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Abstract: Luteolin (LUT) is a well-known flavonoid that exhibits a number of beneficial properties.
Among these, it shows cardioprotective effects, as confirmed by numerous studies. However, its
effect on mitochondrial potassium channels, the activation of which is related to cytoprotection,
as well as on heart ischemia/reperfusion (I/R) damage prevention, has not yet been investigated.
The large conductance calcium-regulated potassium channel (mitoBKc,) has been identified in both
the mitochondria of the vascular endothelial cells, which plays a significant role in the functioning
of the cardiovascular system under oxidative stress-related conditions, and in the mitochondria of
cardiomyocytes, where it is deeply involved in cardiac protection against I/R injury. Therefore, the
aim of this study was to explore the role of the mitoBK¢, channel in luteolin-induced cytoprotection.
A number of in vitro, in vivo, ex vivo and in silico studies have confirmed that luteolin activates
this channel in the mitochondria of cardiomyocytes and endothelial cells, which in turn leads to the
protection of the endothelium and a significant reduction in the extent of damage resulting from
myocardial infarction, where this effect was partially abolished by the mitoBKc, channel blocker
paxilline. In conclusion, these results suggest that luteolin has cardioprotective effects, at least in
part, through the activation of the mitoBK¢, channel, shedding light on a new putative mechanism
of action.

Keywords: luteolin; cardioprotection; mitoBKc, channel activation; acute myocardial infarction;
apoptosis; necrosis

1. Introduction

Numerous studies proving the participation of mitochondrial potassium channels
(mitoK) in the life/death processes of cells have been published [1]. One such example
is their contribution to the protection of cells against I/R injury at the myocardium [2]
and brain level [3,4]. The activation of mitoK channels has been proven to be associated
with the induction of cytoprotective processes [5-7]. A deeper understanding of these
mechanisms offers an opportunity to develop new cytoprotection strategies targeting mitoK
channels. However, the molecular, biophysical and pharmacological properties of these
channels have still not been fully described [8]. In addition, the previously used synthetic
pharmacological substances, considered to be modulators of potassium channel activity,
may affect other mitochondrial proteins [9,10].

It has been proven that the activation of the large-conductance calcium-activated
mitochondprial potassium channel (mitoBKc,) is associated with the protection of brain
cells against damage during stroke [3,4] or cardiac muscle cells, where it alleviates the
effects of myocardial infarction [2]. Both the mitochondrial and the plasmalemmal BKc,
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channels are perceived as proteins with an important role in cell protection, which has been
confirmed by various studies [7,11-14]. In this regard, the mitoBK¢, channel was identified
in the inner mitochondrial membrane (IMM) of the LN229 glioma cells [15]—as well as
in the mitochondpria of cardiomyocytes [16], dermal fibroblasts [17], skeletal muscle [18],
bronchial epithelial [19] and endothelial EA.hy926 cells [20].

The mitoBK¢, channel, like the BK¢c, present in the cell membrane, is sensitive to
NS1619 and NS11021—known potassium channel activators. Additionally, it was shown
that paxilline completely inhibited the activity of this channel [21] and quercetin abolished
paxilline inhibition [22]. However, the majority of mitoBKc, channel modulators exhibit
a broad spectrum of side effects [9], including mitochondria-uncoupling properties, inhi-
bition of the respiratory chain, and alteration of calcium ion homeostasis in the cell [23].
Therefore, it seems important to search for new, specific activators of potassium channels,
especially natural plant compounds, e.g., from the group of flavonoids. Many data indicate
that flavonoid interact with mitochondria in the cell [24-26]. Additionally, some flavonoids
show cardioprotective properties, such as blood pressure regulation and antioxidant, an-
tiarrhythmic and anti-atherosclerotic properties [27,28], and so it is suspected that the effect
may be related to the mitochondrial transport of potassium ions.

One of the cardioprotective flavonoid is luteolin (3,4,5,7-tetrahydroxy flavone, LUT).
This occurs naturally in many species of plants, including celery, carrot, sweet pepper,
broccoli, parsley and the green parts of onions [29,30]. It is recognized for its antioxidant,
anti-inflammatory, anti-allergic and anti-cancer properties. With regard to its anti-cancer
activity, pro-apoptotic- and cell-cycle-inhibiting actions have been demonstrated [31]. In
addition, LUT prevents fibrosis in the lungs and liver [32,33]. Of note, LUT is endowed
with beneficial effects on the cardiovascular system, and its use has been demonstrated to
alleviate myocardial I/R injury as a result of the activation of the antioxidant Nrf2 pathway,
as well as helping in the maintenance of mitochondrial integrity. LUT has also been
shown to prevent myocardial fibrosis and hypertrophy in diabetic mice, demonstrating
a cardioprotective effect [34]. Numerous studies have also confirmed that LUT protects
the heart against ischemia/reperfusion (I/R) damage [34-37], but the role of the mitoBKc,
channel in this phenomenon has not been determined yet.

In addition to the obvious function of the heart in the cardiovascular system, vascular
endothelial cells play an important role in its proper functioning. The dysfunction of this
cell layer is associated with oxidative stress, vascular dysfunction and atherosclerosis, a
condition that increases the risk of cardiovascular events and hypertension. The decrease in
the bioavailability of nitric oxide and the rise in the concentration of reactive oxygen species
(ROS) are considered to be the main factors involved in endothelial cell dysfunction [38,39].

Considering the above, in this study we investigated the role of the mitoBKc, channel
regulation in the cardioprotective action of LUT, both in vitro in the model of vascular
endothelial cells EA.hy926 as well as in vivo and ex vivo in the rat heart. Moreover, through
an in silico approach, we suggested LUT binding site within the mitoBKc, channel.

2. Materials and Methods
2.1. Biological and Chemical Materials
2.1.1. Animal Model

Experimental procedures (ex vivo and in vivo) were performed in line with the Euro-
pean (EEC Directive 2010/63) and Italian (D.L. March 4, 2014 n.26) legislation (491/2018-PR).
Moreover, ARRIVE guidelines were applied. Male Wistar rats (ENVIGO) were housed in
cages with unrestricted access to food and water and exposed to a 12 h dark/light cycle.

Then, they were subjected to the experimental procedures after reaching the appropriate
age (about 3 months) and weight (430470 g).

2.1.2. Cell Culture

EA hy926—human endothelial cell line (Cat. No. ATCC®CRL-2922™), originally derived
from a human umbilical vein, was used in in vitro studies as an endothelial model [20,40].
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Cells were cultured in Dulbecco’s modified Eagle’s medium (1000 mg/L D-glucose) with
addition of 10% fetal bovine serum (FBS), 1% L-glutamine, 2% hypoxanthine-aminopterin-
thymidine (HAT), as well as 1% penicillin/streptomycin in the atmosphere of 5% CO,, 37 °C.
The EA.hy926 cells were passaged until they reached approximately 90-95% confluence. Cells
between passages 12 and 23 were used in this study.

2.1.3. Chemical Substances

The main substance was luteolin (3,4,5,7-tetrahydroxy flavone, LUT), a natural origin
flavonoid (Sigma Aldrich, Milan, Italy). Additionally, the mitoBKc, channel blocker—
paxilline (Sigma Aldrich, Milan, Italy) and opener N51619 (Sigma Aldrich, Milan, Italy)
were used. LUT and potassium channel modulators were dissolved in dimethyl sulfoxide
(DMSO, Sigma Aldrich, Milan, Italy) to reach 10 mM concentration and then diluted in
buffer solution. Dithiothreitol (DTT; Sigma Aldrich, Milan, Italy) was used to modulate the
redox state in the EA.hy926 cells, in particular to obtain a reduced environment in which
investigate the role of LUT on mitochondria.

3. Experimental Methods
3.1. In Vivo Model of Acute Myocardial Infarct

Male Wistar rats were randomized into three groups (5 animals per group), 2 h
before occluding the left coronary artery they were exposed to an intra-peritoneal injection
of: vehicle (DMSO 3 mL/kg), LUT (100 mg/kg) and paxilline plus LUT (10 mg/kg of
paxilline, 100 mg/kg of LUT 20 min later).

Minor changes were applied to experimental procedures previously described [41,42].
Basically, the animals were anesthetized with 70 mg/kg of pentothal sodium (MSD Animal
Health) administered through intra-peritoneal injection. Artificial ventilation support
system (mod. 7025 Ugo Basile, Comerio, Italy) was set to 70 breaths/min (air volume,
1mL/100 g body weight).

The chest was opened by a left thoracotomy, then a 6-0 surgical needle was passed
2 mm under the left anterior descending coronary artery was occluded with a 6-0 surgical
needle coupled to a small plastic tube. A small plastic tube was placed in front of the
coronary artery, then the snare was pulled and fixed in place by clamping the tube with
a hemostat, inducing leading to a partial local myocardial ischemia on the left ventricle
in the myocardium for 30 min (ischemic period). At the end of the ischemic period, The
plastic tube was removed 30 min later from the ligature and the artery was re-opened,
allowing reperfusion for 120 min (reperfusion period). An anterior ST segment elevation
was observed as a typical event of the ischemic stage, using During monitoring with an
electrocardiograph electrocardiographic analyzer (Mindray, PM5000, 2 Biological Instru-
ments, Varese, Italy), increases in T wave and ST segments were observed in the ischemic
period; the ST segments returned to normal levels during the reperfusion period.

After the reperfusion period, the heart was removed and a Langendorff apparatus
was used to clean up the coronary vessels with Krebs solution (NaHCOj3 25 mM, glucose
12 mM, NaCl 118 mM, KC1 5 mM, MgSO;, 12 mM, CaCl, 25 mM, KH,PO4 12 mM) at 37 °C
for 5 min. Only the left ventricle was kept dried and frozen at —20 °C for 20 min, then cut
into 2.0 mm sagittal sections. The slices were dipped in a 1% 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma-Aldrich, Milan, Italy) solution at 37 °C for 20 min, fixed overnight in
a 10% formaldehyde solution and then treated with 3% H,O, (Profar®) for 10 min before
the photographic acquisition. Dehydrogenase enzymes, in the presence of NADH, reacts
with TTC to form a formazan derivative, which causes an intense red staining in living
cells. The necrotic cells of the infarct area did not show red color, but instead were white or
pale pink. The infarct size was evaluated using an image analysis software (Axio Vision
Rel 4.8) and expressed as a percentage of the whole ventricle.

In addition, control experiments were carried out in two additional animal groups:
SHAM (procedure without induction of ischemia/reperfusion; where each single step of
the procedure described above was performed, except for the coronary artery occlusion)
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and IPC (30-min occlusion described above for the other treatment groups, except for
SHAM, was preceded by three cycles of 5 min of ischemia 10 min of reperfusion).

3.2. Cardiac Mitochondria Isolation

Freshly collected heart from a humanely killed animal in accordance with the ethical
rules was chopped into small 2/3 mm? pieces in STE buffer (composition: sucrose 250 mM,
Tris 5 mM, EGTA 1 mM; pH 7.4) making each procedure steps on ice (4 °C). The tissue
scraps were dipped in STE (4 °C) and homogenized with Ultra-Turrax (model: IKA,
T-18 Basic). Then, a procedure of differential centrifuges was used in order to obtain
the isolated mitochondrial component and to maximize its yield. The resulting pellet,
containing the mitochondrial fraction, was resuspended in ST buffer (sucrose 250 mM, Tris
5 mM; pH 7.4) and kept on ice until the end of the experimental procedure. The Bradford
(Bio-Rad, Hercules, CA, USA) assay tandem spectrophotometric microplate reader (EnSpire,
PerkinElmer, Waltham, MA, USA) was used for amount of protein evaluation.

3.3. Measurement of Mitochondrial Membrane Potential (N¥m)

A potentiometric method consisting of two mini electrodes tandem data acquisition
software (Biopac Inc. Goleta, CA, USA) was developed for the evaluation of the mitochon-
drial membrane potential (A¥m) from isolated rat heart mitochondria. The first electrode
(WPI, TipTPP, Sarasota, FL, USA) picks up the lipophilic cation tetraphenylphosphonium
(TPP*), and the second one is a reference electrode (WPI, Sarasota, FL, USA). Then, a mito-
chondrial suspension (1 mg protein/mL) was made up in swelling buffer (KC1 120 mM,
K,HPO,4 5 mM, Hepes 10 mM, succinic acid 10 mM, MgCl, 2 mM, TPP*Cl~ 10 uM; pH 7.4)
or mannitol buffer (D-mannitol 240 mM, Na,HPO,4 5 mM, Hepes 10 mM, succinic acid
10 mM, MgCl, 2 mM, ATP 200 uM, TPP*C1~ 10 uM; pH 7.4) and was kept under continu-
ous stirring. The A¥m mitochondrial membrane potential value was calculated according
to the following experimental equation derived from following the Nernst equation:

LN
[ree], —MRP

Vo [TPPT
([)I['PP+]30 —Vi—KoP

M

where: AYm—mitochondrial membrane potential (mV); Vp—volume of the incubation
medium before the addition of mitochondria; Vi—volume of the incubation medium af-
ter the addition of the mitochondria; V,—volume of the mitochondrial matrix (taken as
1 uL/mg protein); [TPP*]y and [TPP*];—respectively, the TPP* concentrations recorded
before addition and at time t; P—the concentration expressed in mg; Ky and K;—external
and internal partition coefficients of TPP* (14.3 and 7.9 uL/mg, respectively). 4 animals
per group were used to AYm assessment. Data were expressed as mean - SEM. One-way
ANOVA followed by Tukey post hoc test was used to compare groups for statistical differences.

3.4. Measurements of the Mitochondrial Ca®* Uptake

Changes in Ca®*-concentrations were evaluated by potentiometric method as de-
scribed above. In this case, however, a reference electrode was coupled to a selective
calcium electrode (Ca?* selectivity = 1 x 10° fold) (WPI, Worcester, MA, USA) [41]. Before
each experiment, electrodes were calibrated using known concentrations of CaCl,. Isolated
mitochondria (1 mg protein/mL) were added into the gentle stirring incubation medium
and treated with the maximum-used concentration of vehicle (DMSO 0.3%) or LUT (1, 3, 10,
and 30 pM). The maximum change of Ca?*-concentration in the incubation medium, and
then its corresponding storage in the mitochondrial matrix, was measured Mitochondria
were isolated from the hearts of three different rats to obtain each result.
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3.5. Potassium Cations Flow Measurements

The mitoBK¢, channel activation scale was evaluated using a specific T1"-sensitive
fluorescent probe (FluxOR, Invitrogen, Monza, Italy), as previously described [42]. After
mitochondria isolation (according to Cardiac mitochondria isolation) they were incubated
with loading buffer (containing the T1*-sensitive probe) for 10 min at room temperature
under continuous stirring without light access, in order to allow the TI*-sensitive probe to
accumulate in the mitochondrial matrix. Then, residual Tl*-sensitive probe was removed
from the medium, mitochondria were re-suspended in isolation buffer (400 puL) and kept on
ice. Mitochondrial protein concentration was determined with Bradford solution. Mannitol
buffer (mannitol 240 mM, Na,HPO4 5 mM, HEPES 10 mM, succinic acid 10 mM, MgSO,
2 mM, ATP 200 uM, pH 7.4) was used before the test to further dilute (0.5 mg mitochondrial
protein/mL) mitochondrial pool. Later it was placed into a 96-well black plate with clear flat
bottom (Corning®). LUT (1, 3, 10 and 30 uM) and 30 uM LUT with paxilline (1 and 10 pM
added 1 min before LUT). Finally, the entry of TI* into the mitochondrial matrix, through
the potassium channels, was spectrophotometrically monitored for 2 min (Aex = 488 nm,
Aem = 525 nm) with an EnSpire multiplate reader (PerkinElmer, Waltham, MA, USA), after
a further addition of TISO4. The results were analyzed with GraphPad Prism 4.0.

3.6. Mitochondria and Mitoplast Preparation for Electrophysiological Studies

For the electrophysiological measurements, newly isolated mitochondria and subse-
quent mitoplasts were prepared based on differential centrifugation method and hypotonic
swelling, respectively, as previously described [20,43]. Mitoplasts were prepared from
the endothelial EA.hy926 cells mitochondria through incubation in a hypotonic solution
(HEPES 5 mM, CaCl, 100 uM, pH 7.2) for about 1.5 min, and then a hypertonic solution
(KC1 750 mM, HEPES 30 mM, and CaCl, 100 uM, pH 7.2) was afterwards added to re-
store the isotonicity of the medium. For each patch-clamp experiment, fresh mitoplast
preparations were used.

3.7. Patch-Clamp Experiments

Patch-clamp experiments using endothelial mitoplasts were performed like in previ-
ously published studies [14,20,43-45]. In simplification, a patch-clamp pipette was filled
with an isotonic solution (KCl 150 mM, HEPES 10 mM, and CaCl, 100 uM, pH 7.2). All of
the mitoBKc, channel modulators were added as dilutions in an isotonic solution and ap-
plied using a perfusion system. The mitoplasts at the tip of the measuring glass pipette were
transferred into the openings of a multibarrel piping system in which their outer faces were
rinsed with the test solutions. The current-time traces of the experiments were recorded,
and then the open probability (P,) of the channels was determined using the single-channel
search mode of Clampfit 10.7 software. Results are presented as the mean £ SD which
were obtained from at least three to six independent experiments conducted in triplicates.

3.8. Cell Respiration Measurements

Cells for measuring oxygen consumption (cellular respiration), under the influence
of the tested flavonoid, were grown in complete cell culturing medium. Experiments
were performed using an oxygraph (O2k-respirometer, Oroboros Instruments®). After
starting the device, its electrodes in individual chambers were rinsed and stabilized (approx.
30 min), first with water, and then with the clear DMEM (cDMEM—DMEM without the
addition of FBS, HAT, glutamine, penicillin and streptomycin) at 37 °C. Subsequently, cells
were detached from the cell culture flasks with trypsin, which was then centrifuged for
5 min (300 X ). The cell pellet was resuspended in cDMEM without additives (37 °C). Cells
were counted, resuspended in 2.1 mL of cDMEM, and transferred to oxygraph chambers,
2 million cells per chamber, which were then sealed without leaving any air bubbles inside.
After another stabilization of the measurement system for 20 min, the titration of LUT
was started. The experiment was ended by decoupling the mitochondria by adding
FCCP (500 nM) to the chamber. The results obtained were compared with non-treated
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cells respiration. Additional tests of respiration were conducted with cells preincubated
with 0.5 mM DTT (in case of reduced conditions as in patch-clamp experiments) per 1 h
before detaching them from the bottom of the flask. Then, the above-described procedure
was followed.

3.9. Apoptosis/Necrosis Assay

RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay (Promega, Madison, WI, USA)
kit, measuring apoptosis and necrosis singlas, was used to check the toxicity of LUT at
different concentrations (3, 10, 30 uM). EA.hy926 cells were sown on a 96-well assay black
plate (Corning Incorporated Costar®) at 8500 per well, and then after 48 h of culture in
complete cell culture medium, a test was carried out. Before starting the measurements,
medium was changed, and to 100 uL of fresh medium, freshly prepared, according to the
manufacturer’s instructions, the RealTime-Glo™ test in a 1:1 ratio was added. Measure-
ments were performed with an Infinite m200 pro plate reader (Tecan®, Grodig, Austria)
at designated points in time: 0, 1, 3, 7, 9, 11, 13 and 24 h. As a positive control, the
combination of TNF-o (tumor necrosis factor ) 1 ng/mL and cycloheximide 0.05 pg/mL
(TNF/CHX) [14,46] was used. This mix is widely used to induce in the cells an oxidative
stress and apoptotic damage [47].

3.10. Molecular Modeling Studies

For docking of LUT, the K* Slo1 channel was used (PDB ID 6V3G) [48]. The structure
of LUT was obtained from the PubChem online database CID 5280445 and optimized
before docking using the LigPrep module available in Schrodinger suite (LigPrep release
2020, Schrodinger, LLC, New York, NY, USA, 2020) using the OPLS3e force field. Molecular
docking of LUT was performed using the Induced Fit Docking (IFD) (IFD release 2020,
Schrodinger, LLC, New York, NY, USA, 2020) with the use of the implicit membrane setting,
employing the OPLS3e force field. The channel was prepared by protein preparation wizard
protocol. While the binding site analysis was conducted using the application SiteMap
(SiteMap release 2020, Schrédinger, LLC, New York, NY, USA, 2020) The cubic box for
ligand docking was centered on the residues Met285, Thr287, Gly311 and Phe315 with a
10 A box size similar to previously published quercetin /paxilline docking [22]. LUT has
been docked flexibly with a maximum pose number equal to 20. Then, the refinement of
residues located within 5 A of ligand poses was performed with side chain optimization,
and the ligands were redocked with extra precision (XP) using the Glide protocol.

3.11. Statistical Analysis

ANOVA (One- or two-way) with Tukey post hoc test were used to compare the means
of three or more treatment conditions using GraphPad Prism 5 (GraphPad Software). For all
tests, a p-value was considered to be significant at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), or
p <0.0001 (****); or non-significant (ns). Each of performed experiments were carried out in
at least three independent repetitions (each of them also internally at least 3 times repeated).

4. Results
4.1. In Vivo and Ex Vivo Studies
4.1.1. In Vivo Acute Myocardial Infarction and LUT Action

According to the procedure described in the Materials and Methods, 100 mg/kg
LUT was administered intraperitoneally 2 h before the induction of myocardial infarction
(occlusion of the left ventricular artery). The occlusion lasted 30 min (ischemia), followed
by a 2 h reperfusion and collection of the heart, its washing, freezing, cutting into 2 mm
slices and staining of the ischemic damage. Digitally fixed slices of the left ventricle were
analyzed and it turned out that in the case of LUT, the ischemic damage was 10.5% = 0.8%.
Exactly the same experiments were also carried out on rats which were administered
10 mg/kg paxilline intraperitoneally 20 min before LUT injection, as well as 3 mL/kg
DMSO (the maximum volume of vehicle used for LUT and paxilline). The ischemic damage
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in the paxilline plus LUT treatment was greater than those in the luteolin-treated group
and reached 23.7% = 0.5%. The greatest damage to the heart was reported in the group of
rats treated with vehicle—DMSO (36.5% =+ 1.5%), which means that the vehicle was not
responsible for the observed protective effect. For SHAM and IPC groups, the ischemic
damage was 11.0% % 2.0% and 21.0% = 2.0%, respectively. Obtained results are presented
in Figure 1 and suggest a significant role of the mitoBKc, channel activation by LUT in the
protection of the myocardium against ischemia/reperfusion injury.
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Figure 1. Morphometric quantification of ischemia/reperfusion-induced injury observed in ventricu-

lar slices of rat hearts, after acute myocardial infarction in vivo. Graph shows % of ischemic damage
in comparison to whole slice area for vehicle (3 mL/kg DMSO), SHAM, IPC and after treatment with
LUT (100 mg/kg) and LUT with paxilline (100 mg/kg + 10 mg/kg). Additionally, the figure shows
exemplary photographs of cross-sections through the left ventricle with a stained ischemic zone in
the given experimental conditions. The level of statistical significance was determined by one-way
ANOVA with Tukey post hoc test, n = 3, p < 0.001 (***)).

4.1.2. Ex Vivo Changes in Membrane Potential in Cardiac-Isolated Mitochondria

To evaluate proper involvement of the mitoBKc, channels, the effect of LUT on chang-
ing the potential of the IMM was determined using a potentiometric approach, by means
a TPP*-sensitive electrode, on isolated mitochondria from rat hearts. A concentration-
increasing administration of LUT, showed a progressive change in potential, indicative of
depolarization. LUT 1 uM induced a change in AY of 2.2 £ 1.0 mV,3 uM of 4.6 £ 14 mV,
10 pM of 10.3 + 1.4 mV and finally LUT 30 pM induced a depolarization of 21.0 & 3.7 mV.
In order to determine the possible participation of mitochondrial potassium channels in
the observed event of depolarization, these experiments were performed once again, but in
a potassium-free buffer (mannitol buffer). No significant changes were observed this time
(AY1uM: 04+ 04 mV;3 uM: 1.5 + 1.1 mV; 10 pM: 54 + 2.5 mV; 30 uM: 5.4 £+ 3.5 mV).
Addition of 1 uM paxilline significantly reduced the observed depolarization effect (change
in AY for LUT: 1 uM: 1.6 £ 0.6 mV; 3 uM: 4.1 = 0.7 mV; 10 uM: 4.9 =+ 0.7 mV; 30 uM:
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Ay change [mV]

(c)

6.9 + 0.6 mV), almost to the level observed in the mannitol buffer. The results are presented
in Figure 2a.
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Figure 2. Ex vivo determination of mitoBKc, channels activation properties by LUT. (a) Changes
in AY in the presence of LUT. The increasing mitochondrial depolarization is shown for LUT 1,
3, 10 and 30 uM. The blue line corresponding to results obtained in conditions where 1 uM pax-
illine were added 2 min before LUT and the red line to results obtained for LUT in mannitol buffer
(potassium-free) for the same flavonoid concentrations. The level of statistical significance between
these two conditions was determined by one-way ANOVA with Tukey’s test for n = 3 (p < 0.01 (**);
p <0.001 (***)). (b) Impact of LUT on calcium ions accumulation in the cardiac mitochondrial ma-
trix. The graph shows the uM concentration of calcium uptaken by mitochondria in probes with
1, 3,10 and 30 uM LUT and with vehicle (0.3% DMSQO; the maximum concentration of the vehicle
used). The level of statistical significance in comparison to 0.3% DMSO was determined by one-way
ANOVA with Tukey’s test for n = 3 (p < 0.05 (*), p < 0.01 (**)). (c) Changes of K* flux in the presence of
LUT measured by TI* fluorescent probe. Graph shows the % fluorescence emitted vs. 100 uM NS1619
(100%) as maximal mitoBK¢, channel activation and for 3, 10 and 30 uM LUT. The level of statis-
tical significance was determined using one-way ANOVA with Tukey’s test for n = 4 (p < 0.01 (**),
p < 0.001 (***)). (d) Inhibition of mitoBK¢, channels by paxilline measured by TI* fluorescent probe.
Graph shows the activation of the channel by 30 uM LUT vs. NS1719 and its inhibition in probe
30 uM LUT with 1 uM paxilline (PAX). The level of statistical significance was determined using
one-way ANOVA with Tukey’s test for n = 4 (p < 0.01 (**), p < 0.001 (***)).
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4.1.3. Ex Vivo Calcium Ions Uptake into Cardiac Mitochondria

Another attempt was to determine the value of calcium ions uptake in the presence of
LUT. Indeed, in the case of mitoK channel activators, an inverse relationship between the
depolarization and increasing concentration of activators was observed. In this case, the
highest the mitoK channel activation, followed by mitochondrial depolarization, results to
the lowest calcium ions uptake [49,50]. After the mitochondria were isolated from the rat
heart, measurements were started with the use of a calcium ion selective electrode, and then
results collected. For vehicle (0.3% DMSO) the value of Ca%* uptake was 89.1 = 4.1 uM.
Conversely, a concentration-dependent decrease in the calcium ions accumulation in mito-
chondria was recorded after the addition of LUT. In particular, with 30 uM of LUT the value
raised 38.6 + 10.3 uM, for 10 uM LUT 45.3 + 9.4 uM, and for 3and 1 uM LUT 55.9 + 6.9 uM
and 76.6 + 1.9 uM, respectively. The detailed results are presented in Figure 2b.

4.1.4. Ex Vivo Potassium Ions Flow through mitoBKc, Channels in Cardiac Mitochondria

In the freshly isolated rat heart mitochondria, the flow of potassium ions was further
determined using thallium (T1") membrane permeability labeling and spectrophotomet-
ric method. NS1619, a well-known mitoBK¢, channel activator, produced a high T1*
flow, that we used as 100%. The results indicated that as the concentration of LUT in-
creased (3, 10 and 30 uM), the uptake of TI* ions increased (respectively: 35.9% =+ 6.9%;
52.3% =+ 4.3%; 80.9% =+ 6.0%), suggesting a significant increase in the flow of potassium
ions, and thus confirming the activation of mitoK channels. The use of the selective
mitoBKc, channel blocker—paxilline 1 uM decreased the influx of TI* into the mitochon-
drial matrix (35.1% = 1.0%). This confirms both the participation of this type of channel in
the observed phenomenon and its activation by LUT with an increasing concentration. The
results shown in Figure 2¢,d represent the cumulative values after subtracting the baseline
value, which was the value for 1% DMSO (maximal vehicle concentration used).

4.2. In Vitro Model of Endothelial Cells: EA.hy926
4.2.1. Regulation of mitoBKc, Activity by LUT under Different Redox Conditions

Taking into account the functioning of the whole cardiovascular system, we also
wanted to check the influence of LUT on mitoBK¢, in a model of endothelial cells. Indeed,
recent reports indicate that the mitoBK, is the channel most often observed in mitochon-
dria of the EA hy926 cell line, providing then a reliable model for testing the effects of
putative activators of mitochondrial potassium channels. In the first stage of the research,
using the patch-clamp technique, the effect of LUT on the activity of the mitoBKc, was de-
termined. Biophysical and pharmacological characterization with well-known modulators
of the mitoBK¢, channel has previously been carried out in this cell line [14,20,51]. The
experiments were performed in a symmetrical system of concentrations of 150/150 mM
KCl, in the presence of 100 M Ca?*, pH = 7.2. After administration of 10 uM LUT, no
significant changes in the mitoBKc, channel activity were observed at the —40 mV volt-
age (same for +40 mV—data not shown). Sample fragments of recordings under control
conditions and then after the administration of 10 uM LUT are presented in Figure 3a.
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Figure 3. Regulation of mitoBK, channel activity by LUT. (a) Effect of LUT on the activity of the
mitoBKc, channel under control conditions. The figure shows the activity of the mitoBKc, channel
present in the inner mitochondrial membrane of vascular endothelial cells and after the administration
of 10 pM LUT. The presented records were obtained —40 mV in a symmetrical buffer of 150/150 mM
K], in the presence of 100 uM Ca?*, pH =7.2. “-” means the closed state of the channel;

the open state of the channel. (b) Regulation of mitoBK¢, channel by LUT in reduced conditions.

"

O means

Exemplificative recordings of channel activity under control conditions, then reduced conditions of
0.5 mM DTT, reduced conditions of 0.5 mM DTT in the presence of 10 uM LUT, after washout to
control conditions, after administration of 10 uM LUT without DTT, after the second washout and
under the influence of 1 M paxilline. The measurements were made at +40 mV and —40 mV in a
symmetrical buffer of 150/150 mM KCl, in the presence of 100 uM Ca?*, pH = 7.2. “-” means the
closed state of the channel; “0” means the open state of the channel. (c) Analysis of the probability of
channel openings (P,). P, evaluation for the individual stages of the experiments in part (b) with
the determination of the levels of statistical significance (one-way ANOVA with Tukey’s test), n = 4
(p <0.05 (*); p < 0.01 (**); p < 0.001 (***); p > 0.05 (ns)).

Due to the lack of influence of LUT on the activity of the mitoBKc, channel under
the control conditions, we decided to change the redox state of experimental conditions.
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Although many mechanisms are involved in ensuring that the redox processes in the
mitochondrial matrix are stable, conditions in the mitochondria due to the presence of,
among others, ROS are sometimes more reduced and sometimes slightly more oxidized. In
order to evaluate if redox conditions could influence the activity of the mitoBKc, channels
and then the activation properties of LUT, we carried out a series of experiments using DTT,
a compound used to protect the thiol group against oxidation or reduction in disulfide
bridges [52], e.g., between the sulfur atoms of cysteine residues occurring in the amino
acid sequence of the channel pore-forming domains [53]. The results of the experiments
performed in the presence of DTT are shown in Figure 3b,c.

In particular, at —40 mV after addition of 0.5 mM DTT probability of openings (P,) of
mitoBKc, decreased from 11.6% =+ 3.8% to 1.5% =+ 0.4%. Then, 10 uM LUT plus DTT in-
creased the channel activity to 8.2% =+ 1.4%, and after washout, the probability of mitoBK¢,
channel openings decreased again to 2.5% =+ 0.2%. 10 uM LUT administered at the back-
ground of the control solution without DTT increased P, to 13.7% =+ 1.7%, which dropped
again to 2.8% = 0.5% after washout. In the final stage of the experiment, the administration
of 1 uM paxilline resulted in complete closure of the mitoBK¢, channel.

The mitoBKc, activity was slightly different at positive voltage (+40 mV). In the
control, the probability of channel opening was on average 30.8% =+ 8.3%, and after the
administration of 0.5 mM DTT it decreased to 4.9% =+ 5.3%. After administration of DTT
plus 10 uM LUT, it increased to 21% = 10.2%. Then, as a result of washout to the control
conditions, P, increased to 27% =+ 5.3%, and administration of 10 uM LUT without DTT
caused an increase in P, of the mitoBK¢, channel to the value of 36.5% =+ 11.1%. Subse-
quent washout reduced the channel activity to 11.2% =+ 0.2%, and 1 uM paxilline blocked
it. Therefore, 10 pM LUT did not change the mitoBKc, channel activity under control
conditions. Conversely, under reduced by DTT conditions, it activated it at both positive
and negative voltages, however, at +40 mV the results showed no statistical significance.
These results suggested a role of LUT in the prevention against pro-oxidant conditions,
such as myocardial ischemic events or vascular dysfunctions, in which mitoBKc, channels
can be crucial.

4.2.2. Impact of Luteolin on Oxygen Consumption

Mitochondrial ion channels modulators have been described as factors that increase
the respiration level [14,44,45,54]. On the basis of this concept, NS11021 and NS1619 [55],
known as synthetic mitoBKc, activators, as well as naturally derived activators such as
naringenin [14,44], enhance mitochondrial respiration. Based on the results of patch clamp
experiments under basic conditions, LUT did not activate the channel. This translated
into the results of mitochondrial respiration, where no changes were observed after the
administration of the entire spectrum of tested LUT concentrations, in relation to the
control. However, when LUT was administered to the cells preincubated with 0.5 mM
DTT, a significant increase in mitochondrial respiration with 10 uM and 30 uM LUT was
observed (see Figure 4). In this case, the results also correspond to the patch-clamp data,
where under reduced conditions, LUT showed mitoBKc, channel activating properties.
These results may suggest commitment of mitoBKc, channel activation by LUT in the
observed effect.

4.2.3. Anti-Apoptotic, Cytoprotective Effects of LUT

LUT toxicity to EA.hy926 cells was determined using an apoptosis and necrosis
detection assay. The results for apoptosis are shown in Figure 5a. LUT at concentrations of
3,10 and 30 uM did not induce apoptosis as compared to cells damaged by the treatment
with TNF/CHX (1 ng/mL/0.05 ug/mL). The results were superimposable to those obtained
in the untreated control.

On the other hand, LUT emerged as a protective agent against the oxidative stress
and apoptosis caused by the combination of TNF/CHX. Indeed, one hour before adding
the damaging factors to the cells, they were incubated with LUT at concentrations of
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3,10 and 30 pM. The results regarding protection against the induction of oxidative stress
and apoptosis are shown in Figure 5b. It was found that 3 uM LUT did not protect en-
dothelial cells from TNF/CHX-induced damage, but a significant protection was observed
with 10 and 30 uM LUT, indeed the apoptotic signal was, after 8 h, more than 20% and 30%
lower (respectively).
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Figure 4. Changes in oxygen consumption in control and DTT-treated endothelial cells under the
influence of LUT. A comparison of the data for the effect of 3, 10 and 30 uM LUT on cell respiration in
the control group and those treated with 0.5 mM DTT is presented. Statistical significance levels, with
respect to non-treated control (above the column) and between probes, were determined using the
two-way ANOVA with Tukey’s test for n = 3 (p < 0.05 (*), p < 0.01 (**), p <0.0001 (****), p > 0.5 (ns)).

Additionally, the potential protective properties of LUT against necrotic cell death
were determined by measuring the fluorescence signals 24 h after the start of the assays. The
results are presented in Figure 5c. LUT at tested concentrations did not induce necrosis even
after 24 h. However, no statistically significant differences in protection against necrotic
processes were observed, therefore LUT did not protect EA.hy926 cells from TNF/CHX
induced necrosis (data not shown).

Representative photographs of the protective effect of 10 uM LUT are shown in
Figure 5d (less damaged cells in comparison to TNF/CHX treated cells).
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Figure 5. Protective effects of LUT against damage caused by TNF-a with cycloheximide. (a) Effect of
LUT on apoptosis of EA hy926 cells. The results of experiments under control conditions, after the ad-
dition of 3, 10 and 30 M LUT in relation to the inducer of apoptosis in endothelial cells—TNF/CHX,
are presented (% RLU-relative luminescence units; corresponded to the signal of apoptosis). Statistical
significance levels relative to control were determined using a two-way ANOVA with Tukey’s test
for n =3 (p < 0.0001 (****); p > 0.05 (ns)). (b) Protective effect of LUT on damage by TNF/CHX. The
graph shows the change in luminescence over time (induction of apoptosis) under control conditions
and in cells incubated with 3, 10 and 30 uM LUT one hour before the addition of dTNF/CHX, and
in damaged TNF/CHX cells. Statistical significance levels relative to the damage ddprobe were
determined using the two-way ANOVA with Tukey’s test for n = 3 (p < 0.01 (**); p < 0.001 (***);
p <0.0001 (***); p > 0.05 (ns)). (c) Effect of LUT on induction of necrosis in EA.hy926 cells after 24 h.
The graph shows the results obtained under control conditions, 3, 10 and 30 uM of LUT and the
damage factor TNF/CHX. The level of statistical significance relative to the control was determined
by one-way ANOVA with Tukey’s test for n = 3 (p < 0.0001 (****); p > 0.05 (ns)). (d) Photographs show-
ing the observed protective effect of 10 uM LUT against TNF/CHX damage in vascular endothelial
cells, taken after 24 h. Pictures of control cells treated with 10 uM LUT, damaged by TNF/CHX and
pre-incubated with 10 uM LUT before the administration of the damaging factor (TNF/CHX) are
presented. The white horizontal line in the lower right corner is 200 um.
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Extracellular

4.3. In Silico Studies with LUT and the mitoBK¢, Channel

In order to gain insight into the possible mechanism of LUT involving the interaction
with the mitoBKc, channel, in silico molecular modeling studies were also carried out,
employing an IFD protocol as previously reported [22]. These studies highlighted the
possibility that LUT can strongly interact with the channel as proposed by experimental
studies, providing a detailed mode of interaction at the molecular level (Figure 6). In partic-
ular, after the identification of the most probable binding site within the transmembrane
domain of the channel by the application SiteMap, the IFD calculation was restricted to
that region. According to the calculation, this region is composed of the residues Met285,
Thr287, Gly311, and Phe315. The IFD results showed a strong network of interactions of
LUT within the selected binding site. LUT can target Thr245 by two H-bonds and the
backbone of Gly311 with a H-bond, while a double 7t-7t stacking was observed with Phe315,
and a single 7-7t stacking was detected with Phe 242. This binding mode accounted for a
docking score of —8.403 kcal/mol. These results are in perfect agreement with the previous
computational studies conducted on a strongly related compound, quercetin, for which a
comparable docking score and binding mode was found applying the same protocol [22].
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Figure 6. Molecular docking of LUT in the BKc, channel pore (PDB ID 6V3G). The figure shows the
cross-section of the mitoBK, channel with the identified binding site, represented as red surface,
and the LUT molecule docked at the most likely binding site). The picture was generated by Maestro
(Maestro release 2020-3).

5. Discussion

This work provides a comprehensive look at the protective effect of luteolin (LUT) in
the cardiovascular system, indicating that supplementation with this flavonoid could con-
tribute to limiting the oxidative damage in the vascular endothelium at the first step, which
can prevent the development of atherosclerosis and further contribute to the protection of
the heart against infarction damage. A series of experiments indicate the existence of a new
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mechanism of cardioprotection for LUT. It is known that luteolin manifests these properties
and also protects the heart against myocardial infarction, which has been proven previ-
ously [35,56-59], but the contribution to and role of mitoBKc, channel in this phenomenon
has not been described yet.

The role of LUT in the regulation of the plasmalemmal potassium channels activity
has been described in many studies [34,60,61]; however, there are no reports showing
its influence on the mitoK channels. The results presented in this study concerning the
vascular endothelium and rat heart are therefore the first in this area. In the course of this
research, no unequivocal effect of LUT on the mitoBKc, channel of EA.hy926 endothelial
cells was proven under control conditions, i.e., in the presence of 100 uM Ca?*; in this
case, the effect of LUT was determined to be neutral. Due to the lack of regulation of the
mitoBK¢, channel by LUT, experiments in a reduced environment were conducted. For
this purpose, dithiothreitol (DTT) was used. DTT is a compound that reduces proteins,
including channel proteins [62-64]. It has been proved that DTT inhibits the activity
of the plasmalemmal BKc, channel, which means that under reduced conditions the
potassium current does not flow through the channel [65]. It is also worth mentioning
that the effect of DTT applied to whole cells leads to the depolarization of the IMM
and an increase in the synthesis of ROS [66]. It is known that ROS are mainly formed
in the mitochondria [67] as well as the high levels of ROS can lead to mitochondrial
dysfunction [68,69]. Therefore, LUT activates mitoBK¢, channels in cells with high ROS
synthesis caused by DTT exposition. Moreover, in the model of isolated mitochondria from
rat hearts, we proved that LUT increases the flow of potassium ions, which also suggests
the activation of potassium channels [42,49]. The trial with paxilline that limited this
phenomenon shows an undoubted involvement of the mitoBKc, channel. LUT is therefore
another flavonoid, beside naringenin [14,17,70] and quercetin [51], which activates the
mitoBK¢, channel. The mere participation of LUT in the activation of potassium channels
in mitochondria isolated from the rat heart was also confirmed by the calcium ions uptake
studies, where increasing LUT concentrations reduced the uptake levels of calcium. As
mentioned before, the higher mitoK channel activation, the lower the calcium uptake value
is observed [49,50]. Considering the above, the obtained results proving the activation of
the mitoBK¢, channel by LUT in endothelial cells, under reduced conditions, may suggest
its protective effect on mitochondria, against their dysfunction caused by the very high
concentration of ROS. Moreover, in addition to activating mitoBKc, in the endothelium,
LUT can activate this channel in rat heart mitochondria.

The activation of mitoK channels changes the potential of the IMM. The influx of
potassium ions into the negatively charged mitochondrial matrix depolarizes the mitochon-
dria [71-73]. The subtle regulation of the activity of mitoK channels is necessary to avoid
abrupt changes in the mitochondrial potential [74]. The high mitochondrial depolarization
is not a favorable phenomenon; however, the influx of cations is balanced, e.g., by the
outflow of protons in the respiratory chain [73,75]. Maintaining proper ion homeosta-
sis prevents osmotic changes in the volume of mitochondria. Additionally, the influx
of K* influences ATP synthesis and favors mitochondrial respiration [76]. Perhaps this
multidimensional regulation may be one of the elements of the complex phenomenon of cy-
toprotection. The above observations were confirmed, inter alia, for N511021, a well-known
mitoBKc, channel activator. Activation of this channel by N511021 in the mitochondria
of the amoeba Dictyostelium discoideum caused depolarization of the IMM, increase in
respiration and a significant reduction in oxidative stress [54,55]. Similar results were
previously obtained using NS11021 and NS1619 in the endothelial cell line EA.hy926. These
effects were abolished by paxilline, the selective inhibitor of mitoBKc, [20]. In our research,
we found that LUT depolarized the inner membrane in mitochondria isolated from rat
hearts, and this effect is not observed under potassium-free conditions. This means the
participation of the most likely mitoK channels, as it has already been shown that these
channels are involved in it [77,78]. In endothelial cell model, however, an increase in
mitochondrial respiration was noted in the DT T-treated sample, correlating with the results
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of patch-clamp experiments, where LUT activated the mitoBKc, channel under reduced
DTT conditions, but not controls. Our results correlate with generally accepted principles
as the activation of potassium channels causes the depolarization of the mitochondria and
an increase in respiration.

MitoK channels have been shown to participate in the regulation of apoptotic cell
death. Changes in the potential of the IMM as a result of the modulation of channel activity
control the synthesis of ROS. Unregulated, high levels of reactive oxygen species, in turn,
causes the release of cytochrome ¢ and, consequently, apoptosis. It has been experimen-
tally proven that mitoBK¢, channel activation protects the heart against cell death due to
ischemia, reducing the synthesis of ROS. Interestingly, in an animal model with a deletion
of the mitoBK¢, channel, under the same conditions, no protection against cell damage
leading to cell death was observed [73]. Moreover, a mutation within the BK¢, channel
resulting in the loss of its functionality contributes to the development of cerebellar ataxia,
which is observed in mitochondrial dysfunction and limited cell viability [11]. The obtained
results confirm the beneficial participation of the activation of the mitoBKc, in the EA.hy926
endothelium cell model. LUT was found to be non-toxic at the applied concentrations,
the induction of apoptosis and necrosis was not observed. Interestingly, LUT, depending
on the concentration, protected endothelial cells from death due to apoptosis caused by
TNF-« plus cycloheximide. This is confirmed by the fact that activators of mitochondrial
potassium channels, which are these flavonoids, prevent apoptotic cell death. The results
can be applied to one of the canonical activators of the mitoBKc, channel—NS11021, which
also does not induce apoptosis and, like LUT, protects vascular endothelial cells against
TNF/CHX-induced oxidative damage [14]. More interestingly, our in vivo studies con-
ducted in the context of myocardial protection against I/R damage additionally confirmed,
for the first time, the participation of the mitoBKc, channel in the cardioprotective action
of LUT. We observed a significant lowering of damage related to the rat heart after admin-
istration of LUT (100 mg/kg) 2 h before the induction of acute myocardial infarction. These
effects were partially worn by pre-treatment with 10 mg/kg paxilline. The greatest damage
was observed in the group treated with DMSO (vehicle). This correlates with the data pub-
lished so far as LUT already protects the heart against the ischemia/reperfusion damage.
Its protective action was confirmed among others by activating Pi3K/AKS [79]; through
promoting the signaling of the endogenous antioxidant enzyme, peroxirredoxin II [59]; by
improving SERCA2a expression via the upregulation of Sp1 [35]; through downregulation
of NO production [56] or by Sirtl/NLRP3/NF-kB pathway regulation [80]. Thus, LUT
protects the heart by acting through multiple signaling pathways, one of which, as we now
know, is the mitoBK¢, channel, but the overall cardioprotective effect is ascribable to the
interaction of LUT with a plethora of targets.

Moreover, in silico studies confirmed that LUT has an effective ability to bind the
mitoBKc, channel in specific location leading to its activation. It was previously proved for
other flavonoids, such as quercetin, that bounds the channel with a similar affinity to LUT,
activating it and showing cytoprotective properties [22,51,81].

6. Conclusions

From the analysis of the literature, it emerges that LUT has a poor bioavailability—in
animals as well as in humans—for the extensive first-pass metabolism by phase II enzymes.
Indeed, the plasmatic peak was reached 30-40 min after oral administration, and 3 h
later the main metabolites were the glucuro- and sulpho-conjugates; finally, elimination
half-life (t1/2) was quantified as 2-3 h [82]. Although the low bioavailability is one of
the major limitations to the therapeutic use of LUT, as well as of flavonoids, different
delivery strategies, including lipid carriers and nanoformulations, have been developed
and investigated in order to improve it and enable the clinical use of dietary supplements
containing LUT. In any case, we can conclude that a new putative mechanism through
which this flavonoid provides cell protection has been brought to light. Indeed, luteolin,
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as a cardioprotective substance of natural origin, activates the mitoBKc, channel, both in
cardiomyocytes and in vascular endothelial cells.
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