence of ranolazine for

48h in HUVECs
Control

Negative MAPK Dual PI3K

CoCl, (-) 6.52 10.25 67.01 16.22

100 uM CoCl, 16.10 19.75 49.56 14.59

300 uM CoCl, 22.38 47.30 18.81 11.51
1000 uM CoCl, 8.87 63.21 24.25 3.68

Ranolazine (1 pM)

Negative MAPK Dual PI3K

CoCl, () 4.39 13.96 70.02 11.62

100 uM CoCl, 4.05 15.06 76.06 4.83

300 uM CoCl, 11.19 31.32 48.74 8.75

1000 uM CoCl, 4.68 58.87 33.11 3.34

Ranolazine (10 uM)
Negative MAPK Dual PI3K
CoCl, (-) 6.35 20.87 60.19 12.60

100 uM CoCl, 5.34 12.20 64.54 17.92

300 uM CoCl, 22.85 40.72 25.78 10.64

1000 uM CoCl, 15.97 54.79 23.23 6.00

A limitation of the study is that the metabo- 2. Chaitman B.R., Pepine C.J., Parker J.O., Skopal
lism of ranolazine, which is extensively metabo- J., Chumakova G., et al.: JAMA 291, 309 (2004).
lized by CYP enzymes, or the effects of ranolazine 3. Kosiborod M., Arnold S.V.,, Spertus J.A.,
metabolites on the cell line used, was not evaluated McGuire DK, Li Y, etal.: J. Am. Coll. Cardiol.
in this study. 61, 2038 (2013).

4. Ambrosio G., Mugelli A., Lopez-Sendén J.,
CONCLUSIONS Tamargo J., Camm J.: Eur. J. Prev. Cardiol. 23,
1401 (2016).

As aresult, in the chemical hypoxia model cre- 5. Deng C-Y., Kuang S-J., Rao F.,, Yang H., Fang
ated in endothelial cells, ranolazine could decrease X-H., et al.: Eur. J. Pharmacol. 683, 211 (
HIF-1a only in the 48-hour group and could not cor- 2012).
rect the toxic effect of cobalt chloride. 6. Rehberger-Likozar A., Sebestjen M.: Coron.

Artery Dis. 26, 651 (2015).
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