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-
Abstract

Background: The roles of hyperkalemic cardioplegia (CPG) and endothelial ATP-sensitive potassium (KATP) channels in
endothelial protection against ischemia-reperfusion injury (IRI) during cardiac surgery remain unclear.

Objectives: This study aimed to investigate the impacts of KATP channel openers (KCOs) on endothelial cell viability and nitric
oxide (NO) production under normal conditions and cardioplegia exposure after short and long reperfusion.

Methods: Human endothelial cells (EA.hy926) were subjected to ischemia-reperfusion (IR), with or without the KCOs,
including pinacidil, diazoxide, nicorandil, and ZD0947. The effects of nicorandil and ZD0947 were also evaluated in conjunction
with cardioplegia. The KCOs preserved endothelial cell viability against IRl under standard conditions at both time points.

Results: Ischemia-reperfusion significantly reduced NO production at 24 hours, while ZD0947 maintained early NO levels and
improved NO production at 24 hours, comparable to nicorandil. Cardioplegia alone did not affect cell viability or NO
production; however, its application under IR conditions was more detrimental than IR alone. Notably, nicorandil and ZD0947
preserved cell viability in this context. Nitric oxide levels at 30 minutes remained at basal levels in the cardioplegia, IR, and
cardioplegia with IR groups. However, treatment with nicorandil and ZD0947 in the cardioplegia with IR condition significantly

increased NO levels compared to the control.

-

Conclusions: ZD0947 and nicorandil effectively mitigated endothelial cell damage in response to IR with cardioplegia.
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1. Background

Oxygen reperfusion to ischemic tissues can result in
ischemia-reperfusion injury (IRI), causing cell damage
and death (1). Aortic cross-clamping/unclamping and
intermittent perfusion of cardioplegia are recognized
contributors to myocardial IRI during cardiac surgery
(2). Over the past two decades, the direct effects of
ischemia-reperfusion (IR) on myocardial cells have been
extensively investigated (3), and these effects are
believed to play a role in endothelial dysfunction (4).
The altered production of endothelial reactive oxygen
species and nitric oxide (NO) induced by IRI is linked to

vascular dysfunction and microvascular obstruction,
which can subsequently lead to inadequate myocardial
perfusion (5). Furthermore, the disruption of
endothelial cell-cardiomyocyte crosstalk exacerbates
susceptibility to myocardial IRI. A previous study
demonstrated that co-culturing pretreated human
umbilical vein endothelial cells (HUVECs) improved
myocardial cell survival in response to IRI (6). The
connection between endothelial functions and
myocardial IRI has garnered significant attention in
recent years, highlighting the roles of the endothelium
and NO as therapeutic targets for cardioprotection
during cardiac surgery (7). Notably, ATP-sensitive
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potassium (KATP) channels, ion channels expressed in
the endothelium and myocardium, have emerged as
regulators of membrane potential that may influence
endothelial NO production (7).

The KATP channels are octameric complex ion
channels composed of four Kir6.x family subunits and
four sulfonylurea receptors (SUR). These channels play a
crucial role in connecting the metabolic state to the
electrical activity of the cells in which they are
expressed. The common subunits found in endothelial
cells, vascular smooth muscle cells, and cardiomyocytes
include Kir6.1, Kir6.2, and SUR2B. Specifically, the
Kir6.1/SUR2B channel, present in both endothelial and
vascular smooth muscle cells, is vital for vascular
regulation, including vasodilation, vasoconstriction,
and the production of vasoactive substances (8, 9).
Activation of vascular KATP channels results in
hyperpolarization and subsequent vasodilation.
Similarly, the modulation of endothelial KATP channels
contributes to vascular mediator secretion and
angiogenesis (10). The significance of endothelial KATP
channels in cardiac protection has been underscored by
studies showing increased myocardial IRI in mice with
endothelial Kir6.1 deletion (11). Additionally, a Kir6.1-
containing modulator exhibited anti-hypertrophic
effects in a heart failure mode], likely mediated through
endothelial cells and NO production (12). These findings
suggest that endothelial KATP channels may play a key
role in mitigating IRlinduced endothelial and
myocardial dysfunction during cardiac surgery.

The protective effects of KATP channel openers
(KCOs) on endothelial cell functions have been well-
documented. For instance, pinacidil, a nonselective KCO,
and diazoxide, a cardiac mitochondrial KATP channel
activator, have been shown to hyperpolarize the
endothelial cell membrane potential in rat aorta,

leading to increased intracellular Ca** and enhanced
NO secretion (13). Similarly, nicorandil, which functions
as both a nitrate and a mitochondrial KATP channel
opener, has demonstrated protective effects against
ischemia in human pulmonary artery endothelial cells
by regulating cell apoptosis and NO production (14).

Another promising modulator subgroup for
endothelial preservation is the Kir6.1/SUR2B opener,
which includes levcromakalim, ZD0947, and A278637
(15). For example, iptakalim has been shown to enhance
endothelial NO production and inhibit endothelin-1
secretion in aortic endothelial cells (16).

Hyperkalemic cardioplegia (CPG) is extensively
employed for myocardial protection during open-heart

surgery. Under high potassium conditions, the cell
membrane becomes depolarized, leading to action
potential disruption and intracellular Ca?* loading (17).
However, the protective effects of CPG on cell viability
and NO production remain controversial. Yang et al.
demonstrated that CPG did not affect porcine coronary
artery NO levels but impaired endothelial-derived
hyperpolarizing factor-mediated vasorelaxation, which
could be partially restored by nicorandil (18). Conversely,
Von Oppell et al. reported a decrease in endothelial cell
survival after 24 and 36 hours of exposure to CPG (19),
while Evora et al. observed that crystalloid CPG did not
impair endothelium-dependent relaxation (20).
Furthermore, the protective effects of combining CPG
with KCOs against IRI are not yet well understood.

2. Objectives

This study aims to investigate the effects of KCOs,
CPG, and the combination of CPG with KCOs on
endothelial cell viability and NO production in response
to IRIL.

3. Methods

3.1. Chemicals and Solutions

The simulated ischemic solution consisted of the
following components: 140 mM NaCl, 6 mM KCl, 1 mM
MgCl,, 1 mM CaCl,, 5 mM HEPES, 10 mM 2-deoxy-D-

glucose, and 10 mM sodium dithionite. The composition
of CPG was consistent with clinical practice, comprising
100 mL of acetate Ringer solution, 2 mL of St. Thomas
cardioplegia solution (containing 16 mM KCl, 16 mM
MgCl,, and 1 mM procaine hydrochloride), and 1.1 mL of

7.5% NaHCO;. ZD094, pinacidil monohydrate, nicorandil,

and glibenclamide were obtained from Sigma-Aldrich,
while diazoxide was purchased from Abcam. These
chemicals were dissolved in dimethyl sulfoxide (DMSO)
at final concentrations of 0.001% (pinacidil, diazoxide,
and nicorandil), 0.002% (ZD094), and 0.1%
(glibenclamide).

3.2. Cell Culture

Endothelial cells (EA.hy926), obtained from the
American Type Culture Collection (ATCC, CRL-2922™,
USA), were cultured in a T75 flask using Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin.
The cells were maintained at 37°C in a humidified
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environment with a 5% CO, - 95% air mixture. Typically,

an overnight incubation results in 70 - 90% cell
confluency, which is optimal for subsequent
experiments.

3.3. Cell Viability Test

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) solution at a concentration of 5 mg/mL
was freshly prepared by dissolving MTT powder (VWR
Life Science®) in DMEM. This solution was added to each
well of the cultured cells to achieve a final
concentration of 0.5 mg/mL, and the cells were
incubated at 37°C for 2 hours. After incubation, the
supernatant was carefully removed, and 500 pL of
dimethyl sulfoxide was added to dissolve the purple
formazan crystals. The absorbance of the samples was
measured at a wavelength of 570 nm using a microplate
reader. The relative cell viability of the samples was
calculated using the following formula:

Relative cell viability (%)
[Mean O. D. treated cell]
—[Mean O. D. blank]

_ x 100
[Mean O. D. control]—[Mean O. D. blank]

3.4. Nitric Oxide Assay

The NO concentration was quantified using the
commercial colorimetric NO Assay Kit (Ab272517, Abcam,
United Kingdom) according to the manufacturer’s
protocol. Briefly, cell culture supernatants from the
control and treated wells were deproteinized by
treatment with ZnSO, and NaOH. Subsequently, 100 uL

of the supernatant was mixed with 200 pL of working
reagent and incubated at 37°C for 60 minutes. After
incubation, the mixture was centrifuged at 14,000 rpm
for 10 minutes, and the supernatant was transferred to a
96-well plate for NO level measurement using a

microplate reader (SpectraMax® iD3) at an excitation
wavelength of 540 nm. A standard curve was generated
for each assay, and only assays with an R? value greater
than 0.95 were considered valid. Nitrite measurements
for the standards, controls, and treated samples were
conducted in duplicate. The relative NO production (%)
of the sample was calculated using the following
formula:
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Relative NO production (%)
[Mean O. D. treated cell]
—[Mean O. D. blank]

x 10
[Mean O. D. control]—[Mean O. D. blank]

3.5. Optimization of Ischemia-Reperfusion Model

The IR model was optimized by varying ischemic
durations, including a control (no ischemia) and 30, 45,
60, 90, 120, and 150 minutes. Simulated ischemia was
induced by replacing the cell medium with 400 pL of
simulated ischemic solution at 37°C. After the ischemic
period, the cells were reperfused by rebathed in
normoxic DMEM for 10 minutes before being processed
for the MTT assay.

To determine the optimal concentration of KCOs, the
cells were exposed to different concentrations of KCOs
added to the simulated ischemic solution for 120
minutes. These concentrations included 1, 10, 100, 500,
and 1,000 pM of ZD0947; 0.1, 1,10, 100, 500, and 1,000 pM
of pinacidil; 0.1, 1, 10, 100, and 500 uM of diazoxide; and
01, 1, 10, 100, and 500 pM of nicorandil. Following
ischemic exposure, the cells were reperfused by
replacing the simulated ischemic solution with DMEM
for 10 minutes before assessing cell viability. Each
optimization test was conducted in triplicate and
repeated three times (n=3 x 3).

3.6. Evaluating the Impact of KATP Channel Openers Against
Ischemia-Reperfusion Injury

The cells were divided into the following groups:
Normal control (C), IR, and IR with KCO treatment. The
latter group was further subdivided based on the
specific treatment: IR-P, IR-D, IR-N, and IR-Z, representing
treatment with 1 pM pinacidil, 1 utM diazoxide, 1 uM
nicorandil, and 1 utM ZD0947, respectively. To block the
effect of KCOs, glibenclamide (G) was added. The MTT
assay was performed after 10 minutes and 24 hours of
reperfusion. Additionally, supernatant NO levels were
measured at 30 minutes and 24 hours of reperfusion
(Figure1An=4 x 3).

To simulate IRI during CPG administration, the cells
were incubated with simulated ischemic solution for 30
minutes before reperfusion with CPG. Following this,
the cells were incubated with normoxic DMEM, with or
without a KCO, for 30 minutes. The MTT assay and NO
measurement were conducted after 30 minutes and 24
hours of reperfusion, as outlined in Figure 1B. This
experiment was repeated five times (n=5 x 3).
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Figure 1. Experimental protocols for investigating the effects of CPG and KCOs in response to IR. A, in the absence of CPG; B, in the presence of CPG. PBS: Phosphate-buffered
saline; IR: Ischemia-reperfusion; IR-P: Ischemia-reperfusion with pinacidil treatment; IR-PG: Ischemia-reperfusion with pinacidil and glibenclamide treatment; IR-D: Ischemia-
reperfusion with diazoxide treatment; IR-DG: Ischemia-reperfusion with diazoxide and glibenclamide treatment; IR-N: Ischemia-reperfusion with nicorandil treatment; IR-NG:
Ischemia-reperfusion with nicorandil and glibenclamide treatment; IR-Z: Ischemia-reperfusion with ZD0947 treatment; IR-ZG: Ischemia-reperfusion with ZD0947 and
glibenclamide treatment; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NO: Nitric oxide; CPG: Cardioplegia; I-CPGR: Cardioplegia with ischemia-
reperfusion; I-CPGR-N: Cardioplegia with ischemia-reperfusion followed by nicorandil treatment; I-CPGR-Z: Cardioplegia with ischemia-reperfusion followed by ZD0947

treatment; DMEM: Dulbecco's Modified Eagle Medium.

3.7. Statistical Analysis

The data with a normal distribution are presented as
mean + standard error of the mean (SEM). One-way
analysis of variance (ANOVA) with Fisher's least
significant difference (LSD) post hoc test was used to
compare relative cell viability and relative NO
production among the groups. Statistical significance
was defined as P < 0.05. Graphs and statistical analyses
were generated and performed using SPSS version 23.

4. Results

4.1. Optimization of the Ischemia-Reperfusion Model and the
Identification of Optimal KATP Channel Opener
Concentration

The results indicated a significant reduction in
relative cell viability after 30 minutes of ischemia, with
further decreases observed at 53.46 £ 9.66% and 52.17 +
12.32% following 120 and 150 minutes of ischemia,
respectively. Based on these findings, a 120-minute
ischemia period followed by a 10-minute reperfusion

] Cell Mol Anesth. 2024;9(4): e156863
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Figure 2. Relative cell viability responded to varying concentrations of KCOs. * P < 0.05 vs. control; # P < 0.05 vs. IR. IR: Ischemia-reperfusion; IR-P: Ischemia-reperfusion with
pinacidil treatment; IR-D: Ischemia-reperfusion with diazoxide treatment; IR-N: Ischemia-reperfusion with nicorandil treatment; IR-Z: Ischemia-reperfusion with ZD0947

treatment.
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Figure 3. The effects of KCOs on cell viability during IR. A, cell viability after 10 min of reperfusion; B, cell viability after 24 h of reperfusion. * P < 0.05 vs. control; # P < 0.05 vs. IR.
IR: Ischemia-reperfusion; IR-P: Ischemia-reperfusion with pinacidil treatment; IR-PG: Ischemia-reperfusion with pinacidil and glibenclamide treatment; IR-D: Ischemia-
reperfusion with diazoxide treatment; IR-DG: Ischemia-reperfusion with diazoxide and glibenclamide treatment; IR-N: Ischemia-reperfusion with nicorandil treatment; IR-NG:
Ischemia-reperfusion with nicorandil and glibenclamide treatment; IR-Z: Ischemia-reperfusion with ZD0947 treatment; IR-ZG: Ischemia-reperfusion with ZD0947 and

glibenclamide treatment.

was selected as the IR model. Treatment with the KCOs
pinacidil and diazoxide at varying concentrations (1, 10,
and 100 pM) significantly enhanced cell viability
compared to the IR group. Similarly, cells treated with
nicorandil (0.1, 1, and 10 uM) or ZD0947 (1, 10, and 100

] Cell Mol Anesth. 2024; 9(4): e156863

uM) exhibited improved viability (Figure 2).
Consequently, pinacidil, diazoxide, and ZD0947 at a
concentration of 1 pM, along with nicorandil at a
concentration of 10 uM, were chosen for subsequent
experiments.
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IR: Ischemia-reperfusion; I-CPGR: Cardioplegia with ischemia-reperfusion; I-CPGR-N: Cardioplegia with ischemia-reperfusion followed by nicorandil treatment; I-CPGR-Z:
Cardioplegia with ischemia-reperfusion followed by ZD0947 treatment.

hours of reperfusion. The addition of nicorandil and
4.2. Effects of KATP Channel Openers on Endothelial Cell  7pgg47 to the simulated ischemic solution

Viability in Response to Ischemia-Reperfusion demonstrated a significant protective effect on
Figure 3 illustrates the protective effects of KCOs on endothelial cells. After 10 minutes of reperfusion, cell
cell viability under IR conditions after 10 minutes and 24 viability increased from 49.51 £ 3.80% in the IR group to
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89.47 £ 7.80% in the IR-N group and 92.48 * 6.42% in the
IR-Z group. Similarly, cell viability in the IR-P and IR-D
groups was significantly higher than that in the IR
group (Figure 4A). However, the addition of
glibenclamide (G) partially inhibited the protective
effects of the KCOs.

4.3. Effects of KATP Channel Openers on Endothelial Nitric
Oxide Production During Ischemia-Reperfusion

At the 30-minute reperfusion time point, the relative
NO levels in both the IR and IR-Z groups were
comparable to those in the control group. In contrast,
the NO levels in the IR-P, IR-D, and IR-N groups were
significantly reduced compared to the control group
(Figure 4A). After 24 hours of reperfusion, the relative
NO production in the IR, IR-P, IR-D, and IR-Z groups
showed a significant decrease compared to the control
group and was lower than the NO levels measured at the
30-minute reperfusion time point for each respective
group (Figure 4B). Notably, the IR-N group exhibited a
significant increase in NO levels compared to the IR
group after 24 hours of reperfusion.

4.4. Impacts of CPG on Cell Viability and Nitric Oxide
Production Against Ischemia-Reperfusion Injury

The results demonstrated that exposure to CPG did
not adversely affect cell viability at either the 30-minute
or 24-hour reperfusion time points. However, it is
noteworthy that CPG under IR conditions (I-CPGR)
significantly reduced cell survival compared to the
control, CPG alone, and IR alone (Figure 5).

Further evaluation of the effects of nicorandil and
ZD0947 on cell viability and NO production indicated
that both KCOs effectively enhanced cell viability and
NO production compared to I-CPGR at the 30-minute
reperfusion time point (Figure 5A and C). However, after
24 hours of reperfusion, neither KCO demonstrated an
improvement in cell viability compared to I-CPGR
(Figure 5B), and NO levels in both KCO-treated groups
returned to levels comparable to the control (Figure 5D).

5. Discussion

In the present study, IR clearly exerted detrimental
effects on endothelial cells, while KCOs demonstrated
protective effects on endothelial cells in terms of cell
viability and NO production under IR conditions. A prior
study reported that IRl-induced endothelial cell
apoptosis could be detected at an early stage (5 minutes)
of reperfusion and preceded cardiomyocyte apoptosis

] Cell Mol Anesth. 2024; 9(4): e156863

(21). This suggests that soluble pro-apoptotic mediators
released from endothelial cells are associated with
cardiomyocyte apoptosis. Additionally, cell migration
and autophagy have been documented as mechanisms
of endothelial dysfunction during IR (22).

In the absence of CPG, we observed that the
supernatant NO level in the IR group remained stable at
the early stage of reperfusion, even as cell viability
dropped to 50%. However, a significant decrease in NO
levels was noted at 24 hours of reperfusion. The link
between reduced cell viability and stable NO production
in response to IRI may involve inducible NO synthase
activity and apoptosis. Ischemia-reperfusion -induced
apoptosis of HUVECs has been shown to involve
inducible NO synthase activity (22).

In the current study, ZD0947 was found to maintain
NO production at levels similar to the IR group. The
mechanism underlying ZD0947's ability to increase NO
production is unclear and warrants further
investigation. We hypothesize that ZD0947 may act
through a mechanism distinct from IR, as it exhibited a
protective effect on endothelial cell survival. ZD0947
may influence NO release through changes in
membrane potential, potentially via the activation of
endothelial membrane KATP channels, which leads to
membrane hyperpolarization, elevated intracellular
calcium levels, and subsequent NO release.

However, it remains to be investigated whether
ZD0947 also plays a role in endothelial NO synthase
phosphorylation, as suggested in a previous study (23).
The initial reduction in NO levels observed in the
pinacidil, diazoxide, and nicorandil groups was a
notable finding. We hypothesize that these potassium
channel openers may influence KATP channels beyond
the endothelial membrane, potentially leading to a
limited alteration in membrane potential and NO
release during the initial phase while still preserving
cell viability.

The effect of CPG against ischemia and IRI remains a
subject of debate. To the best of our knowledge, this
study is the first to explore the immediate effects of CPG,
both alone and in combination with IR, on endothelial
cell viability and NO production. Our findings indicate
that CPG does not impair endothelial cell viability or NO
production. These results align with previous studies
showing that a hyperkalemic solution (16 uM) could
protect endothelial cells and cardiomyocytes against IRI
by reducing diastolic intracellular Ca?* levels (20, 24).

However, another study reported that the use of St.
Thomas cardioplegia with redosing resulted in a
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significant decrease in HUVEC viability at 24 hours post-
application, while no such effect was noted at the 2-hour
mark (25). This discrepancy may stem from differences
in the composition of cardioplegia used and variations
in experimental design. In the current study, a single
dose of cardioplegia was used to minimize confounding
effects related to cell loss during redosing.

We demonstrated that the adverse effects of IRI on
cell viability were significantly exacerbated when
combined with CPG application. This finding aligns with
a study showing that the glycocalyx—a mesh-like
structure crucial for maintaining endothelial
permeability—was rapidly degraded after reperfusion in
patients undergoing aortic valve replacement with
blood cardioplegia (26). The involvement of KATP
channels in these effects is presumed. The opening of
KATP channels in response to low ATP levels combined
with increased extracellular potassium may influence
potassium efflux, resulting in action potential alternans
and  disrupted Ca?*  homeostasis.  Previous
computational simulations have demonstrated that the
altered membrane potential caused by extracellular
hyperkalemia and IR is regulated by the Na*-K* pump
and KATP channels (27).

Apoptotic cell death is another critical concern. In
this study, nicorandil-a KCO with NO-donating
properties—and ZD0947, a Kir6.1/SUR2B-specific KCO,
preserved cell viability during IRI in the presence of CPG.
Notably, both KCOs significantly increased NO levels in
the early phase of reperfusion. The enhanced NO
production associated with nicorandil can be attributed
to its intrinsic NO-donating effects. For ZD0947, the
increase in NO levels may result from its ability to open
endothelial membrane KATP channels under
hyperkalemic depolarization conditions, facilitating
enhanced potassium efflux. This process leads to
membrane hyperpolarization and subsequent NO
release.

Our study is the first to demonstrate ZD0947’s ability
to rapidly increase NO production immediately after
reperfusion. This effect may help prevent microvascular
dysfunction during cardioplegia administration and
minimize inadequate myocardial perfusion. Previous
research has shown that CPG reperfusion following
hypothermia exacerbated arteriolar constriction and
reduced capillary density (28). Further investigation in
an animal model is warranted to evaluate the potential
of nicorandil and ZD0947 as candidates for "hot shot"
interventions before aortic declamping.

Our findings suggest that IR combined with CPG is
more detrimental to endothelial cells than cardioplegia
or IR alone. An endothelial KCO demonstrated
protective  effects when administered before
reperfusion, both in the short and long term. However,
the roles of KCOs in these processes, including the
impact of IR on endothelial functions, the mechanisms
underlying endothelial cell death, and the interplay
between endothelial and myocardial functions, warrant
further investigation. This data will be fundamental for
refining the strategy and components of cardioplegia
solutions to achieve better preservation of both the
heart and endothelial cells.

This study has certain limitations, including the use
of a simulated ischemic solution to induce metabolic
deprivation in cells rather than employing a low oxygen
level in the cell culture system. However, this model is a
well-established and widely accepted IR model.
Additionally, we did not incorporate intermittent
perfusion of the cardioplegic solution, which more
closely resembles the current techniques used in cardiac
surgery.

5.1. Conclusions

Cardioplegia alone was able to preserve endothelial
cells. However, CPG under IRI conditions resulted in
greater cell death compared with IRI alone. Both in the
presence and absence of high-potassium cardioplegia,
nicorandil and ZD0947 were effective in preserving
endothelial cell viability in response to IRI over both
short and long durations. Nicorandil and ZD0947 also
significantly increased NO production during the early
stages of reperfusion.
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